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ABSTRACT: The epitaxial growth of Ce0.9Zr0.1O2-y (CZO) thin-films on yttria-stabilized 

zirconia (YSZ) (001) single crystal and YSZ (001)/stainless steel (YSZ/SS) technological 

substrates is investigated by pulsed laser irradiation of solution-derived cerium-zirconium 
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precursor layers using a UV Nd:YAG laser source at atmospheric conditions. The influence of 

laser processing parameters on the morphological and structural properties of the obtained films 

is studied by atomic force and transmission electron microscopies, as well as X-ray 

diffractometry. The analyses performed demonstrate that laser treatments enable the epitaxial 

growth of tens of nm-thick CZO films with a crystallization kinetic process several orders of 

magnitude faster than that of conventional thermal annealing. Fully epitaxial films are attained 

using stainless steel (SS) flexible tapes as a substrate. Even though photochemical mechanisms 

are not fully discarded, it is concluded that photothermal processes are the main contribution 

responsible for the fast epitaxial crystallization. 

 

INTRODUCTION 

 

Epitaxial growth of CeO2-based thin films is an important scientific and technological subject 

as these materials exhibit exceptional functional properties which make them appealing to be 

used in several applications. For instance, cerium oxide materials display remarkable catalytic 

activity and high oxygen ionic diffusivity, relevant for sensing and fuel cell devices.1-4 

Additionally, they show high performance optical properties in the IR to UV regions, significant 

for (electro)optical coatings.5-9 These oxides are also considered as candidates for replacing 

silicon dioxide in electronic devices due to their high dielectric constant and compatibility with 

silicon.10-12 Finally, Ce-based epitaxial oxide coatings are also employed as buffer layers in 

complex architectures such as high-temperature superconducting coated conductor tapes, 

enabling high transport currents with no losses at high magnetic fields.13 Doping of CeO2 with 
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elements like Zr and Gd improves its atomic mobility and avoids the formation of an 

intermediate carbonate phase which could prevent the growth of highly epitaxial films.14 

The development of adaptable and cost-efficient methods for the fabrication of epitaxial ceria 

films is compulsory for some of the previously described applications. Chemical solution 

deposition (CSD) techniques have attracted a remarkable attention due to their capability for the 

controlled synthesis of functional epitaxial oxide thin films and multilayers in versatile and low-

cost ways. Through these methods it is even possible to grow thin films with complex 

composition and high crystallinity.15-17 In essence, CSD consists of: (i) the deposition of a metal 

organic precursor solution on a substrate with a film thickness determined by the solution 

concentration; (ii) the precursor pyrolysis at a relatively low temperature; and (iii) the 

crystallization of oxide films by means of high temperature heat treatments. The main drawbacks 

of these techniques are that conventional thermal treatments, normally performed using electrical 

ovens, are time-consuming processes. Moreover, it is not possible to achieve a spatially-resolved 

decomposition and/or crystallization of materials in a simple way to accomplish the fabrication 

of miniaturized functional devices straightforwardly. 

Laser processing techniques, which are usually characterized by their high accuracy, fast and 

versatile nature,18 could overcome the cited limitations of CSD. These approaches present 

additional advantages such as non-contact processing, localized thermal effect, and low 

environmental pollution. Laser radiation, when absorbed in a surface material, can lead to very 

rapid photochemical and/or photothermal mechanisms which can deeply transform its crystalline 

structure. Accordingly, direct nucleation and growth of functional oxides thin films from laser 

irradiation of CSD precursors is nowadays a dynamic and increasing research field. 

Polycrystalline oxide layers of diverse materials including TiO2, In2O3, ITO, BaxSr1-xTiO3 or (Pb, 
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La)(Zr, Ti)O3 have been mainly produced using CO2, Nd:YAG and excimer lasers.19-25 

Nevertheless, laser-induced growth of epitaxial thin films is much more complicated, being 

currently an active exploration area. Recently, UV excimer laser irradiation has been 

successfully used for the development of epitaxial oxide thin films such as VO2, Sb-doped SnO2 

and perovskite manganites (LMO, LSMO) working at low substrate temperatures.26-30 The basic 

mechanisms involved in epitaxial nucleation and growth of laser annealed functional oxide 

precursor films are still unclear and they need to be further investigated. 

In a previous work, we demonstrated that UV Nd:YAG pulsed laser irradiation can be used for 

the successful decomposition of CSD-based cerium-zirconium metal-organic precursors films, 

even down to sub-millimetre surface areas.31 Further conventional heat treatments led to the 

fabrication of epitaxial Ce0.9Zr0.1O2-y (CZO) coatings and sub-millimetre structures. In this paper, 

we report our investigations on laser-induced epitaxial growth of CZO thin films deposited on 

(001) YSZ single crystal (SC) and (001) YSZ/stainless steel (YSZ/SS) substrates. It is worth 

noting that the technical YSZ/SS system is typically used in conventional manufacturing to 

achieve epitaxial CZO film growth, especially for the fabrication of superconducting tapes.32 The 

effect of different laser parameters on the morphology and crystallinity of the irradiated material 

is discussed. Laser processing conditions were optimized in order to achieve epitaxial 

crystallization of CZO films comparable to that obtained with conventional furnace annealing 

but with a much shorter effective heating time. The differences between nucleation and 

crystallization mechanisms in conventional thermal and laser treatments are also discussed. This 

work evidences that the combination of CSD and laser processing techniques could be a 

versatile, fast and cost-effective alternative to conventional treatments used in superconducting 

tape manufacturing and related areas. 
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EXPERIMENTAL SECTION 

