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…“What could we do with layered structures with just the right layers? What would the 

properties of materials be if we could really arrange the atoms the way we want them? 

They would be very interesting to investigate theoretically. I can’t see exactly what 

would happen, but I can hardly doubt that when we have some control of the 

arrangement of things on a small scale we will get an enormously greater range of 

possible properties that substances can have, and of different things that we can 

do.”… 

This is a transcription of a fragment of the famous talk given by Richard P. Feynman to 

the American Physical Society in Pasadena on December 1959. It is notorious how 

these words, more than 50 years later, are more present than ever before. The main 

motivation behind nanotechnology is not to decrease drastically the amount of 

material/s required for a given application, which is indeed desired in a world of limited 

resources and can be effectively addressed by nanotechnology, but to exploit novel 

and enhanced materials properties as a consequence of the extreme size reduction of 

matter. By lowering down dimensions to the nanoscale, not only the specific surface 

area increases significantly but also the electronic properties may change 

considerably (owing for example to quantum size effects, strong contribution of 

surface reconstruction or surface curvature can be obtained). These effects might also 

contribute to drastically improve the reaction/interaction between a device and the 

surrounding media, thereby making the system more effective, or even opening 

entirely novel reaction pathways [Diebold U., Surf. Sci. Rep. 2003][Eustis S., Chem. 

Soc. Rev. 2006]. 

Naturally, the technology involved in the fabrication of those nanostructures has its 

limitations. It is still difficult to scale up these processes and vacuum technology 

continues to be expensive (in comparison to solution-processed methods). 

Nevertheless, the constant miniaturization of technology, the necessity of more 

environmentally friendly production methods, the search for high quality high-tech 

devices, etc. have triggered the development and expansion of these fabrication 

processes. Furthermore, the vacuum technology related to them has been evolving 

steadily and it is maturing reasonably fast, which in turn will bring costs down and 

stimulate its use. 
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1.1. Classification and fabrication of nanomaterials 

“Nanomaterials” is the term given to a wide range of systems whose size is above 

molecular dimensions and with at least one of their dimensions below 100 nm. 

Nanomaterials may be classified in several ways according to their applications or 

convention adopted. For instance, they can be classified by their dimensionality 

(Siegel), type of nanomaterial (carbon based, metal based, dendrimers, and 

composites), crystalline form and chemical composition (Gleiter), etc. [Gleiter H., Acta 

mater. 2000][Siegel R. W., Springer 1994][Ngô C. & van der Voorde M., Atlantis Press 

2014].  

According to their dimensionality, nanomaterials can be classified into: 

 0D: All dimensions of the nanostructure are below 100 nm, e.g. 

nanoparticles or clusters. 

 1D: One dimension above 100 nm, e.g. nanowires, nanobelts, nanorods, 

nanotubes, etc. 

 2D: Two dimensions above 100 nm, e.g. nanocoatings, grids, thin films of 

molecular monolayers, ultra-thin films, etc. 

 3D: All three dimensions escape from the nanoscale, but the material is 

formed by lower-dimensionality nanomaterials, e.g. polycrystals, powders, 

frameworks, colloids, networks, nanoboxes, nanocolumns, etc. 

Figure 1 illustrates the four cases. 

 
Figure 1. Different types of nanomaterials according to their dimensionality: 0D, 1D, 2D and 

3D. Modified from [Sajanlal P. R., Nano Rev. 2011]. 

 

More complex or hierarchical nanostructures require a slightly more sophisticated 

classification which takes into account the dimensionality of the final nanostructure 

and that of the elementary units or building blocks. A relatively simple and 

straightforward classification nomenclature that encompass several combinations of 
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nanostructures was introduced by Pokropivny V. V. and is known as kDlmn 

classification, shown and self-explained in Figure 2 (here it has been limited to 0D and 

1D nanostructures). Due to the fact that this Thesis is focused on 1D nanostructures, 

the classification related to this dimensionality will be commented. 

 

 
Figure 2. kDlmn dimensionality classification of nanostructures (truncated up to 1D) 

[Pokropivny V. V., Mater. Sci. Eng. C 2007]. 

 

Different types of 1D nanostructures are presented in Figure 3. According to the 

kDlmn classification, nanowires, nanobelts, nanorods and nanotubes are just 1D 

materials. Nanostructures such as branched, axial and radial junctions (core@shell) 

are all designated as 1D11, whereas 1D materials decorated with nanoparticles are 

regarded as 1D10. Naturally, these systems are being considered as isolated ones for 

the sake of simplicity, but for example, a highly interconnected array of branched 

nanowires falls into the category of 3D11 nanomaterials. 

  



 
 

Introduction 

 

6 

 

 
Figure 3. Some examples of 1D nanostructures. a) square nanowire, b) nanobelt, c) axial 

junction, d) radial junction (core@shell), e) nanotube, f) nanowire decorated with nanoparticles, 

and g) branched / hierarchical nanowire. 

 

There are two well-established general approaches for the fabrication of nano-objects, 

the top-down and bottom-up procedures (Fig. 4). Independently of the synthetic 

method chosen, it should be taken into consideration the manufacturing costs, yields, 

environmental impact, etc. which will ultimately decide the viability of the material. 

 
Figure 4. Illustration of the bottom-up and top-down processes. 
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� Top-down approach: consists in the “erosion” of macroscopic materials by 

implementing subsequently finer tools to create nanometer-size structures. 

Examples include lithographic techniques, micromachining, laser ablation, 

etching, grinding, etc. 

� Bottom-up approach: atomic and molecular units are assembled to form 

molecular structures ranging from atomic dimensions to nano-sized 

structures and above. Examples span from physical methods such as 

evaporation techniques, sputtering, spray pyrolysis, inert gas phase 

condensation technique, etc. to chemical methods such as electrochemical 

deposition, hydrothermal and solvothermal techniques, chemical vapor 

deposition, sol-gel, etc. [Ngô C. & van der Voorde M., Atlantis Press 

2014][Tiwari J. N., Prog. Mater. Sci. 2012]. 

1.1.1. Description of 1D Core@Shell nanostructures 

Among the different nanostructures already mentioned, 1D core@shell 

nanostructures have been of central interest for this Thesis. These nanomaterials 

have been extensively studied and applied in a diversity of fields, including water 

splitting [Hernández  S., ACS Appl Mater Interfaces 2014], catalysis [Wei H., Nano-

Micro Lett. 2011][Hasan M., J. Electrochem. Soc. 2012], supercapacitors [Singh A. K., 

J. Mater. Chem. A 2013], solar cells [Adachi M. M., Sci. Rep. 2013][Tamang A., Opt. 

Express 2014], electronics [Dong Y., Nano Lett. 2008], etc. 1D core@shell 

nanostructures consist of an elementary building unit with two dimensions below 100-

500 nm, namely the core, such as nanowires, nanotubes, nanobelts, etc. This core is 

surrounded by a second nanomaterial of equal or different nature/dimensionality 

(nanoparticles, secondary nanowires, layers, etc.), known as the shell. Strictly 

speaking, the nanostructure as a whole should not be larger than 500 nm in all three 

dimensions.  

In Figure 5 some examples of hybrid 1D core@shell nanostructures involving and 

organic core and inorganic shell are gathered.  
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Figure 5. a) Cross-section view of broken hybrid NWs. b-c) TEM images and selected area 

diffraction (SAED) (inset) of two distinct hybrid NWs by bright field mode. In (b) the molecular 

planes of MePTCDI are clearly visible [Macias-Montero M., Adv. Funct. Mater. 2013]. 

The combination of Organic Nanowires (ONWs) produced by Physical vapor 

deposition (PVD) and Metal Oxides fabricated by Plasma enhanced chemical vapor 

deposition (PECVD) to produce hybrid 1D core@shell nanostructures (Fig. 5) has 

originated an enormous field of exciting possibilities and new challenges, with 

promising potential in the fields of wettability, solar cells, waveguides, sensors, among 

others [Macias M., Adv. Funct. Mater. 2013]. This new type of core@shell 

nanostructures were reported by our group in 2013 [Macias-Montero M., Adv. Funct. 

Mater. 2013]. In the present work, the complexity (e.g. number and nature of the 

shells) and, therefore, applications of these systems has been further developed. The 

evacuation of the core in order to form nanotubes NTs of nanostructured walls has 

been accomplished. In addition, the methodology has been expanded to the 

fabrication of all-organic 1D core@shell. 

 



 

Chapter 1  

 

9 

 

The interest in 1D core@shell (including for extension NTs and @multishells NTs) 

nanostructures is twofold. On one hand, the development of these nanostructures is 

foreseen to open the path to potentially novel applications based on their inherent 

multi-functional character. On the other hand, it is also presumable the improving of 

the performance in an ample range of applications in comparison to the standard thin 

film approach.  

In this Thesis unique properties and advantages (compared to thin films) provided by 

the 1D core@shell nanostructuration will be shown, just to mention but a few: 

 Remarkably high surface area: it can be controlled by adjusting the density 

of NWs, their length, width, the possibility of adding branches to the main 

NW and thus generating branched/hyperbranched nanostructures 

(nanotrees), the microstructure determining the porosity/roughness of the 

inorganic shell, etc. 

 Multilayer 1D nanostructures: Several shells of different metals/metal 

oxides/organic compounds may be produced one over the other (Mamushka 

structure) in order to attain the desired properties for the application in 

question. In addition, shells of mixtures may be produced as well. 

For example, metal oxide shells can be fabricated by PECVD as already 

mentioned, or by plasma oxidation of a shell formed by metalorganic 

molecules such as porphyrins or phthalocyanines, whereas metallic shells 

can be formed with a reductive plasma of these compounds or an oxidative 

plasma of those containing precious metals in their structure. 

 Highly interconnected networks of NWs are easily attainable (nanotrees), 

which can increase even further the surface area of the final core@shell 

array [Borras A., Adv. Mater. 2009] and improve the electrical connectivity of 

the wires. 

 The use of organic molecules for the cores allows for the production of these 

nanostructures to be compatible with delicated substrates and flexible ones, 

which in general cannot stand temperatures much beyond 100-200ºC under 

vacuum such as polymers (polyethylene, polypropylene, PMMA, PDMS), 

paper, etc. [Macias M., Adv. Funct. Mater. 2013]. 

 Less requirements of raw materials when compared to thin films. 

 1D devices can be readily fabricated taking advanced of their multifunctional 

character. 
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1.2. Background and Motivations 

1.2.1. Introduction to organic semiconductors and ONWs  

While it is true that organic semiconductors still cannot rival their inorganic 

counterparts in terms of performance, the gap is getting narrower and from the humble 

point of view of the writer, organics could become superior in a wide range of 

applications. Organic research and technology has advanced at a tremendous speed, 

and to a great extent, this research effort has been triggered by the possibility of 

creating low-cost, light-weight and flexible electronics such as OLEDs, memory 

devices based on molecular spintronics, sensors, wearables, solar cells, field effect-

transistors and integrated circuits, flexible and transparent electrodes, etc. [Feature, 

Nat. nanotechnol. 2013][Smits E. C.P., Nat. Lett. 2008][Xia Y., Adv. Mater. 2012].  

The progress made in the field of organic semiconductors has already been 

materialized in many functional prototypes and cutting-edge technologies:  microchips, 

OLEDs for stunning displays and lighting, organic photovoltaics, non-volatile memory, 

medical sensors, etc. [Myny K., J. SOLID-STATE CIRCUITS 2012][Heliatek, 2013][Liu 

Y., Nat. Commun. 2014][Kim R. H., Nat. Commun. 2014][Lochner C. M., Nat. 

Commun. 2014]. Some of these devices are shown in Figure 6. 

 

Figure 6. Examples of organic semiconductors in devices. a) Organic nonvolatile memory 

[Sekitani T., Science 2009] b) All-organic pulse oximeter [Lochner C. M., Nat. Commun. 2014], 

c) Organic solar cell produced by [Andersen T. R., Energy Environ. Sci. 2014] and d) 0.01 mm 

thick full-color flexible AMOLED [Royale corporation, 2014]. 
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In the same way than for their inorganic counterparts and due to their incredible high 

aspect ratio, intrinsic anisotropy, two-dimensional quantum confinement and electronic 

and optical properties, 1D organic semiconductor nanowires, nanorods, nanobelts and 

so on have attracted special attention among researchers [Zhang C., Annu. Rep. C 

2013]. The protocols for the fabrication of ONWs can be split in two general groups, 

solution processes and evaporation-condensation methods [Briseno A. L., Mater. 

Today 2008]. In this Thesis organic physical vapor deposition (OPVD) has been 

thoroughly applied presenting as critical advantage, over most of the solution 

processes in the literature, the direct formation of ONWs supported on substrates 

[Borras A. Chem. Mater. 2008].  

Owing to their relevance in this work, a brief description of the growth mechanism of 

these nanostructures is summarized below.  

Mechanism of formation of Organic Nanowires (ONWs). Organic Nanowires are 

1D nanomaterials formed by repeated molecular units, either small-molecules or 

polymer chains. The former comprises the stacking of the constituent molecules along 

the long axis of the nanowire, i.e. the axis with dimensions generally >> 100 nm, while 

the other two dimensions stay below 100 nm (Fig. 7 c)) [Borras A. Chem. Mater. 

2008][Borras A., Langmuir 2010 26(8)][Jo S. B., J. Mater. Chem. 2012]. As shown in 

Figure 7, a small-molecule ONW is actually a single-crystal 1D nanostructure. In the 

cropped image at the right it is even possible to visualize the molecular planes along 

the longest axis of the NW. 
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Figure 7. Bright field TEM image of iron phthalocyanine NWs and a cropped image of one 

section of the NWs. The inset corresponds to the molecular stacking of a 

metallophthalocyanine [Kobayashi T., Acta Cryst. 1982]. 

The force for the formation of organic nanowires (ONWs) from planar aromatic 

molecules is the π-stacking (inset in Fig. 7), which directs the crystallization process 

responsible for the self-assembly growth mechanism of these 1D nanostructures. The 

formation of the NWs comprises several stages as illustrated in Figure 8: 

i. Presence of nucleation sites: defects, rough surfaces, metallic 

nanoparticles, etc. 

ii. Arrival of the molecules at the surface of the substrate in an appropriate 

concentration (to satisfy the supersaturation condition) and molecular 

diffusion until reaching the nucleation sites. 

iii. Formation of the crystal by self-assembly of the molecules. 

iv. Development of the nanowire.  
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Figure 8. Stages of ONWs formation and growth [Borras A., Langmuir 26(8) 2010]. 

The role played by small-molecules in this thesis work is critical: 

• Small-molecules like perylenes, free- or metal- porphyrins and 

phthalocyanines has served as building units for the growth of ONWs that 

will either work as core in the hybrid core@shell nanowires or as 1D 

template for the formation of nanotubes. 

• Metal- porphyrins and phthalocyanines will be also used as precursor 

materials for the plasma fabrication (and processing) of inorganic and hybrid 

coatings.  

1.2.2. “ONE-REACTOR” approach  

In chemistry, there is an upward trend in coupling several steps of a multi-step 

chemical reaction into just one reactor. This strategy is generally known as One-pot 

synthesis and it is of much interest for chemists and the chemical industry due to 

economic and environmental advantages [Zhao W., Curr. Org. Synth 2012]. The One-

pot synthesis may be extrapolated as well to a vacuum reactor where numerous 

deposition techniques and sample treatment processes are demanded. A chamber 

capable of sequentially performing all required fabrication operations without the 

necessity of transferring the samples to other equipment can be regarded as a One-

reactor strategy. This concept presents several potential advantages in comparison 

with usual reactors limited to only one operation: 
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� Faster fabrication process. Every cycle of pumping and breaking the 

vacuum it is considerable time-consuming. By reducing the number of these 

cycles to a minimum, production time drops significantly. 

� Lower manufacturing costs. An increase in sample/device output due to a 

fabrication time reduction obviously brings costs down. Furthermore, by 

adapting a chamber to work as a one-reactor, the number of equipment and 

power consumption are drastically decreased, making the whole process 

cheaper and more environmentally friendly.    

� Less reproducibility issues and higher yields. Avoiding exposure of 

freshly deposited interfaces to air and moisture in-between preparation 

stages (samples transfer), reducing surface and bulk contamination problems 

and undesired reactions are diminished. 

1.2.3. Lab-on-chip and “Self-powered” nanosystems  

The one-reactor approach could make the fabrication of highly integrated and complex 

devices more feasible by gathering together several fabrication techniques necessary 

to build a complete functional device into just one reactor. Such a strategy could be 

applied for example to the production of a complex analytical system integrated in one 

device named as Lab-on-chip in the literature. The implementation of different types of 

nanostructures fabricated by the one-reactor strategy could not only make possible the 

realization of this device, but also may help to enhance its functionality and reduce its 

size and cost as far as possible. A proposed “1D nanostructured” Lab-on-chip is 

shown in Figure 9 [Yang P., Nano Lett. 2010], briefly describing all its individual 

components. The possibility of creating novel 1D nanostructures and applying them to 

real devices, such as in the Lab-on-chip, has been one of the main motivations behind 

this work.  
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Figure 9. “1D Nanostructured” Lab-on-chip scheme. Some possible components would be: 

solar cells as on-chip power supplies (1), laser diodes/LEDs as light sources (2), nanoribbons 

(3) and 2D photonic bandgap (PBG) nanowire arrays (4) as filters and waveguides to select 

and route input and output signals; (6) sample analysis chambers, such as silver nanocube 

arrays for SERS (5) or nanoribbon/sample intersection for absorption analysis; nanowire based 

photodectectors (7) and a microfluidic system for liquid sample transport (8) [Yang P., Nano 

Lett. 2010]. 

Going a step forward within the Lab-on-chip context, a nowadays paradigm in 

Nanotechnology is to construct nanosystems (dimensions in the range of 103 nm) 

integrating nanodevices able to act as a living unit capable of sensing, controlling, 

communicating, and actuating/responding. The nanosystem function would require 

also the implementation of a nanoscale power source. This can be worked out by 

means of a nanobattery although such small scales reduce as well the lifetime of the 

device. Thus, in a long term real performance of the nanosystem it would be desirable 

to overcome the battery and as far as possible to limit the actuation on/from the 

nanosystem to a wireless configuration. This can not only enhance the adaptability of 

the devices but also greatly reduce the size and weight of the system. Therefore, it is 

highly appealing to develop nanomaterials able to harvest and convert energy from the 

environment to be integrated as nanogenerator in a self-powered configuration of 

these nanodevices [Wang Z. L. Adv. Func. Mater. 2008]. So far the realization of 

nanogenerators has been mainly based on photovoltaics, thermal electricity, 

piezoelectricity and chemical energy (glucose) harvesting. This PhD thesis work is 

aimed to fabricate different elements in a self-powered nanosystem by means of the 

one-reactor approach for the formation of 1D functional materials including 

piezoelectric nanogenerators, solar cells and nanosensors. 
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a) Piezoelectric nanogenerators.  Even though the progress made in 

microelectronics and nanotechnology has helped to greatly cut down the power 

consumption of electronic and electromechanical devices, they still require a small 

amount of energy to fulfill their function. This energy could be effectively provided by a 

piezoelectric nanogenerator integrated in the chip, producing energy from the 

movement of animals, humans, plants (due to wind), blood, muscles, organs, wind, 

water currents and sound [Wang Z. L. Adv. Func. Mater. 2008][Yang R., Nano Lett. 

2009][Wang Z. L., Sci. Am. 2008]. The photograph in Figure 10 is an example of a 

piezoelectric attached to a living heart which has been used to provide energy to a 

peacemaker, avoiding surgeries for battery replacement. This prototype incorporates 

all the necessary elements required for a long-term operation: batteries, rectifier, 

piezoelectric layer (PZT), electrical contacts, etc. 

 

Figure 10. Flexible piezoelectric device installed on a living animal heart [Dagdeviren C, PNAS 

2014]. 

b) Excitonic solar cells. Modern solar cells may be split into two categories: 

conventional solar cells, such as the well-established silicon p-n junctions, and 

excitonic solar cells (XSCs). Dye sensitized solar cells (DSCs) and the majority of 

organic solar cells belong to the second class. The main difference between both 

types of cells lies in the electron-hole pair generation mechanism. In XSCs, carriers 

are photogenerated and simultaneously separated across a heterointerface, while in 

conventional solar cells carriers emerge throughout the bulk of the semiconductor and 

are separated lately at their arrival to the junction. XSCs present an alternative to 

conventional cells. Despite they cannot compete in terms of efficiency, they do have 

the potential to become cheaper and more environmentally friendly. Moreover, they 

can be made flexible, a characteristic that facilitates their implementation in portable 

electronic devices and wearables. Furthermore, DSCs may exhibit a rich and eye-

catching gamut of colors while still being semi-transparent, which is attractive in 
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buildings (Fig. 11) [Gregg B. A., J. Phys. Chem. B 2003][Mehmood U., Adv. Mater. 

Sci. Eng. 2014].   

The work carried out in this Thesis has been focused on “Grätzel” DSCs, but could be 

extended to organic and hybrid cells or solid state DSCs. 

 

Figure 11. DSCs installed at the Swiss Tech convention center. 

c) Nanosensors. Optical and conductometric sensors are greatly demanded in areas 

such as chemical analysis, health care and environment control. The current challenge 

consists in the development of nanoscale sensors compatible with photonic and 

optoelectronic devices with a higher selectivity and sensibility and, as far as possible, 

multisensing performance. Organic and metalorganic nanowires, nanotrees and both 

organic and hybrid core@shells nanostructures are expected to increase the sensing 

sensitivity by virtue of their higher surface when compared to their 2D counterparts 

(thin films). A nanoengineered sensor which acts as an electronic nose for the 

detection of toxins in the food supply chain is presented in Figure 12. This sensor is 

made up of an array of functionalized carbon nanotubes and microelectrodes 

deposited on a flexible substrate, constituting another example of a highly integrated 

device. 

 
Figure 12. Nanosensor array for the detection of harmful airborne substances 

[http://ucrtoday.ucr.edu/15913]. 
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1.3. Objectives and Scheme of the Thesis 

Heterostructuration of one dimensional nanomaterials provides a straightforward route 

for the fabrication of multi-functional nanostructures that properly driven may pave the 

way for the realization of single-wire devices. The main idea behind is to fabricate 1D 

nanostructures completely capable of working as a whole devices by themselves, 

without the necessity of extra components to meet a certain application or set of 

applications. This approach has already been implemented in many fields such as 

electrochemistry, chemical sensing and energy generation [Briseno A. L., Nano Lett. 

2007][Kim E. K., J. Nanosci. Nanotechnol. 2008][Wang Z. L., Adv. Funct. Mater. 

2008][Mai L., Nano Lett. 2010][Briseno A. L., Nano Lett. 2010][Zhang Y., J. Am. 

Chem. Soc. 2010][Yang Y., ACS Nano 2012].  

Could we go a step forward and attempt to fabricate self-powered single-wire 

devices?   

i) Before proposing this goal it is necessary to generate a solid methodology for the 

fabrication of 1D-complex architectures with tailored “à la carte” composition and 

microstructure controlled at the nanoscale.  

ii) In a second step, the performance of these nanostructures needs to be optimized 

for a particular function.  

iii) At last but not least, a major advance in the processing and micro-engineering 

methods, including nano-handling, would be required in order to combine different 

functions in the same nanowire to eventually generate a single-wire nanosystem.   

In this Thesis we have attempted to advance in goals i) and ii) within the framework of 

the one-reactor concept, i.e. combining as far as possible vacuum and plasma 

deposition and processing techniques compatible with the operation in an unique 

vacuum system, and working in a continuous feedback between synthesis, advanced 

characterization of microstructure and properties and device fabrication. Thus, the 

main objectives of this work are: 

 

1) Fabrication of new 1D hybrid and heterostructured nanomaterials by combining self-

assembly and plasma assisted deposition of organic molecules, plasma assisted 

deposition of semiconducting oxides and metal nanoparticles and soft-plasma etching 

for the formation of ultra-thin metal layers. These nanostructures will comprise 

different combinations of organic functional small-molecules such as phthalocyanines 

and perylenes, semiconducting oxides (ZnO and TiO2) and metal nanoparticles, and 

ultrathin metal layers (Au, Ag, Pt). A main goal to achieve is the determination of the 

experimental protocol to provide a strict control on the nanostructures properties 
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yielding high density arrays of nanostructures with a high homogeneity on processable 

substrates, including sensible materials for defined applications. 

1.1) The application of the remote plasma assisted vacuum deposition (RPAVD) 

method to the formation of metal-porphyrin composite layers and growth of 

organic@organic core@shell nanowires. 

1.2) Improving the lateral electrical connectivity of the 1D nanostructures through the 

formation of highly connected nanotrees.  

 

2) Advanced characterization of hybrid materials as both individual identities and in the 

form of high density arrays. 

3) Comprehensive understanding of the growth mechanisms. Single crystal organic 

nanowires (ONWs) will play a critical role as core in the organic@organic/inorganic 

configuration but also as precursor materials in the soft-plasma etching treatment and 

sacrificial template in the case of ZnO and TiO2 and metal decorated nanotubes. 

4) This PhD thesis work is aimed to fabricate different elements in a self-powered 

nanosystem based on 1D functional materials including piezoelectric nanogenerators, 

solar cells and nanosensors. It is expected to demonstrate a superior performance of 

the 1D nanostructures over their thin film counterparts in those applications were a 

high surface area is critical. 

4.1) Fabrication of 1D excitonic solar cells and piezoelectric nanogenerators. 

4.1.a) Fabrication of excitonic solar cells based on ZnO, TiO2 and ZnO/TiO2 

nanostructures. Implementation of 1D hybrid nanostructures into DSCs and study of 

the influence of hyperbranched nanostructures (nanotrees) and multishell systems on 

the overall performance of the cell. Development of nanometric/micrometric 

transparent electrodes for solar energy harvesting. 

4.1.b) Fabrication of nanogenerators based on the ZnO piezoelectric properties. 

Development of several prototypes applicable to thin films, NWs and nanotrees. 

4.2) Fabrication of 1D-based sensors. 

4.2.a) Fabrication of dissolved organic molecules nanosensors. Study of the sensing 

capabilities by SERS of 1D TiO2 nanostructures decorated with silver nanoparticles. 
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4.2.b) Fabrication of gases nanosensors. Prototype for optical and electrical sensing 

of hybrid nanostructures. Probe of concept of the light (UV and Vis) activation of 

electrical sensors. 

The basic content of each chapter in this work is summarized as follows: 

Chapter 2. Development of the methodology for the fabrication of supported ZnO, 

TiO2 and multishell nanotubes by OPVD and PECVD by a template procedure. 

Evaluation of the solar cells performance based on ZnO, ZnO@TiO2 and TiO2 NTs 

and TiO2 hierarchical NTs as photoanode for DSCs. 

Chapter 3. Fabrication of semitransparent 1D and 2D platinum nanoelectrodes by 

RPAVD of metalloporphyrin (PtOEP) and subsequent plasma etching. Implementation 

of these nanostructures as counter electrodes and photoelectrochemical 

characterization of the DSC.  

Chapter 4. Development of thin film piezoelectrics based on ZnO deposited by 

PECVD. Fabrication of Pt@ZnO@Au NTs by combining the platinum deposition 

procedure from Chapter 3 with the deposition of ZnO by PECVD and gold by 

magnetron sputtering to create 1D nanogenerators. Evaluation of the improvement in 

lateral conductivity by formation of multibranched nanowires or nanotrees. Production 

and testing of several thin films and 1D piezoelectric prototypes. 

Chapter 5. Production of dichroic silver nanoparticles by GLAD in a templateless 

procedure. Enhancement of the optical dichroism of the as-prepared silver 

nanoparticles on fused silica substrates by laser treatment at low fluencies. 

Chapter 6. Application of the dichroic nanoparticles from Chapter 5, including laser-

treated samples, as substrates for SERS. Fabrication and characterization of 1D 

nano-TiO2@Ag-NPs NTs and their implementation to the detection of dissolved 

organic molecules by SERS. Optimization of the growth procedure of ZnO nanotubes 

from Chapter 2 to produce photonic oxygen sensors. 

Chapter 7. Fabrication of conductometric sensors based on metal-free phthalocyanine 

(H2Pc) nanowires and nanotrees grown by OPVD and plasma etching on commercial 

electrodes. Evaluation of the sensor response to oxygen at different temperatures 

(>150 ºC) combined with light activation. 

Chapter 8. General conclusions. 
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Chapter 9. Resumen en español. 

Appendix A. Summary of the optimized conditions for the growth of ONWs of different 

composition on diverse processable substrates. Protocol developed for the formation 

of multibranched ONWs (nanotrees). 

Appendix B. Brief introduction to some bacic DSCs photoelectrochemical 

characterization techniques. 

Appendix C. Development of a novel 3D absorption correction method for quantitative 

EDX-STEM tomography.  

The scheme of this Thesis is presented in Figure 13. 
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Figure 13. PhD thesis scheme. 
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1.4. Methodology 

Vacuum Deposition  

Vacuum deposition is the name given to a family of techniques used to deposit layers 

of material atom-by-atom or molecule-by-molecule on a solid surface. Material from a 

thermal vaporization source reaches the substrate with little or no collision with gas 

molecules in the space between the source and substrate. The trajectory of the 

vaporized material is “line of sight.” The required vacuum environment also provides 

the ability to reduce gaseous contamination in the deposition system to a low level. 

Typically, vacuum deposition takes place in the gas pressure range of 10-1 mTorr to 

10-9 mTorr, depending on the level of gaseous contamination that can be tolerated in 

the deposition system and the process requirements. Vacuum deposition is generally 

used to form optical interference coatings, mirror coatings, decorative coatings, 

permeation barrier films on flexible packaging materials, electrically conducting films, 

wear resistant coatings, and corrosion protective coatings [Mattox D., Elsevier 2010]. 

These are all examples of compact layers, but the technique can be equally employed 

to create porous films [Parra-Barranco J., ACS Appl. Mater. Interfaces 2015][Vick D., 

J. Mater. Res. 2002][Gil-Rostra J., Sol. Energy Mater. Sol. Cells. 2014][Sánchez-

Valencia J. R., Adv. Mater. 2011][González-García L., J. Mater. Chem. 2010]. 

If the vapor source is a solid or a liquid, the process is designated as Physical Vapor 

Deposition (PVD), whereas in Chemical Vapor deposition (CVD) the source material is 

a reagent which undergoes chemical reactions during the deposition. Before 

describing each technique, a brief description of plasmas will be made due to their 

relevance in many vacuum deposition processes applied in this work. 

Introduction to plasmas 

Plasmas make up more than 99% of visible matter in the universe. They consist of 

positive ions, electrons or negative ions, and neutral particles. Plasma is regarded as 

the fourth state of matter. When a solid (the first state of matter) is heated, the 

particles in it get sufficient energy to loosen their structure and thus melt to form a 

liquid (the second state of matter). After obtaining sufficient energy, the particles in a 

liquid escape from it and vaporize to gas (the third state of matter). Subsequently, 

when a significant amount of energy is applied to the gas through mechanisms such 

as an electric discharge, the electrons that escape from atoms or molecules not only 

allow ions to move more freely but also produce more electrons and ions via collisions 
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after accelerating rapidly in an electric field. Eventually, the higher number of electrons 

and ions change the electrical properties of the gas, which thus becomes ionized gas 

or plasma. 

Plasmas can be classified into three categories according to their thermal equilibrium: 

� Thermal Equilibrium Plasma:  The electron temperature (Te), ion temperature 

(Ti), and neutral temperature (Tn) are identical in thermal equilibrium plasma. 

Examples include the natural fusion reactor (Sun), a magnetic field (of 

tokamak design), or inertial (laser) confinement of a plasma. 

� Nonthermal Equilibrium Plasma: the electron temperature (Te) is considerably 

higher than in ions (Ti) and neutrals (Tn), that is, Te >> Ti, Tn. Nonthermal 

equilibrium plasmas are generated by corona discharge, glow discharge, arc 

discharge, capacitively coupled discharge, inductively coupled discharge, 

wave heated plasma, and so on. Applications of nonthermal plasma have 

expanded to cover a large number of fields including environmental 

engineering, aeronautics and aerospace engineering, biomedicine, textile 

technology, and analytical chemistry. 

� Local Thermal Equilibrium Plasma: the electron, positive ion, and neutral 

temperatures are in the same range. The ion temperature of local thermal 

equilibrium plasma is 3,000–10,000 K (0.4-1 eV), which is much higher than 

that of nonthermal plasma, but its electron temperature is much lower (0.4-1 

eV compared with 2-10 eV of nonthermal plasma). Local thermal equilibrium 

plasma can be generated by DC and RF arcs, or by an inductively coupled 

torch. They are used for plasma spraying (coating) and thermal plasma 

chemical and physical vapor deposition [Chu P. K., CRC Press 2014]. 

In this Thesis only nonthermal equilibrium plasmas, also known as low temperature or 

cold plasmas, were involved. One of the main advantages in using cold plasmas is 

that due to the fact that Te >> Tgas, plasma reactions may proceed at considerably 

lower temperatures, even room temperature, than usual reactions without plasma. 

This type of plasmas has been widely studied and currently employed in a large 

number of fields including environmental engineering, aeronautics and aerospace 

engineering, biomedicine, electronics, chemical technology, optics, surface 

modification, textile technology, and analytical chemistry among others [Osada I., 

Polym. Sci. USSR 1988]. 
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1.4.1. Physical Vapor Deposition 

Physical vapor deposition (PVD) processes are atomic deposition processes in which 

material is vaporized from a solid or liquid source in the form of atoms or molecules 

and transported in the form of a vapor through a vacuum or low pressure gaseous 

environment to the substrate where it condenses. Typically, PVD processes are used 

to deposit films with thicknesses in the range of a few nanometers to thousands of 

nanometers of elements and alloys as well as compounds using reactive deposition 

processes; however they can also be used to form multilayer coatings, graded 

composition deposits, very thick deposits and freestanding structures [Holleck H., Surf. 

Coat. Technol. 1995]. The PVD process can be modified or adapted to cover 

substrates of an incredible range of sizes and geometries like silicon wafers, cutting 

tools, watchbands, windows, etc. (Fig. 10) [Knotek O., Surf. Coat. Technol. 1993]. 

Moreover, the deposition on flexible substrates has successfully been recently 

addressed (Fig. 14) [Silva N. L., J. Mater. Sci.: Mater. Electron. 2012][Han T., Nat. 

Photonics 2012][Wang Z. B., Nat. Photonics 2011]. 

 

Figure 14. Objects which require one or more PVD processes for their production: A drill 

covered with TiCN and a 65” UHD OLED TV. 

The main categories of PVD processing are vacuum evaporation, sputter deposition, 

arc vapor deposition, and ion plating. Here the focus will be put on the first two 

techniques used to fabricate organic, inorganic and hybrid materials. 

In this Thesis up to 3 distinct PVD techniques were employed for the fabrication of 

organic and inorganic thin films and 1D nanostructures: Glancing Angle Deposition 

(GLAD), DC and magnetron sputtering and Organic Physical Vapor Deposition 

(OPVD). 
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a) Glancing Angle deposition (GLAD) 

By employing the technique known as Glancing Angle Deposition (GLAD) it is possible 

to fabricate films formed by nanometric columns or nanocolumns with controlled shape 

and porosity. The technique consists in the evaporation of a given material, which 

arrives at the substrate surface with a high zenithal angle (higher than 60º, called θ in 

Fig. 15) with respect to surface normal direction (Fig. 15). As a result, self-aligned 

tilted nanocolumnar structures can be produced due to shadowing effects during the 

film growth. There are several parameters controlling the morphology of the columns, 

from which it is worth mentioning the evaporation angle and rate [Hawkeye M. M., 

John Wiley & Sons 2014][Barranco A., Prog. Mater. Sci. 2016]. 

 

Figure 15. Illustration of the growth mechanism in GLAD [Schubert F. M., Appl. Phys. Lett. 

2007]. 

This methodology has been applied in this Thesis to the fabrication of metal oxide 

substrates (along all the chapters except Chapter 5) and for the templateless 

formation of elongated silver nanoparticles in Chapter 5. 

b) Organic Physical Vapor Deposition (OPVD) 

Organic Physical Vapor Deposition relies in the same bases than PVD but working 

with organic molecules stable under thermal evaporation. The formation of ONWs 

requires condensation of the vapor formed by the molecules onto a substrate under 

supersaturation leading the crystallization process. The extent of the former depends 

upon: 

� The number of molecules arriving at the substrate per unit area and time. 

This is the flux of molecules and is given by the deposition rate. A very low 

rate will not satisfy de supersaturation condition and no crystals will 

develop, whereas at very high rates the quality of the crystals will diminish 

dramatically. 
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� The temperature of the substrate. If it is too low the molecules simply do 

not have enough energy to move freely on the surface of the substrate and 

distribute themselves at the nucleation sites, so as a result a film is formed. 

On the other hand, if the temperature is too high, the molecules do not stick 

to the substrates and no material is deposited on them. Moreover, there is a 

range of temperatures where the density and width of the NWs may be 

tuned, e.g., at a higher temperature the density and width of the NWs 

usually decrease. 

 

� The chemical nature, roughness and morphology of the substrates. 

The surface free energy and sticking coefficient of a substrate depend on its 

chemical nature that will affect the temperature for an optimal formation of 

the NWs. Meanwhile the morphology and roughness provide the adequate 

and necessary nucleation sites. It is worth mentioning that if the size of the 

nucleation site is much smaller than the average diameter of the NWs, then 

their formation is severely inhibited [Mbenkum Beri M., Nano Lett. 

2006][Borras A., Langmuir 2010 26(3)][Borras A., Langmuir 2010 26(8)]. 

All the aforementioned variables can be experimentally controlled, and the 

density, length and width of the NWs may be varied at will.  

OPVD has been applied in this Thesis in the formation of ONWs (all along the work) 

and for the fabrication of polycrystalline thin films in Chapter 3.  

c) DC and magnetron sputtering 

The DC sputtering system is composed of a pair of electrodes, a cathode and an 

anode. The top plasma-facing surface of the cathode, known as the target, is covered 

with the material to be deposited on the substrates, which placed on the anode. When 

the sputtering chamber is kept in argon gas at around 0.1 Torr and several hundred 

volts of DC voltage are applied between the electrodes, the glow discharge is initiated. 

The Ar1 ions in the glow discharge are accelerated at the cathode fall and sputter the 

target; these sputtered particles collide with gas molecules and eventually diffuse to 

the substrate resulting in the deposition of a thin film on the substrates. The process 

can be observed in Figure 16 where the cathode is a silver wire. 

                                                           
1
 Other gases may be used besides Ar. 
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Figure 16. DC sputtering of Ag at the Nanotechnology on Surfaces group, ICMS. 

DC sputtering allows higher deposition rates than electron or ion beam processes. A 

limitation is that the ion flux cannot be controlled independently of the ion energy. 

Compared to simple diode glow discharge systems, even higher deposition rates may 

be achieved with magnetron sputtering configuration, where electrons are 

magnetically confined close to the target, increasing the ionization of the gas and thus 

the sputtering rate. Furthermore, deposition pressure can be lowered with respect to 

sputtering DC, and there are virtually no restrictions in the target nature, whereas in 

simple DC configuration the target should be conductive. One drawback associated 

with magnetron sputtering is target utilization, i.e. lower target lifetime [Wasa K., 

William Andrew Inc. 2004][Harry J. E., Wiley-VCH 2010][Peter M. M.; Elsevier 2010]. 

DC sputtering has been applied in this Thesis for the fabrication of silver nanoparticles 

acting as metal seeds for the formation of ONWs. Magnetron sputtering has been 

used in the formation of gold nanoparticles and ultrathin layers (Chapter 4).  

d) Remote Plasma Assisted Vacuum Deposition (RPAVD) 

This method has been completely developed by the group of Nanotechnology on 

Surfaces and is devoted to the fabrication of composite thin films containing 

luminescent organic molecules. One of the aims of this Thesis is to extend the 

procedure to the deposition of conformal organic shells on the ONWs and to 

incorporate new material precursors such as metal porphyrins, which may be besides 

post-treated to generate metallic or oxide shells/nanowires. This is probably one of the 

biggest strengths of this technique, allowing the user to change the precursor 

molecule while keeping unaltered the deposition conditions, i.e., the same 

experimental conditions can be used for other compounds. 
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Plasma technology has been extensively applied to the field of plasma polymerization 

and surface modification of polymers exposed to the plasma. In the former, monomers 

introduced into a reactor in the form of an organic vapor undergo polymerization due 

to the interaction with a plasma gas (Argon, Helium, etc.) or the organic vapor 

becomes the plasma gas itself. It is worth mentioning that this process is rather 

different and more complex than conventional polymerization of the monomers. 

Furthermore, the monomer might suffer considerable fragmentation or decomposition 

of chemical functions under plasma conditions [Yasuda H., Radiat. Phys. Chem. 

1977]. Contrary to plasma polymerization, the precursor molecules involved in a 

Remote Plasma Assisted Vacuum Deposition (RPAVD) process may suffer 

negligible fragmentation by the discharge due to a fine regulation of the interaction 

between the low/medium power microwave plasma and the precursor molecules 

sublimated in the afterglow region. This is achieved by the simultaneous adjustment of 

different deposition parameters, namely MW power, the total pressure, the sublimation 

rate and the geometrical arrangement used for the deposition. Thus, this method may 

be considered in between the physical vapor deposition and plasma enhanced 

chemical vapor deposition procedures.  

From previous results, the distance between the plasma and the growing film is one of 

the main operating parameters of RPAVD process, given that it controls the interaction 

between plasma discharge and precursors molecules. This distance, limiting the 

plasma-precursor interaction, makes the deposition process highly versatile, inasmuch 

as gradually regulates the film properties. By only modifying it, the method provides a 

wide range of films, from a highly cross-linked plasma polymer without the retention of 

original precursor monomers (deposition at the glow discharge), to plasma films 

containing a controllable amount of active dye molecules (deposition in the afterglow). 

By further increasing the plasma-to-substrate distance or the deposition rate, one 

obtains films which resemble more to those prepared by vacuum deposition (without 

plasma) [Aparicio F. J., J. Phys. Chem. C 2012][Aparicio F. J., J. Mater. Chem. C 

2014]. 
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Figure 17. Microstructure of a sublimated perylene (a) and its RPAVD thin film counterpart (b) 

[Alcaire Martín M., PhD Thesis 2015]. 

In Figure 17, the difference in morphology between a vacuum sublimated perylene thin 

film and its RPAVD film counterpart can be easily appreciated. RPAVD film looks 

much more homogeneous, continuous and without the presence of islands or 

aggregates. 

RPAVD has been further developed in this Thesis as protocol for the formation of 

small-molecule composite thin films (Chapter 3) and shells (Chapter 4). 

1.4.2. Reagents for OPVD and RPAVD 

a) Porphyrins and Phthalocyanines 

Basic porphyrins and phthalocyanines are symmetrical planar macrocyclic aromatic 

molecules (they obey Hückel´s rule). Unsubstituted porhyrins consist of four pyrrolic 

units linked by four methine bridges (Fig. 18 a)) containing in total 22-π electrons. On 

the other hand, unsubstituted phthalocyanines are made up of 38-π electrons 

delocalized over four isoindoline units bridged by eight azamethines. In both cases 

only 18-π electrons are involved in any one delocalization pathway. Such an electronic 

configuration makes these compounds especially stables, not been prone to undergo 

many reactions other than redox or substitution reactions with suitable Lewis bases or 

acids. Furthermore, additions or ring opening require quite drastic conditions which 

generally lead to a disruption of the porphyrin or phthalocyanine skeleton [Kadish, 

Porphyrin handbook V.17 2003][Meghea A., InTech 2012]. 
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Figure 18. a) Porphyrin; b) Metalloporphyrin c) Phthalocyanine; d) Metallophthalocyanine; e) 

MePTCDI. 

The molecular structures of a general porphyrin and phthalocyanie are shown in 

Figure 18 a)-b), whereas in panels c)-d) their metalloderivatives counterparts are 

represented. In the latter, the existence of central cations with oxidation states higher 

than two was taken into account by the addition of axial substituents, which originate 

non-planar molecules. 

These compounds are structurally related and have been extensively studied and 

implemented as dyes, catalysts, semiconductors, sensors, etc. [Livshits, J. Struct. 

Chem. 1967][Castillero P., App. Mater. Interfaces 2010][Wang Z., Adv. Mater. 

2006][Lloyd M., Mater. Today 2007]. Their versatile characteristics and properties can 

be largely attributed to the extensively delocalized π-system which is electronically 

highly sensitive and tunable. Furthermore, the nature of peripheral substituents and 

identity of the central metal ion have great ability to tune the electronic levels of these 

molecules. The nature of interaction between the metal ion and the porphyrinato or 

phthalocyanato moieties is such that both species mutually influence their electronic 

levels [Falk J. E., Elsevier 1964]. 

Porphyrins and phthalocyanines can be used as building blocks for the fabrication of 

organic nanostructures through self-assembly which is driven by supramolecular 

interactions, i.e., van der Waals forces, π-π interactions, metal coordination and 
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hydrogen bonding. They possess an extensive network of delocalized electrons, the 

so called π-electrons, which allows this class of molecules to undergo aromatic-

aromatic interactions and stack one over the other, which is known as π-stacking (see 

inset in Fig. 7) [Kadish, Porphyrin handbook V.17 2003]. The self-assembly in highly 

π-conjugated planar systems is mainly dominated by this π-π interactions, but it is 

largely affected by the type of substituents and central metal ion which can lead to 

different nanostructured motifs, such as tubes, rods, sheets, nanowires, etc. [di Natale, 

Mater. Today 2010].   

b) 2,9-dimethyl-anthra(2,1,9-def:6,5,10-d'e'f')diisoquinoline-

1,3,8,10-tetraone (MePTCDI) 

MePTCDI (Fig. 18 e)) is a perylene derivative frequently used as a pigment in the 

industry, mainly the automotive industry, and this substance along with other 

perylenes have attracted a great deal of attention due to their optical, sensing and 

electronic properties.[Aparicio F.J., J. Phys. Chem. C 2012][Karthaus O, Jap. J. App. 

Phys. 2008] The fused aromatic system in this molecules also gives rise to π-π 

interactions, which in turn opens up the possibility for the formation of several 1D 

nanostructures [Yan P., J. Phys. Chem. B 2005][Zang L., Acc. Chem. Res. 2008]. 

1.4.3. Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) is the process of chemical reaction of a volatile 

reagent compound with gases to produce a nonvolatile solid that deposits atomically 

on a suitably placed substrate. High-temperature CVD processes for producing thin 

films and coatings have found increasing applications in such diverse technologies as 

the fabrication of solid-state electronic devices, the manufacture of ball bearings and 

cutting tools, and the production of rocket engine and nuclear reactor components. In 

particular, the need for high-quality epitaxial semiconductor films for both Si bipolar 

and MOS transistors, coupled with the necessity to deposit various insulating and 

passivating films at low temperatures, has served as a powerful impetus to spur 

development and implementation of CVD processing methods [Peter M. M.; Elsevier 

2010].  

Many variants of CVD processing have been researched and developed in recent 

years, including low-pressure (LPCVD), plasma-enhanced (PECVD), and laser-

enhanced (LECVD) chemical vapor deposition. Only a brief description of PECVD will 

be given here. 
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a) Plasma-Enhanced Chemical Vapor Deposition (PECVD) 

In PECVD processing, glow discharge plasmas are sustained within chambers where 

simultaneous CVD reactions occur. Generally, the radio frequencies employed range 

from about 100 kHz to 40 MHz at gas pressures between 50 mTorr to 5 Torr. Under 

these conditions, electron and positive-ion densities number between 109 and 

1012/cm3, and average electron energies range from 1 to 10 eV. This energetic 

discharge environment is sufficient to decompose gas molecules into a variety of 

component species, such as electrons, ions, atoms, and molecules in ground and 

excited states, free radicals, etc. The net effect of the interactions among these 

reactive molecular fragments is to cause chemical reactions to occur at much lower 

temperatures than in conventional CVD reactors without benefit of plasmas. 

Therefore, previously unfeasible high-temperature reactions can be made to occur on 

temperature-sensitive substrates. 

An important advance in PECVD relies on the use of microwave radiation along with 

magnetic confinement, originating what is called electron cyclotron resonance (ECR) 

plasmas. In this operation mode, microwave energy is coupled to the natural resonant 

frequency of the plasma electrons in the presence of a static magnetic field (scheme 

shown in Fig 19). The condition for energy absorption is that the microwave frequency 

ω, (commonly 2.45 GHz) be equal to qB/m, where q is the elementary charge (~ 

1.6x10-19 C), m the electron mass (~ 9.1x10-31 kg), and B is the magnetic field (T). 

Physically, plasma electrons then undergo one circular orbit during a single period of 

the incident microwave. 

Whereas RF plasmas contain a charge density of ~ 1010 cm-3 in a 10-2 to 10-1 Torr 

environment, the ECR discharge is easily generated at pressures of 10-5 to 10-3 Torr. 

Therefore, the degree of ionization is about 1000 times higher than in the RF plasma. 

This coupled with low-pressure operation, controllability of ion energy, low-plasma 

sheath potentials, high deposition rates and absence of source contamination 

(electrodeless system) has made ECR plasmas attractive for both film deposition as 

well as etching processes [Ohring M., Academic Press 1992][Wilhelm R., ATBWBGP 

1999]. 
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Figure 19. ECR Plasma deposition reactor [Ohring M., Academic Press 1992]. 

PECVD has been applied in this Thesis to the growth of conformal metal oxide layers 

providing the formation of hybrid ONW@MOx nanowires (Chapters 2, 4 and 6) and 

working as well as seed layer for the development of ONWs (all over the work). ZnO 

and TiO2 thin films have played the role of blocking layers for DSCs in Chapter 2. In 

addition, it has been utilized for the growth of ZnO thin films with piezoelectric 

properties (Chapter 4).   

1.4.4. Reagents for PECVD 

The necessity of obtaining highly conformal metal oxides with different types of 

microstructure and crystallinity, and therefore with variable physical properties, while 

maintaining the nature of the organic template unaltered has been addressed with the 

technique of PECVD. The chemical structure of the reagents employed for PECVD 

and the experimental conditions required in each case are shown in Figure 20 and 

Table 12, respectively [Barranco A., J. Vac. Sci. Technol. A 2004][Borras A., J. 

Electrochem. Soc. 2007][Borras A., Crys. Growth. Des. 2009][Borras A., Mic. Mes. 

Mat. 2012][Romero G., J. of Phy. Chem. C 2010]. 

                                                           
2
 SiO2 films are included just to illustrate the versatility of PECVD, but no examples or 

applications involving their use are gathered in this memory. 
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Figure 20. a) Titanium tetraisopropoxide (TTIP), b) Diethylzinc (ZnEt2), c) Chlorotrimethylsilane 

(TMCS). 

Table 1. Experimental conditions for the preparation of TiO2, ZnO and SiO2 by PECVD. 

Precursor Microstructure Working 
pressure 

(mbar) 

Gas Substrate 
Temperature 

(ºC) 

Plasma 
power 

(W) 

ZnEt2 Columnar 1.5x10-2 O2 RT 400 
ZnEt2 Columnar 1.5x10-2 O2/H2 170 400 
TTIP Columnar 9x10-3 O2 RT 400 
TTIP Columnar 

(Anatase) 
9x10-3 O2 280 400 

TTIP Continuous 6 x10-3 O2/Ar RT 400 
TMCS Columnar 2x10-2 O2/Ar RT 400 

 
 

The corresponding microstructures obtained by SEM characterization of the samples 

are gathered in Figure 21. 
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Figure 21. SEM cross section of: a) Columnar ZnO, b) Columnar ZnO (H2), c) Columnar TiO2 

d) nano-TiO2, e) Anatase, f) Columnar SiO2. 

1.4.5. Deposition chambers and reactors 

a) Vacuum deposition system for PVD and RPAVD (Reactor I) 

The deposition chamber and the instruments associated to it are shown in Figure 22. It 

consists of four Knudsen evaporators: two of “low temperature” (up to 500 ºC) and two 

of “high temperature” (up to 1350 ºC), all of which can be varied in height (i.e. distance 

to plasma and/or sample holder) and their respective evaporation angles adjusted at 

will. An automatic pressure controller valve is used to precisely regulate the pressure 

inside the chamber in the range of 10-4-10-1 mbar, although the ultimate vacuum may 

reach 10-7 mbar. The pressure is monitored at all time employing a full-range pressure 

gauge and the flux of gases into the chamber is regulated by several mass flow 

controllers, one for each type of gas. 

The chamber is equipped with a 2.45 GHz microwave ECR plasma source with a 

maximum power output of 1200 W, capable of delivering stable plasmas even at low 

pressures (10-4 mbar) or low power (<100 W), the latter being extremely useful for soft-

plasma treatments. 
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The samples are placed in rotatable and heatable (up to 300 ºC) holder, which can be 

turned to face the evaporators or the plasma. If required, the holder can be placed on 

large screws fixed to the base of the evaporators-holder so as to vary its distance to 

the plasma. Moreover, the substrates and samples are normally protected with a 

shutter before deposition begins and once it has finalized. 

The deposition rate and nominal thickness of the deposit can be followed by one or 

two refrigerated quartz crystal monitor (QCM) conveniently placed so as to obtain the 

most accurate and realistic measurements as possible. 

The whole system, including the pipes for gases, is pumped by an oil rotatory pump 

for rough vacuum and a turbomolecular pump for attaining high vacuum. 

 

Figure 22. Scheme of the PVD and RPAVD reactor. 

b) Vacuum deposition system for PECVD (Reactor II) 

This equipment is mainly used for the fabrication of metal oxides with different types of 

microstructure. It comprises a 2.45 GHz microwave ECR plasma source with a 

maximum power output of 2000 W. The plasma is feed with several gases which are 
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introduced into the chamber using the appropriate mass flow controller and the 

pressure of the system is varied employing a mechanical pressure control valve. 

The precursors are finely dispersed just over the substrates by means of a homemade 

diffusor, allowing the homogeneous distribution of the metal oxide in relatively large 

areas (10 x 10 cm2). Furthermore, the sample holder may be heated up to 450 ºC 

using halogen lamps, which is sometimes necessary for obtaining crystallinity and/or 

particular microstructures in certain materials. 

A scheme of the PECVD reactor used is shown in Figure 23. 

 

Figure 23. Scheme of the PECVD reactor. 

Facilities in Reactor I and II are easily combinable and interchangeable following the 

premises of the one-reactor approach. 

  



 

Chapter 1  

 

39 

 

1.5. References 

Adachi M. M. et al., Core-shell silicon nanowire solar cells. Scientific Reports 3 (1546), 

1-6 (2013).  

Alcaire Martín M., PhD Thesis: Remote plasma assisted fabrication of functional 

organic and hybrid thin films and supported nanostructures. Universidad de Sevilla, 

España (2015). 

Andersen T. R. et al., Scalable, ambient atmosphere roll-to-roll manufacture of 

encapsulated large area, flexible organic tandem solar cell modules. Energy & 

Environmental Science 7(9), 2925-2933 (2014). 

Aparicio F. J. et al., Plasma Deposition of Perylene−Adamantane Nanocomposite Thin 

Films for NO2 Room-Temperature Optical Sensing. Journal of Physical Chemistry C 

116(15), 8731−8740 (2012). 

Aparicio F. J. et al., Luminescent 3-hydroxyflavone nanocomposites with a tuneable 

refractive index for photonics and UV detection by plasma assisted vacuum 

deposition. Journal of Materials Chemistry 2(32), 6561-6573 (2014). 

Barranco A. et al., Room temperature synthesis of porous SiO2 thin films by plasma 

enhanced chemical vapor deposition. Journal of Vacuum Science and Technology A 

22(4), 1275-1284 (2004). 

Barranco A. et al., Perspectives on oblique angle deposition of thin films: From 

fundamentals to devices. Progress in Materials Science 76, 59-153 (2016). 

Borrás A., Cotrino J., González-Elipe A. R:, Type of Plasmas and Microstructures of 

TiO2 Thin Films Prepared by PECVD. Journal of the Electrochemical Society 154(12), 

152-157 (2007). 

Borras A. et al., Synthesis of Supported Single-Crystalline Organic Nanowires by 

Physical Vapor Deposition. Chemistry of Materials 20(24), 7371-7373 (2008). 

Borrás A. et al., Porosity and microstructure of plasma deposited TiO2 thin films. 

Microporous and Mesoporous Materials 118 (1-3), 314-324 (2009). 

Borras A. et al., Connecting organic nanowires. Advanced Materials 21(47), 4816-

4819 (2009). 



 
 

Introduction 

 

40 

 

Borras A. I. et al., Growth of Crystalline TiO2 by Plasma Enhanced Chemical Vapor 

Deposition. Crystal Growth & Design 9(6), 2868-2876 (2009). 

Borras A. et al., One-Step Dry Method for the Synthesis of Supported Single-

Crystalline Organic Nanowires Formed by π-Conjugated Molecules. Langmuir 26(8), 

5763–5771 (2010). 

Borras A. I. et al., Air- and Light-Stable Superhydrophobic Colored Surfaces Based on 

Supported Organic Nanowires. Langmuir 26(3), 1487-1492 (2010). 

Borras A. I. et al., Critical thickness and nanoporosity of TiO2 optical thin films. 

Microporous and Mesoporous Materials 160, 1-9 (2012). 

Briseno A. L. et al., Fabrication of Field-Effect Transistors from Hexathiapentacene 

Single-Crystal Nanowires. Nano Letters 7(3), 668-675 (2007). 

Briseno A. L. et al., Oligo- and Polythiophene/ZnO Hybrid Nanowire Solar Cells. Nano 

Letters 10(1), 334-340 (2010). 

Briseno A. L. et al., Introducing organic nanowire transistors. Materials Today 11(4), 

38-47 (2008). 

Castillero P. et al., Active and Optically Transparent Tetracationic Porphyrin/TiO2 

Composite Thin Films. Applied Materials and Interfaces 2(3), 712-721 (2010).  

Chu Paul K., Lu XinPei, Low Temperature Plasma Technology, Methods and 

Applications. ISBN: 978-1-4665-0991-7. CRC Press. Boca Raton, USA (2014). 

Dagdeviren C., Yang B.D., Su Y. et al., Conformal piezoelectric energy harvesting and 

storage from motions of the heart, lung, and diaphragm. Proceedings of the national 

academy of sciences 111(5), 1927–1932 (2014). 

Diebold U., The Surface science of titanium dioxide. Surface Science Reports  48(5-

8), 53-229 (2003). 

Di Natale C. et al., Chemical sensitivity of porphyrin assemblies. Materials Today 13 

(7-8), 46-52 (2010). 

Dong Y. et al., Si/a-Si Core/Shell Nanowires as Nonvolatile Crossbar Switches. Nano 

Letters 8(2), 386-391 (2008).  



 

Chapter 1  

 

41 

 

Eustis S., El-Sayed M. A., Why gold nanoparticles are more precious than pretty gold: 

Noble metal surface plasmon resonance and its enhancement of the radiative and 

nonradiative properties of nanocrystals of different shapes. Chemical Society Review 

35(3), 209-217 (2006). 

Falk J. E., Porphyrins and Metalloporphyrins. Their General, Physical and 

Coordination Chemistry and Laboratory Methods.1. Elsevier Publ. Comp. DM 42. Aufl. 

266 S., 21 Abb., 36 Tab. Amsterdam, The Netherlans (1964). 

Gil-Rostra J. et al., Tuning the transmittance and the electrochromic behavior of 

CoxSiyOz thin films prepared by magnetron sputtering at glancing angle. Solar Energy 

Materials & Solar Cells 123, 130-138 (2014).  

Gleiter H., NANOSTRUCTURED MATERIALS: BASIC CONCEPTS AND 

MICROSTRUCTURE. Acta Materialia 48(1), 1-29 (2000). 

González-García L. et al., TiO2–SiO2 one-dimensional photonic crystals of controlled 

porosity by glancing angle physical vapour deposition. Journal of Materials Chemistry 

20(31). 6408-6412 (2010). 

Gregg B. A., Excitonic Solar Cells. Journal of Physical Chemistry B 107(20), 4688-

4698 (2003). 

Han T. et al., Extremely efficient flexible organic light-emitting diodes with modified 

graphene anode. Nature Photonics 6, 105-110 (2011). 

Harry J. E., Introduction to Plasma Technology. ISBN: 978-3-527-32763-8. WILEY-

VCH Verlag & Co. Weinheim, Germany (2010). 

Hasan M. et al., Porous Core/Shell Ni@NiO/Pt Hybrid Nanowire Arrays as a High 

Efficient Electrocatalyst for Alkaline Direct Ethanol Fuel Cells. Journal of The 

Electrochemical Society 159(7), F203-F209 (2012). 

Hawkeye M. M., Taschuk M. T., Brett M. J., Glancing Angle Deposition of Thin Films: 

Engineering the Nanoscale. ISBN: 9781118847565. John Wiley & Sons. West Sussex, 

United Kingdom (2014). 

Heliatek, Heliatek consolidates its technology leadership by establishing a new world 

record for organic solar technology with a cell efficiency of 12%. 

http://www.heliatek.com/newscenter/latest_news/neuer-weltrekord-fur-organische-



 
 

Introduction 

 

42 

 

solarzellen-heliatek-behauptet-sich-mit-12-zelleffizienz-als-technologiefuhrer/?lang=en 

(2013). 

Hernández S. et al., Optimization of 1D ZnO@TiO2 core-shell nanostructures for 

enhanced photoelectrochemical water splitting under solar light illumination. ACS 

Applied Materials & Interfaces 6(15), 2153-2167 (2014). 

Holleck H., Schier V., Multilayer PVD coatings for wear protection. Surface and 

Coatings Technology 76-77(1), 328-336 (1995). 

Jo S. B. et al., Polymer blends with semiconducting nanowires for organic electronics. 

Journal of Materials Chemistry 22(10), 4244-4260 (2012). 

Kadish K. M., Smith K. M., Guilard R., The Porphyrin Handbook, Volume 

17/Phthalocyanines: Properties and Materials. ISBN: 0-12-393227-0. Academic Press, 

Elsevier Science. San Diego, USA (2003).  

Karthaus O. et al., Control of Crystal Morphology of Aromatic Electron Donors and 

Acceptors for Organic Electronics. Japanese Journal of Applied Physics 47(2), 1245–

1250 (2008).  

Kim E. K. et al., Electrical Characterization of ZnO Single Nanowire Device for 

Chemical Sensor Application. Journal of Nanoscience and Nanotechnology 8(9), 

4698-4701 (2008). 

Kim R. H. et al., Non-volatile organic memory with sub-millimetre bending radius. 

Nature Communications 5(3583), (2014). 

Knotek O. et al., Process and advantage of multicomponent and multilayer PVD 

coatings. Surface and Coatings Technology 59(1-3), 14-20 (1993). 

Kobayashi T., Fujiyoshi Y., Uyeda N., The Observation of Molecular Orientations in 

Crystal Defects and the Growth Mechanism of Thin Phthalocyanine Films. cta 

Crystallographica Section A 38(3), 356-362 (1982). 

Livshits V. A. et al., Semiconductor properties of porphyrins. Journal of Structural 

Chemistry 8(3), 383-388 (1967). 

Liu Y. et al., Aggregation and morphology control enables multiple cases of high-

efficiency polymer solar cells. Nature Communications 5(5293), 1-8 (2014). 



 

Chapter 1  

 

43 

 

Lloyd M. T. et al., Photovoltaics from soluble small molecules. Materials Today 10(11), 

34-41 (2007). 

Lochner C. M. et al., All-organic optoelectronic sensor for pulse oximetry. Nature 

Communications 5(5745), (2014). 

Macias-Montero M. et al Vertically Aligned Hybrid Core/Shell Semiconductor 

Nanowires for Photonics Applications. Advanced Functional Materials 23(48), 5981–

5989 (2013). 

Macías-Montero M., PhD Thesis: New Plasma-based synthesis procedures and 

applications of 1D nanostructures. Universidad de Sevilla, España (2013). 

Mai L. et al., Single Nanowire Electrochemical Devices. Nano Letters 10(10), 4273-

4278 (2010). 

Mattox D. M., Handbook of Physical Vapor Deposition (PVD) Processing, 2nd edition. 

ISBN: 978-0-81-552037-5. Elsevier Inc. Oxford, UK (2010). 

Meghea A., Molecular Interactions. ISBN 978-953-51-0079-9. InTech. Rijeka, Croatia 

(2012). 

Mehmood U. et al., Recent Advances in Dye Sensitized Solar Cell. Advances in 

Materials Science and Engineering 2014, 1-12 (2014).  

Mbenkum Beri M., Selective Growth of Organic 1-D Structures on Au Nanoparticle 

Arrays. Nanoletters 6(12), 2852-2855 (2006). 

Ngô C. & van der Voorde M., Nanotechnology in a Nutshell: From Simple to Complex 

Systems. ISBN: 978-94-6239-012-6. Atlantis Press (2014). 

Ohring Milton. The Materials Science of Thin Films. ISBN: 0-12-524990-X. Academic 

Press. San Diego, USA (1992). 

Osada Y., PLASMA POLYMERIZATION AND PLASMA TREATMENT OF 

POLYMERS. REVIEW. Polymer Science U.S.S.R. 30(9), 1922-1941 (1988).  

Parra-Barranco J. et al., Anisotropic In-Plane Conductivity and Dichroic Gold Plasmon 

Resonance in Plasma-Assisted ITO Thin Films e-Beam-Evaporated at Oblique 

Angles. ACS Applied Materials and Interfaces 7(20), 10993-11001 (2015). 



 
 

Introduction 

 

44 

 

Peter M. M., Handbook of Deposition Technologies for Films and Coatings (Third 

Edition). ISBN: 978-0-8155-2031-3. Elsevier Inc. Burlington, USA (2010). 

Pokropivny V.V., Skorokhod V.V., Classification of nanostructures by dimensionality 

and concept of surface forms engineering in nanomaterial science. Materials Science 

and Engineering: C 27(5-8), 990-993 (2007). 

Qiu Y. et al., Flexible piezoelectric nanogenerators based on ZnO nanorods grown on 

common paper substrates. Nanoscale 4(20), 6568-6573 (2012). 

Romero-Gómez P. et al., Tunable Nanostructure and Photoluminescence of Columnar 

ZnO Films Grown by Plasma Deposition. Journal of Physical Chemistry C 114(49), 

20932–20940 (2010). 

Royole corporation, Royole Develops World's Thinnest 0.01 mm Full-Color AMOLED 

Flexible Display. http://www.prnewswire.com/news-releases/royole-develops-worlds-

thinnest-001-mm-full-color-amoled-flexible-display-300010265.html. (2014) 

Sajanlal P. R. et al., Anisotropic nanomaterials: structure, growth, assembly, and 

functions. Nano Reviews 2, 5883 (2011). 

Sánchez-Valencia J. R. et al., Selective Dichroic Patterning by Nanosecond Laser 

Treatment of Ag Nanostripes. Advanced Materials 23(7), 848-853 (2011). 

Schubert F. M. et al., Distributed Bragg reflector consisting of high- and low-refractive-

index thin film layers made of the same material. Applied Physics Letters 90 (14), 

141115 (2007). 

Sekitani T. et al., Organic Nonvolatile Memory Transistors for Flexible Sensor Arrays. 

Science 326(5959), 1516-1519 (2009). 

Siegel R. W., Trigg G.L. (ed). Nanophase Materials. Encyclopedia of Applied Physics 

11, 173-200. VCH Publishing, Weinheim, Germany (1994).  

Silva N. L. et al., Deposition of conductive materials on textile and polymeric flexible 

substrates. Journal of Materials Science: Materials in Electronics 24(2), 635-643 

(2012). 

Singh A. K. et al., Unique hydrogenated Ni/NiO core/shell 1D nanoheterostructures 

with superior electrochemical performance as supercapacitors. Journal of Materials 

Chemistry A 1(41), 12759-12767 (2013). 



 

Chapter 1  

 

45 

 

Smits E. C. P. et al., Bottom-up organic integrated circuits. Nature Letters 455, 956-

959 (2008).  

Tamang A. et al., Zinc oxide nanowire arrays for silicon core/shell solar cells. Optics 

Express 22(103), A622-A632 (2014). 

Tiwari J. N. et al., Zero-dimensional, one-dimensional, two-dimensional and three-

dimensional nanostructured materials for advanced electrochemical energy devices. 

Progress in Materials Science 57(4), 724-803 (2012). 

Vick D. et al., Growth behavior of evaporated porous thin films. Journal of Materials 

Research 17(11), 2904-2911 (2002). 

Visions for a molecular future. Nature Nanotechnology|Feature 8, 385-38 (2013). 

Wang Z. et al., Porphyrin Nanofiber Bundles from Phase-Transfer Ionic Self-assembly 

and their Photocatalytic Self-Metallization. Advanced Materials 18(19), 2557–2560 

(2006). 

Wang Z. B. et al., Unlocking the full potential of organic light-emitting diodes on flexible 

plastic. Nature Photonics 5, 753-757 (2011). 

Wang Z. L., Towards Self-Powered Nanosystems: From Nanogenerators to 

Nanopiezotronics. Advanced Functional Materials 18(22), 3553-3567 (2008). 

Wasa K., Kitabatake M., Adachi H., Thin film materials technology. ISBN: 0-8155-

1483-2. William Andrew Inc., New York, USA (2004). 

Wilhelm R., ECR Plasmas for Thin-Film Deposition. Advanced Technologies Based on 

Wave and Beam Generated Plasmas 67, 111-122 (1999). 

Xia Y., Sun K., Ouyang J., Solution-Processed Metallic Conducting Polymer Films as 

Transparent Electrode of Optoelectronic Devices. Advanced Materials 24(18), 2436-

2440 (2012). 

Yan P. et al., Self-Organized Perylene Diimide Nanofibers. Journal of Physical 

Chemistry B 109(2), 724-730 (2005). 

Yang P. et al., Semiconductor Nanowire: What’s Next? Nano Letters 10(5), 1529-1536 

(2010).  



 
 

Introduction 

 

46 

 

Yang Y. et al., Single Micro/Nanowire Pyroelectric Nanogenerators as Self-Powered 

Temperature Sensors. 6(9), 8456-8461 2012). 

