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Abstract

Carbon nanocomposites deposition under toluene irradiation through transparent glass by nanosecond infrared laser radia-
tion at ambient conditions was experimentally investigated. The dependence of deposited coatings thickness on the laser
pulse duration and absorbed energy amount is revealed. The atomic force microscope, scanning electron microscope and
modulation interference microscope are employed to definition deposited films morphology. The average nanocomposites
thickness on a glass substrate increases with the number of laser pulses. Raman spectroscopy was used to determine allotrop-
ic modification of synthesized nanocomposites. Raman spectra analysis confirms the presence of significant amount sp3

fraction and some sp2 fraction.
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Introduction

Solid amorphous carbon coatings have been the focus of attention over the past decades. Such nanocomposites can serve as ideal
wear-resistant coatings due to their composition, high hardness and low coefficient of friction. Potential applications include me-
chanical engineering (hardening of various components operating in extreme conditions), medicine (development of biocompati-

ble coatings), microelectronics, and other fields [1-4].

The most common and investigated method of creating diamond-like (DLC) coatings today is pulsed laser deposition (PLD). Pow-
erful pulsed laser radiation focuses on a carbon-containing target in a vacuum chamber. The material evaporates from the target in
a plasma plume containing carbon atoms and ions. Evaporating material falls on a substrate (for example, a silicon wafer) located
at a certain distance from the target. An important characteristic of the deposited films is the presence of sp’ and sp” allotropic
modifications of carbon in it. The first bond type corresponds to the metastable diamond phase, and the second - to stable
graphite. Their ratio in deposited film may vary depending on the experimental parameters and external conditions [5]. This pro-
cess can occur both in ultrahigh vacuum and in the presence of a background gas [6,7]. With an increase in the film density, a tran-

sition is observed from amorphous carbon (a -C) to diamond-like carbon (DLC) and tetrahedral amorphous carbon (ta - C) [8].

Also known are works on the synthesis and modification of various allotropic states of carbon using laser radiation. In particular,
the authors [9] use the first harmonic of a picosecond Nd:YAG laser to reduction of graphite oxide (GO) to graphene. This
method allowed creating electrically and thermally conductive graphene domains in the insulating GO substrate. In [10] demons-
trated that laser-assisted SiC decomposition can result in a manifold of graphene structures depending on the irradiation condi-
tions. In particular, graphene formation, at nearly ambient conditions, can take place in various forms resulting in SiC particles
covered by few-layer epitaxially grown films, and particles with a progressively increasing thickness of the graphitized layer, reach-
ing eventually to free-standing 3D graphene froths at higher irradiation doses. Authors [11-13] demonstrated laser technology ap-
plication for carbon nanostructures generation, namely localized heating, multiphoton lithography, tip-enhanced optical near--
field effect, polarization, ablation, resonant excitation, precise energy delivery, and mask- free direct patterning. Rapid single-step
fabrication of graphene patterns was achieved using laser directing writing. Parallel integration of single-walled carbon nanotubes

was realized by making use of tip-enhanced optical near-field effect.

In previous works authors [11,14] carried out the deposition of diamond-like films from liquid aromatic carbons (benzene,
cumene, and toluene) using a copper vapor laser. In the range of laser radiation energy density from 0.5 to 1.5 J/cm’, the transpar-

ent substrate was ablated to a depth of the order of 0.1-0.2 pm with simultaneous deposition of the DLC.
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The fundamental difference is the use of another source of laser radiation. Using in this work the ytterbium laser it’s supposed to
avoid the glass substrate itself etching due to different absorption in comparison with a copper vapor laser. In other words, when
operating in the infrared wavelength range, the risk of etching of the substrate itself is significantly reduced due to the lower ab-
sorption by the nanocomposite at these wavelengths. A pulsed laser radiation source is used, in which the pulse energy is an order
of magnitude higher than that of CW (continuous wave) lasers. Thus the intensity of laser breakdowns and the local temperature
gradient at the liquid-substrate interface increase. The intensity profile of the laser beam in the case of a copper vapor laser is “flat--
top”, while the laser profile used in the present work has a beam profile close to Gaussian. In addition, in this work the number of

emitted laser pulses is controlled, and it is also possible to control the movement of laser beam by a galvanic-optical mirror system.

Moreover, authors of the previous work did not observe optical breakdowns on amorphous carbon particles. This is probably due
to laser beam high brightness (510.6 nm), especially in the region of deposition.This work is devoted to experimental study of the
morphology and allotropic composition of carbon nanocomposites deposited on a glass substrate under laser irradiation of an aro-

matic hydrocarbon (toluene).

