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Laser irradiation of randomly oriented multi-walled carbon nanotube (MWCNT) networks has

been carried out using a pulsed Nd:YAG UV laser in nitrogen gas environment. The evolution of

the MWCNT morphology and structure as a function of laser fluence and number of accumulated

laser pulses has been studied using electron microscopies and Raman spectroscopy. The observed

changes are discussed and correlated with thermal simulations. The obtained results indicate that

laser irradiation induces very fast, high temperature thermal cycles in MWCNTs which produce

the formation of different nanocarbon forms, such as nanodiamonds. Premelting processes have

been observed in localized sites by irradiation at low number of laser pulses and low fluence

values. The accumulation of laser pulses and the increase in the fluence cause the full melting

and amorphization of MWCNTs. The observed structural changes differ from that of

conventional high temperature annealing treatments of MWCNTs. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864776]

I. INTRODUCTION

The advances in synthesis techniques have allowed the

integration of carbon nanotubes (CNT) in many industrial

applications as energy, electronics, biomedicine, or environ-

mental areas.1 In such one-dimensional systems, defects play

a major role and can even dominate the physical and chemi-

cal properties of CNTs. For instance, the response of chemi-

cal sensors composed of CNT networks is mainly determined

by the chemical reactivity of their defects and tube-tube junc-

tions.2,3 Structural and chemical modification and defect crea-

tion in CNTs for the enhancement of their functional

properties can be accomplished after their synthesis. A main

route towards the structural transformation of CNTs goes via

high thermal annealing processes.4 However, these processes

are energy and time consuming, and they are not compatible

with the use of polymeric substrates which decompose at rel-

atively low temperature.

On the other hand, laser processing of materials can be

compatible with the use of polymeric substrates since it is a

surface process. It is known that laser radiation can induce a

wealth of physical and chemical mechanisms, usually far

from the thermodynamic equilibrium, in materials provoking

phase transitions not achievable with conventional methods.5

Due to the rapid and versatile nature of laser techniques,

they have been used for the development of micropatterns in

CNT films,6 deposition of CNT-based electrode coatings,7

and laser purification and cutting of CNTs by irradiation in

oxidative environments.8–10 Most reports about laser modifi-

cation of CNTs employ IR and visible radiation. However,

UV radiation, which is more likely absorbed by CNTs, may

more efficiently provoke structural transformations to the

nanotubes. To our best knowledge, just a few reports have

focused on UV irradiation of CNTs, which were performed

in Ar atmosphere and in air.11,12 Experiments in nitrogen

environment have not been reported yet. Nitrogen is an inert

gas which might act as nitriding agent under certain condi-

tions. Recently, UV radiation has been also used for the

processing and immobilization of CNTs onto solid substrates

by means of Matrix Assisted Pulsed Laser Evaporation

(MAPLE) method in vacuum.13,14

In this work, we study the structural modification of

multi-walled carbon nanotubes (MWCNT) induced by ns-

UV laser irradiation in an inert N2 gas atmosphere. We dem-

onstrate that the observed processes are different from those

taking place during conventional thermal annealing. Thermal

simulations show that laser pulses induce very short and

intense thermal cycles in the CNTs during the laser irradia-

tion that could account for the observed changes in the struc-

ture of the CNTs.

II. EXPERIMENTAL

A. Deposition of MWCNT films

Multi-walled carbon nanotube samples were supplied by

Thomas Swan & Co. Ltd as a dry powder. The impurities

present in the samples include amorphous carbon, graphitic

particles (carbonaceous crystalline materials with few gra-

phitic layers), and some metal particles. The metal particles,

from the catalyst used for the MWCNT synthesis, are cov-

ered by graphitic shells which inhibit their dissolution during

a simple acid wash. Therefore, the as-received MWCNT ma-

terial was steam purified before a HCl wash, following a
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previously reported protocol.15 Briefly, MWCNTs were

ground with an agate mortar and pestle, and placed into a

silica tube (about 40 mm diameter) which was then intro-

duced into the alumina tube of the furnace. Steam was intro-

duced by bubbling argon (150 ml min�1) through a flask

containing hot water (98 �C). The whole system was initially

purged with argon for 2 h to ensure the complete removal of

oxygen, before heating the furnace to 900 �C during 1.5 h to

allow the purification of the material. This treatment is

known to remove the amorphous carbon present in the sam-

ple and the graphitic shells that are covering the metal par-

ticles. The solid powder was collected and treated with HCl

to remove the now exposed metal nanoparticles.16 The puri-

fied MWCNTs were collected by filtration through a 0.2 lm

polycarbonate membrane and thoroughly washed with water

until neutral pH.