 

Precursor solutions with a total metal concentration of 0.25M were synthesized from cerium 

(III) and zirconium (IV) acetylacetonate salts (Sigma-Aldrich) diluted in propionic acid and 

stirred at 50ºC for 30 min. Then, a small amount of solution (14 µL) was spin-coated at 6000 

rpm for 2 min on thoroughly cleaned (001)-oriented yttria-stabilized zirconia (YSZ) single 

crystal (Crystec Gmbh) and YSZ-buffered stainless steel (Bruker Gmbh) 5×5 mm2 substrates. 

YSZ buffers were grown on stainless steel by alternating ion beam assisted deposition (ABAD) 

technique.33 Single crystal substrates were 0.5 mm-thick, while ABAD-YSZ and stainless steel 

were about 1 µm and 100 µm in thickness, respectively. 

The setup used for laser irradiation consisted of a Nd:YAG laser system (Brilliant, Quantel) 

which emits pulses with a wavelength of 266 nm, about 3 ns in duration, and at a repetition rate 

of 10 Hz. The laser beam of 6 mm in diameter had a nearly Gaussian spatial distribution. This 

means that the laser fluence, i.e. the pulse energy per unit area, decreases with the radial axis, 

and at the centre of the beam its value (maximum) is two times larger than the average fluence 

(total pulse energy divided by the beam area). In order to minimize non-uniform crystallization 

effects due to the Gaussian spatial distribution of the beam, samples were irradiated with a fixed 

number of accumulated pulses at 1 mm regularly spaced sites to obtain 80% of beam 

overlapping. Then, the effective number of accumulated pulses per location is about 13 times 

that of the applied pulses/site due to overlapping. Irradiation of films was performed in air at 

different substrate temperatures by means of a PID controlled heater (Watlow Ultramic 600). 

After deposition, the metal-organic Ce-Zr precursor film was laser treated with 10 mJ cm-2 
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maximum laser fluence, 80% beam overlapping, 100ºC substrate temperature, and 500 

pulses/site to fully decompose the organic compounds and obtain a nanocrystalline pyrolyzed 

film.31 The range of maximum laser fluences used in this work for further crystallization of the 

nanocrystalline Ce0.9Zr0.1O2-y films went from 20 to 80 mJ cm-2.  

Films morphology was characterized by atomic force microscopy (AFM) using a 5100 

equipment from Agilent Technologies set in intermittent contact mode and using silicon tips with 

a diameter of 10 nm and a force constant of 2.8 N m-1. The analysis of topographic 

measurements was carried out with the MountainsMap 7.0 software package from Digital Surf. 

X-ray diffraction (XRD) measurements were performed to evaluate the epitaxial evolution of 

samples using a Rigaku Rotaflex RU-200BV diffractometer and a GADDS system from Bruker 

with a 2-dimensional detector, both with a Cu-Kα radiation source (λ = 0.154 nm). In order to 

study the extent of crystallization of the obtained CZO layers grown by laser processing, we 

performed high resolution transmission electron microscopy (HRTEM) analyses. On the one 

hand, samples synthesized on YSZ single crystal substrates were prepared as a cross-section for 

the TEM observations by mechanical polishing with a final step of ion milling.  On the other 

hand, focused ion beam lamellas were fabricated with layers grown on YSZ/SS tape substrates. 

In this case, samples were covered by a Pt protecting layer before performing the FIB cut. 

HRTEM observations were carried out by means of a FEI Tecnai F20 equipment with a field-

emission gun operated at 200 kV achieving a lateral resolution of 0.14 nm. Electron energy loss 

spectroscopy (EELS) analyses were performed in a Jeol J2010F instrument, also working with a 

field-emission gun and operating at 200 kV in scanning mode (STEM). The system was 

equipped with a postcolumn Gatan Image Filter (GIF2001) energy spectrometer. Ellipsometry 

measurements, made with a Sopra GES5E ellipsometer, allowed us to measure the refractive 
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index (n) and extinction coefficient (κ) of YSZ SC and YSZ/SS substrates. From these 

parameters, the absorption coefficient (α = 4πκλ-1) and penetration depth (α−1) were also 

calculated, being λ the radiation wavelength. The optical properties of pyrolyzed nanocrystalline 

CZO films are already detailed in Ref.31 Finally, laser-induced thermal processes were simulated 

using the COMSOL 4.4 Multiphysics software. These calculations involved optical and thermal 

properties of films and substrates, as well as solving the heat equation by means of finite 

elements. Thermophysical properties of film and substrates were estimated from Refs.34-40  

 

RESULTS AND DISCUSSION 

 