Yasuda H., MODIFICATION OF POLYMERS BY PLASMA TREATMENT AND BY 

PLASMA POLYMERIZATION. Radiation Physics and Chemistry 9(4-6), 805-817 

(1977). 

Yi H. T. et al., Ultra-flexible solution-processed organic field-effect transistors. Nature 

Communications 3(1259), 1-7 (2012). 

Yijie X. et al., Solution-Processed Metallic Conducting Polymer Films as Transparent 

Electrode of Optoelectronic Devices. Advanced Materials 24(18), 2436–2440 (2012). 

Zang L. et al., One-Dimensional Self-Assembly of Planar π-conjugated molecules: 

adaptable building blocks for organic nanodevices. Accounts of chemical research 

41(12), 1596-1608 (2008). 

Zhang C. et al., Synthesis and applications of organic nanorods, nanowires and 

nanotubes. Annual Reports Section "C" (Physical Chemistry) 109, 211-239 (2013). 

Zhang Y. et al., Organic Single-Crystalline p−n Junction Nanoribbons. Journal of the 

American Chemical Society 132(33), 11580-11584 (2010). 

Zhao Y.P., Designing Nanostructures by Glancing Angle Deposition, SPIE 

Proceedings 5219, 59-73 (2003). 

Zhao W., Chen F., One-pot Synthesis and its Practical Application in Pharmaceutical 

Industry. Current Organic Synthesis 9(6), 873-897 (2012). 

 



2. Vacuum template synthesis of 

multifunctional nanotubes with 

tailored nanostructured walls: 

Inorganic nanotubes, hierarchical 

and stacked nanostructures for 

DSCs 

 
 



  



 

 

 

 

Abstract 

Single-shell and multishell ZnO and TiO2 nanotubes with nanostructured 

walls are fabricated by PECVD following a template procedure based on 

the use of supported ONWs as 1D scaffold. The emptying mechanism of 

the initial 1D ONW@MOx nanostructures is evaluated as a function of 

annealing speed. Their characterization by advanced electron 

microscopy techniques and implementation in DSCs is addressed, 

investigating the effect of wall thickness on the photovoltaic parameters 

of the cells and the gain in performance when compared to their thin film 

counterparts. The maximum efficiency reached in this work was 4.69% 

using hierarchical nanostructures based on a stack of anatase 

nanotubes. 
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2.1. Introduction  

ince 1883 solar cells have evolved from a laboratory curiosity to a real energy 

generation alternative [Fritts C. E., Am. J. Sci. 1883]. Moreover, the interest in 

photovoltaic (PV) technology emerged due to economic reasons after the first 

oil crisis in 1973, but it has further increased owing to environmental concerns, i.e. 

pollution related issues associated to conventional power sources (oil, gas, and coal) 

have further stimulated research and production of solar cells [Armaroli N., Wiley 

2011][ Palz W., CRC Press 2014]. As seen in Figure 1, PV energy production keeps 

augmenting, exhibiting a tenfold increase in the period 2008-2014, a remarkable 

increase in only 6 years. This demonstrates the high level of commitment with PV 

technology, accompanied by a heavy investment in the field.  

 

Figure 1. Evolution of global solar PV power capacity in the period 2004-2014 [REN21]. 

The quest for higher efficiencies and more competitive photovoltaic technologies has 

led to the development of several classes of solar cells. According to the active 

materials composing the cells, they may be divided into three groups: 

� Inorganic: They are the most efficient, reliable and long-lasting ones, but 

also the most expensive both in terms of money and resources 

consumption (energy payback time is quite high) [Miles R. W., Mater. Today 

2007][Espinosa N., Energy Environ. Sci. 2012]. This family comprises 

several well-established commercial and aerospace technologies like 

amorphous and crystalline Si cells, thin-film (CIGS, CdTe, a-Si:H) and 

S  
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multijunction cells. Third-generation, quantum dot and copper zinc tin 

sulfide-selenide (CZTSSe) solar cells are among the novelties in this group 

and have attracted significant attention [Chuang C. M., Nat. Mater. 

2014][Wang W., Adv Energy Mater. 2014][Conibeer G., Mater. Today 

2007]. 

 

� Organic: This kind of solar cells rely on the implementation of a small-

molecule or polymer, or a combination of both, acceptor and donor for the 

formation of a proper n-p heterojunction for charge separation. Much effort 

has been directed towards novel architectures, microstructures and 

molecular engineering of the organic materials. Organic photovoltaics is a 

promising field which could ultimately allow for the manufacturing of large-

area, cheap and flexible light harvesters, even though the maximum 

theoretical efficiency of non-tandem organic solar cells has been calculated 

to be approximately 15% [Li G., Nat. Photonics 2012][Mishra A., Angew. 

Chem. 2012][Wright M., Sol. Energ. Mat. Sol. C. 2012][Su Y., Mater Today 

2012].  

 

� Hybrid: The combination of organic and inorganic materials in photovoltaics 

is a route to surpass some of the drawbacks of the individual families, 

getting the best out of each of them. For example, increasing the efficiency 

while keeping costs down. The broadly studied dye sensitized solar cells 

(DSCs) and the recent organometallic halide perovskites belong to this 

category [Fan J., Photon Res. 2014][Heo J. H., Nat. Photonics 2013][Hardin 

B. E., Nat. Photonics 2012].  

 

The solar cells fabricated during this Thesis are DSCs, and therefore the ones that will 

be discussed in further detail here.  

Figure 2 summarizes the evolution in certified record efficiencies for different PV 

technologies. 
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Figure 2. Best confirmed Research-Cell efficiencies up to March 2015 (Top) and a 

zoomed area of the same chart (Bottom) [NREL 2015]. 

2.1.1. Brief introduction to semiconductors 

A semiconductor is a material which can behave as an insulator or conductor 

depending on external factors such as temperature, electric field, etc. Intrinsic 

semiconductors possess a forbidden energy band, the so-called band gap, separating 

the conduction and valence bands in the solid to which no electronic transitions are 

allowed. However, electronic transitions from the conduction to the valence band can 
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occur due to excitation (thermal, electric, etc.), in case the provided energy is larger 

than the band gap (Fig. 3).      

 

Figure 3. Electronic transitions in an intrinsic semiconductor upon irradiation. 

Intrinsic semiconductors may be doped with extremely low quantities of other 

elements to produce n-type or p-type extrinsic semiconductors. The doping elements 

are electron donor (pentavalent) or acceptor (trivalent) for n- and p-type extrinsic 

semiconductors, respectively. Moreover, the presence of defects in the crystal 

structure of the semiconductor may also confer one of these two behaviors.  As 

observed in Figure 4, in an n-type semiconductor there are dopant states in the band 

gap close to the conduction band levels. The energy required to promote an electron 

from these states to the conduction band (Ed) is much less than the bandgap and at 

room temperature there is enough energy available for such transitions, partially filling 

the conduction band and thus increasing the conductivity of the material. In the case of 

n-type semiconductors, the majority charge carriers are electrons, opposed to holes in 

p-type ones [Berger L. I., CRC Press 1997]. 

 

Figure 4. Electronic transitions in an n-type semiconductor upon irradiation. 
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2.1.2. Operational principles of solar cells 

As already mentioned in the Introduction (Chapter 1), solar cells may be split in two 

different classes according to their working mechanism. On the one hand, 

conventional solar cells undergo three processes that lead to the generation of a 

photovoltage: 

� Generation of charge carriers throughout the bulk of the semiconductor 

due to absorption of electromagnetic radiation. For light absorption to 

occur, the energy of the incident radiation must be equal or higher the 

semiconductor bandgap (Fig. 3). 

� Subsequent separation of the charge carriers upon arrival at the cell 

junction, a p-n type for example. 

� Collection of the charge carriers at the electrodes. 

On the other hand, in excitonic solar cells such as DSCs only two processes take 

place: 

� Simultaneous photogeneration and separation of the charge carriers at the 

heterointerface.  

� Collection of the charge carriers at the electrodes. 

DSCs may be split into two categories: regular DSCs which employ a liquid electrolyte 

and solid state DSCs which use a solid hole conductor material instead of an 

electrolyte. The operational principle of a liquid DSC is quite simple and can be easily 

understood looking at Figure 5. A mesoporous thin film of a wide band gap oxide 

semiconductor (for instance TiO2, ZnO and Nb2O5) is generally deposited on a 

transparent conductive oxide electrode, such as fluorine-doped tin oxide (FTO) on 

glass, and placed in contact with an electrolyte. A dye (sensitizer), attached to the 

semiconductor film as a monolayer, is photoexcited and injects an electron into the 

conduction band of the metal-oxide. The regeneration of the dye is carried out by a 

redox couple present in the electrolyte (��� ��⁄  in this case), that acts as a hole 

conductor, which is in turn regenerated at the platinum coated counter electrode. 

Platinum acts as a catalyst for the reaction	��� + 2�� → ��, where electrons are 

supplied through the external load [Grätzel M., Nature 2001][Grätzel M., Inorg. Chem. 

2005].  
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Figure 5. Illustration of a DSC under operation. E and CE stand for electrode and counter 

electrode respectively, while MOS TF means Metal-Oxide-Semiconductor thin film 

(mesoporous in the diagramm). TCO means transparent conductive oxide. 

While the photocurrent in DSCs depends on the number of dye molecules adsorbed to 

the oxide, the photovoltage arises from the difference between the Fermi level of the 

electrons in the semiconductor and the redox potential of the electrolyte. Assuming 

that the Fermi level is considered to be quite proximate to the conduction band, then 

for TiO2 in anatase crystalline form and using ��� ��⁄  as a redox couple, the maximum 

attainable photovoltage would be ∆� � ���	���� � ���� ��⁄  � |�4.2	�� �

4.8	��| � 0.6	�� � 600	��. In practice, the immersion of the semiconductor in 

the electrolyte with redox couple will shift the electron energy levels at the film surface. 

For example, it has been determined that for anatase, and using  ��� ��⁄  as redox 

couple, the conduction band shifts from -4.2 eV to -3.9 eV, so the maximum possible 

photovoltage for this DSC would be 900 mV.  Of course, this is an ideal value and is 

usually lower mainly due to electron recombination in the semiconductor film [Cahen 

D., J. Phys. Chem. B 2000][Raga S. R., J. Phys. Chem. Lett. 2012].  

DSCs efficiency has slowly improved from 10% to 12.3% in a time lapse of 20 years 

[Yella A., Science 2011]. New ruthenium-free dyes and combination of dyes have been 

introduced in order to enhance light harvesting (boosting the photocurrent) while in 

conjunction with novel Co(II/III) electrolytes favors a parallel increase of the 
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photovoltage. Moreover, despite the longevity of DSCs is still inadequate for 

commercial applications, huge efforts has been made in improving their long term 

stability, which along with efficiency and low production costs will determine the 

marketing viability of these cells [Upadhyaya H. M., Sol. Energ. Mat. Sol. C. 2013].  

In this work, both ZnO and TiO2 wide-bandgap semiconductors fabricated by a 

modified plasma enhanced chemical vapor deposition (PECVD) method have been 

employed as active materials in DSCs electrodes. Bulk wurtzite ZnO has a direct band 

gap of 3.44 eV with n-type behavior. Despite the causes for such a n-type behavior are 

still unclear, it is speculated that the unintended incorporation of impurities such as H 

would be a possible explanation [Janotti A., Rep. Prog. Phys. 2009]. Bulk TiO2 has a 

band gap of 3.2 eV for the anatase phase. It is also an n-type due to oxygen 

vacancies and the presence of Ti+3 cations [Moorthy S. B. K., Springer 2015]. 

The high electron mobility of ZnO, µe = 200 cm2V-1s-1, and acceptable exciton binding 

energy of 60 meV make it an attractive candidate for its potential implementation in 

DSCs [Look D.C., Sol. State Commun.1998][Xu F., Energy Environ. Sci. 

2011][Kosyachenko L. A., Solar Cells – Dye-Sensitized Devices 2011]. However, its 

known degradation by many usual dyes and instability in aqueous solution limits the 

overall cell performance and operation lifetime [Soga T., Elsevier 2006]. TiO2 was the 

first choice for DSCs [O’Regan B., Nature 1991] since it is chemically more stable than 

ZnO and it possesses an injection efficiency1 of 100%, twice that of ZnO. The major 

drawbacks associated with TiO2 are its low electron mobility, ranging from 1 cm2V-1s-1 

for amorphous TiO2 to 30 cm2V-1s-1 for anatase, and its relatively low exciton binding 

energy of 4 meV [Tiwana P., ACS Nano 2011][Forro L., J. Appl. Phys. 1994].  

ZnO nanostructures in the form of thin film, nanowires, nanotubes and hierarchical 

nanostructures have been used as photoanodes in dye sensitized solar cells (DSC) as 

an alternative to TiO2 [Anta J. A., J. Phys. Chem. C 2012]. The record efficiency 

reported for a DSC is 7.5% under 1-sun illumination using hierarchical ZnO 

nanostructures [Memarian N., Angew. Chem. Int. Ed. 2011]. The application of this 

semiconductor oxide to the emerging field of the perovskite solar cells has also been 

recently explored [Zhou H., J. Phys. Chem. C 2015]. In fact, nanocolumnar ZnO thin 

films deposited by PECVD in our group were reported last year as photoanode for 

both dye-sensitized [Vega-Poot A. G., ChemPhysChem 2014] and perovskite solar 

cells [Ramos F. J., ChemPhysChem 2014]. In the first work, the electron-transport 
                                                           
1
 Electron injection processes in DSCs involve electron transfer from the excited dye to the 

semiconductor oxide. 
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properties of the highly crystalline and texturized PECVD ZnO film were compared to 

that of a nanoparticulate layer by means of small-perturbation electrochemical 

techniques. In this way it was demonstrated that the electron transport in the case of 

the texturized film was determined by Fermi-level pining that made voltage 

independent, in contrast to the nanoparticulate film [Vega-Poot A. G., 

ChemPhysChem 2014]. On the other hand, a stimulating power conversion of 4.8% 

was obtained for the solid-state solar cell by depositing CH3NH3PbI3 on a porous ZnO 

nanocolumnar layer [Ramos F. J., ChemPhysChem 2014]. 

Both TiO2 amorphous and anatase have also been extensively employed in DSCs in 

the form of nanoparticles, nanosheets, nanotubes and nanowires achieving 

remarkable efficiencies by implementing new dyes and electrolytes [O’Regan B, 

Nature 1991][Chen D., Adv. Mater. 2009][Yu J., Nanoscale 2010][Liao Jin-Yun, 

Energy Environ. Sci. 2012][Wu Wu-Qiang, Energy Environ. Sci. 2014][Yella A., 

Science 2011][Mathew S., Yella A., Nature Chem 2014.]. It has been demonstrated 

that TiO2 nanoparticles suffer from higher charge recombination than 1-D 

nanostructures due to the huge number of grain boundaries in the nanoparticle film. 

However, 1D nanostructures such as nanorods or nanowires offer much lower surface 

area compared to nanoparticles, hence dye concentration, and thereby photocurrent, 

are superior in the latter case [Tan B., J. Phys. Chem. B 2006][Yan X., Phys. Chem. A 

2013]. In order to achieve even higher efficiencies with TiO2 systems, it is 

therefore required to fabricate structures with low charge recombination and 

high surface area. 

State of the art DSCs comprising 1D anatase nanostructures have achieved 

remarkable efficiencies of about 10 % by implementing hierarchical anatase NWs [Wu 

Wu-Qiang, Energy Environ. Sci. 2014]. In other recent works, efficiencies between 

4%-8% have been attained, always exploiting hierarchical 1D nanostructures [Roh D. 

K., Adv. Funct. Mater. 2014][Liao Jin-Yun, Energy Environ. Sci. 2012][Tan B., J. Phys. 
Chem. B 2006]. However, not less than 14 µm or even 47 µm of film thickness were 

needed for such high efficiencies. Following such premises, most of the work in this 

chapter is devoted to nanotubes and hierarchical nanostructrures. 

2.1.3. 1D nanostructures and nanotubes 

While carbon nanotubes are mainly explored for their use in microelectronic 

technology and as structural component, inorganic nanotubes (especially metal 

sulfides or oxides) are mostly fabricated to exploit other material-specific properties, 
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focusing the interest on biomedical, photochemical, electrical, and environmental 

applications [Patzke G. R., Angew. Chem. 2002][Xia Y., Adv. Mater. 2003][Kolmakov 

A., Annu. Rev. Mater. Res. 2004][Roy P., Angew. Chem. 2011]. Thus, other materials 

like ZnO and TiO2 have been developed and applied in photocatalytic self-cleaning 

surfaces, piezoelectric devices, chemical sensing, for energy storage and solar energy 

harvesting applications due to their suitable electrochemical properties, excellent 

solution stability, and relatively low toxicity [Pan Z., Science 2001][Wang Z. L., J. Phys. 

Condens. Matter. 2004][Law M., Nat. Mater. 2005][Nakata K., J. Photochem. 

Photobiol. C: Photochem. Rev. 2012].  

Potential applications of 1D nanostructures have been explored over the past 20 years 

in devices with increasingly sophisticated photovoltaic, electrochromic, antifogging, or 

self-cleaning properties or as biomedical coatings, sensors, or smart-surface coatings 

[Huusko J., Sensor. Actuat. B-Chem. 1993][Satake K., Sensor. Actuat. B-Chem. 

1994][Huang S. Y., J. Electrochem. Soc. 1995]. To achieve a maximum overall 

efficiency for many of these applications, it is crucial to maximize the specific surface 

area. For this purpose, nanoparticulated materials are usually the first choice, although 

other nanosize geometries, particularly that of nanotubes, may render a much better 

control of the chemical or physical behavior. By lowering down dimensions to the 

nanoscale, not only the specific surface area increases significantly but also the 

electronic properties may change considerably (owing for example to quantum size 

effects, strong contribution of surface reconstruction or surface curvature and in 

general a major contribution of surface atoms/molecules with respect to the bulk). 

These effects might also contribute to drastically improve the reaction/interaction 

between a device and the surrounding media and/or even opening entirely novel 

reaction pathways.  

2.2. Objectives 

In a general way the methods applied to the fabrication of nanotubes can be divided in 

four wide groups [Barth S., Prog. Mater. Sci. 2010]: formation of nanotubes due to 

morphological constrictions by classic VLS, VS and other catalytic methods [Rao C. N. 

R., Dalton Trans. 2003]; electrospinning [Li L., Electrochem. Commun. 2010]; 

anodization [Zhu K., Nano Lett. 2007], treatment of solid nanofibres (NFs) and 

nanowires (NWs) in order to remove the inner part [Elias J., Chem. Mater. 

2008][Mancic L. T., Cryst. Growth Des. 2009] and, finally, the use of templates 

[Cheng F., Chem. Mater. 2008]. There are two principal approaches settled in the last 

group, namely the use of anodized alumina as hollow 1D template that can be filled 
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through solution-based or vacuum methodologies [Hulteen J., J. Mater. Chem. 

1997][Martinson A. B. F., Nano Lett. 2007] and the application of the atomic layer 

deposition (ALD) of inorganic precursors using as substrate pre-grown 1D 

nanostructures and fibers [Marichy C., Adv. Mater. 2012][Cho S., Sensor. Actuat. B-

Chem. 2012].  

The methodology developed and studied in this chapter might be included in the last 

group of methods above mentioned, with three important particularities:  

• Firstly, the nanomaterials that will be used as template will be supported 

single crystalline organic nanowires (ONWs) fabricated by physical vapor 

deposition of small-molecules on an ample variety of substrates including 

metal nanoparticles and layers, metal oxide thin films and polymer flexible 

supports [Briseno A. L., Mater. Today 2008][Oulad-Zian Y., Langmuir 

2015][Macias-Montero M., Adv. Func. Mater. 2013]. 

• Secondly, the metal oxide layers forming the walls of the nanotubes will be 

prepared by PECVD [Macias-Montero M., Adv. Func. Mater. 2013][Gómez-

Romero P., J. Phys. Chem. C 2010][Borrás A.,  J. Electrochem. Soc. 2007].  

• Finally, the organic template will be removed by annealing of the ONWs at 

mild temperature.  

These characteristics are expected to render a full vacuum approach for the 

fabrication of nanotubes with tunable length, hole dimensions and shapes and 

tailored wall composition, microstructure, porosity and structure. The 

development and implementation of such a general methodology is essential for the 

work carried out in this Thesis. 

The following specific objectives were proposed for this Chapter: 

� Fabrication and characterization of single-shell and multishell nanotubes made up 

of ZnO and TiO2 by PECVD following a template procedure based on ONWs 

grown by OPVD. 

� Development of the methodology for the production of 1D 

hierarchical/multibranched nanostructures. 

� Fabrication of crystalline nanotubes for both ZnO and TiO2 without the need of 

post-annealing treatments. 
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� Advanced characterization of the 1D nanostructures. In the case of multishell NTs, 

investigate whether the one-reactor approach is suitable for the formation of such 

complex systems.  

� Implementation of 1D simple and complex nanostructures as 

photoelectrodes for dye-sensitized solar cells and characterization of the cells. 

Comparison with their thin film counterpart. 

� Evaluation of the multi-functionality of ZnO@TiO2 nanotubes within the context of 

DSCs. 

� Analysis of the DSCs as a function of the walls NTs thickness and microstructure. 

 

2.3. Methodology 

The development of complex 1D nanostructures fabrication procedures is transversal 

in the realization of this PhD Thesis. Thus, the methodology for the fabrication of 

hybrid NWs and inorganic nanotubes presented in Section 2.3.1 is applicable to the 

rest of chapters in this work. Besides, specific experimental details corresponding to 

this chapter are gathered in Section 2.3.2.  

2.3.1. Fabrication of nanotubes with tailored microstructured 

walls 

There are basically 4 steps involved in the production of 1D hollow nanostructures 

(Figs. 6 and 7): 

1) Formation of nucleation centers  

The growth of the ONWs is a seed-mediated process (Fig. 6 a)). The term seed is 

here applied in a very general way actually referring to nucleation centers for 

crystal development. In fact, the critical requirement for the substrate is to present 

a minimum roughness. Such a roughness can be provided by different means; for 

example, by deposition of a metal oxide thin film with certain microstructure 

(usually columnar), formation of no-percolated metal layers or metal nanoparticles 

and plasma treatment of polymeric or organic surfaces.  

2) Growth of supported ONWs 

Formation of the ONWs (Fig. 6 b)) is a temperature controlled physical vacuum 

deposition (OPVD) process that allows the growth of squared NWs and nanobelts 
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(see also Section 1.4 in Chapter 1). References [Borras A., Adv. Mater. 

2009][Macias-Montero M., Adv. Func. Mater. 2013][Oulad-Zian Y., Langmuir 

2015] gather detailed information on the methodology developed for the controlled 

fabrication of ONWs. Complete growth conditions of ONWs made up of different 

molecules deposited on a wide variety of substrates can be found in Appendix A. 

In this chapter, looking for the final applications of the nanotubes, ONWs have 

been deposited on commercial FTO substrates coated with a thin film of TiO2 or 

ZnO. Additional reference substrates like metal nanoparticles and thin films were 

utilized for specific characterization methods. 

3) Formation of a metal oxide (MOx) shell 

The third step represents the conformal deposition by PECVD of the metal oxide 

(MOx) shell on the as-grown ONWs (Fig. 6 c)) in order to form a hybrid 

ONW@MOx. In this chapter, two distinct MOx have been grown: TiO2 and ZnO. It 

is important to indicate that the deposition of the shell by PECVD drives the 

vertical alignment of the nanowires (Fig. 6 c)) otherwise randomly oriented (Fig. 6 

b)) [Macias-Montero M., Adv. Funct. Mater. 2013].  
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Figure 6. Formation of 1D ONWs@MOx nanostructures. MePTCDI has been used in the 

illustration for the growth of the ONWs, but other molecules have been employed as well 

(see experimental details and Appendix A). 

4) Evacuation of the 1D hybrid core@shell nanostructures 

A simple additional step is performed in order to remove the organic core and 

obtain vertical aligned inorganic nanotubes (see schematics in Fig. 7). This 

additional step consists on the annealing under vacuum of the hybrid nanowires 

at a temperature of 350 ºC. In this step, the heating ramp is crucial in the final NT 

microstructure. As it will be discussed below (Section 2.4.1.), increments of the 

temperature lower than 10 ºC min-1 lead to closed nanotubes meanwhile higher 

temperature ramps result in open nanotubes.   
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Figure 7. Representation of the steps involved in the formation of the oxide nanotubes. 

2.3.2. Experimental details 

a) NTs fabrication steps 

1. ONWs by OPVD. The organic precursor 2,9-dimethyl-anthra(2,1,9-def:6,5,10-

d'e'f')diisoquinoline-1,3,8,10-tetraone (MePTCDI) was acquired from Sensient Imaging 

Technologies, and Octaethylporphyrin (OEP), Phthalocyanine (H2Pc) and Nickel 

Phthalocyanine (NiPc) were supplied from Aldrich and used as received without further 

purification. The OPVD procedure for the formation of single crystal ONWs has been 

fully described in previous references (see section 1.3.1 c1)) [Borras A., Langmuir 

26(8) 2010][Mbenkum Beri M., Nano Lett. 2006]. It consists on the sublimation of the 

organic molecules from a Knudsen cell at 0.02 mbar of Ar using a growth rate about 

0.3 Å/s and controlled substrate temperature. The substrates temperatures were 

settled at ~175 ºC for the Me-PTCDI; ~130 ºC for the OEP and ~230 ºC for the H2Pc 

and NiPc. In DSCs, the thickness of the NWs was set to 0.65 kÅ which corresponds to 

NWs 2-3 µm long. 

OEP and MEPTCDI have been used for the growth of template NWs in ZnO and 

multishell DSCs, while H2Pc has been employed for the formation of anatase NTs 

because it withstands higher temperatures. NiPc has been utilized with mechanistic 

elucidation purposes.  
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The growth of ONWs was carried out in Reactor I (see Fig. 22 in Chapter 1). ONWs 

aimed to work as template for the fabrication of solar cells were grown on a thin film of 

ZnO or TiO2 (anatase) previously deposited by PECVD on the FTO electrode acting as 

a hole blocking layer (Fig. 6 a)). 

2. ZnO and TiO2 layers by PECVD. Both semiconducting oxides, ZnO and TiO2, were 

fabricated by PECVD in a microwave (2.45 GHz) ECR reactor with a down-stream 

configuration. The experimental setup for PECVD, Reactor II, has been described in 

Chapter 1, Figure 23. Diethylzinc (ZnEt2) and titanium tetraisopropoxide (TTIP) were 

utilized as precursors (Sigma Aldrich). Crystalline ZnO was grown at RT with oxygen 

as plasma gas. Total pressure in the chamber was settled at 1.5 x 10-2 mbar and 

plasma power at 400 W. meso-TiO2 was grown at the same conditions with a slightly 

lower pressure (8.6 x 10-3 mbar). Anatase thin films and nanotubes were prepared as 

meso-TiO2 but heating the subtrates at 250 ºC during the fabrication process.  

3. Empty of the 1D nanostructures. Under standard conditions a heating treatment 

at 350 ºC and 10-6 mbar of pressure was applied to these samples for 3 hours to 

achieve a complete emptying of the inner organic core. No alteration of the vacuum 

was detected during the process. After the annealing process is performed, the 

samples were allowed to cool down in high vacuum avoiding water condensation in 

the highly porous nanotube walls. 

4. Fabrication of the anatase stack. The stack of anatase nanotubes was produced 

by a consecutive deposition process. A first layer of NTs was produced growing 0.65 

kÅ (QCM) of H2Pc using an anatase thin film as seed and blocking layer (200 nm) 

followed by the deposition of 860 nm of anatase. This process was repeated two more 

times but increasing the thickness of the deposited anatase in third layer to 1.03 µm. 

b) Solar cells fabrication procedure 

Counter electrode. FTO/glass substrates of 2.5 x 2 cm2 provided by Xop Glass (12-

14 Ω/□) were drilled in two points for later electrolyte injection, rinsed with acetone, 
isopropanol and absolute ethanol and heated to 500 ºC for 1 hour. 12 µL of plastisol 

(Solaronix) are dispersed on the substrates, dried in air and heated in a furnace for 20’ 

at 400 ºC. 

Working electrodes. FTO/glass substrates were cleaned just as the counter 

electrodes. An active area of 0.7 cm2 was defined with an aluminum foil mask and a 

layer of less than 100 nm of ZnO was deposited by PECVD. This ZnO acts as a hole 
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blocking layer and provides the necessary roughness for the growth of ONWs. ZnO 

NTs with different thicknesses were fabricated by PECVD onto the FTO electrode 

through a mask to delimitate a covered area of 7 x 10 mm2. Samples were heated up 

to 120ºC before immersing in the dye solution, 0.5 mM solution of N719 dye (cis-

diisothiocyanato-bis(2,20-bipyridyl-4,40-dicarboxylato) ruthenium(II) bis 

(tetrabutylammonium))  [purchased from Solaronix] in ethanol, to prevent adsorption of 

air moisture. For cells containing ZnO, immersion time was limited to 1 hour to avoid 

degradation of the NTs and for anatase the cells were allowed to remain in the dye 

overnight. Afterwards they were rinsed with ethanol and dried in air. 

Polished n-type Si(100) purchased from Topsil and fused silica  from Sico Technology 

GmbH were used in each preparation for later characterization. 

Electrolytic solution. It was prepared by addition of 0.6 M 1,2-dimethyl-3-

propylimidazole iodine (DMPII), 0.1 M LiI, 0.5M 4-tertbutyl-pyridine (TBP), 0.05 M I2 

and 0.1 M guanidinium thiocyanate (GuSCN) to a mixture of acetonitrile/valeronitrile 

(85/15).  

Sealing of the cells. A frame of a thermoplastic polymer (Surlyn, Solaronix) was 
placed on the perimeter of the active area and then sandwiched with the 
counterelectrode. The whole cell was heated to 140 ºC under slight pressure to ensure 
a proper sealing. After that the electrolyte was injected and the holes on the 
counterelectrode sealed with Surlyn and a cover slide glass. 

The whole fabrication process of a real DSC is depicted in Figure 8. 
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Figure 8. Steps involved in the production of a DSC. 

Characterization of DSCs. The solar-cell devices were characterized using a solar 

simulator with an AM1.5G filter (ABET). A reference solar cell with temperature output 

(Oriel, 91150) was used for calibration. Electrochemical Impedance Spectroscopy 

(EIS) measurements were performed under light with perturbations in the 105-10-3 Hz 

range and the intensity-modulated photovoltage spectroscopy (IMPS) measurements 

in the same Hz range. For all the small perturbation techniques, a LED LUXEON 

collimated (540 nm) source and an Autolab/PGSTAT302N potentiostat were used. 

Zview equivalent circuit modelling software (Scribner) was used to fit the EIS data, 

including the distributed element DX11 (transmission line model). The NOVA 1.7 

software was used to analyze the IMPS data. 

c) Dye N719 concentration determination 

A calibration curve was constructed by measuring the absorbance between 200 and 

900 nm of four solutions of dye N719 in KOH 1M in MeOH, being the molar 
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concentration of the dye in each case 1x10-6, 5x10-6, 5x10-5 and 1x10-4. Using the 

Lambert-Beer´s law, the absorption coefficient   (M-1cm-1) can be calculated by taking 

the absorbance at 515 nm. This law is usually expressed as ! �  "#, where A is the 

absorbance, " the concentration (M) and # the light path (cm). In this case, a straight 

line with R2 = 0.997 was obtained by linear regression, estimating a value of 

11331±276 for  . With this value and a known value of 1 cm for the light path, the 

molar volume concentration was calculated for each sample. 

The total number of moles for each film was calculated by multiplying the obtained 
concentration by the volume of solution employed (2 ml). Then, the surface 
concentration was calculated by dividing this value by the area of the sample (1.875 
cm2). Finally, the normalized surface concentration is simply this value divided by the 
thickness of the layer.  

A precision quartz cell from Hellma with a light path of 1 cm and a Cary 100 
spectrometer from Varian were used for these experiments. 

d) Characterization of samples 

SEM micrographs were acquired in a Hitachi S4800 working at 2 kV.  

The samples were dispersed onto Holey carbon films on Cu or Ni grids from Agar 

scientific for TEM characterization.  

EDX maps were acquired with a FEI Tecnai Osiris TEM/STEM 80-200 working at 200 

kV. Post-processing of EDX data was performed with the open source Hyperspy 

software: hyperspy.org. EDX raw data was post-processed in order to obtain more 

accurate compositional maps of the multishell system. The main reason for this post-

treatment is an inadequate description of the Ti spatial distribution arising mainly from 

the fact that the microscope software mixes the signal of Ti Lα with O Kα and it does 

not allow selection of other emission lines or any further spectral refinement, which is 

critical in this nanosized structures. HAADF-STEM and HRTEM were carried out with 

both Osiris and FEI Tecnai G2F30 S-Twin STEM microscope also working at 200 kV.  

UV-Vis analysis of the samples was done in a Cary 100 spectrometer from Varian, 

while UV-VIS-NIR spectra were recorded in PerkinElmer Lambda 750 UV/Vis/NIR 

spectrophotometer 

The crystal structure was analyzed by XRD in a Panalytical X'PERT PRO 

spectrometer operated in the θ - 2 θ configuration and using the Cu Kα (1.5418 Å) 
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radiation as an excitation source. The crystallite size was determined with PANalytical 

X’Pert HighScore Plus software, which employs the Scherrer equation for the 

calculations: 

% �
&'

( cos,
 

Where D is the mean size of the ordered crystalline domains (crystallite), k is the 
shape factor (dimensionless, close to unity), β is the line broadening at half the 
maximum intensity (FWHM) after subtracting the instrumental line broadening (0.1 in 
this case) and θ is the Bragg angle. 

2.3.3. Solar cells characterization techniques 

Appendix B summarizes the methodology applied for the elucidation of key 

photovoltaic parameters by means of IV curves, Electrochemical Impedance 

Spectroscopy (EIS) and Intensity-modulated spectroscopies (IMPS) as settled in the 

references [Hagfeldt A.; Chem. Rev. 2010] [Idígoras J. A., PhD thesis 2015]  [Bisquert 

J., J. Phys. Chem. B 2002] [Anta J. A., Phys. Chem. Chem. Phys. 2012] [Dloczik L.; J. 

Phys. Chem. B 1997][Frank A. J., Coord. Chem. Rev. 2004].   

2.4. Results and Discussion 

2.4.1. Fabrication and characterization of meso-TiO2 and ZnO 

nanotubes 

Quite recently, the development of hybrid ONW@semiconducting-oxide supported 

nanowires with application as nanoscale waveguides has been published [Macias-

Montero M., Adv. Funct. Mater. 2013]. Critical advantages of the use of PECVD for the 

formation of such hybrid nanowires were the vertical alignment of the final 

nanostructures and the formation of the inorganic shell with no damage of the organic 

structure in the core. In that work two different amorphous TiO2 shells were prepared, 

labelled as meso and nano attending to the characteristic porosity of their thin film 

counterpart, columnar and mesoporous in the first case and continuous and 

microporous in the second one [Borrás A.,  J. Electrochem. Soc. 2007]. Thus, part of 

the development of this methodology was carried out during Dr. Manuel Macías-

Montero´s PhD thesis [Macías-Montero M., PhD thesis 2013]. Therefore, only 

essential results related to ZnO and meso-TiO2 NTs are included in this chapter to 
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provide the reader with a full understanding of the growth methodology and 

characteristics. The fabrication of nano-TiO2 nanotubes will be developed in Chapter 6.  

a) Single-shell NTs 

Figures 9 and 10 gather representative FESEM and HAADF-STEM images obtained 

after the post-annealing of hybrid MePTCDI@meso-TiO2 (Fig. 9), and MePTCDI@ZnO 

(Fig. 10) nanowires. It has been phenomenologically settled that increments of the 

temperature lower than 10 ºC min-1 during the evacuation step (Fig. 7) lead to closed 

nanotubes (Fig. 9) meanwhile higher temperature ramps result in open nanotubes 

(Fig. 10 a)-d)) as illustrated in the emptying mechanism shown in Figure 7. 

ONWs composition working as template was an element of choice. In this case 

octaethyl porphyrin (OEP) and MePTCDI have been preferentially employed because 

of their low sublimation temperature (below 300 ºC at 10-2 mbar) facilitated their 

sublimation through the inorganic walls porous microstructure. Results on metal 

phthalocyanine as ONWs are also included in the section regarding the emptying 

mechanism of the nanotubes in order to follow the metal in the molecule as indicator 

of the evacuation pathway. 

The NTs synthesis was carried out at low temperature and in remote plasma 

deposition conditions, being compatible with temperature-sensitive and delicate 

substrates. The created hollow core replicated the shape of the organic nanowires, 

characterized by squared (Fig. 10 a)) or rectangular (Fig. 9 e) and 10 b)) inner walls. It 

is also worth noting the flatness of the inner face (e.g. Fig. 9 d)). Thus, the outer parts 

presented the typical surface roughness of the TiO2 or ZnO thin films meanwhile, the 

interface between the empty core and the shell kept memory of the smooth molecular 

surface of the single-crystal wire template. The length of the NTs was as well easily 

tunable as a function of the deposition time applied in the formation of the ONWs, 

ranging between 500 nm and several tens of micrometers. In addition, the thickness of 

the nanostructured walls of the NTs fabricated by this method could be easily 

controlled by adjusting certain deposition parameters such as deposition time, 

chamber pressure, reagent flux, etc. 

In Figures 9 and 10 it is also possible to appreciate that the original morphology of the 

hybrid nanowires, even their preferential vertical orientation (Fig. 9 b)), was preserved 

after the evacuation process. Moreover, the NTs did not collapse or got deformed after 

this annealing treatment. Thus, the NTs remained supported on the substrates (Fig. 9 

b)) where the original cores, i.e. the ONWs, were grown. This result is of special 
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relevance since it opens the way for a straightforward growth of these 1D 

nanostructures on electrodes, processable substrates and devices.  

 

Figure 9. Meso-TiO2 nanotubes. SEM (a-b) and HAADF-STEM (c-e) characterization of 

nanotubes formed by columnar TiO2 walls. Panel (a) shows the globular surface characteristic 

of the meso-TiO2 fabricated by PECVD at RT under oxygen plasma. Micrograph in (c) 

demonstrates the mesoporous microstructure of the wall with columns growing radially from the 

evacuated core. d) and e) gather snapshots of the HAADF-STEM 3D reconstruction were the 

rectangular cross section of the tube is clearly appreciable (e) along with a continuous interface 

between the empty core and the TiO2 columns (d) [Macías-Montero M., PhD thesis 2013].  
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Regarding the formation of tailored porous TiO2 shells, Figure 9 a) shows that the 

mesoporous-TiO2 NTs (see Methodology) depicted a rough and globular surface in 

good concordance with a columnar microstructure radially distributed along the 

nanowire length (Fig. 9 c)-d)). These columns presented a diameter distribution 

between 5 and 20 nm with pores comprised in both the mesopores (2 < d < 50 nm) 

and the micropores range (d < 2 nm) inherent to the distribution of the material forming 

the columns and inter-columnar space (open porosity)2. It is worth of mention that the 

HAADF-STEM reconstruction in Figure 9 d) demonstrates the formation of a 

continuous interface between the columns and the empty core in the order of the tens 

of nanometers that was likely the responsible for the good mechanical stability of the 

samples after the core evacuation. These shells were amorphous since the fabrication 

process has been carried out at room temperature. Formation of the anatase 

crystalline thin films was obtained by increasing the substrate temperature up to 250 

ºC as described in the methodology section. 

Figure 10 gathers representative SEM, HAADF-STEM and HRTEM images of the ZnO 

shells. The shell was formed by globular-columnar features growing from a granular 

interface (Fig. 10 a)-d)). Figure 10 d) shows a low magnification STEM micrograph of 

a ZnO nanotube where it is possible to appreciate an inner hollow core surrounded by 

ZnO globular grains. Note that the electrical conductivity of the ZnO nanotubes is a 

key property for many different applications, but it is especially important for the 

purposes of this Thesis, i.e. development of advanced electrodes for solar cells or 

piezoelectric devices (See Chapter 4) [Wang Z. L., J. Phys. Condens. Matter. 

2004][Aricò A. S., Nat. Mater. 2005]. Grain boundary and crystal orientation of the ZnO 

NTs has been investigated by HR-STEM, since they are critical microstructural 

features that control the conductivity. This technique provides high resolution images 

revealing the crystal planes that appeared as parallel stripes. Figure 10 e) shows the 

outer side of a nanotube wall formed by ZnO single crystalline columns. The 

symmetries of the crystal planes are observed by performing a fast Fourier 

transformation (FFT) of the image in the stripped areas (see insets in e) and f)). The 

interplanar distances obtained from the selected area are 2.6 and 2.45 Å which 

correspond to the typical distances between the (002) and (101) planes, respectively. 

                                                           
2
 “Meso”-TiO2 is utilized in this Thesis to distinguish between the columnar TiO2 

shells developed in this chapter and the continuous Nano-TiO2 NTs fabricated in 

Chapter 6. This pore size distribution is assumed in good agreement with the HAADF-

STEM characterization and by extrapolation of previous characterization by water 

isotherms carried out in the thin films counterparts [Borrás, A. MicroMesoMater 

2009]  
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Figure 10 f) presents a high resolution micrograph of the inner nanotube where it is 

possible to assess the porous size, crystal planes and grain boundaries. At first 

glance, the material shown in this figure was heavily packed with narrow spaces 

between grains. However, it also reveals the presence of open porous of about 2-3 nm 

width that were connecting the inner hollow with the exterior. It will be discussed below 

that this porosity was crucial to empty the organic core and determinant in the electron 

transport properties of the NTs. The FFT analyses in regions A and B yield plane 

distances of 2.6 and 2.8 Å that correspond to the (002) and (100) planes respectively. 

The FFT of the C zone results in both distances supporting that both planes are 

simultaneously observed. These results are in good agreement with the XRD spectra 

in Figure 11, where peaks corresponding to the planes (100), (002) and (101) were 

present.  
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Figure 10. ZnO Nanotubes. a)-c) SEM characterization of different nanotubes formed by ZnO 

of thickness 250 nm a), 80 nm b) and 20 nm c). Details of the columnar microstructure and 

different shape and lateral sizes of the cavity in open nanotubes are appreciated in (e-g). d) 

STEM micrograph of a ZnO nanotube, e) and f) HR-STEM micrographs of a ZnO nanotube 

where the outer and inner wall are correspondingly exposed and analyzed. The insets show 

the FFTs of the marked areas in the images [Macías-Montero M., PhD thesis 2013].  
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By analyzing the XRD diagram of supported ZnO nanotubes and comparing them with 

the reference ZnO thin film, i.e. the layer deposited under the same experimental 

conditions on a Si(100) substrate, some interesting differences can be found. An 

important feature is the non-texturized character of the supported NTs as evidenced by 

the presence of an intense (002) peak along to the (100) and (101) in comparison with 

the XRD diagram corresponding to the thin film that is dominated by the (101) peak 

(Fig. 11).  

 

Figure 11. XRD diagrams of ZnO thin film (black) and nanotubes (red) for a ZnO thickness of 

250 nm. Note that the Ag(111) peak originates from the Ag nanoparticles used as seeds for the 

ONWs growth. 

Also important to notice is that the ZnO nanocrystals presented some internal stress 

addressed by a left-shift on the diffraction peaks. From previous studies regarding the 

growth of nanocrystalline plasma materials it is well known that thinner films present a 

higher level of stress [Gómez-Romero P., J. Phys. Chem. C 2010] and a low degree of 

texture development. The smaller deposited thickness on the 1D nanostructure was a 

result of a much larger effective area to be covered in this case. In addition, using 

Scherrer equation, the wider shape of the diffraction peaks of the nanotubes sustains 

a smaller crystallite size of D(101) ~ 21 nm compared to D(101) ~ 34 nm for the 

reference thin film. 

It is interesting to remark several additional features of this method. In one hand, the 

thickness of the nanotubes is easily controlled and defined by the deposition 



Vacuum template synthesis of multifunctional nanotubes with tailored 

nanostructured walls: nanostructures for DSCs 

 

76 

 

time. The SEM images in Figure 10 a)-c) show examples of open ZnO nanotubes with 

wall thicknesses of 200 nm, 80 nm and 20 nm respectively where the empty core is 

clearly visible. The wall thickness tended to be thicker at the tips of the NTs (Fig. 9 d)) 

due to a self-shadowing effect during the inorganic shell growth by plasma deposition. 

This effect was more pronounced for thicker nanotubes and is directly linked to their 

vertical alignment as we have recently demonstrated [Macias-Montero M., Adv. Func. 

Mater. 2013]. This preferential vertical orientation of these nanostructures arises 

from the alignment of the hybrid nanowires along the plasma sheath electric 

field. Besides, the columns or crystals emerging radially from the inner cores were 

tilted upwards due to a combination of the plasma sheath electric field and the arrival 

direction of the precursor. 

b) Core-emptying mechanism of hybrid ONW@MOx nanowires 

An important characteristic of the NTs microstructure is their tailored porosity. The 

microstructures presented in this chapter, the meso-TiO2 and ZnO, possess open 

pores connecting the inner channel with the exterior. Such porosity contributed 

positively to the evacuation of the organic template after annealing under vacuum. UV-

Vis spectroscopy results (Fig. 12), EDX (Fig. 13) and XPS (not-shown) support that 

after the evacuation step ii) in Figure 7, the organic core was completely removed and 

no organic molecules remained adsorbed in the shells. Figure 12 compares the UV-Vis 

spectra of PtOEP@ZnO NWs with the corresponding ZnO nanotubes after the 

vacuum annealing at 280 ºC during 60 minutes at 10-6 mbar. The spectrum of the as-

prepared samples shows low transmission in the visible range due to the high 

absorption corresponding to PtOEP molecules (see Appendix A) combined with light 

scattering. However, after the emptying process, the UV-Vis spectrum changed, 

resulting in a considerable increment of transparency. At an intermediate stage of 

annealing it can be seen how the spectrum still presented some features of the 

absorption bands of PtOEP. After evacuation of the organic core (black line in Fig. 12), 

the spectra is significantly dominated by light scattering effects related with the size 

and distribution of the 1D supported nanostructures.  
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Figure 12. UV-vis spectra of PtOEP NWs, PtOEP@ZnO NWs (hybrid nanowires), 

PtOEP@ZnO partially evacuated (p.e.) NWs and ZnO nanotubes (fully evacuated) on a fused 

silica substrate previously coated with a GLAD-SiO2 thin film. 

Further information on the evacuation mechanism was obtained after characterization 

of different nanowires (Fig. 13) in intermediate stages of post-annealing, i.e. before the 

organic molecules were completely removed from the inorganic shell. Figure 13 a)-c) 

gathers characteristic SEM micrographs of the emptying process of MePTCDI. The 

organic compound segregated to the surface of the nanotube in the form of thin stripes 

(Fig. 13 a)). Because of the columnar microstructure of the shells (ZnO and meso-

TiO2) it is possible to observe how some porous channels weaken, provoking the 

detachment of small grains (e.g. Fig. 13 c)). Such effect was more important on the 

tips of the wires leading to tip detachment under appropriated annealing conditions as 

schematized in Figure 7 from the methodology section.  

Evacuating experiments were also conducted with a metalorganic phthalocyanine to 

track the metal during the emptying process by HAADF-STEM and EDX. An annealed 

hybrid nanowire of NiPc@meso-TiO2 is shown in Figure 13 d), observing one more 

time numerous stripes arising from the metalorganic core. A magnified view of a pore 

through which the material has been evacuated may be appreciated in Figure 13 e). 

EDX analysis from Figure 13 f) reveals that the brighter regions (zone 1), 

corresponding to the stripes, were rich in nickel and carbon, while the dark regions 

(zone 2) possessed a high amount of titanium. It must be stress that if the annealing 

process is thorough, no traces of the metalorganic compound were detected. 
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Figure 13.Characterization of the emptying process. a)-c) SEM micro-graphs of hybrid 

MePTCDI@ZnO after heating for 30 min in high vacuum, where the emptying process is clearly 

observable: arrows in a) indicate the accumulation of the organic molecule; c) shows one of the 

leaking points of the nanostructure. d)-f) HAADF-STEM micrographs of hybrid NiPc@TiO2 after 

a partially completed emptying process where the brighter regions correspond to the Ni in the 

NiPc molecule as it is corroborated by the EDX comparison in g) between the areas marked as 

1 and 2 in (f). 

Therefore, these results conclude that the organic core molecules were released 

through the connected porosity on the inorganic shells without decomposition. In the 

cases analyzed in Figure 13, the final situation of the nanotubes was open but similar 

results were found for the domed nanotubes. Figures 7 i) and 7 i’) in the methodology 

section illustrate the intermediate steps. The increased pressure created in the interior 
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of the inorganic shell by partial sublimation of the organic core would be released by 

diffusion of the organic part through the porous structure in a continuous and 

homogeneous way. This takes place when the hybrid nanowires temperature is slowly 

increased to the organic molecule sublimation temperature, which leaves the 

unmodified inorganic shell microstructure (Fig. 7 i)). For higher temperature ramps, the 

overpressure conditions inside the nanowire drive to the detachment of the tip, likely 

due to a different grain or columnar orientation (Fig. 7 i’)).The last route makes 

accessible the inner hollow of the nanotube as presented in Figure 10 a)-d).  

2.4.2. ZnO Nanotubes-Based Dye Sensitized Solar Cells 

In the previous subsections, a full vacuum approach for the fabrication of supported 

nanotubes with tailored composition, microstructure and porosity have been 

presented. The aim now is to demonstrate that the developed procedure allows the 

implementation of functional oxide NTs as active component in a particular application, 

namely as photoanode in dye sensitized solar cells. In this section, the fabrication of a 

complete and functional DSC based on supported NTs is presented. The main goal of 

this study is to demonstrate the capability of the ZnO nanostructures to act as 

photoanodes and to study their charge transfer and electron transport properties. 

Moreover, for the first time the influence of NT wall thickness on DSCs performance is 

introduced and analyzed. The length of the NTs was kept constant owing to prior 

studies of its impact in DSCs [Bi D., J. Phys. Chem. C. 2010]. It is important to note 

that no efforts have been carried out to optimize the efficiency, as this requires to look 

for the appropriate dye, sensitization procedure and choice of electrolyte, which is out 

of the scope of this study.  

The analysis of the electron dynamics transport in the NTs is especially important 

since its results are extendable to the performance of the NTs in other devices such as 

the already mentioned perovskite solar cells, piezoelectric nanogenerators, gases and 

UV sensors. Three different types of samples have been chosen for this study with a 

similar NT density and length but different NT wall thicknesses: 20 nm, 80 nm and 250 

nm.  

To avoid recombination at the bare zones of the electrode, a ZnO thin film of 200 nm, 

covering completely the FTO substrate, has been deposited prior to the nanotube 

growth. Additional details about device fabrication are included in the methodology 

section. Figures 14 and 15 and Table 1 gather selected photovoltaic parameters for 

the solar cells fabricated by using the three photoelectrodes. An 800 nm ZnO porous 
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thin film electrode has also been included in the study as a reference to compare the 

performance of the nanotubes with respect to ZnO PECVD porous thin films. This 

reference sample was grown under the same experimental conditions that the NTs but 

a longer deposition period and without the ONW-template. 

In Figure 14 b) significant changes are observed in the IV curves as a function of the 

NT wall thickness. The first difference is that the open circuit voltage decreased for 

thicker NTs. This parameter depends on the recombination rate from the ZnO 

electrode to acceptors in the electrolyte (I�� in Fig. 17 a)) and the capacitance of the 

system. Its lower value for 250 nm electrodes indicates in principle that thicker NTs 

presented higher surface area for electron transfer to the electrolyte. An inverse effect 

is observed in the generated photocurrent, a parameter that was larger for thicker NTs. 

This was likely due to the amount of dye absorbed on the surface. The observed 

tendency can be accounted for by the increment of the effective surface available in 

thicker nanotubes that should result in a higher dye load.  
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Figure 14. Energy levels of a DSC device based on ZnO NTs (a) [Liu J., Nanotechnology 2010] 

b) I-V curves for the DSCs assembled with NTs of three wall thickness and a 800 nm thick ZnO 

thin film as a reference [Macías-Montero M., PhD thesis 2103].  
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The cell efficiencies for the three ZnO thicknesses and the 800 nm reference cell are 

gathered in Table 1. The best efficiency reached by the DSCs implementing the 

electrode with 250 nm was 0.3%. In order to contextualize the results obtained for the 

ZnO NTs, a reference DSCs incorporating a PECVD porous ZnO thin film as electrode 

has been fabricated. It is apparent that although the highest nanotube DSC efficiency 

is lower than the one obtained for the reference thin film, the photocurrent measured 

was larger for the NT electrode. This result is very significant since the nanotubes 

were more than three times thinner than the reference thin film. The increment of dye 

adsorbed might be related to the high specific surface area achieved with the 

nanotubes configuration and the smaller crystal size developed in these systems, 

D(101) ~ 21 nm for NTs compared to D(101) ~ 34 nm for its equivalent 250 nm thin 

film (Fig. 11). 

Table 1. Photovoltaic parameters for ZnO-based DSCs as a function of the wall thicknesses. - 
Mean photovoltaic parameters values and estimated errors have been obtained from data of 
three devices with the same configuration. A device fabricated with an 800 nm thin film is used 
as reference. 

Cell Jsc(mA/cm2) Voc(mV) FF(%) η(%) 

20 nm ZnO NT 0.4±0.2 610±25 40±1 0.1±0.1 

80 nm ZnO NT 0.7±0.1 500±30 44±2 0.2±0.1 

250 nm ZnO NT 1.5±0.2 460±20 50±1 0.3±0.1 

Reference 1.0±0.3 670±15 45±1 0.5±0.1 

 

Further information about the charge transfer and electron transport processes of the 
cell can be obtained by Electrochemical Impedance Spectroscopy (EIS) and Intensity 
Modulated Photocurrent Spectroscopy (IMPS) (see Appendix B). The EIS spectra, not 
shown, exhibited the typical shape of the current response of a DSC under small 
Fermi level perturbations, with a semicircle at intermediate frequencies attributed to 
the charge transfer between semiconductor and electrolyte (recombination reaction) 
[Fabregat-Santiago F., Sol. Energ. Mat. Sol. C. 2005][Guillén E., J. Phys. Chem. C. 
2011]. Fitting these spectra by using the transmission line model accounting for 
transport and recombination in the semiconductor electrode provides specific data for 
the recombination resistance and the capacitance of the system as a function of the 
applied bias. The variation of these parameters as a function of the Fermi level 
(voltage) is presented in Figure 15 a)-c). The recombination resistance in Figure 15 a) 
presented the usual exponential behavior with respect to the applied bias, while the 
exponential behavior of the experimental capacitance from Figure 15 b) for the two 
ZnO textured electrodes (reference and NT) suggests that it corresponded to a 
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chemical capacitance [Bisquert J., Phys. Chem. Chem. Phys. 2003]. Moreover, the 
lifetime of accumulated electrons in the semiconductor electrode was higher for the 
reference DSC, a result that explains the larger Voc obtained for this electrode.  

 

Figure 15. a)-c) Impedance spectroscopy results of DSCs fabricated with ZnO nanotubes. 

Impedance parameters extracted from the fitting of the EIS spectra at various potentials: a) 

Recombination resistance. b) Capacitance. c) Lifetime. Collection efficiency: d) electron 

diffusion length, estimated as the ratio of recombination and transport resistances, normalized 

to the ZnO thickness (Ln/d). e) Collection efficiency calculated as 1 - τIMPS/τn. 

The IMPS measurements provided useful information about the electron transport 

properties of the electrodes. In Figures 16 a)-c) the variation of H″ (imaginary 
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component of the transfer function, H) with the frequency has been plotted for the 

three different NTs cells, observing that in all cases the curves presented a maximum 

that varied with the illumination intensity. The inverse of the frequency at the maximum 

was used to calculate the IMPS time constant. It can be concluded from Figure 16 d) 

that the calculated time constants (τIMPS) were in the order of tens of milliseconds and 

presented two different behaviors. An exponential dependence was found for the 

DSCs fabricated with the thinnest nanotubes (20 nm), while for the 80 nm and 250 nm 

NTs, τIMPS remained approximately constant. A similar constant behavior was found for 

the reference thin film. Such a constant value of τIMPS can be related with the absence 

of an electron multiple trapping behavior in the ZnO electrode as previously reported 

[Vega-Poot A. G., ChemPhysChem 2014].  

 

Figure 16. IMPS of DSCs implementing ZnO nanotubes – Imaginary IMPS component plotted 

versus the frequency at different light intensities for NTs with wall thickness of 20 nm (a), 80 nm 

(b) and 250 nm (c). d) τIMPS plotted versus the potential EF-Eredox for the different DSCs, 

including the ZnO porous thin film device as a reference. 

The diffusion length, defined as the average distance that electrons can travel in the 

photoanode before recombination, provides information about charge collection 

processes in photoanodes. For small perturbations of the Fermi level, a small-
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perturbation diffusion length Ln can be calculated (see Appendix B). It must be 

stressed here that the small-perturbation diffusion length is not a well-defined quantity 

or, at least, its relationship with the collection efficiency (the quantity of real interest for 

solar cell performance) is not straightforward. This is a quite complex theoretical topic, 

for which reason the reader might refer to more detailed publications [Sivaram V., J. 

Appl. Phys. 2013][Villanueva-Cab J., J. Phys. Chem. Lett. 2010][Gonzalez-Vazquez J. 

P., J. Phys. Chem. C 2010]. Here, emphasis will be made on the trends, not on 

absolute values. Figure 16 d) presents the calculated values for this magnitude, 

showing values around ten times larger than the ZnO wall thickness and values for the 

reference thin film cell one order of magnitude higher than those found for the 

nanotubes DSCs. A diffusion length much longer than the film thickness indicates that 

electron collection is quantitative, so this is not an issue for the performance of the 

cell.  

Joining the information provided by the EIS and IMPS analysis it is possible to 

approximately estimate the collection efficiency as 1 - τIMPS/τn (Fig. 15 e)) where τn 

corresponds to the lifetime of accumulated electrons. Due to the relatively long 

diffusion lengths observed and small ZnO thicknesses involved in this work, this 

equation can be expected to be reasonably valid with an acceptable level of 

inaccuracy [Bertoluzzi L., Phys. Chem. Chem. Phys. 2013]. Moreover, given the 

possible deviations of the calculated collection efficiencies from real ones for values < 

90% [Sivaram V., J. Appl. Phys. 2013], focus is made on the trends and not on the 

absolute values. The graph in Figure 15 e) shows clear differences between the 

efficiencies calculated for the different nanotubes devices, obtaining a rather constant 

collection efficiency for the reference thin film, although in all the cases they converge 

to a maximum efficiency situation for low Fermi level energies (short-circuit 

conditions).  

Taking into account all this information, the mechanism shown in Figure 17 for the 

electron transport in ZnO NTs is proposed. The nanotube wall is formed by ZnO 

globular columns (see Fig. 10) growing from the interface with the core. The 

photoelectrons are mainly generated in the outer shell of the ZnO wall and then 

migrate till the FTO substrate across the shell. The transport of electrons is effective 

within the column as such is the case in the columnar thin film and in good agreement 

with the single-crystalline condition (see Fig. 10 e)). However, while in the porous thin 

film configuration the columns are directly connected to the FTO electrode, in the NT 

architecture the path between the column where the photoelectron was generated and 

the electrode is more tortuous due to the grain boundaries between the columns and 
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at their bases (i.e., in the inner face of the wall), involving as well the interface 

between the NT and the 200 nm ZnO blocking layer. This explains the shorter lifetimes 

and diffusion lengths and lower recombination resistances observed in NTs of 

increased thickness and when compared with the reference. 

.  

Figure 17. Scheme of electron conduction along a ZnO NT by an electron hopping 

mechanism.  

2.4.3. Characterization of Multishell oxide nanotubes 

The PECVD technique allows the formation of multilayer systems of metal oxides by 

simply alternating the metalorganic or organometallic precursors within the reactor 

without the need to expose the interfaces to air. This concept has been applied to the 

fabrication of multishell nanotubes, i.e. nanotubes with multiple walls formed by layers 

of different metal oxides. Figures 18 and 19 gather two examples of multishell 

nanotubes of ZnO and TiO2. In the Figure 18 a)-b) it is shown the formation of a 

ZnO@nano-TiO2 multishell (see Chapter 6 for nano-TiO2 information), where the 

crystalline ZnO layer were first deposited on the ONWs template and the nano-TiO2 

subsequently fabricated on the ONW@ZnO system. The HAADF-STEM image in 

Figure 18 a) demonstrates the homogeneous deposition of the second layer on top of 

the ZnO shell. The microstructure of the TiO2 shell remains continuous and 

microporous. Moreover, it conformally follows the roughness of the ZnO surface (Fig. 

18 b)).  
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Figure 18. Multishell Nanotubes. a)-b) HAADF-STEM micrographs of a ZnO@nano-TiO2 

nanotube at two magnification scales showing the homogeneous coverage of TiO2 along the 

ZnO nanotube length (a) and a detail of this complex nanostructure (b). 

The method is also extendable to the fabrication of two crystalline shells. As an 

example, Figure 19 a)-d) shows the formation of TiO2 anatase grains as external shell 

on the top of the wurtzite ZnO layer. It is noticeable in the EDX maps (Fig. 19 a)) that 

even for such a low thickness (20 nm), the anatase phase is covering the whole ZnO 

shell. The FFT analysis of the selected area in Figure 19 d) is in good agreement with 

the preferential formation of (004) planes as previously reported for PECVD 

polycrystalline TiO2 thin films [Borras A., Crys. Growth. Des. 2009].  
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Figure 19. Crystalline multishell Nanotubes a)-d) Formation of an anatase layer on top of a 

ZnO nanotube. Distribution of Zn (up) and Ti (down) in the resulting EDX maps (a) obtained 

from the ZnO@anatase nanotube (b). Bright field TEM (c) and HRTEM (d), the inset showing 

the FFT of the selected area. 

After evacuation of the organic compound the final nanostructure is defined as a 

ZnO@nano-TiO2 nanotube as seen in the EDX analyses from Figure 20. 
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Figure 20. EDX (right) spectra of the selected points in the HAADF-STEM micrograph on the 

left) showing the different composition of the shells in good agreement with the sequential 

deposition of ZnO (inner shell) and TiO2 (outer shell). 

Figure 21 shows the evolution of the meso-TiO2 coverage of a ZnO NT. Please, note 

that the intensity scale at the right of each EDX map in Figure 21 directly reflects the 

amount of TiO2 present in the NTs (the measurements were performed under identical 

conditions), going from a maximum value of 10 for 5 nm to more than 400 for 50 nm of 

TiO2. Furthermore, these EDX maps were practically the same for anatase, data not 

shown here. With a layer only 5 nm thin, the intensity of Ti in the EDX maps is 

extremely low, revealing that the deposition occurred preferentially at the top. Owing to 

this low TiO2 coverage, most of the ZnO is expected to be exposed to the 

environment. In the case of 20 nm, there are only a few regions approaching deep 

blue in the color scale, meaning that almost no ZnO will be directly exposed. For 50 

nm a continuous layer of TiO2 is formed, hindering the direct contact between ZnO and 

the environment. Please note that both meso-TiO2 and anatase are porous materials, 

so it is expected that for example an electrolyte and dye in a DSC diffuse to and into 

ZnO, but the negative effect of the solvent is diminished.  
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Figure 21. Intensity of Ti Kα at 4.51 keV in the resulting EDX maps obtained from the 

ZnO@meso-TiO2 nanotube for a TiO2 thickness of a) 5 nm, b) 20 nm and c) 50 nm. 

In spite of the fact that the results reported here were obtained with TiO2 and ZnO NTs, 

the methodology is straightforwardly applicable to other oxides deposited by PECVD 

deposition like SiO2, SiOxCyHz, Al2O3, Ta2O5, oxynitrides, doped oxides, etc. and even 

to metal (Au, Ag) layers deposited by sputtering or thermal evaporation as it will be 

exploited in Chapters 4 and 6. The virtually universal character of the developed 

procedure and the variety of possible synthesized materials opens the way to the 

fabrication of multishell 1D nanostructures for several applications and implementation 

in single-wire devices.  

2.4.4. Multishell Nanotubes-Based Dye Sensitized Solar Cells 

Despite possessing remarkable electron mobility, the already mentioned poor chemical 

stability of ZnO certainly limits its use in DSCs. In an attempt to hinder its degradation, 

1-D multishell based DSCs comprising ZnO NTs covered with a TiO2 shell have been 

fabricated. To investigate the effect of the outer shell in the chemical stability of the 

ZnO, both meso-TiO2 amorphous and anatase were produced. Moreover, three 

different shell thicknesses have been tested to examine the influence of thicker TiO2 

layers. The multishell samples are named as “inner shell”@”outer shell”, for example 

ZnO@meso-TiO2. Within this section, the analogue multi-layers (i.e a multilayer of 

ZnO and TiO2) have also been studied to compare the performance in thin film 

architecture (named TF1/TF2, for example ZnO/meso-TiO2). For the sake of simplicity, 

wurtzite ZnO will be called just ZnO. 

The thickness of the ZnO NTs was maintained at 250 nm, while three different TiO2 

shells thicknesses were chosen: 5 nm, 20 nm and 50 nm. The general aspect of a 

ZnO NT@TiO2 has already been presented in Figure 19 b) for the case of anatase. 
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The microstructure of TiO2 (meso or anatase) shells or their thicknesses did no modify 

the morphology of the first shell (for such low thicknesses involved), introducing just a 

small increase in the NT walls (especially on the top). 

In order to investigate the influence of the multishell in the adsorption capacity, several 

adsorption-desorption experiments were conducted in the corresponding single layers 

on ZnO, meso-TiO2 and anatase. The experiments consisted in the immersion of the 

thin film samples in N719 followed by desorption of the dye in KOH 1M in MeOH and 

collection of the UV-Vis spectra of the resulting dye solutions. Figure 22 shows the 

UV-Vis spectra in the region of one of the absorption bands of N719 for ZnO, meso-

TiO2 and anatase. Note that the absorbance has been normalized by the 

corresponding thin film thickness. 

 

Figure 22. UV-Vis spectra of N719 in KOH 1M in MeOH after desorption from ZnO, meso-TiO2 

and anatase thin films. 

It is clear that the dye intake ability of ZnO was limited, perhaps due to the lower dye 

immersion time used to avoid damaging the oxide nanostructure. Meso-TiO2 

performed much better, but it was greatly surpassed by anatase. Please note that 

even though anatase and meso-TiO2 films were thicker, these conclusions will still be 

valid for thinner films since the absorption curves were normalized as indicated, 

although changes in the porosity are expected to happen as a function of thickness. 

The addition of a TiO2 shell to 250 nm ZnO significantly enhanced the dye loading 

capability of the films. Moreover, the effect was found to be more pronounced in 

anatase (Fig. 23 b)) than in amorphous meso-TiO2 (Fig. 23 a)). 
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Figure 23. UV-Vis spectra of N719 in KOH 1M in MeOH after desorption from (a) ZnO/meso-

TiO2 and (b) ZnO/anatase. 

Table 2 gathers the obtained dye concentrations for ZnO, meso-TiO2, anatase and the 

different multilayers (please, refer to the methodology section for the concentration 

determination procedure). 
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Note that the normalized surface concentration is just the surface concentration 

divided by the thickness of the film. It is remarkable that the combination of ZnO and 

TiO2 boosted the dye load in the films. Looking at the obtained concentrations in the 

table, three observations can be made. First, all ZnO/TiO2 films were able to adsorb 

more dye than pure ZnO films. Secondly, anatase seemed to work better than meso-

TiO2 in the ZnO/TiO2 system. Lastly, an increase in the thickness of the TiO2 films 

(amorphous or anatase) gave rise to an increment in dye surface concentration, which 

may be due to the particular evolution of the TiO2 microstructure with the thickness. 

Table 2. N719 dye concentration for the studied samples obtained from adsorption-desorption 

experiments. 

Sample Absorbance 
at 515nm 

Surface 
concentration 

(x10-10 moles/cm
2
) 

Normalized surface 
concentration (x10-12 

moles/nm.cm
2
) 

600nm ZnO 0.0220 20.7 ± 0.5 3.45 ± 0.08 

800nm TiO2 0.0547 51.5 ± 1.3 6.44 ± 0.16 

1600nm anatase 0.1605 1510.8 ± 3.7 9.44 ± 0.23 

ZnO 250nm/5nm 
meso-TiO2 

0.0773 727.6 ± 1.8 28.53 ± 0.69 

ZnO 250nm/20nm 
meso-TiO2 

0.0896 843.4 ± 2.1 31.24 ± 0.76 

ZnO 250nm/50nm 
meso-TiO2 

0.1075 1011.9 ± 2.5 33.73 ± 0.82 

ZnO 250nm/5nm 
anatase 

0.0983 925.3 ± 2.3 36.29 ± 8.83 

ZnO 250nm/20nm 
anatase 

0.1314 1236.9 ± 3.0 45.81 ± 1.11 

ZnO 250nm/50nm 
anatase 

0.1662 1564.5 ± 3.8 52.15 ± 1.27 

 

Due to severe limitations in the desorption of N719 from NTs (the films did not release 

all the dye), integrating sphere measurements were successfully performed in ZnO 

samples covered with 50 nm of anatase to compare qualitatively the dye load in thin 
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film and nanotubes. It is clear from Figure 24, that NTs can increase substantially the 

dye loading by offering a much higher surface area as already observed for pure 

anatase systems. Moreover, this difference in dye concentration was readily 

noticeable at the naked eye as in Figure 24 b): the thin film samples possess a barely 

appreciable color whereas in NTs the dyed film was highly apparent. 

