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Abstract: This paper reports on the pulsed laser deposition of nanocarbon films on metal and
dielectric substrates, using high-purity sacrificial carbon tape as a carbon source on a neutral gas
background. The films were characterized by X-ray diffraction (XRD), photoelectron (XPS) and
Raman spectroscopy. The XRD and Raman structural analyses revealed that the synthesized films
have a graphenic nanocrystalline turbostratic structure, with sp? clusters about 15-18 nm in size,
depending on the laser fluence. A significant decrease in the oxygen and hydrogen contents in the
films, in comparison with the target material, was established using XPS, as well as a significant
decrease in the sp? carbon content. The deposited films were found to be similar to reduced graphene
oxide (rGO) in composition, with a surprisingly low number of defects in the sp>-matrix. The method
proposed in the work may have good prospects of application in the production of energy storage
and nonvolatile memory devices.

Keywords: graphenic carbon; reduced graphene oxide; Raman spectroscopy; XRD and XPS
characterization; pulsed laser ablation

1. Introduction

Amorphous and crystalline sp? carbon has attracted great interest in the fields of
materials science and engineering, because of its unique physical, chemical and mechanical
properties [1-3]. Graphenic quantum confined structures, such as graphene quantum dots
(GQDs) and graphene oxide quantum dots (GOQDs), have shown promising applications
in the fields of catalysis, optoelectronics, energy storage, and bio-imaging [4-7]. The
attractive photoluminescent properties of GQDs place them amongst the new optical
materials for advanced applications, such as light-emitting devices, optical sensing, and
bio-imaging. GQDs exhibit a high quantum yield with excellent photostability, owing
to the intrinsic band structure and physicochemical robustness, which is beneficial for
optoelectronic applications [6]. Recently, much attention has been focused on the use
of amorphous carbon for fast switching devices [8,9] and nonvolatile memory (NVM)
applications [10,11]. Different switching mechanisms, from sp?-dominated graphite-like
amorphous carbon with low resistivity to the sp>-dominated diamond-like form with high
resistivity, have been reported [12]. It was shown that changing the sp?/sp® ratio can
significantly influence the conduction behavior of carbon films [10].

Carbon-based layered and two-dimensional materials, including turbostratic carbon
and multilayer graphene, are of great interest because of their high potential for electro-
chemical and biosensing applications [13]. These materials exhibit a large surface area,
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which can be further modified by the generation of pores and the incorporation of dopants.
Graphene-rich amorphous films also have prospective applications in surface modification,
due to their chemical inertness, and excellent friction and wear performance [1,14], as
well as their low internal stress and high conductivity. In contrast to pristine graphite and
graphene, graphene-like carbon (GLC) and related materials, including reduced graphene
oxide, contain lattice defects and residual oxygen-containing functional groups, which are
beneficial for their capacitance and electron transfer kinetics. The reduction of graphene
oxide (GO) has recently been considered as one of the promising methods for the large-scale
production of graphene [15-17]. The main advantages of GO and related materials are:
their excellent water dispersibility, inexpensive production, and tunability of physical and
chemical properties by controlling the number of functional groups. Reduced graphene
oxide is a conductive material of high potential importance in electronic applications,
including optoelectronics [18], composite materials, sensors, and wearable technology [19].
Other promising applications of rGO include energy storage devices and nonvolatile re-
sistive random access memory (RRAM) devices. Reduced graphene oxide and so-called
graphene-like graphite (GLG) have been successfully used to create electrodes for superca-
pacitors and Li-ion batteries [13,16,20]. Additionally, rGO has been successfully applied
in ITO/rGO/ITO transparent and flexible RRAM cells [21], with multilevel switching
properties and relatively high endurance.

The common methods of GO reduction involve using electron beams, laser irradi-
ation, heat, and chemical reduction. Recently, laser irradiation has been proposed as a
promising tool for the reduction of GO [16,18,19,22]. The laser reduction of GO is based
on the photochemical removal of oxygen functional groups from the GO surface, which is
accompanied by laser ablation and molecular restructuring of the carbon lattice into the
sp?-conjugated graphene structure [22]. Laser reduction has many advantages over these
methods. In addition to the spatial control and energy efficiency, the laser reduction process
is much cleaner and less toxic than any chemical method, as it does not require chemical
reactions in strong acids, or long-term washing procedures [16,19]. It is also important
to note that laser processing can be easily adapted to lithography. In comparison with
other physical and chemical methods of deposition, pulsed laser ablation is considered
to be conceptually simple, rapid, and a versatile thin-film growth process. Pulsed laser
ablation can be performed in either an ultra-high vacuum or in ambient gas, and allows for
the deposition of any kind of carbon material, including carbon nanotubes, graphite- and
diamond-like (DLC) carbon coatings [23-25], and even graphene films [26,27]. Recently,
wavelength-modulated pulsed laser ablation in liquid (PLAL) was successfully applied
for the selective and efficient production of GQDs and GOQDs [6]. PLD usually requires
a graphite target, such as highly oriented pyrolytic graphite (HOPG) as a carbon source;
however, in this work, we used sacrificial carbon tapes, which are commonly used in
low-temperature co-fired ceramics technology (LTCC) [28] as a carbon source for laser
ablation, to obtain sp? nanocarbon with a reduced number of functional groups.