CZO pyrolyzed films deposited on YSZ SC substrates, with a 20 nm effective thickness, 

exhibit a remarkable surface flatness with typical RMS roughness of about 0.3 nm, as it has been 

already explained in Ref.31 The obtained layers are constituted by nanocrystalline CZO material 

after being pyrolyzed by laser treatments, alike to the films processed by conventional thermal 

annealing.35,41 No organic compounds, neither C-impurites, were present in the layer after the 

pyrolysis process by using these precursors as evidenced by FTIR spectroscopy. Consistently, 

the pyrolyzed film is mainly composed of Ce-O and Zr-O bonds, in addition to dangling bonds 

associated to crystalline defects. Cerium oxide is a very stable material, since Ce-O and Zr-O 

bond dissociation energies are about 795 kJ mol-1 (8.3 eV/bond) and 760 kJ mol-1 (7.9 eV/bond), 

respectively,42 being far larger than the 4.7 eV photon energy corresponding to the employed 

laser radiation (266 nm). Then, as a first approximation, we can consider the main fundamental 

interactions between laser light and film-matter being thermally activated (photothermal), though 

non-thermal (photochemical) processes may also be present predominantly at crystalline defects 
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where bond dissociation energy would be lower. Photothermal simulations, described in the 

Supporting Information, were performed by solving the heat equation in CZO/YSZ SC and 

CZO/YSZ/SS tape systems. As observed in Figure 1, laser pulses provoke similar thermal cycles 

in both types of film systems (SC and tape), of tens to hundreds of ns in duration. The heating-

cooling rates can reach up to 1011 ºC s-1, being the cooling time orders of magnitude longer than 

the heating one due to the difficult heat release through the YSZ thermal insulator material. The 

maximum temperature developed in the film surface irradiated at room temperature (RT) 

increases linearly with the laser fluence from about 700ºC at 20 mJ cm-2 to around 3000ºC at 80 

mJ cm-2, though this last case is probably overestimated due to model constraints. The melting 

temperature of CZO would be overpassed at laser fluences above 60 mJ cm-2. Moreover, the 

achieved temperature at the CZO/YSZ interface can be up to 300ºC lower than that of CZO 

surface at times close to the maximum of the thermal cycle, resulting in temperature gradients up 

to about 1010 ºC m-1 across the 20 nm thick CZO film during nanosecond-time intervals. It is 

worth noting that the radiation penetration depth in pyrolyzed CZO films is about 32 nm, higher 

than the thickness of the film. This means that about 54% of the incident radiation intensity 

arrives at the CZO/YSZ interface. Thus, most of this radiation is transmitted and absorbed in the 

substrate. Consequently, the optical and thermophysical properties of the YSZ substrate play an 

important role in the system’s thermal behavior. As shown in Figure S1, YSZ SC hardly absorbs 

the incident UV laser radiation, being its penetration depth about 2.5 µm at 266 nm wavelength. 

Thus, the radiation-induced heating is negligible. However, the YSZ layer grown on SS 

substrates by ABAD exhibits about three times higher absorption than YSZ SC. This is likely to 

be caused by the crystalline defects induced in the material during texturation and, hence, the 

corresponding penetration depth is nearby 800 nm, which is equivalent to the YSZ ABAD film 
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thickness. As a result, the radiation-induced heating effect will be higher and with a larger 

contribution to the overall heating of the CZO film. This results in the development of slightly 

higher temperatures, as well as thermal cycles with a longer duration (Figure 1b). 

CZO/YSZ SC systems were irradiated with 80 mJ cm-2 laser fluence at RT by accumulation of 

up to 7000 pulses per site. Figure 2a shows the surface morphology of the irradiated films. The 

surface reveals the formation of hundreds of nanometers in size planar regions with rounded 

contours and hundreds of nanometers in size, surrounded by tens of nanometers-sized granular 

structures with tens of nanometers in size. An increase in the number of accumulated pulses 

leads to a larger extension of the rounded regions, which gradually acquire polyhedral shape, and 

a decrease of the RMS roughness from ~6.9 nm at 1000 pulses/site to ~4.7 nm at 7000 

pulses/site. In agreement with thermal simulations, laser irradiation at this experimental fluence 

leads to film temperatures above the CZO melting temperature. Then, the structures with 

rounded shape would indicate a laser-induced transformation of the CZO material to the molten 

state, promoting further recrystallization during the cooling process. Similar rounded structures 

are generally observed in laser melting-resolidification treatments of several types of materials 

such as metals, semiconductors and polymers.43-48 The high roughness of the obtained films, as 

compared to the 0.3 nm initial pyrolyzed layers, could indicate extensive movements of liquid-

phase material due to simultaneous action of high temperature gradients, film thermo-mechanical 

mechanisms, and thermocapillary movements.18 It must be noted that, according to simulations, 

the melting temperature of YSZ substrate is not reached in these experimental conditions (Table 

S1). Figure 2b displays the XRD diffractograms of the samples irradiated with 1000, 3000 and 

7000 laser pulses per site. Besides the (002) YSZ (doublet kα1, kα2) located at ~35.0º and weak kβ 

signal at ~31.4º, an intense (002) CZO reflection at 33.4º, as well as the (111) peak of CZO at 
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28.8º are observed. The intensity of the CZO (002) peak is much higher than that of the (111) 

orientation, indicating that some epitaxial volume is achieved. As a figure of merit, we show the 

evolution with the effective heating time of the integrated area of the (002) CZO peak 

normalized to its value in a sample obtained with conventional furnace treatment at the 

conditions where low roughness and high quality epitaxial growth is obtained (900ºC during 8 h 

in oxygen flow).14,49,50 These values would actually account for the amount of epitaxial CZO 

material present in the laser processed sample which indeed contributes to the (002) signal. 