 

Figure 24. a) Comparison of the Kubelka-Munk function for a multishell NT (ZnO@50 nm 

anatase) cell and its multi-layer analogue. b) electrodes for DSCs comprising ZnO/TiO2 TF 

(left) and ZnO@TiO2 NT (right) as active materials 

Table 3 collects the most relevant photovoltaic parameters for the prepared multishell 

and multilayer cells. At first glance, the incorporation of a TiO2 shell was detrimental 
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for the cell performance. Photocurrents were remarkable lower, in spite of the fact that 

the multishells showed a more promising dye adsorption capacity (Table 2). Moreover, 

fill factors generally exhibited a poorer behavior as well, only the highest thickness of 

meso-TiO2 showed a fill factor close to uncovered ZnO NTs. In contrast, the 

photovoltage was superior to that of pure ZnO NTs, especially for the thickest anatase 

shell.  

Table 3. Photovoltaic parameters for ZnO@TiO2 NT-based DSCs as a function of the TiO2 

(meso or anatase) wall thicknesses. - Mean photovoltaic parameters values and estimated 

errors have been obtained from data of three devices with the same configuration. ZnO NT 

without TiO2 has been included for comparison. 

Cell Jsc(mA/cm2) Voc(mV) FF(%) η(%) 

250 nm ZnO NT 1.5±0.2 460±20 50±1 0.3±0.1 

ZnO 250nm@meso-TiO2 

5nm NT 

0.8±0.1 540±5 44±1 0.2±0.1 

ZnO 250nm@meso-TiO2 

20nm NT 

0.8±0.1 542±5 47±1 0.2±0.1 

ZnO 250nm@meso-TiO2 

50nm NT 

0.8±0.1 529±7 49±1 0.2±0.1 

ZnO 250nm/meso-TiO2 

50nm TF 

0.4±0.1 573±13 40±8 0.1±0.1 

ZnO 250nm@anatase 

5nm NT 

0.9±0.1 579±13 38±1 0.2±0.1 

ZnO 250nm@anatase 

20nm NT 

1.0±0.1 588±8 43±5 0.2±0.1 

ZnO 250nm@anatase 

50nm NT 

1.0±0.2 635±15 32±1 0.2±0.1 

ZnO 250nm/anatase 

50nm TF 

0.6±0.2 615±1 38±2 0.1±0.1 

 

Apparently, results indicates that the electronic transfer between TiO2 and ZnO is 

hindered due to the existence of a small energy barrier [Manthina V., J. Phys. Chem. 
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C 2012], even though their conduction bands and thus their respective Fermi levels 

being generally considered to be aligned, as indicated in Figure 25. 

 

Figure 25. Energy levels diagram for a ZnO/TiO2 system [Cao G., World Scientific Publising 

2010][Liu J., Nanotechnology 2010]. 

Owing to this lack of electronic transfer between TiO2 and ZnO, the photovoltaic 

response seems to be originated primarly from the ZnO cores at least for the thinnest 

TiO2 shells, where the clusters of TiO2 are not percolated yet and cannot contact the 

substrate directly. Once full percolation of the TiO2 shell is achieved and the ZnO core 

is completely covered, the response should switch to that of TiO2 (again, due to 

negligible electronic transfer between ZnO and TiO2). The photovoltaic response of the 

cells was different depending on the crystallinity of TiO2. The results can be resumed 

in the following points: 

Meso-TiO2 shells improved the fill factor, but the photocurrent got worse when the 

thickness was increased probably due to severe electron trapping [Soga T., Elsevier 

2006]. The potential remained more or less constant, with a slight decrease for the 

thickest meso-TiO2 shell.  

Anatase shells did improve the photovoltage, but contrary to meso-TiO2, an 

intermediate stage seems to be present. For 20 nm, the fill factor and photocurrent 

have reached a maximum, which could suggest contribution from both ZnO and 

antase. On the other hand, a 50 nm anatase shell produced and obvious drop of the 

fill factor while the photocurrent remained the same. This could indicate a still poor 

percolation of the final anatase shell. 

Comparing with results from the bibliography where core@shell nanostructures of 

the type ZnO@TiO2 have been synthetized and used in DSCs [Manthina V., J. Phys. 
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Chem. C. 2012][Zhao R., Appl. Phys. A 2013][Lu H., Sci. Rep. 2015][Polkoo S. S., 

Appl. Phys. A 2015][Lei J. Electrochim. Acta 2015], here the ZnO blocking layer 

hinders any kind of direct contact between TiO2 and the photoanode (in the previous 

mentioned references, both ZnO and TiO2 were in contact with the photoanode), i.e. 

the photogenerated electrons in the TiO2 must travel through the ZnO first before 

reaching the active electrode. As mentioned before, if charge transfer between ZnO 

and TiO2 is negligible, then it is reasonable no to expect a photovoltaic improvement 

as observed. 

Thin films with 50 nm of meso-TiO2 and anatase have been measured as references. 

Compared to their 1D counterparts, these cells offered higher photovoltages probably 

due to a lower recombination rate and lower photocurrents as a consequence of a 

lower surface area. 

As mentioned above in the studied 1D multishell system, the addition of a TiO2 shell to 

ZnO nanotubes demonstrated to be detrimental for the performance of the cells. No 

further electrochemical studies were carried out for these reasons. 

2.4.5. Characterization of hierarchical anatase nanotubes and 

stacks  

a) Hierarchical anatase nanotubes 

Hollow hierarchical anatase nanotubes (HNTs) were also fabricated. Three different 

HNTs were produced with increasing thickness to study the influence of this parameter 

in photovoltaic performance. The equivalent thin film thickness for each sample was: 

660 nm, 1.6 µm and 6.6 µm. A 200 nm anatase thin film (blocking layer) was 

deposited on silicon or FTO coated substrates prior to the growth of the HNTs (for 

further details see the methodology section). At the same time, reference thin films 

directly grown on bare Si and FTO coated substrate were also fabricated for 

comparison. Owing to the low photovoltaic efficiencies obtained for ZnO in section 

2.4.2, due to the short thicknesses of the films and the walls of the nanotubes, we now 

attempt thicker TiO2 films or NTs. 

Figure 26 a) presents a complete anatase TiO2 HNT, where it can be appreciated a 

great number of crystalline facets arising radially and axially (at the tip). These crystals 

were present along the whole body of the NTs as observed in Figure 26 b). The 

microstructure of the HNTs resembled that of anatase thin films grown directly on Si 

substrates [Borras A., Crys. Growth. Des. 2009].  
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Figure 26. SEM normal view of a 660 nm anatase HNT tip (a) and its “body” (b). 

As seen in Figure 27 a), by increasing the thickness of the NTs to 1.6 µm, the crystal 

habits developed even further to the extent of conferring a rose-like shape to the HNTs 

(when observed from the top). As already discussed for ZnO NTs, the thickness was 

not uniform along the whole structure. The thickness approximately matched the 
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analogue thin film at the very top of the nanotube and it gradually became thinner 

towards the base (Fig. 27 d)). It is also evident from the SEM cross-section in Figure 

27 d) that there was still plenty of unoccupied space between HNTs which will not 

contribute to the cell performance. However, by a close inspection to Fig. 27 b), it may 

be noted that each crystal emerging from the NT was decorated with numerous sub-

crystals, resembling a feather, thus giving rise to a hierarchical 1D nanostructure. 

These features will increase even more the surface area of the HNTs, which in turn 

should boost dye loading capabilities in DSCs. 
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Figure 27. SEM images of 1.6 µm HNTs. normal view (a) and cross sections (b), (d). c) 
zoomed area of (b).  
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The anatase feathers growing radially from the axis of the HNTs retained some degree 

of individuallity with some empty space between them as evidenced by STEM in 

Figure 28, even though they were connected at the bottom forming the cavity walls. 

This axial cavity is formed as a consequence of the organic template evaporation.  

 

Figure 28. HAADF-STEM image of a 1.6 µm HNT with some features indicated. 

When the thickness of the anatase shell was increased even further up to 6.6 µm, the 

shape of the HNTs heads changed from “roses” to “artichokes” (Fig. 29 a)-d)). A few 

more observations can be made by inspection of the SEM images in Figure 29: the 

gaps between adjacent structures has been reduced dramatically (Fig. 29 c)-d)), to the 

extent of notiaceable percolation at the top with some voids as evidenced in Figure 29 

a)-b). Cross-section micrographs (Fig. 29 c)-d)) also reveal that the initial small 
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crystals (Fig. 26-27) have evolved into “huge” structures, changing from barbs3 to 

feathers. Moreover, it is worth mentioning that these structures presented a high 

degree of interconnection at the bottom, visible in Figure 29 d), and more clear in 

Figure 29 f), where an island of these structures has detached from the substrate. On 

the other hand, anatase TiO2 reference thin films, i.e. deposited in the same 

experiment without the presence of the ONWs as template, exhibited a vertical growth 

of feather-like crystals as shown in Figure 29 e). These were the “feathers” emerging 

radially from the NTs as described previously. Compared to HNTs, the thin films were 

more compact, even when they possess both micro and mesoporosity [Borrás A., 

Micropor. Mesopor. Mat. 2009]. 

 

Figure 29. SEM images in normal view of 6.6 µm anatase HNTs (a) and (b). Cross sections of 

HNTs (c)-(d) and thin film (e). f) zoomed region in (d). 

                                                           
3
 In a feather, the barb consists of the small filaments growing from the shaft (center 

of the feather). 
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The mean HNT length was calculated performing statistics on cross-section SEM 

images. The mean values for the three HNT samples are presented in Table 4, where 

it can be observed that even for the thickest sample the average HNT length stayed 
below 10 µm. 

Table 4. Mean HNT length obtained from cross-section SEM micrographs. 

Sample Mean length (µm) 

660 nm 2.67 (extrapolated) 

1.6 µm NT 3.14±1.26 

6.6 µm NT 5.62±3.34 

 

Furthermore, some interesting changes are readily observed in anatase thin films 

used as reference when the thickness was increased ten times. As it can be observed 

in Figure 30, the first noticeable difference is the interspacing between adjacent 

anatase columns. For 660 nm there exist clear gaps between columns (Fig. 30 a)-b)), 
while for 6.6 µm the empty space has been drastically reduced, producing more 

closed-packed structures (Fig. 30 c)-d)). Secondly, the size of the columns has 

evolved from less than 100 nm to more than 200-300 nm, which certainly explains the 

reduction of free space. 

 

Figure 30. SEM cross sections of 660 nm (a-b) and 6.6 µm (c-d) anatase thin films. 
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The XRD diagramms for selected anatase thin films and HNTs are presented in Figure 

31, where it is clear the crystalline nature of the as prepared samples. The HNTs did 

not present a preferential orientation (Fig. 31 b)) as in the case of ZnO, while thin film 

samples were texturized (Fig. 31 a)), something which is even more apparent for the 2 

µm film [Borras A., Cryst. Growth Des. 2009]. 

 

Figure 31. XRD diagramms of anatase TFs of 660 nm and 2 µm (a), and HNTs of a TiO2 

thickness of 660 nm, 1.6 µm and 6.6 µm (b). The XRD from a) were adapted from reference 

[Borras A., Cryst. Growth Des. 2009]. 
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The crystallite size for the nanotubes films and thin films was calculated by the 

Scherrer method (see methodology). It can be observed in Table 5 that for both thin 

films and HNTs, the crystallite size remained always below 100 nm.  

Table 5. Size of the crystallite determined by the Scherrer method after the XRD patterns in 

Figure 34 and reference [Borras A., Cryst. Growth Des. 2009]*. 

  

 

 

 

 

 

 

 

The optical properties of these samples were also investigated. As it can be observed 

In Figure 32, thin film samples were relatively transparent presenting low scattering, 

which became more apparent for thicker samples. On the other hand, HNTs exhibited 

always a whitish appearance due to noticeable scattering effects, a property which is 

very important for their DSC performance [Cheol S., Adv. Pow. Tech. 2012][Wu Wu-

Qiang, Energy Environ. Sci. 2014].  

 

Sample Crystallite size (nm) 

(101) 

150 nm TF* 80.2 

295 nm TF* 90.6 

660 nm TF* 49.1 

2 µm TF* 57.6 

660 nm HNT 42.9 

1.6 µm HNT 39.1 

6.6 µm TF 72.7 

6.6 µm HNT 86.6 
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Figure 32. Photograph of 1.6 µm thick anatase thin film (right) and HNTs (left) samples 

prepared on FTO coated glass.  

Figure 33 presents the UV-Vis-NIR transmission spectra of a 3 µm thick anatase thin 

film and the corresponding HNTs samples. The latter strongly scatter the light in the 

whole visible and NIR range, whereas the thin films present significantly less 

scattering. It is important to note that the strong absorption bands in the region 1400-

2500 nm are due to the FTO/glass substrate. 

 

Figure 33. UV-Vis-NIR transmission spectra of 3 µm thick anatase thin film and HNTs on 

FTO/glass. 
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A second type of anatase with a different microstructure was grown just for 

comparison with the as-grown anatase in DSCs. This second version of anatase 

consisted in meso-TiO2 which was post-annealed to 450 ºC to induce the 

crystallization to anatase. Furthermore, an hyperbranched anatase variant of meso-

TiO2 (nanotree) has also been prepared and implemented in DSCs (for further details 

about nanotrees formation please refer to Appendix A and Chapter 4). Meso-TiO2 

exhibited the typical columnar nanostructure, but due to the high thickness (3.72 µm), 

the tips were domed (Fig. 34 a)-b)). This is likely due to heavier ion bombardement of 

the tips, i.e. the field lines concentrate on the more isolated tips (meso-TiO2), while 

they are more distributed on the hyperbranched structure (meso-TiO2 nanotree). 

Please, note that as soon as these structures become thinner towards the base, the 

columnar structure becomes highly apparent. However, the nanotree version retained 

the columnar character even at the tip, probably due to a smaller diameter of the 

nanostructures. This last fact is a consequence of a higher density of template NWs 

(see Chapter 4), which in turn gives rise to a major distribution of TiO2 and hence 

thinner nanostructures (Fig. 34 c)-d)). 

 

Figure 34. SEM cross sections of meso-TiO2 NTs post-heated samples (a)-(b) and the 

corresponding nanotree (NTree) version (c)-(d).  
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b) Stack of hierarchical anatase nanotubes 

Owing to the undesired degree of percolation of the thickest HNTs (6.6 µm, Fig. 32), a 

new architecture was introduce to overcome the potential issue of surface area lost 

due to percolation. Basically, the idea consisted of stacking layers of anatase HNTs. 

Thus, after the fabrication of anatase HNTs presented in Figures 26-27, ONWs were 

then grown on the HNTs such as in Figure 34, this step was followed by the deposition 

of anatase to form the second layer of anatase HNTs. This cycle may be repetead as 

many times as wanted. The growth of ONWs on anatase HNTs occurs preferentially at 

the many nucleation sites at the tip of the NTs (Fig. 35 c)), and as a result star-like 

bundles of ONWs are obtained (Fig. 35 b)). 

 

Figure 35. SEM cross sections micrographs of ONWs grown on anatase HNTs (a),(c). Normal 

view of the ONWs/HNTs (b).  
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As demonstrated in Figure 36 a), this methodology allowed the fabrication of true 

stacks of 1D anatase nanostructures, reaching in this case three layers of HNTs 

(marked with different colors in Fig. 36 a)). The deposition of H2Pc on HNTs produced 

bundles of ONWs with star-like shape on the tips of the HNTs, giving rise to several 

ramifications for the second and third HNTs layers when anatase was deposited (Fig. 

36 a),c)). Please, note that there was still plenty of empty space between HNTs which 

will not contribute to the cell performance and should be minimized. A simple way to 

do so, without making the stack significantly taller, would be to make the HNTs thicker.  

 

Figure 36. SEM cross sections of the complete stack of anatase HNTs (a) and a bundle of 

HNTs in the third layer (c). Normal view of the stack (b).  

The thickness of anatase employed for the stack was around 2.7 µm, 860 nm for the 

first two layers and 1.03 µm for the third one. The equivalent thin fim is shown in 

Figure 37. 
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Figure 37. SEM cross section of the equivalent thin film for the stack in Figure 38. 

2.4.6. Anatase Nanotubes-and-Hierarchical-Nanotubes-Based 

Dye Sensitized Solar Cells  

Integrating sphere measurements were performed in order to evaluate the dye loading 

on the samples. Unfortunately, due to the high light scattering of the NTs samples 

(including the meso-TiO2 ones) which increased significantly with the thickness, the 

results were not coherent. Instead of that, to illustrate the dye loading the Figure 38 

presents both HNT and thin film samples with the three different anatase thicknesses 

after the dye adsorption. It is clear that the thicker the anatase layer the greater the 

amount of dye adsorbed. Moreover, HNT samples exhibited always a more intense 

pigmentation than their equivalent thin film. 
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Figure 38. Photographs of real DSCs electrodes after overnight immersion in dye N719. The 
anatase layer thickness was 660 nm (Top), 1.6 µm (Middle) and 6.6 µm (Bottom).  

 

It is interesting to compare at least qualitatively the amount of dye absorbed by the 

stack. Against expectations, the stack does not seem to have absorbed more dye than 

the 1.6 µm HNTs film, and it seems that dye adsorption was weaker than for the 6.6 

µm HNts film (Fig. 39). It is clear that, in order to make quantitative and accurate 

comparison regarding the dye adsorption capacity of each systems, adsorption-

desorption experiments must be carried out. Unfortunatly, due to time constraitns, 

such experiments have not been included in this chapter. 
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Figure 39. Photographs of real DSCs electrodes after overnight immersion in dye N719. The 

anatase layer thickness was 1.6 µm (Left), 6.6 µm (Middle) and 2.7 µm (Right). 

Anatase DSCs were constructed just as ZnO ones: on the electrode side, a thin 

anatase blocking layer (see methodology) was deposited on FTO/glass followed by 

the growth of a nanostructured film (thin film or 1D). The rest of the cell, i. e. 

counterelectrode, electrolyte and dye remained unchanged. A scheme of a complete 

cell is shown in Figure 40 a) together with the energy level diagramm of the cell (Fig. 

40 b)). The I-V curves of four different thicknesses of anatase in NTs and thin films are 

presented in Figure 40 c), and also the values for the stack. 

 

 

 



 

Chapter 2      

 

113 

 

 

Figure 40. a) Scheme of a DSC with anatase NTs (blocking layer not shown), b) energy levels 

of the cell [Cao G., World Scientific Publising 2010] and c) I-V curves for the DSCs assembled 

with HNTs and TFs of three wall thicknesses, and the stack of HNTs (best cells shown). Meso-

TiO2 NTs and meso-TiO2 NTree curves are also shown.  
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The photovoltaic parameters of a DSC are directly linked to the thichkness of the 

mesoporous layer for a given semiconductor material. Usually, by increasing the 

thickness of the active area, more dye is adsorbed as a consequence of a higher 

surface area, which in turn translates in a higher photocurrent (JSC), but the 

photovoltage (VOC) drops as a consequence of a higher recombination rate [Idigoras 

J., Phys. Chem. Chem. Phys. 2014]. 

According to Table 6 an increase in anatase thickness effectively produced higher 

photocurrents. However, the photovoltage did not drop as expected for the thickest 

samples. On the other hand, the fill factor presented a mixed behavior depending on 

the kind of film present, i.e. thin film or nanotubes. The results can be enumerated as 

follows: 

As already mentioned, the photocurrent increases with the thickness of anatase. 

Moreover, for the same thickness HNTs exhibited always a higher photocurrent than 

TF, probably due to their superior surface area. This is in perfect agreement with 

noticeable more dyed HNT samples compared to their TF counterparts (Fig. 38). 

Furthermore, the superior optical dispersion of HNTs compared to TF is probably 

contributing to a higher photocurrent. This effect  is well known to be beneficial for the 

cell performance due to an increase in light harvesting [Cheol S., Adv. Pow. Tech. 

2012][Wu Wu-Qiang, Energy Environ. Sci. 2014]. 

The photovoltage of the cells generally did not decrease for thicker layers of anatase. 

Thin film cells showed an improved behavior when the the thickness of TiO2 was 

increased reaching a maximum of 831±1 mV for 6.6 µm. This same behavior has 

already been observed for thin films of ZnO grown by PECVD [Macías-Montero M., 

PhD thesis 2103]. The photovoltage of HNTs cells was more or less constant with 

thickness, but generally much larger than that of equivalent thin film cells for low 

thicknesses. The high photovoltages attained are an indication of a substantially low 

recombination rate. The photovoltaic parameters extracted from the I-V curves are 

gathered in Table 6. 
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Table 6. Photovoltaic parameters for TiO2 (anatase)-based DSCs as a function of the wall 

thicknesses. - Mean photovoltaic parameters values and estimated errors have been obtained 

from data of three devices with the same configuration, except for the devices marked with a “*” 

where statistics were performed with only two cells due to malfunction of the third one. Thin 

films of the same thickness as their NTs counterparts are used as references.  

Cell Jsc (mA/cm2) Voc (mV) FF (%) η (%) 

660 nm TF 1.5±0.1 670±7 63±2 0.6±0.1 

1.6 µm TF* 2.9±0.3 698±58 65±1 1.3±0.3 

6.6 µm TF 7.1±0.2 831±1 64±2 3.8±0.2 

660 nm HNT 2.5±0.3 833±9 71±1 1.5±0.1 

1.6 µm HNT* 5.4±0.5 819±2 67±2 2.9±0.2 

6.6 µm HNT 7.9±0.6 835±6 66±1 4.3±0.3 

3.7 µm meso-TiO2 NTs 6.6±0.6 830±22 61±3 3.3±0.2 

3.7 µm meso-TiO2 NTree* 3.9±0.1 811±35 61±2 1.9±0.2 

stack x3 (2.75 µm) 9.2±0.2 824±5 62±1 4.7±0.1 

800 nm ZnO TF 1.0±0.3 670±15 45±1 0.5±0.1 

 

The most important observations from Table 6 are the following: 

Anatase was considerably more efficient than ZnO, at least for the thin film case. By 

comparing a 800 nm ZnO thin film vs a 660 nm anatase one, it can be noticed that 

ZnO yielded lower photocurrent, photovoltage and fill factor. It has been determined 

that ZnO-based cells posses worse electron injection rate and dye regeneration, 

contributing to a poorer performance against TiO2 [Idígoras J., J. Phys. Chem. C 

2015]. Moreover, the attained efficiency for a 5.8 µm ZnO thin film grown by PECVD 

was 1.8% [Macías-Montero M., PhD thesis 2103], significantly lower than the value 
reached here for a 6.6 µm anatase thin film. 

The fill factor does not seem to have changed much for TFs, while for HNTs there has 

been a drop of this value when the thickness of anatase was increased, this is 

something which can be expected due to the higher photocurrents and associated 

series resistance voltage drops. Interestingly, HNTs exhibited a higher FF than thin 

films. 
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For higher thickness, 6.6 µm, the efficiency of the thin film cell nearly triplicated, 

whereas for HNTs it augmented by a factor of 1.5. Looking at the photovoltaic 

parameters of HNTs and thin film, it can be noticed that there are no important 

differences between them, with a slightly higher photocurrent generated by HNTs. A 

possible explanation for this behavior is based on the high level of (undesired) 

percolation reached for such a thick deposit (Fig. 29 a)-d)), where the advantage of a 

higher surface area is lost. Taking this fact into consideration, it is reasonable to think 

that there might be a maximum in efficiency for HNTs between 1.6 µm and 6.6 µm, 

although it has not been attained in this work. 

3.7 µm meso-TiO2 NTs performed reasonably well, exhibiting a high photocurrent and 

photovoltage, although the fill factor was somewhat lower compared to anatase thin 
films (see Fill Factor for 1.3 and 6.6 µm TF). The nanotree sample, which has the 

same thickness, was expected to present a higher photocurrent due to an increase in 

the surface area and a lower photovoltage (higher recombination). However, it turned 

out that the photocurrent was appreciably lower than for regular meso-TiO2. A 

probable explanation might be the extremely low covearge at the base of the NTs 

(most of the material accummulates at the body and tip owing to the high density of 

initial template NWs), as it can be observed in Figure 34 c). If the NTs are not properly 

linked to the anatase blocking layer, then a higher dye load will not translate into 

photocurrent. 

The stacked HNTs structure showed an exceptional photovoltaic performance, 

achieving a remarkable average value of efficiency of 4.69%. In spite of the fact that 
the height of the stack was around 14 µm, the thickness of the equivalent anatase thin 

film was only 2.75 µm. The photocurrent was remarkably high, which might by due to 

a combination of high surface area, scattering and light trapping effetcs. 

It must be stressed that the active area of the cells used in this work is 0.7 cm2, 

in contrast with the typical areas of ca. 0.2 cm2. The utilization of smaller areas 

assures a more reliable and more efficient solar cell performance minimizing the 

effect of  inhomogeneities in the samples and lower series resistance. In this 

work we have taken a higher active area that, under our consideration, is more 

representative of a solar cell in real working conditions, even if it is detrimental 

for the overall cell performance. 

By means of Electrochemical Impedance Spectroscopy (EIS) and modelling, some 

process parameters may be quantified similarly to the ZnO studies in Section 2.4.2. 
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Again, the focus will be made mainly on the trends and not on the absolute values. In 

addition, EIS and IMPS measurements were done only for the best cells of each 

series due to the fact that these are considerably time-consuming experiments and the 

full characterization of the cells is out of the scope of this work. The different 

parameters obtained by EIS are plotted in Figure 41. 

 
Figure 41. a-d) Impedance spectroscopy results of DSCs fabricated with thin films, anatase 

nanotubes and the stack of NTs. Impedance parameters extracted from the fitting of the EIS 

spectra at various applied potentials: a) Recombination resistance, b) Capacitance and c) 

Electron lifetime (symbols represent the calculated values and the dashes the extrapolated 

ones).  

It can be noticed that the recombination resistance (Fig. 41 a)) was larger for the 660 

nm anatase HNTs cells, whereas it got smaller when the thickness of the NTs was 
increased to 1.6 µm as expected due to a higher specific area. However, by 

increasing the thickness to 6.6 µm did not produce noticeable changes in the 

recombination resistance against expectations. Interestingly, the stack did not exhibit 

appreciable lower values of Rrec than 1.6 µm or 6.6 µm HNTs. On the thin film side, 
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the cells with an anatase layer of 1.6 µm presented the lowest values of Rrec (it is 

excepted that the one with 660 nm behaved more or less the same due to the 

resemblance in VOC), while this parameter improved for the thickest thin film, 

presenting values similar to the stack and thicker HNTs.  

The capacitance (Fig. 41 b)) turned out to be larger for thicker films, especially the 

stack, as expected for higher surface areas, and smaller for the thinner ones (lower 

surface area). The exponential behavior evidences that a chemical capacitance is 

controlling accumulation in the films [Azaceta E., J. Mater. Chem. A 2013].  

The electron lifetime (Fig. 41 c)) was in line with the obtained potentials in the I-V 

curves, the higher the electron lifetime the higher the VOC and vice versa. The lowest 

values corresponded to the 1.6 µm TF, which had the lowest VOC, while the other cells 

presented similar values. 

IMPS technique was also used to extract the diffusion coefficient (Fig. 42 a)). This 

parameter was quite similar for all cells, although it was found to be slightly higher for 

the stack and lower for the thicker HNTs (6.6 µm). In addition, the fact that straight 

lines were obtained evidences a multiple trapping transport mechanism [Wang Q., J. 

Phys. Chem. B 2006][Anta J. A., J. Phys Chem. C 2007][Anta J. A., Phys. Chem. 

Chem. Phys. 2008]. By combining the electron lifetime obtained from EIS data and the 

diffusion coefficient from IMPS, the electron diffusion length for each cell might be 

estimated through equation /0 � 12%0
�345 × 708�59 . Note that again here the 

emphasis is placed on the trends, not on the absolute values. This parameter is 

plotted in Figure 42 b) as a function of potential, observing that in all cases the 

diffusion length was at least 10 times greater than the thickness of the films. Such 

large Ld values suggest that in all cases the collection efficiency was 100%. Moreover, 

higher recombination rates, associated to a lower VOC, give rise (at least qualitatively) 

to shorter diffusion lengths .This time, the diffusion length has been calculated by the 

combination of two techniques, IMPS and EIS, and not solely by EIS as in the case of 

ZnO (Section 2.4.2). The reason for doing so is the relatively poor agreement in the 

diffusion lengths obtained by this technique compared to other methods such as 

incident photon to-collected electron conversion efficiency (IPCE) spectra analysis, 

and of course IMPS/IMVS or IMPS/EIS, obtaining usually lower values of Ln [Wang H., 

J. Phys. Chem. 2009][Wang H., J. Phys. Chem. C 2010]. This discrepancy is said to 

originate in the difficulty of calculating accurately Rt from the EIS spectra [Wang H., J. 

Phys. Chem. C 2010].  
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Figure 42. (a) Diffusion coefficient and (b) normalized diffusion length for several antase 

thicknesses in both thin films, nanotubes and the stack determined at various potentials. 

In spite of the fact that the efficiencies reached in this work do not come close to the 

10% efficiency reported value for hierarchical anatase 1D nanostructures [Wu Wu-
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Qiang, Energy Environ. Sci. 2014], the results are certainly encouraging. Two 

possibilities are proposed to push even further the light harvesting capabilities of these 

cells: 

� To deposit even thicker films of anatase in the form of thin films. There is still 

margin to improve the efficiency with this architecture, and it seems that by 

adding more material to HNTs will only result in an even more percolated 

structure, thus diminishing its advantage with respect to thin film. 

� To improve the stack of NTs. This is a much more tempting attempt to 

increase the surface area, dye loading and cell efficiency. In order to do so, 

the anatase thickness per layer of the stack should be increased, but without 

reaching a situation of percolation. Furthermore, due to the large electron 

lifetimes and diffusion lengths observed for this system, the number of layers 

in the stack could be increased as well. 

� Longer NTs will not likely improve the solar cell performance due to 

preferential accumulation of TiO2 on the tip, i.e. the base of the NTs could 

probably receive far less material than the body and tip, suffering from the 

same issues as meso-TiO2 NTree. 

2.5. Conclusions 

A reliable full vacuum/plasma methodology based on the use of supported ONWs as 

1D template for the fabrication of semiconducting nanotubes made of ZnO and TiO2 

with single and multishell configurations has been presented. The versatility of the 

plasma techniques such as PECVD for the growth of metal oxide thin films has been 

exploited here for the formation of nanostructured nanotubes with tailored shells in 

terms of microstructure, porosity, structure and thickness.  

The procedure provides hollow’s cross sections in the form of square or rectangle 

keeping memory of the flat surface of the organic single crystal used as templates. 

Either closed or open nanotubes can be fabricated by selecting the evacuation 

conditions of the organic core.  

It has been demonstrated the method provides a straightforward way for the growth of 

supported nanotubes on an ample variety of substrates ranging from FTO supports to 

metal nanoparticles. Contrary to other template protocols, the ONWs used herein as 
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1D scaffolds are easily removed by annealing at mild temperature avoiding the use of 

solvents or etching processes.  

It is also interesting to stress that the nanotubes remained attached to the substrates 

after the whole evacuation process and were mechanical stable allowing their real 

actuation as photoanode in DSCs. 

The performance of the ZnO and anatase nanotubes as photoanodes in DSC has 

been analyzed as a function of the shell thickness, finding an increase of efficiency 

with this parameter, from 0.1% for a wall thickness of 20 nm to 0.3% for a wall of 250 

nm. Furthermore, ZnO has proven to be a material with limited applicability in DSCs 

due to its instability and relatively low performance as photoanode. In the case of 

multishell nanotubes, mixed results were obtained for amorphous and crystalline TiO2, 

however, it has been found that the addition of a thin TiO2 shell turned out to be 

detrimental for the performance of the cells, decreasing the maximum attainable 

photocurrent but increasing the Open-circuit Voltage (VOC) for both amorphous and 

anatase shells. However, thicker anatase shells improve the value of VOC up to a value 

of 635 mV for a 50 nm shell, whereas this parameter decreased monotonically with 

thicker meso-TiO2 NT walls up to a value of 460 mV (higher than that of bare 250 nm 

ZnO NTs).  

A high-surface-area architecture based on a stack of hierarchical anatase 

nanotubes and nanotrees has been developed. These complex hierarchical 

nanostructures have outperformed their thin film counterparts reaching a promising 

efficiency of 4.69% with a relatively low TiO2 thickness (2.75 µm). We are quite 

confident that by increasing the wall thickness of the NTs in each layer and the 

number of layers, efficiencies comparable or even superior to the state-of-the-art one 

could be potentially reached. 
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3. Plasma processing of PtOEP for 

the development of 1D and 2D 

semitransparent platinum 

nanostructures with application 

as DSC counter electrodes 

 

Abstract 

The fabrication of platinum nanoelectrodes in the form of percolated layers (2D) and 

supported nanocolumns (1D) by vacuum/plasma processing of the platinum 

octaethylporphyrin (PtOEP) precursor is presented. Relatively high transparency of 

70% and a sheet resistivity of ~ 1350 (/□ are achieved by controlling the deposition 

of the PtOEP by combining organic physical vapor deposition, remote plasma assisted 

plasma deposition and soft plasma etching treatments. The catalytic properties of the 

nanoelectrodes are further demonstrated by their implementation as counter electrode 

in a solar cell.  
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3.1. Introduction  

evelopment of new fabrication methods for transparent and semitransparent 

conductive nanoelectrodes compatible with different processable substrates 

and high mass production is extremely important in fields like 

nanoelectronics/photonics and solar energy harvesting [Hu L., MRS Bulletin 

2011][Angmo D., J. Appl. Polym. Sci. 2013]. Thus, as displays become larger and 

solar cells become cheaper, there is an increasing need for low-cost transparent 

electrodes. Various types of transparent and conductive oxides (TCO) have been 

traditionally used for organic solar cells and light emitting diodes such as tin-doped 

indium oxide (ITO), Al-doped ZnO (AZO) and fluorinate-doped tin oxide (FTO), being 

ITO the most popular due to its low sheet resistivity and high transparency (5-10 (/□, 

80% at 500 nm). However, the urgency to replace the expensive and rising in cost 

indium in the current ITO technology and the recent developments in infrared solar 

cells have motivated an intensive research to fabricate new nanoelectrodes with high 

transparency in the UV-VIS-NIR range. Looking to these requirements, the use of 

tailored porous conductive nanostructures appears as a promising route with the 

advantage of their inherent high surface area [Hu L., PNAS 2009][Hu L., MRS Bulletin 

2011][Chen J., ACS Appl. Mater. Interfaces 2013][Langley D., Nanotechnology 2013]. 

Most of the recent results on the literature reports in the use of metal nanomesh and 

microscopic metal grids, random metal nanowire and metal decorated carbon 

nanotubes networks and graphene [Hu L., MRS Bulletin 2011] [Angmo D., J. Appl. 

Polym. Sci. 2013][Lee P., Adv. Mater. 2014][Langley D., Nanotechnology 2013][Park 

KT-SciRep2015][Layani M., Nanoscale 2014][ Zhu R., ACS Nano 2011]. The election 

of the material depends strongly on the final application, attending for instance to the 

capacitive-driven or current-driven nature of the device. In the first case, for devices 

like capacitive touch screens, electrowetting displays, and liquid crystal displays, the 

relatively high sheet resistance of CNT networks is not an issue. However, current-

driven devices such as such as organic light emitting diodes and solar cells require 

both transparency and low sheet resistances being the development of metal 

transparent nanoelectrodes/microelectrodes the most promising alternative to the use 

of ITO. In this regards, silver has focused a high interest because its higher bulk 

conductivity (0.63 x 106 cm-1.(-1) in comparison with copper (0.596 x 106 cm-1.(-1), 

gold (0.41 x 106 cm-1.(-1) and platinum (0.097 x 106 cm-1.(-1), competitive cost and 

optical properties. However, the use of platinum nanostructures presents several 

added values: 

D



Plasma processing of PtOEP for the development of 1D and 2D semitransparent 

platinum nanostructures with application as DSC counter electrodes 

 

134 

 

a) Improved performance related to long-term chemical stability.  

b) In contrast to silver and gold, nanosize platinum materials do not show a 

surface plasmon resonance in the visible range. 

c) Platinum nanoelectrodes can simultaneous function as transparent counter 

electrode and as catalyst layer in dye sensitized solar cells [Kim J., ACS 

Appl. Mater. Interfaces 2013][Jang H. Y:, Chem. Mater. 2013]. 

In this chapter and in relation with the development of nanostructured solar cells 

(Chapter 2) and 1D piezoelectric nanogenerators (Chapter 4) we will approach to this 

issue from the point of view of the fabrication of supported porous Pt in the form of 

layers and nanocolumns, i.e., Pt nanoelectrodes in 2D and 1D architectures, 

respectively. The method consists in a combination of vacuum and plasma procedures 

for the deposition and posterior decomposition of the platinum octaethylporphyrin 

(PtOEP) molecules that act as precursor for the formation of highly porous platinum 

materials. Two different methodologies have been utilized in the deposition of the 

PtOEP, namely physical vapour deposition of small molecules (OPVD) [Borrás A., 

Langmuir 2010] and remote plasma assisted vapour deposition (RPAVD) [Aparicio F. 

J., J. Mater. Chem. C 2014] both of them scalable up to wafer level and carried out at 

room temperature. In addition, these methods have been proved to be compatible with 

an ample range of processable substrates including polymers, Si, ITO, metal 

electrodes and photonic architectures [Macías-Montero M., Adv. Funct. Mater. 

2013][Aparicio F. J., Adv. Mater. 2011]. As settled in the Chapter 1, OPVD is a well 

stablished methodology for the fabrication of two dimensional organic and metal-

organic layers also extended in the last years to the formation of supported small-

molecule organic nanowires [Borras A., Langmuir 2010][Briseno A. L.,Mater. Today 

2008]. The main parameters controlling the formation of organic thin films and 

nanowires from evaporable molecules are the substrate surface roughness and 

microstructure, temperature of the substrate in relation with the sublimation 

temperature of the molecules, pressure, growth rate and thickness [Borras A., 

Langmuir 2010][Borras A., Chem. Mater. 2008]. In a brief description, RPAVD protocol 

consists in the evaporation of the organic molecules in the afterglow region of a 

microwave plasma with the substrates facing the evaporation source and back to a 

microwave plasma discharge, i.e. in a downstream configuration (see details in Sec. 

1.4.1-1.4.1, Chapter 1). This procedure provides the formation of nanocomposite thin 

films where the functional molecules appear embedded in a polymeric matrix 

consisting on the molecular fragments formed by interaction with the plasma species. 

The post-processing of the PtOEP precursor layers to form the metal nanostructures is 
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achieved by soft plasma etching (SPE) (see also Chapter 4; [Alcaire M., Nanoscale 

2011][Alcaire M., Plasma Process. Polym. 2015]) under different combinations of 

oxygen, argon and hydrogen gases in the plasma and for temperatures ranging from 

RT to 180 ºC.  

3.2. Objectives 

In the previous chapter, OPVD has been applied to the fabrication of single crystalline 

organic nanowires, herein, we have utilized this method for the formation at room 

temperature of polycrystalline PtOEP thin films. On the other hand, we have also 

explored the growth of PtOEP layers by remote plasma assisted vacuum deposition 

(RPAVD). This methodology has been developed in recent years for the formation of 

nanocomposite organic films showing an advanced performance in applications as UV 

and gases sensors [Aparicio F. J., Adv. Mater. 2011][Aparicio F. J., J. Phys. Chem. C 

2012][Aparicio F. J., J. Mater. Chem. C 2014]. In those previous references the 

precursor materials utilized comprises photonic functional organic molecules as 

rhodamines, flavonols and perylenes. In this chapter, we include the first results on the 

fabrication by RPAVD of metal-organic small molecules and have extended this 

protocol, usually working under pure Ar plasmas, to the application of oxygen rich 

plasma gases in order to further control the microstructure and composition of the 

nanocomposite thin films.  

The chapter is structured as follows. In a first place, we carry out model in situ XPS 

experiments in order to study the mineralization of the PtOEP precursor films and 

oxidation state of the platinum outcome layers. Then, the microstructure, structure, 

composition and the optical and electrical properties of samples deposited and treated 

under different conditions are thoroughly analyzed. Finally, as a proof of concept, the 

metallic Pt layers and nanocolumns are tested as counter electrode of a dye 

synthetized solar cells based on nanoparticulate ZnO photoelectrodes.    

The specific objectives of this chapter appear detailed in the following list: 

� Fabrication and characterization of nanocomposite PtOEP thin films by remote 

plasma assisted vacuum deposition under Ar (RPAVD-Ar) and Ar/O2 (RPAVD-O2) 

plasmas. 

� Analysis of the soft plasma etching conditions required for the formation of Pt 

percolated layers and columns. 
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� Realization of XPS in situ experiments under different SPE conditions 

following the conversion from PtOEP to Pt layers. 

� Formation of Pt electrodes with desirable transparency and conductivity. 

� UV-Vis and UV-VIS-NIR characterization of layers and nanocolumns.  

� Electrical characterization of layers and nanocolumns. 

� Implementation of the Pt percolated layers and nanocolumns as counter 

electrodes in DSCs and comparison of their performances with commercial 

available Platisol standard electrodes.  

3.3. Methodology 

3.3.1. Fabrication of the nanostructured platinum films 

PtOEP was purchased in Frontier Scientific and used as received. The compound was 

deposited by OPVD and RPAVD on several substrates as n-doped Si (100), fused 

silica, ITO and FTO thin films on glass (CASA). The substrates were place in a 

vacuum chamber previously pumped until reaching a base pressure of 2 x 10-5 mbar. 

OPVD was carried out at 2 x 10-2 mbar of Ar, a nominal growth rate settled in the QCM 

at 0.35 Å/s and with the substrates at room temperature. Similar conditions were 

applied for the RPAVD-Ar, operating the plasma ECR-MW discharge at 300 W 

keeping fixed the plasma-to-substrate distance at 10 cm. RPAVD-O2 experiments with 

a gas mixture of 80 % O2 / 20 % Ar were carried out at 600 W and growth rate 0.6 Å/s 

in the same conditions of pressure, temperature and sample-plasma distance. The 

post-treatment of the samples by soft plasma etching was produced in the same 

reactor with the samples facing down the plasma glow discharge. Treatment duration, 

substrate temperature and plasma composition were varied in order to obtain the full 

mineralization of the PtOEP and reduction of the platinum films. SPE (O2+Ar) label 

corresponds to etching under 0.02 mbar (20% Ar / 80 % O2) at 400 W and SPE 

(O2+H2) to treatments at 0.02 mbar (50 % O2 / 50 % H2) at 600 W. A second post-

treatment consisting in annealing under constant gas flow of a mixture 95% Ar / 5% H2 

was carried out in a furnace. The temperature was set to 135ºC for 2 hours. 

In order to facilitate the exposition of results the labels of the samples specifically 

address the main experimental parameters varied during their fabrication. As an 

example: 
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OPVD (550nm) + SPE (O2+Ar) 180ºC 120min + Anneal (H2+Ar) 

Where (550nm) indicates the thickness of the precursor layer measured by SEM, 

180ºC and 120min the substrate temperature and treatment duration of the soft 

plasma etching step. Since the post-annealing treatments were every time carried out 

under the same conditions the label not always includes this step for the sake of 

simplicity and it is only indicated when comparing samples previous and after post-

annealing.    

3.3.2. Characterization 

High-resolution SEM images of the samples deposited on silicon wafers were obtained 

in a Hitachi S4800 microscope, working at different acceleration voltages (1-5 kV). 

Cross sectional views were obtained by cleaving the Si(100) substrates.  

XPS characterization and in situ XPS experiments were performed in a Phoibos 100 

DLD X-ray spectrometer from SPECS.  In situ XPS experiments were performed in a 

VG ESCALAB 210 spectrometer with an attached high vacuum prechamber where all 

PtOEP depositions and treatments were carried out. The spectra were collected in the 

pass energy constant mode at a value of 50 eV using a Mg Kα source. C1s signal at 

284.5 eV was utilized for calibration of the binding energy in the spectra. The 

assignment of the BE to the different elements in the spectra corresponds to the data 

in reference [NIST database]. Plasma source used for XPS in situ experiments 

consisted of a quartz tube where the plasma was excited by means of a resonant 

cavity connected to a microwave generator. The power was 70 mW and the oxygen 

was supplied to the tube up to a pressure of about 2 x 10-1 mbar.  

Glancing Angle X-ray Diffraction (GAXRD) were carried out in a Panalytical X'PERT 

PRO diffractometer for an incident angle of 0.2º.  

UV-Vis transmission spectra of samples deposited on fused silica slides were 

recorded in a Cary 100 spectrophotometer in the range from 190 to 900 nm. UV-Vis-

NIR transmission spectra were collected in a PerkinElmer Lambda 750 UV/Vis/NIR 

spectrophotometer.  

Electrical characterization was carried out following different procedures. In the first 

case, the samples were grown on commercial available Pt electrodes (Fig. 1 a)-b)). 

These electrodes present two different electrodes architectures, an interdigitated array 
(15 pairs of electrodes, Fig.1 b)) separated 10 µm and two electrodes separated 100 
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µm (Fig. 1 a)). In both configurations the electrode cross section is 1.7 mm long and 

and 300 nm thickness. The commercial Pt electrodes were previously cleaned in a 

sonication bath with ethanol and electrically tested showing a resistance in the order 

or below the detection limit of our apparatus.  

To compare the resistance values obtained, the geometry of the electrodes is crucial. 

First, the I-V curves obtained with the sourcemeter were fitted to a straight line, 

obtaining the films resistance � �
�

�
. For the commercial electrodes the sheet 

resistance (RS) is given by: 

� �
�

�

�

�
� �	

�

�
   ;    �	 � �

�

�
   (Eq.1) 

where ρ is the resistivity, t the thickness of the films, L is the separation between 
electrodes and W is the length of the electrode. For the case of L=10 µm interdigitated 

electrodes, W = 15 (pairs) x 1.7mm, and for L=100um, W=1.7 mm. It is important to 

remark that these two electrodes measurements are inaccurate since the resistances 

obtained are usually higher due to the electrode-sample contact resistance.  

 

Figure 1. a, b) Normal view SEM micrograph of the commercial electrodes with separation of 
100 µm (a) and 10 µm interdigitated (b) electrodes utilized for the electrical characterization of 
the samples. c) Schematics on the four-probe measurements where VM indicates the voltage 
measured on the inner probes. 

Four-point probes measurements (Fig. 1 c)) were also performed to estimate the real 

sheet resistance of the samples and, in particular cases, in order to overcome plasma 

sheath issues in the deposition on the commercial electrodes (see Section 4.2). The 

contact between the electrically conductive tip and the sample was produced through 

a small silver paste droplet cured in air during at least 20 minutes at room 

temperature. The four-point probe set-up is schematized in Figure 1c). If the voltage 

drop VM measured between the two inner contacts is measured while a current I is 

injected through the two outer contacts in a geometry in-line, the ratio VM /I is a 

measure of the sample resistance only (providing that the impedance of the voltage 

probes are considered to be infinite).  
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Four-point probe measurements present as the main advantage that avoid contact 

resistance with the electrodes. To extract the real sheet resistance of the film some 

correction factors taking into account the finite sample dimensions need to be 

considered [Miccoli I., J. Phys.: Condens. Matter 2015]. In literature there exist three 

different factors for finite isotropic samples:  


 �
�

��

�
�
�.  (Eq. 2)     [Miccoli I., J. Phys.: Condens. Matter 2015] 

F1 takes into consideration the finite thickness of the samples. For very thin samples 

t/s < 0.1 (t is the thickness of the sample and s is the separation of the electrodes, in 

our case 0.33 mm), this factor is one. F2 is related with the probes in the proximity of a 

sample edge. The thin films were deposited on fused silica substrates bigger than 

2.5x2.5 cm2, so the extreme probes are separated at least 0.75 cm from the edge. At 

this distance, the correction factor F2, can be also considered as the unity. The third 

correction factor F3, correlates with the sample size. For this sample size which is 

around 8 times bigger than the separation of the electrodes, the correction factor F3 is 

around 0.8, giving an overall correction factor of F=3.63. The sheet resistance is then 

just given as: 

�	 �
�

�
� 


��

�
� 
	� (Eq. 3) 

In both cases the measurements were made with a Keithley 2635A system 

sourcemeter working in sweep voltage mode under ambient conditions. 

Conducting Atomic Force Microscopy (C-AFM) characterization was also carried out in 

the columnar films in the contacting mode in a Pico Plus instrument from Molecular 

Imaging. Diamond-coated tips with a diameter below 30 nm (Nanosensors) were 

utilized with the BIAS applied to the sample.  

3.3.3. DSCs fabrication, assembly and characterization 

Working electrodes. Prior to any deposition, the substrates were rinsed with acetone, 

isopropanol and absolute ethanol, and heated to 500 ºC for 1 hour. A blocking layer 

was deposited on the FTO/glass substrates (Xop Glass, 12-14 Ω/cm2) by immersion in 

a TiCl4 (40 mM) solution at 70 ºC for 30 minutes and then dried in air. The active area 
consisted of 12 µm thick films made up of a layer of 8 µm of 20 nm TiO2 nanoparticles 

(Dyesol© paste) and a layer of 4 µm of 400 nm TiO2 particles (scattering layer), both 

deposited by the screen printing technique on the conducting glass substrates This 

electrodes were slowly heated up to 500 ºC (with a plateau of 15 minutes) and then 

immersed in a solution of TiCl4 (40 mM), heated to 70 ºC for 30 minutes and dried in 
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air. A final heating cycle was performed at 500 ºC during 30 minutes and then allowed 

to cool down in air. The active area of the cells was 0.16 cm2 [Idígoras J., Phys. Chem. 

Chem. Phys. 2014]. The working electrodes were left overnight in a 0.5 mM solution of 

N719 dye in ethanol. Afterwards they were rinsed with an ethanol baker and dried in 

air. 

Counter electrodes. A small hole was drilled on them to allow for electrolyte injection 

at the end of the process. Later, they were cleaned just as the working electrodes. 

Platisol® Counterelectrodes. These electrodes were fabricated distributing 6 µL of 

Platisol® all over the counterelectrode area and once dried adding 6 µL more. Then, 

the counterelectrodes were put into the furnace at 400 ºC during 5 minutes with a 15 

minutes heating ramp. 

Electrolyte solutions.  Two different electrolytes were tested. AN50 was purchased 

from Solaronix and used as received. 100% Pyr has the following formulation: 0.1M I2, 

0.05M LiI, 0.5M TBP, 0.1M GuSCN, 1M BMII, 1-butyl-1-

methylpyrrolidiniumbis(trifluoromethanesulfonyl)imide (Pyr). Pyr was purchased from 

Solvionic. 

Nanostructured electrodes. Two types of nanoelectrodes were tested: “RPAVD-Ar 

(420nm) SPE (Ar+O2) 210ºC 240 min + Anneal (Ar+H2)” and “RPAVD-O2 (500nm) 

SPE (Ar+O2) 210ºC 240 min +Anneal (Ar+H2)”.  

Sealing of the cells. A frame of a thermoplastic polymer (Surlyn, Solaronix) was 

placed on the perimeter of the active area and then sandwiched with the 

counterelectrode. The whole cell was heated to 140 ºC under slight pressure to ensure 

a proper sealing. After that the electrolyte was injected and the hole on the 

counterelectrode sealed with Surlyn and a cover slide glass. 

Characterization of DSCs. The solar-cell devices were characterized using a solar 

simulator with an AM1.5G filter (ABET). A reference solar cell with temperature output 

(Oriel, 91150) was used for calibration. EIS measurements were performed under light 

with perturbations in the 105-10-3 Hz. A LED LUXEON collimated (540 nm) source and 

an Autolab/PGSTAT302N potentiostat were used for EIS measuremets. Zview 

equivalent circuit modelling software (Scribner) was used to fit the EIS data, including 

the distributed element DX11 (transmission line model). Two identical cells per 

platinum counter electrode configuration were tested, called cell A and cell B in each 

case. 
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3.4. Results and Discussion 

3.4.1. Microstructure, optical properties and chemical 

composition 

a) In situ XPS plasma etching experiments and ex situ chemical 

characterization. 

In order to follow the mineralization of the PtOEP into Pt preliminary in situ 

experiments by XPS were carried out. In these experiments a thin layer of 

PtOEP was sublimated and plasma post-treated in the prechamber attached to 

the XPS analysis chamber. Figure 2 gathers the main XPS peaks acquired 

during the experiments. In first place a 40 nm (measured in the QCB) thickness 

of PtOEP was sublimated onto Si(100) substrates at room temperature (black 

line). This precursor layer was subsequently treated with an Ar/O2 plasma (see 

Section 3.3) during different times at 175 ºC.  

 

Figure 2. In situ XPS experiments following the soft plasma etching in O2+Ar (300W) at 175ºC 

of the PtOEP (40 nm) OPVD film. The surface was sequentially exposed to plasma. 
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Full decomposition of the platinum porphyrin was achieved for treatments longer 

than 20 minutes pointed out by the vanishing of the N1s peak (Fig. 2 c)). Figure 

2 a) shows the corresponding Pt4f peaks appears with binding energies values 

in good agreement with the formation of Pt(0) [NIST database]. This experiment 

provides also the binding energy position (BE) of the Pt 4f peak when platinum 

is forming the PtOEP molecule. Thus, looking to the black line in Figure 2 a) the 

BE is estimated ~ 72.2 eV. This value will be critical below in the elucidation of 

the oxidation state of the platinum for the “ex situ” samples. Interestingly, the 

observed broadening of the O1s peak is also compatible with the partial 

oxidation and exposition of open areas of the silicon substrate. We will come 

back to these results in the following section. 

In summary, the porphyrin was completely decomposed after oxygen plasma 

treatment at mild temperature giving rise to the formation of platinum metal 

clusters. However, equivalent experiments at room temperature demonstrated 

that prolonged treatment did not effectively oxidize the organic counterpart. 

The chemical composition of the as grown samples and after several post-treatments 

was evaluated by means of ex situ XPS (Table 1 and Fig. 3). The three first lines on 

Table 1 correspond to the as-grown samples comparing the OPVD layers with those 

formed under Ar and O2 plasma. Figure 3 shows the deconvolution of the Pt 4f peaks 

in order to address the oxidation state of the platinum and distinguish between Pt (Pt 

4f7/2 ~ 71.0-71.2 eV), PtOEP (Pt 4f7/2 ~ 72.2 eV, Fig. 2 a)), PtO (Pt 4f7/2 ~ 74.2 eV) and 

PtO2 (Pt 4f7/2 ~ 75 eV) [NIST database].  
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Table 1. Atomic percentage obtained from the XPS peaks corresponding to the elements 

presented in the general spectra.  

Sample % 
Pt(0) 

% Pt 
(PtOEP) 

% Pt 
(PtO-PtO2) 

% O %N % C % Si  

OPVD (550nm) - 2.9 - 4.9 6.7 85.5 - 

RPAVD-Ar (280nm) - 2.4 - 18.8 7.1 71.7 - 

RPAVD-O2 (200nm) - 5.8 7.6 47.6 1.7 27.9 9.4 

RPAVD-Ar (280nm) 
+SPE (O2+Ar) 180ºC 

120min 
5.7 - 3.5 46.2 1.0 14.3 29.2 

RPAVD-Ar (280nm) 
+SPE (O2+Ar) 180ºC 

120min + Anneal 
(H2+Ar) 

9.6 - - 41.9 1.3 18.5 28.7 

RPAVD-O2 

(200nm)+SPE 
(Ar+O2) 180ºC 

140min + Anneal 
(H2+Ar) 

11.1 - - 35.1 1.5 30.7 21.6 

 

Results in Table 1 indicate that after the SPE treatments the metal organic molecule 

layers got richer in metallic platinum as the percentage of nitrogen and carbon 

decreases. The complete conversion into metallic platinum required post-annealing 

under H2+Ar (Fig. 3 e)-f)). Oxygen in the OPVD sample was very likely related to slight 

surface oxidation of the porphyrin and water adsorption as consequence of exposure 

to ambient conditions. Note the in situ deposited film does not contain oxygen (Fig. 

2c)). For the rest of the samples, there are several additional contributions to the 

observed oxygen content. On the one hand, the oxygen linked to the silicon oxide 

substrate exposed after the SPE (O2+Ar) treatments and to the partial carbon 

oxidation. On the other hand, it can be attributed to the formation of platinum oxide 

under RPAVD-O2 conditions and after SPE (O2+Ar) treatment (see Fig. 3 c)-d)).  

The formation of room stable platinum oxide by RPAVD-O2 is at the same time a very 

surprising and appealing result. However, since XPS is dedicated to the surface 

analyses additional “bulk” characterization will be required to confirm such result. 
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Figure 3. XPS spectra corresponding to the Pt 4f peaks of several samples as indicated. 

Labels address the position of the Pt 4f7/2 after deconvolution of the different contributions in 

the acquired peak.  

b) Microstructure and structure. 

Figures 4 to 8 present the ample variety of microstructure of PtOEP and Pt containing 

thin films layers obtained for the different deposition conditions and post-treatments. 

Figure 4 gathers cross sectional and planar views of characteristics samples with the 

aim of showing an overview of the available microstructures.  

Samples fabricated by OPVD conditions (Fig. 4 a)) grew as stacked columns of 

inhomogeneous shapes and thicknesses that increased in length as a function of the 

deposition time. The microstructure of the OPVD PtOEP layers was equivalent 

independently of the type of substrate utilized (Si(100) wafers, fused silica and 

commercial available FTO thin films on glass).  
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Figure 4. Cross section (a-c, d, f) and planar views (e, g-i) of characteristics samples as 

labelled. 
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Samples formed under RPAVD-Ar experiments presented an homogeneous and 

continuous cross section with a low roughness surface (Fig. 4 b)) meanwhile samples 

deposited under oxygen plasma, i.e. RPAVD-O2, developed a 1D microstructure 

characterized by the formation of vertical columns of constant diameter (< 100 nm). 

The normal view of these samples (Fig. 8 a)-b)) show the columns were forming 

nanometer-scale arrays by agglomeration of columns forming clusters.  

 

Figure 5. Planar view SEM images at different magnifications of the Pt porous layer obtained 

after soft plasma etching of PtOEP films deposited by OPVD with different thicknesses 

between 140 and 250 nm as labelled. 

The samples microstructure was drastically affected by all the SPE treatments carried 

out. Figure 5 shows the evolution of the OPVD samples for several sample 

thicknesses after SPE(O2+Ar) treatments (see Fig. 4 d) and g)) for results on 
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SPE(O2+H2)). The polycrystalline films have been converted into a highly porous of 

partially interconnected Pt particles. The samples presented different substrate 

coverages related to the initial sample thickness and plasma treatment duration.  

Thus, for thinner samples (140 nm), low magnification images presented high 

coverage area (Fig. 5 a)) meanwhile empty micrometer-size areas appeared for 

thicker samples (Fig. 5 c) and e)). However, a closer look by high magnification SEM 

reveals a lower connectivity between the metal grains in the case of the thinner 

samples. The percolation of the layers increased with the thickness of the precursor 

film, showing anyhow nano and micrometric uncoated regions of different sizes even 

for the thicker deposited sample (Fig. 5 d)-f)). 

A similar behavior was depicted by RPAVD-Ar post-treated samples (Fig. 4 e) and h), 
Fig. 6 and 7) with an important difference in the level of percolation of the platinum. In 
this case, even for thin layers (140 nm) the SPE treatment produced highly 
interconnected dendritic features. The size of these grains increased with the 
thickness of the precursor layers producing platinum porous sheets extended in the 
plane with features in the order of several microns. These sheets percolated producing 
uncoated regions in the micron range for intermediate thicknesses (Fig. 6 b)) and even 
below for thick samples (Fig. 6 d)). The cross section images in Figure 6 c) and e) and 
high resolution SEM image in Figure 7 address the yet highly porosity of the 
percolated layers showing pores in the range of the mesopores (2 nm < d < 50 nm).  

RPAVD-O2 samples kept their columnar microstructure after the SPE treatments but 
increasing enormously the roughness of the surface of such columns due to the 
formation of platinum nanoparticles.  

It is worth to mention the reduction in thickness of all the post-treated samples when 
compared with the as-grown layers. This reduction is more accused for OPVD and 
RPVAD-Ar samples after O2+Ar treatments than for O2+H2 treatments.   
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Figure 6. Planar view (left) and cross section (right) SEM images of the Pt porous layer 

obtained after soft plasma etching of continuous RPAVD-Ar PtOEP films deposited with 

different thicknesses between 140 and 420 nm as labelled. 
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Figure 7. High magnification SEM image of the Pt porous layer obtained after soft plasma 

etching of a continuous PtOEP precursor film showing mesoporous with diameters in the range 

of ten nanometers.  

 

 

Figure 8. Planar view (top) and cross section (bottom) SEM images of the columnar PtOEP 

precursor layers obtained by remote plasma assisted vacuum deposition in presence of oxygen 

for a 200 nm precursor layer as grown (a-c) and after a complete oxidation-reduction (b-d) 

treatment. 
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GAXRD and XRD analyses were performed in order to inquire about the crystalline 
condition of the samples. Figure 9 Top) gathers GAXRD patterns from the precursor 
layers, showing a pronounced peak at low angles alongside lower intensity peaks 
between 15º and 30º for the sublimated thin film (OPVD (550nm)) according to its 
polycrystalline character [Borras A., Langmuir 2010; Oulad-Zian Y., Langmuir 2014]. 

 

Figure 9. Top) GAXRD of the precursor layers formed by OPVD and RPAVD under argon and 

oxygen plasma gases conditions. Bottom) GAXRD pattern of a platinum layer formed after 

plasma etching of a RPAVD-Ar (420nm) precursor film. 

5 10 15 20 25 30 35 40 45

RPAVD-O
2
 (550 nm)

OPVD (550 nm)

2θ (º)

C
ou

nt
s 

(a
.u

.)

RPAVD-Ar (420 nm)

20 30 40 50 60 70 80 90 100

RPAVD-Ar (420nm) 
+ SPE (O2+Ar) 210ºC 240min

 

 

C
ou

nt
s 

(a
.u

.)

2θ (º)

(111)

(200)

(220) (311)

(222)

(1-10)



 

Chapter 3  

 

151 

 

Patterns acquired for the samples grown by RPAVD presented no peaks 
independently on the plasma gas composition. This result is in good agreement with 
the smooth and homogeneous microstructure depicted by the samples RPAVD-Ar 
similar to the standard nanocomposite organic thin films deposited by this technique 
[Aparicio F., Adv. Mater. 2011]. In contrast, the post-treated sample showed well 
defined peaks corresponding to the planes (111), (200), (220), (311) and (222), which 
are characteristic of the FCC structure of Pt [Leontyev I. N., RSC Adv. 2014][Mi J., 
Chem. Mater. 2015]. 

c) Optical properties. 

One of the main motivations of this chapter is the fabrication of transparent and 
semitransparent nanoelectrodes based on platinum nanostructures. Figures 10-13 
show the UV-VIS-NIR (Fig. 10) and UV-VIS (Figs. 11-13) transmittance spectra of the 
samples deposited on fused silica substrates and post-treated under different 
conditions. Figure 10 presents an overview of characteristics samples demonstrating 
the variety in the transmittance depending on the experimental conditions. Fused 
silica, ITO and FTO commercial available substrates are included as comparison. In 
all the samples the small feature below 250 nm is related to the fused silica substrate 
properties. 

In general, the SPE treated samples present an almost constant transmissivity along 
the UV-VIS-NIR spectrum, with lower transmission values for thicker films. Annealing 
in H2+Ar gases did not significantly affect the optical properties of the samples. 
Therefore, from now on we will discuss the results on annealed samples even though 
this label is not attached to all the samples denotations. Only in those cases where 
comparison between annealed and not-annealed samples is worthy, the label would 
indicate the post-treatment. 

It is interesting to stress the strong difference between the RPAVD-Ar and RPAVD-O2 

samples. In the first case, the spectra (black line in Fig. 10) yet depicted characteristic 
absorption bands due to the dominant presence of non-decomposed PtOEP 
molecules in good agreement with the XPS results. However, sample deposited under 
oxygen plasma presented a strong absorption below 400 nm but not porphyrin related 
bands which might be in contradiction with the XPS as we will discuss later.  

Figures 11-13 compare samples under different post-treatments as a function of the 
deposition method.  
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Figure 10. UV-VIS-NIR spectra of characteristic samples as labelled. 

 

Figure 11. UV-VIS spectra of OPVD and OPVD plasma treated samples as labelled. All the 

treated samples had undergone post-annealing in H2/Ar at 135 ºC. 
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Thus, Figure 11 gathers the UV-VIS spectra of OPVD as grown and post-treated 

samples. OPVD samples presented several strong absorption bands, the first one in 

the UV region at about 300 - 400 nm (Soret band) and the second double one in the 

visible part of the spectrum around 475 - 550 nm (Q and Q´ bands). Soret band arises 

from the deeper π-levels → LUMO transition meanwhile the Q bands are attributed to 

the π – π* transition from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) of the of the pi resonant system of the porphyrin 

(Appendix A) [Zhang Q., RSC Adv. 2014]. It is easily visible that SPE (O2+Ar) 

treatment at room temperature of the OPVD samples (see gray line in Fig. 11) did not 

decompose the porphyrin efficiently as already mentioned regarding the in situ XPS 

experiments, even for thin layers with thickness below 190 nm. The corresponding line 

yet depicts the strong absorption bands related to the PtOEP molecules. The 

increment of the treatment temperature up to 160 ºC drastically affected the layers 

composition. In fact, highly flat transmission curves were obtained for the SPE (O2+Ar) 

treatments at such temperature with transmission decreasing as a function of the 

sample thickness (compare orange, dark yellow and royal lines). It is worthy to 

mention again the extremely constant reflectivity of these samples that are 

comparable to results presented in the literature for complex metal and metal/CNTs 

networks [Hu-MRSBulletin.2011]. Transmission dropped for the thicker sample treated 

under SPE (H2+O2) – 180 ºC conditions. This homogenous loss of transmittance in the 

UV-Vis-NIR range was likely due to reflection as already reported for other metal grids 

and not to absorption as it is the case of CNTs and the surface plasmon resonance for 

silver, gold and copper usually located in the UV-Vis range [Hu L., ACS Nano 2010]. 

Figure 12 summarizes main results regarding RPAVD-Ar as-grown and post-treated 

samples. As expected from previous results of RPAVD of organic molecules [Aparicio 

F. J., Adv. Mater. 2011][Aparicio F. J., J. Mater. Chem. C 2014], samples deposited 

under this plasma conditions contained integer PtOEP molecules along with fragments 

formed after partial plasma etching of the molecule. For thinner layers the 

characteristic bands presented a weaker absorption (comparison between black and 

orange lines) in good agreement with results extracted for OPVD samples. SPE 

(O2+Ar) treatments of the samples induced the mineralization of the PtOEP vanishing 

the organic-related bands and giving rise to constant transmission spectra. In this 

case, treatment temperature needed to be higher than 160 ºC in order to produce the 

full decomposition of the molecule (see royal and green lines), even higher than 180 

ºC for thicker samples (dark yellow line). Increasing the treatment duration and sample 

thickness also increased the reflectivity of the samples (compare blue and purple lines 
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and purple and dark yellow lines). For similar thicknesses of the precursor layers, SPE 

(H2+O2) treatments provoked a fall in the transmission in comparison of equivalent 

SPE (O2+Ar) treatments (see gray and wine lines). On the other hand, this figure 

shows the ample variety in light constant transmissivity of the samples that can be 

easily tuned by selecting the experimental parameters. 

 

Figure 12. UV-VIS spectra of RPAVD-Ar and RPAVD-Ar plasma treated samples as labelled. 

All the treated samples had undergone post-annealing in H2/Ar at 135 ºC. 

Figure 13 presents the UV-VIS spectra corresponding to as-grown and post-treated 

RPAVD-O2 samples. It is important to stress the peculiar behavior of the as-grown 

RPAVD-O2 in contrast to OPVD and RPAVD-Ar samples. In this case, the spectra for 

the as-grown sample presented an absorption edge below 400 nm that strongly 

depends on the sample thickness (see orange and black lines). These observed 

absorption features are in concordance with the XPS data regarding the formation of 

platinum oxides. However, the absence molecular features in the UV-Vis spectra 

appear to be in contradiction with the percentage obtained by XPS of Pt yet forming 

PtOEP. This is very likely due to partial damaging of the phorphyrin molecules under 

the remote oxygen plasma affecting to the electron conjugation but keeping the Pt in a 

similar nitrogen environment. Platinum dioxide is a material of technological 

importance because of its use as a hydrogenation catalyst. However, due to time 

limitations in this Thesis is has been not accomplishes the study of such properties.  
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Figure 13. UV-VIS spectra of RPAVD-O2 and RPAVD-O2 plasma treated samples as labelled. 

All the treated samples had undergone post-annealing in H2/Ar at 135 ºC. 

Once the SPE treatments were carried out on the samples, the transmittance spectra 

presented a similar behavior than for OPVD and RPAVD-Ar post-treated samples. In 

this case, a substrate temperature about 180 ºC permitted the conversion into 

platinum of the metal-organic porphyrin. It is worth to mention that the SPE (H2+O2) 

sample (wine colored line) presented the highest reflectivity of all the analyzed 

samples with a transmission below 5 % in the full UV-VIS range increasing slightly 

with the wavelength. 

3.4.2. Electrical characterization 

The electrical measurements were performed by the four-probe method on the films 

deposited on fused silica and on those directly deposited onto commercially available 
electrodes, separated 10 and 100 µm (see Section 3.3.2. characterization and Figure 

1). Preliminary measurements on the interdigitated electrodes separated 10 µm 

showed much higher resistances in comparison to the other two measurements 

corresponding to electrodes separated a higher distance. To understand this effect, 

we have to analyze the SEM images of the interface between the Pt electrode and the 

coatings. Figure 14 shows this interface for the commercial electrodes separated 10 
µm (a,b) and 100 µm (c,d). It can be noted that the layer deposited onto the 

interdigitate electrodes evidenced inhomogeneities in the growth below the electrode, 
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presenting a relatively large gap which was not present (or  was much smaller) in the 
100 µm electrode. This result explains the higher resistance values obtained for the 

10 µm interdigitated electrode.  