Experimental Setup

The deposition of carbon from toluene on the surface of a glass slide occurred under the influence of high-intensity laser radiation.
Toluene was decomposed by a pulsed ytterbium fiber laser operating in the wavelength range of 1060-1070 nm with a frequency
of 20 kHz, pulse duration of 100 ns and fluence of the order of 6-7 J/cm”. The interface irradiating process between glass and
toluene is accompanied by intense formation of gas bubbles. Their size increases to 100-200 microns at a distance of about 1-2 mm
from the glass surface. To ensure the removal of gas bubbles arising during the toluene decomposition, laser radiation was intro-
duced into a cell from below. Thus, the bubbles left the working area, not interfering with the absorption and formation of the car-

bon nanocomposites. The experimental setup is shown in Figure 1.
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Figure 1: Experimental setup on laser-assisted deposition of carbon nanocomposites from liquid toluene.

The radiation was focused by the F-Theta lens, and the beam was moved by a galvanic-optical mirror system. The search for the
optimal parameters of laser radiation showed that the most stable and repetitive result is achieved at an energy of about 0.5 m]J per

pulse. Exceeding this threshold energy value destroys the glass surface and ends the coating deposition process.

To determine the rate of carbon nanocomposite formation, as well as its size depending on the absorbed energy, the beam moved
along a matrix of dots (diameter about 70 pum, distance between points 250 pum), in each of which a certain number of pulses were
absorbed. The following values were selected - 10, 100, 1000, 5000 and 10000 pulses per point. It was found that the extreme values
did not make a significant contribution, since at 10 pulses the amount of energy is clearly not enough to form a carbon film, and at

10,000 pulses the glass substrate itself is irreversibly damaged.
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The composition of the deposited nanocomposites and the initial carbon precipitated during toluene decomposition was studied
using Raman spectroscopy (U1000 spectrometer). For excitation, a CW argon laser with a wavelength of 457.9 nm was used. The
thickness and morphology of carbon films was determined using an Amphora MIM-321 (CW 405 nm) modulation interference
microscope and a Nanopics 2100 KLA-Tencor scanning atomic force microscope. A general view of diamond-like coatings on the
substrate surface was performed using a JEOL JSM-5910LV scanning electron microscope with primary beam acceleration at

20 keV and an incidence angle of 15°.

Results

After nanocomposites deposition the glass substrate was cleaned of amorphous carbon particles and toluene for subsequent opti-
cal studies. Cleaning was carried out mechanically and in an ultrasonic bath with ethanol. Such processing did not affect nanocom-
posites stability and morphology which indicates a sufficiently high coating adhesion to the substrate surface. Initial estimation of
the deposited nanocomposite thickness as a function of laser pulses number was carried out using interference spectroscopy. Nano-
composites appearance and their profilograms are shown in Figure 2. The profile was recorded at the composite-substrate (glass)

interface.
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Figure 2: Images and profilograms of carbon nanocomposites deposited at various numbers of laser pulses: 100 pulses/point (A), 1000 puls-

es/point (B) and 5000 pulses/point (C)

Comparing Figure 2A and Figure 2C one can see that increasing pulses number leads to the change on the deposited coating thick-
ness. The nanocomposite thickness at a small number of pulses (100 pulses/point) is about 150-160 nm, while at 5000 pulses/point
it exceeds 200 nm. The Z-axis resolution is limited by the laser diode operating wavelength of the interference microscope itself
(405 nm). In addition, a more accurate assessment of the thickness of the deposited coatings performed using an atomic force mi-

croscope. The profiles of nanocomposites deposited at different values of absorbed energy are presented in Figure 3.
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Figure 3: AFM images of nanocomposites synthesized with a different pulse number: 100 pulses/point (A), 1000 pulses/point (B) and 5000

pulses/point (C)

Comparing AFM images the difference on deposited nanocomposites thickness is clearly visible. Already at 100 pulses per point,

the film thickness is about 160 nm. In this case, the deposition time is equal to beam standing time at the point and is 10 ps. An in-

crease in laser pulses number per point leads to change of the deposited coating thickness. For 5000 pulses per point it's already

about 330 nm and the deposition time is 50 ms.It is also clearly seen that etching of the substrate in the process of increasing the

thickness of the deposited coating is not observed. The carbon film is located on the glass surface and remains transparent to IR ra-

diation (Figure 3A and B). Figure 3C shows that the substrate at the boundary of the deposited coating began to break down. This

is probably due to the achievement of a critical film thickness at which the nanocomposite begins to absorb laser radiation and

heats up significantly. Such conclusions are supported by the analysis of images of deposited nanocomposites performed by using

a scanning electron microscope (Figure 4).