Importantly, the contribution of epitaxial grains to (002) peak signal is highly influenced by their 

volume and crystallinity. The effective heating time is calculated multiplying the number of 

accumulated laser pulses by the duration in which the simulated temperature of the irradiated 

material surpasses 600ºC with the incoming laser pulse. The effect of laser spot overlapping was 

taken into account for this calculation. For convention, 600ºC has been considered to be the 

minimum temperature where atomic diffusion is high enough to promote grain growth and the 

development of high-quality CZO epitaxial crystallization.  As observed, the calculated ratio of 

the laser irradiated layers slowly grows with the effective time, although it is set around 0.1 

(10%) in the studied range. These values are low compared to the ones obtained through furnace 

treatments, but it is also evident that the effective time in laser processing is nearby 7 orders of 

magnitude lower.  

In order to enhance the volume epitaxial fraction and obtain smoother surfaces likely to be 

compliant with technological applications we have modified the conditions to preferably 

crystallize CZO films in solid state, i. e. in laser conditions below the melting threshold. For this 

purpose, laser irradiation of CZO/YSZ SC pyrolyzed layers was performed by accumulation of 

1000 pulses/site at 40 mJ cm-2 maximum laser fluence at RT, 200ºC and 400ºC substrate 
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temperature. In all these cases, the calculated maximum temperature of the CZO material is well 

below its melting threshold (Figure 1b). As observed in Figure S2, the film exhibits granular 

morphology and decreasing RMS roughness with substrate temperature from ~1.5 nm at RT to 

~0.8 nm at 400ºC. XRD analyses show that the increase of substrate temperature certainly leads 

to a significant augment of the (00l) CZO intensity and corresponding (002) CZO peak 

normalized area. The rise in the epitaxial quantity (and crystallinity) with substrate temperature 

would be caused by both the achievement of higher maximum temperatures and the development 

of longer thermal cycles in the CZO layers. Noteworthy, the XRD diffractogram of a CZO/YSZ 

pyrolyzed film heated at 400ºC during 1 h shows no CZO reflections pointing to the fact that just 

heating the substrate to 400ºC does not provoke crystallization. Consequently, in the following 

experiments we will perform CZO film treatments with 400ºC of substrate temperature. 

Laser irradiation of CZO/YSZ SC samples was accomplished at 40 mJ cm-2, 80% beam 

overlapping, 400ºC of substrate temperature and with a number of 1000, 5000, 10000 and 20000 

accumulated pulses per site. Thermal calculations indicate that the laser pulses provoke thermal 

cycles in the CZO film with maximum temperatures reaching around 1600-1900ºC (Figure 1b). 

The morphology of the obtained samples is granular (Figure 3a) with grain sizes of about few 

tens of nm. At the highest number of accumulated pulses, the grains appear to be grouped in 

domains up to 100-200 nm in size being clearly defined the domain boundaries, similar to 

furrows. This morphology is rather different to the one obtained by means of furnace treatments, 

which exhibit a compact terrace-like structure (inset in Figure 3a). The RMS roughness of the 

laser processed samples is low, about 0.7 nm, and quite constant with the number of accumulated 

pulses (Figure S3). The granular morphology and low roughness value of these samples would 

corroborate the advantageous nature of solid state crystal growth processes in these materials for 
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technological applications, as compared to the morphology obtained in melting-recrystallization 

processing (Figure 2). XRD characterization shows an intense signal from (002) CZO 

orientation, with a very weak contribution from the (111) reflection (Figure 3b). As previously 

observed, the increase of the number of accumulated pulses leads to a rise in the epitaxial (002)-

orientation intensity while the (111) peak, perceptible after 1000 pulses/site practically 

disappears after a higher number of pulses. Accordingly, the (002) CZO normalized area 

increases with the accumulated number of pulses, i. e. the effective heating time, reaching a ratio 

nearby 0.35 at 20000 pulses/site (Figure 3c). This indicates that the polycrystalline grains are 

able to recrystallize to epitaxial ones driven by the minimization of the grain boundary energy, 

for which the grain size should be kept below a certain size. The obtained ‘(002) CZO peak 

normalized area’ values are also compared to the ones of samples obtained with 30 min, 4 h and 

8 h of conventional heat treatments. The evolution of the (002) CZO normalized area was fitted 

versus the effective heating time for both laser and furnace treatments, and the temporal 

derivative of the fitted functions was also calculated and plotted at the corresponding samples’ 

effective heating times (Figure 3d). Roughly, this parameter can be figured out as the growth rate 

evolution of epitaxial CZO film. As witnessed, laser-treated samples show about thousandfold 

higher epitaxial growth rates than samples processed by conventional furnace annealing. In both 

cases, the growth rate decreases with the effective heating time, being this effect more 

pronounced in laser irradiation processing. The decline of the growth rate can be explained by 

the reduction of the crystallization driving force (or grain boundary energy) as the film growth 

proceeds. Furthermore, extrapolating the evolution tendencies, laser treated samples with (002) 

CZO peak normalized area of 0.6, corresponding to the one obtained with 30 min furnace 

annealing, would be achieved just after 150 ms of effective laser heating time. These results 
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indicate that growth of high quality epitaxial CZO not only is possible through laser processing 

but, moreover, the involved kinetics is much faster than in conventional heating methods. 