 

Figure 14. SEM micrographs of the sample RPAVD-Ar (280nm) + SPE (O2+Ar) 180ºC 120min 

deposited on the commercial interdigitated 10 µm (a,b) and 100 µm (c,d) Pt electrodes. The 

pictures gather characteristic images of the growth at the boundary with the metal electrode, 

bringing out the important discontinuities formed under RPAVD-Ar conditions. e,f) interface 

between the thin film and the Ag droplet used for the four point probe measurements. 

It is worth to mention, that the interdigitated 10 µm electrode induced shadowing effect 

only for samples exposed to plasma, either during the RPAVD process or during 

plasma post processing. For the sublimated thin films or in the case of ONWs, the 

growth was homogenous at the electrode interface separated 10 µm. In those cases, 
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the measurement on these electrodes was completely valid and it will be used for 

H2Pc ONWs in Chapter 7. This plasma shadowing effect was more pronounced in thin 

and columnar layers. In order to circumvent such handicap, the evaluation of the 
resistance on the 100 µm electrodes and by four-point probe has been performed 

(Fig. 15 e)-f)). Additionally the resistance on individual nanocolumns has been 

evaluated by conducting-AFM measurements in the columnar layers (Fig. 16). 

Figure 15 shows typical IV characteristics obtained for different as-grown and post-

treated samples measured by the four-probe method (Fig. 15 a)-b)) and also those 

measured from layers deposited onto commercially available electrodes separated 
100 µm (Fig. 15 c)-f)). The comparison between Ar+H2 annealed and as prepared 

samples (Fig. 15 a)) shows an improvement of 50% in the conductivity of the samples, 

therefore in the rest of the panels the samples represented were annealed. As-grown 

samples presented very high resistivity that increased as the sample thickness 

decreased. Best results regarding conductivity of the samples correspond to thick 

samples post-treated under H2+O2 plasma. In general, the resistances decrease as 

the thicknesses of the studied sample increase. Table 2 summarizes the sheet 
resistances measured with 100 µm electrodes and with the four point probe for the 

different samples. It can be observed that the measurement performed with the four 

point probes presented lower sheet resistances than the 100 µm electrodes. This was 

attributed to two different reasons: 1) The measurements carried out on the 100 µm 

electrodes shall present worse interconnection results because of the existence of a 

plasma shadowing region in close vicinity to the electrode. 2) The measurements 

performed by the four-point probe method required the deposition of a very small silver 

paste droplet and the mechanical force exerted by the needles over the contact 

produced scratches on the samples compromising their quality. The interface between 

the silver paste droplet and the sample can be observed in the Fig. 14 e)-f). This finite 

size droplet, although small, underestimate the sheet resistance values obtained. The 

two explanations detailed above indicate that the real sheet resistance of the layers 

was in the range delimited by these two values.  

Table 2 also shows the optical transmittance values at 500 nm for the samples 

studied. Taking into account this latter parameter, the thicker samples with lower sheet 

resistances depicted very low transmittances of light. For semi-transparent 

applications, RPAVD-Ar samples presented the lower resistances with reasonably 

high transmission of light. For example RPAVD-Ar of 280 nm thickness treated with 

SPE (O2-Ar), 180ºC, 120 min, presented a sheet resistance 1200 (/□ (upper limit 
obtained on the 100 µm electrodes) and a relatively high transmittance value of 47%.  
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Figure 15. IV characteristics of representative samples as labelled. a,b) Characteristics 

measured by the four-probes method. Panel a) includes a comparison for a sample before and 

after annealing. c)-f) Curves obtained for the samples deposited on the 100 µm electrodes. In 

all the curves but dotted line in panel a), the treated samples had undergone a posterior 

annealing in H2/Ar at 135 ºC. 
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Table 2. Sheet resistance measured for characteristic samples in the interdigitated electrodes 

(ID) and for the four probe method in the case of the RPAVD-Ar samples. The corresponding 

light transmittances at 500 nm are also presented. Note that all the post-treated samples 

presented herein were annealed in H2+Ar at 135 ºC during 2 hours. 

 

Sample 
100 µm 

[:/□] 

Four 
point 

probes 

[:/□] 

 

Transmittance 
at 500 nm 

O
P

V
D

 

OPVD (550nm) 7 * 1011  22% 

OPVD(550nm) + SPE (H2+O2) 180ºC 120min 1250 375 9% 

OPVD(550nm) + SPE (O2+Ar) 180ºC 90min 104 3000 10% 

OPVD(250nm) + SPE (O2+Ar) 160ºC 40min 106  51% 

OPVD (140nm) + SPE (O2+Ar) 160ºC 20min 5 * 1012  81% 

R
P

A
V

D
 –

 O
2 

RPAVD-O2 (550nm) 1011  6 * 1010 78% 

RPAVD-O2 (200nm) 2 * 1011  88% 

RPAVD-O2 (550nm) + SPE (H2+O2) 180ºC 120min 103 120 1% 

RPAVD-O2 (550nm) + SPE (Ar+O2) 180ºC 120min 5 * 103 1500  2% 

R
P

A
V

D
 –

 A
r 

RPAVD-Ar (140nm) 4 * 1013  48% 

RPAVD-Ar (140nm) + SPE (O2+Ar) 160ºC 90min 105 1350  70% 

RPAVD-Ar (170nm) 3 * 1011  46% 

RPAVD-Ar (170nm) + SPE (O2+Ar) 180ºC 30min 3 * 1011  70% 

RPAVD-Ar (170nm) + SPE (O2+Ar) 180ºC 120min 2 * 104  60% 

RPAVD-Ar (280nm) + SPE (O2+Ar) 180ºC 120min 1200 510 47% 

RPAVD-Ar (420nm) 3 * 1011  22% 

RPAVD-Ar (420nm) + SPE (O2+Ar) 160ºC 90min 3400  35% 

RPAVD-Ar (420nm) + SPE (O2+Ar) 180ºC 240min 300 50  20% 

RPAVD-Ar (510nm) + SPE (H2+O2) 180ºC 120min 920 300 9% 
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Those resistance values, although far from the obtained for transparent conductive 

oxides such as ITO (RS=5-10 (/□, Transmittance@500=80-85%), were low compared 

to Pt thin films from the bibliography. Thus, similar transparencies of ca. 50% have 

been reported for Pt films with 4-5 nm thickness presenting a RS value higher than 

30000 (/□ [Macleod H. A., IoP 2003][da Silva M. M., ECST 2007]. 

The previous results correspond to the electrical characterization of the lateral 

conductivity of the 1D and 2D coatings. Although better conductive transparent films 

have been recently reported for Pt-coated fibers or Pt-nanomesh [Kim-ACS.2013; 

Jang-ChemMater.2013], the methodology developed here is promising for specific 

catalytic applications such as the one presented in the next section, where the 

transversal conductivity plays the most important role. The transversal conductivity 

was measured by conducting-AFM on the columnar samples deposited on gold coated 

silicon substrates (Au/Si(100)). Main results on these analyses are presented in Figure 

16. The topography of the sample formed by clusters of columns is also studied by 

AFM. The technique permits to relate the topographic images with the conductivity 

maps as shown in Fig. 16 a)-b). The conductivity maps of the figure were acquired for 

two different bias showing an increment in the top current of an order of magnitude by 

increasing the bias voltage from 0.01 V (Fig. 16 c) to 0.035 V (Fig. 16 d)). Besides, it is 

also possible to address the conducting properties of individual nanocolumns by 

positioning the conductive tip on the top of the column and performing an IV curve. 

Figure 16 e) and f) presents curves obtained in the brighter and darker spots in Figure 

16 d) correspondently. The measured current flowing through one of these columns 

was in the order of several nanoamperes.  

The resistivity of the films cannot be easily extracted from the curves, since tip-sample 

contact or tip radius among other effects affect strongly to the measurements. For the 

sake of comparison, an I-V curve obtained from a commercial ITO thin film with 

C-AFM has been added to the Figure16 e) (dashed line), where it can be observed a 

much higher resistance than the columnar Pt film studied (concretely 100 times higher, 

note that the curve has been multiplied by a factor of 10). This fact indicates that the 

transversal conductivity of the RPAVD-O2 films was very high, and therefore these 

type of samples could be very promising as vertical nanostructured contacts. 
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Figure 16. Topography AFM (a-b) and Conducting AFM (c-d) images acquired at two different 

scales and sample bias in the nanocolumnar “RPAVD-O2 (200nm) + SPE(Ar+O2) 180ºC 

140min” sample; I−V curves measured with the AFM tip placed on a position with a maximum 

(e) and minimum (f) conductivity. The panel e) also shows a I-V curve (multiplied by 10) on a 

commercial ITO substrate, showing a much higher resistance than the film studied.  
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3.4.3. 1D and 2D transparent Platinum layers as counter 

electrodes in a Dye Sensitized Solar Cell. 

In this section we will demonstrate the implementation of both 1D (RPAVD-O2 (500nm) 

SPE (Ar+O2) 210ºC 240 min +Anneal (Ar+H2)) and 2D (RPAVD-Ar (420nm) SPE 

(Ar+O2) 210ºC 240 min + Anneal (Ar+H2)) configurations in actual devices taking 

advantage of the high transversal conductivities and high surface area of these 

samples as shown in the previous sections. Concretely, DSCs using counter 

electrodes with vacuum deposited platinum have been fabricated and compared to 

classical FTO counter electrodes coated with commercial Platisol (Solaronix). Two 

cells per platinum counter electrode configuration were tested, namely cell A and cell 

B in each case. In order to gather additional information of the influence of these 

platinum electrodes on the performance of DSCs, a commercial low-viscosity 

electrolyte, namely AN50 (Solaronix), and a high-viscosity one made of pure ionic 

liquid (Pyr 100%) were tested. Figure 17 shows the I-V curves (see Appendix B) for 

the three kinds of counter electrodes used in the study and for the two distinct 

electrolytes employed.  

 

Figure 17. I-V curves for the different counter electrodes and electrolytes employed. 
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Table 3 presents the different parameters obtained for the fabricated solar cells with 

electrolyte AN50. Along with the higher photocurrent and photovoltage given for the 

vacuum deposited platinum, a higher fill factor was observed for these cells compared 

to the Platisol ones. These facts suggest that our electrodes allow for a faster 

regeneration of iodide ions at the counterelectrode/electrolyte interface. 

Table 3. Characteristic photovoltaic parameters for the electrolyte AN50. 

AN50 (Solaronix) J
sc

 (mA·cm
-2

) Voc (mV) Fill Factor η (%) 

Platisol A 10.4 668 69 4.8 

Platisol B 10.7 671 68.9 5.0 

RPAVD-Ar  
(post-treatment) A 

11.4 694 74.3 5.9 

RPAVD-Ar  
(post-treatment)  B 11.6 700 73.8 6.0 

RPAVD-O2 

 (post-treatment)  A 
10.4 681 71.4 5.1 

RPAVD-O2  
(post-treatment)   B 

10.9 685 72.2 5.4 

 

For the high-density electrolyte, the photovoltaic parameters were much more similar 

to each other than for the case of the low-viscosity electrolyte. Only the nanorods 

counter electrodes exhibited a slight superior efficiency (on average) due to a higher 

photocurrent. The smaller efficiencies observed for Pyr are expected for such a 

higher-viscosity formulation [Kubo W., J. Phys. Chem. B 2003][Kuang D., Adv. Mater. 

2001]. The potential faster reduction of tri-iodide by our electrodes is expected to be 

more noticeable in cells with a higher photocurrent, since in this case a more rapid 

regeneration is required. Hence, if tri-iodide cannot diffuse fast enough to the counter 

electrode, it really does not matter whether its reduction rate is further increased. 
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Table 4. Characteristic photovoltaic parameters for the electrolyte Pyr. 

100% Pyr* J
sc

 (mA·cm
-2

) Voc (mV) Fill Factor η (%) 

Platisol A 4.5 644 57.4 1.7 

Platisol B 4.6 644 58.0 1.7 

RPAVD-Ar 
 (post-treatment) A 4.6 652 58.1 1.8 

RPAVD-Ar  
(post-treatment)  B 

4.5 644 57.0 1.7 

RPAVD-O2  
(post-treatment)  A 

4.7 647 57.6 1.8 

RPAVD-O2  
(post-treatment)   B 4.9 649 56.1 1.8 

 

Electrochemical Impedance Spectroscopy (EIS) (Appendix B) was carried out to get a 

further insight of the behavior of the electrodes. Figure 18 presents the Nyquist plots 

for the DSCs fabricated with AN50 (a) and Pyr (b). It can be seen in Figure 18 a) that 

Platisol gave rise to the lowest series resistance (onset of the impedance curve) and 

the platinum network originated the largest one, but the width of the first semicircle, 

corresponding to the Pt/electrolyte interface, decreased in the order Platisol > 

nanorods > network. This is indicative of a decreasing charge transfer resistance at 

the Pt/electrolyte interface and is in agreement with the faster regeneration of the 

redox couple suggested and the higher photocurrents observed. It also contributes to 

a decrease of the voltage drop occurring at the same interface, which would explain 

the larger Voc.   
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Figure 18. Nyquist plot of DSCs with AN50 (a) and Pyr (b) electrolytes. The voltages used for 

the measurements are indicated in the respective figure.    

The different cell parameters were obtained by applying the transmission line model to 

the EIS data of the cells fabricated with AN50 (Figure 19). Recombination resistances 

(Fig. 19 a)) were slightly higher for the platinum grid and lower for Platisol. Electron 

lifetimes and capacitances were very similar, as expected, for all electrodes.  

0 50 100 150 200 250 300 350 400 450
0

50

100
Pyr
650mV

 Platisol      RPAVD-O
2
 (post-treatment)

 RPAVD-Ar (post-treatment)

Z
" 

( Ω
)

Z' (Ω)

 

 20 25 30 35 40 45 50 55 60 65 70 75 80
0
5

10

15

20  Platisol     RPAVD-O
2
 (post-treatment)

 RPAVD-Ar (post-treatment)
Z

" 
( Ω

)
AN50
700mV 

 



Plasma processing of PtOEP for the development of 1D and 2D semitransparent 

platinum nanostructures with application as DSC counter electrodes 

 

166 

 

 

Figure 19. Impedance spectroscopy results of DSCs fabricated with commercial TiO2 

nanoparticles (Dyesol© paste) and AN50 electrolyte. Impedance parameters extracted from the 

fitting of the EIS spectra at various applied potentials: (a) Recombination resistance, (b) 

Electron lifetime and (c) Capacitance. 

All in all, platinum nanorods and percolated layers counter electrodes demonstrated a 

superior photovoltaic performance and parameters compared to the Platisol normally 

used in DSCs when a low-viscosity electrolyte was employed. 
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Figure 20 shows the UV-Vis-NIR spectra of the three counter electrode configurations 

employed in this work, i.e. the distinct prepared platinum films on FTO/glass. The 

general shape of the spectra resembles that of FTO (Fig. 10), but with lower 

transmittances than the commercial FTO/glass electrodes (Fig. 10). It can be 

observed that the transmittance of Platisol was higher, although this is not truly 

relevant due to the fact that DSCs are illuminated from the electrode side in most 

cases. RPAVD-O2 films are richer in Pt (Table 1) and hence less transparent despite 

the nominal thickness in RPAVD-Ar and RPAVD-O2 counter electrodes was the same.  

 

Figure 20. UV-Vis-NIR spectra of the different nanostructured Pt on real FTO/glass substrates. 

3.5. Conclusions 

A full vacuum/plasma assisted methodology for the fabrication of platinum 

nanostructured layers has been developed following the premises of the one-

reactor concept. In this methodology, a Soft Plasma Etching process 

decomposes the PtOEP molecule very efficiently to form metallic 

nanostructures in the form of nanocolumns and 2D percolated network-layers. 

The thermal mobilization of the PtOEP molecules improves the homogeneity 

and density of the Pt structures, reducing the soft plasma treatment duration. 

The UV-Vis transmission and XPS analyses probed the total decomposition of 

the organic counterpart and formation of metallic Pt after the post-deposition 

treatment. 
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The transmittance of the fabricated Pt layers and nanocolumns depends 

strongly on their thickness and the type of post deposition treatment. UV-VIS-

NIR characterization demonstrated the possibility of obtaining highly 

homogeneous semitransparent films in the visible and near infrared with very 

constant transmission values ranging from 1% to 70 %. 

The deposition conditions of the sacrificial PtOEP layers determines the 

microstructure of the resulting metallic films. Thus, the transparency and 

conductivity of the Pt nanostructured films have been directly related with the 

thickness and microstructure of the corresponding precursor PtOEP films. The I-

V measurements probed the high conductivity of the Pt films able to drive stable 

currents of around 0.1 A. Best results regarding conductivity of the samples 

correspond to thick samples post-treated under H2+O2 plasma. 

The methodology developed provides a direct route for the implementation of Pt 

nanostructured coatings as counter electrode in a DSC. In fact, the positive results 

shown in Section 3.4 also demonstrate the mechanical and chemical stability of the 

nanoelectrodes processed and operating under real conditions. Concretely, for the 

low-viscosity electrolyte (AN50), a remarkable difference in the photovoltaic behavior 

was observed by altering the nanostructure of the deposited platinum. It is very 

interesting to remarks that both platinum nanorods (1D) and the Pt percolated layers 

(2D) samples outperformed Platisol in terms of the generated photocurrent and 

photovoltage, although the 2D electrode had a noticeable superior performance. In the 

case of the high-viscosity electrolyte, all three counter electrodes behaved quite 

similarly, except for a higher photocurrent observed in the columnar one.  

RPAVD-Ar conditions work for the PtOEP molecule in a similar way that the already 

reported for pure organic molecules, forming a homogeneous and smooth film 

containing integer PtOEP molecules embedded in a polymeric-like matrix.  

As far as we know this is the first time that PtO/PtO2 formation by plasma processing 

of platinum porphyrin has been reported. The columnar formation under RPAVD-O2 is 

especially appealing giving its particular microstructure, high homogeneity in 

composition and interesting optical properties (i.e. non-dispersive structures and 

thickness dependent absorption edge within the near/medium UV range).   

It is worthy to stress that a major advantage of the methodology developed in this 
chapter is its straightforward application to other commercial available metal- 
porphyrins and phthalocyanines opening a promising route for the fabrication of metal, 



 

Chapter 3  

 

169 

 

metal oxide and composite nanostructured layers. In this context we are working with 
porphyrins like PdOEP, ZnTTP and phthalocyanines as ZnPc, AuPc, AgPc, CuPc, 
FePc and CoPc.  

Finally, as it will be demonstrated in the next chapter, the procedure is fully compatible 

with the use of ONWs as 1D templates giving rise to a new family of core@shell 

nanostructures.  
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4. Thin films and 1D core@shell 

piezoelectric nanogenerators 

 

 

 

 

 

Abstract 

Multishell 1D nanogenerators based on crystalline ZnO are fabricated by 

means of a combination of techniques: magnetron sputtering, OPVD, 

RPAVD, PECVD and spin coating. The characterization of these systems 

is performed by a variety of techniques such as SEM, High-resolution 

TEM, HAADF-STEM and 3D EDX maps. The electrical behavior and the 

piezoelectric effect of 1D and thin film systems are investigated. 
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4.1. Introduction 

 lot of effort has been made to reduce the size of electronic or 

electromechanical devices, giving rise to unprecedented levels of energy 

efficiency and miniaturization of individual components which in turn opens 

up the possibility for the fabrication and implementation of fully functional highly-

integrated systems [Manz A., Pure Appl. Chem. 2001][Dimov I. K, Lab Chip 

2011][Zhang F., Nat. Commun. 2015]. This has led to the development of portable or 

even wearable and wireless electronics, sensors or more complex and versatile Lab 

on a chip for chemical and biochemical analysis, microreactors, biomedical 

applications such as real-time health monitoring and life support, nanorobotics and 

micro-electromechanical systems. [Cavallini A., Ieee Sens. J. 2015][Dagdeviren C, 

PNAS 2014][deMello A. J., Nature 2006][ Hu Y., Adv. Mater. 2011]. Even though the 

progress made in microelectronics and nanotechnology has helped to greatly cut 

down the power consumption of these devices, they still require a small amount of 

energy to fulfill their function. This energy can be effectively provided by an energy 

source integrated in the same chip creating self-powered devices. Two principal 

alternatives have been proposed so far, namely nanogenerators based in solar cells 

and in piezoelectricity. The last type is aimed to harvest energy from the movement of 

animals, humans, plants (due to wind), blood, muscles, organs, wind, water currents 

and sound and presents as main advantage the continuous operating conditions in 

remote places where solar light is scarce or null, as for instance, the human body 

[Wang Z. L., Georgia I. T. 2011][Li Z., Adv. Mater. 2011]. Among several 

nanostructured materials fabricated and studied as piezoelectric generators, ZnO NWs 

seem to stand out due to superior piezoelectric properties, in addition to an effective 

increase of surface area compared to thin film ZnO. The piezoelectric coefficient of 

bulk (0001) ZnO value was reported to be 9.93 pm/V, while that of NWs has been 

found to be two orders of magnitude higher, 1200 pm/V [Wang Z. L. Adv. Func. Mater. 

2008][Yang R., Nano Lett. 2009][Wang Z. L., Sci. Am. 2008][Lee J., 

Phys.Chem.Chem.Phys. 2015].  

4.1.1. Description of the piezoelectric effect 

A material is said to be piezoelectric if it can be polarized by both the application of an 

electric field or mechanical stress. Piezoelectric materials can be divided into two 

categories, polar (ferroelectrics) and non-polar. The main difference between these 

groups is that the former presents spontaneous polarization, i.e. they possess a non-

A
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zero dipole moment per unit volume. One singular and useful characteristic of the 

piezoelectric effect is its reversible nature: when a piezoelectric is placed under 

mechanical stress, an external electric field is generated (direct piezoelectric effect), 

and if subjected to an external electric field, mechanical strain appears on the material 

(inverse or converse piezoelectric effect). 

When a piezoelectric is physically deformed, it undergoes a forced charge shifting and 

unbalance process, and depending on certain parameters like the dielectric capacity 

and crystal structure (orientation and symmetry), charge separation may happen at the 

surface leading to the establishment of an electric field across the material boundary. 

The relationship between induced charges per unit area (Polarization) and the applied 

stress is usually considered to be linear and reversible within certain limits, and may 

be mathematically expressed as � = �/�, where P is the polarization vector, σ the 

stress tensor and d is the so-called piezoelectric coefficient which is a measure of the 

piezoelectricity of a given material. The full electromechanical behavior of a 

piezoelectric is given by the coupled equations: 

� = �� + �
� 

� = �� + � 

Where s is the compliance, ε the permittivity, d the piezoelectric coefficient and dt its 

matrix-transpose (converse piezoelectric effect). This constitutive matrix equations 

define the way in which a material´s strain (S), stress (T), charge-density displacement 

(D) and electric field (E) interact [Leprince-Wang Y., John Wiley & Sons 2015][Dakua 

I., Nanomater. Nanotechnol. 2013].   

ZnO is an increasingly popular piezoelectric material, mainly because unlike other 

regular piezoelectrics like lead zirconate titanate (PZT), it can be easily and cheaply 

produced by a wide variety of techniques and it does not represent a threat for human 

health or the environment [Wang Z. L., Mater. Sci. Eng. R 2009]. Furthermore, while 

PZT has a much larger piezoelectric coefficient compared to several other 

piezoelectrics, ZnO has the highest piezoelectric tensor among tetrahedrally bonded 

semiconductors, which is of utmost importance in those technological applications 

requiring large electromechanical coupling [Lee J., Phys. Chem. Chem. Phys. 2015]. 

The most stable and common crystal structure of ZnO is hexagonal wurtzite, which 

belongs to the space group P63mc and lacks an inversion center, a condition that is 
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necessary, but not sufficient, for a material to be piezoelectric. Figure 1 shows the 

crystal structure of ZnO as hexagonal wurtzite. 

 

Figure 1. Representation of the crystal structure of ZnO as hexagonal wurtzite. Adapted from 

[Wang Z. L., J. Phys.: Condens. Matter 2004]. 

It can be observed in Figure 1 that positively charged Zn ions are located in one plane, 

(0001), alternating with negatively charged O planes, (0001�). In contrast to these polar 

planes, lateral ones such as (101�0) and (2�110) are non-polar planes. This leads to an 

intrinsic polarization along the so-called c-axis1, which combined with the absence of 

central symmetry of the hexagonal wurtzite structure originates the piezoelectric 

characteristics of ZnO. 

One of the fundamental parameters associated to a piezoelectric material, and hence 

to a nanogenerator (introduced in 1.1.1), is the piezopotential. The origin of this 

potential can be better understood looking at Figure 2: when a crystal of ZnO wurtzite 

is in an unstrained state, the charge center of the cations and anions in the structure 

coincide with each other leading to a null net polarization. However, when subjected to 

mechanical stress, such as compression along the c-axis, the structure is deformed 

shifting the charge-center of the ions and thus giving rise to an electric dipole and net 

surface polarization. As long as the strain is maintained and due to the fact that ions 

are fixed (cannot move freely to compensate this effect), the piezoelectric field and 

potential are preserved [Wang Z. L., Nano Today 2010]. 

                                                           
1
 As mentioned below, the net polarization of an unstrained ZnO crystal is zero. 
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Figure 2. Scheme of the atomic origin of the piezopotential in ZnO showing the effect of 

dynamic strain onto a ZnO wurtzite tetrahedral. 

In order to convert this potential into an electric current and harvest the available 

mechanical energy, it is mandatory to build a functional piezoelectric device that at 

least incorporates the following elements: the piezoelectric material, metal contacts to 

collect the generated current, and a support. 

The electrical contact between semiconductor and a conductor can be of two types: 

Ohmic and Schottky. If the current-voltage characteristic (I-V curve) of the junction is 

linear, then the contact is ohmic. In this case, electron transport is symmetric at either 

forward or reversal bias due to a lack of potential barrier at the metal/semiconductor 

interface. In contrast, when a potential barrier is present at the interface, the metal-

semiconductor junction presents a rectifying behavior, making the device a Schottky 

diode. The Schottky-Mott rule helps to predict the kind of contact that will be formed 

when joining a metal and a semiconductor together: 

��� = �� � �� 

�� is the work function of the metal, while �� is the electron affinity of the 

semiconductor, that for ZnO is around 4.5 eV [Jacobi K., Surf. Sci. 1984]. ��� 

represents the Schottky barrier height and its sign determines approximately the type 

of contact. If ��� � 0, then the contact may be ohmic, otherwise it may be Schottky 

(��� � 0). 

It is generally considered that a piezoelectric nanodevice must be constituted of at 

least one rectifying Schottky contact in order for these devices to operate correctly 
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because such a junction acts as a switch for unidirectional current output [Wang Z. L., 

Science 2006][Shao Z., Physica E 2010]. However, the generation of piezoelectric 

potential has been demonstrated in ohmic-like contacts, but the piezoelectric response 

turned out to be noticeably weaker [Comjani F. F., Appl. Phys. Lett. 2014]. In addition, 

it has been demonstrated that for ZnO the value of ���, which determines whether a 

contact is ohmic or Schottky, strongly depends on extrinsic factors related to surface 

preparation such as crystal quality and surface treatment, which have a large influence 

on the ZnO barrier heights [Brillson L. J., J. Appl. Phys. 2011]. 

Table 1 gathers some examples of typical contacts with ZnO and their nature. 

Table 1. Work function values in eV for some typical contacts with ZnO and the type of contact 

formed [Mitchell E. W. J., Proc. R. Soc. A 1951][Leprince-Wang Y., John Wiley & Sons 

2015][Zhou Y., Phys. Chem. Chem. Phys. 2012]. 

Element Work function (eV) Contact type 

Al 4.06-4.26 Ohmic 

Ag 4.2-4.74 Ohmic/Schottky 

Si 4.60-4.87 Schottky 

Cu 4.6-4.7 Schottky 

ITO 4.7 Schottky 

Au 5.1-5.47 Schottky 

Pt 5.12-5.93 Schottky 

 

1D ZnO nanostructures pose an interesting choice in order to achieve large specific 

areas of the active piezoelectric material in extremely small dimensions, which is vital 

to build a nanogenerator. For instance, long and more or less ordered ZnO NWs are 

usually synthetized by solution-phase (template-free) procedures, such as 

electrochemical deposition and hydrothermal methods [Elias J., J. Electroanal. Chem. 

2008][Tian J., Nanotechnology 2011][Baruah S., Sci. Technol. Adv. Mater. 2009][Hu 

H., Mater. Chem Phys. 2007]. Other examples deal with high quality ZnO NWs have 

also been extensively produced by dry methods governed by VLS or VS mechanisms 

like thermal chemical deposition (CVD), metal-organic chemical vapor deposition 

(MOCVD), pulse-laser-deposition (PLD), etc. [Singh D. P., Sci. Adv. Mater. 2010]. 

Some articles have reported the application of RF-sputter ZnO thin films in the 

fabrication of MEMS mainly dealing with compact layers [Chandra S., Sadhana 
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2009][Yuan Y., I. J. Smart. Nano. Mater. 2013]. However, as far as we know, it has not 

been yet published the piezo-energy scavenging by nanostructured plasma enhanced 

chemical vapor deposited ZnO thin films. In this chapter we will therefore briefly 

analyze the piezoelectric behavior of ZnO thin films making a special effort on the 

fabrication of the piezo devices on different supports. 

4.2. Objectives 

The main goal of this chapter is to demonstrate the single-wire device approach 

(introduced in Chapter 1) in the field of piezoelectric nanogenerators. With this aim 

we have applied the methodology developed in Chapter 2 for the fabrication of 

supported nanotubes to the formation of multishell nanotubes comprising two different 

metal contacts sandwiched between a polycrystalline ZnO layer. In addition, a lot of 

efforts have been made to transfer the developed technology from rigid substrates to 

flexible ones which are far more adequate but rather challenging. Following the results 

by Z. L. Wang et al. and other authors we have thoroughly investigated the formation 

of Pt@ZnO@Au single-wire nanogenerators although, as it will be explained, the 

experimental realization of Au@ZnO nanowires embedded in PMMA has produced 

more reliable devices. The ZnO layer has been produced in the same way that already 

presented in Chapter 2. Thus this chapter gathers the details on the optimization of the 

protocols for the fabrication of the metal (Pt and Au) shells. 

In Chapter 3 we have presented the methodology developed for the fabrication of 
platinum nanoelectrodes in the form of porous layers and nanorods by combinations of 
remote plasma assisted vacuum deposition (RPAVD) of PtOEP and soft plasma 
etching (SPE) under different conditions of the precursor layers and nanocolumns. 
Herein we will expand this methodology in combination with previous results of our 
team in the production of metal decorated organic nanowires (see Fig. 3) [Alcaire M., 
Nanoscale 2011] to the fabrication of platinum nanotubes. In the reference in 
Nanoscale we presented the formation of metal nanoparticles after soft plasma 
etching treatments (SPE) of the surface of small-molecule single crystal nanowires. 
These metal nanoparticles were formed by clustering of the metal atoms in the metal-
porphyrin or metal-phthalocyanine molecules in the ONWs after mineralization of the 
organic counterpart. In this chapter, we aim to the optimization of the process in two 
aspects: 

- In order to achieve a better control of the nanoparticle size distribution. 

- To further demonstrate the versatility of the use of organic nanowires as 1D template 
for the formation of nanotubes with tailored walls microstructure and composition 
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within the premises of the one-reactor concept and in the same line as presented in 
Chapter 2 and Chapter 6.  

 

Figure 3. STEM micrographs of a hybrid CoPc/Co-NPs NWs formed by soft plasma etching at 

room temperature of CoPc NWs (see reference [Alcaire M., Nanoscale 2011]).  

A list of the main objectives of this chapter is the following: 

� Extrapolation of the template methodology based on the use of supported ONWs 

to the formation of organic@organic nanowires by deposition of conformal organic 

composite layers by RPAVD. 

� Development of the methodology for the preparation of 1D core@multishell 

nanostructures comprising noble metals for the inner conductive core (first shell) 

such as Au deposited by magnetron sputtering or Pt fabricated by RPAVD and 

post-plasma etching, following in all cases the template procedure as described in 

Chapter 2. Growth of a second shell consisting of ZnO by PECVD, as discussed 

in Chapter 2, on the first metallic shell. Deposition of a third shell composed of a 

metal. It is of outmost importance to develop such a methodology because it 

paves the way for the fabrication of a complete nanogenerator into a single 

wire. 

� Electrical, optical and structural characterization of the inner conductive core. 

Demonstration of the lateral connectivity by application of the Nanotree growth. 

� Structural characterization of the 1D piezoelectric system ONW@(Pt@ZnO@Au), 

named Pt@ZnO@Au from now on.  

� Demonstration of the piezoelectric properties of plasma deposited polycrystalline 

ZnO films and coatings. 
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� Evaluation of the electrical characteristics of the as-prepared ZnO by PECVD 

using a lateral piezo configuration (electrodes on the sides of the ZnO) and 

evaluation of the piezoelectric response of a device based on 1D Pt@ZnO@Au. 

� Fabrication of several full working piezoelectric prototypes in thin film and 1D 

configurations with distinct architectures on flexible substrates. Evaluation of the 

role of the infiltration of some devices with Poly(methyl methacrylate) on the 

structural and electrical properties of the devices  

4.3. Methodology 

4.3.1. 1D piezoelectric nanogenerator Pt@ZnO@Au 

The whole production procedure of 1D piezoelectrics can be splitted in two distinct 

stages: 

1) Fabrication of metallic nanowires/nanotrees.  

a) Deposition of metallic seeds by magnetron sputtering at 0.1 mbar employing and 

Emitech K550 sputter coater equipped with a gold target; 12.5 mA 15 s yielded 

adequate Au NPs both in density and size. It must be stressed that other metals with 

different work functions may be employed as well. 

b) Growth of Pc NWs by OPVD. The base pressure of the chamber was ~ 10-5-10-6 

mbar, the total pressure during deposition was 0.02 mbar of Ar, deposition rate of 0.45 

Å/s (measured by QCM), substrates temperature of 170 ºC and a sample-to-

evaporator distance of 6.5 cm. The nominal thickness of the primary NWs was set to 3 

kÅ (QCM). The evaporation source consisted of point source evaporator deposition 

source model LTE 01 supplied by Kurt J. Lesker.  

The formation of nanotrees consisted in the growth of secondary and tertiary H2Pc 

NWs by successive soft plasma etching and depositions. After the primary NWs were 

grown, a first oxygen plasma treatment of 40 minutes at 300 W was applied. The total 

pressure was 0.02 mbar, the substrates were held at room temperature and the 

sample-to-plasma distance was set to 10 cm. The oxidative treatment was followed by 

the growth of secondary NWs just as in (b) but reducing the deposit to 1 kÅ (QCM). 

The etching-NW growth cycle was repeated, reducing the time of plasma treatment to 

20 minutes (see also Appendix A and Chapter 2). 



 

Chapter 4  

 

 

183 

 

c) Formation of a PtOEP shell by RPAVD. Identical conditions to the NWs growth were 

applied except that the deposition rate was reduced to 0.3 Å/s and plasma is switched 

on during the entire process. An ECR microwave plasma source working at 2.45 GHz, 

0.02 mbar Ar and 300 W of power output was used for the conformal deposition of 

PtOEP. The sample-to-plasma distance was fixed at 10 cm and the substrates were 

kept at room temperature. Please note these conditions coincide with those applied to 

RPAVD-Ar samples in Chapter 3. RPAVD-O2 experiments were carried out with a gas 

mixture of 80 % O2 / 20 % Ar at 600 W and growth rate 0.6 Å/s in the same conditions 

of pressure, temperature and sample-plasma distance. For the sake of simplicity in 

this chapter RPAVD refers to RPAVD-Ar conditions and only when comparing to 

RPAVD-O2 the –Ar is specifically indicated.  

d) Soft plasma etching (SPE) treatments were performed in the same chamber 

following the deposition of the PtOEP shell. Treatment time, substrates temperature, 

sample-to-plasma distance and plasma power were adjusted to control the degree of 

oxidation of the shell. Gas pressure was maintained at 0.02 mbar using a gas 

composition of 80% O2 and 20% Ar. To obtain Pt NPs, 30 minutes at room 

temperature and 300 W of power were sufficient, while for the complete formation of 

Pt NWs treatment time ranged from 100 minutes for 140 nm thick PtOEP shells to 280 

minutes for 420 nm shells. Moreover, the substrates had to be heated to 180 ºC and 

the plasma power increased to 600 W to obtain Pt NWs. It must be stressed that the 

substrates were always facing down towards de evaporator and not directly exposed 

to the plasma. In case of temperature sensible substrates front SPE configurations 

and longer exposition treatments at room temperature would be necessary as already 

reported for the formation on ZnO nanoparticles from ZnPc nanowires [Alcaire M., 

Plasma Process. Polym. 2015]. 

The obtained Pt NWs were then reduced by H2 treatment in a furnace at 135 ºC, at 

atmospheric pressure with a constant flux of 5% H2/Ar during 2 hours in order to 

improve their electrical conductivity and connectivity following the results in Chapter 3. 

A simplified scheme with the a)-d) steps involved in the first stage is presented in 

Figure 4 (excluding the reductive treatment and the formation of nanotrees). 
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Figure 4. a) Deposition of Au or Ag seeds by magnetron or DC sputtering. b) Growth of the 

NWs. c) Formation of the shell by RPAVD. d) Formation of the metallic shell by plasma 

oxidation.  

2) Formation of the ZnO shell and deposition of the outer electrode. 

a) The deposition of a conformal ZnO is achieved by PECVD at room temperature. 

ZnEt2, purchased at Sigma-Aldrich and used as delivered, is employed as ZnO 

precursor and dosed into the chamber by means of a mass flow controller. The 

plasma is generated with a 2.45 GHz microwave ECR source working in a down-

stream configuration. At 8 sccm of ZnO flux and 400 W of plasma power, the 

deposition rate was around 4.2 nm measured by SEM. Oxygen was utilized as 

reactive gas. 

Gold has been used for the outer electrode, namely the third shell, but a wide variety 

of contacts may be chosen. In spite of the fact that gold seeds have been used for the 

growth of the original NWs, the metal from the inner electrode (first shell) in contact 

with ZnO and determining the value of ��� is platinum. 
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Polished n-type Si(100) purchased from Topsil and fused silica  from Sico Technology 

GmbH were used in each preparation for characterization.  

4.3.2. Preparation of piezoelectric devices on flexible 

substrates  

PET foils coated with 130 nm ITO from Sigma-Aldrich were cut into pieces of 4.5 cm x 

1 cm. For the preliminary characterization of ZnO contacts with the ITO/PET and gold 

contacts the following procedure was carried out: HCl 8% was used to remove the ITO 

layer from half of the substrate surface and then rinsed with milli-Q water and absolute 

ethanol. By applying a mask with aluminum foil, gold was deposited on the clean side 

of the substrates leaving a gap of 2 mm between the ITO and Au. Next, masks were 

applied onto a portion of the Au and ITO contacts and 400 nm of ZnO was deposited 

by PECVD.  

Six working devices are described and shown below. Additional prototypes and 

designs produced included flexible piezoelectrics on Polydimethylsiloxane (PDMS) 

contacted with gold and silver, gold-aluminum and gold-silver electrodes on paper, 

and gold-ITO electrodes on PET placed in a top-bottom contact configuration, as well 

as rigid substrates like Si(100) and fused silica, did not work properly due to severe 

short circuits.  

Distinction is made on how pressure is applied to the piezoelectric. If the force is 

exerted on the electrical contact which is placed on ZnO, then the actuation process is 

referred as vertical activation. On the other hand, when pressure is applied directly on 

top of the ZnO, the actuation is called lateral activation. The first devices were 

vertically activated, but due to uncertainties in whether the response was being 

influenced by a possible improved electrical contact (owing to the applied pressure) or 

not, it was decided to test the piezoelectrics under lateral activation. However, in some 

cases both types of activation for a same piezoelectric will be shown for comparison. 

 

b) Device I 

A thin film of 2.4 µm was deposited by PECVD (see 2.3.2 a)) on Indium tin oxide 

coated PET (ITO/PET). The ITO/PET, purchased from Sigma Aldrich and used as 

delivered, has a resistivity of 60 Ω/□. A piece of commercial copper (approximately 1 x 
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0.5 cm) tape was placed on top of the ZnO and at the ITO/PET (side without ZnO) for 

the electrical connections. A piece of PDMS (< 0.5 x 0.5 cm2) was put onto the Cu 

tape piece/ZnO (vertical activation) or directly onto the ZnO (lateral activation) for the 

piezoelectric characterization. A homemade mechanical oscillator was employed in 

one of the experiments. 

c) Device II 

A thin film of 900 nm of ZnO was deposited by PECVD on ITO/PET substrates. A 

piece of commercial copper tape was placed on top of the ZnO and at the ITO/PET 

(side without ZnO) for the electrical connections. A piece of PDMS onto the ZnO 

(lateral activation) was used for the piezoelectric characterization. 

d) Device III 

A thin film of 900 nm of ZnO was deposited by PECVD on a commercial copper tape. 

A piece of the same tape was placed on top of the ZnO  for the electrical connections. 

A piece of of PDMS onto the ZnO (lateral activation) was utilized for the piezoelectric 

characterization. 

e) Device IV 

A thin film of 400 nm was deposited by PECVD on paper. Au and Au/Al contacts (1 x 1 

cm) were deposited on top of the ZnO by thermal evaporation (Al) and magnetron 

sputtering (Au), separated each other by a distance of 0.7 cm. A piece of Cu tape was 

placed on top of each contact to ensure a better electrical contact. A piece of PDMS 

was placed onto the ZnO between the contacts for the lateral activation experiment.  

f) Device V 

A seed layer of 900 nm of ZnO was deposited by PECVD on ITO/PET followed by the 

growth of metal-free phthalocyanine (see Appendix A) of 1.5 kÅ of nominal thickness 

(QCM). The ONWs were conformally covered with a ZnO shell of 400 nm by PECVD. 

Approximately 500 nm of PMMA were spin coated (5 wt/v % in acetone) on the 

samples followed by heating in air at 80 ºC for 1 hour to facilitate infiltration between 

the hybrid NWs. Plasma etching of PMMA was done in Reactor II with the samples 

facing the plasma for at RT during 15 minutes at 400 W and 0.02 mbar of oxygen as 

plasma gas. Cu tape was manually pressed on top of the hybrid NWs@PMMA and 

onto the bare ITO/PET for the electrical contacts. A piece of PDMS was put onto the 
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Cu tape piece/ZnO (vertical activation) or directly onto the ZnO (lateral activation) for 

the piezoelectric characterization. 

Spin coating was performed in a spin coater WS-400-6NPP-LITE from Laurell. The 

deposition parameters were: 6000 rpm, 1 minute spin time and an acceleration of 

6720 RPM/min. 

g) Device VI 

The protocol is identical to the summarized above for Device V, with the exception that 

a shell of Au ~ 40 nm (nominal) was deposited by magnetron sputtering before the 

ZnO shell. 

 

In all cases PECVD was carried out in Reactor II (see 1.3.3 b)), while the NWS growth 

and RPAVD were performed in Reactor I (see 1.3.3 a)). 

Polished n-type Si(100) purchased from Topsil and fused silica  from Sico Technology 

GmbH were used in each preparation for additional characterization. 

4.3.3. Characterization of the nanostructures 

SEM micrographs were acquired in a Hitachi S4800 working at 2 kV, while STEM 

(SEM) and Backscattered Electrons Scanning transmission Electron Microscopy, 

BSE-STEM (SEM), micrographs were acquired in a Hitachi S5200 working at 30 kV.  

The samples were dispersed onto Holey carbon films on Cu or Ni grids from Agar 

scientific for TEM and STEM characterization. HAADF STEM and HRTEM were 

carried out with both FEI Tecnai Osiris TEM/STEM 80-200 and FEI Tecnai G2F30 

S-Twin STEM microscope also working at 200 kV. EDX maps were acquired with the 

former microscope working at 200 kV.  

Post-processing of EDX data was performed with the open source Hyperspy software: 

hyperspy.org. EDX raw data was post-processed in to order to obtain more accurate 

compositional maps of the multishell system. The main reason for this post-treatment 

is an inadequate description of the Pt spatial distribution arising mainly from the fact 

that the microscope software mixes the signal of Pt Lα with Au Lα and it does not 

allow selection of other emission lines or any further spectral refinement, which is 

critical in this nanosized structures 
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The crystal structure was analyzed by XRD in a Panalytical X'PERT PRO 

spectrometer operated in the θ - 2 θ configuration and using the Cu Kα (1.5418 Å) 

radiation as an excitation source.  

UV-Vis analysis of the samples was done in a Cary 100 spectrometer from Varian, 

while UV-VIS-NIR spectra were recorded in a PerkinElmer Lambda 750 UV/Vis/NIR 

spectrophotometer. 

I-time and I-V curves were recorded with a Keithley 2635A system sourcemeter 

working in open circuit conditions (V = 0) and sweep voltage mode correspondently. 

For the four-point probe electrical measurements please refer to Chapter 3, Section 

3.3.2. 

4.4. Results and discussion 

4.4.1. 1D Pt@ZnO@Au nanogenerators fabrication and 

characterization 

Gold seeds produced by magnetron sputtering provided the required roughness for 

the growth of NWs in several substrates. This deposition technique is highly 

convenient for the fast, easy and controllable production of gold nanoparticles which 

act as nucleation sites. Figure 5 shows the SEM micrographs of the gold nanoparticles 

deposited on Si(100) under different conditions. Using 12.5 mA and 15 s (Fig. 5 a)), 

irregular NPs with a mean area of 135.5 nm2 and a maximum distribution between 50-

100 nm2 were obtained (histogram in Fig. 5 d)). By increasing the deposition time and 

current, adequate Au thin films for the outer shell (third shell in Fig. 4) were readily 

obtained (Fig. 5 b)). Furthermore, at 25 mA 30 s total percolation was already 

achieved (Fig. 5 c)). 
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Figure 5. SEM images of several Au sputtering depositions. A histogram is attached for the Au 

NPs case and a cross section for the thickest film is shown in an inset. 

Four-point probe resistivity measurements of the 25 mA 45 s gold thin film gave a 

sheet resistivity of ~ 8 W/□ (data no shown). It must be taken into account that the 

thickness of the gold layer was barely ~ 70 nm (see Fig. 5 c) inset) and piezoelectric 

currents are rather low, in the order of tens or hundreds of nanoamperes. 

Metal-free phthalocyanine (H2Pc) was chosen as the construction block molecule of 

the NWs due to its relatively high sublimation temperature (above 280 ºC) and lack of 

central metal cation, which may lead to an undesired source of contamination. By 

optimizing the deposition conditions, a high-density of H2Pc NWs was readily attained 

(Fig. 6), see also Appendix A. 
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Figure 6. SEM image of approximately 10-12 µm long H2Pc NWs (3 kÅ of nominal thickness 

measured in QCM). 

Nanotrees of H2Pc were also fabricated to study the feasibility of 1-D hyperbranched 

nanogenerators production and its potential implementation in piezoelectric devices; in 

theory, an increase in the active surface area of such a device should boost its power 

output. In addition, it is expected the nanotree configuration to show an improvement 

in the lateral connectivity with respect to “simple” nanowires which might allow the 

fabrication of lateral-contact devices instead of top-bottom configurations. In this 
regard, Figure 7 reveals the high degree of interconnection between NWs 10 µm close 

that can be achieved with the nanotree approach (see Appendix A). 

 

 

 



 

Chapter 4  

 

 

191 

 

 

Figure 7. SEM images in normal view of Pc nanotrees ramified twice, 3 kÅ+1 kÅ+1 kÅ. Low-

magnification image of the nanotrees (a), and further magnified views (b-c). SEM cross section 

of the nanotrees deposited on gold NPs/Si. 

In order to fabricate nanotrees, it is mandatory to generate enough surface roughness 

on the primary NWs for the growth of secondary and subsequent NWs. This 

roughness can be effectively produced by soft plasma etching after the initial growth of 

NWs and may be regulated by varying the plasma parameters and substrate 

temperature. In Figure 8 a roughened H2Pc NW after 40 minutes of oxidative plasma 

treatment at room temperature is shown.  
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Figure 8. SEM image of a H2Pc NW subjected to an oxidative plasma treatment. It is worthy to 

stress the use of a metal porphyrin or metal phthalocyanine nanowire would lead to the 

formation of metal clusters after the SPE treatment. 

In order to achieve a conformal coverage of the H2Pc NWs with platinum, PtOEP (a 

porphyrin containing platinum) was deposited onto the NWs by RPAVD so as to form 

a shell as conformal as possible, aiming to the fabrication of platinum nanoelectrodes. 

As observed in Figure 9 a), the achieved PtOEP (RPAVD) shells were rounded at the 

tip and cylindrical along the axis, losing the squared shape of the Pc core. In addition, 

in Fig. 9 b) the homogeneity and conformality of the PtOEP shell can be appreciated 

even for such considerably small shell thicknesses (~ 75 nm). Quite remarkably, the 

thickness of the shell only varies two nanometers in 1.5 µm of NW length. 
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Figure 9. SEM (a) and STEM (b) images of H2Pc@PtOEP(RPAVD) NWs for an equivalent thin 

film thickness of ~ 75 nm for the PtOEP (RPAVD) layer. 

The thickness of the shell can be estimated from SEM working in BSE-STEM mode. 

For ~ 75 nm equivalent thin film thickness, i.e. the equivalent in a flat silicon substrate, 

a shell wall of circa 30 nm was formed (Fig. 10).  
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Figure 10. BSE (STEM) image of H2Pc NWs@PtOEP(RPAVD). The difference in contrast 

arising from different organic materials, H2Pc and PtOEP molecules, allows for the estimation 

of organic shell thicknesses. 

 

An increase in the shell thickness did not produce any morphological change in the 

nanostructure, just a substantial gain in diameter as observed in Figure 11 for the 420 

nm case. It is worth to note that contrary to hybrid NWs were the oxide thickness at 

the tip was approximately the same as the deposited one (see 2.4.1 a)), in these 

core@shell organic NWs the thickness of the shell tended to be more homogenous, 

which can be likely attributed to a constant movement of the NWs during the 

deposition (they do not become rigid). 
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Figure 11. SEM image of 420 nm PtOEP RPAVD shell (a) and a NW tip magnified by a factor 

of two (b). 

As it was demonstrated in Chapter 3, RPAVD-Ar process yields the formation of 

PtOEP composite layers where the PtOEP molecules appear integer in a polymeric 

like matrix. Taking into account that the growth of the PtOEP shell shown above was 

carried out under the same conditions it can be claimed the formation of an 

ONW@PtOEP core@shell nanowire.  

In addition, Figure 12 gathers several images of the growth under RPAVD-O2 

conditions of PtOEP using H2Pc nanowires as template. These micrographs shows 

how the ONWs appear now decorated with radially distribute nanocolumns with similar 

aspect but smaller than those presented in Chapter 3. Strikingly, the formation of the 

nanocolumns does not exactly follow the same conformal growth of the RPAVD-Ar 

shell. Indeed, shadowing effects are easily detectable looking to the different in 

thicknesses between the nanocolumns formed in the side on the ONW looking to- and 

back- to the arriving plasma or precursor species (indicated in Figure 12 b).         
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Figure 12. SEM (a-b) and HAADF-STEM (c) images H2Pc@RPAVD-O2 NWs for an equivalent 

thin film thickness of ~ 50 nm for the PtOEP (RPAVD-O2) layer. 

Once the Pt precursor layer was deposited the core@shell nanowires underwent a 

soft plasma etching (SPE) treatment. Looking to the final application of these platinum 

shells as electrodes only continuous coatings, i.e. the RPAVD-Ar, were studied. 

Depending on the thickness of the PtOEP layer and the conditions of the plasma 

etching, the post-treatment may be adjusted to be soft enough so as to yield 

unpercolated NPs. With only 30 minutes of treatment at room temperature, highly 

decorated NWs were achieved as observed in Figure 13.  
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Figure 13. High-resolution TEM (a) and HAADF-STEM (b-c) images of a PtOEP 

NW@PtOEP/Pt NPs. The nominal thickness of the PtOEP RPAVD layer was ~ 75 nm and the 

plasma treatment was limited to 30 minutes (RT). 
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High-resolution TEM reveals the crystalline nature of the Pt NPs formed (inset in Fig. 

13 a)), whilst carefully focusing the core, the original H2Pc molecular planes are still 

observable (Fig. 13 b)), proving that this soft etching condition has not compromised 

the integrity of the inner core. This is one of the main advantages of the methodology 

proposed in this chapter with respect to our previous publication [Alcaire M., 

Nanoscale 2011] where the metal nanoparticles were originated from the organic 

metallic small-molecules forming the ONW. The Pt NPs had a mean diameter of 1.5 ± 

0.2 nm according to Figure 13 b) and c). It seems that much more NPs and smaller 

ones were formed in (c), but it is only due to the scale difference (the NW in (c) is 

much thicker). The NPs in (a) had a mean diameter of 2.2 ± 0.4 nm, noticeable bigger 

than in (b) and (c), but this might be explained by the smaller diameter of the NW, 

where adjacent NPs joint more easily into bigger ones, or to the high-resolution 

acquisition which can cause severe beam damage and NP growth.  

When the etching process was prolonged to 60 minutes, i.e. twice the time for 

generating NPs, a semi-percolated Pt shell was obtained (Fig. 14).  

 

Figure 14. HAADF STEM image of a PtOEP shell of a ~ 75 nm deposit after undergoing 60 

minutes of treatment at room temperature. 

Highly porous and percolated platinum shells were also obtained by increasing the 

thickness of the PtOEP shell and by implementing a more severe etching treatment. Pt 

Nanotrees (NTree) with 140 nm deposit of PtOEP (Fig. 15 a)) presented a great 

number of interconnections already, although most of the NWs did not survive the 

treatment or just broke off due to their tiny diameter. In contrast, Pt NTrees with 420 
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nm PtOEP deposit have withstood the whole process and their density and diameter 

certainly were much higher (Fig. 15 b)). 

 

Figure 15. SEM images of highly interconnected Pt nanotrees, the thickness of the original 

PtOEP-RPAVD thin film was (a) 140 nm and (b) 420 nm. 
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The porosity and continuity of the Pt shells can be perfectly appreciated by HAADF-
STEM (Fig. 16). 

 

Figure 16. HAADF-STEM image of a Pt NW obtained after etching of a PtOEP shell (420 nm in 

thin film). 

It must be mentioned that the formation of nanoparticles was carried out at relatively 

low plasma power (300 W), room temperature and short treatment time (1 hour 

maximum), while the formation of a platinum layer requires higher power (600 W), 

temperature (180-190 ºC) and  treatment time. 

The obtained platinum nanoparticles or shell are crystalline as confirmed by HRTEM in 

Figure 17 in a good agreement with results presented in Chapter 3, Section 3.4.1 b). 
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Figure 17. a) HRTEM image of a Pt NW from Figure 16. b) Magnified view of the region 

selected in (a).  

In the case of the magnified zone in Figure 17 b), two families of planes can be 

perfectly distinguished: the (111) and (200), shown in Figure 18.  

 

Figure 18. Families of planes present in Figure 16 b) extracted from the digital diffractogram 

pattern. 
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4.4.2. UV-Vis, Near IR properties and electrical 

characterization 

In this section, the optical and electrical characteristics of platinum NTrees, structurally 

characterized in the previous section, are investigated. Two different thicknesses were 

analyzed, corresponding to a nominal thickness of PtOEP by RPAVD of 140 nm and 

420 nm. 

Depending on the thickness of the platinum shell, transparent to semi-transparent 

samples were obtained. Unlike common transparent conductors such as ITO and FTO 

(Chapter 3, Fig. 9), Pt NWs did not present strong absorptions in the UV and near IR 

regions (Fig. 19) resembling their thin film counterparts as already shown in Chapter 3. 

Moreover, the transmittance of the NWs of 140 nm (PtOEP) was similar to the 

equivalent thin film, although NWs exhibited a much smoother transmittance 

throughout the whole spectrum (except for the peaks in the UV region). On the other 

hand, the thicker NWs (420 nm of PtOEP) were much more transparent and also 

presented a smoother transmittance than their equivalent thin film. Please, note that 

the absorption bands of H2Pc are absent, which is due to their evacuation and 

decomposition under the SPE process carried out at 180-190 ºC. 

 

Figure 19. Transmittance UV-Vis-near IR spectra for Pt NWs and thin film (TF) samples of 

different thickness. 
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One of the main goals in this chapter was to fabricate piezoelectric nanogenerators 

based on the single-wire device approach, i.e. all the needed components of a 

nanogenerator integrated in a single 1D nanostructure. A key aspect in the fabrication 

of the proposed nanogenerator is the ability to produce a conductive Pt nanowire, 

which is the part of the nanodevice in direct contact to a given substrate. Moreover, it 

has been proposed the formation of Pt nanotrees posed as a reliable option to 

improve both vertical and lateral connectivity in NWs. In order to investigate the 

electrical resistivity of the prepared Pt NWs, Four-point probe resistivity measurements 

were performed on the samples deposited on fused silica as described.  

The coating formed by simple Pt NWs (without branches) presented a large resistivity 

(data no shown) as direct consequence of the lack of extended contacts between 

nanowires. Thus, electrical characterization was preferentially carried out in nanotrees 

branched twice (Section 4.3.1 a)). As already observed in Chapter 3, a soft H2 

treatment dramatically decreases the resisitivity of the samples by a factor of five for 

the sample with 420 nm of PtOEP deposit (Fig. 20 a)). Increasing the thickness of the 

PtOEP layer by three, and hence multiplying platinum content by three, produced a 
reduction of the resistivity by a factor of 2.4, from 1300 W/□ to 540 W/□ (both samples 

were annealed in H2 + Ar). Despite 540 W/□ seems somewhat high compared to its 

equivalent thin film value of 50 W/□ (see 3.4.2), it must be stressed that the electrical 

conduction in this samples is due to numerous contact points between NWs, which are 

not fused one to the other, so the individual Pt NWs must be conductive. Moreover, 

the resistivity of these systems did not scale linearly with length (see Table 2).  
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Figure 20. Four-point probe I-V graphs of a) as prepared and H2 treated Pt NTrees with an 

original 420 nm PtOEP deposit and b) 120 nm vs 420 nm (original PtOEP deposit) H2 treated 

NTrees.  

Electrical measurements were also performed on commercial Pt electrodes separated 

by 10 µm (interdigitated) and 100 µm. Table 2 gathers the resistivity values subtracted 

from the corresponding I-V curves. 
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Table 2. Resistivity of Pt NWs for different thicknesses of PtOEP and treatments. The values 

are in Ohms per square (W/□). 

 
Treatment 

140 nm 280 nm 420 nm 

10 µm 100 µm 10 µm 100 µm 10 µm 100 µm 

As prepared 1012 1011 - - - - 

Plasma 
etching 

105 2160 105 1550 105 1700 

Annealing in H2 105 2020 105 2130 105 1750 

 

The untreated samples presented a very high resistivity, as expected for an organic 

semiconductor such as PtOEP in the form of nanotrees. Once fully oxidized, Pt 

NTrees showed relatively lower resistivity values with no obvious trend at these 

scales, but it can be concluded that at such low lengths the amount of Pt did not 

change the electrical properties dramatically, the H2 treatment seemed effective only in 

the 10 µm case but not for 100 µm and that the resistivity did not increase linearly with 

length. This last observation is further corroborated when comparing these values 

against the ones obtained with the four-point probe resistivity measurements where 

the sensing electrodes where 0.33 cm apart (see 3.3.2). 

4.4.3. Development of thin film and single-wire piezoelectric 

devices 

In order to study the conductive capabilities the PECVD ZnO, a first thin film device 

was fabricated as schematized in Figure 21, where a 400 nm ZnO was laterally 

sandwiched between a gold and ITO electrodes and its I-V curve was recorded. This 

configuration was constructed with the aim to verify the electrical characteristics of the 

ZnO thin film prepared by PECVD, i.e. evidence of diode characteristics and 

piezoelectric performance when at least one Schottky contact is employed. Note that 

the measurements correspond to lateral electrical characteristics of ZnO films, i.e. 

perpendicular to the ZnO crystals axis. 
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Figure 21. Scheme of the lateral piezoelectric device. 

The corresponding I-V curve for the lateral contacts piezoelectric can be observed in 

Figure 22. For the applied range of voltage, currents turned out to be significantly low, 

but the values were reasonable considering the fact that the charges travel through 2 

mm of material and that in the lateral configuration employed electrons were forced to 

hop from crystal to crystal (inset in Fig. 22). Of outmost importance is that despite 

having chosen one of the toughest experimental conditions for the measurement, ZnO 

exhibited certain conductivity and rectifying behavior (diode characteristics) when 

contacted between gold and ITO. These results validate the use of the ZnO thin films 

prepared by PECVD in the fabrication of lateral-contacted piezo devices even though 

the expected output is lower than in a vertical configuration. It must be pointed out that 

1D ZnO nanostructures synthetized by hydrothermal methods are usually highly c-axis 

oriented NWs, which in principle are expected to exhibit a superior piezoelectric 

performance [Wang Z. L., Adv. Funct. Mater. 2008][Li X., ACS Appl. Mater. Interfaces 

2014][Zhang Q., RSC Adv. 2015]. 

 

Figure 22. I-V curve of 400 nm ZnO measured in a lateral configuration. The inset represents 

the hopping mechanism responsible of conduction. 
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The next step was to implement this ZnO layers as shells in 1D systems for the 

realization of a single-wire piezoelectric device. The formation of the metallic core in 

Section 4.4.1 was followed by the deposition of a conformal ZnO shell by PECVD (Fig. 

23 a)). The fabrication and characteristics of this particular shell was already 

discussed in Chapter 2, but it is worth mentioning again that by this particular method, 

polycrystalline ZnO was obtained at room temperature (Fig. 23 b)). 

 

Figure 23. (a) Bright field TEM image of a Pt@ZnO NW. (b) SAED of the ZnO shell. 

In order to build a complete 1-D piezoelectric nanogenerator, it is mandatory to deposit 

a second electrode. In this case, gold was chosen for the outer electrode because it 

possesses an adequate work function when platinum is employed in the piezoelectric 

device. Magnetron sputtering was used with that purpose in mind, mainly due to the 

speed of the technique and ability to control quite precisely the quantity of deposited 

gold. Different conditions were swept in order to achieve full Au shell percolation: 12.5 

mA 15 s, 25 mA 30 s and 25 mA 45 s. Figure 24 schematizes the different gold 

coverage stages. 
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Figure 24. a) Growth of the ZnO shell by PECVD. Deposition of gold by magnetron sputtering: 

b) 12.5 mA 15 s, c) 25 mA 30 s, and d) 25 mA 45 s.  

The three different gold coverage stages were analyzed by SEM and HAADF-STEM 

(Figure 25). For 12.5 mA 15 s, gold nanoparticles mainly localized on the top of the 

nanowire were obtained (Fig. 25 a)-b)), whereas by increasing the deposition time and 

current to 25 mA 30 s, a thin porous layer of gold was formed around the ZnO (Fig. 25 

c)-d)). Finally, with 25 mA 45 s a rather continuous gold shell was ultimately achieved 

(Fig. 25 e)-f)). 
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Figure 25. SEM (left) and HAADF STEM (right) images of Pt@ZnO@Au NWs with increasing 

quantities of gold deposited by magnetron sputtering: (a) and (b) 12.5 mA 15 s, (c) and (d) 25 

mA 30 s, (e) and (f) 25 mA 45 s. 
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To verify the extent of gold percolation observed by microscopy techniques, EDX was 

carried out on single nanowires. By performing the methods PCA/ICA on EDX data 

using Hyperspy software, it was possible to obtain the distribution of Au on single 1D 

nanostructures, as shown in Figure 26. It is clear that with 25 mA 45 s of gold 

deposition, full percolation has been accomplished and the resulting gold layer turned 

out to be highly conformal, which was not expected from a technique such as 

magnetron sputtering. In addition, Figure 26 c) contains quite useful and important 

information with respect to the possibility of Au diffusion into ZnO. According to this 

figure, gold in these samples was located in the most outer region of the NW (higher 

intensity in the EDX map) as expected. On the contrary, if gold had diffused through 

the ZnO into the Pt core, the intensity in the EDX map would be higher towards the 

center of the NW. This is of outmost importance to avoid short circuits between Au 

from the outer shell and Pt from the inner shell. It is worth mentioning that Hyperspy 

software was required to correctly isolate the signals of platinum and gold, otherwise 

identical at this scale for standard microscopy software packages. 

 

Figure 26. (Top) Intensity of Au Mα signal for deposition condition: a) 12.5 mA 15 s, b) 25 mA 

30 s and c) 25 mA 45 s. (Bottom) Intensity of Pt Mα signal. 

In spite of the fact gold did not diffused till the core in the Pt@ZnO@Au nanostructures 

we were not able to build a functional piezoelectric device because short-circuit 
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problems in the substrate. These issues have been lately circumvented by embedding 

the nanowires in PMMA (see below). Nevertheless, this complex nanostructured 

system has proven to be extremely useful in the refinement of EDX-STEM tools for 

data analysis, which is reflected in the paper entitled “A novel 3D absorption correction 

method for quantitative EDX-STEM tomography” (see Appendix C). 

4.4.4. Development of piezoelectric prototypes and testing 

procedures 

Finally, before reaching the stage of testing an actual 1D multishell nanogenerator, it 

was considered interesting to gather experience in the field of piezoelectricity working 

with thin film devices which present an easier level of processing. This has in addition 

allowed us to acquire the necessary know-how in the piezoelectrical characterization 

and device construction. The development of several prototypes helped us not only to 

optimize the fabrication procedure of a future single-wire nanogenerator, but also to 

learn about the principles behind piezoelectric devices measurement and testing. With 

these considerations in mind, a high number of lab prototypes were built up on an 

ample range of substrates and configurations varying the metal contacts, metal and 

ZnO thicknesses, distance between electrodes, etc. In this section we will summarize 

the most important results through six working devices, increasing the degree of 

complexity from Device I to Device VI as indicated in the methodology section.  

a) Device I 

It comprised a relatively thick ZnO film of 2.4 µm (Fig. 27 a) deposited on PET coated 

with ITO. The purpose of such a thick layer of ZnO was to avoid as far as possible any 

short circuit between the ITO and a copper tape placed on the ZnO. Another piece of 

copper tape was located at the ITO to ensure a better electrical contact (Fig. 27 b)). As 

shown in Figure 27 b), the device did present rectifying characteristics, what is a good 

indication of short circuits absence. 
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Figure 27. (a) SEM cross section of the ZnO thin film. (b) I-V characteristic measured between 

the Cu tapes located following the schematic in the inset for a ZnO thin film (2.4 µm) deposited 

at room temperature on FTO/PET substrates. 

The generation of piezoelectricity was verified by placing a slice of PDMS on top of the 

copper contact attached to ZnO, and by exerting intermittent pressure with the finger 

on top of the contact. It has been estimated that the maximum pressure was roughly 3 

kg/cm2. It is clear from Figure 28 that the device indeed functioned as a piezoelectric 

(the spikes correspond to the moment when force was applied). Polarity was switched 

in order to verify the current response was originated by piezoelectricity. 
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Figure 28. Output current obtained after vertical activation of the device through a PDMS 

button, situation A. Red line has been obtained by switching the polarity as represented in the 

schematics, situation B. 

To further discard that the current response was due to an electrical artifact arising 

from the force applied to the electrode, the PDMS section was moved from the copper 

contact to over the ZnO film (lateral position) and pressure was applied on it (Fig. 29). 

As a result, current peaks were obtained again confirming that the previously observed 

response corresponded to a piezoelectric response of the system. However, by 

comparing the height of the current peaks in Figures 28 and 29, it may be noticed that 

in the lateral configuration the amplitude of the peaks was smaller, probably owing to a 

larger resistance arising from the hopping conduction mechanism that must take place 

in this configuration to reach the electrodes (Fig. 22), and also due to the better 

electrical contact in the vertical configuration. Moreover, a replica peak arose a few 

seconds after the applied force ceased (Fig. 29 b)), which was likely originate from the 

relaxation of the flexible device. 
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Figure 29. Output current obtained after lateral activation of the device through a PDMS 

button. Curve in b) is a zoom in showing a detail of the measured signal. 

The influence of applied pressure on the piezoelectric response was qualitatively 

studied by means of a mechanical oscillator which periodically touched the surface of 

the device generating an electrical response (Fig. 30 (Top)). No efforts were made to 

quantify the force exerted by the oscillator on the surface, but it was possible to clearly 

observe qualitatively that a higher pressure gave rise to higher currents and ultimately 

to higher power outputs (Fig. 30 (Bottom)).  
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Figure 30. Top. Schematic of the measured device and output current obtained after lateral 

activation of the device by a mechanical oscillator with constant frequency and different loads. 

Bottom. Zoom in of each of the different zones: a) initial positioning of the activator; b) output 

for mild load at 3.1 Hz; c) increment in load and deactivation of the vibration. 
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Note that current response seems much more homogenous than in Figure 29, which is 

likely due to a better distribution of the exerted pressure owing to the PDMS placed 

below the piezo (absent in Fig. 28 and Fig. 29). Moreover, the replica peaks were 

again present, but this time they looked much more symmetric with respect to the 

original current response, which is one more time attributed to the PDMS inserted 

below the device. 

b) Devices II and III 

In a second stage, the thickness of the ZnO layer was reduced to 900 nm (ZnO II) so 

as to check if the device could still work or if short circuits were evidenced. In the 

device labeled as II, the configuration was exactly the same as in the Device I (inset in 

Fig. 31 a)), with the PDMS included, whereas in Device III the ZnO layer was directly 

grown on a copper tape. A piece of copper tape was used for the top contact and 

PDMS was also included as in Device II (inset in Fig. 30 d)). In both cases the devices 

were tested under lateral activation. Note that again no quantitative comparison is 

intended due to the difficulty in determining the exact area pressed and where the 

electric response is coming from. 