A dispersion of MWCNTs (0.1 wt. %) in chloroform

was prepared17 by bath sonication for 40 min. To remove

any agglomerates that could be present in the dispersion, the

solution was filtered through glass fibre. Afterwards,

MWCNT layers were prepared by drop drying, depositing

200 ll of dispersion onto a silicon substrate. During the dep-

osition process, the substrate was heated to aid the evapora-

tion of the solvent.

B. Laser irradiation of MWCNT films

Laser processing of MWCNT layers was carried out

using a Q-switched Nd:YAG laser system (model Brilliant

from Quantel). The experiments were performed at 266 nm

wavelength by joining 2x and 4x harmonic oscillators to the

primary system. The pulse duration was about 3 ns

(FWHM), with Gaussian-like temporal evolution, and the

pulse repetition rate was set to 10 Hz. The laser beam spatial

distribution was transformed from nearly Gaussian to homo-

geneous squared shape by means of a Galilean telescope and

a squared mask. Next, the laser beam was focussed by means

of a CaF2 lens onto the samples, located inside a vacuum

chamber, being the irradiated area 1� 1 mm2. Larger

1� 1 cm2 surfaces were processed by irradiating adjacent

sites with a separation distance of 1 mm. The subsequent

processing was carried out in N2 gas environment at

2� 104 Pa pressure. The experiments were performed inside

a stainless steel chamber, evacuated to a residual pressure of

10�4 Pa. The laser fluence (total energy of the pulse divided

by the beam area on the sample surface) was set to values in

the range of 40–100 mJ cm�2 and the number of subsequent

laser pulses between 10 and 500.

The morphology of the laser processed samples was char-

acterized by field emission scanning electron microscopy

(FESEM) by means of a QUANTA-FEI 200 system. The

study of the structure of the irradiated MWCNTs at the nano-

scale was investigated by high resolution transmission elec-

tron microscopy (HRTEM) with a FEI Tecnai G2 F20

HRTEM operated at 200 kV. The TEM specimens were pre-

pared by gently scratching the sample’s surface to release the

carbon nanotubes. Afterwards, the material was dispersed in

EtOH, sonicated, and placed dropwise onto a holey carbon

copper support grid for HRTEM observation. Raman

spectroscopy analyses were performed by means of a

LabRAM 800 system from Horiba Jobin Yvon. The laser

wavelength and power for the measurements were, respec-

tively, chosen to 532 nm and 0.7 mW. The laser spot size onto

the samples surface was about 1–2 lm2. Chemical mapping

of the samples was performed with a confocal Raman micro-

scope alpha300R from WITec, using a 532 nm laser wave-

length. 75� 75 spectra were acquired in squared 10� 10 lm2

surface regions, integrating 100 ms per spectrum.

III. RESULTS

A. Morphology of the films

The morphology of the films prior and after laser irradia-

tion was investigated by SEM (Figure 1). The deposited

MWCNT films show a porous and rough morphology, with a

thickness that varies from few up to tens of lm across the

FIG. 1. SEM images of (a) non-irradiated MWCNTs, and MWCNTs irradi-

ated with 40 mJ cm�2 and (b) 10, (c) 100, and (d) 500 pulses; samples irradi-

ated with (e) 60 mJ cm�2 and 500 pulses, (f) 80 mJ cm�2 and 500 pulses,

and 100 mJ cm�2 with an accumulation of (g) 10 and (h) 100 pulses. Arrows

in (c) and (d) indicate nano-sized droplets. Arrow in (h) points to a partially

molten MWCNT “island” surrounded by molten-like film.
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surface. The films are composed of a randomly oriented net-