2. Materials and Methods

As a target material for laser ablation, we used the commercial carbon tape TCS-CARB-
1 from the manufacturer C12 Advanced Technologies [29], which is typically composed of
micro/nanocrystalline graphite-like carbon of high purity, dispersed in an organic vehicle.

Carbon films were prepared by PLD using 1064 nm IR Q-switched Nd:YAG laser with
40 ns pulse width. The use of 1064 nm wavelength was due to the fact that graphenic
carbon with a significant oxygen content (including GO) demonstrates high absorptivity in
the near- and mid-IR regions [16], so the irradiation of 1064 nm laser pulse should generate
instantaneous and strong localized heating and burst apart the oxygen functional groups.
On the other hand, the photon energy of 1064 nm irradiation is not sufficient for C=C
bond photoionization, which should reduce the number of structural defects in the sp?
network in comparison with shorter wavelengths. We used nanosecond laser pulses in
order to keep electronic subsystem in thermal equilibrium with lattice, which results in



Appl. Sci. 2021, 11, 11972

30f9

more uniform heating [30]. The deposition was performed in specially designed inert
chamber (Figure 1) on a He background at room temperature onto sapphire and silver
substrates. Prior to the deposition, the substrates were ultrasonically cleaned in deionized
water and isopropyl alcohol. The use of an inert gas was due to the need to remove the
decomposition products of the organic vehicle from the deposition chamber. For this
purpose, He was continuously pumped through the chamber at atmospheric pressure. Two
different laser energies, namely, 6 ]/ cm? (GLC/ sapphire-1) and 4 ]/ cm? (GLC/ sapphire-2),
were used for deposition on sapphire substrates. The laser fluences were chosen based on
preliminary experiments and previous works [3,18,27]. The samples on conductive silver
substrate (laser fluence—4 J/cm?) were used for the XPS measurements. During deposition,
the substrate—target distance was fixed at 25 mm for all the samples. The laser beam, which
focused on the spot of ~100 um, using 20 cm focal length F-Theta lens, was continuously
moved over the target surface at a speed of 3 mm/s using a scanning module with two
galvanometers. The scanning speed was selected based on the thickness of the carbon tape.
The laser spot was moved over the target in the spiral trajectory. The total ablated area
on the carbon target was about 5 mm in diameter. We used a high pulse repetition rate of
500 Hz and a deposition time of 10 s for all samples.

Nd:YAG 1064 nm
2-axis deflecting mirrors —
Focusing lens
—_— “

Stainless steel chamber y Silica glass window

4

Gas vent

—
‘ Substrate holder
Target holder Carbon target
~ g

—
Gas vent

Figure 1. Schematic of the laser ablation process.

The XRD measurements were carried out using Cu Ko radiation (DRON-3 double-
crystal diffractometer) in Bragg—Brentano focusing geometry. XPS was used to study
the features of the chemical bonds on the surface layers of carbon films. XPS spectra
were obtained with ESCALAB 250 spectrometer using monochromated Al Ko radiation
(1486.6 eV). The energy resolution measured on the Ag3ds,; line was 0.6 eV. Raman spectra
were measured at room temperature with a Renishaw inVia Raman microspectrometer
equipped with a 2.41 eV excitation energy Ar* laser (514.5 nm). The spot size was ~4 pm
focused with a 50 objective. The laser power was kept lower than 4 mW to avoid laser-
induced heating and damage to the samples. The spectra were collected from the different
points in both the central and edge regions of the films. No fundamental differences were
observed between the spectra in each of the sample regions. The edge regions, however,
demonstrated a significant photoluminescent background. For the same reason, it was not
possible to obtain the Raman spectrum of the target carbon tape.

3. Results

The diffraction pattern of the target material (Figure 2) demonstrates the appearance
of broadened 002 (26 = 25°) and 10 (26 = 43°) turbostratic carbon peaks, and is similar
to the carbon black XRD pattern [31]. From peak position and FWHM evaluation, the
crystallite sizes in the [001] and [100] directions were 1.6 nm and 3.1 nm, respectively [32].
The averaged interplanar distance between the graphene layers was ~3.7 A.
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Figure 2. XRD patterns of the target material and carbon films on sapphire substrate.