The I-V curves for Devices II and III showed rectifying behavior (Fig. 31 a) and d)) with 

no evidence of short circuits. The I-V curve under a pressure of roughly 3 kg/cm2 

(denoted as load in Fig. 31 a)) demonstrated an increase in current for the same value 

of voltage as in the stress-free case, which constitutes another evidence of the 

piezoelectric effect in these devices. Note again that the pressure was being exerted 

on the ZnO through the PDMS, discarding artifacts generated by the electrical 

contacts. Furthermore, the same experiment was performed by replacing ZnO with 

PECVD TiO2, a non-piezoelectric material, without observing any displacement of the 

I-V curve under load. In addition, the piezoelectric response in both devices was quite 

similar (Fig. 31 b)-c)) and e)-f)), although a decrease in peak height was observed with 

respect to Device I owing to a considerable thinner ZnO layer. 

The shift in the I-V curves for the loaded and unloaded scenarios can be used to 

estimate the voltage ouput for a given current [Gullapalli H., Small 2010][Kumar B., 

Nano Energy 2012]. For a current of 15 nA, which corresponds to the maximum 

current obtained with Device II, the voltage output would be 105 mV. This a relativelty 

high voltage value in line with reported ones [Yang R., Nano Lett. 2009][Liao Q., Nano 

Res. 2014]. 
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Figure 31. I-V characteristics (a, d) and output current for lateral activation (b, c, e, f) for two 

different devices as schematized in the inset with a piezo film of 900 nm deposited on ITO/PET 

(a-c) and on a Cu tape (d-f). The black line in panel a) corresponds to the characteristic 

acquired for a constant load.   

c) Device IV 

A laterally contacted piezoelectric device was again fabricated but this time on paper. 

The main advantages of this substrate are its intrinsic flexibility, worldwide availability 

and low price, which makes paper an overall attractive substrate for its implementation 

in piezoelectric devices [Qiu Y., Nanoscale 2012][Li X., ACS Appl. Mater. Interfaces 

2014][Liao Q., Nano Res. 2014]. The device consisted of two evaporated contacts, 

one of Au and the other of Au/Al, on 400 nm ZnO (Fig. 32 b)), which is half the 

thickness of the layer used in Devices I-III. It is worth mentioning that another 

configuration was fabricated consisting of 400 nm of ZnO on a gold coated piece of 

paper and sandwiched with another piece of paper coated with evaporated aluminum, 
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but the device suffered from important short circuits. Paper is a substrate with a high 

natural roughness due to the cellulose fibers which made up the material, but the 

conformallity of the deposition technique permitted to coat them (inset in Fig. 32 a)). 

The I-V characteristics of the piezo reveal once more a Schottky contact, just as in the 

previous devices. Once more, the piezoelectric effect was observed, but this time by 

pressing, bending or stretching the paper (Fig. 32 e-f)). The highest power output was 

achieved in pressing mode. 

 
Figure 32. a) SEM micrographs of the ZnO layer (400 nm) deposited on paper; b) Schematic 

of the mechanical activation and device architecture. Gold and Aluminum layers were 

deposited by magnetron sputtering and thermal evaporation correspondently on top of the ZnO 

thin film. c) IV curve showing the Schottky/Ohmic characteristic; d)-f) Output current obtained 

by the different mechanical activation tests (pressing, bending, and stretching) as labeled.   



 

Chapter 4  

 

 

219 

 

d) Devices V-VI 

The maximum level of complexity was achieved with the fabrication of 1D core@shell 

piezoelectric devices embedded in PMMA. The necessity to incorporate PMMA in a 

piezoelectric became clear when a prototype made up Pt@ZnO@Au nanotrees turned 

out to be short-circuited upon gold deposition by magnetron sputtering. From 

inspection of Figure 26 c), it was concluded that the short circuit must have originated 

in the ZnO seed layer were the 1D nanostructures were grown. The processing of this 

polymer is a general approach to avoid concurrent short circuits when 1D 

nanostructures are employed [Hinchet R., Adv. Funct. Mater. 2013][Briscoe J., Energy 

Environ. Sci. 2013][Liao Q., Nano Res. 2014]. On the one hand, PMMA presented a 

unique advantage for us, the ability to be etched in a controlled way by oxidative 

plasma leaving little or no residue. On the other hand, due to the chemical instability of 

ZnO, there was no certainty that the solvent (acetone) employed during the process 

(see 4.3.2 f)) would not dissolve the ZnO and degrade the crystalline quality of the 

NWs. 

Two variants of the embedded devices were fabricated: 

� Device V: H2Pc core covered with a shell of ZnO. 

� Device VI: H2Pc core covered by a first shell of gold (inner shell) and a second 

shell of ZnO (outer shell). 

In both cases a seed layer of 900 nm of ZnO was deposited previous to the growth of 

the NWs. In Figure 32 the whole system H2Pc@Au@ZnO may be appreciated, note 

that for the Device V (without the gold shell) the aspect would be exactly the same. 

The inner gold shell, with a thickness close to 10 nm, can be perfectly distinguished 

(Fig. 33 d)-e)) and the ZnO deposition oriented the nanostructures in a vertical fashion 

(Fig. 33 a)-c)) as already discussed in Chapter 2. The thickness of the ZnO shell was 

400 nm in both cases.  
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Figure 33. SEM (a-d) and BSE-SEM (e) micrographs of H2Pc@Au@ZnO nanowires deposited 

on a ZnO (900 nm) layer. a) Cross section showing the vertical alignment of the 

core@multishell nanowires as well as the seed layer. It is worthy to indicate the deposition of 

the gold shell provoked a short circuit of this piezo film. b)–c) Planar views at different 

magnifications demonstrating the tips of the NWs. d)-e) High magnification micrographs 

revealing the cross section of an individual NW where the core and two shells were easily 

addressable. 

The incorporation of PMMA to the samples was probably the most critical step in the 

preparation of the devices, with no certainty that it would be able to diffuse towards the 

bottom of the samples or damage the NWs. By inspection of Figure 34 a)-b) it can be 

concluded that PMMA effectively embedded the nanostructures. 



 

Chapter 4  

 

 

221 

 

 

Figure 34. SEM normal view at different magnifications of H2Pc NWs@Au@ZnO embedded in 

PMMA after annealing during 1 hour at 80 ºC; image in panel a) corresponds to the NWs 

deposited on ZnO/Si(100) and panel b) to the deposition on ZnO/ITO/PET. 

The XRD diagram from Figure 35 of ZnO in TF (Device I) and ZnO in NWs embedded 

in PMMA (Device V) did not show any clear evidence of crystal degradation of ZnO 

after the spin coating of PMMA. Notice that just like in Chapter 2 (see 2.4.1), the TF 

was highly texturized whereas the NWs where not. 
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Figure 35. XRD diagrams of a 2.4 µm thick ZnO thin film (Device I) and nanotubes (Device V) 

with an equivalent ZnO thickness of 400 nm.  

Finally, a rather short oxygen plasma treatment (15 minutes) released the heads of the 

nanostructures from PMMA as seen in Figure 36. The duration and/or power of the 

plasma source may be varied in order to increase or decrease the exposed polymer-

free ZnO area, but this study has not been carried out in this work. It is worth 

mentioning that the exposed ZnO seems reasonably intact, without obvious vestiges 

of degradation (Fig. 36 a)). 
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Figure 36. Normal (a) and cross section (b-c) SEM views showing the effect of the oxygen 

plasma treatment at room temperature of the H2Pc@Au@ZnO deposited on ZnO/Si(100) and 

embedded in PMMA. As it is demonstrated only part of the NWs were released of the 

polymeric sheath after the plasma treatment. The PMMA matrix improved the mechanical 

stability and distribution of the load.   



 

1D core@shell piezoelectric nanogenerators 

 

224 

 

The I-V characteristics of Devices V and VI were remarkably symmetric for the positive 
and negative bias (Fig. 37). It is obvious that the device with a gold shell exhibited a 
much lower resistance compared to the one without it, which may be reasonably 
atributted to the facts that gold diffused through the ZnO seed layer and contacted the 
ITO and the NWs were directly in contact with the ITO through the gold shell. In this 
particular case this turned out to be an advantage, besides, the contribution of the 
ZnO seed layer is cancelled (because it is short circuited). This last statement is based 
on prior experiments with ZnO thin films (even thicker than the seed layer used in this 
device) were it was observed how the sputtered gold short-circuited the piezoelectric 
(data not shown). 

 

Figure 37. I-V characteristics measured for the two NWs devices deposited on ZnO/ITO/PET 

and contacted through Cu tapes.   

The piezoelectric behaviour of Devices V and VI was quite similar, except for its 

magnitude (Fig. 38). Interestingly, for the vertical pressure application no replica 

current peaks were observed (Fig. 38 a) and c)), but they did appear in the lateral 

application mode (Fig. 38 b) and d)). Moreover, it seems that the power output was 

higher for Device VI in vertical configuration, while in the lateral configuration the 

difference was much more apparent, which might be due to a negligible collection of 

charge from the NWs absent of an inner electrical conductor. This is in agreement with 

the previous result of the I-V characteristics (Fig. 37) and demonstrates the potential of 

1D core@shell nanostructures in the field of piezoelectricity. 
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Figure 38. Output current obtained from the NWs Devices V (a,b) and VI (c,d) deposited on 

ZnO/ITO/PET after vertical (a-c) and lateral (b-d) mechanical activation through a PDMS 

button. 

4.5. Future work and development 

Despite a piezoelectric device consisting of an array of 1D Pt@ZnO@Au 
nanogenerators has not been fabricated, the experience gained with Devices I-VI (and 
others not shown in this manuscript) could now allow us to build a much more 
promising protype. Such a device, will consist of ITO/PET coated with columnar Pt 
(see previous chapter) where ONWs of H2Pc will be grown and then conformally 
coated with PtOEP by RPAVD. ZnO (second shell) will be deposited by PECVD after 
forming a Pt shell by plasma etching. Here, two distinct possibilities are proposed: 

1) PMMA will be spin coated followed by a soft annealing treatment to infiltrate 
the PMMA up to the bottom, followed by the deposition of gold by magnetron 
sputtering.This will prevent short circuits with the columnar Pt while 
maximizing the ZnO are of the NWs in contact with gold, that will allow for a 
better collection of charge. This will be a slighlty improved version of the 1D 
Pt@ZnO@Au nanogenerator intended to be fabricated in this chapter (Fig. 
24 d)). 
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2) PMMA will be spin coated followed by a soft annealing treatment to infiltrate 
the PMMA up to the bottom so as to prevent short circuits, followed by the 
deposition of PEDOT:PSS by spin coating until completely covering the NWs. 
PEDOT:PSS has proven in the literature to significantly increase the output 
power [Briscoe J., Energy Environ. Sci 2013]. Finally, Au will be sputtered on 
top of the PEDOT:PSS, avoiding the uncovered ITO portion of the susbtrates 
by using proper masks. This is a more sophisticated approach aimed to the 
fabrication of a nanogenerator matrix, i. e. an array of nanogenerators 
embedded in a conductive matrix. This approach is expected to improve even 
further charge collection and mechanical stability. A scheme of such device is 
presented in Figure 39. 

 

Figure 39. Prototype of a piezoelectric based on an array of 1D Pt@ZnO NWs embedded in 
PMMA and PEDOT:PSS. 

4.6. Conclusions 

It has been possible to fabricate organic core@shell NWs by OPVD and RPAVD-Ar. 
The organic shells obtained by RPAVD-Ar resulted remarkably homogeneous in 
thickness along NWs, with deviations as low as 2 nm in 1.5 µm length. This last 
observation has also been reflected on the thickness of the shell at the tip, which 
despite being thicker than the side walls, it did not match the equivalent thin film 
thickness. These shells were subjected to soft plasma etching to yield 
platinum/platinum oxide nanoparticles. However, the process can be easily extended 
to almost any metal. The size distribution of the nanoparticles turned out to be quite 
homogenous along single nanowires, and more importantly, it can be tuned depending 
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on the SPE conditions and thickness of the shell. For a PtOEP shell of ~ 75 nm, 30 
minutes of SPE treatment yielded NPs between 1.5-2.2 nm, achieving semi percolated 
NPs when prolonging the treatment up to 60 minutes. 

The nanotree approximation to the problem of having both vertical and lateral 
conductivity has proven to be successful. Severe plasma etching, 240 minutes at 210 
ºC, was necessary to completely oxidize PtOEP shells of 420 nm in these NTrees. The 
as-prepared Pt NTrees have reached a value of 540 W/□ for the 420 nm (PtOEP) 
shell after annealing in H2 and Ar. Despite the resistivity value was one order of 
magnitude larger than that of an equivalent thin film (50 W/□), lateral conductivity was 
achieved due to the formation of a highly interconnected network. 

The deposition of gold by magnetron sputtering yielded nanoparticles for deposition 
conditions of 12.5 mA 15 s, which are useful for the growth of ONWs, and percolated 
thin films when 25 mA 45 s were employed. The latter condition is suitable for the 
preparation of electrodes in thin film piezoelectrics or conductive shells for 1D 
piezoelectrics, achieving a resistivity of 8 W/□. 

ZnO prepared by PECVD has demonstrated to exhibit diode behavior with adequate 
Schottky contacts and reasonable electrical resistance, validating the material 
fabricated by this technique for its study in the field of piezoelectricity. Six distinct 
devices were fabricated in order to study the effect of the microstructure (thin film vs 
NWs), ZnO layer thickness and nature of the electrical contacts on the piezoelectric 
behavior. In spite of the fact that no strict quantitative studies were undertaken, the 
devices can still be compared semi quantitatively due to the fact that the same testing 
conditions were used (area pressured, applied force, etc.). It was found that when 
decreasing the thickness of the ZnO layer from 2.4 µm (Device I) to 900 nm (Device 
II), the maximum output current diminished from 70 nA to roughly 15 nA. However, the 
absence of PDMS in Device I was partially responsible of this higher current and of a 
considerable more inhomogeneous response. The type of contacts did not seem to 
have affected by much the piezoelectric response (Device II and III), obtaining under 
similar conditions comparable currents. On the other hand, the lateral contacts 
piezoelectric made on paper, (Device IV) performed reasonably well for such a thin 
deposit (400 nm) and the somewhat unfavorable contacts configuration.  

Finally, the 1D approach exhibited a superior piezoelectric behavior compared to 
thin films, even employing ZnO shells as thin as 400 nm (the seed layer was under 
short circuit). In the lateral activation mode and for the NWs with an inner gold shell 
(Device VI), a maximum current of approximately 70 nA was obtained (comparable to 
Device I), whereas in the vertical activation mode the current increased up to ~ 100 
nA. In contrast, the ZnO deprived from an inner gold shell (Device V) showed a weak 
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response during lateral actuations, attributed to a large resistance along the NWs, 
while in vertical activation mode the current achieved maximum values of ~ 60 nA, 
quite lower than that of Device VI. These two prototypes demonstrated the feasibility 
of employing 1D core@shell nanostructures to increase the output current in 
piezoelectrics, the importance of PMMA to avoid short circuits and improve 
mechanical stability of the NWs and the relevance of an inner conductive shell in 1D 
nanostructures. As a final remark, the output voltage was estimated at 105 mV for a 
thin film device, which is in accordance with the literature.  

In spite of the fact that a nanogenerator of the type Pt@ZnO@Au has not been 
successfully fabricated, these core@shell nanostructures have proved the feasible 
application of the one-reactor concept to the fabrication of complex “à la carte” 1D 
nanostructures with tailored microstructure and composition.  

It is also worth to stress that the general character of the RPAVD method from the 
point of view of the precursor molecules opens an ample range of possibilities 
regarding the final composition of nanoparticles and shells.   
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Abstract  

Silver nanoparticles (NP) depicting well defined Surface Plasmon 

Resonance (SPR) absorption are deposited on flat substrates by physical 

vapor deposition in a glancing angle (GLAD) configuration. The particles 

are then characterized by Scanning electron Microscopy (SEM) and 

Atomic Force Microscopy (AFM) and their optical properties examined by 

UV-Vis absorption spectroscopy using linearly polarized light. It is found 

that, depending on the amount of deposited silver and the evaporation 

angle, part of the “as prepared” samples present NPs characterized by an 

anisotropic shape, polarization dependent SPR absorption and different 

colors when using polarized white light at 0º and 90º. Low power 

irradiation of these materials with an infrared Nd-YAG nanosecond laser 

in ambient conditions produces an enhancement in such dichroism. At 

higher powers, the dichroism is lost and the SPR bands shift to lower 

wavelengths as a result of the reshaping of the silver NPs in the form of 

spheres. The possible factors contributing to the observed changes in 

dichroism are discussed. 
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5.1. Introduction 

etal nanoparticles (NPs) and nanorods (NRs) with Surface Plasmon 

Resonance (SPR) activity have been widely studied because of their 

applications for the fabrication of optical devices such as filters, non-linear 

optical components, Raman enhancers and others [Mertens H., Appl. Phys. Lett. 

2006][Liang H. Y., Adv. Mater. 2009][Giannini V., Chem. Rev. 2011][Rycenga M., 

Chem. Rev. 2011]. The dichroic activity of anisotropic metal aggregates has been 

exploited for the development of optical filters, new encryption processes, the 

fabrication of polarized light emitters or materials with enhanced IR luminescence [Fort 

E., Nano Lett. 2003][Suzuki M., J. Appl. Phys. 2005][Camelio S., Phys. Rev. B 

2009][Cavallini M., Adv. Mater. 2009]. Dichroism, usually achieved by managing the 

shape and distribution of the metal aggregates along a preferential direction, can be 

produced by different methods. For example, by manufacturing assemblies of parallel 

stripes of NPs onto preformed surfaces presenting 1D periodic roughness [Fort E., 

Nano Lett. 2003][Suzuki M., J. Appl. Phys. 2005] or by more sophisticated approaches 

consisting of the application of soft lithographic techniques to accurately tailor the 

nanostructure of the materials according to asymmetric patterns [Camelio S., Phys. 

Rev. B 2009].  A well-known soft lithographic technique widely used to modify the 

shape and structure of NPs relies on the use of laser scanning [Wenzel T., Appl. Phys. 

B 1999][Kaempfe M., Appl. Phys. Lett. 2001][Link S., Phys. Chem. B 1999][Zijlstra P., 

Nature 2009][Sanchez-Valencia J. R., Plasmonics 2010] either by in situ [Wenzel T., 

Appl. Phys. B 1999] or ex situ [Kaempfe M., Appl. Phys. Lett. 2001][Link S., Phys. 

Chem. B 1999][Zijlstra P., Nature 2009][Sanchez-Valencia J. R., Plasmonics 2010] 

treatments.  

Not long ago, members of the Nanotechnology on Surfaces group have prepared 

dichroic structures of silver by sputtering of this metal onto SiO2 thin films consisting of 

bundled arrangements of SiO2 nanocolumns (i.e., Ag/SiO2 systems) prepared by 

glancing angle deposition (GLAD) and a posterior treatment with nanosecond laser 

[Sanchez-Valencia J. R., Adv. Mater. 2011]. In that case an anisotropic distribution of 

silver in the form of stripes was induced by a surface template effect of the 

nanocolumns bundles existing in the SiO2 GLAD thin films. The anisotropy was 

enhanced by the partial melting and agglomeration of the silver aggregates under the 

action of laser irradiation. Principal achievements of that work were the tuning of the 

SPR along the visible range and the demonstration of the applicability of system for 

optical nano-patterning applications. Enhancement of dichroism by laser irradiation in 

M
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deposited silver by laser is rather unusual since most common behaviour of deposited 

NPs consists of the agglomeration of the smaller particles into spherical and bigger 

ones [Ebothé J., Mat. Chem. Phys. 2009][Cattaruzza E., Appl. Surf. Sci. 2011][Tawfick 

S., Adv. Mater. 2012].  

Glancing angle deposition (GLAD) has been widely used for the preparation of 

nanocolumnar porous thin films of metals [Messier R., J. Vac. Sci. Technol. 

2000][Gonzalez-Garcia L., Mater. Chem. 2010], oxides [Hawkeye M. M., J. Vac. Sci. 

Technol. A 2007][Sanchez-Valencia J. R., Langmuir 2009][Alvarez R., J. Phys. D: 

Appl. Phys. 2011] and semiconductor materials [Van Kranenburg H., Mater. Sci. and 

Eng. R 1994][Hodkinson I., Adv. Mater. 2001][Chaney S. B., Appl. Phys. Lett. 2006]. 

Silver nanocolumnar films have been also obtained by this method [Bloemer M. J., 

Phys. Rev. B 1998][Liu Y., Appl. Phys. Lett. 2006][Zhao Y. P., J. Appl. Phys. 

2006][Horcas I., Rev. Sci. Instrum. 2007]. Herein, the deposition process has been 

stopped before the development of the nanocolumns in order to obtain discrete 

asymmetric silver NPs with anisotropic optical properties. As it will be demonstrated 

below the technique provides a straightforward way to the formation of elongated 

nanoparticles with different plasmon-wavelengths associated to their shape without 

the need of a template as opposed to previous works [Sanchez-Valencia J. R., Adv. 

Mater. 2011]. These NPs deposited on fused silica will be employed as substrates for 

Surface enhanced Raman scattering (SERS) to detect Rhodamine 6G in solution. The 

effect of laser treatment on SERS effect will be also evaluated [Chapter 6]. 

5.2. Objectives 

In this chapter, the preparation of silver NPs by direct evaporation at glancing angles 

(GLAD) of silver in high vacuum conditions from a punctual source has been essayed. 

In a first attempt this work was intended to analyze the foreseeable anisotropic 

optical properties of silver tilted 1D nanostructures. However, the high reflectivity of 

the samples hampered this study. Thus, the thickness of the deposited material was 

kept constricted to the formation of silver nanoparticles instead of nanocolumns. 

Concrete objectives of this chapter are stated below:   

� Fabrication of microstructurally/optically anisotropic silver nanoparticles following 
a templateless methodology by physical vapor deposition at glancing angles 
assisted by electron beam in high vacuum conditions.  
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� The study of the microstructure and optical properties, concretely related to 
surface plasmon resonance dichroism, as a function of the deposition angle and 
film thickness.  

� Laser treatment of the metal nanoparticles in ambient conditions. Characterization 
of the microstructure and optical properties of the treated nanoparticles. 

� Evaluation of the laser treatment effect on the surface SPR dichroism. 

5.3. Methodology 

As already summarized in the Section 1.4.1 (Chapter 1), evaporation at glancing 

angles consists on the deposition of a material that arrives at the substrate surface 

with a high zenith angle (Section 1.4.1 a), Fig. 15). In this chapter, silver evaporation 

was carried out in an electron bombardment evaporator by using a crucible with silver 

as a target. Pieces of a Si (100) wafer with a size of 2.5 x 2.5 cm2 were used as 

substrates for the SEM characterization of the as-grown samples. Simultaneous 

evaporation was also carried out on glass and quartz plates that thereafter were 

examined by UV-Vis absorption spectroscopy and underwent the laser treatments. 

Deposition was performed at room temperature in vacuum (i.e., 10-6 mbar) by placing 

the substrates at different glancing zenithal angles α from 60 to 85º. The layer 

thickness was controlled by monitoring the evaporation process with a quartz crystal 

monitor (QCM) previously calibrated by comparing its response with the thickness of 

Ag films prepared at normal geometry. When the text refers to the amount of 

evaporated silver, the data always indicate the nominal thickness measured by the 

(QCM) place at normal geometry. Therefore, the typical cosine rule should be applied 

to estimate the amount of silver actually deposited on the substrates placed at 

glancing angles with respect to the source.  For comparative purposes, samples were 

also prepared at normal configuration (α=0º) or at glancing angle while rotating the 

substrate. In the text, samples will be named by indicating their nominal thickness 

followed by the deposition angle (e.g., 50nm/85º means a sample with a nominal 

thickness of 50 nm prepared at 85º zenithal evaporation angle). The samples were 

fabricated at deposition rates comprised between 0.5 and 1.5 Å/s in all cases. The as-

prepared samples were kept in a desiccator under controlled conditions until their use.  

Laser post-treatment was performed at room temperature with a 20 W diode-pumped 

Nd:YAG (Powerline E, Rofi n-Baasel Inc.) unpolarized laser emitting at 1064 nm with  

a 100 ns pulse width and a 20 kHz repetition rate. The samples were scanned with a 
60 µm spot, measured by analyzing the laser marks on a silver thick film at the 

working distance (Fig. 1), at 100 mm s−1 speed with one pulse per spot fired into the 
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material. The maximum energy fluence applied in these experiments was 21.2 Jcm-2 

and was calculated as the ratio energy per pulse to area. Full width of the beam at half 

its maximum intensity (FWHM) supplied by the constructor is 10 nm. UV-Vis 

absorption spectra were recorded at normal incidence in a Cary 100 

spectrophotometer from Varian at normal incidence and in the [220 – 900 nm] range 

with a 1 nm monochromator step spectrometer by using linearly polarized light at 0º 

and 90º. 

 

Figure 1. SEM image used for the estimation of the laser mean diameter measured at the 

working distance on a silver thick layer (∼ 750 nm). 

The particle size and shape of the silver NPs evaporated on a silicon wafer was 

analysed by Field Emission Scanning Electron Microscopy (FESEM) in a Hitachi 

S4800 microscope by examining both their surfaces and cross sections. The surface 

topography of the deposited particles was analysed by Atomic Force Microscopy 

(AFM) in a Dulcinea microscope from Nanotec (Madrid, Spain) working in tapping 

mode and using high frequency cantilevers. AFM images, taken on a 1 x 1 µm2 

surface area, were processed with the WSxM free available software from Nanotec 

[Ferraris M., Mater. Chem. Phys. 2010]. Besides to a conventional analysis of the 

surface topography, Fast Fourier Transforms (FFTs) of the images were calculated to 

assess both the shape and particle size distribution of the deposited silver. 
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5.4. Results and Discussion 

5.4.1. Evaporation of silver at glancing angles 

Evaporation of silver at glancing angles on a glass or any other transparent substrate 

leads to the formation of optical layers characterized by either a wavelength 

widespread mirror reflectance or a localized SPR feature. The transition from one 

regime to the other depended on the amount of evaporated silver and on the zenithal 

evaporation angle.  

 

Figure 2. Absorbance spectra recorded for silver layers with a) 10 and b) 50 nm nominal 

thickness deposited on a glass slide at zenithal angles of 0º, 65º, 70º, 80º and 85º. The inset in 

panel a) shows the changes of the absorption maxima with the deposition angle. 

Figure 2 illustrates the above mentioned behavior for silver deposits of 10 and 50 nm 

nominal thickness prepared at zenithal angles α=0º, 65º, 70º, 80º, 85º. It is apparent in 

this figure that the layers fabricated at the higher zenithal angles depict a defined 

absorption band located between 500 and 600 nm that it is attributed to the SPR 

absorption of silver NPs [Mertens H., Appl. Phys. Lett. 2006][Liang H. Y., Adv. Mater. 

2009][Giannini V., Chem. Rev. 2011][Rycenga M., Chem. Rev. 2011]. At low zenithal 
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evaporation angles, particularly at normal evaporation (i.e., α=0º), the layer behaves 

as a mirror without any defined absorption feature.  

A similar tendency was found for silver layers of intermediate nominal thicknesses of 

20, 30 and 40 nm (Fig. 3). The broad absorption between 200 and 320 nm presented 

in all the curves can be related with both, light scattering in the interface with the 

substrates [Ehrenreich H., Phys. Rev. B 1962] and the combination of the SPR with a 

minimum at ~310 nm which is characteristic of the silver systems. At such wavelength 

the real and imaginary parts of the dielectric function of silver almost vanish in relation 

with interband transitions [Linnert T., J. Amer. Chem. Soc. 1990]. Different authors 

have also reported two absorption bands at 305 and 350 nm associated with the 

presence of Ag+ and elemental Ag atoms correspondently [Mitchell C. E. J., Surf. Sci. 

2001][Chiaretta D., Non-Crystal. Sol. 2006]. In this case, besides the strong SPR 

absorption hamper the resolution of bands due to metal ions [Ehrenreich H., Phys. 

Rev. B 1962], the possibility of silver oxide presence has been discarded by following 

the absorption after an oxidation/reduction cycle, noticing a displacement and 

narrowing of the surface plasmon resonance related to a rearrangement of the silver 

clusters (data non shown) as the main modification of the spectra. 

 
Figure 3. Absorbance spectra recorded for silver layers with 20, 30 and 40 nm nominal 

thickness deposited on glass at the zenithal angles of 0º, 65º, 70, 80 and 85º. 
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The formation of isolated silver particles at the highest zenithal angles could be 

confirmed by SEM observation. This analysis showed that silver deposited under 

these conditions aggregates in the form of small NPs with a morphology that 

depended on the angle of evaporation and the amount of evaporated silver.  Figure 4 

gathers a series of normal and cross section SEM micrographs showing the 

characteristics of the silver grains formed in samples 50nm/85º and 10nm/85º. This 

figure clearly demonstrates that silver evaporated at zenital angles forms small 

particles without completely covering the substrate. The histogram included in the 

figure shows that the average particle size increases with the amount of evaporated 

silver, as expected for a progressive percolation and agglomeration of the initial silver 

nuclei into bigger particles. This assessment of the evolution of particle sizes also 

proved for other deposition angles and equivalent thicknesses, comply with an ample 

series of results in literature reporting that evaporation of small amounts of silver at 

normal deposition angles leads to the formation of discrete particles [Lee M. H., Thin. 

Sol. Films 1992][Yang K. Y., Appl. Phys. Lett. 2009][Siozios A., Nanolett. 2012]. For 

higher amounts of evaporated silver, i.e., the conditions where a mirror like behavior 

was found (cf. Fig. 2), a homogenous and highly percolated metal film could be 

observed by SEM (Fig. 3 d)).  

A close look to the cross section images in Figure 4 c)-d) and to the shape of the NPs 

in the normal images (a, b) reveals that, even if irregular, they present a certain 

elongation perpendicular to the direction of evaporation. This asymmetry had a critical 

influence on the optical properties of these deposited particles. From now on the 

following notation will be used when indicating absorption for linear polarized light: 

linear polarized light perpendicular/parallel to the flux direction (x)/(y), i.e. in the 

long/short axis growth of the nanoparticles (Fig. 3 a)-b)), will be denoted as 0º/90º and 

the corresponding SPR as longitudinal/transversal.  
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Figure 4. Normal (a, b) and cross section (c, d) SEM micrographs of samples 10nm/85º (a) 

and 50nm/85º (b, c, d). Arrows inserted in the micrographs indicate the direction of arrival of 

silver flux during the preparation of the samples. Coordinate axis defined with respect to this 

direction are also included for clarity. The insets in a) y b) show an enlargement of the 

micrograph for a better view. Cross section micrographs (c, d) have been taken by turning the 

50 nm sample during analysis as indicated by the coordinate axis in the figure. The histograms 

in e) show the particle size distributions obtained from images a) and b) for each studied 

sample. 

Figure 5 shows the absorption spectra of samples 10nm/80º and 50nm/85º under 

linear polarized light. In the two cases, the most significant feature was the difference 

in the wavelength position and width of the plasmon absorption band when turning the 

polarizer 90º. This optical dichroism must result from the excitation of distinct plasmon 

resonances along the nanoparticles (longitudinal plasmon L-SPR) and perpendicularly 

to them (transverse plasmon T-SPR). The different plasmon wavelengths of the two 

bands indicate that the electromagnetic coupling along the nanoparticle longest 

dimension is stronger than along the perpendicular direction. For the two samples, the 

L-SPR depicts a red shift by, respectively, 56 and 84 nm accompanied by a 

broadening in the shape. Similar wavelength modifications and broadenings, although 

to a different extent depending on the sample, were also found for the samples that 

depicted a clear plasmon absorption band as seen in Table 1. 
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Figure 5. Absorption spectra recorded with linearly polarized lights at 0º and 90º for samples 

10nm/80º (a) and 50nm/85º (b). 
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Table 1. Wavelength difference (dichroism) between L-SPR and T-SRP maxima of the 

synthesized samples by recording the spectra with linearly polarized light at 0º and 90º. The 

cells in blank correspond to samples depicting a mirror like behavior where no well-defined 

SRP could be observed.  

                Angle                    

Thickness   
65º 70º 80º 85º 

10 nm 46 nm 62 nm 56 nm 25 nm 

20 nm 84 nm 40 nm 13 nm 16 nm 

30 nm - - 14 nm 44 nm 

40 nm - - 109 nm 51 nm 

50 nm - - - 84 nm 

  

At this point it is worthy of note that samples prepared by GLAD while rotating the 

substrate or by normal evaporation and a small nominal thickness were characterized 

by small and rather symmetrical  silver NPs and did not present any significant 

difference in their absorption spectra when examined with polarized light at 0º and 90º 

(Fig. 6). This result further supports that the optical anisotropy depicted in Figure 4 has 

to be associated with the elongated shape of the silver NPs prepared in a GLAD 

configuration. 
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Figure 6. UV-vis absorption spectra recorded with linearly polarized light at 0º and 90º for 

samples prepared at a GLAD geometry by rotating the substrate (left) and by deposition of the 

silver at normal geometry (right). 

5.4.2. Laser post-treatment of silver NPs prepared by GLAD 

A well-known phenomenon observed when deposited silver NPs are subjected to laser 

irradiation is their coarsening and agglomeration into particles of bigger size [Ebothé 

J., Mat. Chem. Phys. 2009][Cattaruzza E., Appl. Surf. Sci. 2011][Tawfick S., Adv. 

Mater. 2012]. For the anisotropic particles prepared here by GLAD, this should 

normally lead to the overlapping of the L-SPR and T-SPR and therefore to the 

decrease of the dichroism. Figure 7 shows a series of normal SEM micrographs taken 

for sample 50 nm/85º deposited on fused silica and exposed to laser illuminations with 

increasing laser irradiances in the range between 141 and 424 kWcm-2. This set of 

micrographs reveals a progressive modification of the particles from an elongated to a 

spherical shape and, to a first glance, the formation of bigger particles when the 

irradiance is progressively increased. A closer look to the particle morphologies in the 

sample irradiated with the maximum power of the laser (see the high magnification 

SEM image in Fig. 7 f)) shows that together with the big spherical NPs (diameters 

between 40 to 100 nm) there are also very small spherical NPs (diameters below 10 

nm), thus defining a kind of bimodal (an even trimodal) distribution of particle sizes. 

For intermediate or the lowest irradiance conditions (i.e. 141 and 212 kWcm-2), 

although a small number of spherical NPs can be devised in the image, most of them 

continue having an irregular and elongated shape. 
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Figure 7. Normal view SEM micrographs of sample 50 nm/85º subjected to increasingly higher 

laser irradiances as indicated in the images from a) to f). Panel f) shows a higher magnification 

micrograph to better devise the heterogeneous distribution of particle sizes present in the 

sample after treatment at the highest irradiance conditions. 

Unfortunately, the characterization of these samples by high resolution SEM in cross 

section mode is hampered by charging problems associated to the use of fused silica 

as substrate for the laser treatments. Nevertheless, a deeper look to the 

characteristics of the particles after the different irradiation experiments is achievable 

by AFM.  The topographic images and fast Fourier transforms (FFTs) for sample 

50nm/85º presented in Figure 8 confirm the previous assessment on the evolution of 

particle size and shape derived from the SEM analysis. Thus, the evolution of the 

topography of the samples (see the intensity scale in panels a)-c) and the histograms 

in panel e)) agrees with an increase in the particle height associated with the formation 



 

Chapter 5  

 

249 

 

of cylindrical and/or rounded particles of bigger size. Meanwhile, the histograms 

included in the same figure clearly indicate that both the average particle size and the 

width of the particle size distribution increase with the irradiance, in agreement with 

the SEM observation of these samples in Figure 7.  The RMS roughness values 

collected in Figure 8 d) confirm these tendencies. Similarly, the FFTs included in the 

figure provide additional evidences of the coarsening of the silver NPs when subjected 

to laser irradiation.  For the original sample the FFT diagram is characterized by a 

relatively large and rectangular area which agrees with the presence of small particles 

with elongated shape. Increasingly higher laser irradiances produce a decrease in the 

size of the FFT diagram and its transformation into a symmetric pattern, both features 

agreeing with the formation of spherical silver particles. Thus, the height histograms 

demonstrate the increment in the height out of plane of the NPs with the laser 

treatment, meanwhile the FFT devoted to the in-plane features show the 

transformation into rounder nanoparticles.   
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Figure 8. a)-c) AFM topographic images and Fourier transforms (FFTs) as insets of sample 

50nm/85º as prepared by GLAD and after being subjected to increasingly higher laser 

irradiances as indicated; d) RMS roughness as a function of the laser irradiance; e) height 

histograms of the representative images in a)-c). 

The changes experienced by the morphology and size of the silver particles upon 

laser irradiation had a direct correlation onto the optical behavior of samples. A first 

effect is observed in the wavelength position of the L-SPR maximum that could be 

tuned along the visible range as a function of the irradiance parameter. A direct 

consequence of such a tuning for a given sample was the modification of its dichroism. 

A clear example of this effect is reported in Figure 9 showing the transmittance spectra 

recorded with linearly polarized light at 0º (L-SPR) and 90º (T-SPR) for sample 50 

nm/85º subjected to increasingly higher laser irradiances.  The as-grown sample 
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present a L-SPR at ∼ 570 nm that splits into two peaks, one well defined at higher 

wavelengths (720 nm) and a another one at ∼ 550 nm. The former is also observed 

with very little intensity in the T-SPR spectrum that, otherwise, remained almost 

unmodified. A similar effect was described and modeled in a previous work regarding 

the ns-laser treatment of silver nanostripes deposited on SiO2 nanocolumns [Sanchez-

Valencia J. R., Adv. Mater. 2011]. At medium irradiances from 177 to 248 kWcm-2, the 

720 nm band in the L-SPR spectrum shifted to the red and merged with the 

component at around 550 nm. Except for the removal of the shoulder at 720 nm, little 

changes can be observed in the T-SPR spectra for this range of irradiances.   

Treatment under higher irradiances from 318 to 424 kWcm-2 progressively transformed 

the plasmon contributions recorded with the two polarizations of light into a unique 

complex band appearing at around 400 nm for the maximum power of the laser. In this 

final band, up to three different features can be distinguished in the spectra recorded 

either at 0º or 90º polarizations. Resulting from these changes in the absorption 

spectra, the color appearance of the sample illuminated with polarized white light 

changed as a function of both the laser irradiance and the polarization of light as 

reported in Figure 9 c). Turning the polarizer, the full color scale (0º) obtained when 

exciting the L-SPR turns almost monochromatic at 90º. The wide variety of colors and 

its dependence on the polarization of light opens the possibility to create a full pallet of 

polarized dependent colors based on the Plasmon absorption of silver NPs. Due to the 

focusing properties of the laser, the previous colors could be produced according to 

given patterns and be used for optical encoding [Van Kranenburg H., Mater. Sci. and 

Eng. R 1994][Han R., Appl. Phys. Lett. 2011]. 
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Figure 9. Transmission spectra recorded with linearly polarized light at 0º a) and 90º b) for 

sample 50 nm/85º subjected to laser treatments with increasing irradiances between 141 and 

424 kW/cm2. Color code is the same in both graphs; c) color photographs taken for the same 

samples illuminated with polarized (0º and 90º) white light showing the production of a color 

scale when exciting the longitudinal plasmon. 

The behavior of sample 50nm/85º described in Figure 9 was similarly reproduced by 

all the samples where an optical anisotropy was already apparent in the “as prepared” 

films (Table 1). In all cases, irradiation at the minimum laser irradiance produced a 

shift to longer wavelengths in the position of the plasmon band recorded with the 0º 

polarized light. As a consequence, the difference in the SPR position recorded with 0º 

and 90º polarized lights increased, leading to a maximum difference in the SPRs and, 

hence, in the color appearance of the samples when examined with white light (cf. 

Figure 9 (right)). Laser irradiation at intermediate powers produced in all cases a 

progressive diminution of the plasmon shift that decreased smoothly to zero at the 

maximum irradiances. A maximum shift of 200 nm was obtained for sample 50nm/85º. 
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To summarize the effect of laser on the different samples, Figure 10 shows a plot of 

the magnitude of the plasmon shifts between the SPR maxima obtained with 0º and 

90º linearly polarized lights when the different samples were subjected to laser 

irradiation at increasingly higher irradiances. It must be noted that practically no 

anisotropy enhancement was obtained for samples prepared at normal evaporation or 

by rotating the substrate during evaporation in GLAD configuration that, as previously 

indicated, did not present a noticeable anisotropy in the “as prepared” state. 

 

Figure 10. Evolution of the SPR shift between the UV-Vis spectra recorded with 0º and 90º 

polarized lights for the different studied samples treated with increasingly higher laser 

irradiances.   

5.4.3. Growth mechanism and evolution of GLAD silver 

nanoparticles under nanosecond laser treatment  

Growth of silver nanocolumns by glancing deposition is known to yield a very 

interesting optical phenomenology, widely studied since the eighties of the last century 

[Bloemer M. J., Phys. Rev. B 1998][Liu Y., Appl. Phys. Lett. 2006][Zhao Y. P., J. Appl. 

Phys. 2006][Horcas I., Rev. Sci. Instrum. 2007]. By contrast, the initially formed 

particles deposited at glancing angles and their modification by laser irradiation has 

not deserved much attention. Our results have shown that silver NPs prepared by 

evaporation in a GLAD configuration present optical anisotropy likely linked with their 
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elongated shape with the longest dimension perpendicular to the direction of 

evaporation. Asymmetric growth of GLAD microstructures is a common phenomenon 

in thin films that sometimes becomes apparent by the agglomeration of the individual 

nanocolumns in the form of “bundles” [Yang K. Y., Appl. Phys. Lett. 2009][Rycenga 

M., Chem. Rev. 2011]. The asymmetric NP shape obtained here must be a first 

indication of this tendency to form anisotropic structures, already at the initial 

nucleation steps. Our results have also shown that a plasmonic structure appears for 

certain angles of evaporation and relatively low amounts of evaporated metal. For 

other preparation conditions with a higher amount of silver, the silver layer presents a 

mirror like behavior where no SPR can be devised. We attribute this result to the 

percolation of the silver into a continuous structure where no isolated particles can be 

differentiated. We have demonstrated that the elongated particles prepared at GLAD 

present a dichroic behavior when examined with linearly polarized light that is not 

found when evaporated at normal geometry [Lee M. H., Thin. Sol. Films 1992][Yang K. 

Y., Appl. Phys. Lett. 2009][Siozios A., Nanolett. 2012]. This dichroism and its evolution 

upon laser irradiation must be a result of the change of the morphological 

characteristics of the NPs.  

In general, deposited silver NPs subjected to laser irradiation tend to agglomerate into 

bigger particles with spherical shape [Ebothé J., Mat. Chem. Phys. 2009][Cattaruzza 

E., Appl. Surf. Sci. 2011][Tawfick S., Adv. Mater. 2012], producing a red shift in the 

position of the plasmon. The observed optical behavior found when our samples were 

subjected to low laser irradiances was more complex and resulted in an enhancement 

in the optical anisotropy when using polarized light. In the “as deposited” state the NPs 

prepared at glancing angles appear to be rather flat (Fig. 4 c)) and elongated in the 

direction to the arrival of the incoming flux of silver during evaporation. This 

morphology must be the cause of the different shape of the L-SPR and T-SPR spectra 

and the observed shift in their maxima. According to the literature [Link S., Phys. 

Chem. B 1999][Zeng J., Chem. -Eur J.], among the factors contributing to the red shift 

in the position of the plasmons, the elongated aspect ratio, the interaction with the 

substrate and the irregular shapes with relatively sharp corners in these NPs can be 

quoted. 

Laser irradiation produces a progressive change in both the T-SPR and L-SPR modes 

that must be accounted for by some modifications in the morphology of the NPs. The 

schematic presented in Figure 11 tries to illustrate the morphological changes of the 

silver NPs evidenced by the SEM and AFM analysis of the original and laser irradiated 

samples (Fig. 7 and 8). According to it, evaporation at glancing angles leads to the 
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growth of elongated particles of different sizes and shapes but with a preferential 

orientation of their longest dimension perpendicular to the evaporation direction (Fig. 

11 a)). The actual averaged anisotropy of the evaporated particles depend on both the 

amount of evaporated material and the zenithal angle of deposition as supported by 

the plasmon shifts reported in Table 1. According to the optical characterization results 

summarized in this table, when the deposited amount of silver increases, percolation 

of the NPs takes place (Fig. 11 b)) and the SPR absorption becomes substituted by a 

continuous and intense reflection behavior. Our results have also shown that the 

rather scattered distribution of particle sizes characteristic of the GLAD samples (Fig. 

4 b)) can be modified by laser irradiation. At the lowest irradiance values, the initial 

broad L-SPR band splits into two, one of them shifted to longer wavelengths (Fig. 9 

a)). According to Figure 11 c), these changes may be attributed to the preferential 

merging of the smallest particles along the largest axis of the biggest ones and to a 

change in the edge sharpness and likely the planarity of the resulting particles. The 

sum of all these effects would produce an additional increase in the optical anisotropy 

of the system and lead to an enhancement of the dichroism. 

At medium irradiance values the T-SPR and L-SPR maxima shifts continuously to 

shorter wavelengths while the optical anisotropy is progressively lost with the value of 

this parameter (Fig. 9 a)-b)).  In the final situation, the irradiated samples have lost 

their optical anisotropy and their spectra are characterized by a complex band at 

around 400 nm where up to three different components can be differentiated. This 

progressive change can be attributed to a progressive detachment of the particles 

from the surface and the adoption of a spherical shape (Fig. 11 d)). A partial melting of 

the silver aggregates, in line with previous studies on ns-laser interaction with metallic 

silver [Yang K. Y., Appl. Phys. Lett. 2009][Link S., Phys. Chem. B 1999] can be 

claimed to justify these results. In agreement with Figures 7 e) and 7 f), this final 

situation would be characterized by a wide distribution of quasi spherical particles 

sizes, thus accounting for the three features observed in the transmission spectra of 

the highly irradiated samples.  It is worth stressing that even if on average no large 

variations in particle sizes exist between the “as prepared” and the highly irradiated 

samples, large changes in the SPR maxima and  the development of dichroism 

appear in the GLAD grown and mildly laser treated NPs. The aforementioned factors 

of NP high aspect ratio, interaction with the substrate and/or the development of sharp 

corners [Rycenga M., Chem. Rev. 2011][Zeng J., Chem. -Eur J.] would be the factors 

contributing to both the initial enhancement of dichroism at low laser irradiances and 
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its removal and red shift in the position of the Plasmon maxima after irradiating with 

high laser powers. 

 

Figure 11. Scheme showing the evolution of particle size and shapes upon laser irradiation of 

the silver NPs prepared under GLAD configuration. a) Elongated silver NPs grown by GLAD. b) 

Percolation of the NPs to form a continuous granular film. c) Effect of low laser irradiances on 

the NP size and shapes. d) Effect of high laser irradiances on the NP size and shapes.  

5.5. Conclusions 

In the previous results and discussion it has been shown that silver NPs prepared by 

evaporation at glancing angles exhibit a surface plasmon resonance absorption 

located around 500-600 nm depending on the evaporation angle and nominal 

thickness of the silver deposit. The as-prepared samples presented an elongated 

shape which gave rise to an important intrinsic optical anisotropy of the NPs. It has 

been found that this strong dichroism can be enhanced by a mild laser irradiation. 

These optical effects were attributed to the formation of flat and elongated NPs when 

the evaporation is carried out along this geometry and to the modification of these 

morphological characteristics when the prepared samples are treated with laser. By 

controlling the amount of deposited material, the evaporation angle and the laser 

irradiance, it has been possible to successfully prepare a large set of dichroic color 

patterns due to a shift in the LSPR position from 700 to 400 nm. As demonstrated by 

AFM, the height of the NPS gets bigger with increasing laser power, while at the same 
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time there is a modification of the lateral shape of the NPs going from predominately 

elongated to spheres, with the consequent loss of dichroism. 

The simplicity of the method, not requiring of any template or 1D periodic roughness 

effect of the substrate or the use of complex lithographic techniques and its 

compatibility with any kind of substrate material are some of the most advantageous 

features of the procedure. Its use for optical encoding by moving the laser beam along 

certain predefined patterns is likely one of the applications of the developed 

technology with more potentiality. 
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Abstract 

The fabrication of large area substrates containing nanostructured silver 

for extremely sensitive Surface Enhanced Raman Scattering (SERS) is 

addressed by two distinct vacuum approaches. In one case, Ag NPs 

deposited by GLAD on fused silica are treated with a Nd:YAG laser and 

their SERS effect compared. The second approach, Ag NPs of three 

nominal thicknesses are deposited on nano-TiO2 NTs of two different wall 

thicknesses, achieving highly hydrophobic and adequate SERS surfaces. 

The Raman enhancement factor is calculated in all cases and correlated 

to the samples characteristics. 

An oxygen photonic sensor based on the excitonic luminescence of ZnO 

NTs is devised and tested. 
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6.1. Introduction 

6.1.1. Raman spectroscopy and nanostructures for SERS 

he ideal analytical technique to determine the concentration of a chemical 

compound or a chemical element, and whenever possible to specify its 

identity, should have at least the following characteristics [Skoog D. A., 

Saunders College Publishing 1998]: 

� High sensitivity and wide dynamic range: Extremely low detection limits, i.e. 

single molecule detection, should be feasible.  The technique should allow 

the determination and analysis of the whole concentration range of the 

analyte, from one molecule to 100% concentration. In order to avoid 

saturation of the detector employed, dilution is frequently done, but it slows 

down the process. 

� High accuracy and precision: no systematic bias and high reproducibility. 

� Suitable for both quantitative and qualitative analysis. 

�  Noninvasiveness and Nondestructiveness: It is desirable to recover the 

sample intact, without being subjected to any chemical or physical changes.  

� Great flexibility: any substrate should be appropriate and sample preparation 

should not be necessary. 

� Lack of interferences: absolute selectivity; capacity to distinguish between 

two almost identical analytes. 

� Fast, highly automatized and low cost: high throughput, little or no personnel 

required, inexpensive overall operation, no tedious calculations, etc. 

� Compactness and Portability (optional): ideal for field analysis and not limited 

to fixed locations.  

Obviously, there is not still an analytical tool that satisfies all these requirements. 

However, last decades advancements in many instruments components and the 

introduction of new and more powerful methods for analysis have pushed the 

boundaries of many analytical techniques, which now comply many of the above 

mentioned characteristics.  This is especially true for Raman spectroscopy, a non-

destructive technique, with negligible or no sample preparation, unprecedented high 

specifycity, high flexibility, rapid, adequate for quantitative and qualitative analysis, and 

even with portable equipment available (there are plenty of portable Raman 

spectrometers manufacturers) [Schmitt M., J. Raman Spectrosc. 2006]. 

T
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Given its versatility and non-destructive nature, Raman spectroscopy is currently 

applied in broad range of fields [Das R. S., Vib. Spectrosc. 2011]: 

 Forensic science: applied to the analysis of explosives, drugs, fibers, body 

fluids, lipsticks, paints, etc.  

 Biology and diagnosis: useful living cells/tissue biochemical information 

without the need of markers, strains or fixatives. Evaluation of the quality of 

natural food. Mapping of the components presents in cells. Analysis of 

biomedical materials and disease diagnosis. 

 Environmental monitoring: Hazardous agents in trace amount in 

environmental samples can be safely monitored on-line.  

 Crystalline studies: Raman is sensitive to the degree of crystallinity and 

orientation in a sample. However, a quantitative measure of crystallinity 

requires comparison and calibration with other techniques. 

 Materials science: highly adequate for the characterization of 

superconductors, semiconductors, carbonaceous materials, polymers, 

archaeological materials, nanomaterials, etc. 

 Pharmaceuticals: characterization of drugs formulations, detection of 

counterfeit medicines, investigation of kinetic processes and even the ability 

to discern enantiomers of chiral substances and to determine the absolute 

configuration of small molecules (Raman optical activity spectroscopy) 

[Parchaňský V., RSC Adv. 2014][Kiefer J., Analyst 2015]. 

 

Basic principles of Raman spectroscopy 

Upon irradiation of a molecule with monochromatic radiation, three distinct 
phenomena can occur: absorption, reflection or scattering of incident light. There are 

two types of scattering, elastic and inelastic illustrated in Figure 1. In the former, the 

incident photon does not suffer any change in its frequency or energy (Rayleigh 

scattering), whereas in the latter the photon can gain vibrational energy from the 

molecule increasing its frequency (anti-stokes Raman scattering), or it can lose energy 

by interaction with the molecule resulting in a lower frequency photon (stokes Raman 

scattering)1. These shifts in frequency of the inelastically scattered light are 

characteristic of the nature of each bond (vibrations) present in the molecule, providing 

                                                           
1
 Stokes Raman scattering is by far the stronger of the two inelastic scattering 

processes. 
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with structural and chemical information. Moreover, not all vibration modes associated 

with a bond are observable. According to a gross selection rule a mode will be Raman 

active if it involves a change in the polarizability of the molecule [Das R. S., Vib. 

Spectrosc. 2011][Atkins P., Oxford 2010]. 

 

 

Figure 1. Mechanism of Raman scattering. 

 

One of the key aspects of Raman spectroscopy is the high selectivity of the technique. 

Almost identical compounds usually present well differentiated features in the Raman 

spectrum that can be used as a “fingerprint” of every molecule. As a representative 

example, Figure 2 shows a series of Raman spectra of saturated fatty acids (only 

differing in the number of carbon atoms in the chain) and unsaturated fatty acids (with 

differences in the position and number of the double carbon bonds) that present 

features which allow to differentiate them [Wu H., PNAS 2011]. This characteristic of 

the Raman spectroscopy is very attractive since it has potential applications as for 

instance in medicine, allowing detecting “a priori” unknown substances in the blood or 

cells.  
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Figure 2. Raman spectra of representative saturated and unsaturated fatty acids. The 

saturated fatty acids differ in the number of carbons and the unsaturated fatty acids in the 

position and number of the carbon double bonds [Wu H., PNAS 2011].  

Raman spectroscopy usually requires high intensity lasers. The photons from the laser 

are absorbed from the molecules (even if the molecules do not possess any electronic 

transition at the laser energy), exciting the electrons to a virtual energy state. This 

transition is highly unlikely and only around 10-6 of the incident photons are scattered, 

hindering the detection of molecules present at low concentrations. This lack of 

sensitivity (conversion efficiency of the Raman effect) is one of the major drawbacks 

associated to Raman spectroscopy. The conversion efficiency of the Raman effect can 

be enhanced for what is known as “resonance conditions” that occur when the incident 

laser energy is close to a real electronic transition of the molecule. 

The relatively low intensity of Raman signals can be enormously enhanced by several 

orders of magnitude by taking advantage of a strengthening effect present in the 

proximity of metallic nanostructrures, known as Surface Enhanced Raman Scattering 

(SERS) [Sharma B., Mater. Today 2012][Schlücker S., Angew. Chem. Int. Ed. 2014]. 

The interaction between light and the surface electrons of the conduction band of a 

metal nanoparticle (MNP) causes their collective oscillation with a resonant frequency 

dependent on their identity and composition, size, geometry, dielectric environment 

and particle-to-particle distance of the MNPs. This phenomenon is generally known as 
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surface plasmon resonance (SPR) and is manifested in transition metal nanoparticles 

as an absorption peak in the visible range. 

As already mentioned, only a small fraction of incident photons are inelastically 

scattered, making the technique unsuitable for trace analysis. The intensity of Raman 

scattering, and thus the intensity of Raman signals, is proportional to the scattering 

cross-section, the intensity of the radiation source and the amount of analyte. The light 

source intensity can be augmented, but it might probably entail degradation of organic 

samples. The amount of analyte is something one would like to minimize, so the most 
convenient signal enhancing mechanism must involve the cross-section (σ). In SERS, 

the Raman signal of molecules adsorbed to or between MNPs is increased due to two 

distinct enhancement mechanisms: electromagnetic (EM) and chemical. The EM 

factor arises from the coupling of the EM field of the conduction band of a MNP and 

coulombic fields of a near or adsorbed molecule, distorting its electronic structure and 
thus its polarizability (α). Due to the fact that σ is proportional to the square of α, the 

intensity suffers a dramatic increase. The chemical mechanism also affects α by 

means of more subtle chemical interactions between the NPs and the adsorbate. The 

EM mechanism is considered to have a much higher enhancing factor over the 

chemical one, of around two orders of magnitude, and it can influence molecules up to 

circa 10 nm away from the NP [Petryayeva E., Anal. Chim. Acta 2011][Schlücker S., 

Angew. Chem. Int. Ed. 2014]. 

When the distance between adjacent MNPs is much smaller than the wavelength of 

light, their transient dipoles couple and their EM fields interfere coherently, giving rise 

to the so-called hot spot regions (Fig. 3). This is the reason behind even higher 

Raman signal enhancement factors compared to single or isolated MNPs. 
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Figure 3. Evolution of SERS enhancement factor as a function of the relative position in hot 

spot [Petryayeva E., Anal. Chim. Acta 2011]. 

One of the main drawbacks for the fabrication large area SERS sensors is the 

homogeneus dispersion of those “hotspots” on the samples, since they are usually 

synthesized by electron-lithography, which requires expensive equipment and time. 

One alternative is to create nanoparticles with different shapes such as nanorods, 

cubes prisms or stars [Yang Y., Nanotechnology 2006][Rycenga M., J. Phys. Chem. 

Lett. 2010][Mulvihill M. J., J. Am. Chem. Soc. 2010], which provoke an enhancement 

of the electromagnetic field in the vicinity of the edges. For example, the dispersion of 

colloidal solutions of silver particles with different shapes on a glass slide has shown a 

very high SERS activity for detecting organic molecules [Yang Y., Nanotechnology 

2006][Rycenga M., J. Phys. Chem. Lett. 2010][Mulvihill M. J., J. Am. Chem. Soc. 

2010]. The effect of the “hotspot” regions produced by elongated silver particles 

fabricated in the previous chapter by GLAD has been tested in terms of the SERS 

efficiency to detect very diluted solutions. 

To fabricate highly efficient SERS-based sensors, an additional property needs to be 

taken under consideration: the water contact angle, in particular hydrophobicity [De 

Angelis F., Nat. Photonics 2011][Chun A. L., Nat. Nanotechnol. 2015]. TiO2 is very well 

known to be hydrophobic, with water contact angles that depend strongly on the 

microstructure, porosity and crystallinity [Borras A., Langmuir 2010]. The hydrophobic 

surfaces allows to concentrate molecules a certain micro-area, which can be even 

reduced to nano-areas for superhydrophobic surfaces (with WCA > 150º). The idea 

behind is simple: for the sensing of a very diluted solution of a certain analyte, a very 

small volume drop needs to be placed at the proximity of the metal nanoparticles. This 

is easily achievable by spreading the metallic nanoparticles on a surface, and drying 
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the required drop on it. Although the principle is easy, the drops are spread on the 

surface, covering areas that can range from cm to nm sizes (depending on the volume 

of the initial drop). The radius (r) of the liquid- solid interface (remember it contains the 

required analyte molecules) follows the equation of the Figure 4, where R is the radius 

of the spherical drop prior to the deposition on the surface and θ is the water contact 

angle [De Angelis F., Nat. Photonics 2011]. In the examples of the figure, 

superhydrophilic (θ=0.4º) and superhydrophobic (θ=179.8º), for a small volume drop of 
5 µL (Radius, R=1.06 mm), the liquid-solid area would change from 295 to 4.3x10-5 

mm2, respectively.  

 

Figure 4. Liquid-solid relative radius with respect to the spherical water drop prior to deposition 

on the surface (black line) and area covered by a 5µL water drop (red line).   

This effect for superhydrophobic surfaces, that differs eight orders of magnitude which 

respect to superhydrophilic, brings the area covered by the liquid to the sub-squared 

microns range, and therefore enhances significantly the surface concentration of the 

analyte. This concentration effect has been recently used to enhance the detection 

limit of SERS based sensors to the femto- and atto- molar range, extremely close to 

single molecule detection [De Angelis F., Nat. Photonics 2011]. Although these 

authors reached the ultimate detection limit (single-molecule), the methodology to 

fabricate these sensors is based in electronic lithographic techniques, which are very 

expensive and do not allow the fabrication of big areas. Some of the 

superhydrophobic-SERS-based sensors are presented in Figure 5, where it can be 
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observed the complexity of the nanopilars, whith metallic nanoantennas with conical 

shapes and concentric resonators [De Angelis F., Nat. Photonics 2011]. The state of 

the art in SERS still lacks the production of cheap and big areas sensors, to detect 

ultralow concentrations of unknown compounds. 

 

Figure 5. Examples of nanopillars and silver nanoantenas fabricated by electron beam 

lithography for hydrophobic SERS applications [De Angelis F., Nat. Photonics 2011]. 

In this chapter we have followed two strategies for the fabrication of SERS-based 

sensors. Both sensors, although based in the SERS amplification provoked by silver 

nanoparticles, intended to take advantage of different film properties: 

1. Elongated silver nanoparticles were deposited by the Glancing Angle 

Deposition (GLAD) (Chapter 5) technique in an attempt to increase the 

amount of “hotspot” regions in the sample. The idea was to enhance the 

Raman signal at the proximity of the elongated particles to detect low 

concentration of molecules. 

2. The second strategy was based on the hydrophobicity of silver nanoparticles 

deposited on top of TiO2 NTs. The hydrophobicity of the samples linked to the 

SERS effect inherent to metallic nanoparticles made possible their use as 

ultra-sensitive sensors for detection of low concentrated solutions.  
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Due to the limitation of the two laser sources available in the laboratory, the molecule 

Rhodamine 6G was chosen as reference analyte, since it possesses an absorption 

band at 530 nm, very close to the 532 laser wavelength accessible in the laboratory. 

This allowed us to work under resonance Raman conditions, and therefore 

augmenting the SERS effect of the sensors. All of these effects (SERS, hydrophobicity 

and resonance) were joined together to increase the sensitivity of the sensors to the 

maximum. 

The ultimate detection limit achievable by SERS is one molecule, an outstanding 

achievement that has already been realized in 1997 [Lee E. C., Annu. Rev. Phys. 

Chem. 2012]. However, it must be emphasized that the devices used to achieve such 

detection limits tend to be quite complex and expensive to fabricate, thus making them 

completely inadequate for the development of a SERS array. Our main objective in 

this chapter was not to attain extremely low detection limits, but rather to fabricate 

larger area SERS devices suitable for the production of arrays. 

6.1.2. ZnO Nanotubes-Based Photonic Sensor 

ZnO thin films and nanostructures have been widely applied as gas and volatile 

organic compounds sensors through both conductometric and optical approaches 

[Zhang Y., J.  Phys.  Chem.  C 2009][Cho S., Sens. Actuat. B 2012][Sanchez-Valencia 

J. R., J. Phys. Chem. C 2014]. The fabrication of a photonic oxygen sensor based on 

the excitonic luminescence of ZnO polycrystalline films prepared by PECVD was 

presented in a recent article of the Nanotechnology on Surfaces research group 

[Sanchez-Valencia J. R., J. Phys. Chem. C 2014]. The material exhibited a high 

sensibility to oxygen present in the environment or dissolved in water. Herein, the 

same concepts have been applied to the realization of a reversible oxygen photonic 

sensor based on the UV emission quenching of the ZnO NTs. Our intention was to 

demonstrate that the 1D nanostructured ZnO has similar or better performance than 

the present ZnO thin films. 

6.2. Objectives 

One of the main objectives of this Thesis is to demonstrate the outperformance 

function of nanostructured 1D materials with respect to their thin film counterparts in 

those applications where the active surface area plays a critical role. In this chapter, 

the developments of different sensors are compared when possible with the 

corresponding thin films. It is interesting to remark that the methodology utilized in 
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Chapters 2 and 4 for the fabrication of nanogenerators is applied here with little 

modifications to the formation of photonic nanosensors based on SERS and 

luminescence.  

Particular objectives of this chapter are listed below: 

� Fabrication of high-density hydrophobic 1D TiO2 nanotubes by combining plasma 

enhanced chemical vapor deposition (PECVD) of TiO2 and the growth of ONWs 

by OPVD. 

� Decoration of the TiO2 nanotubes with Ag NPs of controlled size in order to form a 

TiO2@Ag-NPs NTs. The fabrication of AgNPs is accomplished in two different 

manners: thermal evaporation and e-beam evaporation at glancing angles, both in 

vacuum. 

� Characterization these nanostructures by electron microscopy techniques: SEM, 

HAADF-STEM y HRTEM. 

� Testing of the SERS capabilities of these samples for different thicknesses of NT 

walls and amount of deposited Ag. In the case of GLAD Ag, study the effect of 

laser treatment for two irradiances on SERS effect. 

� Production of samples large enough for the analysis of an analyte array. 

� Luminesce quality assessment of ZnO polycrystalline nanotubes formed by the 

ONWs template method. Application of the ZnO exciton as transducer of oxygen 

gas presence at room temperature.    

6.3. Methodology 

6.3.1. 1D TiO2 NTs decorated with Ag NPs for SERS  

a) Substrates preparation 

Samples were fabricated on n-type Si(100) from Topsil semiconductor materials. The 

substrates were cut in different sizes, ranging from 2.5 x 2.5 cm2 to 5 x 2.5 cm2, rinsed 

in acetone and dried with a flux of dry nitrogen. Fused silica from Sico Technology 

GmbH was cleaned in the same manner and employed as reference.  

b) Samples fabrication 

An initial layer of approximately 200 nm of mesoporous TiO2 was deposited by PECVD 

in Reactor II (see 1.4.5 b)) to provide the substrates with certain roughness. The 

deposition conditions were: plasma source operating at 650 W, substrates at room 
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temperature, total pressure in the chamber was around 8.6 x 10-3 mbar, and oxygen 

was employed as reactive gas. 

Metal-free phthalocyanine (H2Pc) was purchased from Fluka and used as received. 

H2Pc NWs were grown by OPVD in Reactor I (see 1.4.5 a)) under the following 

conditions: Ar pressure of 0.02 mbar, substrate temperature of 180 ºC and growth rate 

of 0.4 Å/s (measured by QCM). The final thickness was set to 1.2 kÅ in QCM, which 
corresponds roughly to 2-3 µm long NWs.  

Nano-TiO2 was deposited in Reactor II (see 1.4.5 b)) with two different thicknesses, 

200 nm and 400 nm. The deposition conditions were as follow: plasma source 

operating at 650 W, Ar and O2 were used in a relation of 9:1, while keeping the total 

pressure close to 6 x 10-3 mbar. The deposition was carried out at room temperature. 

The samples were later heated in air at a temperature of 350 ºC with a ramp of 2 

ºC/min to evacuate the Pc resulting in highly dispersive hollow nanostructures. A 

higher temperature annealing to 400 ºC was also performed (anatase samples). 

Silver nanoparticles (Ag NPs) were deposited on fused silica, nano-TiO2 NTs and 

nano-TiO2 thin films by thermal vacuum evaporation of Silver (99.99% purity, Kurt J. 

Lesker) at a pressure of 10-6 mbar and a deposition rate of 0.3 Å/s using a Tantalum 

home-made boat as evaporator. Three different thicknesses of Ag were deposited: 1 

nm, 2 nm and 3 nm. 

The fabrication procedure is depicted in Figure 6 and comprises several steps which 

can be divided in 4 stages: 

I) Formation of a thin layer of mesoporous TiO2 by PECVD which provides 

the necessary roughness for the growth of PC NWs by OPVD. 

II) Growth of the nano-TiO2 shell by PECVD [Borrás A., J. Electrochem. 

Soc. 2007] and empty of the nanostructures by heating in air (not 

shown). The evacuation of the NTs is carried out in a similar way to 

Chapter 2, Section 2.3.1 4), although the annealing is not performed in 

vacuum. 

III) Deposition of Ag NPs by PVD (thermal evaporation) in high vacuum 

conditions. 

IV) Deposition of the analyte solution drops, dry in air and sensing with 

Raman spectroscopy. 
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Figure 6. Fabrication of a SERS-based sensor device: I) formation of the NWs, II) growth of 

the TiO2 shell, III) deposition of Ag NPs, and IV) analyte deposition and measurement. 

 

b) Structural characterization 

SEM micrographs were acquired in a Hitachi S4800 working at 2 kV. The samples 

were dispersed onto Holey carbon films on Cu or Ni grids from Agar scientific for TEM 

characterization. HAADF STEM was carried out with a FEI Tecnai Osiris TEM/STEM 

80-200 and a FEI Tecnai F30 S-Twin STEM microscopes operating at 200 kV. 
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6.3.2. Ag NPs deposited by GLAD and laser treatment of the 

NPs 

Please refer to Chapter 5 for a full description of the deposition process (Section 5.3). 

The silver nominal thickness was 1 nm and the evaporation angles used were: 65º and 

85º. 

Laser post-treatment was performed at room temperature with a 20 W diode-pumped 

Nd:YAG (Powerline E, Rofi n-Baasel Inc.) unpolarized laser emitting at 1064 nm with  

a 100 ns pulse width and a 20 kHz repetition rate. The samples were scanned with a 

60 μm spot, measured by analyzing the laser marks on a silver thick film at the 

working distance, at 100 mm s−1 speed with one pulse per spot fired into the material. 

The maximum energy fluence applied in these experiments was 21.2 Jcm-2 and was 

calculated as the ratio energy per pulse to area. Full width of the beam at half its 

maximum intensity (FWHM) supplied by the constructor is 10 nm. 

6.3.3. Raman characterization 

a) Analyte rhodamine 6G solutions 

Rhodamine 6G cationic dye was purchased from Sigma-Aldrich and used as received. 

The solutions were prepared with ultrapure Milli-Q water immediately before use. In 

order to prepare all solutions, only successive dissolutions of 1:10 or 1:100 were 

made.  

b) Raman measurements 

Micro-Raman spectroscopy. All measurements were carried out in LabRAM Horiba 

Jobin Yvon spectrometer equipped with a confocal microscope with a 100X objective 

and a green laser of 532 nm wavelength. The measurement conditions are mentioned 

in the results section for each case. 

6.3.4. Water contact angle (WCA) 

The water contact angle (WCA) was measured by the static sessile drop method in a 

contact angle meter OCA 20 from DataPhysics Instruments GmbH using Milli-Q water. 