work of carbon nanotubes, about 10–30 nm in diameter and a

large fraction are about 1 lm in length (Figure 1(a)). The as-

deposited nanotubes present a smooth outer surface and ex-

hibit both straight and bent shapes. The observed void space

between CNTs can be considerable, up to hundreds of nm,

and varies along the film. The overlapping degree between

CNTs also changes alongside the nanotube tangled-film,

though it is small (up to tens of nm). A scarce number of bun-

dles composed of parallel nanotubes can be observed. The

CNTs irradiated with the lowest fluence and shortest time (10

pulses and 40 mJ cm�2) show the same aspect as the

non-irradiated ones (Figure 1(b)). However, when the number

of pulses is increased to 100 and 500, the formation of protu-

berances, about few nm in size, becomes evident at the CNT

surface (Figures 1(c) and 1(d)). The number and size of the

protuberances increases with the number of accumulated

pulses. In addition, in some areas, the CNTs start to present a

molten aspect and the formation of tens of nm quasi-spherical

droplets (shown by arrows in Figures 1(c) and 1(d)). Laser

irradiation with a higher laser fluence of 60 mJ cm�2 pro-

duces a similar effect in the material but the process becomes

more noticeable when compared with the samples obtained

with 40 mJ cm�2 with the same number of pulses. Moreover,

the samples irradiated with 500 pulses show areas in which

the nanotubes present a completely molten aspect (Figure

1(e)). The contour of the nanotubes also shows droplet-like

structures about tens of nm in size. Though the CNTs still

present their long shape, their diameter slightly increases, up

to about 50 nm in some places, and the CNTs appear welded

between them. This effect is even greater in the samples irra-

diated with 80 mJ cm�2 and, after 500 accumulated pulses,

hundreds of lm sized areas appear as a continuous and rough

meander-like film probably composed of molten and

re-solidified material (Figure 1(f)). Finally, the MWCNTs

irradiated with 100 mJ cm�2 show a molten appearance even

after just 10 pulses (Figure 1(g)). An increase in the accumu-

lated number of pulses leads to the formation of a large-size

continuous molten-like film, though some micrometric

“islands” composed of partially molten nanotubes are also

visible (shown by an arrow in Figure 1(h)). We note that no

signs of extensive vaporization of the MWCNTs were identi-

fied in any of the irradiated samples since neither craters nor

CNTs’ fragments were observed in the irradiated films.

Therefore, as a general rule, the effect of the laser radiation in

the MWCNTs augments with the increase in the laser fluence

and the accumulated number of pulses.

B. Structural analyses

Raman spectroscopy measurements of the as-prepared as

well as the films irradiated with 100 mJ cm�2 laser fluence

are depicted in Figure 2(a). The spectra of the “island”

regions consisting of partially molten MWCNTs show domi-

nating bands centered at around 1350 cm�1 (D) and

1590 cm�1 (G), in addition to second-order bands centered at

about 2690 (G0) and 2940 cm�1 (DþG).18 The contribution

of less intense and broader bands is also observed at about

1100 cm�1, 2450 cm�1, and 3240 cm�1 (2 G). Conversely,

regions coated with continuous molten-like material show

very weak CNT bands, being practically D and G the only

visible spectral features. Two additional more intense bands

associated with the silicon substrate appear at about 520 and

960 cm�1.

The main interest of the Raman analysis is the evolution

of the D and G bands of MWCNTs since D band is related to

structural defects/disorder. Moreover, the D-to-G intensity

ratio (D/G) is usually used as a figure of merit of the defect

content of the CNTs.4 A careful inspection of the spectral

range corresponding to the D and G bands reveals additional

features, such as asymmetries and shoulders in the G band.

According to Maldonado et al.,19 this region was fit using

five Gaussian bands: I (�1190 cm�1), D (�1350 cm�1), D00

(�1480 cm�1), G (�1590 cm�1), and D0 (�1620 cm�1)

(Figure 2(b)). The presence of I band was previously associ-

ated with the appearance of disordered graphitic carbons and

with the incorporation of nitrogen to CNT structure.20 The

existence of D0 and D00 features could be induced by irregular

d002 spacing and stacking defects of the concentric graphene

layers which form MWCNTs.19 As it can be observed in

Figures 2(a) and 2(b), the intensity of the D band is higher

than that of the G band in the non-irradiated CNTs.

However, as a general behaviour, the accumulation of laser

pulses provokes the decrease in the D band intensity which

tends to match the G band. In particular, the reduction of the

D/G ratio is remarkable when accumulating laser pulses with

100 mJ cm�2. Below 80 mJ cm�2, the D/G ratio is practi-

cally constant with fluence after the application of just 10

laser pulses, but it decreases upon irradiation at this laser flu-

ence. Taking into account that at 80 mJ cm�2 laser fluence,

melting of the CNTs begins to be substantial as revealed by

SEM inspections, the decrease in D/G ratio seems to be

related to the laser-induced melting of the CNTs. The

obtained D0/G intensity quotient of the studied MWCNTs

shows a behaviour with the laser fluence and number of

accumulated pulses qualitatively analogous to that of D/G

(Figures 2(c) and 2(d)). However, no clear evolution of D00/G
quotient is observed for D00 bands which appear to be less

intense and wider than the corresponding D0 bands. I/G ratio

seems to slightly decay with the laser fluence and number of

accumulated pulses. However, the large experimental error

associated with the weak and wide I band induces a high

uncertainty in these measurements.

Raman maps were also acquired in several lm2 regions

of the obtained samples revealing structural differences in

the micrometric spatial range. Figure 3 shows the Raman

map obtained in a partially molten MWCNT island sur-

rounded by continuous molten-like film in the sample irradi-

ated with 100 mJ cm�2 and 500 laser pulses. As a general

feature, the spectra display low intensities which are even

weaker in the molten film part than inside the island.

Furthermore, the position of the G band appreciably shifts to

higher wavenumbers and a slight increase in the D�to-G

band intensity ratio is also observed from the inner part of

the island to the outer region, where the CNTs are com-

pletely molten and resolidified.