The diffraction spectra of the carbon films deposited on sapphire (Figure 2) exhibit
less intense, broad 002 peaks, slightly shifted to lower angles in comparison with the
corresponding target peak. The peak shift is due to the increase in interlayer spacing, by
about 0.1 A. Additionally, a weakly resolved bump at 26 = 43° can be observed for the
GLC/sapphire-2 sample (inset in Figure 2), which lies in the region of 10 reflections. The
resulting diffractograms are characteristic of a turbostratic structure [31,33,34], and are
similar to the reduced graphene oxide XRD pattern [35].

Figure 3a shows the survey XPS spectrum of the TCS-CARB-1 target material. This
spectrum only features carbon and oxygen peaks. Figure 3b demonstrates the high-
resolution Cls core-level XPS spectrum of the target. This spectrum was deconvoluted into
five different chemically shifted components. The XPS data are shown in Table 1. Peak
A (284.3 eV) is related to sp?>-bonded carbon atoms with perfect graphene lattices (C=C
bond) [36]. We attribute peak B (285.6 eV) to the carbon being partially sp® bonded [37],
and to the presence of sp3-hybridized C-H bonds [32]. The peaks C, D and E correspond
to the following oxygen-containing groups: epoxide (C—-O-C) [35,38,39] and hydroxyl
groups (~287 eV), C=0 carbonyl groups (288.5 eV) [40,41], and carboxyl O=C-OH groups
(289.9 eV) [42].
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Figure 3. XPS spectra of the target material and carbon film, deposited on silver. Survey (a,c) and high-resolution Cls

spectra (b,d).
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Table 1. The percentage of carbon bonds in the target material and in the carbon film deposited on silver.

Cls A B C D E sp*/sp?
TCSCARBL iy, 888 e 057 V) a5t ev) 9960 -
GLC/Ag R 288 V) @867 ev) 28560 ] >

Figure 3¢ demonstrates the survey XPS spectrum of the GLC film deposited on silver
substrate. The spectrum features carbon, oxygen and silver peaks. The high-resolution Cls
XPS spectrum of the nanocarbon film is presented in Figure 3d. The Cls spectrum features
similar A, B, C and D peaks, with modified positions and intensities. Peak A (284.4 eV),
with increased intensity, is still related to sp?-bonded graphenic carbon. In contrast, peak
B (285.3 eV) shifted to lower energy, and its intensity decreased significantly compared
to peak A. The latter can be explained by a significant decrease in the content of organic
vehicle, and, accordingly, in the content of C—H bonds. The ratio of the integral intensities
of A/B can be used to estimate the sp?/sp* fraction in the material (Table 1) [43]. Compared
to the target material, peak C is shifted towards lower binding energies and has a much
lower intensity, which may indicate the loss of oxygen from epoxy and hydroxyl groups
as a result of ablation, and a decrease in the fraction of epoxy groups relative to hydroxyl
groups. The component D only slightly decreased in intensity. It should be noted that the F
component appears in the spectrum of the film, which is interpreted as a m—m* shake-up
satellite [44]. The latter indicates an increase in the fraction of sp2 carbon.

Figure 4a shows the Raman spectra of the two carbon films, deposited on sapphire at
different laser fluxes. The spectra demonstrate three intense bands, namely, G (~1586 cm™1),
D (~1357 cm™1), and 2D (~2700 cm 1), which are characteristic of all graphenic carbons,
including amorphous carbon [45]. The G band is a Raman-active Ejg optical mode at the
center of the Brillouin zone, and it indicates the presence of sp2 carbon networks [45-47].
The D band is a defect-induced breathing Aj; mode of six-member carbon rings. It
originates from TO phonons near the BZ edge, and is active by double resonance [47,48].
The 2D band corresponds to the overtone of the D band. It originates from two-phonon
scattering, and no defects are required for its activation [47,48]. Both D and 2D bands are
due to the double resonance.

(a) DG

GLC/sapphire-1

Intensity (arb. units)

GLC/sapphire-2
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Raman shift (cm’ﬂ)

1200 1400 1600
Raman shift (cm’1)

1000 1500
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2500 3000

Figure 4. Raman spectra of carbon films, deposited on sapphire substrates (a), and first-order fitted
spectra of the samples GLC/sapphire-1 (b) and GLC/sapphire-2 (c).