In all cases drops of 5 µL were dispensed, except for GLAD substrates where 1 µL 

was employed. 

6.3.5. 1D ZnO sensor 



 

1D Photonic Sensors 

 

276 

 

a) Samples fabrication  

A thin layer of columnar SiO2 (300 nm) was deposited by glancing angle deposition 

(GLAD) as described elsewhere [Sanchez-Valencia J. R., Langmuir 2009], which has 

no fluorescence under the UV light excitation employed. ONWs of MePTCDI were 

then grown by OPVD, which were ultimately covered by a 200 nm ZnO shell as 

described in Chapter 2 and emptied after heating in vacuum at 350 ºC for 3 hours. 

Reference thin film sensors were also fabricated by PECVD in Reactor II.   

b) Characterization  

SEM micrographs were acquired in a Hitachi S4800 working at 2 kV. UV-Vis analysis 

of the samples was done in a Cary 100 spectrometer from Varian at normal incidence 

and in the [220–900 nm] range with a 1 nm monochromator step. Fluorescence 

spectra were recorded in a Jobin Yvon Fluorolog-3 spectrofluorometer using an 

excitation wavelength of 280 nm and scanning the emission spectra between 350 and 

750 nm with a 2 nm monocromator step. 

6.4. Results and discussion 

6.4.1. GLAD of silver for the fabrication of SERS sensors 

The elongated silver nanoparticles illuminated with laser at different powers fabricated 

by GLAD in the previous chapter were tested here to determine their Raman 

enhancement factors using the organic molecule Rh6G in water solutions. 

The original silver deposited at 65 and 85º with a nominal thickness of 10 nm present 

slightly different water contact angles of 105º and 97º as it is shown in Figure 6. The 

laser illumination at relatively low powers of the 65º deposited GLAD sample increases 

the WCA reaching a maximum of 115º at 141 kWcm-2. By contrast, the illumination at 

413.5 kWcm-2 drastically decreases the WCA to 94º. The GLAD at 85º presents an 

initially lower WCA, which decreases slowly with the laser power, reaching a minimum 

of 88º for the illumination at 708 kWcm-2. As it was detailed in Figure 4, the WCA 

determines the area of the liquid-solid interface and therefore it can alter significantly 

the surface concentration of the analyte that will be sensed. By contrast, the relatively 

low changes in the WCA would not change dramatically this liquid-solid interface area, 

which is indicated in the Figure 7 for some representative laser powers.  
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Figure 7. Evolution of the Water Contact Angle as a function of the Laser Illumination Power. A 

picture of a water drop of 1uL deposited on top of some representative samples are included 

together with their corresponding liquid-solid area. 

Drops of 5 µL of water solutions of Rhodamine 6G (Rh6G) at 10-6, 10-8 and 10-10 M 

were utilized for the evaluation of the SERS effect. The evaporation of the drops was 

performed under ambient conditions and was completed in around 30-35 minutes. The 

results of this SERS study are gathered in Figure 8. The GLAD samples deposited at 
θ = 65º of evaporation angle present a high SERS intensity signal, which allows the 

detection of concentrations as low as 10-8 M. It needs to be remarked that the bands in 

the spectrum correspond unequivocally to the Rh6G Raman bands, easily 

recognizable by the intense characteristic narrow bands at 612, 1306, 1362 and 1506 

cm-1. The intensity of the Rh6G signal decreases for laser illuminated samples, making 

impossible to detect concentrations of 10-8 M samples for powers higher than 425 

kWcm-2. This behavior is reasonable at high powers, since the model proposed in the 

previous chapter assumes that the elongated nanoparticles get more rounded. By 

contrast, for low laser powers the dichroism reported in the previous chapter was 

enhanced, indicating that the aspect ratio of the nanoparticles increases. Thus, this 

effect occurs at the expense of reducing the number of them by fusion of close 

particles.  
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Figure 8. Raman signal of a 5 µL drop of a solution water /Rh6G at the indicated 

concentrations dried at the surface of silver deposited by GLAD at 65º (top) and 85º (bottom) 

treated with different laser powers. 
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The results in Figure 8 indicate that the SERS signal of these samples cannot be 

enhanced by laser illumination, obtaining a monotonous decrease of the sensitivity of 

the sensor. 

By contrary, the GLAD samples at 85º, which initially present a very poor sensitivity, 

present an intensification of the SERS signal for low laser power illumination (see 

Figure 8 bottom). It can be easily observed in Figure 8 where the illumination at 141 

and 319 kWcm-2 enhances significantly the signal, although not enough to allow the 

detection of 10-8 M. In addition, the illumination at higher power (708 kWcm-2), 

decreases the SERS signal, in concordance with the model proposed in the previous 

chapter. 

The results support that the increase/decrease in the aspect ratio of the nanoparticles 

can be used to tune the sensitivity of the SERS based sensor. To quantify this 

behavior the Enhancement Factor (EF) is often used, that is defined as [Le Ru E. C., 

J. Phys. Chem. C 2007]: 

�� = (�����/
����)/(��/
�)   (Equation 1) 

Where ISERS and IR are the Raman intensities measured on the SERS and non-SERS 

samples (fused silica slide), respectively, divided by the number of molecules probed 

by the Raman microscope in every case (NSERS and NR). The Enhancement factors are 

calculated assuming that the molecules are homogeneously distributed over the liquid-

solid area (discussed in the introduction), which depend on the WCA shown in Figure 

7. Figure 9 shows the enhancement factors calculated from the Raman signal for the 

silver elongated particles deposited by GLAD as well as the laser treated samples at 

different laser powers. The initial Enhancement Factor for GLAD at 65º depicts a 

relatively high value of 5350. This EF decreases drastically for laser illuminated 

samples, reaching a minimum of EF=800 for the sample treated with 425 kW cm-2. By 

contrast, the EF for GLAD silver at 85º presents a very low value of 90, which 

increases for low laser powers, reaching a maximum of 780 for a laser power of 319 

kWcm-2. For higher illumination powers, the EF decreases to a minimum of 165 for 

708 kWcm-2. The low values of EF observed for the original GLAD 85 in comparison 

with the GLAD 65 can be understood taking into consideration the different silver 

amount for both samples. The evaporation rate is proportional to the cosine of the 

deposition angle, meaning that for a 10 nm of nominal thickness (at 0º), the silver 

deposited at 65 and 85 degrees is 4.2 and 0.9 nm, respectively. To take into 

consideration this effect, the Figure 9 also shows the Enhancement Factor for 1 and 2 
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nm silver thin films deposited at a normal configuration. These two samples present a 

different EF of 1120 and 270 for 2 and 1 nm silver thickness, respectively.  

 

Figure 9. SERS Enhancement factors calculated for the silver deposited by GLAD at 65º 

(black) and 85º (red) treated with different laser powers. Figures includes for comparison, the 

EF corresponding to a 2 nm (green, dashed line) and 1 nm (red, dashed line) silver film 

deposited under a perpendicular angle (0º). 

In the case of the 85º sample, even though the enhancement factors obtained by 

means of Eq.1 are not very high compared to NPs deposited at normal geometry (the 

red dashed line in Fig. 9 correspond to approximately the same amount of silver), the 

results indicate that the geometrical modification of silver elongated particles by laser 

irradiation can be used to tune the Surface Enhanced Raman signal. In fact the 

enhancement factor can be increased from 90 (non-illuminated) to 780 with laser 

illumination at 319 kWcm-2 laser power, which is the triple in comparison to the NPs 

deposited at normal geometry (red dashed line). Although further studies need to be 

done to fully understand these changes in the enhancement factors and to maximize 

them, the results are very promising for tuning the SERS signal. 

 

6.4.2. Characterization of TiO2 NTs@Ag NPs for the fabrication 

of SERS sensors 
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The PECVD conditions selected for the formation of the nano-TiO2 shells provide the 

growth of amorphous, continuous and smooth TiO2 thin films in contrast to the 

columnar microstructure depicted for the thin films deposited under meso-TiO2 

conditions (see Fig. 21 in Chapter 1). Nano-TiO2 thin films present pores in the micro- 

range (below 2 nm) as it has been already demonstrated elsewhere [Borrás, A. 

Microporous Mesoporous Mater. 2009]. Thus, nano-TiO2 layers show a low roughness 

surface without open porosity, attractive characteristics to act as support for Ag NPs. 

In addition, the amorphous TiO2 (as well as silver nanoparticles) has no Raman 

activity and therefore it will not produce any interference with the analyte signal.  

Figure 10 a)-b) shows that after deposition of 200 nm of nano-TiO2 on the ONW 

template most of the tips are pointing upwards, although the rest of the NTs might be 

oriented randomly. With 400 nm, (Figure 10 c)-d)), the vertical alignment of the tips 

and the NTs body is much more evident. Moreover, the high density of NTs that has 

been achieved with this process is demonstrated in Figure 10 e), where a relatively 

large area was scanned. The tips surface of the 400 nm NTs presents a certain 

roughness which may be interpreted as pores produced as a consequence of the 

postheating treatment (Fig. 10 d)); the internal NW pressure generated as a 

consequence of H2Pc sublimation is very likely released through that pores. 
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Figure 10. SEM images of nano-TiO2 shell of 200 nm (a) and 400 nm (c). Magnified view of 

200 nm (b) and 400 nm (d) nano-TiO2 NWs. Panel (e) is a SEM cross section with a tilt angle of 

15º of the sample with a 400 nm shell. 

Figure 11 shows the homogeneous microstructure and smooth surface formed under 

the TiO2-nanoporous deposition conditions (Fig. 11 a)). In this case, the shell presents 
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a continuous cross section (Fig. 11 c)) with non-appreciable pores or cavities by this 

technique. In previous articles it has been demonstrated that these experimental 

conditions lead to the formation of microporous thin films with a relative high volume of 

pores. Nano-TiO2 shells are amorphous since the fabrication process has been carried 

out at room temperature. 

 

Figure 11. Nano-TiO2 Nanotubes. HAADF-STEM (a-c) characterization of nanotubes formed 

by continuous nanoporous TiO2 walls. Panel a) presents the smooth surface characteristic of 

this TiO2 deposited by PECVD at RT under argon/oxygen plasma. The wall is a continuous 

layer showing no visible porous under inspection by HAADF-STEM. Snapshots of the HAADF-

STEM 3D reconstruction show the homogeneous thickness of the TiO2 wall (b) and the 

squared cross section of the core of the nanotube (c). Taken from [Macías-Montero M., PhD 

thesis 2013]. 

Ag NPs of different size distribution were obtained by PVD in high vacuum by 

controlling the deposition rate and time. The SEM picture of Figure 12 shows the Ag 

NPs obtained by deposition of 2 nm of Ag (nominal) on Si (100). The nanoparticles are 

rounded with an average NP area of 78.4 nm2 calculated with the ImageJ software, 

resulting in a surface plasmon resonance absorption situated at 430 nm as observed 

in the UV-Vis spectrum of Figure 12. 
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Figure 12. SEM image of 2 nm (nominal) Ag NPS on Si (left) and its corresponding UV-Vis 

spectrum on fused silica (right). 

Nano-TiO2 NTs were then decorated with Ag following the same methodology, 

obtaining the heterostructured 1D nanostructures observed in Figure 13 for a 400 nm 

NT and 1, 2 and 3 nm Ag NPs. The sample with 1 nm nominal thickness presents a 

very low amount of silver nanoparticles at the tip of the NTs while the sample with 3 

nm Ag shows very big nanoparticles at the tip. By contrast, it can be noticed a quite 

uniform distribution of Ag NPs all over the TiO2 NWs for the sample with 2 nm of 

nominal Ag thickness. For a very efficient SERS-based sensor, a compromise must be 

reached between the surface density of NPs and their size. There is an optimal 

diameter value for Ag NPs situated around 30-50 nm where the enhancement factor is 

maximum, besides in this system, tens of nanometers in size difference lead to orders 

of magnitude of difference in Raman intensities [Stamplecoskie K. G., J. Phys. Chem. 

C 2011]. According to this work, the optimal NP diameter would correspond to the 3 

nm Ag thickness which presents nanoparticles of 35-40 nm, although it presents a 

reduced number of particles (ca. 50 particles). By contrast, the sample with 2 nm Ag 

which present smaller particles of 10-12 nm  possesses a very high number of NPs at 

the tip of the TiO2 NTs (ca. 100 particles).   
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Figure 13. SEM images of 1 (a,b), 2 (c, d) and 3 nm (e,f) nominal Ag NPS on 400 nm nano-

TiO2 NTs at two different magnifications.  

The crystallinity of the Ag NPs can be appreciated in the HRTEM micrograph of Figure 

10 a). Additionally, Figure 10 b) shows the atomic resolution image of one of the Ag 

nanoparticles in the tip. The Ag NP digital diffractogram pattern (DDP) corresponds to 

the [011] zone axis of the cubic phase of Ag.  
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Figure 14. High-Resolution TEM micrograph of 130 nm (nominal) Ag NPs on 400 nm nano-

TiO2 NTs (a) and a magnified view of one Ag NP (b). The DDP of the selected NP is presented 

in the inset. 
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As it has been mentioned in the introduction, the water contact angle is crucial for an 

improved sensitivity of the sensor since the hydrophobic samples present a reduced 

liquid-solid contact area that concentrates the analyte molecules as the water drop is 

drying. The water contact angle of the studied samples depended on the thickness of 

silver deposited on it. Figure 15, presents a series of pictures showing the evaporation 

of a 5uL drop of water on top of TiO2 NTs with different silver thickness of 1 (left), 2 

(middle) and 3 nm (right). Figure 16 shows the fitted WCA at different times of the 

evaporation process for the different samples investigated, where it can be 

appreciated that the WCA of 1nm Ag thickness is lower than the 2 and 3 nm. The 

initial WCA also affects to the evaporation time since the higher the initial WCA, the 

lower the evaporation time for the samples investigated. One important characteristic 

of the evaporation process is that the liquid-solid area is not significantly altered during 

the evaporation process. To visualize this effect, higher magnification pictures have 

been taken at different evaporation times for TiO2 NT with 1 nm Ag sample (see Fig. 

15 right). The initial contact diameter (top) is approximately the same than the one 

taken at 35 min (bottom). This measured diameter is around 1.87 mm, meaning a 

solid-liquid contact area of 2.75 mm2, very close to the theoretical one calculated in the 

Figure 4, 2.6 mm2 for an initial WCA of 125º (see Figure 16). This is a very important 

aspect of the evaporation process, since the assumed area where the analyte is 

distributed is very similar to the theoretically calculated value from the initial WCA, and 

therefore the subsequent calculations of the Enhancement Factors will be valid. 
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Figure 15. Pictures of a 5 µL water drop deposited on top of TiO2 NTs samples with different 

thickness of silver at different times. Right) a higher magnification image showing the liquid-

solid diameter contact. 
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Figure 16. Water Contact Angle evolution of the evaporation process for a 5 µL water drop 

deposited onTiO2 NTs samples with different thickness of silver. 

One of the most important aspects of the sensors proposed in this chapter is that they 

can be fabricated over big areas with a very high homogeneity. Figure 17 shows some 

pictures of samples deposited on 2 x 3 cm2 silicon substrates. Please note that 

samples bigger than 10 x 10 cm2 could be fabricated by a similar procedure. The a-c) 

pictures show how an array of drops deposited on the samples after their evaporation 

(d,e) can be easily located with the Raman microscope. Figure 17 e) presents an 

enhanced contrast of the area indicated by a red square in d), where it can be 

observed three circles where drops were evaporated. The fact that the dried drops can 

be observed to the naked eye makes the subsequent Raman alignment and 

measurement much easier. 
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Figure 17. a-c) Pictures of the SERS samples with 5 µL drops of Rh6G/water at different 

concentrations. d) Picture of a TiO2 NT with 2nm Ag after the drop evaporation. e) Same 

picture than d) with enhanced contrast to make visible the evaporated drops. 

In order to optimize the Raman signal, a preliminary study was performed to optimize 

several aspects of the sensor. The first aspect to optimize was the annealing 

temperature used for the evacuation of the phthalocyanine. The crystallization to 

anatase (it needs to be reminded that is performed before the silver deposition) is a 

priori unfavorable for SERS. However, the anatase samples showed a very low 

Raman signal at low Rh6G concentrations. This effect can be observed Figure 18 
(green curve for the sample annealed to 400ºC), where the measurement of a 5 µL 

droplet of Rh6G/water at 10-10 M does not show any molecular band apart from the 

three anatase peaks at 399, 520 and 643 cm-1.The second aspect studied for the 

SERS sensor optimization was the TiO2 shell. With this purpose in mind, two different 

thickness of 200 and 400 nm were studied. Figure 18 clearly shows how the thicker 

shell of 400 nm presented an improved sensitivity. 
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Figure 18. Raman spectra of a 5 µL drop of a solution Rh6G/water at 10-10 M dried at the 

surface of TiO2 NT with 2 nm of silver nominal thickness. The difference between the samples 

are the TiO2 shell thickness (black and green curve 400 nm, red curve 200 nm ) and the 

temperature used in annealing step to remove the Pc (black and red curve 350 ºC, green curve 

400ºC). 

Once that the nano-TiO2 Nanotubes were studied and optimized, the next step was 

the optimization of the silver nanocoating. For the evaluation of the SERS effect, drops 
of 5 µL of water solutions of Rhodamine 6G (Rh6G) at 10-6, 10-8, 10-10 and 10-12 M 

were utilized. As it is shown in Figure 19, the amount of silver deposited on the TiO2 

NTs completely modifies the SERS spectra. The sample with 1 nm of nominal 

thickness presents a very poor Raman signal where it was possible to detect 10-8 M.  

The same behavior can be observed for the sample with 3 nm of silver thickness 

although with a higher intensity than the case of 1 nm. The Raman spectrum 

measured for the case of a dried drop of 10-6 M has been also added for comparison. 

By contrast, the sample with 2 nm of thickness presented a very high SERS signal, 

where it was possible to detect down to 10-12 M. In this latter case, taking into account 
the volume of the drop (5 µL), only three million molecules were deposited over an 

area of ca. 1.3 mm2 (liquid-solid area calculated from Figure 4 for a WCA of 143º). 
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Figure 19. a-c) Raman spectra of 5 µL drops of Rh6G/water solutions at the indicated 

concentrations dried at the surface of TiO2 NT with 1 (a), 2 (b) and 3 nm(c) of silver thickness. 

In b) also the Raman spectrum of 2 nm silver deposited on an equivalent TiO2 thin film was 

added for comparison. d) SERS Enhancement factors calculated for the three silver 

thicknesses investigated and the thin film reference with 2 nm Ag. 

The calculation of the Enhancement Factor was performed in the same way that for 

silver deposited by GLAD. Figure 19 d) shows the enhancement factors calculated for 

the 1, 2 and 3 nm silver thicknesses. It can be observed that the 1nm Ag present a low 

Enhancement Factor (EF=5000), in the same order of magnitude than the 2 nm of 

silver deposited on an equivalent TiO2 thin film (EF=2800). The deposition of 2 nm of 

silver thickness over the TiO2 NT increases drastically the Enhancement Factor, 

reaching a very high value of 2x107. This EF is consistent with the sensitivity limit of 

10-12 M shown in Figure 19 b). By contrast, the deposition of higher silver amount (3 

nm), decreases the EF to 4x105. The very high sensitivity obtained together with the 

compatibility for big area deposition, open a new and very promising way for the TiO2 
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NTs decorated with silver NP for future SERS based nanosensoric applications. To 

put into perspective the SERS sensitivity attained in this work, it is necessary to 

compare the EF values obtained here with the typical values in the literature. Typical 

good SERS EFs values are around 106, whereas 108-109 values are pursued for 

single-molecule detection [Le Ru E. C., J. Phys. Chem. C 2007]. In the latter case, the 

majority of the studies were originally focused on gap-containing substrates designed 

by aggregating individual nanoparticles, i.e. to deliberately produce a hotspot so as to 

maximize the EF [Jiang j., J. Phys Chem. B 2003][Alexander K. D., J. 

Nanotechonology 2012][Le Ru E. C., Annu. Rev. Phys. Chem. 2012]. In the last few 

years, a different approach has been followed, consisting of superhydrophobic 

surfaces fabricated by complex lithographic techniques that act as analyte 

concentrators (superhydrophobic bull´s-eye) [De Angelis F., Nat. Photonics 

2011][Song W., Lab Chip 2014]. These approaches are obviously rather unsuitable for 
the production of large size and highly sensitive SERS substrates (EF ~ 108), an issue 

which still remains quite challenging [Le Ru E. C., Annu. Rev. Phys. Chem. 2012]. In 

our case, it could be feasible to produce large area substrates, as already 

demonstrated, combined with a high sensitivity. In spite of the fact that the maximum 

EF obtained here is still below the 109 value, this could be largely improved by 

optimizing even further the amount of deposited silver, and hence the size distribution 

of the Ag NPs, or by appealing to non-spherical NPs as it has been demonstrated that 

non-spherical shapes lead to several times higher SERS EFs due to stronger hot 

spots [Le Ru E. C., Annu. Rev. Phys. Chem. 2012][Yiang L. Chem. Soc. Rev. 2015].  

6.4.3. 1D ZnO Nanotubes-Based Photonic Sensor 

Figure 20 shows the photoluminescence spectra of a reference nanocolumnar 

polycrystalline ZnO film and ZnO NTs sample. These two samples were deposited 

simultaneously on fused silica substrates, for the sake of comparison. The 

polycrystalline ZnO emission spectrum is dominated by a sharp and intense exciton 

ultraviolet (UV) emission at ~380 nm and a broad and low intense visible emission in 

the region 450-700 nm. The ZnO visible emission is attributed to defects as zinc 

vacancies (blue emission) and oxygen vacancies (green emission) [Sanchez-Valencia 

J. R., J. Phys. Chem. C 2014]. In the present case, the level of such defects is low, as 

addressed by the low intensity of the visible emission what have been attributed to a 

suppression of band-gap electronic defects by hydrogen species from the plasma 

during the synthesis.  
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Figure 20. Room temperature luminescence emission spectrum of the ZnO NTs deposited on 

fused silica compared with the poly-crystalline thin film reference deposited in the same 

experimental conditions. The excitation wavelength was 280 nm. 

The photoluminescence spectra of the ZnO NTs samples show a defect related visible 

emission that is even of lower intensity than the reference film. This proves that the 

deposition on the 1D nanostructured substrates do not increase the number of defects 

in the resulting conformal oxide network. However, the PL spectra of both samples are 

not equivalent. Thus, while the PL band of the reference peak is sharper and centered 

at 378 nm, being originated by recombination of free excitons, the emission of ZnO 

nanotubes is broader and red-shifted, which indicates the domain of lower energy 

phonon replicas components [Romero-Gómez P., J. Phys. Chem. C 2010]. These 

results are congruent with the higher stress, smaller crystallite size and lower texture 

development of the ZnO NTs sample with respect to the reference sample as 

discussed in Chapter 2. These factors likely explain the observed shift and overall 

shape of the UV PL of the ZnO NTs. Moreover, a certain additional contribution to the 

observed red-shift of the UV PL band due to the anisotropic character of the oriented 

ZnO NTs emission cannot be discarded [Gao M., J. Phys. Chem. C 2010]. The 

excitonic emission of the ZnO NTs is a function of the oxygen concentration in the 

environment.  
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Figure 21 plots the luminescent emission intensity for thin film and NTs determined at 

384 nm during several cycles of vacuum and oxygen up to atmospheric pressure. The 

luminescence intensity decreases and increase reversibly in both cases with the 

partial oxygen pressure. This behavior has been recently reported in thin films and 

was found to be associated to a high surface to bulk ratio. Furthermore, the 

nanostructuration of this material in the form of NTs enhances its properties, as it has 

been just demonstrated with the fabrication of a photonic sensor, allowing its 

implementation in multifunctional devices.  

 

Figure 21. Evolution of the ZnO NTs exciton photoluminescence intensity when successively 

exposed to cycles of vacuum and oxygen at atmospheric pressure. The experiment in each 

cycle was stopped when a 70% of the intensity change was measured before reaching the 

steady state. The excitation wavelength was 280 nm. 

6.5. Conclusions 

Two approaches have been followed for the fabrication of SERS based sensors. 

The approach based on the GLAD of silver showed relatively small enhancement 
factors compared to average values in the literature (105 ~ 106), and consequently low 

sensitivity. In addition, the Ag GLAD sample prepared at 65º exhibited an EF value of 

~ 5350, which was almost 60 times larger than that of 85º. Despite the latter sample 

presented more elongated NPs, as shown in the previous chapter, it has 

approximately 5 times more silver than the former sample. The influence of the 

amount of silver has proved to be crucial as demonstrated by depositing silver NPs at 
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normal geometry, where it has been found that by doubling the amount of silver, the 
EF increased from ~ 271 to ~ 1128. 

The illumination with a commercial nanosecond pulsed laser allowed to tune the 

SERS signal. In this way, the most elongated nanoparticles (deposited at the glancing 

angle of 85º) presented an increase of the EF for low illumination powers, going from 
an EF of ~ 100 for the untreated sample to a value of ~ 800 for a laser power of 319 

kWcm-2. This behavior is consistent with the model proposed in the previous chapter, 

where the aspect ratio of the NPs is increased and therefore enhancing the “hotspot” 

effect. By contrast, the irradiation with high powers decreases the EF, also consistent 

with the model where the elongated particles get more rounded. This last observation 

also explains the constant decrease of the EF for the 65º sample due to less rounded 

NPs, where the initially weakly elongated NPs rapidly become more spherical.  

On the other hand, the second approach based in a multistep process to obtain TiO2 

NTs decorated with silver NPs showed very high enhancement factors. The TiO2 NTs 

with 2 nm nominal thickness of silver presented a very high EF of 2x107. The very high 

sensitivity obtained together with the compatibility for big area deposition, open a new 

and very promising way for future SERS based nanosensoric applications. 

Even though no quantitative studies have been undertaken, the oxygen sensor based 

on ZnO NTs has proven equal or improved capabilities as its thin film counterpart. 
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7. Enhanced performance of 

phthalocyanine nanowires 

conductometric sensors by 

temperature and light activation 

 

Abstract 

Nanotrees of metal-free phthalocyanine (H2Pc) are grown by combination 

of OPVD and SPE processing. A highly interconnected nanoforest is 

directly grown on micrometric electrodes with the aim of fabricating 

conductometric oxygen gas sensors. The effect of temperature and light 

activation on the device performance is evaluated.  
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7.1. Introduction 

he necessity for low-cost, low-power, flexible and reliable sensors which could 

potentially be integrated into modern electronic gadgets and wearables has 

drawn considerable attention to the field of organic semiconductors. Moreover, 

due to the strong dependence of their physical properties on the external conditions, 

they are appropriate for the fabrication of a wide range of sensors such as 

temperature, radiation, pressure, chemical, etc. [Belghachi A., J. Phys. D: Appl. Phys. 

1988][Moiz S. A., Jpn. J. Appl. Phys. 2005][Manunza I., Appl. Phys. Lett. 

2006][Roberts M. E., PNAS 2008][Agostinelli T., J. Appl. Physiscs 2009][Roberts M. 

E., Org. Electron. 2009]. These transducers can be used either to monitor vital internal 

body parameters related to healthcare [Lochner C. M., Nat. Commun. 2014][Zang Y., 

Nat. Commun. 2015] or external ones such as environmental agents (both hazardous 

and vital ones) [Liao F., Sensor. Actuat. B Chem. 2005][Das A.,Sensor. Actuat. B 

Chem. 2009][Knopfmacher O., Nat. Commun. 2014], opening the possibility for a truly 

full sensing ecosystem. Among the different types of possible sensors, organic gas 

sensors pose as an attractive near future and more realistic possibility towards their 

implementation in commercial devices. 

Some important gas sensor requirements are [Sberveglieri G., Springer 1992]: 

(1) Reversible adsorption of gas species. 

(2) High sensitivity while maintaining weak interactions with the gas species 

(ease of reversibility, 1). 

(3) High selectivity, ideally specificity1 for a given gaseous agent. 

(4) Short response and recovery time. 

(5) Stability of the sensing material. 

(6) Low-cost. If aimed to portable devices, then it should have low power 

consumption and a relatively small size.   

Some of the major drawbacks associated with the use of organic semiconductor 

molecules are their chemical degradation (stability) against some gaseous agents and 

long-term reliability issues [Potje-Kamloth K., Crit. Rev. Anal. Chem. 2002]. In contrast 

                                                           
1
Selectivity: it refers to the extent to which a method can determine (a) particular 

analyte(s) in a complex mixture without the interference from other components in 

the mixture. Specificity: it is defined as the ultimate selectivity, i.e. 100% selectivity 

(no interferences) [Vessman J., Pure Appl. Chem. 2001].  

 

T



Enhanced performance of phthalocyanine nanowires conductometric sensors by 

temperature and light activation 

 

304 

 

to their inorganic counterparts, organic molecules offer an enormous degree of 

structural flexibility and diversity through molecular engineering, which along with 

improved device fabrication, offers the chance to overcome these problems. 

Moreover, they can exhibit considerably higher sensitivity and selectivity, lower 

operation temperature (even at room temperature operation), shorter response and 

recovery time than commonly used metal oxides [Miasik J. J., J. Chem. Soc., Faraday 

Trans. (1) 1986][Nalwa H. S., Academic Press 2001][Tanese M. C., Nuovo Cimento 

Soc. Ital. Fis., C 2008][Marinelli F., Sensor. Actuat. B Chem. 2009]. 

Due to their good chemical and thermal stability, phthalocyanines have been one of 

the most studied families of organic semiconductors in the field of gas sensing. They 

can be readily vacuum deposited on almost any substrate by thermal evaporation to 

produce high-quality amorphous or crystalline films [Sadaoka Y., J. Mater. Sci. 1990], 

which facilitates even further the fabrication of sensing devices. The conductivity of 

phthalocyanine films (the great majority are p-type semiconductors) at room 

temperature in air is quite low, but when temperatures are raised above 100 ºC, the 

conductivity increases significantly [Miasik J. J., J. Chem. Soc., Faraday Trans. (1) 

1986][Bohrer F. I, J. Am. Chem. Soc. 2007].  

Upon exposure of metallophthalocyanines (MPcs) to electrophicilic gases such as 

NOx, Cl2, F2, BF3, O2, etc., an increase in the conductivity is produced due to the 

formation of charge-transfer complexes, which leads to the injection of holes into the 

film and a consequent increase in conductivity. On the other hand, reducing gases, 

such as NH3, tend to decrease the conductivity attributed to electron donation from the 

reducing gas to trap charge carriers [Miasik J. J., J. Chem. Soc., Faraday Trans. (1) 

1986]. The chemisorption of oxygen by a metallophthalocyanine follows the formation 

of a charge-transfer complex as schematized in Figure 1, where a superoxide adduct 

of MPc is also depicted [Zwart J., J. Mol. Catal. 1979][Yahiro H., Micropor. Mesopor. 

Mat. 2005]. 

 

 

 



 

Chapter 7  

 

305 

 

 

Figure 1. Scheme of the adsorption of oxygen to the metal of a generic metallophthalocyanine. 

Adapted from [Bohrer F. I, J. Am. Chem. Soc. 2007]. 

In the case of metal-free phthalocyanine (H2Pc), it seems that electrophilic species, 

including oxygen, are adsorbed to the compound by weak interactions with the four 

meso-nitrogens or by hydrogen bonds to the two inner hydrogens, leading to a slight 

conductivity increase, although not as pronounced as in MPc [Wright J. D., Prog. Surf. 

Sci. 1989][Gould R. D., Coord. Chem. Rev. 1996][Kudo K., Jpn. J. Appl. Phys. 

1997][Guillaud G., Coord. Chem. Rev. 1998]. 

The adsorption of analytes to phthalocyanines is considered to occur exclusively at the 

very surface of the films due to steric hindrance related to the tightness of 

phthalocyanines crystal structure [Bohrer F. I, J. Am. Chem. Soc. 2007][Contour J. P., 

J. Catal. 1973]. In this sense, phthalocyanine nanowires (NWs) should pose a unique 

opportunity to enhance the sensing properties of these compounds owing to the larger 

surface area exposed to the analyte compared to the usual thin film approach. 

Interestingly, almost all studies devoted to phthalocyanines as gas sensors are 

restricted to thin films [Liu C. J., SENSOR. ACTUAT. B CHEM. 1998][Bohrer F. I, J. 

Am. Chem. Soc. 2007][Yang R. D., J. Chem. Phys. C 2009][Paoletti A. M., Sensors 

2009]. As a previous step to the fabrication of a gas sensor based on phthalocyanine 

ONWs, it is worth quoting the work from reference [Wang F., J. Mater. Chem. C 2013]. 

In that work, zinc octaethylporphyrin, ZnOEP2, NWs were grown, transferred to 

prepatterned electrodes and their photoresponse evaluated. 

 

                                                           
2
 Even though a porphyrin has been used for that study, they are structurally related 

to phthalocyanines (see Fig. 18 in Chapter 1) 
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7.2. Objectives 

In this chapter, the direct growth of H2Pc NWs on commercial electrodes at relatively 

low temperature has been addressed, avoiding any transference process. In order to 

increase the organic semiconductor specific area even further, nanotrees were 

generated as previously discussed in Chapter 4. The oxygen-sensing capabilities of 

the H2Pc NWs devices were examined at room temperature, 50 ºC, 100 ºC and under 

the illumination with UV and visible light, by conductometric measurements. Finally, 

the impact of combined irradiation and heating on the sensors response was 

evaluated. 

The main goals associated to this chapter are: 

� Fabrication of oxygen sensors based on phthalocyanine (H2Pc) nanotrees by 

OPVD on commercial prepatterned electrodes following the premises of the one-

reactor concept and avoiding subsequent transference processes. 

� Study of the electrical properties and response behavior of the sensors to oxygen. 

� Evaluation of the influence of temperature and light irradiation on the 

sensor performance at a maximum temperature of 100 ºC. 

� Evaluation the response at 100 ºC to monochromatic light sources such 

as LEDs. 

7.3. Methodology 

Sensors fabrication. Commercial electrodes with 15 pairs of interdigitated 
microelectrodes separated by 10 µm were used as received. Prior to the sublimation 

of H2Pc, gold seeds were deposited so as to provide the necessary roughness for the 

growth of NWs. The deposition of metallic seeds was done by magnetron sputtering 

under Ar atmosphere at 0.1 mbar employing and Emitech K550 sputter coater 

equipped with a gold target; to avoid the conduction through the Au NPs, the 

deposition was performed at 12.5 mA 10 s (below the usual 15 s normally used, see 

Chapter 4) assuring no conduction on the prepatterned electrodes. The growth of 

nanotrees was carried out just as described in the methodology section of Chapter 3 

and Appendix A, but with only one step of ramification of 1.5 kÅ (QCM). Briefly, H2Pc 

NWs (primary nanowires) were formed by OPVD on the seed layer and sequentially 

exposed to a soft plasma etching (SPE) at room temperature (20 minutes, 300 W 

plasma power, 0.02 mbar pressure of a gases mixture of 20% Ar, 80% O2). The 
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roughness generated by the SPE processing of the primary NWs serves as nucleation 

centers for the formation of secondary NWs (branches).  

Sensors characterization. The electrical characterization of the sensors and their 
response evaluation were performed with a 2635A system sourcemeter working in 
sweep voltage mode for the I-V curves and in temporal evolution at a fixed potential of 
5V for the sensor response. The devices were mounted within a high vacuum 
chamber of volume below 150 cc supplied with argon and oxygen through two 
different mass flow controllers. Chamber was pumped below 10-4 mbar prior to 
exposition to gases. A DN16 fused silica window was adapted to the chamber for UV-
Vis light irradiation experiments. The whole system can be heated up to 150ºC 
(measured through an attached K-type thermocouple on the sample). 

7.4. Results and discussion 

7.4.1. Fabrication of the 1D organic semiconductor-based 

sensors 

In order to produce high surface area at the same time that improving the lateral 

connectivity of the 1D nanostructures, a nanotree configuration was proposed. In this 

case, the nanotree branches were fully organic in composition (H2Pc) in order to avoid 

the formation of metal nanoparticles after the soft plasma etching processing of the 

primary nanowires. Secondary (branches) nanowires were also composed of H2Pc. 

Figures 2 and 3 gather characteristic cross section (Fig. 2) and normal views (Fig. 3) 

SEM micrograph of the formed nanotrees.  
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Figure 2. (a) Cross section SEM image of a nanoforest of H2PC nanotrees deposited on gold 

nanoparticles on Si(100). (b) Amplified zone of a) showing the growth of secondary nanowires 

or branches from the primary nanowire. 
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Figure 3. (a) SEM image of a nanoforest of H2PC nanotrees on commercial electrodes. (b) 

Amplified zone of a) showing the highy interconnected network. 

Thus, Figure 3 demonstrate that has been possible to attain an ultra-high density 

“nanoforest” of H2Pc NWs directly grown on commercial prepatterned electrodes at 

relatively low temperatures (< 200 ºC). It is worth stressing that this procedure avoids 

additional transference steps between substrates while providing an extreme density 

unlike a previous work [Wang F., J. Mater. Chem. 2013]. 
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7.4.2. Electrical characterization of the sensors  

I-V curves between -5 V and 5 V shown in Figure 4 were registered for the sensors 

under different temperatures and constantly flowing argon at ambient pressure. It was 

observed that the resistance of the sensors was diminished by a factor of 5 when the 

temperature of the device was set to 50 ºC. After increasing to 100 ºC, the resistance 

dropped by nearly 100 times with respect to the room temperature situation (Fig. 4). 

This respectable change in conductivity of the sample with temperature is expected 

from such an organic semiconductor: a temperature rise produces an increase on the 

electronic population of the LUMO levels (conduction band for inorganic 

semiconductors). Despite the values of resistance might seem high, it must be kept in 

mind that the conduction in these devices is achieved throw a hopping mechanism 

between NWs forming the nanotrees. Please, note that the resistivity is expressed as 

sheet resistance values. In spite of the fact that it is extremely difficult to define the 

contact area (or volume) in these NWs, and thus making the concept of sheet 

resistance rather inappropiate in this case, these units of resistance were chosen so 

as to be consistent with previous chapters. 

 

Figure 4. I-V curves for nanotrees on commercial electrodes at different temperatures and 

under constant argon flux at ambient pressure. 

By registering the I-V curves at 100 ºC and switching the gas flux into the chamber 

from Ar to O2 (the curves were recorded after 30 minutes of stabilization time), an 

appreciable change in conductivity was observed (Fig. 5). In spite of the fact that this 
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behavior has been reported already [Kudo K., Jpn. J. Appl. Phys. 1997], it should be 

barely noticeable, whereas in this study the current has increased by nearly an order 

of magnitude. This may attributed to the much higher surface area exposed by the 

nanotrees, which could be maximizing the doping effect of oxygen. 

 

Figure 5. I-V curves for nanotrees on commercial electrodes at 100 ºC under argon (black) or 

oxygen (red) atmosphere. 

7.4.3. Oxygen sensing 

The response of the sensors to oxygen was evaluated at different working 

temperatures and under combined irradiation, imposing in all cases a bias of 5 V to 

the sensors. As it can be noticed in Figure 5 for the room temperature case, by 

alternating between oxygen an argon, a very subtle saw-like current response was 

obtained. The very small changes observed in the conductivity are  even masked by 

the noticeable drift in the curve (marked with an arrow in Fig. 6). Upon visible light 

irradiation, the current increases by three orders of magnitude, denoting and 

enhanced sensor response due to light activation. Light energies above the H2Pc band 

gap of 1.88 eV [Kumar G. A., J. Mater. Sci. 2000], which corresponds roughly to 660 

nm,  produces an increase in the electronic population of the LUMO levels (as it 

occurs with the temperature) inherent to the semiconductor nature of the molecules 
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and consequently the conductivity rises. On the other hand, UV+visible3 (denoted by 

UV in Fig. 6) light does not produce any further conductivity change compared to 

irradiation in the visible range. 

 

Figure 6. Sensor response to oxygen and argon at room temperature under no irradiation 

(black), visible light (green) and UV+visible light (red). 

In Figure 7 it can be observed that rising the temperature to 50 ºC augments the 

current of non illuminated sensors by one order of magnitude (as it was observed in 

the I-V curves of Figure 4). By contrast, the illumination produces an enhancement on 

the conductivity similar to the one encountered for the room temperature case of 

Figure 5. A zoom of the non irradiated curve reveals that the saw-like features of the 

curves were much more defined at 50 ºC (marked with an arrow in Fig. 7) compared to 

the room temperature situation, making clear again the role of temperature in the 

sensor performance.  

                                                           
3
 Near infrared radiation (NIR) was not eliminated from the light source, however it 

should not affect the measurements due to the higher band gap of H2Pc. NIR did not 

produced any significant change in temperature during measurements as evidenced 

by the thermocouple. 
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Figure 7. Sensor response to oxygen and argon at 50 ºC under no irradiation (black), visible 

light (green) and UV+visible light (red). 

Finally, the response to oxygen was evaluated at 100 ºC, observing one more time no 

significant changes in the conductivity of the illuminated samples with regard to room 

temperature and 50 ºC cases. However, the current of the non irradiated scenario has 

augmented one order of magnitude again and the drift seems to have vanished 

completely (Fig. 8). 
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Figure 8. Sensor response to oxygen and argon at 100 ºC under no irradiation (black), visible 

light (green) and UV+visible light (red). 

The results clearly show that the illumination effect on the conductivity is more 

pronounced that the increase in the temperature up to 100ºC. This is due to the high 

power of the lamp used, which has a total power of 1.77 W/cm2 as it is shown in Table 

1. The reason why irradiaton with UV+visible light did not present significant changes 

compared to visible light is likely due to the tiny difference in power density of the 

visible and UV+visible radiation, which was roughly 73 mW/cm2 (Table 1).  

Table 1. Power densities for the Xenon lamp with no filters (UV+Vis) and with a methacrylate 

filter (Visible). Values are expressed in mW/cm2. 

Light source UVA+UVB 

(280-400) 

Vis+NIR 

(400-2500) 

UV+Vis+NIR 

(280-2500) 

Xenon lamp 

(UV+Vis) 

42.8 1730 1772.8 

Xenon lamp 

(Visible) 

0 1700 1700 

 

For the sake of comparison, Figure 9 gathers the sensor response to oxygen and 

argon for the three temperatures employed in this work in the dark and under 
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illumination. The scale bar is the same for the three temperatures studied and clearly 

shows that the effect of the illumination on the conductivity is almost independent of 

the temperature of the samples. This result opens a new way for low-cost and high 

stability sensors since room temperature operation usually preserve the sensor 

performance.  

In addittion, light induced responsivity can be used to switch ON and OFF the sensor 

response, and consequently increasing their lifetime. To prove this idea, Irradiation 

experiments were also carried out using a series of three LEDs: red, green and blue 

(Fig. 10). Due to strong drift effects at room temperature, the switching evolution was 

measured at 100ºCunder a constant oxygen atmosphere. It may be appreciated that 

once the LEDs were turned on, the current jumped instantly, and when turned off the 

current dropped immediately. Note that the current changes were not marked in this 

case, but it was only due to the low power of the LEDs employed as observed in Table 

2. 

Table 2. Power density of the different light sources employed expressed in mW/cm2. The 

measurements were done at the same working distance than the sensors irradiation 

experiments, 5 cm for the LEDs and 15 cm for the Xenon lamp.  

Light source UVA+UVB 

(280-400) 

Vis+NIR 

(400-2500) 

UV+Vis+NIR 

(280-2500) 

Xenon lamp 42.8 1730 1772.8 

RED LED 0 5.38 5.38 

GREEN LED 0 2.93 2.93 

BLUE LED 0 2.89 2.89 
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Figure 9. Sensor response to oxygen and argon in the range RT-100 ºC  under no irradiation 

(black), visible light (green) and UV+visible light (red). 
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Figure 10. Sensor response at 100 ºC to oxygen under intermitent irradiation with red, green or 

blue LEDs. 

The aim of working with LEDs instead of conventional broad-irradiation spectrum light 

sources was also to discard any thermal effect associated to the irradiation source and 

to study the influence on the sensor behavior when irradiated with a monochromatic 

light source. It was expected to observe noticeable changes in the current evolution 

owing to the optical absorption bands of the molecule at the different wavelengths of 

the  LEDs, i.e. if the LED light falls into an absorption band of H2Pc, taking into 

consideration their power density (Table 2). According to the UV-Vis spectrum of H2Pc 

in Figure 11 and Table 2, the red LED should have given the highest response to 

oxygen while the green LED the lowest one, but this has not been the case (Fig. 10). 

The low power density of the LEDs originated a small increase in the current, so the 

trends could be perfectly masked by the drift of the sensor. 
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Figure 11. (Up) UV-Vis spectrum of H2Pc and (Down) emission spectrum of red, green and 

blue LEDs. 

7.5. Conclusions 

The fabrication of H2Pc Nanotrees-based sensors has been successfully addressed, 

producing an ultra-high density nanoforest by a combination of vacuum/plasma 

deposition methods, namely magnetron sputtering for the seeds, OPVD for the 

nanotrees and SPE for the formation of crystallization sites along the primary ONWs to 

induce the growth of secondary ONWs. The full process has been carried out on 

commercial substrates and at mild temperatures (< 200 ºC). Against expectations (due 

to a low sensitive molecule), the response to oxygen was evident even at 

temperatures below 100 ºC., which could probably be attributed to the high specific 

area of these 1D nanostructures. Moreover, the enhancement in the oxygen response 
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by irradiation turned out to be quite spectacular. For the three temperatures studied, 

the effect of the illumination on the conductivity was independent of the temperature of 

the samples. This indicates that the studied sensors can work at room temperature 

under illumination, opening a new via for low-cost and high stability devices. since 

room temperature operation usually preserve the sensor performance.  

The experiments with LEDs showed that the ONWs sensors can be switched ON and 

OFF by light illumination. The wavelength dependent response was tested with three 

different LEDs. However, these first experiments were somewhat inconclusive since 

the response was similar for the three wavelengths even when the red LED 

overlapped with the absorption band of the H2Pc molecule. The results suggest that 

more powerful LEDs should be used before arriving at any conclusion. 

In any case, the enhanced conductivity induced by light can be used to switch ON and 

OFF the sensor response, and consequently increasing their lifetime. Additionally, this 

type of devices are highly potential for low-power electronics since the sensor is at 

room temperature (no heating is necessary) and allows to work under non-constant 

operation. This latter aspect will permit an intermittent operation of the sensor, 

switching ON for some seconds under LED illumination to sense the concentration of 

a certain analyte. 

It is interesting to mention that the nanotree architecture also allows the combination 

of different molecules forming the primary and secondary nanowires which might 

provide a succesful approach to the fabrication of 1D multi-sensors.  
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The fabrication of new 1D hybrid and heterostructured nanomaterials has been 

studied and optimized for different applications. These novel nanostructures 

have been successfully implemented in different devices: solar cells based on 

inorganic nanotubes of ZnO, TiO2 and multishell ZnO@TiO2; transparent 

conductive electrodes based on platinum nanostructures; piezoelectric 

nanogenerators based on 1D core@shell heterostructures consisting in ZnO 

and gold and platinum metallic contacts; tunable dichroic optical filters based on 

glancing angle deposited silver nanoparticles; Surface enhanced Raman based 

sensors comprising silver deposited by GLAD and silver nanoparticles 

decorating TiO2 NTs; oxygen photonic sensor based on the excitonic 

luminescence of ZnO NTs; oxygen conductometric sensors activated by 

temperature and light based on phthalocyanine nanotrees. 

The principal conclusion of this PhD thesis may refer to the high level of 

versatility proved by the “vacuum/plasma template synthesis of core@shell 

NWs and NTs with nanostructured walls” developed through Chapters 2, 3, 4 

and 6. The foundations of this methodology comply with the premises settled 

under the “one-reactor” concept. All the vacuum and plasma related methods 

utilized are straightforward combinable into a single vacuum reactor being as 

well easily scalable above wafer level. ONWs has been proved to serve as 

easily processable 1D scaffolds allowing to expand the ground knowledge 

acquired during the last decade in our group for the fabrication of tailored 

porous, microstructure and structure thin films (organic, metal oxide and metal) 

by vacuum and plasma protocols to the formation of functional 1D 

nanostructures.  

The advantageous performance of hierarchical and multibranched 

nanostructures, named nanotrees, in those applications were lateral 

connectivity and high surface area were required has been demonstrated. This 

result is especially interesting from two different points of views. Firstly, it paves 

the way for the fabrication of three dimensional networks. Secondly, this might 

represent a feasible approach to overcome the top-bottom contact configuration 

that in general requires intermediate hybrid (i.e., vacuum and wet chemical 

steps) processing of the nanowires to avoid short-circuit issues.       

A summary of the main conclusions of this Thesis is listed below: 
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Chapter 2 

1) A reliable full vacuum methodology for the fabrication of semiconducting 

nanotubes made of ZnO and TiO2 with single and multishell configurations has been 

presented. The versatility of the plasma techniques has been exploited here for the 

formation of nanostructured nanotubes with tailored shells in terms of microstructure, 

porosity, structure and thickness on an ample variety of substrates ranging from FTO 

supports to metal nanoparticles. 

2) The procedure provides hollow’s cross sections in the form of square or rectangle 

keeping memory of the flat surface of the organic single crystal used as templates.   

The performance of the ZnO and anatase nanotubes as photoanodes in DSCs has 

been analyzed as a function of the shell thickness, finding an increase of efficiency 

with this parameter.  In the case of multi-shell nanotubes, mixed results were obtained 

for amorphous and crystalline TiO2, however, it has been found that the addition of a 

thin TiO2 shell turned out to be detrimental for the performance of the cells. 

3) A high-surface-area architecture based on a stack of hierarchical anatase 

nanotubes and nanotrees has been developed. These complex hierarchical 

nanostructures have outperformed their thin film counterparts reaching a promising 

efficiency of 4.69% with a relatively low TiO2 thickness. We are quite confident that 

with little effort values comparable or even superior to the state-of-the-art efficiencies 

could be potentially reached. 

Chapter 3 

1) A new plasma assisted methodology for the fabrication of transparent 

metallic electrodes has been developed. One- and two-dimensional metallic 

structures has been fabricated. *Remote Oxygen Plasma Etching decomposes 

the PtOEP molecule providing the formation of metallic Pt structures. *Thermal 

mobilization of the PtOEP molecules improves homogeneity and density of the 

Pt structures, reducing the SPE treatment duration.  

2) Transmittance of the Pt layers and nanocolumns depends strongly on the 

thickness and post-treatment. UV-VIS and UV-VIS-NIR characterization reveals 

highly homogeneous transmittance in these wavelengths with an ample variety 

in the transmission range (from 1 % to 70 %).   
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3) Samples prepared under RPAVD conditions are amorphous meanwhile the 

post-treatment yields crystallization of the Pt. *Deposition conditions of the 

sacrificial PtOEP layers drastically affect to the final Pt nanoelectrode porosity 

and microstructure UV-Vis transmission and XPS results indicated the total 

decomposition of the organic counterpart and formation of metallic Pt.  

4) The I-V characteristic curves show the high conductivity of the films able to drive 

stable currents of around 0.1 A.  

5) Transparency and conductivity in 2D nanoelectrodes has been related with the 

thickness and microstructure of the sacrificial PtOEP. 

Chapter 4 

1) The ZnO grown at room temperature by PECVD has proven to exhibit adequate 

electric and piezoelectric characteristics.  

2) The development of 1D core@shell nanostructures with application in the field of 

piezoelectricity has been addressed. It has been possible to generate and thoroughly 

characterize complete nanogenerators with the structure Pt NWs@ZnO@Au following 

a full vacuum fabrication approach. In spite of the fact that the fabricated device was 

short circuited, it does not mean that the system is not appropriate for its 

implementation in piezoelectric generators, but just that more care must be taken to 

avoid that issues (PMMA infiltration for example). Moreover, these nanostructures 

have proven to be excellent samples for the development and refinement of powerful 

EDX mapping and analysis techniques, as exemplified in Appendix B. 

3) Thin film and 1D piezoelectrics have been successfully fabricated on flexible 

substrates. Despite not having performed quantitative studies, it has been 

demonstrated that the fabricated devices truly work as piezoelectrics, paving the way 

for more detailed studies. These results constitute the first example of plasma 

processed ZnO nanostructures applied to this field. 

Chapter 5 

1) Silver NPs prepared by evaporation at glancing angles depict a strong dichroism 

that can be enhanced by a mild nanosecond laser irradiation. These optical effects 

were attributed to the formation of flat and elongated NPs when the evaporation is 

carried out along this geometry and to the modification of these morphological 

characteristics when the prepared samples are treated with laser.  
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2) By controlling the amount of deposited material, the evaporation angle and the laser 

irradiance, it has been possible to successfully prepare a large set of dichroic color 

patterns. The simplicity of the method, not requiring neither a template nor a 1D 

periodic roughness effect on the substrate or the use of complex lithographic 

techniques and its compatibility with any kind of substrate material are some of the 

most advantageous features of the procedure. Its use for optical encoding by laser 

writing of predefined patterns is likely one of the more promising applications of the 

developed technology. 

Chapter 6 

1) The approach based on the GLAD of silver showed relatively small SERS 

enhancement factors (EF) and consequently low sensitivity when comparing to silver 

nanoparticles deposited at normal geometry. By contrast, the illumination with a 

commercial nanosecond pulsed laser allowed to tune very succesfully the SERS 

signal. In this way, the most elongated nanoparticles (deposited at the glancing angle 

of 85º) presented an increase of the EF for low illumination powers. This behavior is 

consistent with the model proposed in the previous chapter, where the aspect ratio of 

the NPs is increased and therefore enhancing the “hotspot” effect. By contrast, the 

irradiation with high powers decreases the EF, also consistent with the model where 

the elongated particles get more rounded.  

2) On the other hand, the second approach based in a multistep process to obtain 

TiO2 NTs decorated with silver NPs showed very high enhancement factors. Thus, the 

TiO2 NTS with 2 nm nominal thickness of silver presented a very high EF of 2x107. 

The very high sensitivity obtained together with the compatibility for big area 

deposition, open a new and very promising way for SERS based nanosensoric 

applications. 

3) Even though no quantitative studies have been undertaken, the oxygen sensor 

based on ZnO NTs has proven equal or improved capabilities than its thin film 

counterpart. 

Chapter 7 

1) The fabrication of H2Pc Nanotrees-based sensors has been successfully 

addressed, producing an ultra-high density nanoforest by a combination of 

vacuum/plasma deposition methods, namely magnetron sputtering for the seeds, 
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OPVD for the nanotrees and SPE for the formation of crystallization sites along the 

primary ONWs to induce the growth of secondary ONWs. The full process has been 

carried out on commercial substrates and at mild temperatures (< 200 ºC).  

2) The response to oxygen was evident even at temperatures below 100 ºC., which 

could probably be attributed to the high specific area of these 1D nanostructures. 

Moreover, the enhancement in the oxygen response by irradiation turned out to be 

quite remarkable.  
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9.1. Introducción 

Clasificación y fabricación de nanomateriales 

Se definen como nanomateriales a aquellos sistemas cuyo tamaño está por encima 
de las dimensiones moleculares y que tienen al menos una dimensión por debajo de 
100 nm. Existen diversas formas de clasificar a los nanomateriales, consistiendo una 
de ellas en su dimensionalidad [Siegel R. W., Springer 1994]: 

 0D: Todas las dimensiones del nanomaterial se encuentran por debajo de 
100 nm. Ej. nanopartículas. 

 1D: Una dimensión por encima de los 100 nm. Ej. nanotubos, nanohilos, etc. 
 2D: Dos dimensiones por encima de 100 nm. Ej. monocapas moleculares, 

nanorecubrimientos, etc. 
 3D: Todas las dimensiones se escapan de la nanoescala, pero el material 

está formado por nanomateriales de menor dimensionalidad. Ej. policristales, 
polvos, coloides, nanocolumnas, etc. 

Los distintos casos se encuentran ilustrados en la Figura 1. 

 

Figura 1. Diferentes tipos de nanomateriales: 0D, 1D, 2D and 3D. Modificado de [Sajanlal P. 
R., Nano Rev. 2011]. 

Nanoestructuras más complejas requieren una clasificación un tanto más sofisticada 
que tenga en cuenta tanto la dimensionalidad de la nanoestructura final como de sus 
unidades elementales. Una nomenclatura relativamente sencilla y conveniente es la 
kDlmn, su explicación puede encontrarse en la referencia [Pokropivny V. V., Mater. 
Sci. Eng. C 2007]. 

Existen dos aproximaciones generales para la fabricación de objetos nanométricos, 
estos son los denominados procedimientos top-down y bottom-up. 

� Procedimiento top-down: consiste en la erosión de materiales 
macroscópicos mediante la implementación de herramientas cada vez más 
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finas para crear nanoestructuras. Ej. técnicas litográficas, micro-maquinado, 
ablación láser, etc. 

� Procedimiento bottom-up: ensamblaje de unidades atómicas y moleculares 
para para formar estructuras nanométricas y de mayor tamaño. Ej. métodos 
físicos como la evaporación, sputtering, spray pirolisis, etc y métodos 
químicos como deposición electroquímica, síntesis hidrotermal y solvotermal, 
etc. [Ngô C. & van der Voorde M., Atlantis Press 2014][Tiwari J. N., Prog. 
Mater. Sci. 2012]. 

9.1.1. Descripción de nanoestructuras core@shell 1D 

Entre las diversas nanoestructuras existentes, los materiales core@shell 1D han sido 
de interés central en esta tesis. Estos materiales han sido utilizados en numerosos 
campos tales como la descomposición de agua, catálisis, supercondensadores, 
celdas solares, etc. [Hernández S., ACS Appl Mater Interfaces 2014][Hasan M., J. 
Electrochem. Soc. 2012][Adachi M. M., Sci. Rep. 2013][Tamang A., Opt. Express 
2014]. 

La combinación de nanohilos orgánicos (ONWs) producidos por deposición física en 
fase vapor (PVD) y óxidos metálicos fabricados por deposición química en fase vapor 
exaltada por plasma para generar nanoestructuras core@shell 1D, da origen a un 
enorme campo de posibilidades y desafíos, con potencial en las áreas de mojado, 
celdas solares, guías de ondas, sensores, etc. [Macías M., Adv. Funct. Mater. 2013]. 
La fabricación y caracterización de estas nanoestructuras comenzó a raíz de la tesis 
del doctor Manuel Macías Montero. En la presente Tesis se ha abordado no solo la 
caracterización de estos sistemas 1D, sino que se han explotado sus numerosas 
aplicaciones que abarcan celdas solares, sensores fotónicos y conductométricos, 
películas conductoras semitransparentes y nanogeneradores piezoeléctricos. 

La alta relación de aspecto de estas nanoestructuras les confiere propiedades y 
ventajas únicas (comparado con capas finas), como por ejemplo: 

 Área superficial extraordinariamente alta. 
 Nanoestructuras 1D con multicapas coaxiales de óxidos, metales, 

compuestos orgánicos, polímeros de plasma, etc. 
 Redes altamente interconectadas de nanohilos para incrementar aún más el 

área de las nanoestructuras resultantes. 
 La utilización de moléculas orgánicas o metalorgánicas para el núcleo 

interno o core, permite utilizar temperaturas inferiores a 200 ºC o incluso 
cercanas a 100 ºC para su formación. Así es posible la fabricación de estas 



Chapter 9  

 

335 

 

nanoestructuras en sustratos sensibles al calor y flexibles que no toleran 
temperaturas superiores a 100-200 ºC. 

 Menor requerimiento de materias primas en comparación con películas 
delgadas. 

 Posibilidad de fabricación de dispositivos 1D completos utilizando una 
combinación de técnicas, PVD, PECVD, post-tratamiento con plasmas, etc. 

En la Figura 2 se pueden observar algunos ejemplos de nanohilos orgánicos (ONWs) 
recubiertos por una coraza (shell) de óxido de zinc (ZnO), ONW@ZnO. La Fig. 2b 
demuestra la compatibilidad de las distintas técnicas para la fabricación de 
nanoestructuras híbridas.  

 

Figura 2. a) Sección transversal de nanohilos rotos. b-c) Imágenes TEM (campo claro) y 
difracciones de electrones de área seleccionada (recuadros insertados) [Macías-Montero M., 
Adv. Funct. Mater. 2013]. 
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9.1.2. Antecedentes y motivación 

9.1.2.1. Introducción a semiconductores y nanohilos orgánicos 

La investigación en materiales orgánicos ha avanzado enormemente a una gran 
velocidad en los últimos años debido a la posibilidad de fabricar dispositivos 
electrónicos de bajo coste, ligeros y flexibles tales como OLEDs, memorias basadas 
en spintrónica molecular, sensores, celdas solares, transistores de efecto campo, 
circuitos integrados, etc. [Feature, Nat. nanotechnol. 2013][Smits E. C.P., Nat. Lett. 
2008][Xia Y., Adv. Mater. 2012] 

Los semiconductores orgánicos unidimensionales tales como los nanohilos han 
recibido una atención especial en la comunidad científica debido a su alta relación de 
aspecto, anisotropía intrínseca, confinamiento cuántico y a sus propiedades 
electrónicas y ópticas, de la misma manera que sus análogos inorgánicos. En esta 
Tesis se han fabricado nanohilos orgánicos (ONWs) soportados por la técnica de 
deposición física de moléculas orgánicas desde fase vapor (OPVD) [Borras A. Chem. 
Mater. 2008]. 

Debido a su relevancia en la presente Tesis, a continuación se detalla el mecanismo 
de crecimiento de estas nanoestructuras unidimensionales: 

Mecanismo de formación de nanohilos orgánicos (ONWs). Los nanohilos 
orgánicos son materiales unidimensionales formados por la repetición de unidades 
moleculares, ya sean moléculas pequeñas o cadenas poliméricas. Un ONW de 
moléculas pequeñas (como las que se ha utilizado en esta Tesis) es de hecho una 
nanoestructura unidimensional monocristalina.  

La fuerza intermolecular que destaca en la formación de ONWs de moléculas planas 
aromáticas es el apilamiento π, que dirige el proceso de cristalización responsable del 
mecanismo de autoensamblado de estas nanoestructuras 1D. La formación de los 
nanohilos se produce en varias etapas tal como se ilustra en la Figura 3. 

i. Presencia de sitios de nucleación: defectos, superficies rugosas, 

nanopartículas metálicas, etc. 

ii. Llegada masiva de moléculas a la superficie del sustrato (para 

satisfacer la condición de supersaturación) y difusión molecular hasta 

acomodarse en los sitios de nucleación.  

iii. Formación del monocristal por autoensamblado de moléculas.  

iv. Desarrollo y crecimiento del nanohilo 
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Figura 3. Etapas en la formación del ONW y su crecimiento [Borras A., Langmuir 26(8) 2010]. 

El papel de las moléculas pequeñas en esta Tesis es crucial: 

• Moléculas pequeñas tales como perilenos, porfirinas y ftalocianinas libres o 

metálicas se han utilizado para el crecimiento de ONW tanto como 

constituyentes del núcleo interno o core en los nanohilos híbridos 

core@shell como para moldes o template para la fabricación de nanotubos.  

• Se han usado porfirinas y ftalocianinas metálicas como materiales 

precursores en la fabricación por plasma (y procesado) de recubrimientos 

inorgánicos e híbridos.  

9.1.2.2. Concepto de One-reactor 

One-reactor. Se conoce como síntesis One-pot a la estrategia que consiste en 

acoplar varios pasos de una reacción química multi-pasos en un único reactor. Este 

concepto es de gran relevancia económica y medioambiental [Zhao W., Curr. Org. 

Synth 2012] y su extrapolación a un reactor de vacío que involucre diversas técnicas 

de deposición y tratamiento evitando así la transferencia de muestras a otros equipos, 

da origen al concepto de One-reactor (reactor único). Algunas ventajas potenciales de 

este concepto en comparación a los reactores habituales son:  

� Mayores velocidades de fabricación. 

� Menores costes de fabricación. 

� Menores problemas de reproducibilidad y mayores rendimientos. 
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9.1.2.3. Lab-on-chip y nanosistemas autoalimentados 

La aproximación One-reactor podría hacer más factible la fabricación de dispositivos 

integrados complejos. Al igual que en el concepto de Lab-on-a-chip [Yang P., Nano 

Lett. 2010], diferentes tipos de nanoestructuras pueden combinarse e implementarse 

para mejorar la funcionalidad del dispositivo, reduciéndose así considerablemente el 

tamaño y los costes de fabricación. 

Algunos dispositivos avanzados basados en nanoestructuras 1D que han sido 

fabricados mediante la técnica One-reactor son: nanogeneradores piezoeléctricos 

[Wang Z. L. Adv. Func. Mater. 2008][Yang R., Nano Lett. 2009], celdas solares 

excitónicas [Gregg B. A., J. Phys. Chem. B 2003][Mehmood U., Adv. Mater. Sci. Eng. 

2014] y nanosensores [http://ucrtoday.ucr.edu/15913] entre otras. 

9.1.3. Objetivos y esquema de la Tesis 

La hetero-estructuración de nanomateriales unidimensionales proporciona una ruta 

directa para la fabricación de nanoestructuras multifuncionales que pueden suponer la 

realización de dispositivos en un único hilo o single-wire devices. La idea es construir 

nanoestructuras 1D capaces de funcionar como un dispositivo completo por sí 

mismas, sin la necesidad de componentes adicionales para una cierta aplicación. 

Esta aproximación ha sido implementada en muchos campos tales como 

electroquímica, sensores químicos y generación de energía [Briseno A. L., Nano Lett. 

2007][Kim E. K., J. Nanosci. Nanotechnol. 2008][Wang Z. L., Adv. Funct. Mater. 

2008][Mai L., Nano Lett. 2010][Briseno A. L., Nano Lett. 2010][Zhang Y., J. Am. 

Chem. Soc. 2010][Yang Y., ACS Nano 2012].  

¿Podemos avanzar un paso en el intento de fabricar single-wire devices 

autoalimentados? 

i) Antes de proponer esta meta es necesario generar una metodología sólida para la 

fabricación de arquitecturas complejas 1D con composición “a la carta” y 

microestructura controlada en la nanoescala. 

ii) En un segundo paso, el funcionamiento de estas nanoestructuras debe ser 

optimizada para una determinada respuesta.  

iii) Por último, para combinar las diferentes respuestas en el mismo nanohilo y así 

generar un nanosistema de single-wire, se necesitan avances significativos en los 

métodos de procesado y micro-ingeniería, incluida la nanomanipulación.  
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En esta Tesis hemos intentado avanzar en las metas i) e ii) dentro del concepto de 

one-reactor, por ejemplo combinando deposición en vacío y plasma con técnicas de 

procesado compatibles con la operación en un único sistema de vacío. Esta tarea se 

ha realizado con una retroalimentación continua entre síntesis, caracterización 

microestructural avanzada, propiedades y fabricación de dispositivos. Con estas 

premisas, los objetivos principales de esta Tesis son: 

1) Fabricación de nuevos nanomateriales 1D híbridos nanoestructurados por 

combinación de autoensamblado y deposición asistida por plasma de moléculas 

orgánicas y óxidos semiconductores (ZnO y TiO2), así como deposición por sputtering 

de nanopartículas y películas ultra-delgadas metálicas. Una meta importante es la 

determinación del protocolo experimental que proporcione un control estricto en las 

propiedades de las nanoestructuras, y que permita su fabricación con una alta 

densidad y homogeneidad en sustratos procesables, incluyendo materiales sensibles 

para determinadas aplicaciones. 

1.1) El empleo de la técnica de deposición en vacío asistida por plasma remoto 

(RPAVD) para la formación de películas compuestas de porfirinas metálicas y el 

crecimiento de nanohilos core@shell orgánico@orgánico.  

1.2) Mejora de la conectividad lateral de las nanoestructuras 1D mediante la 

formación de nanoárboles y estructuras jerárquicas. 

2) Caracterización avanzada de nanomateriales híbridos tanto en forma de 

agrupaciones de alta densidad como individuales.  

3) Entendimiento comprensivo de los mecanismos de crecimiento. Los nanohilos 

orgánicos monocristalinos tendrán un papel clave no sólo como core en la 

configuración orgánica@orgánica/inorgánica, sino también como materiales 

precursores en el procesado por plasma (SPE) y como template sacrificiales en el 

caso de nanotubos de ZnO y TiO2 y decorados con partículas metálicas.  

4) En esta tesis se pretenden desarrollar diferentes elementos que podrían formar 

parte de un nanosistema autoalimentado como nanogeneradores y nanosensores.  

4.1) Fabricación de celdas solares excitónicas 1D y nanogeneradores piezoeléctricos 

4.1.a) Fabricación de celdas solares excitónicas. Implementación de las 

nanoestructuras híbridas 1D en celdas solares sensibilizadas con colorante (DSCs) y 

el estudio de la influencia de nanoestructuras altamente ramificadas (nanotrees) y 
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sistemas multicapa en el funcionamiento general de la celda. Desarrollo de electrodos 

transparentes nanométricos/micrométricos para el aprovechamiento de energía solar.  

4.1.b) Fabricación de nanogeneradores basados en el efecto piezoeléctrico. 

Desarrollo de prototipos basados en películas delgadas, NWs y nanotrees.  

4.2) Fabricación de sensores basados en nanoestructuras unidimensionales 

4.2.a) Fabricación de nanosensores de moléculas orgánicas en disolución. Estudio de 

las propiedades de efecto Raman exaltado en superficie (SERS) de nanoestructuras 

de TiO2 1D decoradas con nanopartículas de plata.  

4.2.b) Fabricación de nanosensores de gases. Desarrollo de prototipos para el 

sensado eléctrico y óptico de nanoestructuras híbridas. Prueba de concepto de la 

activación por luz (UV y Vis) de sensores eléctricos.  

Los contenidos básicos de cada capítulo de esta Tesis se resumen a continuación: 

Capítulo 2. Desarrollo de la metodología de fabricación de nanotubos de ZnO, TiO2 y 

multicapa por OPVD y PECVD mediante un procedimiento por template. Evaluación 

del funcionamiento de las celdas solares basadas en nanotubos de ZnO, ZnO@TiO2 y 

TiO2 así como nanotubos jerárquicos de TiO2 como fotoánodos en DSCs.  