Since the XRD intensity of (002) CZO peak signal is affected not only by the amount of 

epitaxial material but also by its crystallinity, an additional method was used to quantify the CZO 

epitaxial-to-polycrystalline fraction in the laser processed films by means of 2D-XRD epitaxial 

(spot) and polycrystalline (ring) signals from the same reflection. The calculation details of this 

method are described in Ref.51 Figure 4a depicts the evolution of CZO epitaxial fraction in films 

obtained with 40 mJ cm-2 laser fluence, 80% beam overlapping, and 400ºC substrate 

temperature, as a function of the effective heating time (number of accumulated pulses 

increasing from 1000 to 20000). As observed, the epitaxial CZO fraction in the films clearly 

increases with the effective heating time from nearby 20% (~360 µs, 1000 pulses/site) to about 

50% (~7.2 ms, 20000 pulses/site). These values are comparable but slightly higher than the 

corresponding ones obtained in (002) CZO peak normalized area study (Figure 3c). 

Nevertheless, the samples crystallized by 30 min, 4 h and 8h furnace treatment exhibit a 100% 

epitaxial fraction, though their normalized area varies from ~0.6 to 1. Therefore, the increase of 

(002) CZO peak normalized area observed in Figure 3c would actually correspond to epitaxial 

grain coarsening and elimination of crystalline defects caused by atomic diffusion mechanisms. 

2D-XRD studies can be considered to account for the total epitaxial-to-polycrystalline volume in 

the films and thus it is a better method. 

High resolution transmission electron microscopy studies were made to the samples obtained 

by laser processing with 40 mJ cm-2 fluence, 80% beam overlapping, 400ºC substrate 

temperature and, 1000 pulses/site (Figure 5a-c) and 20000 pulses/site (Figure 5d-f). The sample 

irradiated with 1000 pulses/site is mainly composed of CZO nanocrystallites with sizes in the 3-8 
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nm range. The crystallites are randomly oriented as inferred from the observed polycrystalline 

reflections shown as rings in the power spectra (Fast Fourier Transforms (FFTs)). However, a 

thin (001)-oriented epitaxial film with irregular surface is actually observed on the film-substrate 

interface. The thickness of the epitaxial film is about 2-3 nm, corresponding to ~10-15% of the 

total film thickness. The increase of the number of accumulated laser pulses to 20000 leads to the 

growth of the epitaxial phase upwards to the film surface, reaching a thickness of about 40-50% 

of the total film. Noteworthy, the measured thickness values of the epitaxial films closely match 

with the ‘epitaxial fraction’ values calculated from XRD methods (Figure 4). The interface 

roughness between epitaxial and polycrystalline CZO still remains large after 20000 pulses/site, 

probably due to inhomogeneous temperature gradients and ion diffusion processes during the 

treatment. Moreover, the power spectra clearly show more intense epitaxial CZO reflections and 

spotted diffraction rings, indicating the formation of more epitaxial material as well as textured 

polycrystalline structures. 

From all the obtained results is evident that epitaxial growth of CZO nanometric films on YSZ 

SC substrate is possible by means of pulsed UV laser irradiation, though this system would need, 

by extrapolation of data from Figure 4a, about 53 ms of effective heating time, what means the 

accumulation of ~140000 laser pulses/site. Though this effective heating time would be much 

shorter than the equivalent one through thermal annealing treatments (~2000 s), the use of a high 

repetition rate laser system would be required for obtaining reasonable processing times. The 

obtained CZO epitaxial fraction (EF) data (Figure 4a) were fitted by means of Equation 1, 

previously used to describe a self-limited growth nature in nanocrystalline gadolinia-doped ceria 

(CGO) films.52 A0 = 100 ± 10 % is a prefactor and t0 parameter is the characteristic 

crystallization time of the process in which the epitaxially crystallized film reaches 63% of the 
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total film thickness. Accordingly, a characteristic crystallization time of ~7.7 ms is obtained for 

the laser-processed samples, whereas values about 420 s, i. e. 5 orders of magnitude longer, are 

representative for conventional thermal treatments (Figure S4). From these data, we calculated 

an effective diffusion coefficient (Deff) associated to thermal and laser treatments, as Rupp et al. 

applied to grain size progression in thermally annealed CGO nanocrystalline films.52 In this way, 

effective diffusion coefficients of 2.4×10-15 cm2 s-1 and 1.3×10-10 cm2 s-1 for conventional and 

laser treatments are respectively obtained. In concordance to the characteristic crystallization 

time values, Deff associated to laser treatments is 5 orders of magnitude greater than that of 

thermal annealing. Besides, Figure 4b presents the temporal derivative of the fitted functions 

corresponding to the plots shown in Figure 4a, and thus, the overall CZO epitaxial growth rate as 

a function of effective time. The obtained values, which decrease with effective time, reveal up 

to 103 nm s-1 growth rate in laser processed films. These values are about 5 orders of magnitude 

larger than those obtained by means of conventional heating treatments (Figure S4).  