The structure of the MWCNTs was next studied through

HRTEM. Non-irradiated nanotubes show concentric shells

093501-3 P�erez del Pino et al. J. Appl. Phys. 115, 093501 (2014)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  161.111.180.191 On: Tue, 26 Apr

2016 09:55:28



(Figure 4(a)) with the expected 0.34 nm spacing between

them. Most of the CNTs are straight or somewhat curved

from tens to hundreds of nm distance, and some of them

appear twisted. Most of the nanotubes exhibit a low degree of

defects. However, distorted or incomplete graphitic shells,

irregular spacing, and slip planes can be observed in some

locations. Most of the nanotubes are open-ended, as a conse-

quence of the steam treatment employed for their purification,

and large areas of amorphous material are not observed

attached to or into the nanotube structure. Nevertheless, the

investigations revealed notable modifications of the MWCNT

shell structure as a consequence of the laser irradiation

(Figures 4(b), 5, and 6). Many of the observed CNTs show

bulges, up to few tens of nm in size, at specific locations

(Figure 4(b)). These protrusions can be recognized as the

grains and droplets observed by SEM in the MWCNTs irradi-

ated with low laser fluences and high number of accumulated

pulses (Figures 1(c) and 1(d)). High resolution observation of

the protuberances mainly shows two different types of

formation: bulges with irregular shape and amorphous nature

(Figure 4(b)), and more compact grains composed of nm-

sized zones with well-defined atomic planes (Figure 5).

Selective fast Fourier transform (FFT) of the crystalline zones

reveals lattice parameters of about 0.18, 0.20, and 0.25 nm

which can be assigned to h200i, h111i, and h110i crystallo-

graphic orientations of cubic diamond.21 Crystals with lattice

parameters of around 0.22 and 0.27 nm, which could be

attributed to distorted diamond, were also observed. Most of

the diamond crystals were observed in the outer regions of

the CNTs and the neighbouring material of the crystalline

regions typically presents an amorphous aspect. The shells of

this type of nanotubes appear full of defects which delimit

them to nm-long fragments. The layers’ fragments also show

a noticeable disordered nature. On the other hand, CNTs with

highly corrugated shell structure were also distinguished

(Figures 6(a) and 6(b)). This type of nanotubes exhibits shell

undulations in the range of 5 to tens of nm which, in some

cases, only appear in one side of the CNTs. In addition, the

FIG. 2. (a) Typical Raman spectra obtained in samples irradiated with 100 mJ cm�2. (b) D/G ratio as a function of laser fluence after the accumulation of 10

pulses (�) and as a function of accumulated number of pulses in sample irradiated with 100 mJ cm�2 (•). Inset: example of fitting curves in MWCNT spec-

trum. (c) D0/G and D00/G ratios as a function of laser fluence after 10 pulses. Inset: I/G ratio as a function of laser fluence after 10 pulses (�) and as a function

of accumulated number of pulses in samples irradiated with 100 mJ cm�2 (•). (d) D0/G and D00/G ratios as a function of accumulated number of pulses in sam-

ples irradiated with 100 mJ cm�2.
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shells reveal discontinuities, distortions, and irregular spacing

in a number of locations. Despite the high curvature of the

shells, their layered structure is preserved along tens of nm.

Besides, the inner hollow cavity of the CNTs shows nested

walls at several locations which segment the nanotubes in

bamboo-like fashion (Figure 6(b)). Amorphization of the

ends of the MWCNTs modified by laser radiation is also visi-

ble (not shown). Finally, material with amorphous structure

was also detected (Figure 6(c)). The material usually appears

as tens of nm broad lengthened fragments wider than initial

MWCNTs, many times attached to round amorphous par-

ticles, forming a sort of mesh between them. Detailed inspec-

tion of this material reveals, in addition to completely

amorphous zones, the presence of nm-sized regions with few

graphitic layers (about 0.33 nm plane spacing) as well as

locations in which disordered short-range features are

observed. The FFT of some of these disordered nm-sized

areas shows blurred geometrical features pointing to a kind of

FIG. 3. (a) Colour coded Raman map of the sample irradiated with

100 mJ cm�2 and 500 pulses, and (b) typical Raman spectra measured at

different positions in which colours correspond to image (a).

FIG. 4. TEM images of MWCNTs (a) as-deposited and (b) irradiated with

laser showing protuberances.

FIG. 5. HRTEM images of irradiated MWCNTs showing the formation of

diamond nanocrystals and their corresponding FFTs.
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ordering between atoms (FFT in Figure 6(c)). Due to the mor-

phologic similarities observed by SEM investigations, we can

infer that this material is the result of the melting and recrys-

tallization process of the irradiated nanotubes’ network

(Figures 1(e) and 1(g)). It is worth mentioning that electron

energy loss and energy dispersive X-ray spectroscopy analy-

ses did not reveal any detectable amount of nitrogen inserted

into the CNT structure.