Capítulo 3. Fabricación de nanoelectrodos de platino en 1D y 2D por RPAVD de una 

porfirina metálica (PtOEP) y su posterior procesado por plasma. Implementación de 

estas nanoestructuras como contraelectrodos y caracterización fotoelectroquímica de 

la DSC.  

Capítulo 4. Desarrollo de películas delgadas piezoeléctricas basadas en ZnO 

depositadas por PECVD. Fabricación de nanotubos de Pt@ZnO@Au combinando los 

procedimientos de deposición de platino del Capítulo 3 con la deposición de ZnO por 

PECVD y la película de oro por magnetrón sputtering para crear nanogeneradores en 

1D. Evaluación de la mejora en la conductividad lateral por la formación de 

estructuras ramificadas de nanohilos o nanotrees. Producción y testado de varios 

prototipos de nanogeneradores piezoeléctricos en película delgada y 1D.  

Capítulo 5. Producción de nanopartículas de plata dicroicas por GLAD en un 

procedimiento sin template. Exaltación del dicroísmo óptico en las nanopartículas de 

plata en sustratos de sílice fundida por tratamiento con láser a baja fluencia.  
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Capítulo 6. Utilización de las nanopartículas dicroicas del Capítulo 5, incluyendo las 

muestras tratadas con láser, como sustratos para SERS. Fabricación y 

caracterización de los nanotubos 1D de nano-TiO2@Ag-NPs y su implementación 

para la detección de moléculas en disolución por SERS. Optimización del crecimiento 

de nanotubos de ZnO del Capítulo 2 para producir sensores luminiscentes de 

oxígeno.  

Capítulo 7. Fabricación de sensores conductométricos basados en nanohilos y 

nanotrees de ftalocianina libre (H2Pc) crecidos por OPVD y procesado por plasma en 

electrodos comerciales. Evaluación de la respuesta sensora frente a oxígeno a 

diferentes temperaturas combinadas con activación por luz. 

Capítulo 8. Conclusiones generales. 

Apéndice A. Resumen de las condiciones optimizadas para el crecimiento de 

nanohilos orgánicos de diferente composición en diversos sustratos procesables. 

Protocolo desarrollado para la formación de nanotrees.  

Apéndice B. Breve introducción sobre las técnicas de caracterización 

fotoelectroquímicas de DSCs.  

Apéndice C. Desarrollo de un nuevo método 3D de corrección de la absorción para 

tomografía EDX-STEM cuantitativa.  

El esquema de la Tesis se presenta en la Figura 4.  
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Figura 4. Esquema de la Tesis 
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9.1.3. Metodología 

Deposición en vacío 

Se conoce como deposición o evaporación en vacío a un conjunto de técnicas 
empleadas para depositar capas de un determinado material átomo a átomo o 
molécula a molécula. La deposición en vacío se lleva a cabo típicamente a presiones 
reducidas, desde 10-1 a 10-12 mbar, y se utiliza comúnmente para producir tanto capas 
compactas como capas porosas [Mattox D., Elsevier 2010][Parra-Barranco J., ACS 
Appl. Mater. Interfaces 2015][Vick D., J. Mater. Res. 2002][Sánchez-Valencia J. R., 
Adv. Mater. 2011]. 

Cuando la fuente de evaporación es el mismo material que se va a depositar, el 
proceso se conoce como deposición física en fase vapor (PVD). En cambio, en la 
deposición química en fase vapor (CVD) la fuente de material es un reactivo que sufre 
reacciones químicas durante la deposición. 

Introducción a los plasmas 

Un plasma es un gas ionizado que contiene iones positivos y negativos, electrones y 
partículas neutras, y se lo considera como el cuarto estado de la materia. Atendiendo 
a su equilibrio térmico, un plasma puede clasificarse dentro tres categorías: 

� Plasmas en equilibrio térmico: la temperatura de los electrones, iones y 
neutros es idéntica. 

� Plasmas fuera del equilibrio térmico: La temperatura electrónica es mucho 
mayor a la de iones y neutros. 

� Plasmas en equilibrio térmico local: La temperatura de todas las especies 
está en el mismo rango, pero la temperatura de los iones es mucho mayor 
que en un plasma de no equilibrio mientras que la de los electrones es 
mucho menor [Chu P. K., CRC Press 2014]. 

En esta Tesis, los plasmas usados tanto para asistir durante la deposición como para 
el post tratamiento de las muestras, han sido plasmas fuera del equilibrio. Estos 
plasmas presentan la ventaja de que permiten la utilización de sustratos sensibles a la 
temperatura, ya que la temperatura del gas plasmógeno es cercana a la ambiente. 

9.1.3.1. Deposición física en fase vapor (PVD) 

La deposición física en fase vapor consiste en aquellos procesos en los cuales el 
material se vaporiza desde una fuente sólida o líquida en forma de átomos o 
moléculas, siendo transportado en forma de vapor hasta los sustratos donde se 
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produce la condensación. Típicamente, los procesos de PVD se utilizan para 
depositar capas de elementos, aleaciones y compuestos con un espesor en el rango 
de algunos nanómetros a micras, siendo posible la formación de multicapas, 
depósitos de composición gradual, estructuras autosoportadas, etc. sobre sustratos 
de distintas dimensiones, rigidez y geometría [Holleck H., Surf. Coat. Technol. 
1995][Silva N. L., J. Mater. Sci.: Mater. Electron.][Wang Z. B., Nat. Photonics 2011]. 

Las principales clases de procesos PVD son evaporación en vacío, deposición por 
pulverización catódica (sputtering), deposición mediante arco catódico y plateado 
iónico (ion plating). En este trabajo, la atención se centrará en las primeras dos 
técnicas, dirigidas a la fabricación de materiales orgánicos, inorgánicos e híbridos. 
Dentro de estas dos técnicas generales, cabe mencionar las metodologías concretas 
utilizadas en esta tesis: 

a) Deposición a ángulo rasante (GLAD) 

Consiste en la evaporación física de un material, cuyos vapores son condensados 
sobre sustratos colocados en condiciones oblicuas o rasantes. Esta técnica se 
emplea para fabricar películas columnares nanométricas con forma y porosidad 
controladas [Hawkeye M. M., John Wiley & Sons 2014]. 

b) Deposición física de orgánicos en fase vapor 

Generalmente se basa en la evaporación térmica de moléculas orgánicas para 
generar capas finas orgánicas. Mediante la elección adecuada de diferentes 
parámetros experimentales, se pueden fabricar nanoestructuras 1D orgánicas tales 
como nanohilos, nanocintas, nanocilindros, etc.[Borras A., Langmuir 2010 26(8)]. 
Debido a su alta relación de aspecto, los semiconductores 1D orgánicos han sido y 
continúan siendo un gran foco de interés en el ámbito científico [Zhang C., Annu. Rep. 
C 2013]. En la Figura 5 es posible apreciar los planos moleculares de un nanohilo de 
ftalocianina de hierro. 
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Figura 5. Micrografía TEM de un nanohilo de ftalocianina de hierro (izquierda) e imagen 
aumentada de uno de ellos (derecha). 

c) Pulverización catódica (DC y por magnetrón) 

El bombardeo de iones (Ar en este trabajo) a un determinado material (blanco), 
produce la expulsión de material del mismo que se deposita sobre los sustratos 
situados en el ánodo. Con esta técnica se pueden alcanzar tasas de deposición 
considerablemente elevadas. Además, en la configuración de magnetrón existen muy 
pocas restricciones en cuanto a la naturaleza del blanco. 

d) Deposición en vacío asistida por plasma remoto (RPAVD) 

Este método de deposición ha sido desarrollado por completo en el grupo 
Nanotechnology on Surfaces y está perfectamente establecido para la fabricación de 
polímeros de plasma a partir de moléculas luminiscentes. En este trabajo esta 
metodología se ha extendido a otros precursores como ftalocianinas y porfirinas que 
pueden ser luego tratadas para generar shells/nanohilos metálicos u óxidos. En 
contraste a la polimerización por plasma convencional, las moléculas precursoras 
pueden sufrir una fragmentación insignificante simplemente regulando la interacción 
entre el plasma de microondas y las moléculas sublimadas en la región fuera de la 
descarga luminosa denominada afterglow. Además, mediante esta técnica es posible 
obtener capas más compactas y homogéneas que por simple sublimación en 
ausencia de plasma [Aparicio F. J., J. Phys. Chem. C 2012][Aparicio F. J., J. Mater. 
Chem. C 2014]. 
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9.1.3.2. Precursores para OPVD y RPAVD 

Diversos tipos de porfirinas y ftalocianinas han sido utilizadas en ambas 
metodologías, tanto para la fabricación de nanohilos orgánicos como de shells. En 
ambos casos, tanto moléculas sin y con núcleo metálico se han visto sometidas a 
estos procesos dependiendo de la aplicación final de las nanoestructuras. El 
denominado perileno rojo (MePTCDI) también fue empleado para la producción de 
nanohilos que sirvieron como molde (template) o guías de onda debido a sus 
propiedades luminiscentes [Macías-Montero M., Adv. Funct. Mater. 2013]. 

9.1.3.3. Deposición química en fase vapor (CVD) 

La deposición química en fase vapor (CVD) es el proceso por el cual un compuesto 
volátil reacciona con gases introducidos en el reactor para para formar un sólido no 
volátil que se deposita sobre los sustratos. Existen diversas variantes de CVD que se 
han desarrollado en los últimos años, siendo la de mayor interés aquí la deposición 
química en fase vapor exaltada por plasma. 

a) Deposición química en fase vapor exaltada por plasma 

(PECVD) 

En los procesos de PECVD se sustenta un plasma dentro del reactor donde ocurren 
simultáneamente diferentes reacciones químicas. Este plasma es suficientemente 
energético como para descomponer las moléculas de gas generando fragmentos 
moleculares muy reactivos que reaccionan químicamente con el precursor 
introducido. La gran ventaja de un proceso PECVD reside en las menores 
temperaturas requeridas en comparación al proceso CVD. La introducción de plasmas 
de resonancia ciclotrónica de electrones (ECR) como el usado en esta Tesis ha 
supuesto un gran avance en los procesos de PECVD, permitiendo trabajar a menores 
presiones y con un mayor control de la energía de los iones que en los reactores de 
radiofrecuencias [Ohring M., Academic Press 1992][Wilhelm R., ATBWBGP 1999].  

9.1.3.4. Reactivos para PECVD 

Diferentes tipos de óxidos conformales de distinta microestructura y cristalinidad han 
sido obtenidos por la técnica de PECVD. Los precursores empleados en este trabajo 
han sido los siguientes: dietilcinc (ZnEt2), tetraisopropóxido de titanio (TTIP) y 
trimetilclorosilano (TMCS). Las condiciones de trabajo junto con las microestructuras 
resultantes en cada caso se reúnen en la tabla 1 [Barranco A., J. Vac. Sci. Technol. A 
2004][Borrás A., J. Electrochem. Soc. 2007][Borras A., Crys. Growth. Des. 
2009][Borrás A., Mic. Mes. Mat. 2012][Romero G., J. of Phy. Chem. C 2010]. 
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En la Figura 6 pueden apreciarse las microestructuras correspondientes. 

 

Figura 6. Sección transversal en SEM de: a) ZnO columnar, b) ZnO (H2) columnar, c) TiO2 
columnar, d) nano-TiO2, e) Anatasa, f) SiO2 microporoso. 

 

Tabla1. Reactivos utilizados para PECVD. 

Precursor Microstructura Presión 
de trabajo 

(mbar) 

Gas Temperatura 
de los 

sustratos (ºC) 

Potencia 
de plasma 

(W) 
ZnEt2 Columnar 1.5x10-2 O2 RT 400 
ZnEt2 Columnar 1.5x10-2 O2/H2 170 400 
TTIP Columnar 9x10-3 O2 RT 400 
TTIP Columnar 

(Anatasa) 
9x10-3 O2 280 400 

TTIP Continua 6 x10-3 O2/Ar RT 400 
TMCS Columnar 2x10-2 O2/Ar RT 400 
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9.1.3.5. Cámaras de deposición y reactores 

a) Sistema de deposición de vacío PVD y RPAVD (Reactor 1) 

El sistema de deposición empleado para estas técnicas se muestra en la Figura 7. 
Este sistema posee varias fuentes de evaporación (1 y 2), portamuestras rotable y 
calefactable hasta 300 ºC (3), microbalanza de cuarzo (4), shutter (5), fuente de 
plasma de microondas ECR (6), válvula de control de presión (7), medidor de presión 
de todo rango (8) y sistema de bombeo (9).  

 

Figura 7. Esquema del reactor de PVD y RPAVD. 

b) Sistema de deposición de vacío PECVD (Reactor 2) 

El sistema de deposición empleado para esta técnica se muestra en la Figura 8. El 
reactor consiste en una fuente de precursor (1), shutter (2), portamuestras 
calefactable hasta 450 ºC (3), sistema de bombeo (4), válvula de control de presión 
(5), fuente de plasma de microondas ECR (6), y medidor de presión de todo rango (7).  
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Figura 6. Esquema del reactor de PECVD. 
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9.2. Síntesis por template en vacío 

de nanotubos multifuncionales 

con paredes nanoestructuradas: 

Nanotubos inorgánicos, 

nanoestructuras jerárquicas y 

apiladas para DSCs 

9.2.1. Introducción 

Las celdas solares excitónicas híbridas combinan materiales inorgánicos y orgánicos 
para aprovechar las ventajas de cada uno de ellos. Por ejemplo, pueden llevar a 
incrementar la eficiencia manteniendo unos costes bajos de producción. Las celdas 
solares sensibilizadas con colorantes (DSCs) pertenecen a esta categoría y han sido 
fabricadas y estudiadas en esta Tesis [Fan J., Photon Res. 2014][Heo J. H., Nat. 
Photonics 2013][Hardin B. E., Nat. Photonics 2012]. 

En una celda solar convencional se producen tres procesos que conllevan la 
generación de un fotovoltaje: 1) generación de transportadores de carga debido a la 
absorción de radiación electromagnética, 2) separación posterior de dichos 
transportadores de carga y 3) su recolección en los electrodos. En una celda solar 
excitónica como una DSC, los pasos 1) y 2) se producen simultáneamente. 

El principio operacional de una DSC es sencillo y puede entenderse fácilmente 
observando la Figura 1. Una capa delgada mesoporosa de un óxido de bandgap 
ancho (TiO2, ZnO, Nb2O5, etc.) se deposita generalmente sobre un electrodo 
transparente conductor (tal como oxido de estaño dopado con flúor sobre vidrio) y 
puesto en contacto con un electrolito, que puede ser líquido o sólido (aunque tanto en 
la figura como en esta Tesis ha sido líquido). Un colorante (sensibilizador) se ancla al 
semiconductor en forma de monocapa. Cuando dicho colorante es fotoexcitado, 
inyecta electrones en la banda de conducción del óxido metálico. La regeneración del 
colorante se lleva a cabo por una reacción redox en el electrolito (en este caso 
��
� ��⁄ ), y éste se regera en el contraelectrodo de Pt, ya que actúa como catalizador 

para la reacción ��
� + 2�� → ��, donde los electrones son suministrados por la 

carga externa [Grätzel M., Inorg. Chem. 2005]. 
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Figura 1. Illustración de una DSC en funcionamiento. E y CE son los electrodos y 

contraelectrodos, respectivamente. MOS TF se refiere a la capa delgada metal-óxido-

semiconductor (mesoporoso en el diagrama) 

Materiales semiconductores como ZnO y TiO2 han demostrado gran potencial en 
diversas áreas como sensado químico, piezoelectricidad, superficies fotocatalíticas 
autolimpiables, almacenamiento de energía y producción de energía solar, entre otras 
[Huusko J., Sensor. Actuat. B-Chem. 1993][Satake K., Sensor. Actuat. B-Chem. 
1994][Huang S. Y., J. Electrochem. Soc. 1995]. Ambos semiconductores son de 
bangap ancho, Eg ~ 3.2-3.4 eV, siendo el ZnO superior frente a TiO2 en cuanto a la 
movilidad electrónica se refiere, 200 cm2V-1s-1 vs 30 cm2V-1s-1. En cambio, la eficiencia 
de inyección de carga en el ZnO es prácticamente la mitad que la del TiO2 y además, 
su carácter anfótero le otorga una pobre estabilidad química [Look D.C., Sol. State 
Commun.1998][Xu F., Energy Environ. Sci. 2011][Kosyachenko L. A., Solar Cells – 
Dye-Sensitized Devices][Tiwana P., ACS Nano 2011][Soga T., Elsevier 2006]. Para 
aumentar la eficiencia de estos materiales en determinadas aplicaciones y en 
concreto en el área de la fotovoltáica estudiada en este capítulo, se intenta en la 
medida de lo posible maximizar su área superficial específica. Para ello, se suele 
recurrir en un primer momento al material nanoparticulado, aunque otras geometrías 
tales como nanotubos podrían permitir un mejor control de su comportamiento 
químico y físico. 

Al disminuir las dimensiones de un determinado sistema a la nanoescala, no sólo se 
produce un cambio en el área superficial específica, sino que también las propiedades 
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electrónicas pueden verse considerablemente alteradas (debido por ejemplo a efectos 
cuánticos). Estos efectos pueden contribuir asimismo a mejorar drásticamente la 
reacción/interacción entre el sistema y medio que lo rodea, aumentando la eficiencia 
del dispositivo o abriendo incluso nuevas vías de reacción.    

En el caso de nanotubos existen 4 grandes grupos atendiendo los métodos de 
fabricación [Barth S., Prog. Mater. Sci. 2010]: 

• Formación de nanotubos debido a restricciones morfológicas por medio de 
VLS, VS y otros métodos catalíticos.  

• Electrospinning. 

• Tratamiento químico o electroquímico de nanofibras o nanohilos sólidos para 
eliminar la parte interna. 

• Uso de plantillas.  

El último grupo suele abordarse de dos formas, mediante el empleo de alúmina 
anodizada como plantilla hueca 1D que puede rellenarse por métodos de vacío o vía 
húmeda [Hulteen J., J. Mater. Chem. 1997][Martinson A. B. F., Nano Lett. 2007], o por 
la técnica de deposición de capas atómicas (ALD) de precursores inorgánicos 
utilizando como sustrato nanoestructuras 1D crecidas previamente [Marichy C., Adv. 
Mater. 2012][Cho S., Sensor. Actuat. B-Chem. 2012]. La metodología aquí presentada 
puede incluirse en el último grupo teniendo en cuenta 3 particularidades importantes: 
los nanomateriales que sirven de plantilla son nanohilos de monocristales orgánicos 
(ONWs) fabricados por deposición física en fase vapor de moléculas orgánicas 
pequeñas sobre una amplia variedad de sustratos tales como nanopartículas y capas 
metálicas, soportes poliméricos flexibles y capas finas de óxidos metálicos. Las capas 
de óxido metálico que forman las paredes de los nanotubos se preparan por 
deposición química en fase vapor exaltada por plasma (PECVD). La plantilla orgánica 
se elimina fácilmente por calentamiento a temperatura moderada.  

La metodología aquí utilizada permite la fabricación de nanotubos con distinta 
longitud, dimensiones, forma, composición de las paredes, cristalinidad, porosidad, 
etc.  

En este capítulo se presenta el desarrollo de la metodología para la formación de 
nanotubos de TiO2 y ZnO, y su posterior caracterización. Se discute también la 
extensión de la técnica para sistemas de nanotubos multishell ZnO@TiO2.Los 
nanotubos simples de ZnO se emplean como nanomateriales activos en la fabricación 
de celdas solares de colorantes (DSCs). Finalmente, nanotubos de anatasa y 
nanotubos de ZnO@TiO2(amorfo y anatasa) son investigados también como 
materiales activos en DSCs. 
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9.2.2. Metodología 

La Figura 2 muestra los diferentes pasos involucrados en la fabricación de nanotubos: 

i) Crecimiento de nanohilos orgánicos (ONWs) por OPVD sobre una 
amplia variedad de sustratos con diversas características físicas y 
químicas. 

ii) Deposición conformal por PECVD de una shell de óxido metálico sobre 
los ONWs. El uso de PECVD en la fabricación de este tipo de 
nanoestructuras híbridas posee ciertas ventajas críticas para la 
aplicación final del dispositivo como son la alineación vertical de los 
nanohilos y la formación de una shell inorgánica sin daño del core 
orgánico. 

Para eliminar el core orgánico es necesario llevar a cabo un paso adicional en la 
preparación de las muestras que consiste en el calentamiento de las mismas. Si la 
velocidad de calentamiento es lenta, los nanotubos resultantes son cerrados (iii-iv), en 
cambio, si la velocidad de calentamiento es rápida, los nanotubos presentan la punta 
abierta (iii’-iv’).  

 

Figura 2. Pasos involucrados en la formación de nanotubos de óxidos metálicos y fotografías 
de muestras reales en cada uno de los pasos. 
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9.2.3. Resultados y discusión 

9.2.3.1. Fabricación y caracterización de nanotubos de ZnO y 

TiO2 

a) Nanotubos de una única pared 

Se han fabricado nanotubos soportados tanto de ZnO como TiO2 mediante la 
combinación de las técnicas de OPVD y PECVD. Se han crecido este tipo de 
nanoestructuras directamente sobre sobre sustratos procesables, electrodos, 
dispositivos, etc. e incluso ciertos sustratos flexibles como láminas delgadas de PET 
si se escogen moléculas de menor temperatura de sublimación para los ONWs.  

En la Figura 3, correspondiente a TiO2 mesoporoso (meso-TiO2), se puede observar 
la orientación vertical de estas nanoestructuras (Fig. 3b)). Dicha alineación no se 
pierde tras el calentamiento, ni tampoco puede apreciarse colapso alguno de las 
paredes de los nanotubos. Estas paredes presentan una morfología columnar tanto 
para el TiO2 (mostrado en la Fig. 3) como para el ZnO. 
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Figura 3. Nanotubos de meso-TiO2. Caracterización SEM (a-b) y HAADF-STEM (c-e) de 

nanotubos formados por paredes de TiO2 columnar. El panel (a) muestra la superficie globular 

característica del meso-TiO2 fabricado por PECVD a temperatura ambiente bajo un plasma de 

oxígeno. La micrografía en c) demuestra la microestructura mesoporosa de la pared con las 

columnas creciendo radialmente del core evacuado. d) y e) corresponden a imágenes de la 

reconstrucción 3D de HAADF-STEM, siendo posible apreciar la sección rectangular del tubo 

(e) y la intercara continua entre el core vacío y las columnas de TiO2. 
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b) Nanotubos de óxidos de multipared 

La metodología para la fabricación de nanotubos de óxidos puede ser extendida 

fácilmente para el caso de paredes múltiples, simplemente alternando los precursores 

empleados en la deposición por PECVD. Nanotubos multipared de ZnO (core) y TiO2 

(shell) han sido fabricados de esta forma como se muestra en la Figura 4. 

En la Figura 4 se puede observar como la microestructura de la shell de TiO2 sigue 

siendo continua y microporosa, ajustándose de una manera conformal a la rugosidad 

de la superficie del ZnO. Este sencillo método puede también utilizarse para fabricar 

multicapas cristalinas, tales como ZnO@TiO2(anatase). Aunque estos resultados han 

sido obtenidos para para nanotubos de ZnO y TiO2, la metodología puede extenderse 

a otros óxidos depositados por PECVD como SiO2, SiOxCyHz, Al2O3, Ta2O5, oxinitruros 

u óxidos dopados.  
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Figura 4. Nanotubos multipared. a-b) Micrografías HAADF-STEM de un nanotubo de 

ZnO@nano-TiO2 a dos magnificaciones diferentes mostrando el recubrimiento homogéneo a 

lo largo del nanotubo de ZnO (a) y un mayor detalle de estas nanoestructuras complejas (b). c-

f) Formación de una capa de anatasa sobre el nanotubo de ZnO. Distribución de Zn (arriba) y 

Ti (abajo) en los mapas de EDX resultantes (c) obtenidos del nanotubo de ZnO@TiO2. TEM de 

campo claro (e) y HRTEM (f), en el inset se muestra la FFT del área seleccionada. 
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9.2.3.2. Celdas solares sensibilizadas por colorante (DSCs) 

basadas en basadas en nanotubos de ZnO 

Nanotubos de ZnO se han utilizado para la fabricación de DSCs completas y 

funcionales basadas en nanotubos de ZnO así como la evaluación de sus parámetros 

fotovoltaicos (recogidos en la Tabla 1), caracterización electroquímica mediante 

medidas de espectroscopía de impedancia electroquímica (EIS) y de fotocorriente 

modulada en intensidad (IMPS). Se ha propuesto finalmente un mecanismo de 

conducción de los electrones a través del nanotubo que consiste en saltos de un 

cristal a otro de ZnO hasta alcanzar el electrodo. 

La mejor eficiencia alcanzada en estos dispositivos de nanotubos de ZnO ha sido del 

0.3% para el electrodo de 250 nm .Aunque esta eficiencia es menor a la alcanzada 

por la celda de referencia, presenta una fotocorriente considerablemente mayor. El 

incremento en la cantidad de colorante adsorbido se atribuye a una mayor superficie 

específica por parte de los nanotubos y/o un menor tamaño de cristal en los mismos 

en comparación a capa fina. 

Tabla 1. Parámetros fotovoltaicos para DSCs de ZnO en función del espesor de la pared del 
nanotubo. – Los valores medios de los parámetros fotovoltaicos y sus errores estimados han 
sido obtenidos a partir de los datos de tres dispositivos con la misma configuración. Se incluye 
un dispositivo fabricado con una capa de 800 nm como referencia.  

Celda Jsc(mA/cm2) Voc(mV) FF(%) η(%) 

20 nm ZnO NT 0.39±0.21 610±25 40±1 0.10±0.05 

80 nm ZnO NT 0.73±0.15 500±30 44±2 0.20±0.05 

250 nm ZnO NT 1.48±0.25 460±20 50±1 0.30±0.05 

Reference 1.05±0.30 670±15 45±1 0.50±0.1 

 

9.2.3.3. Celdas solares sensibilizadas por colorante (DSCs) 

basadas en nanotubos de multipared 

La técnica de PECVD permite la fabricación de sistemas multicapas dentro de un 

único reactor sin la necesidad de exponer las intercaras a la atmósfera. Este concepto 

se ha aplicado a la fabricación de celdas de colorantes basadas en nanotubos de 

ZnO@TiO2. En este caso se han explorado tanto la shell de TiO2 amorfo (meso-TiO2) 

como una de fase cristalina anatasa. La evolución del recubrimiento de TiO2 para el 
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caso amorfo puede observarse en la Figura 5, pasando de islotes de TiO2 sobre ZnO 

a una capa completamente coalescida. 

 

Figura 5. Intensidad de la línea Ti Kα en los mapas EDX resultantes obtenidos a partir de 

nanotubos de ZnO@meso-TiO2 para un espesor de TiO2 de a) 5 nm, b) 20 nm y c) 50 nm. 

Los distintos parámetros fotovoltaicos para las celdas de nanotubos de multipared se 

presentan en la Tabla 2. Como se puede apreciar, la incorporación de una shell de 

TiO2 tiene un efecto perjudicial sobre la eficiencia de los dispositivos, en comparación 

a los nanotubos de ZnO, que en parte puede deberse a la mala transferencia 

electrónica entre ZnO y TiO2 [Manthina V., J. Phys. Chem. C 2012]. Además, a pesar 

de que el fotovoltaje mejora con la incorporación de TiO2, el factor de llenado 

empeora y la corriente disminuye considerablemente para estos casos. A modo de 

observación general, las shells de anatasa parecen ser menos perjudiciales para el 

funcionamiento de las celdas, ofreciendo mayores fotocorrientes y fotovoltajes, 

aunque un factor de llenado algo menor. Nuevamente, las celdas de nanotubos 

presentan un comportamiento superior con respecto a la correspondiente capa fina, 

en gran medida debido a una menor fotocorriente ocasionada por una peor adsorción 

de colorante (menor superficie específica). 
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Tabla 2. Parámetros fotovoltaicos para las DSCs basadas en nanotubos multipared de 

ZnO@TiO2 en función del espesor de la pared de TiO2 (meso o anatasa). Los valores medios 

de los parámetros fotovoltaicos y sus errores estimados han sido obtenidos a partir de los 

datos de tres dispositivos con la misma configuración. Se han incluido los valores medios de la 

celda de nanotubos de 250 nm de ZnO a modo de comparación. 

Celda Jsc(mA/cm2) Voc(mV) FF(%) η(%) 

250 nm ZnO NT 1.48±0.25 460±20 50±1.0 0.30±0.05 

ZnO 250nm@meso-TiO2 

5nm NT 

0.81±0.05 540±5 43.8±0.5 0.20±0.05 

ZnO 250nm@meso-TiO2 

20nm NT 

0.79±0.05 542±5 47.3±1.0 0.20±0.05 

ZnO 250nm@meso-TiO2 

50nm NT 

0.77±0.05 529±7 49±1.0 0.20±0.05 

ZnO 250nm/meso-TiO2 

50nm TF 

043±0.05 573±13 39.9±8.0 0.10±0.05 

ZnO 250nm@anatase 

5nm NT 

0.87±0.14 579±13 38.3±0.5 0.20±0.05 

ZnO 250nm@anatase 

20nm NT 

0.99±0.13 588±8 43.4±5.3 0.20±0.05 

ZnO 250nm@anatase 

50nm NT 

0.96±0.17 635±15 32.3±0.5 0.20±0.05 

ZnO 250nm/anatase 

50nm TF 

0.64±0.16 615±1 37.9±2.0 0.15±0.05 

 

9.2.3.4. Celdas solares sensibilizadas por colorante (DSCs) 

basadas en nanotubos de TiO2 

Siguiendo la misma metodología que en el apartado anterior, se han fabricado DSCs 

de nanotubos de TiO2 anatasa nanoestructurados de distintos espesores y 

microestructura. De la misma manera, se han evaluado sus parámetros fotovoltaicos 

y sus propiedades electroquímicas a través de medidas de EIS e IMPS. La Figura 6 

ejemplifica el caso de nanotubos de anatasa con un espesor de TiO2 de 1.6 µm, 
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donde puede apreciarse un gran número de cristales de anatasa saliendo radialmente 

de cada nanotubo, lo que le otorgaría una gran superficie específica a estas 

nanoestructuras. 

 

Figura 6. Imágenes SEM de nanotubos of 1.6 µm. Vista en superficie (a) y vistas 
transversales (b-c). (d) área ampliada de (c).  

En el caso de celdas de nanotubos de anatasa se ha llegado a conseguir una 

eficiencia del 4.32% con un espesor de TiO2 de 6.6 µm (Tabla 3). Se ha encontrado 

que para espesores de hasta 1.6 µm, los nanotubos presentan una eficiencia más de 

dos veces superior que la capa fina de espesor equivalente. Las celdas de nanotubos 

exhiben en general una mayor fotocorriente, fotovoltaje y factor de llenado (FF), lo 

que explica la mayor eficiencia alcanzada por estos sistemas. Por otro lado, la nueva 

arquitectura de celda basada en un apilamiento de nanotubos de anatasa (stack), ha 

permitido alcanzar eficiencias del 4.69 % para un espesor de TiO2 equivalente en 

capa fina de 2.75 µm. 
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Tabla 3. . Parámetros fotovoltaicos para DSCs de TiO2 (anatasa) en función del espesor de la 

pared del nanotubo. – Los valores medios de los parámetros fotovoltaicos y sus errores 

estimados han sido obtenidos a partir de los datos de tres dispositivos con la misma 

configuración, excepto para los dispositivos marcados con un * donde sólo se ha hecho 

estadística con dos celdas debido al malfuncionamiento de la tercera. Se han usado como 

referencia capas finas (TF) del mismo espesor que los nanotubos correspondientes.  

Cell Jsc (mA/cm2) Voc (mV) FF (%) η (%) 

660 nm TF 1.52±0.05 670±7 62.7±1.9 0.64±0.05 

1.6 µm TF* 2.86±0.30 698±58 64.9±1.4 1.31±0.27 

6.6 µm TF 7.12±0.15 831±1 63.6±1.6 3.76±0.17 

660 nm HNT 2.48±0.30 833±9 71.4±0.8 1.47±0.10 

1.6 µm HNT* 5.39±0.53 819±2 66.6±2.4 2.93±0.18 

6.6 µm HNT 7.87±0.58 835±6 65.7±0.2 4.32±0.30 

3.7 µm meso-TiO2 NTs 6.63±0.60 830±22 60.9±3.4 3.34±0.18 

3.7 µm meso-TiO2 NTree* 3.90±0.05 811±35 61.5±1.6 1.95±0.15 

stack x3 (2.75 µm) 9.19±0.17 824±5 61.9±1.0 4.69±0.10 

800 nm ZnO TF 1.05±0.30 670±15 45±1.0 0.50±0.10 

 

9.2.4. Conclusiones 

Se ha desarrollado la metodología para la fabricación de nanotubos semiconductores 
de ZnO y TiO2 tanto en configuración de única pared como de multipared. Para ello se 
ha seguido un procedimiento de template a partir de ONWs depositados por OPVD a 
los que se los recubre con dicho óxido semiconductor por PECVD.  

Se ha demostrado que la metodología proporciona una ruta directa para el 
crecimiento de nanotubos sobre una amplia variedad de sustratos desde FTO a 
nanopartículas metálicas soportadas. Contrariamente a otros protocolos con template, 
los ONWs usados aquí se pueden eliminar fácilmente mediante un post 
calentamiento, dando lugar al vaciamiento de los mismos y obteniendo así nanotubos. 
Además, estos nanotubos permanecen adheridos al sustrato tras el proceso de 
evacuación y son mecánicamente estables, permitiendo su implementación como 
fotoánodos en DSCs.  
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Estas estructuras se han implementado en celdas solares de colorante, empleando 
tanto nanotubos de ZnO, TiO2 (anatasa) y multipared ZnO@TiO2, alcanzándose una 
máxima eficiencia del 4.32% para nanotubos de anatasa.  

Se ha desarrollado una nueva arquitectura con alta área superficial basada en el 
apilamiento de nanotubos de anatasa. Estas nanoarquitecturas complejas han 
permitido alcanzar una eficiencia del 4.69 % con un espesor equivalente de TiO2 en 
capa fina relativamente bajo de 2.75 µm. 
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9.3. Procesado por plasma de 

PtOEP para el desarrollo de 

nanoestructuras 1D y 2D 

semitransparentes de platino  con 

aplicaciones en contraelectrodos 

para DCSs 

9.3.1. Introducción 

La necesidad de encontrar alternativas a la costosa tecnología basada en el óxido de 

indio y estaño (ITO), junto con el desarrollo de nuevos métodos de fabricación de 

nanoelectrodos transparentes y semitransparentes, han impulsado numerosos 

trabajos de investigación. Campos como la fotónica y nanoelectrónica demandan con 

urgencia nanoelectrodos de alta densidad y transparencia junto con un área activa 

grande [Hu L., MRS Bulletin 2011][Chen J., ACS Appl. Mater. Interfaces 

2013][Langley D., Nanotechnology 2013]. En este capítulo se aborda la fabricación de 

patino soportado, semitransparente y poroso en forma de capas finas y 

nanocolumnas. El método utilizado para ello consiste en la combinación de técnicas 

de vacío y plasma aplicadas a la deposición y posterior descomposición de octaetil 

porfirina de platino (PtOEP), que actúa como precursor para la generación de 

nanoelectrodos de platino altamente porosos. Se han empleado dos técnicas distintas 

para la deposición de este precursor sobre distintos sustratos a temperatura 

ambiente, la deposición física en fase vapor de pequeñas moléculas orgánicas 

(OPVD) [Borras A., Langmuir 2010] y la deposición física en fase vapor asistida por 

plasma (RPAVD) [Aparicio F. J., J. Mater. Chem. C 2014]. El post-procesado de la 

capa de PtOEP se consigue mediante tratamiento oxidativo suave con plasma usando 

una combinación de distintos gases como oxígeno, argón e hidrógeno y temperaturas 

que van desde la ambiente a 180 ºC. Además, se ha llevado a cabo un exhaustivo 

análisis estructural, microestructural, óptico y eléctrico de las muestras. Finalmente, 

las capas metálicas de Pt en sus dos variantes han sido probadas como contra 

electrodos en la fabricación de celdas solares de colorantes. 
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9.3.2. Metodología 

 Mallas de Pt. Fabricadas mediante sublimación en atmósfera de argón o por 

RPAVD (también usando argón como gas plasmógeno). El post tratamiento de 

las muestras a distintas temperaturas se ha llevado a cabo utilizando plasmas de 

diferentes combinaciones de los gases hidrógeno, oxígeno y argón. 

 Nanocolumnas de Pt. Generadas a temperatura ambiente por RPAVD en 

atmósfera de oxígeno. El post tratamiento de las muestras se realizado de la 

misma manera que el tratamiento de las mallas de Pt. 

Las medidas eléctricas de las muestras se han realizado con electrodos de Pt 

comerciales Micrux® y también a 4 puntas. Se han llevado a cabo medidas de XPS 

tanto in situ como ex situ para seguir la evolución de la composición de las muestras y 

el estado de oxidación del Pt. Medidas de difracción de rayos X a ángulo rasante han 

sido efectuadas para estudiar la cristalinidad de las muestras preparadas. También se 

ha realizado un estudio óptico de las mismas en el rango 200-2500 nm. 

Tanto la malla de Pt como las nanocolumnas se han fabricado directamente sobre 

sustratos de FTO/vidrio para su uso en celdas solares sensibilizadas por colorante. 

Las celdas se han fabricado utilizando capas activas y electrolitos comerciales.  

9.3.3. Resultados y discusión 

La Tabla 1 recoge los resultados de XPS para muestras preparadas bajo diferentes 

condiciones. Como puede observarse, el tratamiento con H2+Ar genera una gran 

cantidad de Pt reducido. Aunque se observa una alta cantidad de oxigeno tras el 

tratamiento con plasma, esto se debe a la señal proveniente de los sustratos (Si o 

sílice fundida) que tienen una cantidad de oxígeno considerable (al ser las capas 

porosas, la señal de XPS proviene también del sustrato). 
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Tabla 1. Porcentajes atómicos obtenidos de los picos de XPS de los correspondientes 

elementos presentados. 

Sample 
% 

Pt(0) 
% Pt 

(PtOEP) 
% Pt 

(PtO-PtO2) 
% O %N % C % Si  

OPVD (550nm) - 2.9 - 4.9 6.7 85.5 - 

RPAVD-Ar (280nm) - 2.4 - 18.8 7.1 71.7 - 

RPAVD-O2 (200nm) - 5.8 7.6 47.6 1.7 27.9 9.4 

RPAVD-Ar (280nm) 
+SPE (O2+Ar) 180ºC 

120min 
5.7 - 3.5 46.2 1.0 14.3 29.2 

RPAVD-Ar (280nm) 
+SPE (O2+Ar) 180ºC 

120min + Anneal 
(H2+Ar) 

9.6 - - 41.9 1.3 18.5 28.7 

RPAVD-O2 

(200nm)+SPE 
(Ar+O2) 180ºC 

140min + Anneal 
(H2+Ar) 

11.1 - - 35.1 1.5 30.7 21.6 

  

 

 

 

 

 

 

 

La Figura 1 ilustra la microestructura de las distintas capas obtenidas en este capítulo 

antes y después de ser sometidas a un post tratamiento. Como puede apreciarse, 
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todas las capas son altamente porosas tras ser sometidas a un post tratamiento de 

plasma. Cabe resaltar la microestructura columnar característica de las muestras de 

RPAVD-O2. 

 

Figura 1. Sección transversal (a-c, d, f) y vista normal (e, g-i) de SEM de las muestras OPVD, 

RPAVD-Ar y RPAVD-O2, tal como están etiquetadas. 

El espectro de transmitancia óptica de muestras depositadas por RPAVD en Ar, antes 

y después del aplicar el post tratamiento correspondiente (Fig. 2), revela que las 

muestras tratadas poseen una transmitancia considerablemente plana en el rango 

visible. Además, la transmitancia puede regularse variando el espesor de la lámina 

inicial. Para el caso de muestras sublimadas en Ar (sin plasma) y RPAVD-O2 se 

obtienen resultados similares (no mostrados). 



Resumen en español 

 

372 

 

 

Figura 2. Espectros UV-Vis de muestras depositadas por RPAVD-Ar antes y luego de ser 

tratadas con plasma. Todas las muestras tratadas han sido calentadas a posteriori en H2/Ar a 

135 ºC. 

Las características eléctricas de las distintas muestras están recogidas en la Figura 3. 

Ha sido posible fabricar capas con una resistividad tan baja como 50 b/□, aunque 

estas capas ya presentaban una opacidad apreciable (transmitancia del 20% a 500 

nm). La cantidad de material inicial y el tipo de morfología obtenida (nanocolumnas o 

malla), junto al post tratamiento, determinan la resistividad (y transparencia) final de 

las muestras. 
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Figura 3. Características I-V de muestras representativas tal como están etiquetadas. a,b) 

Curvas medidas por el método de 4 puntas comparando. En a) se muestra una comparación 

de una película antes y después de ser calentadas en Ar/H2 a 135 ºC. c)-f) Curvas para las 

muestras depositadas sobre los electrodos comerciales separados 100 µm. En todos los 

paneles, excepto a), las muestras tratadas han sido sometidas a un post calentamiento en 

Ar/H2 a 135 ºC. 
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La aplicación de estos electrodos nanoestructurados a celdas DSC han presentado 

una mejora significativa de los parámetros fotovoltaicos de celdas que contienen un 

electrolito de baja viscosidad (AN50). Esto se traduce en una mejora de la eficiencia 

de hasta un 20% por la sola incorporación de contraelectrodos nanoestructurados de 

Pt (Tabla 2). Sin embargo, en el caso del electrolito de alta viscosidad (100% Pyr), no 

se ha observado mejora o empeoramiento de las características fotovoltaicas de las 

celdas al emplear los electrodos aquí fabricados.  

Tabla 2. Parámetros fotovoltaicos característicos para el electrolito AN50. 

AN50 (Solaronix) J
sc

 (mA·cm
-2

) Voc (mV) Fill Factor η (%) 

Platisol A 10.4 668 69 4.8 

Platisol B 10.7 671 68.9 5.0 

RPAVD-Ar  
(post-treatment) A 

11.4 694 74.3 5.9 

RPAVD-Ar  
(post-treatment) B 

11.6 700 73.8 6.0 

RPAVD-O2  
(post-treatment) A 

10.4 681 71.4 5.1 

RPAVD-O2  
(post-treatment) B 

10.9 685 72.2 5.4 

 

9.3.4. Conclusiones 

Se ha desarrollado una nueva metodología asistida por plasma para la fabricación de 

electrodos metálicos semitransparentes, siendo posible obtener estructuras metálicas 

uni- y bidimensionales. Tanto las características ópticas como eléctricas dependen 

fuertemente del espesor inicial de la película y del post tratamiento realizado. La 

caracterización óptica ha demostrado la posibilidad de obtener películas 

semitransparentes homogéneas en el visible e infrarrojo-cercano con valores 

constantes de transmisión en todo el espectro desde el 1 al 70% (dependiendo del 

espesor y del SPE). Se han alcanzado valores relativamente bajos de resistencia 

laminar de 50 b/□, aunque con opacidades altas.  
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Los electrodos aquí fabricados, mallas y nanocolumnas, han demostrado ser 

superiores a los que se utilizan habitualmente basados en Platisol® en el caso de 

emplear electrolitos muy poco viscosos (AN50), obteniéndose mejoras en la eficiencia 

de las celdas de hasta un 20 %. 
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9.4. Nanogeneradores 

piezoeléctricos en lámina delgada 

y nanoestructuras 1D core@shell 

9.4.1. Introducción 

Un material es piezoeléctrico si puede ser polarizado por la aplicación de un campo 

eléctrico o estrés mecánico, siendo posible clasificar a los piezoeléctricos en polares 

(ferroeléctricos) y no polares [Leprince-Wang Y., John Wiley & Sons 2015]. El óxido 

de zinc es un material piezoeléctrico cada vez más popular debido a que puede ser 

producido por una gran variedad de técnicas de una forma sencilla y económica, 

además de no representar un riesgo para el medio ambiente o la salud humana. 

Un dispositivo piezoeléctrico sencillo incorpora los siguientes elementos: el material 

piezoeléctrico, contactos metálicos para recolectar la corriente generada y un soporte. 

Se considera usualmente que para que la respuesta piezoeléctrica sea mayor, al 

menos uno de los contactos debe ser tipo Schottky [Wang Z. L., Science 2006][Shao 

Z., Physica E 2010]. 

Debido a las posibilidades que plantea la integración de nanogeneradores en diversos 

dispositivos, y al gran coeficiente piezoeléctrico que se ha reportado para NWs de 

ZnO [Wang Z. L. Adv. Func. Mater. 2008][Yang R., Nano Lett. 2009], la fabricación de 

sistemas 1D de ZnO se posiciona como una opción atractiva frente a las capas finas 

clásicas de este material. Existen numerosas técnicas para crecer NWs de ZnO, 

como son la deposición electroquímica e hidrotermal, deposición química en fase 

vapor, deposición por láser pulsado, entre otras. [Elias J., J. Electroanal. Chem. 

2008][Baruah S., Sci. Technol. Adv. Mater. 2009][Singh D. P., Sci. Adv. Mater. 2010]. 

Siguiendo las pautas del capítulo 2, aquí se han crecido nanohilos de ZnO utilizando 

nanohilos orgánicos como template.  

9.4.2. Metodología 

Se han fabricado 3 tipos diferentes de piezoeléctricos: 

 Capa fina. Deposición de ZnO por medio de PECVD en forma de capa fina sobre 

sustratos conductores flexibles como ITO/PET seguida de la aplicación de cinta 
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de cobre para formar el contacto superior. En el caso de los piezo-laterales, los 

contactos eléctricos pueden ponerse directamente sobre el ZnO, sin necesidad 

de estar éste depositado sobre un sustrato conductor. 

 Nanohilos de ZnO. Utilizando nanohilos orgánicos crecidos por OPVD como 

template sobre sustratos conductores, se ha depositado ZnO por PECVD sobre 

ellos de formal conformal, seguido de la infiltración con polimetilmetacrilato 

(PMMA) y posterior aplicación de un contacto eléctrico superior (cinta de cobre). 

También se probó una variante que consistió en la deposición de oro por 

magnetrón sputtering sobre los nanohilos orgánicos antes de la capa de ZnO. 

 Nanohilos de Pt@ZnO@Au. Se han generado nanohilos de platino a partir de la 

oxidación con plasma de O2 de shells de PtOEP depositadas mediante RPAVD 

sobre nanohilos orgánicos (crecidos a su vez sobre sustratos conductores con 

semillas de oro). A posteriori se recubrieron los nanohilos de Pt con ZnO por 

PECVD y finalmente con oro por magnetrón sputtering. 

9.4.3. Resultados y discusión 

La combinación de técnicas de OPVD, PECVD y magnetrón sputtering se ha 

empleado para generar nanoestructuras 1D del tipo Pt@ZnO@Au. Tal como puede 

apreciarse en la Figura 1, la intensidad de la señal de Pt obtenida por EDX se 

encuentra restringida al nanohilo interior. La evolución del recubrimiento de Au ha 

podido seguirse perfectamente por EDX, observándose que para 25mA y 45s el 

recubrimiento ha sido total, dando origen a una capa de oro completamente 

coalescida sobre el ZnO. Esto demuestra la validez de la metodología para la 

fabricación de nanogeneradores 1D por técnicas de vacío y plasma, aunque debido a 

cortocircuitos en el dispositivo final, no ha sido posible su caracterización eléctrica. El 

uso de PMMA en este tipo de arquitecturas tiene una importancia fundamental para 

evitar cortocircuitos por deposición de la shell de Au y para dotar al sistema de una 

mayor estabilidad mecánica. 



Resumen en español 

 

378 

 

 

Figura 1. (Arriba) Intensidad de la señal Mα de Au para las siguientes condiciones de 

deposición: a) 12.5mA 15s, b) 25mA 30s y c) 25mA 45s. (Abajo) Intensidad de la señal Mα de 

Pt. 

La formación de nanohilos de Pt altamente interconectados por medio del concepto 

de nanoárboles, ha dado origen a capas conductoras semitransparentes cuya 

resistividad y transparencia dependen del espesor de la shell de PtOEP inicial. Como 

puede comprobarse en la Figura 2, se han obtenido capas con una resistencia de 540 

b/□. Este valor puede parecer elevado, pero considerando que el mecanismo de 

conducción es a través de puntos de contacto entre distintos nanohilos de Pt, indica 

que los nanohilos individuales son altamente conductores. Además, la conductividad 

de estas capas puede ser incrementada sustancialmente por calentamiento en 

atmósfera de Ar/H2 a relativamente bajas temperaturas. 
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Figura 2. Gráficas I-V medidas a 4 puntas de a) nanoárboles de Pt a partir de 420 nm de 

PtOEP tal como han sido preparados y tratados con Ar/H2 a 135ºC, y b) nanoárboles de Pt a 

partir de 140 nm y 420 nm de PtOEP tratados con Ar/H2 a 135ºC. 

Diversos dispositivos fabricados en este trabajo en capa fina han demostrado la 

viabilidad del ZnO depositado por PECVD a temperatura ambiente como 

piezoeléctrico. La figura 3 recoge dos ejemplos de piezoeléctricos en capa fina donde 

se observa que la acción de una fuerza (presión mecánica) sobre los dispositivos 

genera efectivamente una corriente. Además, queda de manifiesto la viabilidad del 

proceso de fabricación de estos dispositivos para sustratos flexibles de distinta 
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naturaleza, incluyendo entre ellos el papel sobre el cual se han depositado los 

contactos metálicos (no mostrado aquí). 

  

Figura 3. Características I-V (a, d) y corriente de salida para el caso de activación lateral (b, c, 

e, f) de dos dispositivos diferentes esquematizados en los insets correspondientes a una capa 

de ZnO de 900 nm depositada sobre ITO/PET (a-c) y sobre cinta de cobre (d-f). La línea negra 

en el panel a) corresponde a la característica I-V adquirida aplicando una carga constante. 

También se han fabricado dispositivos piezoeléctricos completos basados en 

nanohilos de ZnO embebidos en PMMA de dos tipos, una con oro en el interior de los 

nanohilos y la otra sin conductor interno (Fig. 4).  
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Figura 4. Imágenes SEM en vista normal a diferentes magnificaciones de nanohilos de 

H2Pc@Au@ZnO embebidos en PMMA (5% p/p) tras ser calentados durante 1 hora a 80 ºC; la 

imagen en el panel a) corresponde a los nanohilos depositados en ZnO/Si (100) y la de b) a la 

deposición sobre ZnO/ITO/PET. 

Se ha demostrado el correcto funcionamiento de ambos piezoeléctricos sin presentar 

cortocircuito alguno. El comportamiento piezoeléctrico de los dos dispositivos (con y 

sin oro en el interior) era bastante similar, excepto en su magnitud (Fig. 5). Aunque el 

estudio realizado no es cuantitativo, la corriente generada resultó ser mayor para el 

dispositivo con oro en su interior (Fig. 5 c),d)), debido probablemente a una pobre 

recolección de carga por los Nws sin conductor metálico. Estos datos preliminares 
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parecen indicar que el piezoeléctrico con oro en el interior produce electricidad de una 

forma más eficiente, lo cual sería de esperar. 

 

Figura 5. Corriente generada por los dispositivos en NWs sin (a,b) y con oro (c, d) en el 

interior depositados en ZnO/ITO/PET tras activación vertical (a,c) y lateral (b,d) a través de un 

botón de PDMS.  

9.4.4. Conclusiones 

Se han fabricado NWs core@shell por OPVD y RPAVD-Ar. Estos NWs fueron 

tratados con plasma para obtener nanohilos conductores recubiertos de platino. La 

aproximación de nanoárboles de estas heteroestructuras sometidas a procesado por 

plasma en condiciones más severas produjeron la oxidación completa de la shell 

alcanzando valores bajos de resistencia laminar de 540 b/□.  

Se ha demostrado que el ZnO crecido por PECVD a temperatura ambiente posee 
características eléctricas y piezoeléctricas adecuadas. Se fabricaron dispositivos en 
capa delgada sobre distintos sustratos flexibles como PET o papel y con distintos 
contactos metálicos (Au, ITO, Ag,cinta de cobre) que presentaban un buen 
funcionamiento piezoeléctrico. 

Finalmente, la aproximación en 1D ha demostrado un comportamiento piezoeléctrico 
superior, incluso para espesores de pared bajos de 400 nm. Valores de corriente 
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extraordinariamente altos de 100 nA se obtuvieron para activación vertical de 
ONWs@Au@ZnO. Estos prototipos piezoeléctricos demostraron la factibilidad del uso 
de hetero-nanoestructuras 1D core@shell para incrementar la corriente generada en 
los dispositivos. Además, el sistema 1D Pt@ZnO@Au (aunque fallido en su 
aplicabilidad como dispositivo piezoeléctrico) ha demostrado ser de gran utilidad para 
el desarrollo y refinamiento de técnicas de análisis y mapeado EDX (apéndice C). 

Estos resultados han demostrado que el concepto de one-reactor puede ser utilizado 
para la fabricación de nanoestructuras 1D core@shell “a la carta” de composición  y 
microestructura controlada. Al mismo tiempo, el carácter general del método RPAVD 
desde el punto de vista del precursor molecular abre un amplio rango de posibilidades 
en la composición final de la shell. 
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9.5. Exaltación del dicroismo 

inducido por irradiación láser en 

nanopartículas de plata 

depositadas por evaporación a 

ángulo rasante  

9.5.1. Introducción 

Las nanopartículas metálicas (NPs) con resonancia de plasmón superficial (SPR) han 

sido ampliamente estudiadas debido a sus múltiples aplicaciones como la fabricación 

de dispositivos ópticos tales como filtros, componentes ópticos no lineales, 

exaltadores en Raman, etc. [Mertens H., Appl. Phys. Lett. 2006][Liang H. Y., Adv. 

Mater. 2009][Giannini V., Chem. Rev. 2011][Rycenga M., Chem. Rev. 2011]. Por otro 

lado, la actividad dicroica de agregados metálicos con geometría anisotropica ha sido 

explotada para el desarrollo de filtros dicroicos, nuevos procesos de encriptación, 

fabricación de emisores de luz polarizada o materiales con luminiscencia exaltada 

[Fort E., Nano Lett. 2003][Suzuki M., J. Appl. Phys. 2005][Camelio S., Phys. Rev. B 

2009][Cavallini M., Adv. Mater. 2009]. La obtención de dicroismo puede lograrse por 

distintos métodos: fabricación de tiras paralelas de NPs sobre superficies 

preformadas con rugosidad periódica en una dimensión [Fort E., Nano Lett. 

2003][Suzuki M., J. Appl. Phys. 2005] o métodos más sofisticados como son la 

aplicación de técnicas litográficas blandas [Camelio S., Phys. Rev. B 2009] incluyendo 

la utilización de barrido con láser para modificar la forma y estructura de las NPs 

[Wenzel T., Appl. Phys. B 1999][Kaempfe M., Appl. Phys. Lett. 2001][Link S., Phys. 

Chem. B 1999][Zijlstra P., Nature 2009][Sanchez-Valencia J. R., Plasmonics 2010]. 

En este capítulo, se aborda la fabricación de NPs de plata mediante la técnica de 

evaporación a ángulo rasante (GLAD) en alto vacío. Se demuestra como las NPs 

iniciales, sin necesidad de templates, poseen una anisotropía intrínseca debido a su 

forma elongada en una dirección, lo que es consecuencia de la geometría de 

deposición. Además, la iluminación con láser de nanosegundos de estas muestras se 

ha utilizado para la modificación del dicroismo. Por otro lado, el tratamiento con láser 
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produce una modificación notable de la posición del plasmón longitudinal de la plata, 

mientras que el plasmón transversal no se ve tan severamente alterado. 

Estas nanopartículas depositadas en sílice fundida se utilizarán en el capítulo 

siguiente como sustratos para espectroscopía Raman exaltada en superficie (SERS), 

para detectar pequeñas concentraciones de rodamina 6G en disolución. También se 

evaluarán las NPs tratadas con láser en términos de su eficiencia sensora como 

dispositivos basados en el efecto SERS.  

9.5.2. Metodología 

Las NPs de plata han sido depositadas a ángulo rasante mediante evaporación 

electrónica en una cámara en alto vacío, estando los sustratos a temperatura 

ambiente durante la evaporación y colocados a diferentes ángulos cenitales 

comprendidos entre 6yº y 85º. El espesor nominal de las capas se varió entre 10 y 50 

nm medidos por microbalanza de cuarzo (QCM), no incrementandose aún más el 

espesor debido a la percolación de las NPs de plata y la consiguiente pérdida de 

anisotropía de las muestras. Además, se llevaron a cabo deposiciones en posición 

normal (α=0º) y en ángulo rasante con rotación los sustratos para demostrar la 

importancia de la técnica de GLAD en las propiedades dicroicas de las muestras. 

El tratamiento con láser se llevó a cabo sobre muestras depositadas en sílice fundida 

(Q) con un láser diodo de Nd:YAG de 20 W con emisión no polarizada a 1064 nm, 

siendo la máxima fluencia aplicada en este estudio de 21.2 Jcm-2.  

La respuesta óptica de las muestras ha sido analizada en el rango de 200-900 nm, 

con luz linealmente polarizada a 0º y a 90º. 

9.5.3. Resultados y discusión 

9.5.3.1. Evaporación de plata a ángulo rasante  

El comportamiento óptico de depósitos de plata de 10 y 50 nm (casos extremos 

estudiados) de espesor nominal preparados a ángulos cenitales de α=0º, 65º, 70º, 

80º, 85º se muestra en la Figura 1. Es aparente en esta figura que las capas 

fabricadas con los mayores ángulos cenitales presentan una banda de absorción 

centrada en torno a 500-600 nm atribuida a la absorción SPR de las NPs de plata 

[Mertens H., Appl. Phys. Lett. 2006][Liang H. Y., Adv. Mater. 2009][Giannini V., Chem. 



Chapter 9  

 

387 

 

Rev. 2011]. A bajos ángulos cenitales (sobre todo para los espesores más altos y 

especialmente a evaporación normal) las capas se comportan como un espejo.  

 

Figura 1. Espectros de absorbancia registrados para capas de plata de espesor nominal a) 10 

nm y b) 50 nm depositadas sobre sílice fundida a ángulos cenitales 0º, 65º, 70º, 80º y 85º. El 

inset en el panel a) muestra el cambio en la posición del máximo de absorbancia con el ángulo 

de deposición. 

Se ha encontrado una tendencia similar para las capas de espesor intermedio 20-40 

nm. La absorción en torno a 200-320 nm presente en todas las curvas puede estar 

relacionada con dispersión de luz en la interfase con los sustratos [Ehrenreich H., 

Phys. Rev. B 1962] y la combinación de SPR con un mínimo a ~310 nm característico 

de los sistemas con plata. Se ha descartado la posibilidad de presencia de óxidos de 

plata siguiendo la absorción de una muestra tras un ciclo de oxidación/reducción, 

observando un desplazamiento y estrechamiento de la SPR relacionado a un 

reordenamiento de los clústeres de plata. 



Resumen en español 

 

388 

 

Como puede apreciarse en la Figura 2, para ángulos cenitales altos se obtienen NPs 

de plata aisladas con una morfología que depende tanto del ángulo de evaporación 

como de la cantidad de plata evaporada. El histograma de la Figura 2 e) evidencia el 

aumento del tamaño de partícula con el incremento en el espesor. La forma elongada 

de las NPs para el espesor y ángulo cenital más altos se pone nuevamente de 

manifiesto en la Figura 2 c)-d). 

 

Figura 2. Micrografías SEM normal (a, b) y sección transversal (c, d) de las muestras de 

10nm/85º (a) y 50nm/85º (b, c, d). Las flechas insertadas en las micrografías indican la 

dirección de llegada de flujo de vapor durante la preparación de las muestras. Los insets en a) 

y b) representan una vista magnificada de la superficie. 

La forma elongada aunque irregular de estas NPs les confiere una anisotropía óptica 

intrínseca, tal como se evidencia en la Figura 3, donde x e y representan las 

direcciones de la luz polarizada linealmente perpendicular (0º) y paralela (90º) a la 

dirección de flujo de vapor, respectivamente. El dicroísmo óptico surge entonces de la 

excitación de dos resonancias de plasmón distintas, en un caso debido al plasmón 

longitudinal (L-SPR, a lo largo de eje elongado de las NPs) y en el otro caso debido al 

plasmón transversal (T-SPR, perpendicular al eje elongado de las NPs). Se han 

encontrado características ópticas similares en las demás muestras, aunque el grado 

de anisotropía varía dependiendo del espesor y ángulo cenital, excluyendo aquellas 

muestras que presentan un comportamiento tipo espejo. 
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Figura 3. Espectros de absorción registrados con luz polarizada linealmente a 0º y 90º para 

las muestras de 10nm/80º y 50nm/85º. 

Cabe mencionar que las muestras preparadas a 0º y rotando los sustratos, no 

presentan dicroísmo apreciable. 

9.5.3.2. Post-tratamiento con láser de las muestras preparadas 

por GLAD  

El tratamiento con láser de las muestras produce una modificación progresiva de las 

nanopartículas, volviéndose más esféricas a medida que aumenta la potencia (Fig. 4). 

Para potencias bajas (141 and 212 kW/cm2), comienzan a aparecer NPs esféricas, 

aunque todavía la mayor parte de ellas siguen siendo irregulares y elongadas. 



Resumen en español 

 

390 

 

 

Figura 4. Micrografías SEM en vista normal de la muestra 50nm/85º sujeta a iluminación con 

láser a distintas irradiancias tal como se indica en las imágenes. 

Por otro lado, la microscopía de fuerza atómica (AFM) indica un aumento no sólo en 

diámetro medio de las NPs, sino también en altura cuando se incrementa la 

irradiancia. Para altas potencias se confirma la formación de NPs totalmente 

esféricas. 

Estos cambios morfológicos van acompañados de una modificación del 

comportamiento óptico de las muestras. Cuando se irradia con la menor potencia de 

láser (141 kWcm-2), se observa que con luz polarizada a 0º el plasmón longitudinal se 

desplaza a mayores longitudes de onda (Fig. 5 a)) mientras que el transversal no 

sufre un cambio significativo (Fig. 5 b)), lo que origina una mayor anisotropía que las 

muestras originales. Al incrementar la potencia el L-SPR se mueve hacia el azul, 
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disminuyendo el dicroísmo progresivamente hasta perderse por completo a muy altas 

potencias (424 kWcm-2), situación en la cual las NPs se han vuelto completamente 

esféricas (Fig. 4 e)-f)). Esta variación del L-SPR con la potencia láser suministrada se 

ve reflejada en la amplia gama de colores que exhiben las muestras tanto con luz 

blanca como con luz polarizada a 0º, siendo el aspecto de las mismas cuasi 

monocromática en todo el rango de potencias cuando se emplea luz polarizada a 90º 

(Fig. 5 c)). 

 

Figura 5. Espectros de transmisión registrados con luz polarizada linealmente a 0º (a) y 90º 

(b) correspondientes a la muestra de 50nm/85º tratada con irradiancias crecientes. c) 

Fotografías de la muestra iluminada con luz blanca polarizada (0º y 90º). 

9.5.4. Conclusiones 

Se ha demostrado que las NPs de plata fabricadas por GLAD presentan un fuerte 

dicroísmo que puede ser exaltado mediante tratamiento con láser a bajas potencias. 
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Controlando la cantidad de material depositado, el ángulo de evaporación y la 

potencia del láser, ha sido posible preparar un conjunto de patrones dicroicos 

ajustables, sin la necesidad de recurrir a templates o técnicas litográficas, además de 

la compatibilidad con una gran variedad de sustratos. Una de las aplicaciones 

potenciales de la tecnología desarrollada es en el área de encriptación óptica. 
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9.6. Sensores fotónicos 1D 

9.6.1. Introducción 

9.6.1.1. Espectroscopía Raman y nanoestructuras para SERS 

El efecto Raman se basa en la dispersión inelástica de la luz incidente cuando la 

radiación electromagnética interactúa con una molécula. Los desplazamientos en la 

frecuencia de la luz dispersada inelásticamente son característicos de la naturaleza 

de cada enlace presente en la molécula, suministrando información tanto estructural 

como química [Das R. S., Vib. Spectrosc. 2011][Atkins P., Oxford 2010]. Si bien es 

una técnica que posee una alta selectividad, la sensibilidad de la misma es muy baja. 

La intensidad de las señales Raman puede ser incrementada en varios órdenes de 

magnitud gracias al empleo de nanoestructuras metálicas que producen un efecto 

conocido como dispersión Raman exaltada en superficie (SERS).  

Para fabricar superficies eficientes en términos del efecto SERS, no sólo hace falta 

obtener nanoestructuras metálicas de tamaño y forma adecuadas [Yang Y., 

Nanotechnology 2006][Rycenga M., J. Phys. Chem. Lett. 2010][Mulvihill M. J., J. Am. 

Chem. Soc. 2010], sino que además es conveniente que las superficies presenten un 

carácter hidrofóbico muy elevado para conseguir un efecto de concentración del 

analito en un área más pequeña (Fig. 1), y aumentar así la señal Raman [De Angelis 

F., Nat. Photonics 2011]. 
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Figura 1. Radio líquido-sólido relativo con respecto a una gota esférica de agua antes de la 

deposición sobre la superficie (línea negra) y el área cubierta por una gota de agua de 5 µL 

(línea roja) en función del ángulo de contacto (θ). 

9.6.1.2. Sensor fotónico basado en nanotubos de ZnO 

Capas finas y nanoestructuras de ZnO han sido aplicadas ampliamente como 

sensores de gases y compuestos orgánicos volátiles [Zhang Y., J. Phys. Chem. C 

2009][Cho S., Sens. Actuat. B 2012][Sanchez-Valencia J. R., J. Phys. Chem. C 2014]. 

En el grupo de Nanotechnology on Surfaces se ha conseguido la fabricación de un 

sensor fotónico basado en la luminiscencia excitónica de capas policristalinas de ZnO 

preparadas por PECVD [Sanchez-Valencia J. R., J. Phys. Chem. C 2014]. Aquí se ha 

trasladado este material al ámbito 1D, generando nanotubos de ZnO que han sido 

implementados como sensores reversibles de oxígeno gaseoso. 

9.6.2. Metodología 

Se han seguido dos estrategias para la detección de Rodamina 6G en agua, 

empleándose en un caso nanopartículas de plata fabricadas por evaporación 

electrónica a ángulo rasante (GLAD, Capítulo 5) sobre sustratos de sílice fundida y en 

el otro evaporación térmica perpendicular sobre nanotubos de nano-TiO2, un tipo de 

óxido de titanio microporoso fabricado por PECVD (Fig. 2). Además, en el caso de las 

nanopartículas de plata por GLAD, se ha efectuado un tratamiento con láser de las 
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mismas a distintas potencias para evaluar el impacto que esto tiene sobre su 

rendimiento SERS. 

 

Figura 2. Imágenes SEM de nanotubos de nano-TiO2 de 200 (a,b) y 400 nm (c-e) de espesor.  
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En el caso de muestras de nanotubos de nano-TiO2, se han probado dos espesores 

distintos de pared de nanotubo (200 y 400 nm) y tres espesores crecientes de plata 

(1-3 nm nominales). Las muestras de plata por GLAD han sido fabricadas con un 

espesor nominal de plata de 10 nm. 

Los nanotubos de ZnO fueron fabricados sobre nanohilos orgánicos previamente 

crecidos sobre sustratos de sílice fundida recubiertos con SiO2 columnar depositado 

por PECVD. El ZnO fue depositado a una temperatura de 170 ºC por PECVD 

utilizando un plasma de H2/O2, alcanzando un espesor de 200 nm de pared. El 

template orgánico se eliminó por calentamiento a 350 ºC durante 3 horas en vacío. 

9.6.3. Resultados 

9.6.3.1. Nanopartículas por GLAD para la fabricación de 

sensores SERS 

La evolución del factor de exaltación (EF) SERS de muestras de nanopartículas de 

plata depositadas por GLAD en función de la potencia de iluminación con láser se 

muestra en la Figura 3. En ella se puede observar como para muestras 10 nm 

nominales y un ángulo de 65º, el tratamiento con láser va en detrimento del EF, 

mientras que para muestras del mismo espesor nominal pero de un ángulo de 85º, el 

valor de EF alcanza un máximo para una potencia en torno a 319 kWcm2 para luego 

descender nuevamente. A modo de comparación, se presentan dos capas 

depositadas en configuración normal de 1 nm y 2 nm nominales sin haberles 

realizados tratamiento láser. Puede apreciarse cómo al duplicarse la cantidad de plata 

el EF aumenta en un factor de tres, evidenciando el impacto que tiene la cantidad de 

plata sobre el EF. 
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Figura 3. Factores de exaltación SERS calculados para plata depositada por GLAD a 

65º (negro) y 85º (rojo) tratada a diferentes irradiancias del láser. Por comparación, se 

incluyen una capa de 1 nm (rojo) y 2 nm (verde) depositadas en configuración normal 

(0º). 

9.6.3.2. Nanotubos de TiO2 decorados con nanopartículas de 

plata para SERS 

En la Figura 4 se muestran imágenes SEM de nanotubos con un espesor de 

nano-TiO2 de 400 nm con espesores crecientes de plata. Se puede apreciar la 

superficie suave que presentan los nanotubos y cómo aumenta el área cubierta por 

las nanopartículas a medida que se incrementa el espesor de plata. 
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Figura 4. Imágenes SEM de 1 (a, b), 2 (c,d) y 3 nm (e, f) nominales de NPs de Ag sobre 

nano-TiO2 de 400 nm a dos magnificaciones diferentes. 