𝐸𝐸𝐸𝐸 = 𝐴𝐴0 �1 − 𝑒𝑒−
𝑡𝑡
𝑡𝑡0� (1) 

The origin of such extremely high epitaxial growth rate in laser treatments compared to 

conventional annealing is still unclear. Some authors claim that photochemical reactions are the 

main responsible in UV-laser induced growth of epitaxial films.28,30 They state that the large 

optical absorption of the substrate is essential for nucleation and growth by laser annealing. 

However, in our case, the absorption coefficient of the YSZ substrate is rather low and most of 

the dissociation bond energies present in the material are large compared to the employed photon 

energy. Hence, we may consider not photochemical but photothermal effects to play a principal 

role in nucleation and growth kinetics.  
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High temperature thermal annealing of pyrolyzed CZO films produces the heterogeneous 

nucleation at the interface with the YSZ substrate and further epitaxial grain growth at the 

expense of the initial nano-polycrystalline material, leading to a fully epitaxial film after enough 

heating time.14,53 Recrystallization and epitaxial growth processes are driven by the free energy 

difference between epitaxial and polycrystalline material, in addition to the high surface energy 

of the remaining nanocrystalline layer.53-56 Since recrystallization from disordered 

nanocrystallites to epitaxial grains is mainly governed by diffusion across grain boundaries, the 

temperature of the process is expected to play a major role. As already described, laser 

irradiation provokes much higher temperatures (~1600-1900ºC) than furnace heating (900ºC) in 

the treated films which would lead to a significantly greater atomic diffusion process. This 

behavior is gauged by assuming the dependence of cerium diffusion with temperature in CZO 

films similar to that reported for Ce in nanocrystalline CGO layers52 (Figure S5). Figure 6a 

illustrates the change of Ce diffusion coefficient during the action of the laser pulse in the 

CZO/YSZ interface and, for comparison, during the action of a conventional thermal annealing 

treatment (900ºC). The calculations use the simulated evolution of temperature shown in Figure 

1b. As revealed, cations would experience a large diffusion increase of 4 orders of magnitude 

during the action of the laser pulse. Thus, the Ce diffusion coefficient is larger, up to ~2 orders of 

magnitude, than that in conventional annealing for a time of ~10 ns. As a result, the 

corresponding diffusion length, which represents the statistical displacement of diffusing atoms 

and is calculated by means of Equation 2, abruptly increases surpassing that of furnace heating in 

~2 ns, reaching then a quasi-steady state (Figure 6b). Conventional annealing would then need 

about 120 ns to reach the Ce diffusion length of 10-4 nm attained with one laser pulse in a time of 

~4-5 ns (that is, about 2 orders of magnitude of time difference). 
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𝐿𝐿𝐷𝐷 = �∫ 𝐷𝐷�𝑇𝑇(𝑡𝑡)�𝑑𝑑𝑡𝑡𝜏𝜏
0    (2) 

The latter results, calculated just considering the variation of the diffusion coefficient with 

temperature, seem insufficient to entirely explain the 5 orders of magnitude greater Deff and 

epitaxial growth rates calculated in laser processing as compared to conventional heating. 

Consequently, further effects may be considered to substantially affect atomic diffusion in laser 

treatments. It should be stated that diffusing ions experience a drift motion in addition to random 

diffusion when an external driving force is applied. Besides the gradient of the chemical 

potential (non-ideal part) between different phases, other driving forces such the ones provoked 

by an external electric field, stress gradient or temperature gradient may significantly alter the 

diffusion evolution and, therefore, the growth process.57 In particular, the driving force 

developed by the temperature gradient (𝐸𝐸𝑇𝑇 ∝ ∇𝑇𝑇/𝑇𝑇), essentially negligible in conventional 

heating, can set the difference with laser annealing. Let us recall that, according to numerical 

simulations, temperature gradients of 1010 ºC m-1 can be obtained through film thickness during 

laser processing. This force would essentially act across the CZO film, moving the ionic species 

from the surface towards the film-substrate interface where the epitaxial material grows. Though 

this fact could be a significant contribution to the diffusion - growth difference between laser and 

furnace techniques, additional mechanisms could be also taken into account to assist the 

photothermal laser process. Effectively, UV irradiation of crystal boundaries and defects, where 

optically active dangling bonds can be present, may induce a reactivity enhancement in addition 

to substantial photo-induced heating at lower laser intensity thresholds than the rest of the 

crystalline material.18,58 Moreover, photo-induced electron transitions, which can significantly 

change the electronic population of the states in the irradiated material, may lower the 

thermodynamic potential that typically separates two phases.59 Thus, with long enough lifetime 
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of the excited electrons, the nucleation energy barrier and its corresponding nucleus critical size 

can decrease leading to the formation of novel-phase stable nuclei with smaller sizes. As a result, 

the overall phase transition rate might be increased and this effect would be greater at higher 

laser fluences. We should remark that these mechanisms, though optically-enhanced, are 

essentially thermal. 