C. Thermal simulations

The temperature evolution of the carbon nanotubes dur-

ing laser irradiation was simulated considering pure thermal

mechanisms since the used photon energy (4.7 eV) is quite

lower than the C@C dissociation bond energy (6.4 eV).22

The calculation was carried out by solving a 2D transient

heat conduction model by means of partial differential equa-

tions using COMSOL Multiphysics 4.3 a software. In order

to get a general understanding of the irradiation effects in the

MWCNT films, various simple geometries were considered

for the simulation: (i) continuous films of 1 to 10 lm thick-

ness, and (ii) isolated MWCNTs, 1 lm length and 15 nm in

diameter. Since the nanotubes are randomly oriented, two

idealized configurations, vertical and horizontal, are taken

into account in the model. Isolated nanotubes have been

studied in both of these configurations: (1) vertical (CNT V)

and (2) horizontal (CNT H). In the second case, the horizon-

tal nanotube is sustained by vertical nanotubes at each of its

extremes (CNT H) (Figure 7(a)). Up to three horizontal

MWCNTs connected vertically (3 CNT V) or horizontally (3

CNT H) were simulated. All these structures were consid-

ered to be isotropic and placed on a semi-infinite silicon sub-

strate. The carbon nanotubes were considered solid, without

internal shell structure, so its influence in thermal conductiv-

ity was not taken into account. Considering a Gaussian-like

temporal evolution of the laser pulse, the heat conduction

equation solved in all the modelled components is the

following:

qCp
@T

@t
�r kthrTð Þ ¼ F

s
e�4Lnð2Þ t�s

sð Þ2 1� Rð Þae�az; (1)

where T is the temperature, t is the time, F is the incident

laser fluence, s is the laser pulse duration, q is the material

density, Cp is the specific heat capacity, kth is the thermal

conductivity, and R and a are, respectively, the reflectance

and the optical absorption coefficient of the corresponding

materials at k¼ 266 nm. The melting phase transition was

also considered in all materials by increasing the specific

heat for a temperature range of 1 K after the melting temper-

ature (Tm)

Cp;e Tð Þ ¼ Cp Tð Þ þ Lm

DT
� H T � Tmð Þ � H T � Tm � 1ð Þ�;
�

(2)

where Lm is the specific melting latent heat of the considered

material, DT¼ 1 K and H(T) is the Heaviside function.

Thermal leakages due to radiation and convection mecha-

nisms were overlooked. Several considerations need to be
FIG. 6. HRTEM images of (a) and (b) corrugated and (c) amorphous

MWCNTs.
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taken into account to perform the calculations. The consid-

ered optical and thermophysical parameters of the materials

composing the compact film and MWCNTs are detailed in

Table I. Many reported works model carbon nanotubes films

as continuous solid films. In order to get deeper understand-

ing of the thermal mechanisms involved during the laser irra-

diation, in this work, the solid film approximation is

compared with isolated CNT assessment which could exhibit

an important role in highly porous films as those obtained in

this work. The continuous solid film of our simulation is con-

sidered to be porous so its effective mass density was chosen

to a typical value significantly lower than that of MWCNTs

themselves.23 The mass density of liquid carbon is similar to

that of MWCNTs.24 The thermal conductivity variation with

temperature in the film was considered similar to that of

MWCNT yarns,23 whereas the value measured at room tem-

perature in Ref. 25 was taken for isolated MWCNTs. The

rest of optical and thermophysical properties of the film and

isolated CNTs was considered to be the same. The specific

heat capacity and thermal conductivity in solid state for

MWCNTs were taken from Ref. 23. Their values after melt-

ing were considered to be those of highly ordered pyrolytic

graphite (HOPG).26 The melting temperature was chosen as

the one of perfect single-walled carbon nanotubes

(SWCNTs),27 though structural defects of real CNTs reduce

their melting temperature. The specific melting latent heat

value was taken as the one of graphite.28 Concerning the op-

tical properties, the reflectance in solid state was valued as

that of amorphous carbon films,29 whereas after melting was

considered similar to the one of HOPG.26 The optical

absorption at 266 nm was also estimated as that of HOPG.26

Light scattering effects were neglected. It has to be noticed

that touching nanotubes are coupled by van der Waals inter-

actions, which leads to an increase in the thermal resistance

in tube-to-tube contact regions. Therefore, the thermal trans-

port in MWCNT bundles is expected to be highly influenced

by these contact regions. This effect was also taken into

account in the model by considering 2 nm thick tube-to-tube

contact regions with reduced thermal conductivity, which

was assumed similar to the reported intrinsic value between

TABLE I. Thermal and optical parameters used in numerical calculations.