The Raman spectra also feature the peak D + D’ (~2940 cm~!), which is a product
of the two-phonon scattering process in the presence of defects [48]. Figure 4b shows the
first-order region of the Raman spectrum of the GLC/sapphire-1 sample with Lorentzian
fitting. The fitted spectrum includes the following five components: G, D;(D), D(D’), D3,
and Dy. The D’ (~1620 cm™!) is a defect-activated peak induced by a double-resonance
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intra-valley process [44]. The assignment of the bands D3 and D, is not obvious. The
D3 band is commonly assigned to the presence of amorphous phases, connected to the
polyaromatic planes through carbon sp3 bonds and out-plane defects [2,31,47], while the Dy
band is attributed to hydrocarbons, adsorbed on the basal planes of graphenic layers [31,49].
The experimental data [31] show that the D3 band decreases to zero at a temperature above
1500 °C. It was also shown [31] that the D4 band disappears with heat treatment above
1200 °C. The first-order spectrum of the GLC/sapphire-2 sample (Figure 4c) was fitted
using only the following three Lorentzian components: G, D, and D".

4. Discussion

The ratio of the D and G band intensities, Ip/I;, is widely used for the quantitative eval-
uation of defects in graphitic materials [47,50,51]. For the given excitation laser wavelength
Ay, the following expression can be used to evaluate the sp? cluster size L, [51]:

Ly(nm) =2.4-10"A}(Ip /1) * 1)

From the Ip/I; ratio, and the peak’s position (Table 2) and shape, we can conclude
that the films deposited on sapphire substrates correspond to the first or the second stage
of disorder, according to the amorphization trajectory of Ferrari and Robertson [45,52]. The
increase in structural disorder causes broadening of the D and G bands. The combination
of the Ip/I; ratio and full width at half maximum (FWHM) of the G band allows us to
distinguish between stages 1 and 2 [48,53]. The positions of the G line in the spectra are
upshifted by 6 cm~! and 5 cm~! for the GLC/sapphire-1 and GLC/sapphire-2 samples,
respectively. We used the FWHM of the G band to evaluate the minimal sp? cluster
size in the samples, according to [53]. The evaluated minimal size was in the range of
6-10 nm. This allowed us to conclude that the samples correspond to the first stage of
amorphization, for which Equation (1) is valid. The characteristic sizes of the graphenic
clusters were found to be 15.3 nm and 17.7 nm for the GLC/sapphire-1 and GLC/sapphire-
2 samples, respectively. These features in the Raman spectra allow us to conclude that
the GLC/sapphire-1 film has a higher degree of structural disorder in comparison with
the GLC/sapphire-2 sample. It can also be concluded that the deposited carbon films are
similar to nanocrystalline graphite or disordered multilayer graphene in the degree of
in-plane structural ordering.

Table 2. Positions (Pos.) of the most intense Raman peaks, full width at half maximum (FWHM), integral intensities ratio

(Ip/Ig) of the D and G peaks, and sp2 cluster size estimation (L;).

Pos., cm~1 FWHM, cm—1
Ip/lg L,, nm
D G 2D D’ D G 2D
GLC/sapphire-1 1356 1587 2701 1623 67 50 76 1.11 15.3
GLC/sapphire-2 1358 1586 2707 1621 45 43 63 0.96 17.7

The 2D Raman band of the graphite-like materials is very sensitive to the stacking
order of the graphene layers along the [001] direction [47]. It was shown that the 2D
bands in our second-order Raman spectra can be fitted using only one Lorentzian function,
centered at 2701 and 2707 cm™~! for the GLC/sapphire-1 and GLC/sapphire-2 samples,
respectively. This indicates that the interaction between the graphenic planes is weak
enough that there is no splitting in the 7-electron dispersion energies [53,54], which is typi-
cal of the turbostratic structure of disordered multilayer graphene and reduced graphene
oxide [26,27,31,33,34,54,55]. We also estimated the sp2 cluster size based on the FWHM of
the 2D bands using the experimental data from the work [55]. The values 22 and 20 nm
were obtained for the GLC/sapphire-1 and GLC/sapphire-2 samples, respectively, which
is in good agreement with the previous estimations.
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5. Conclusions

In this paper, we proposed a scalable method for the fabrication of graphenic carbon
with a relatively low number of defects in the sp? matrix, using pulsed laser ablation in an
inert gas atmosphere. The use of an inert atmosphere instead of a vacuum significantly
reduces the fabrication costs. The XPS data showed that the deposited films only contain
carbon and oxygen in functional groups that are characteristic of reduced graphene oxide.
The number of oxygen-containing groups significantly decreased as a result of laser ex-
posure, and the fraction of sp? carbon increased five times in comparison with the target
material. Taking into account the XPS and Raman scattering data, we can conclude that
the fabricated graphenic carbon is similar to reduced graphene oxide, with the sp? clusters
being about 15-18 nm in size. The XRD and Raman data also indicate the lack of ordering
between the sp? layers in the nanocarbon films. The latter may result in a significant
increase in the effective surface area, which is beneficial for energy storage devices. The
method proposed in this work, for the production of graphenic nanocarbon on dielectric
substrates, may have good prospects for the manufacturing of transparent and flexible
RRAM carbon-based cells.
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