CZO pyrolyzed thin films were also prepared on technological YSZ/SS tapes in the same way 

as on YSZ SC substrates. In tape system, about 0.8-1 µm thick YSZ is deposited on SS by 

ABAD process. The crystalline nature of YSZ, shown in Ref.33, is characterized by a fully 

polycrystalline structure at the interface with stainless steel sheet (also polycrystalline). YSZ 

material progressively transforms to (001)-oriented epitaxial configuration upwards to the film 

surface, where it reveals a completely epitaxial and highly crystalline structure. The pyrolyzed 

CZO film on tape shows a homogeneous and smooth surface (Figure 7a), with RMS roughness 

about 0.9 nm, significantly lower than that of initial YSZ/SS, around 1.7 nm. Laser processing of 

CZO/YSZ/SS samples was performed using the optimized conditions found in CZO/YSZ SC 

systems, that is, irradiating with 40 mJ cm-2 laser fluence, 80% beam overlapping, 400ºC 

substrate temperature and applying 1000, 5000, 10000 and 20000 accumulated pulses/site. As 

previously described, thermal assessments point towards similar effects of the laser pulses in the 

CZO film on tape to the ones triggered in CZO/YSZ SC (Figure 1). However, even though the 

laser-induced thermal cycles reach just few tens of degrees higher maximum temperatures than 

in the CZO/YSZ SC system, the effective heating time is revealed to be 40% larger (increase 

from ~60 ns to ~100 ns, depicted in Figure 1b). This difference in the thermal behavior has been 

already explained by enhanced radiation absorption (and probably lower thermal conductivity) of 

YSZ on tape system caused by its intrinsic crystalline defects. 
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The surface morphology of the CZO films turns to granular when irradiated (Figure 7a), being 

increased the number of grains and their size with the augment of the accumulated number of 

laser pulses. Indeed, geometrical boundaries similar to grain grooves firstly appear at low 

number of accumulated pulses, leading to the further formation of grains as the treatment 

proceeds. Finally, the surface totally transforms to uniformly distributed grains, of few tens of 

nm in size, at the highest number, of applied pulses/site (20000). As plotted in Figure S3, the 

surface RMS roughness progressively increases with the number of accumulated pulses to ~2.3 

nm in the studied range of applied pulses. XRD analyses of the obtained samples are presented in 

Figure 7b. X-ray diffraction patterns show, besides reflections of polycrystalline YSZ and 

stainless steel substrate, just (002) and (004) peaks of epitaxial CZO material. No additional 

polycrystalline CZO signal is recorded and the accumulation of laser pulses produces the 

increase of epitaxial CZO peaks intensity. The (002) CZO peak normalized area calculations 

reveal slightly higher values than those of CZO/YSZ SC samples obtained with analogous 

effective heating time. The maximum ratio, obtained by irradiation with 20000 accumulated 

pulses/site (~11.2 ms effective heating time), is nearby 0.45. On the other hand, the evolution of 

epitaxial fraction in CZO films grown on tapes, shown in Figure 4a, reveals the achievement of 

90-100% at ~11.2 ms effective heating time (20000 pulses/site). Moreover, the CZO epitaxial 

growth rate on tapes is slightly larger than in YSZ SC (Figure 4b) being, respectively, the 

characteristic time t0 about 4.3 and 7.7 ms. The corresponding effective diffusion coefficient is 

2.3×10-10 cm2 s-1, ~80% greater than that in YSZ SC. Then, the CZO epitaxial growth can be 

extended to the full thickness of the film through laser irradiation in similar experimental 

conditions than using YSZ SC substrates, but with a much lower processing time (required 

number of pulses multiplied by the laser shooting period). At this stage, secondary processes as 
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the presence of photoactive defects at the YSZ surface or laser-scattering mechanisms due to the 

higher roughness of the YSZ/SS surface18,58 could be considered, which would indeed rise the 

reached maximum temperatures, as well as the temperature gradients during the developed 

thermal cycles. The probable decrease of ABAD-YSZ thermal conductivity as compared to YSC 

SC ones, due to its intrinsic defects and not considered in thermal calculations, might also 

contribute to this effect. Additional studies should be performed for the verification of these 

hypotheses. 

Finally, HRTEM study of the sample obtained after the accumulation of 20000 pulses per site 

confirms the growth of a fully epitaxial CZO film with high crystallinity (Figure 8a). Though 

most of the film is composed of epitaxial (001)-oriented CZO, some minor additional reflections 

from other orientations are recorded at other locations, as depicted in the power spectra. HRTEM 

images show a highly crystalline CZO/YSZ heteroepitaxy, though further accumulation of laser 

pulses would increase the crystallization of the film by elimination of crystalline defects and 

remaining polycrystals. In Figure 8b, the boundary between two consecutive CZO grains, faceted 

by {111} lateral surfaces, can be distinguished. This image also reveals the presence of a few 

nanometers thick CZO continuous layer all over the studied film-substrate interface. Besides, 

EELS analyses allowed us to obtain the distribution of chemical elements and, congruently, the 

cerium oxidation state throughout the CZO system. The obtained oxidation state map, depicted 

in Figure 8c, reveals the presence of Ce4+ ions in the entire body of the film. No oxygen 

vacancies are detected even though the laser processing of the films was performed in air and not 

in pure oxygen environment, as normally done in conventional annealing methods. 