q (kg m�3) Cp (J kg K�1) kth (W mK�1) Tm (K) Lm (J kg�1) R (%) a (cm�1)

Film 250 (Solid) kth(T) (Solid)

1400 (Liquid) Cp (T) (Solid) 90 (Liquid) 10 (Solid) 81� 103 (Solid)

998 (Liquid) 4800 9800 73 (Liquid) 11� 104 (Liquid)

MWCNT 1350 (Solid) 3000 (Solid)

1400 (Liquid) 90 (Liquid)

FIG. 7. Simulated temperature distribution in (a) 1 lm thick film, and horizontal and vertical nanotubes distributions irradiated with a 100 mJ cm�2 laser pulse at

6 ns. The dashed line in the film image displays the film-substrate boundary. (b) Thermal evolution as a function of time in material irradiated with 100 mJ cm�2

and (c) maximum temperature reached in the material as a function of laser fluence.
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MWCNT shells (2 W mK�1).30,31 The thermophysical pa-

rameters of silicon substrate were taken from Ref. 32.

Thermal simulations reveal that the laser pulses induce

thermal cycles in the MWCNTs about tens to a hundred of

ns in duration and with heating-cooling rates which can

reach up to 1012 K/s (Figure 7(b)). The modelled continuous

solid films with different thickness show a very similar

behaviour. The thermal penetration depth is about 1 lm in

all the simulated films with thicknesses up to 10 lm. The

temperature evolution is rather similar being the developed

temperatures and thermal pulse duration slightly higher as

film thickness increases. The melting temperature is reached

in the films’ surface at about 40–60 mJ cm�2 laser fluence

(Figure 7(c)). Higher laser fluences lead to a slight increase

in the maximum developed temperature, near the melting

temperature. The time in which the material remains at, and

above, the melting temperature does not exceed 10 ns in any

case. Additional simulations, not shown, were performed

considering doubled mass density of the film. These studies

revealed very similar results, pointing to a not major influ-

ence of this parameter in the temperature fluctuation which

may be developed in a real CNT film due to network poros-

ity variations.

The simulated thermal evolution of individual

MWCNTs significantly depends on their spatial configura-

tion. Due to their high thermal conductivity, the temperature

variation along the CNTs is low and the highest thermal gra-

dients are present in the tube-to-tube contact regions, where

the thermal conductivity is considerably lower. As a general

behaviour, the maximum temperature of the considered

CNT-systems linearly increases with the laser fluence in the

studied range. The vertically-aligned CNTs (CNT V) do not

significantly contribute to the heating of the CNT structures

due to their tiny effective area for absorbing laser radiation.

The maximum developed temperature would be around

400 K when irradiated with 100 mJ cm�2 laser fluence

pulses. Conversely, the horizontal-aligned MWCNT (CNT

H), in transversal position respect to the incoming radiation,

presents a larger effective absorbing area and it considerably

heats up. The generated thermal energy would then flow

through the vertical nanotubes to the silicon substrate, which

is at room temperature. The maximum temperature reached

in this system, about 2400 K when irradiated with 100 mJ

cm�2 fluence, is achieved in the horizontal-aligned

MWCNT. Vertical arrangements of various CNT H systems

lead to the development of longer thermal pulses thus reach-

ing higher maximum temperatures on the top CNTs.

Particularly, a three cells arrangement (3 CNT V) leads to

the development of up to 4000 K in the top horizontal

MWCNT, whereas the ones located underneath reach hun-

dreds of K lower temperatures at each subsequent sublevel.

The effect of laser radiation is, however, greater in arrange-

ments of horizontal CNTs. As seen in the structure composed

of three horizontal nanotubes (3 CNT H), the developed tem-

perature in the system reveals a substantial increase with the

laser fluence, surpassing the melting point when the structure

is irradiated with fluences above 50 mJ cm�2. Temperatures

as high as 9500 K could be even reached in this ideal system

with laser fluences of 100 mJ cm�2. In summary, the thermal

simulations point out that higher temperatures will be devel-

oped in the material by increasing the horizontal overlapping

of nanotubes and film thickness. The MWCNTs can reach

thousands of Kelvins in the nanosecond time scale and even

their melting point can be achieved irradiating them with

high enough laser fluence, in concordance with the SEM and

TEM characterization. It is worth noting that similar simula-

tions were performed considering MWCNTs with 30 nm

thickness and the obtained results were practically equal to

the ones described above.