X708 ZBnm

Figure 4: SEM images of carbon nanocomposites: 100 pulses/point (A) and 5000 pulses/point (B).
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It is clearly seen that the carbon nanocomposite has a somewhat fragmented structure at a lower amount of absorbed energy (Fig-
ure 4A). Formation of separate regions at the beam periphery is observed in this case. Increasing the number of pulses leads to for-
mation of a fairly uniform configuration with a maximum in the central region. In addition, in some cases, the beginning process
of base destruction (Figure 4B) is noticeable. Apparently it is due to a local excess of the thickness and density of the nanocom-

posite. As a result of which more efficient absorption of the laser radiation by the coating itself occurs.

The composition of the deposited nanocomposites was studied using Raman spectroscopy. CW argon laser with a wavelength of
457.9 nm was used for excitation. The Raman spectra of carbon nanocomposites of various thicknesses are shown in Figure 5. It is
important to note that these spectra are the result of the difference between two signals: the coating itself and the substrate. Initial

spectrum of the glass base itself is shown for comparison.
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Figure 5: Raman images of nanocomposites synthesized with a different pulse number: 100 pulses/point (A), 1000 pulses/point (B) and 5000
pulses/point (C).

The Raman spectra of all three carbon nanocomposites are clearly dominated by two peaks: in the region of 1350 cm™ and 1600
cm’. According to [15,16] these peaks correspond to the sp3 and sp2 allotropic forms of carbon in the composite. Apparently, fluc-
tuations in the region of 1350 cm™ correspond to the diamond fraction (D) in the structure of the deposited coating and the line in
the region of 1600 cm™ corresponds to graphite (G). The signal in the region of 500 cm™ is also responsible for the sp’ vibrations of
carbon atoms which are characteristic of chemical bonds in amorphous carbon. Also, with an increase in the thickness of the de-
posited nanocomposites, an increase in the intensity of scattered radiation in the Raman spectra is observed. It should also be not-
ed that the presence of closely spaced sp’and sp’ modifications in carbon samples leads to the appearance of photoluminescence in
the visible region [17]. It can be seen that as the thickness of the deposited nanocomposites increases, the Raman spectra shift up-
ward, which may correspond to an increase in the thickness of the photoluminescent substrate. Such an effect is apparently related

to the graphitization of the samples, which is also evidenced by the broadening of the peak in the region of 1600 cm™".

We also compared the Raman spectra of the carbon nanocomposite and amorphous carbon formed during laser irradiation of
toluene. Such a comparison is necessary to make sure that the observed in Figure 5. allotropic modifications of carbon are not de-
composition products of toluene. As a sample of amorphous carbon we used the precipitate that remained in the cuvette at the end
of the deposition process and dried on a silicon plate. Comparison of Raman spectra of nanocomposite and amorphous carbon is

shown in Figure 6.
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Figure 6: Raman spectra of the nanocomposite (blue line) and amorphous carbon (red line) formed in the cell as a result of laser decomposi-

tion of toluene.

It can be seen that the Raman spectrum of amorphous carbon lacks peaks corresponding to the sp’ and sp allotropic modifica-
tions. A small peak is observed in the region of 1800 cm™', most likely related to the hydrocarbon functional group (CH) of
toluene, which evaporated during the preparation of the carbon deposit sample on the silicon plate. Thus, we can conclude that di-
amond and graphite, which form the nanocomposite, are formed exclusively on a glass substrate, and under strictly defined condi-
tions. The action of laser radiation on methylbenzene leads to formation of amorphous carbon particles, which further participate
in the process of nanocomposite deposition.Also Raman spectra of the synthesized nanocomposite and the spectrum of disordered
carbon presented in [18] were compared. The authors of this publication conclude that there are nanodiamonds in the samples.
However, synthesis method is fundamentally different from that presented in this work and consists in heating a mixture of car-
bon-containing gas, nitrogen and organic matter to 500°C at a pressure of 1000 bar. Comparison of the spectra is shown in Figure
7.
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Figure 7: Comparison of Raman spectra: nanocomposite (averaging over three samples, black line), fullerene and nanodiamonds [18].
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It is important to note that the samples were synthesized using completely different techniques, but their Raman spectra have a
number of common features. For example, one can see almost complete coincidence of the positions of the characteristic D and G
peaks both in the composition of the nanocomposite deposited from toluene and in nanodiamonds. In addition, the coincidence
of peaks in the region of 1560 cm-1 is observed when comparing the Raman spectra of fullerene and carbon nanocomposite. Ac-
cording to the literature data, this behavior may correspond to the presence of the sp2 allotropic modification of carbon (fullerene)

in the nanocomposite structure [19].