  

CONCLUSION 
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The present study demonstrates that the combination of UV laser processing and CSD 

techniques represents a fast and versatile methodology for the fabrication of epitaxial CZO films 

on single crystal and technological YSZ flexible substrates. The adaptation of this technology to 

the industrial environment would be rather easy and cost effective. The laser-induced epitaxial 

growth rate of CZO is revealed to be up to 103 nm s-1, being orders of magnitude larger than in 

conventional furnace treatment. The main mechanisms responsible for the rapid laser-induced 

epitaxial nucleation and growth are suggested to be photothermal, though photochemical 

processes could be also present and would assist the thermal ones. The temperatures and 

corresponding gradients reached in laser treatments, much higher than in conventional furnace 

annealing, could also provoke enhanced diffusion processes leading to grain boundary 

recrystallization at much greater growth rates. Particularly, the epitaxial growth of CZO on 

YSZ/SS tapes is revealed to be faster than in YSZ SC substrates due to larger temperatures 

triggered by the laser pulses. The main cause is suggested to be the presence of crystalline 

defects in the ABAD YSZ buffer layer, which act as radiation absorption centers and add extra 

thermal energy to the CZO recrystallization process.  
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FIGURE CAPTIONS 

 

Figure 1. Photothermal simulation of irradiated cerium-zirconia pyrolyzed films. (a) Evolution of 

the reached maximum temperature as a function of the laser fluence in films deposited on YSZ 

SC and YSZ/SS tape. Inset: spatial distribution of temperatures in the CZO/YSZ SC system 

irradiated with 40 mJ cm-2 @ 6 ns. (b) Temporal evolution of the temperature of films deposited 

on SC and tape architectures, when irradiated with 40 mJ cm-2 at 400ºC substrate temperature. 

 

Figure 2. Pyrolyzed CZO films deposited on YSZ SC, irradiated with 80 mJ cm-2 at room 

temperature. (a) AFM images of samples obtained with different number of pulses per site, and 

(b) their respective XRD diffractograms and analysis of the normalized area of (002) CZO peak 

compared to the one of sample obtained by conventional furnace annealing (900ºC, oxygen 

atmosphere, and 8 h treatments). 

 

Figure 3. CZO obtained by irradiation of pyrolyzed films on YSZ SC with 40 mJ cm-2 laser 

fluence, and heated to 400ºC during processing. (a) AFM images of the samples obtained with 

different number of accumulated pulses per zone. Inset: image of a typical sample crystallized by 

conventional furnace annealing (900ºC, 8 h). (b) XRD diffractograms of the samples irradiated 

with different number of accumulated pulses, as well as a pyrolyzed film heated at 400ºC during 

1 h. (c) (002) CZO peak normalized areas of the laser and furnace (30 min, 4 h and 8 h) obtained 

films and (d) their corresponding temporal derivative. 
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Figure 4. (a) Epitaxial fraction of samples obtained by laser treatment. Inset: Typical 2D-XRD 

image centered at (022) Bragg reflections of CZO for the quantification of the randomly oriented 

crystals’ fraction. (b) Temporal derivative evolution of epitaxial fraction as a function of 

effective heating time. 

 

Figure 5. HRTEM images and power spectra of samples obtained by irradiation of CZO 

pyrolyzed films deposited on YSZ SC with 40 mJ cm-2 laser fluence, 400ºC substrate 

temperature and (a, b, c) 1000, and (d, e, f) 20000 accumulated pulses per zone. (b) and (e) are 

filtered images (IFFTs) to highlight the presence of the CZO epitaxial fraction. 

 

Figure 6.  (a) Diffusion coefficient and (b) diffusion length evolution with time for laser (40 mJ 

cm-2 laser fluence, 400ºC substrate temperature, in SC and Tape configurations) and furnace 

(900ºC) treatments. 

 

Figure 7. Samples obtained by laser irradiation of CZO films deposited on YSZ/SS tape with 40 

mJ cm-2 laser fluence and 400ºC substrate temperature, in addition to just pyrolyzed film. (a) 

AFM images, and (b) XRD diffractograms in addition to related (002) CZO peak normalized 

area plot (including the values of films grown on YSZ SC in the same experimental conditions 

for comparison). 
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Figure 8. HRTEM images and corresponding power spectra of the sample grown on tape by 

irradiating with 40 mJ cm-2, at 400ºC substrate’s temperature, and accumulating 20000 pulses per 

zone. Areas with different degree of crystallization are shown in (a), and a more general view of 

the morphology of the layer can be seen in (b) and (c). The inset in (c) shows a cerium oxidation 

state map obtained by EELS. 
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Synopsis 

A fast and versatile method for obtaining Zr-doped ceria epitaxial thin films on YSZ single 

crystal and bendable YSZ / stainless steel technological substrates is proposed through the laser 

irradiation of solution derived precursor coatings. The specific laser-induced mechanisms taking 

place in the irradiated material lead to crystallization rates several orders of magnitude faster 

than that of conventional thermal treatments. 
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