IV. DISCUSSION

The photon energy of the laser radiation used in the

experiments is �4.7 eV. This UV radiation excites both r
and p-bonded electrons that constitute the MWCNT struc-

ture, probably in addition to p plasmons,33 leading to a sub-

stantial heating of the CNTs. Lambert-Beer law applied to

15 nm thick MWCNTs reveals that about 11% of the laser

radiation is absorbed by them. This fact in combination to

the high porosity of the as-prepared nanotube network would

lead to a deep radiation penetration into a considerable film

thickness, certainly much larger than the corresponding radi-

ation penetration depth in a compact film (�120 nm). On the

other hand, the simulations show that the evacuation of ther-

mal energy in CNTs strongly depends on their spatial orien-

tation and tube-tube overlapping configuration, being

radically different to that of continuous films (Figure 7). The

large influence of tube-tube overlapping regions in the ther-

mal behaviour of the CNT system further increases the diffi-

culty to model a real network of MWCNTs. Thus, compact

and continuous film-like simulations should not be applied in

highly porous CNT networks. They could be applicable,

with some limitations, to dense films of aligned CNTs.34

Previous reports show that high temperature conven-

tional bulk treatments performed in Ar and N2 atmospheres

lead to graphitization of CNTs,4,35,36 though above a temper-

ature threshold the creation of structural defects is also

observed.37 As a consequence, the disorder-induced Raman

band’s intensity decreases leading to a reduction of D/G and

D0/G ratios. Figure 2 shows that in the case of laser irradia-

tion of MWCNTs, beyond a laser fluence threshold value the

D/G and D0/G ratios clearly decrease with the laser fluence

and the number of accumulated pulses. Nevertheless, the

mechanisms responsible of this behaviour are radically dif-

ferent to those of conventional annealing methods since elec-

tron microscopy characterizations undoubtedly show the

formation of a higher number of defects and even the melt-

ing of the CNTs (Figures 1, 4–6). It should be noticed that

visible Raman spectroscopy is much more sensitive to sp2

than sp3 sites since visible photons (as used in our analyses)

preferentially excite p states. Thus, the obtained Raman

spectra would mainly depend on the ordering of sp2 sites. On

the other hand, the observed G mode, characteristic of graph-

ite, involves the in-plane bond-stretching motion of sp2 car-

bon atoms. Thus, all sp2 sites contribute to this mode and not

only those of sixfold rings.38 Furthermore, D peak is related

to A1g symmetry breathing mode and arises from the pres-

ence of defects in aromatic rings. Therefore, the observed
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reduction of D/G and D0/G ratios with the laser fluence and

the number of accumulated pulses could be ascribed to a

higher yield of decomposition of carbon aromatic rings, as

compared with sp2 atoms which could be present in form of

chains or disordered clusters. The observation of consider-

able melting of MWCNTs in the experimental conditions in

which D/G and D0/G ratios significantly decrease also sup-

ports this explanation.

Electron microscopy investigations clearly show that

laser irradiation with low laser fluences provokes the forma-

tion of protuberances and quasi-spherical droplets at differ-

ent separated locations of the CNTs (Figures 1(c) and 1(d);

4(b)). Many of the bulges observed by HRTEM are com-

posed of amorphous material, opposite to the typical clusters

observed after IR continuous wave laser irradiation of

MWCNTs which show crystalline structure.39 Previous

works showed that crystalline defects can produce a local-

ized loss of atomic order in the material surrounding them at

temperatures below the bulk transition,40 leading to the so

called premelting process. In our case, the crystalline defects

contained in the pristine MWCNTs would probably act as

nucleation sites for the melting process at temperatures well

below the one for “bulk” CNTs.27 Moreover, simple CAC

bonds probably included in crystalline defects, with dissocia-

tion energy lower than the used photon energy, would pro-

mote local melting processes via photothermal and

photochemical mechanisms. For these reasons, the protuber-

ances mainly appear in CNTs irradiated with laser fluences

below 80 mJ cm�2 where an extensive melting process of

the “bulk” CNTs start to be detected even with low number

of accumulated pulses. The accumulation of laser pulses

would lead to the propagation of crystalline defects and the

concomitant melting and amorphization of larger extension

of the CNTs. Interestingly, the phase transition from liquid

carbon to tetrahedral amorphous carbon in high pressure and

supercooling conditions has been recently reported.41 As

observed in the thermal simulations, laser irradiations would

be able to provoke extremely high temperatures and cooling

rates (Figure 7(b)) compatible to supercooling processes for

the formation of amorphous carbon phase. Furthermore, tak-

ing into account the observed formation of nanodiamonds

(Figure 5) along with the absence of vaporization processes

in the molten regions, the development of not only high tem-

peratures but also very high pressures inside the CNTs is

expected during the heating process.42 Previous investiga-

tions revealed that carbon nanotubes can transform to dia-

mond under different processing conditions, such as

chemical vapour deposition (by nanotube coating),43 shock

wave,44 direct transformation under high pressures and high

temperatures,45 electron beam irradiation,46 and laser proc-

essing by means of continuous wave IR radiation.47 In the

last two methods, the mechanism of transformation from car-

bon nanotubes to diamond was proposed to go through the

formation of an intermediate form of carbon onions. The

nucleation and growth of diamond crystals in the centre of

the spherical carbon onions was identified to be critical.