Se observó que el espesor de pared de 400 nm de nano-TiO2 presentaba señales 

más intensas en Raman para la misma cantidad de plata. Por otro lado, la condición 

óptima de plata encontrada en este trabajo para ese espesor de pared ha sido de 2 

nm (nominal), obteniéndose los espectros Raman que se muestran en la Figura 5 

para concentraciones variables de rodamina 6G. La mínima concentración medida sin 

mayores dificultades ha sido 10-12 M para una gota de 5 µL, no habiéndose realizado 

medidas de soluciones más diluidas. Estas muestras han dado lugar a un factor de 

exaltación (EF) máximo de 2x107, lo cual representa un valor remarcablemente alto. 
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Figura 5. Espectros Raman para una gota de 5 µL de tres disoluciones de rodamina 6G que 

se dejaron secar sobre la superficie de los nanotubos de TiO2 recubiertos con 2 nm (nominal) 

de plata. 

9.6.3.3. Sensor fotónico basado en nanotubos de ZnO 

La Figura 6 muestra la intensidad de emisión luminiscente de nanotubos de ZnO a 

una longitud de onda de 384 nm durante varios ciclos de vacío y exposición a oxígeno 

(hasta presión atmosférica). Se observa el incremento y disminución de la emisión 

con el cambio en la presión parcial de oxígeno. La nanoestructuración de este 

material en forma de nanotubos exalta sus propiedades sensoras debido a una mayor 

superficie específica en contacto con el ambiente. 
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Figura 6. Evolución de la intensidad de luminiscencia excitónica a 384 nm de los nanotubos 

de ZnO expuestos a ciclos de vacío y oxígeno a presión atmosférica. La longitud de onda de 

excitación fue de 280 nm. 

9.6.4. Conclusiones 

Se han llevado a cabo dos aproximaciones diferentes para la fabricación de sensores 

basados en SERS. En el caso de la aproximación basada en la plata depositada por 

GLAD, se ha encontrado que los factores de exaltación han sido relativamente bajos, 

por lo que la sensibilidad en estos casos ha sido relativamente pobre. La irradiación 

con láser permitió variar la señal de SERS, encontrándose que las partículas más 

elongadas (depositadas a 85º) presentaron un mayor EF para bajas potencias de 

láser (consistente con partículas más elongadas), mientras que para altas potencias 

el EF disminuyó a causa de una mayor esfericidad de las nanopartículas, consistente 

con lo discutido en el Capítulo 5. 

Por otra parte, la plata depositada en geometría normal sobre nanotubos de TiO2 dio 

lugar a los valores más altos de EF y por ende sensibilidad más alta, encontrándose 

un valor máximo de EF de 2x107 para el caso de NTs de 400 nm y un espesor 

nominal de plata de 2 nm. Esta alta sensibilidad junto a la posibilidad de fabricar 

dispositivos de gran área, abre nuevas y prometedoras posibilidades en el campo de 

sensores basados en SERS 

El sensor fotónico basado en NTs de ZnO, ha demostrado funcionar mejor que su 

equivalente en capa fina. 
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9.7. Conducción exaltada en 

sensores conductométricos de 

nanohilos de ftalocianina 

mediante activación por 

temperatura y luz 

9.7.1. Introducción 

La necesidad de fabricar sensores de bajo coste, flexibles y confiables que puedan 

ser integrados en dispositivos electrónicos modernos y prendas de vestir ha dirigido la 

atención hacia el campo de semiconductores orgánicos, pudiendo estos compuestos 

ser aplicables a una gran diversidad de sensores [Belghachi A., J. Phys. D: Appl. 

Phys. 1988][Moiz S. A., Jpn. J. Appl. Phys. 2005][Manunza I., Appl. Phys. Lett. 

2006][Roberts M. E., PNAS 2008]. Entre ellos cabe destacar los sensores orgánicos 

de gases como una posibilidad más realista a corto plazo. 

Algunas de las desventajas asociadas a al uso de moléculas semiconductoras 

orgánicas son su degradación química y problemas relacionados con su estabilidad a 

largo plazo. Sin embargo, debido a las enormes posibilidades que origina la ingeniería 

molecular y a las mejoras realizadas en la fabricación de los dispositivos, estos 

problemas podrían ser superados en un futuro no tan lejano. Esto, sumado a su 

mayor sensibilidad y selectividad, menores temperaturas de operación, menores 

tiempos de recuperación y respuesta, los posiciona como una alternativa atractiva 

frente a los óxidos metálicos. 

Las ftalocianinas han sido uno de los semiconductores orgánicos más estudiados en 

el campo de sensores de gases debido a su alta estabilidad química y térmica. Las 

películas de ftalocianinas a temperatura ambiente tienen una conductividad 

considerablemente baja, pero cuando la temperatura se incrementa por encima de 

100 ºC se produce una subida considerable de la misma [Miasik J. J., J. Chem. Soc., 

Faraday Trans. (1) 1986][Bohrer F. I, J. Am. Chem. Soc. 2007]. Asimismo, la 

exposición de gases electrofílicos produce un aumento de la conductividad debido a 

la formación de complejos de transferencia de carga que conlleva a la inyección de 
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huecos en las películas (comportamiento tipo p) [Miasik J. J., J. Chem. Soc., Faraday 

Trans. (1) 1986]. La adsorción de analitos a estos compuestos se produce de manera 

superficial, dependiendo el mecanismo de adsorción en primera instancia de la 

presencia o ausencia de metal en la ftalocianina [Bohrer F. I, J. Am. Chem. Soc. 

2007][Contour J. P., J. Catal. 1973].  

En este trabajo se han conseguido crecer nanoárboles de H2Pc directamente sobre 

electrodos comerciales sin necesidad de procesos de transferencia posteriores, 

utilizando un proceso de relativamente baja temperatura. Las propiedades eléctricas y 

sensoras de los dispositivos resultantes han sido estudiadas a diferentes 

temperaturas y bajo iluminación con luz. 

9.7.2. Metodología 

Los sensores han sido fabricados sobre electrodos Micrux interdigitados, con un 

espacio entre microelectrodos de 10 µm. Para el crecimiento de los nanohilos 

primarios se depositaron inicialmente nanopartículas de oro mediante magnetron 

sputtering. A continuación del crecimiento de nanohilos de H2Pc por OPVD, se 

formaron los nanoárboles con una sola ramificación. 

La caracterización eléctrica de los sensores se llevó a cabo en una cámara 

calefactable con válvulas de introducción de gases. Las medidas eléctricas se 

realizaron tanto en modo de barrido de voltaje (curvas I-V) como la evolución temporal 

de la corriente a un potencial fijo de 5V (respuesta sensora). 

9.7.3. Resultados y discusión 

9.7.3.1. Fabricación de sensores basados en semiconductores 

orgánicos 1D 

Con la metodología desarrollada en el presente trabajo se han crecido nanoárboles 

de H2Pc con una gran densidad y un alto grado de interconexión (Fig. 1) a 

temperaturas inferiores a 200 ºC. 
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Figura 1. (a) Imagen SEM de nanoárboles de H2Pc sobre electrodos comerciales. (b) Zona 

ampliada de a) mostrando la red altamente interconectada. 
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9.7.3.2. Caracterización eléctrica y detección de oxígeno 

gaseoso 

Tal como se muestra en la Figura 2, la conductividad de los sensores a temperatura 

ambiente es notablemente baja. Tal como es de esperar para un semiconductor, el 

aumento de la temperatura produce un aumento de la conductividad, registrando un 

aumento de la corriente de aproximadamente dos órdenes de magnitud al pasar de 

temperatura ambiente a 100 ºC. Además, cabe destacar que incluso 100 ºC es una 

temperatura notablemente baja en comparación a las temperaturas habitualmente 

utilizadas para este tipo de sensores [Miasik J. J., J. Chem. Soc., Faraday Trans. (1) 

1986][Bohrer F. I, J. Am. Chem. Soc. 2007]. Al mismo tiempo, la iluminación con luz 

ultravioleta+visible o sólo visible produce un aumento significativo de la conductividad, 

casi independiente de la temperatura de las muestras, alcanzándose corrientes en 

torno a 10-6 A. Debido a que el bandgap de la ftalocianina libre es de 1.88 eV [Kumar 

G. A., J. Mater. Sci. 2000], la luz con una longitud de onda mayor a 660 nm debería 

promover la mayor conductividad de estas capas sensoras, tal como se ha 

observado. Expermientos con LEDs rojo, verde y azul se llevaron a cabo para intentar 

determinar si la longitud de onda de irradiación tenía algún efecto significativo en la 

respuesta sensora de los nanoárboles, no habiéndose encontrado diferencias 

apreciables en dicha respuesta con los distintos LEDs. 
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Figura 2. Respuesta sensora a O2 y Ar en el rango de RT a 100 ºC sin irradiación (línea 

negra), con luz visible (verde) y UV+luz visible (rojo). 
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9.7.4. Conclusiones  

Se ha conseguido fabricar sensores de oxígeno basados en nanoárboles de H2Pc, 

mediante dos métodos sencillos de deposición en vacío, magnetrón sputtering y 

OPVD. En contra de lo esperado, la respuesta a O2 se hizo evidente incluso a 

temperaturas inferiores a 100 ºC, lo que puede ser atribuido a la alta área específica 

de estas nanoestructuras 1D. Además, se encontró que la iluminación produce un 

aumento espectacular de la respuesta frente a O2. Para las tres temperaturas 

estudiadas, el efecto de la iluminación en la conductividad resultó ser independiente 

de la temperatura de las muestras. Esto indica que los sensores estudiados pueden 

trabajar a temperatura ambiente bajo iluminación, abriendo una nueva via para la 

fabricación de dispositivos de alta estabilidad y bajo coste, ya que normalmente la 

operación a RT preserva el funcionamiento del sensor.  

La respuesta inducida por luz puede usarse para activar o desactivar el sensor, y 

consecuentemente incrementando aún más su tiempo de vida. Además, este tipo de 

dispositivos también muestran un alto potencial para sensores de bajo consumo, ya 

que el sensor está a temperatura ambiente y no tiene que trabajar en modo 

constante. Esto último permitiría que el sensor trabajara de manera intermitente, 

encendiéndose por unos segundos para comprobar los niveles de un determinado 

analito.  
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The intention of this appendix is to summarize the optimal conditions established for 

the growth of several small-molecule (metal)organic nanowires (ONWs) on different 

substrates. Not all of the organic and metalorganic molecules included here were 

employed in previous chapters, but they have been used during the PhD thesis period 

for other applications. 

A.1.Description of the sample holder   

The sample holder employed for the depositions is depicted in Figure 1 a). It is 

comprised of two drilled stainless steel sheets (1) sandwiching the heating element, 

sample fixing clip (2), electrical connections for the heater (3), type K thermocouple for 

accurate temperature measurement (4) and drilled holes to fix the sample holder 

inside the chamber (5). The heating element consists of a resistive wire coiled around 

a flat ceramic piece and sandwiched between two other ceramics.  

The growth of ONWs was carried out in Reactor I (Section 1.4.5 a)). The maximum 

homogenous deposition area for the sample holder (Fig. 1 b)) is 5 cm x 5 cm, i.e. the 

area spanned by the heating element. This area can be easily scaled provided an 

adequate heating element is used (homogenous temperature all over the deposition 

region), the evaporator-to-samples distance is regulated (it should be increased to 

improve homogeneity) and/or Ar pressure in the chamber is increased (the 

evaporation cone broadens).  



Optimized growth conditions for the formation of high density ONWs on  

processable susbtrates 

 

414 

 

 

Figure 1. Representation of the sample holder used to grow nanowires and its individual 

components (a) and a photograph of a real sampleholder (b). 

Numerous different molecules have been successfully assembled into single-

crystalline NWs, including perylenes, porphyrins and phthalocyanines. Columnar thin 
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films of metal oxides produced by PECVD were found to be the most adequate 

substrates for obtaining NWs in high density. Otherwise stated, all metal oxides were 

fabricated by PECVD on Si or fused silica (Q). GLAD refers to columnar thin films 

fabricated by glancing angle deposition and Au NPs refers to gold nanoparticles 

produced by magnetron sputtering (Emitech K550 sputter coater), using generally 12.5 

mA 15 s for Si or Q and 10 mA 15 s for micrux electrodes (to avoid shortcircuits). Gold 

may be replaced by silver nanoparticles (Ag NPs) deposited on Si or Q with a 

homemade DC sputtering chamber; the deposition condition for attaining Ag NPs was: 

15 minutes, 1 mbar of Argon pressure and 400 V of applied potential [Sánchez-

Valencia J. R., Advanced Materials 2011].  

The evaporator-to-sample distance has always been fixed to 6.5 cm and the gas 

chosen for the experiments was argon otherwise stated. Please, note that although 

ONWs were grown flowing a gas (generally argon), they can also be fabricated in high 

vacuum. 

It is worth mentioning that not only rigid and conventional substrates for ONWs were 

employed, but also flexible ones such as polydimethylsiloxane (PDMS), 

polytetrafluoroethylene (PTFE) and Indium tin oxide coated PET (ITO/PET). 

A.2. Spectral characteristics of porphyrins and 

phthalocyanines 

The UV-Vis spectra1 of porphyrins is dominated by two distinct absorption regions, 

one closer to the near-ultraviolet part of the spectrum and the other located in the 

visible region. The former is composed of an intense absorption band at approximately 

390-425 nm, called the B- or Soret band, while the latter is formed of two or four 

weaker bands situated between 480-700 nm, namely the Q-bands. The number, 

location and intensity of these bands depend on the substituents attached to the 

molecule as well as the presence and identity of a central metal atom. Metal-free 

porphyrins present four Q-bands (Fig. 4), whereas metalloporphyrins exhibit two Q-

bands (Fig. 5). The B-band corresponds to the transition 1a1u→1eg* (Fig. 2 a)), which 

                                                           
1
Due to the high density of NWs attained for almost all evaporated compounds, the 

transmission spectra shown here are usually saturated, exhibiting naturally broadened 

absorption bands. 
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is the dominant spectral feature since it is allowed. On the other hand, the Q-bands 

arise from the transition 1a2u→1eg*(Fig. 2 a)), which is forbidden, but due to molecular 

vibrations within the porphyrin ring, they become weakly allowed. 

In the case of unsubstituted metal-free phthalocyanines, the accidental degeneracy 

of the 1a1u and 1a2u HOMO orbitals is broken by the substitution of the meso carbons 

in porphyrins by aza linkages (Fig. 2 b)). This causes a red shift of the Q-band, 

followed by a series of vibrational componenets, and a blue shift of the B-band, 

accompanied by a hypsochromically shifted B-band around 300 nm. In addition, an 

increase of the apparent absorption coefficient of the Q-band (now allowed) is 

observed, whereas that for the B-band decreases. Just as in the case of porphyrins, 

the Q-band is split in metal-free phtalocyanines due to a reduction of the symmetry 

from D4h (metallophthalocyanine) to D2h. Moreover, the Q-bands may suffer important 

shifts with some central metal ions, although this is not usual, and they are somewhat 

insensitive to the identity of the axial ligands, unless charge transfer bands are 

introduced [Rio Y., Org. Biomol. Chem. 2008]. 

 

Figure 2. Scheme in metalloporphyrins (a) and metallophthalocyanines (b) showing the first 

two π→π* transitions, Q- and B-bands [Rio Y., Org. Biomol. Chem. 2008]. 

The specific spectral characteristics of porphyrin and phthalocyanine complexes will 

depend on: 

1) The identity of the central metal atom. 

2) The nature and position of the peripherical substituents. 
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3) The addition of more fused benzene rings. 

4) The deviation from planarity. 

A.3. Growth conditions of ONWs 

2,9-DIMETHYL-ANTHRA(2,1,9-DEF,6,5,10-'E'F')DIISOQUINOLINE-

1,3,8,10-TETRAONE  (MePTCDI) 

Substrates: ZnO, TiO2, SiO2 

Substrate temperature: 110 ºC – 120ºC 

Growth rate (QCM): 0.3 Å/s 

Pressure: 0.02 mbar Ar 

 

Figure 2. SEM image of MePTCDI on ZnO (PECVD)/Si (Top) and its corresponding 

UV-Vis spectrum on TiO2 (PECVD)/Q (Bottom). 
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Octaethylporphyrin (OEP) 

Substrates: ZnO, TiO2, SiO2 

Substrate temperature: 80-85 ºC 

Growth rate (QCM): 0.40-0.45 Å/s 

Pressure: 0.02 mbar Ar 

 

 

Figure 3. SEM image of OEP on SiO2 (PECVD)/Si (Top) and its corresponding UV-Vis 

spectrum on SiO2 (PECVD)/Q (Bottom). 
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Platinum Octaethylporphyrin (OEP) 

Substrates: ZnO, TiO2, SiO2, Ag NPs on PDMS 

Substrate temperature: 90-100 ºC 

Growth rate (QCM): 0.40-0.45 Å/s 

Pressure: 0.02 mbar Ar 

 

 

Figure 4. SEM image of PtOEP NWs on TiO2 (PECVD)/Si (Top) and its corresponding UV-Vis 

spectrum on SiO2 (GLAD)/Q (Bottom). 
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Phthalocyanine (H2Pc) 

Substrates: ZnO, TiO2, SiO2 (both GLAD and PECVD), Au NPs on Si, Q, 
commercial electrodes, PTFE and ITO/PET 

Substrate temperature: 170-200 ºC 

Growth rate (QCM): 0.45-0.50 Å/s 

Pressure: 0.02 mbar Ar 

 

 

Figure 5. SEM image of H2Pc NWs on Au NPs/(ITO/PET) (Top) and its corresponding UV-Vis 

spectrum on SiO2 (PECVD)/Q (Bottom). 
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Cobalt, nickel, zinc and copper phthalocyanines (CoPc, NiPc, ZnPc 

and CuPc) 

Substrates: ZnO, TiO2, SiO2 (both GLAD and PECVD), Ag NPs on Si and Q 

Substrate temperature: 180-220 ºC   Growth rate (QCM): 0.3-0.45 Å/s 

Pressure: 0.02 mbar Ar 

 

 

 

Figure 6. SEM micrographs of CuPc NWs on Au NPs/ITO (Top), long CoPc NWs on TiO2 

(middle) and their corresponding UV-Vis spectrum on SiO2 (GLAD)/Q (Bottom). 
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Fluorinated copper phthalocyanine (F16CuPc) 

Substrates: TiO2, micrux, Ag NPs on Si and Q 

Substrate temperature: 165-180 ºC 

Growth rate (QCM): 0.45 Å/s 

Pressure: 0.02 mbar Ar 

 

 

Figure 7. SEM image of F16CuPc NWs on Ag NPs/Si (Top) and its corresponding UV-Vis 

spectrum on SiO2/Q. 
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Iron phthalocyanine (FePc) 

Substrates: Al2/Si, Al foil, Cu (GLAD) on Si, thick Cu foils, TiO2 

Substrate temperature: 220 ºC       Growth rate (QCM): 0.4 Å/s 

Pressure: 0.02 mbar Ar 

 

 

Figure 8. SEM image of FePc NWs on Al/Si (Top) and its corresponding UV-Vis spectrum on 

TiO2/Q (Bottom). 

 

 

                                                           
2
 Evaporated under high-vacuum conditions, 10

-6
 mbar. 
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Chlorinated iron phthalocyanine (ClFePc) 

Substrates: Al*/Si, Cu (GLAD) on Si, thick Cu foils 

Substrate temperature: 210 ºC 

Growth rate (QCM): 0.4-0.45 Å/s 

Pressure: 0.02 mbar Ar 

 

 

Figure 9. SEM image of ClFePc NWs on Al/Si (Top) and its corresponding UV-Vis spectrum on 

TiO2/Q. 
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Chlorinated silicon phthalocyanine (Cl2SiPc) 

Substrates: Al, Si, SiO2 on Si and Q 

Substrate temperature: 200 ºC 

Growth rate (QCM): 0.1-0.15 Å/s 

Pressure: 0.3 mbar Ar 

 

 

Figure 10. SEM image of Cl2SiPc NWs on SiO2 (GLAD)/Si (Top) and its corresponding UV-Vis 

spectrum on SiO2 (GLAD)/Q.  
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Nanotrees 

The methodology developed by Borrás and Alcaire et al. to produce highly connected 

NWs [Borrás A. I., Adv. Materials][Alcaire M., Nanoscale 2011] has been extended to 

other non-metallic molecules to generate hyperbranched NWs, giving rise to highly 

dense nanoforests. The technique consists in a three step process: deposition of the 

primary NWs, plasma etching and deposition of the secondary NWs. The last 2 steps, 

namely the ramification process, can be repeated as many times as wanted in order to 

attain a higher number of ramifications and thus density. Fig. 11 is an example of Pc 

nanotrees were the ramifications are clearly visible (note that no UV-Vis spectrum is 

shown due to nearly 100% light absorption in that region). 

 

Figure 11. SEM images of a H2Pc nanoforest. 

The experimental conditions for the fabrication of the nanotrees were as follows: 

Substrates: TiO2, SiO2, ZnO, Ag or Au NPs on Si, Q, micrux, ITO/PET. 

NWs growth 

Substrate temperature: 160-180 ºC 

Growth rate (QCM): 0.45 Å/s 

Pressure: 0.02 mbar 

Plasma etching 

Substrate temperature: RT 

Plasma-to-substrate distance: 10 cm 
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Plasma power: 300 W 

Gas composition: 20% Ar, 80% O2 

Pressure: 0.02 mbar 

Plasma duration: 20 minutes for NWs up to 1 kÅ and 40 minutes for NWs of 

around 3 kÅ. 
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This appendix briefly introduces and describes the photoelectrochemical techniques 

used in this work to characterize dye sensitized solar cells (Chapter 2 and 3). 

B.1. IV curves measurements 

Key photovoltaic parameters of the cell can be obtained by performing a linear sweep 

voltammetry to an illuminated solar cell, i.e. the external applied potential is increased 

linearly in time while recording the photocurrent (Fig. 1). 

 

Figure 1. Example of an IV curve and the most relevant photovoltaic parameters associated to 

the cell. 

The power conversion efficiency of a cell is generally defined as 

� � ��� � ��� � 		

��  

Where JSC is the short-circuit photocurrent per unit of active area of the solar cell 

(mA/cm2) and it represents the maximum attainable current flow at closed circuit (zero 

resistance). VOC is the open-circuit photovoltage, achieved under no current flow 

conditions (infinite resistance). Psun is the power of the incident light and FF stands for 

the fill factor of the cell, a parameter representing the ease of extraction of the 

photogenerated carriers out of the photovoltaic device. The FF is mathematically 

expressed as 

		 � ��� � ������ � ���  
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��� � ��� � 
�� is the maximum power output of the cell, while ��� � ��� is the 

so-called ‘dummy’ power output of the device (see Fig. 1). The fill factor is mainly 

influenced by the series resistance of the cell and the non-ideality factor m of still 

uncertain origin. 

In order to study the response of the solar cells, a standard spectral distribution of light 

corresponding to an Air Mass parameter of 1.5G (AM 1.5G) is normally used, but the 

irradiance is set to 1000 W/m2 (1 sun illumination) [Idígoras J. A., PhD thesis 2015]. 

B.2. Short-circuit voltage (Vsc) measurements 

The electron quasi-Fermi level in dye-sensitized semiconductors may be estimated 

using this technique. The procedure consists on illuminating the cell under short-circuit 

conditions, suddenly turning the light off and simultaneously switching the cell to open-

circuit condition.  

B.3. Frequency-domain small-perturbation analysis 

techniques 

In this family of techniques, a tiny sinusoidal modulation in light intensity or voltage is 

superimposed to a DC component while recording the phase and magnitude. 

Frequencies in the range mHz-MHz are swept, which correspond to timescales of 

crucial photoelectrochemical processes in DSCs. 

B.3.1. Electrochemical Impedance Spectroscopy (EIS) 

The basis of EIS is to apply a small amplitude sinusoidal modulation to the voltage of 

the cell and to register the sinusoidal current response as a function of the modulation 

frequency [Hagfeldt A.; Chem. Rev. 2010]. The impedance is given by the expression 

� � �����∅ � �� cos� − �� �	sin� 

Where Z0 is the characteristic frequency of the system and ϕ is the phase shift. By 

varying the frequency of the applied signal, the impedance of the system as a function 

of the frequency can be obtained. The data can be represented either as a Bode plot 

(magnitude of Z and phase vs frequency) or as a Nyquist plot (Re(Z) vs Im(Z)). A 

Nyquist representation is shown in Figure 2 along with the potential information 

obtainable from each frequency zone. Note that not all features will be present or 
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distinguishable for a particular DSC, e.g. for low viscosity electrolytes the third 

semicircle will be absent or negligible.   

 

Figure 2. Nyquist impedance spectrum of a common DSC. 

To extract useful information about the charge transfer and to a less extent the 

transport processes of the cell, it is often necessary to implement an equivalent circuit 

model made up of common electrical elements such as resistors, capacitors and 

inductors placed in series or parallel. The equivalent circuit employed in this work is 

depicted in Figure 2 [Idígoras J. A., PhD thesis 2015]. 

 

Figure 2. Equivalent circuit model employed to fit the impedance spectra [Idígoras J. A., PhD 

thesis 2015]. 

DX1 represents the distributed element accounting for the diffusion-recombination 

transmission line, which is generally used to model the various processes occurring in 

the oxide film. RPt and CPt arise from the charge transfer resistance and the double 

layer capacitance at the platinized FTO (counter electrode), while Rs symbolizes the 

series resistance of the electrode plus any other elements that might be in series with 

cell circuit. Finally, a finite-length Warburg element is used to model the diffusion 

impedance (Zd) of the redox species present in the electrolyte. 

By applying the diffusion-recombination model of Bisquert and coworkers [Bisquert J., 

J. Phys. Chem. B 2002] to a DSC where electron trapping is dominant, the chemical 
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capacitance (Cµ) and recombination resistance (Rrec) present at the oxide/electrolyte 

interface may be calculated according to [Anta J. A., Phys. Chem. Chem. Phys. 2012]: 

 !�" � #$%#& �  !,��"�() *−+,$% − $%�-./0 1 
2345�" = #�6#$% = 2345,��" �() *−7,$% − $%�-./0 1 

where α is a dimensionless parameter related to the mean energy of the exponential 

distribution of localized states in the oxide, β is a dimensionless parameter which can 

be related to the reaction order of the recombination reaction with respect to free 

electrons, T is the temperature (K), k is the Boltzmann constant and the term $% − $%� 

accounts for difference in Fermi levels in the oxide and electrolyte, respectively, and is 

equal to the voltage applied to the cell. Moreover, the electron lifetime can be 

extracted from the intermediate frequency semicircle using the relationship 

89:� = 2345 ×  ! = ;�<=�"  

The small amplitude diffusion length may be determined from the transfer and 

transport resistances, 

>? = @23452A  

where d is the thickness of the film. 

Zview software (Scribner) has been used to fit the EIS spectra along with the above 

mentioned equivalent circuit. 

B.3.2. Intensity-modulated spectroscopies 

These techniques comprise a small amplitude sinusoidal modulation in light intensity, 

instead of a voltage as in EIS, superimposed to the steady-state illumination level. 

Photocurrent (IMPS) response and the phase-shift of this response to the applied 

modulation are recorded.  

A 530 nm LED from LUXEON capable of moving backwards and forward to regulate 

the light intensity was employed as illumination source for all three frequency 

response techniques. 
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Intensity modulated photocurrent spectroscopy (IMPS): carried put under short-circuit 

conditions. It provides information about the transport processes in the cell (electron 

recombination is negligible due to short-circuit conditions). The time constant in IMPS 

is related to the effective diffusion coefficient (Dn) through equation [Dloczik L.; J. 

Phys. Chem. B 1997][Frank A. J., Coord. Chem. Rev. 2004]: 

8:BC� � 1
;�E �

?F
GH 

Where d is the layer thickness and 	G is a numerical factor dependent on the layer 

thickness, absorption coefficient and illumination direction. Here it has been given a 

value of 2.5. 

By combining the information from EIS and IMPS, a small perturbation electron 

diffusion length (Ln) can be estimated: 

> � I,H:BC� � 89:�- 
Due to the fact that EIS and IMPS are carried at open circuit and short circuit, 

respectively, the position of the quasi-Fermi level at the same light intensity is shifted 

from one another. In order to correct for this shift, short-circuit voltage measurements 

are performed to estimate the value of the displacement, which is then subtracted to 

the IMPS measured voltage. Just then the equation for Ln can be properly employed.   
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This appendix is extracted from a manuscript entitled “A novel 3D absorption 

correction method for quantitative EDX-STEM tomography” that has been accepted for 

its publication in the journal Ultramicroscopy (doi:10.1016/j.ultramic.2015.09.012). 

The work gathered in the article was carried out in collaboration with Prof. Paul 

Midgley group in the Cambridge University (UK). Concretely, the complex 

Pt@ZnO@Au multishell NTs shown in Chapter 4 served as model material for de 

further development of the EDX-STEM advanced technique. It is worth to mention that 

Prof. Midgley group is pioneer and worldwide acknowledged in the field of HAADF-

STEM and EDX-STEM 3D tomography. Only slight changes have been done to the 

manuscript and it does not necessarily follow the format of the rest of the thesis. 

C.1. Abstract  

This appendix presents a novel 3D method to correct for absorption in energy 

dispersive X-ray (EDX) microanalysis of heterogeneous samples of unknown structure 

and composition. By using STEM-based tomography coupled with EDX, an initial 3D 

reconstruction is used to extract the location of generated X-rays as well as the X-ray 

path through the sample to the surface. The absorption correction needed to retrieve 

the generated X-ray intensity is then calculated voxel-by-voxel estimating the different 

compositions encountered by the X-ray. The method is applied to a core/shell 

nanowire containing carbon and oxygen, two elements generating highly absorbed low 

energy X-rays. Absorption is shown to cause major reconstruction artefacts, in the 

form of an incomplete recovery of the oxide and an erroneous presence of carbon in 

the shell. By applying the correction method, these artefacts are greatly reduced. The 

accuracy of the method is assessed using reference X-ray lines with low absorption. 

Keywords: energy dispersive X-ray spectrometry, electron tomography, 3D chemical 

analysis, quantification, absorption correction.  

C.2. Introduction  

EDX microanalysis in the transmission electron microscope (TEM) is a valuable 

technique for materials characterisation [1-4]. Until recently, the technique has been 

limited by poor collection efficiency, and hence relatively long acquisition times [4,5]. 

With the advent of larger, silicon drift [6] and multiple detectors [7], modern systems 

offer higher acquisition rates for a lower dose. EDX chemical mapping has benefited 

greatly from this technological breakthrough, especially in helping the extension to 

(quantitative) 3D mapping, as observed recently with a wider range of applications [8-

15] compared to the early work of the pioneers [16-18]. 
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In a scanning transmission electron microscope (STEM), 2D imaging can be extended 

to three-dimensional (3D) imaging by using tomography. Electron tomography (ET) is 

nowadays a well-established technique in the physical sciences, especially using high 

angle annular dark field (HAADF) imaging [19-21]. To be suitable for tomographic 

reconstruction, the electron-specimen interaction should satisfy the “projection 

requirement”: the signal should vary at least monotonically with thickness and 

composition [22]. When detecting secondary signals, such as X-rays for EDX, the 

interaction with the specimen needs to be considered as well. To illustrate the 

interactions of primary electrons and secondary X-rays with the specimen, two 

electron paths through a core/shell nanowire are considered (see the arrows in Fig. 1). 

The generated X-ray intensities along these symmetric paths are identical. However, 

as the path towards the EDX detector for the right-hand position is longer (and goes 

through the core), X-rays are more likely to be absorbed in the specimen, yielding a 

lower X-ray intensity. Variations either due to absorption or changes in specimen 

composition may be indistinguishable when absorption is significant, as will be true for 

low energy X-rays and/or thick samples. This appendix aims to correct for the 

absorption effect in order to retrieve a monotonic behaviour for the EDX signal and 

improve the reliability of the 3D EDX-STEM reconstructions. It is worth noting that 

other phenomena, beyond the scope of the current work, might also break the 

monotonicity of the EDX signal, such as channelling effects [23] and detector 

shadowing by the sample holder and the sample grid [13]. 

X-ray absorption is one of the most important limitations for quantitative EDX analysis, 

even with thin specimens. Goldstein et al. [24] proposed a corrections for absorption 

using the Cliff-Lorimer approach (CL) [25] by multiplying the X-ray intensity by a 

correction factor (A). This factor is derived from Beer's law and requires a 

measurement of the mass-thickness. To overcome the complications arising from 

external measurement of thickness and density, several approaches have been 

proposed: for instance by using the difference in absorption 4 between two emitted X-

ray lines [26], or measuring spectra at different tilt angles [27] or sample thicknesses 

[28]. A more recent approach, the ζ-factor method [29], solved this problem in a more 

general way by measuring the current. All these approaches were established for thin 

films and aim to measure an accurate absorption correction factor A, supposing a 

homogeneous specimen where X-rays are generated and absorbed. To apply this 

approach to a sample with a heterogeneous structure, such as the core/shell nanowire 

of Fig. 1, the structure has to be known to predict the X-ray generation as a function of 

depth as well as the X-ray path to the surface through different materials. This problem 
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can be addressed with 3D EDX-STEM tomography since information about X-rays 

generated from each voxel and their path through all the encountered voxels to reach 

the surface becomes available. 

The present work introduces a novel “3D absorption correction” approach. An example 

of EDX-STEM tomography with greatly reduced artefacts is presented, using a 

core/shell nanowire as test sample. The accuracy of the absorption correction method 

is assessed using X-ray lines with significant absorption and high energy X-ray lines 

with relatively low absorption as a reference. 

C.3. Materials and Methods  

C.3.1. Core/multi-shell nanowire  

The sample used for the present investigation is an organic/inorganic core/multi-shell 

1-D nanostructure, with potential applications in photonics [30] and as nanogenerators 

[31]. A HAADF-STEM image of the nanowire (NW) tip is shown in Fig. 2(a) and a 

description of the different elements present in the sample is schematized in Fig. 2(b). 

The metal-organic compound platinum octaethylporphyrin (PtOEP) forms the core. It is 

grown from silver nanoparticle seeds by physical vapour deposition, is composed 

primarily of platinum, nitrogen and carbon. The first shell of the 1-D nanodevice is 

generated by soft plasma etching of the 5 PtOEP to yield platinum [32]. An 

unexpected AgPt phase is also present as particles in the core and as a thin layer 

around the core. The second shell is formed of ZnO grown by plasma enhanced 

chemical vapour deposition [30]. The external shell is fabricated by conformal 

deposition of a thin layer of gold by means of DC sputtering at room temperature. 

C.3.2. EDX-STEM tomography 

The ET experiment was performed on an FEI Osiris TEM (FEI company) operating at 

200kV and equipped with a high brightness X-FEG gun and a Super-X EDX system 

comprising four detectors. Each detector has an active area of 30 mm2 , achieving 0.9 

sr solid angle in total. As shown in Fig. 3, the four detectors are arranged around the 

electron beam axis. The elevation angle (for the centre of each detector) is 22° and 

the azimuth angles are 45°, 135°, 225° and 315° for detector 1, 4, 3 and 2, 

respectively. The signals from the different detectors are summed before amplification 

and cannot be separated through post-processing. The NWs were dispersed on a 

commercial TEM grid possessing a 5 nm-thick carbon film on a thicker 30 nm holey 

carbon film (Pacific Grid Tech), which was mounted on a Fischione 2020 singletilt 
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tomography holder (Fischione Instruments, USA). A NW oriented parallel to the 

rotation axis was selected, and the tilt series was acquired manually, from -60˚ to +70˚ 

with a 10˚ tilt increment. At each tilt angle, a HAADF-STEM image with frame size of 

1024 x 1024 and a pixel size of 1.09 nm was acquired, followed by an EDX map of a 

selected region, with a map size of 80 x 92 pixels and a pixel size of 4.5 nm. The 

beam current was 600 pA. To reduce beam damage, a short dwell time of 40 ms was 

used, corresponding to an acquisition time of 5 min per map. Depending on the 

acquisition geometry, some of the X-rays emitted from the region of interest are 

obstructed by surrounding objects such as the sample holder and supporting grid. As 

the elevation angle is low, the shadow cast onto the detectors varies rapidly with tilt 

angle around 0°. To minimize the effect of shadowing, only the two detectors facing 

the sample were used during the tilt series; i.e. detector 1 and 2 for positive tilt 

(including 0° tilt) and detector 3 and 4 for negative tilt. 

The sum of all spectra of the tilt series is plotted in Fig. 4 with a solid curve. The 

energy range between 3.5 and 7 keV is not displayed, as it contains no X-ray lines of 

importance. X-ray lines for the six elements that composed the core/shell nanowire (C, 

O, Zn, Pt, Au and Ag) are observed. Carbon and oxygen have only one resolved line, 

the O Kα and C Kα, respectively, which have the lowest energy of the analysed X-ray 

lines. Cu Kα and Ni Kα peaks are spurious X-rays generated from the supporting 

nickel grid and the sample holder. The Si Kα and Cl Kα signals are likely due to 

contamination from volatile organosilicon compounds used in the desiccator where the 

silver seeds were stored. 

Also in Fig. 4, the mass absorption coefficients µ/ρ of X-rays absorbed in PtC25 and 

ZnO, two compositions chosen to approximate the nanowire core and shell 

respectively, are plotted as a function of energy with red and blue curves. The jumps 

in the curves are the X-ray absorption edges, corresponding to the ionization energy of 

inner shell electrons. These edges are situated at slightly higher energy than the 

corresponding X-ray lines; for instance the centre of Zn Lα peak is slightly left of the 

corresponding jump on the blue curve. Zn Kα and Pt Lα have a µ / ρ about two orders 

of magnitude lower than the three most highly absorbed X-rays (C Kα, O Kα, Zn Lα), 

making the Zn Kα intensity a suitable internal reference, with low absorption compared 

to the Zn Lα intensity. 

The EDX maps were acquired using the software TIA (FEI company) and exported for 

postprocessing. Apart from alignment, all data processing was done with python 

packages. Hyperspy, a python-based software for hyperspectral data processing [33], 
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was used as a central data processing platform and to implement the absorption 

correction procedure. The data were de-noised using singular value decomposition 

(SVD) for principal component analysis (PCA) [33]. X-ray intensities were extracted 

from EDX spectra by fitting (peaks and background) experimental spectra using an 

EDX-specific model [35]. TomoJ was then used for alignment by automatic feature 

tracking [36]. The reconstructions were performed using the simultaneous algebraic 

reconstruction technique (SART) algorithm [37], and the obtained volumes rendered 

using Mayavi [38]. Elemental compositions were quantified using the CL quantification 

method [25] and the k-factors provided by the EDX manufacturer Bruker. A total 

variation minimisation (TV) algorithm from Chambolle [39] was used to improve the 

signal-to-noise ratio in the obtained reconstructions. One iteration of the absorption 

correction, including the reconstruction of all X-ray intensities, takes about 24 minutes 

on a standard computer (one processor of 3.4 GHz). The slower parts of the process 

were parallelised and the time per iteration was reduced to 6 minutes with 8 

processors. 

C.4. Calculation 

In the classical CL approach, the composition C is related to the X-ray intensities I 

measured from a thin film [25]. With two elements A and B, the CL approach can 

correct for the absorption using [24]: 

���� = ��� �������� 

where k is the CL factor, also known as the k-factor, and A is the absorption correction 

factor related to the X-ray lines. In the typical expression for CL, a singular absorption 

correction factor AAB is given for the intensity ratio between elements (AAB = AA / AB). 

The more recent ζ-factor method incorporates the total dose during acquisition De, 

obtaining in this way a measurement of the composition and the mass-thickness ρt as: 

�� = ������������ + ������ 

	
 = ������ + ��������  

where ζ is the ζ-factor [40]. Both k-factors and ζ-factors can be determined 

theoretically and experimentally. 
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The A factors for both the CL and ζ-factor methods are derived from Beer's law, which 

predicts the X-ray absorption in a material. The X-ray intensity I emerging from a thin 

film of thickness t is: � = �exp	�− �� 	
� where Io is the primary X-ray intensity, 

µ/ρ is the mass absorption coefficient and ρ is the density. With φ(ρz) the depth 

distribution of the generated X-rays in the sample, and assuming a homogeneous X-

ray absorption along the path z to the surface, the absorption correction factor A is 

obtained by integrating Beer's law as follow: 

� = �� = � �(	�)�(	�)��� �(	�)exp	�−�	 	�	 csc "��(	�)��
 

where α is the take-off angle and z csc α is equal to the distance from the generation 

point to the surface. For high energy electrons, a uniform generation of X-rays along 

the depth can be reasonably assumed within a thin film: φ(ρz) is then equal to one and 

Eq. 3 is simplified to (Philibert [41]): 

� = �	 	�	 csc "
1 − exp	�−�	 	�	 csc"� 

This expression for A is used in both the CL and ζ-factor methods [24, 40]. Correcting 

the absorption in 3D allows us to refine the approximation of a constant generation 

and of a homogeneous X-ray path by considering the X-ray generation in each voxel 

and the different voxels encountered in the X-ray path to the surface. The X-ray 

generation is thus assumed to be constant in each voxel and the X-ray path is 

assumed to be homogeneous within each voxel encountered. 

In Fig. 5(a), a section through the x-z plane of the 3D matrix of elemental composition 

C is represented with a grid. A precipitate is represented with a darker grey than a 

surrounding matrix. The X-ray path, represented by the arrow, has a different length in 

each encountered voxel. In a standard reference frame, the z axis is parallel to the 

electron beam as shown in Fig. 5(a). In Fig. 5(b), a new reference frame x*, y* and z* is 

defined with x* axis parallel to the detector direction. The composition matrix in this 

reference frame (C*) is obtained by rotating C by the elevation angle, the sample tilt 

and the azimuth angle of the detector. In each encountered voxel of the matrix C*, the 

X-ray path has the same length (the voxel size ∆x), thus simplifying the calculation of 

the absorption correction factor A*j of voxel x* = j.  
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An X-ray intensity I0 is generated in voxel j from a particular element and an X-ray 

intensity Ij is emitted from voxel j before entering voxel j+1, as defined in Fig. 5(b). The 

ratio Ij/I0 can be obtained by integrating over the voxel, similarly as in Eq. 3. Since ∆x 

is small, the integral is approximated by the function itself, � $(%)�% = $(&'( )Δ%&' , 

and 

�*� 	≈ exp ,−-�	.* 	* Δ%2 0 

The final intensity I, emitted from voxel x* = nmax at the surface of the sample, is 

calculated by applying to Ij the absorption correction factor obtained with Eq. 5, of 

each subsequent voxel x* = j + n encountered along the X-ray path: 

��* = exp1− 2 -�	.3 	3Δ%3456

37*89 : 	 
The absorption correction factor A*

j is obtained by combining Eq. 5 and 6: 

�� = 1�*∗ = exp1−-�	.* 	* Δ%2 − 2 -�	.3 	3Δ%3456

37*89 : 		 
The final absorption correction matrix A is obtained by calculating the factors A* for all 

elements and all voxels x*, y* and z*, and rotating them into the standard x, y, z 

reference frame. 

In the acquired data, two detectors were used and the individual detector signals 

cannot be separated. If we assume that the detectors have the same efficiency and 

consider that the X-ray generation is isotropic, the correction matrix A for both 

detectors is approximated by the harmonic mean of the two absorption correction 

matrices calculated for each detector direction. 

In Eq. 7, a value of density is needed for each voxel. With the ζ-factor method, the 

density can be obtained from the measured mass-thickness (Eq. 2(b)). With the CL 

method, the density ρel can be estimated from the elemental fraction Cel with a 

weighted mean 	 = ∑��= 	�= 	or a harmonic mean 1/	 = ∑��= /	�=  or can be 

estimated from an external signal such as the HAADF-STEM tomogram. In this 
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appendix, the density is estimated from the weighted mean and from the HAADF 

signal. 

As the absorption correction factors depend on the composition and vice versa, an 

iterative approach is required for both classical and 3D absorption correction. The 

general approach is the same: the iteration is initialised by calculating a composition 

C0 with no absorption correction from the X-ray intensity I. In each iteration step, the 

absorption correction factors Ai are calculated from the composition Ci and applied to 

the X-ray intensity (I*Ai) to obtain a new composition Ci+1. 

For 3D absorption correction, the iterative process needs to include reconstruction and 

projection steps as shown in Fig. 6. The 3D matrix of elemental composition, C0, is first 

approximated without absorption correction: the tilt series of intensities, Itil,0, are 

reconstructed (rec) and the reconstructed intensities, Ivol,0, are quantified (quant). This 

first approximation C0 is used to calculate the absorption correction matrix, A1, for 

each tilt angle. 

The reconstruction might introduce artefacts as absorption effects are likely to break 

the tomographic requirement. The absorption correction matrix (A1) is thus applied to 

the tilt series of recorded intensities Itil,0 and thus required to be projected about the tilt 

axis. A projection, sum along the beam direction, of A1 is not possible as the 

absorption correction is not a linear operation. A corrected Itil,1 is projected instead and 

compared to the projected Ivol,0 to obtain an absorption correction factor Atil,1 for the tilt 

series: 

��?=,? = A�BC=,?D�?=A�BC=,D�?= =
A�BC=,�?D�?=A�BC=,D�?=  

where i is the number of iterations and the square bracket indicates a direct projection. 

The matrix of intensities Ivol,1, is reconstructed from Itil,1, and equal to Itil,0 Atil,1, and 

quantified to obtain a new C1 for the next step of the iteration. The loop is stopped 

when the result of an iteration is close to the previous iteration, typically less than 

0.001 wt% difference. 

C.5. Results 

To prevent beam damage, the electron dose seen by the sample is limited by reducing 

the time spent per spectrum. The raw spectra are therefore noisy with a mean number 

of counts per channel less than one. An effective de-noising technique is needed, as 
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illustrated in Fig. 7. The set of data contains millions of spectra characterising only a 

limited set of chemical phases. This is a favourable case for a multivariate statistical 

approach such as principal component analysis (PCA). Using PCA, the set of spectra 

is decomposed and then a model of the data is reconstructed leaving the components 

characteristic of noise [42]. Prior to the decomposition, the data were scaled to take 

into account Poisson statistics [43]. Masking regions with lower counts, the vacuum 

and the carbon film, improves the separation between the noise and the signal 

components. To prevent any mixing between X-ray maps of low and high energy due 

to covariance, PCA is applied separately on the low and high energy part of the data 

set, as indicated by the split spectrum of Fig. 7. By inspection of the scree plot and the 

noise content in the individual components, the first eight and four components were 

chosen to reconstruct the model for the low and high energy datasets, respectively. As 

seen in Fig. 7, the PCA-adjusted spectrum is relatively noise-free and the continuous 

background is well defined. The noise is significantly reduced in the raw intensity map 

for O Kα. The effect of PCA on the other raw intensity map can be observed in figure 1 

of the supplementary material. 

After noise filtering, the intensities are extracted and background corrected. Alignment 

of Ag Lα intensity maps is performed by automatic feature tracking and subsequently 

applied to the remaining elemental tilt series. 

A general decrease of X-ray intensity due to shadowing is observed for maps close to 

0° tilt, even when only the two EDX detectors facing the sample are employed. To 

correct for this effect, each X-ray elemental map is normalised [13]. To prevent 

correcting the absorption effect when normalising, a X-ray line with low absorption (Zn 

Kα) was used to calculate the normalisation curve subsequently applied on each X-ray 

elemental map. The normalising curves for the different X-ray lines are plotted in figure 

2 of the supplementary material. The main differences between the curve used for 

normalisation (Zn Kα) and the other curves are observed for Xrays emitted from small 

particles (Ag Lα and Au Lα) and for X-rays with low intensity. 

The first 3D matrix of absorption correction factors A1 is obtained as described in the 

first line of Fig. 6. The reconstructed intensities are smoothed using a TV algorithm 

and the obtained intensities quantified using the CL quantification method. With this 

approach, the composition is normalised to 100% and voxels of vacuum and voids in 

the nanowire are filled with noise. Trial-and-error showed that all voxels in the 

composition matrix with a total X-ray intensity below 7 counts should be masked (30 

counts are detected on average from voxels within the shell). A1 is obtained with Eq. 7 
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and the correction for O Kα is shown in Fig. 8. The detectors’ direction goes in the 

direction of positive x and negative z with an angle of 22° with the x axis, as indicated 

by the “trail” in the vacuum in the xz section of Fig. 8. The correction is stronger in the 

direction opposite to that of the detectors. A linear structure is observed along the 

detectors’ direction. 

After the calculation of the first absorption correction matrix A1, the tilt series are 

corrected as described in Eq. 8 and a new A2 is calculated. The effect of absorption 

correction after one and two iterations is considered in Fig. 9. In this figure, the grey 

scale gives the O Kα intensity of x-tilt sections, also known as a sinogram, through the 

tilt series (Itil) for maps a, b and c, and through the corresponding projected 

reconstruction ([Ivol]til as defined in Eq. 8) for maps d, e and f. The x-tilt section is 

positioned where the shell surrounds the core, as modelled by two circles in map g. 

Map h shows a projection of this model, which is only an approximation as the real 

shell shows a faceted aspect. 

A jump in O Kα intensity is observed at zero tilt in Fig. 9(a) for the raw tilt series. This 

jump can be linked to an absorption effect: X-rays generated in the side of the shell 

opposite to the detectors travel further in the nanowire and are thus more likely to be 

absorbed. The jump reveals the change of detectors at 0° tilt (from detectors 3 and 4 

to detectors 1 and 2, see Fig. 3). With the 3D absorption correction calculated after 

one iteration (map b), the intensity of the more absorbed side of the shell is increased: 

the jump in intensity is greatly reduced but can be still observed with an inverted 

contrast. With the absorption correction calculated after two iterations (map c), the 

jump is hardly noticeable. 

As observed for all the projections (maps d, e, f and h), a corrected tilt series (one that 

conforms to the projection requirement) shows smoothly evolving contrast along the tilt 

direction. The jump observed in map a is thus an indication of that violation of the 

projection requirement. With reconstruction algorithms such as SART, the difference 

between the raw data Itil and the projected reconstruction [Ivol]til is minimised during the 

reconstruction process, thanks to the so-called data fidelity constraint. In other words, 

maps d, e and f are the closest approximations to maps a, b and c, respectively. The 

jump in map a is approximated by a smoothly evolving contrast in map b, resulting in 

an important difference between map a and map b. After absorption correction, Itil and 

[Ivol]til are more similar, indicating that a higher data fidelity is reached. 
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The iterative convergence of the absorption correction (see Fig. 6) is considered in 

more detail in Fig. 10. The convergence criterion, the root-mean-square (RMS) of the 

difference of the reconstruction corrected after i iterations and i+1 iterations, is plotted 

as a function of the number of iterations. In this logarithmic plot, a near-linear 

behaviour is observed after the first iteration for the different X-rays, indicating a fast 

convergence. 

The reconstructed intensities of elements present in the shell of the nanowire are 

shown in Fig. 11: the shell is composed of zinc and oxygen. For both elements, the 

reconstructions obtained with or without absorption correction are compared. The 

corrected intensities of Zn Kα are not displayed as the absorption correction is small, 

with 95% of the voxels having an absorption correction below 0.8% (compared to 32% 

for the Zn Lα intensity). The uncorrected intensities of the Zn Kα (map f) are thus used 

as an absorption-free reference. The effect of absorption can be observed comparing 

O Kα intensity (map a) with Zn Kα intensity (map f). In map a, the shell appears almost 

absent for low values of z in the zy section but appears more even in the xy section. A 

similar but less marked drop in intensity can be observed in map d for the Zn Lα 

intensity. The absorption effect is thus observed primarily along the z axis (optic axis), 

which is the resultant of all four detectors’ directions. This inconsistency drop in 

intensity is an artefact of the reconstruction algorithm due to the uncorrected X-ray 

maps not being true projections. 

This reconstruction artefact is greatly reduced by applying the absorption correction; 

for example the Zn Lα intensity in map e of Fig. 11 appears to match closely the Zn Kα 

intensity in map c. The O Kα intensity in map b now looks similar to the Zn Kα 

intensity, but a slight over-correction is observed with high intensity at low value of z. 

For a more accurate comparison, a profile along the z axis going through the shell at 

the position indicated by the coloured lines in Fig. 11(a-f) is considered in Fig. 11(g). 

The intensities plotted are smoothed by a TV filter and normalised with the maximum 

of the profile in the right-hand part of the shell that shows less absorption effect. An 

absorption effect is clearly observed on the lefthand part of the shell for O Kα and Zn 

Lα intensities. After absorption correction, a close match is observed between Zn Lα 

and Zn Kα intensities. The O Kα intensity is closer to Zn Kα intensities, although 

slightly over-corrected. This can be attributed to the weighted mean approach used to 

estimate the density from the composition. 

Given the relatively low mass-thickness of the nanowire, the intensity of HAADF-

STEM images is assumed to be proportional to the mass-thickness. The density can 
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be estimated by scaling the HAADF-STEM images to a region with a known density. 

Using the weighted mean approach, both core and shell have similar density but when 

using the HAADF-STEM approach, the density of the core is significantly lower that 

the density of the shell. With a shell expected to be composed of ZnO and the 

weighted mean density in the shell close to the density of the ZnO, this density is used 

to scale the HAADF-STEM images. The obtained density is used to calculate the 

absorption correction. By calculating the absorption correction with the HAADF-STEM 

density, a more accurate result is obtained as observed in the profile of Fig. 11(g) with 

the corrected O Kα intensity now closer to the Zn Kα intensities. It is worth noting that 

the density obtained with HAADF-STEM images introduces a different source of 

inaccuracies; for example a contrast variation in the shell due to diffraction. The 

weighted mean density is kept as a method of choice for a direct evaluation of the 3D 

absorption correction, as it does not require any a priori knowledge of the sample. 

The reconstructed intensities of the elements present in the core are shown in Fig. 12: 

the core is formed of a porous mixture of carbon and platinum and contains small 

particles composed of silver. Platinum and silver form a layer around the core and a 

layer of gold is observed on the tip of the nanowire in map f. A schematic picture of the 

sample is shown in Fig. 2(a). A larger void is observed at the tip of the core. 

Reconstructions obtained with and without absorption correction are compared. The 

corrected intensities of Pt Lα and Ag Lα are not displayed as the absorption is small. 

The C Kα intensity has the highest value of absorption correction. In map a, the C Kα 

intensity is present in the shell with strong variation in contrast. As the supporting film 

is composed of carbon, a value of C Kα intensity emitted from the film is estimated for 

each tilt from regions that are known to be film only and removed from the tilt series 

before the reconstruction. In map b, the resulting C Kα intensity reconstruction is 

generally lower in the shell and the shape of the core observed in the xz section is 

better defined. In some regions with high z value, the intensity of the shell is however 

similar to the one in the core. After absorption correction, the C Kα intensity (map c) in 

the core is clearly above the intensity in the shell. 

A profile along z through the core is plotted in Fig. 12(e). As for the shell in Fig. 11, 

intensities are smoothed by a TV filter and normalised with the maximum of the profile. 

An important shoulder is observed for high values of z on the C Kα profile. The 

shoulder is significantly reduced, first by correcting for the supporting film, then by 

correcting for absorption. These processing steps contribute towards a more uniform 

C Kα intensity inside the core. 
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The absorption correction for the two strongest absorbing X-ray lines provides an 

important improvement that can be appreciated in 3D in Fig. 13. The green and red 

isosurfaces indicate a high O Kα and C Kα intensity respectively. The threshold values 

used are indicated by a horizontal dashed blue line in the z profiles of Fig. 11(g) and 

Fig. 12(e). The shell formed by the uncorrected O Kα intensity is not complete: a hole 

is observed for low values of z in Fig. 13(a). With a higher value of threshold, a 

complete shell can be obtained. The core formed by the uncorrected C Kα intensity 

shows an appendage towards high values of z. With higher values of threshold, the 

appendage is suppressed, but the void at the tip of the core is then not visible. 

Correcting for absorption in Fig. 13(b), the shell is complete for any value of threshold 

and the void at the tip of the core can be observed without any appendage for an 

appreciable range of thresholds.  

C.6. Discussion 

Absorption introduces a contrast mechanism that breaks the “projection requirement” if 

not taken into account. The reconstruction algorithm finds the closest estimation that 

respects the requirement by introducing an artefact observed as a gradient of intensity 

in the unexpected direction of the electron beam. By applying the proposed 3D 

absorption correction, this artefact is almost totally removed in the case of the 

moderately absorbed Zn Lα intensity, as observed in Fig. 11(g) with a close match 

with Zn Kα intensity in term of shape. The Zn Kα intensity shows little absorption in the 

nanowire. Moreover, the risk of mixing Zn Lα and Zn Kα signals in the PCA de-noising 

process is prevented by applying PCA separately on low and high energy datasets, as 

proposed in [44]. The Zn Kα intensity is thus considered as an absorption-free 

reference for the Zn Lα intensity. The reference is relative as the cross-section of Zn 

Kα and Zn Lα is different, but as the part of the shell facing the detector emits X-rays 

with low absorption, an absolute reference can be deduced. As the shell is expected to 

be composed by a single phase of Zn and O and no experimental evidence shows the 

contrary, the Zn Kα intensity is also considered as an absorption-free reference for O 

Kα intensity. 

Being more absorbed than the Zn Lα, the O Kα intensity requires a higher absorption 

correction and is thus more sensitive to inaccuracies. In Fig. 11, the absorption 

artefact is greatly reduced with a corrected O Kα intensity close to the Zn Kα intensity. 

The absorption correction is however sensitive to the method used to obtain the 

density. Deducing the density from the composition, porosities have to be 

differentiated from the material by using a mask, as compositions are normalised to 
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100%. This approach relies on the accuracy of masking porosities, which is limited for 

instance by sub-pixel voids. If we take the HAADF signal as proportional to the mass-

thickness, the density of the porous core is directly estimated without masking. A lower 

density of the core is obtained with this approach, resulting in an improved absorption 

correction for O Kα intensity as observed in Fig. 11. However, the accuracy of this 

approach is limited by the need of a reference and by possible diffraction artefacts 

leading to variation in intensity. Moreover, an a priori knowledge of the sample is 

needed to scale the density. 

The C Kα line is the most absorbed of the analysed X-rays and an important increase 

of C Kα intensity in the core is observed in Fig. 12 with the absorption correction. As 

the carbon is situated mainly in the core, all C Kα X-rays have an approximately 

similar path through the shell to reach the surface. The structure of the core formed by 

C Kα intensity is thus less affected by absorption than the shell formed by O Kα 

intensity. The accuracy of the absorption correction for this line is difficult to evaluate, 

having no reference for the carbon composition. The C Kα intensity emitted from the 

supporting film is observed to lower the quality of the core reconstruction in Fig. 12(a). 

A simple correction by intensity subtraction is shown to improve the core 

reconstruction. The accuracy of this approach is however limited by the high noise 

level of the C Kα intensity still present after PCA de-noising. The best way to prevent 

the problem of spurious X-rays from a supporting film is to use one free of elements 

present in the sample. 

An important limitation of the EDX analysis is the low number of collected X-ray counts 

despite the high efficiency EDX system. In our case, the electron dose is limited to 

prevent significant beam damage and thus individual spectra have a low number of X-

ray counts. The dataset is however formed of a high number of spectra measured on 

similar phases: a favourable case for statistical methods such as PCA. Using PCA to 

de-noise, each spectrum is significantly improved as shown in the Fig. 7. As the 

background is significantly smoothed, the accuracy of the background correction by 

fitting is greatly improved. 

The accuracy of the 3D absorption correction depends on the geometrical model of 

the microscope needed to approximate the path of the X-ray towards the detectors. In 

the proposed approach, a simple model is used: detectors are considered as points 

and the shadowing is assumed to be the same for each pair of detectors. With these 

assumptions, the absorption that takes place along the two paths is approximated by a 

mean absorption, calculated for each detector direction. To ascertain the accuracy of 
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this approximation, the efficiency of each detector was experimentally measured at 0° 

tilt and very similar results were obtained. The accuracy of the absorption correction 

relies also on the elevation angle, a value not easily determined as it depends on the 

precise eucentric height and the sample holder used. 

A more complex geometrical model could be used to improve the accuracy of the 

proposed approach for 3D absorption correction. As detectors are large and the 

detector-to-sample distance comparable, 30 mm2 and 10.5 mm respectively, the take-

off angle varies over the angular spread of the detector disc. With an appropriate 

weighted mean of the absorption correction matrix for the angular positions within the 

detector, a more accurate absorption correction matrix could be obtained. However, 

the accuracy of such an approach will be limited by the need for an accurate 

knowledge of the detector geometry and an accurate model of the detector 

shadowing. 

For the absorption correction to be accurate, all X-ray intensities need to be accurately 

reconstructed. Reconstruction techniques, such as the SART algorithm used here, are 

known to suffer from artefacts when the tilt series has a low number of projections 

and/or a limited tilt range forming the so-called “missing wedge” [45]. Due to the low 

number of projections, the reconstructed intensity is correlated to the size of the 

object. This is observed with the reconstructed shell from the model in Fig. 9(g) and 

from the measured X-ray intensity in Fig. 11(g): the smaller part of the shell has a 

lower intensity. Due to the missing wedge, other variations in contrast depending on 

the angular position are observed in the reconstructed model of the shell. These two 

artefacts are not expected to have a major influence on the accuracy of the absorption 

correction: the composition variation is limited as the composition is normalised to 

100% and as the X-ray lines are expected to suffer proportionally with these artefacts. 

The composition of Zn in the large and small part of the shell are indeed observed to 

be much closer to that expected from the Zn Kα intensity. Another artefact linked to 

the low number of projections is the loss of contrast between internal voids and the 

material: some remaining Zn Kα and O Kα intensity is observed in the core in Fig. 

11(g), when the core is expected to be free of these elements. Albeit in small quantity, 

these misplaced intensities increase the calculated absorption of the core, contributing 

to the over-correction of O Kα intensity. A more recent reconstruction algorithm based 

on compressed sensing (CS) has proven to be more robust to low number of 

projections and the missing wedge [45]. The mentioned artefacts are expected to be 

reduced with CS, resulting in an improved absorption correction. Although not present 

in the case of a nanowire, there is another artefact that could have an important 
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impact on the absorption correction: if the sample is slab-like, the reconstruction of the 

slab using emitted X-ray intensities is likely to suffer from truncation artefacts brought 

about by a change in the field of view as a function of tilt. The best way to prevent this 

is to use a needle sample extracted with a focused ion beam (FIB). 

Finally, a major source of uncertainty for any EDX quantification procedure is the k-

factors. The k-factors used here, provided by the manufacturer, are derived from first 

principle, an approach likely to suffer significant systematic error [46]. To reduce this 

error, k-factors should be experimentally determined, requiring standards with multiple 

elements of known composition and thickness. With the more recent ζ-factor 

quantification method, these constraints are reduced as single element standards or a 

universal thin film standard can be used. Such approach has shown to reduce 

significantly the systematic error [40]. Moreover, this method provides, alongside the 

measurement of the composition, a measurement of the mass-thickness, from which a 

density can be derived and used in the proposed 3D absorption correction. Such a 

density is expected to be more sensitive to porosity as it is obtained directly from the 

X-ray intensity with no normalisation, see Eq. 2(b). This promising technique cannot 

however be used for the present dataset because of two unmet requirements: an 

accurate measurement of the current and a constant detector efficiency over the full tilt 

range are needed. A finer control of the detector shadowing is also required, for 

example by improving the acquisition using different grid geometries and sample 

holder, or by using a FIB-needle sample. Overcoming these experimental limitations is 

crucial for making EDX-STEM tomography fully quantitative and applicable to a wide 

range of nanomaterials. 

C.7. Conclusions 

A novel 3D absorption correction method is proposed for 3D EDX-STEM tomography. 

The assumptions of the classical absorption correction methods, constant X-ray 

generation and homogeneous absorption along the path to the surface, are refined by 

considering X-ray generation and absorption voxel by voxel. The approach is applied 

to three highly absorbed X-ray lines, Zn Lα, O Kα and C Kα, measured on a core/shell 

nanowire. The accuracy of the approach is assessed comparing X-ray lines with high 

absorption (Zn Lα, O Kα) to one with low absorption (Zn Kα). The absorption is the 

cause of an important artefact in the reconstruction, observed as X-ray intensity 

variation in the unexpected direction of the optic axis and resulting in a discrepancy of 

the shell and an appendage of the core. Applying the 3D absorption correction, this 

artefact is greatly reduced: the shell morphology formed by the O Kα intensity 
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projection is near complete and the appendage of the core formed by the C Kα 

intensity projection is removed. Using the 3D absorption correction, 3D EDX-STEM 

tomography can be extended to highly absorbed X-ray lines with a greatly improved 

accuracy. 
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Figures  

Figure 1: X-ray absorption in a core/shell nanowire. The X-rays are generated in a 

nanowire supported by a film. The arrows show two X-ray paths through the sample 

towards an EDX detector. A typical elevation angle is given.  

 

 

Figure 2: Tip of a core/shell nanowire. (a) High angular annular dark field (HAADF) 

micrograph. (b) Schematic cross-section of the sample. The different phases are 

indicated. 
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Figure 3: Geometry for 3D EDX-STEM acquisition. The grey box represents the 

sample holder. The electron beam direction is vertical and defines the z axis. The 

elevation angle is the take-off angle for an untilted surface. The azimuth is the angle 

between the x axis and the projection of the detector direction on an untilted surface. 

The y axis is the rotation axis of the tilt. 

 

 

Figure 4: X-ray lines emitted from a core/shell nanowire and corresponding absorption 

coefficients. The EDX spectrum, a sum over all spectra of the tilt series, is plotted with 

a solid black curve (left scale). The mass absorption coefficients µ/ρ of X-rays 

absorbed in PtC25 and ZnO, composition approximating the core and the shell 

respectively, are plotted as a function of energy with coloured curves (right scale). The 

centre of the main X-ray peaks are indicated by vertical dashed lines. Minor lines are 

not labelled. 

 

  



A novel 3D absorption correction method for quantitative EDX-STEM tomography 

 

462 

 

Figure 5: Calculation of the absorption correction matrix, A from the matrix of 

elemental fraction Cvol. The arrows indicate the path of the X-ray towards the detector. 

The array of square represent the voxel. The grey scale represents the elemental 

fraction of one element in the voxel. The same elemental map is represented in the 

two different referentials. In (a), the z axis is parallel to the electron beam. In (b), the x* 

axis is parallel to the detector direction. 

 

 

Figure 6: Details of the iterative process for 3D absorption correction. Composition C 

are quantified (quant) from X-ray intensities I that are corrected by absorption 

correction factors A. The 3D intensities matrix Ivol are reconstructed (rec) from tilt 

series of intensities Itil at each i step of the iteration. 
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Figure 7: Noise reduction using PCA. A spectrum is plotted before (grey) and after 

PCA decomposition/reconstruction (black). The spectrum is extracted from the data 

set at the position of an AgPt particle. The raw intensity map for O Kα (acquired at tilt 

0°) is plotted before (left hand side) and after PCA decomposition/reconstruction (right 

hand side). 
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Figure 8: Details of the 3D absorption correction factors. The maps give the 

absorption correction matrix A1, first iteration, for the O Kα intensity as orthogonal 

sections of the 3D volume. The white lines show the position of the orthogonal 

sections. The red dashed line shows the limit outside which the total X-ray intensity is 

below 7 counts. 
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Figure 9: 3D Absorption correction effect on tilt series after one and two iterations. 

The maps give the O Kα intensity as x-tilt sections: the tilt series (Itil for maps a, b and 

c) and the direct projection of Ivol ([Ivol]til for maps d, e and f). Map a and d are not 

corrected for absorption. Map b and e are corrected after one iteration. Map c and f 

are corrected after two iterations. Map h is the direct projection of a model of the shell 

shown in map g (where x indicates the tilt axis). 

 

 

Figure 10: Convergence of the iterative process for the 3D absorption correction 

calculation. The convergence criterion is the RMS difference of the reconstruction 

corrected after i iterations and i+1 iterations (Ii- Ii+1). The X-ray lines are sorted by 

increasing energy. 
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Figure 11: Details of the reconstruction of the shell. Comparison of intensities without 

(maps a, d, f) and with (maps b, c, e) 3D absorption correction after 10 iterations. The 

density is estimated from a weighted mean (Abs corr) in maps b and e and from 

HAADF images (Abs corr ρ HAADF) in map c. The grey scale maps give the 

orthogonal sections of the reconstructed volume of the intensity of O Kα (maps a, b, 

c), Zn Lα (maps d, e) and Zn Kα (map f). The white lines show the position of the 

orthogonal sections. In (g), profiles along z are plotted for O Kα, Zn Lα and Zn Kα 

intensities. The position of profiles is indicated with coloured lines in the orthogonal 

sections. Intensities are normalised with the maximum of the profile in the right part of 

the shell that shows a smaller absorption effect. The horizontal dashed blue lines 

show the values used for the isosurfaces in Fig. 13. All intensities are smoothed by TV 

filter. 
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Figure 12: Details of the reconstruction of the core. Comparison of intensities without 

(maps a, b, d, e) and with 3D absorption correction after 10 iterations (“Abs corr” in 

map c). The grey scale maps give the orthogonal sections of the reconstructed volume 

of the intensity of C Kα (maps a, b, c), Pt Lα (map d), Ag Lα (map e) and Au Lα (map 

f). Map b and c are corrected for the carbon supporting film (film corr). The white lines 

show the position of the orthogonal sections. In (f), profiles along z are plotted for C 

Kα, Pt Lα and Ag Lα intensities. The position of profiles is indicated with coloured lines 

in the orthogonal sections. Intensities are normalised with the maximum of the profile. 

The horizontal dashed blue lines show the values used for the isosurfaces in Fig. 13. 

All intensities are smoothed by TV filter. 
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Figure 13: Details of measured core and shell. The isosurfaces are reconstructed 

from the volume of O Kα and C Kα intensity with and without 3D absorption correction 

calculated after 10 iterations for figure (a) and (b), respectively. The thresholds used to 

generate the isosurfaces are indicated in Fig. 11(g) and in Fig. 12(e) by a dashed blue 

line. 
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