Discussion

At the initial stage laser radiation is absorbed by impurities contained in liquid toluene. As a result rare optical breakdowns of low
intensity are observed, near which the process of toluene decomposition begins. One of the decomposition products is amorphous
carbon particles, which consist of pure carbon with a small content of high-temperature hydrocarbons [20]. Further most of the
laser radiation is absorbed precisely on these particles, as a result of which they are significantly heated. Strong heating leads to the
formation of a vapor-gas shell around the amorphous carbon particles. Inside this shell in turn a high-intensity plasma is observed.
Formation mechanism of such optical breakdowns on individual particles, as well as some properties of such a plasma, are de-
scribed in [21,22]. Table 1 presents the values of thermal conductivity and thermal diffusivity of all materials involved in the synth-

esis of carbon nanocomposites.

Material Coefficient
Thermal conductivity (at 20°C), W/m*K Thermal diffusivity, m/s

Toluene 0,113 6,9*1076
Vapors of toluene 0,009 2,86*10
Diamond 1000-2600 ~2,5710
Graphite 280-2000 1,210

Amorphous carbon 3-8 2,1*10‘

Glass 1,15 3,4*10

Table 1: Values of heat and thermal diffusivity of materials

Thus a nonequilibrium process is observed in a thin layer of liquid at the glass-toluene interface. This process is accompanied by
the dissociation of toluene, the formation of a breakdown plasma, active gas formation, high temperature and pressure. The differ-
ence of almost three orders of magnitude between the thermal conductivity of glass and toluene vapor (1.15 and 0.009 W'm "K',
respectively) leads to the formation of a large temperature gradient at the interface. Consequently, when the gas-vapor shell collaps-
es, some strongly heated amorphous carbon particles fall on a conditionally cold glass substrate and instantly solidify (harden) on

it, forming a carbon nanocomposite.

It should be noted that a more detailed study of the morphology and concentration of amorphous carbon collected as a precipitate
after the deposition of the nanocomposite should be carried out separately. This could provide new information about optimizing
the process of synthesis of such coatings, help with the selection of parameters of the laser source and deposition modes (for exam-

ple, with additional cooling or mixing of the solution during irradiation).

In addition, as mentioned earlier, active gas formation was observed during the carbon nanocomposite deposition. Apparently,
this gas is hydrogen, which was formed during the toluene decomposition (C;H,CH,) under the action of laser radiation. A similar

process is described in [23].
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Another feature can be traced in the analysis of images obtained with a transmission electron microscope (Figure 4). The introduc-
tion presents [10], the authors of which synthesized various graphene structures on the surface of silicon carbide particles by laser
action with different radiation parameters. It is shown that an increase in the irradiation time leads to an increase in the thickness
of the graphite layer, which subsequently transforms into foam graphene. A comparison of the TEM image of the surface of the

synthesized carbon nanocomposite with the SEM image of graphene foam on the surface of silicon carbide is shown in Figure 8.

Figure 8: SEM image of the surface of a carbon nanocomposite (A) (5000 pulses/point) and three-dimensional graphene froth (B) [10].

It can be seen that a region differing in contrast is concentrated in the central part of the carbon film. It is important to note that
similar areas are also present in the case of a smaller amount of absorbed energy (Figure 4A), but they are much smaller and scat-
tered over the surface of the nanocomposite. This feature can be attributed to the formation of regions, presumably consisting of
graphene froth, in some cases during the deposition of a diamond-like film under the action of laser radiation on toluene. An al-
lotropic modification corresponding to graphene is observed in the Raman spectra of nanocomposites (Figure 7), however, it is dif-

ficult to draw a conclusion regarding its appearance due to the low resolution of SEM images.

Conclusions

Thus in this work the dependence of the morphology and allotropic composition of carbon nanocomposites deposited upon irradi-
ation of methylbenzene with nanosecond pulsed infrared radiation on the number of absorbed laser pulses was experimentally
studied for the first time. It is shown that during the irradiation of a cell with toluene through a transparent window, the deposi-
tion of a carbon film is initiated at the interface (glass-toluene), which contains several allotropic modifications, mainly diamond,
fullerene and graphite (sp’ and sp’) according to Raman spectroscopy data. It was also found that changing the number of laser
pulses absorbed at one point from 1000 to 5000 leads to an increase in the thickness of the deposited carbon nanocomposite by 2.5
times (from 160 to 340 nm). A further increase in the number of laser pulses leads to the destruction of the surface of the glass sub-

strate in the region of deposition.

It is shown that the allotropic composition, namely the content of graphite (sp’) in a diamond-like film, depends on the amount of
absorbed energy. As the number of pulses increases and the carbon nanocomposite grows, the process of its graphitization is initi-
ated. The close location of the sp’ and sp’ bonds causes the appearance of photoluminescence in the visible region, which increases

with the growth of the composite.
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