However, in our work performed with fast pulsed UV laser

radiation, no carbon onions have been identified and the dia-

mond nanocrystals, frequently immersed in amorphous

matrix, seem to nucleate from molten carbon. It is also im-

portant to mention that high-pressure metastable phases,

such as diamond, can be obtained at lower pressure when the

material size reduces to the nanometer scale.48 Essentially,

phase-transition mechanisms of nanocarbon strongly depend

on carbon size, and diamond nanoclusters below a critical

dimension can reveal higher stability than nanographite at

ambient conditions.49,50

On the other hand, extensive melting of MWCNTs pro-

duces the sintering between them. As a result, the accumula-

tion of a high enough number of laser pulses leads to the

formation of a continuous solid film by means of melting-

resolidification cycles (Figure 1(f)). The certainly low inten-

sity of the Raman bands recorded in the continuous film

accounts for its highly amorphous nature. Moreover, the

slightly higher D/G ratio as well as shift to higher wavenum-

bers of G mode observed when comparing the Raman spec-

tra inside and outside a MWCNT island surrounded by the

continuous film (Figure 3) could be attributed to the contri-

bution of relatively large regions with graphite structure

inside the CNTs and graphite-like nanoclusters immersed in

the amorphous matrix in the compact film.38 Numerical cal-

culations also suggest that continuous and compact films

could experience less extreme thermal cycles (Figures 7(b)

and 7(c)) than isolated CNT structures. Thus, lower

temperature-pressure and supercooling conditions would be

achieved leading to the nucleation of nanocrystalline graph-

ite rather than diamond.49,50

MWCNTs have a negative coefficient of thermal expan-

sion along their main axis51 and, therefore, tend to shrink

along their principal axis when heated. In addition, the ther-

mal conductivity of nanocarbon can highly vary depending

on the allotrope form52 leading to the development of

extremely high thermal gradients in reduced regions with dif-

ferent structure inside the CNTs. Moreover, thermal expan-

sion mechanism can be significantly altered with the presence

of intrinsic defect sites which would induce localized thermal

mismatch. Therefore, the rapid thermal cycling provoked by

pulsed laser irradiation below the melting threshold could

produce the corrugation of pristine MWCNTs due to exces-

sive accumulated stress confined in tens of nm regions

(Figures 6(a) and 6(b)). Indeed, the high pressure values

developed in the MWCNTs due to all these mechanisms

could be the main responsible for the melting of the CNTs

without extensive vaporization and the formation of high-

pressure phases, such as diamond. Previous works also point

out to different structural defects formed by UV laser irradia-

tion in vacuum, such as amorphization, of the outer MWCNT

shells and the formation of nanometer sized fragments in the

inner hollow cavity of CNTs, probably caused by the migra-

tion of carbon atoms inside the nanotubes.14,53 The UV laser

irradiation of double-walled CNTs in Ar ambient led to the

formation of multi-walled carbon nanofibers, hollow, and

solid onion-like nanoparticles.11 Finally, reported UV laser

irradiation of CNTs in air12 reveals the oxidation of the nano-

tubes’ structure which transforms to cauliflower-like form.

These facts certainly account for the great importance of the

environment during the irradiation process since it is a deter-

minant factor for the chemical reaction pathway.
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V. SUMMARY

Laser irradiation of multi-walled carbon nanotubes

network-films deposited on Si substrates has been performed

using nanosecond laser pulses with 266 nm wavelength. The

treatments are carried out in nitrogen gas environment in

order to avoid oxidation reactions. Numerical simulations

indicate that the laser radiation can provoke thermal cycles

with durations in the range of tens of ns. Depending on the

mesh configuration, the CNTs can reach up to thousands of

Kelvins, even surpassing their melting point. The evolution

of the MWCNT morphology, structure, and composition

with the accumulation of laser pulses shows that UV laser

irradiation produces the formation of different nanocarbon

forms. At low laser fluences the structural change begins at

defects sites, leading to their premelting and formation of

amorphous and even nanodiamond forms after cooling. In

particular, the formation of diamond nanocrystals without

the creation of intermediate carbon onions points to the de-

velopment of very high temperature and pressure inside

nanosized regions of the CNTs. The increase in the laser flu-

ence and accumulation of pulses leads to the total melting

and amorphization of the MWCNTs. The structure variation

observed in MWCNTs differs from that of conventional high

temperature annealing treatments. Thus, this work demon-

strates that UV laser irradiation is an interesting technique

that allows a fast and versatile modification of MWCNT

sheets with tailored properties.
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