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ABSTRACT

The initial stage of graphene layer deposition on silicon oxide substrate by ethanol decomposition in dual-
channel microwave plasma torch at atmospheric pressure was studied in dependence on precursor flow rate and
delivered microwave power. Depending on ethanol flow rate and substrate temperature, horizontally or verti-
cally aligned graphene nanosheets with various density could be prepared directly on dielectric substrate. In the
regime with high microwave power, above 400 W, mixture of amorphous carbon particles and graphene sheets
was deposited on the substrate. Prepared layers were analyzed by scanning electron microscopy (SEM), Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS). The microwave plasma diagnostics was carried out
using optical emission spectroscopy (OES). The sample analysis showed increasing density of horizontally
aligned carbon nanosheets with increasing ethanol flow rate and their delamination and transition into vertically
aligned graphene sheets with increasing substrate temperature. The Raman spectroscopy analysis of layers
showed presence of D (1345 cm ™ 1), G (1585 cm ™ 1) and 2D (2685 cm ™) peaks with 2D/G ratio of 1.59 and full
width at half maximum (FWHM) of 2D peak was 42 cm !, corresponding to few layer graphene structure. In
case of amorphous nanoparticles deposition, the D* peak at 1210 cm ! and D** at 1500 sccm ~ ! was observed in
Raman spectra with D/G ratio of 1.19 and C1s XPS spectra of carbon contained 20.4 at.% of sp® carbon phase in
comparison to 8.3 at.% in case of graphene nanosheets layer. High D/G ratio, up to 3.5, and low intensity 2D
band was characteristic for vertically aligned graphene nanosheets layers. The possibility to influence density
and size of graphene nanosheets on substrate represents promising alternative for future deposition of graphene
on arbitrary substrate.

1. Introduction

or Ni deposited on carbon sources can be used [4]. Second approach is
direct CVD of graphene on dielectric substrate with introduction of

Graphene belongs among the most promising materials in both,
fundamental and applied science [1]. Today, exfoliation from graphite
crystals and chemical vapor deposition belong to most widely used
methods to prepare graphene layers on the substrate [2]. These
methods produce high quality layers in limited amounts or require
elaborate transfer techniques to dielectric substrates. Alternative ap-
proach is controlled decomposition of organic precursors using plasma
enhanced chemical vapor deposition (PECVD) [3]. Such approach en-
ables synthesis of good quality material in reasonable amounts. It is of
great interest to grow graphene layers directly on dielectric substrates.
There are two main approaches to achieve growth of graphene on the
dielectric substrate. First approach uses solid carbon source deposited
onto a desired dielectric substrate which can be transformed into gra-
phene films by high temperature annealing. In order to accelerate the
decomposition of solid carbon sources, capping metal layers such as Cu
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metal vapors or use of plasma enhanced CVD process. While there has
been some success in these methods, the graphene nucleation density,
the growth rate on dielectric substrates as compared to metallic sub-
strates and the size of graphene single crystal domains is usually small
(about few micrometers) [5]. There was also reported growth of gra-
phene directly on dielectric substrate by PECVD where the decom-
position of carbon precursor enabled growth at lower temperature,
however, until now this method resulted only in limited success
(450-500 °C) and small domain sizes of graphene [6,7]. Another ap-
proach to grow graphene on dielectric substrate without metallic cat-
alyst is so called vertically aligned few layer graphene (FLG) or carbon
nanowalls. Such a growth was first reported by Malesevic et al. for
synthesis of FLG from mixture of methane and hydrogen in microwave
PECVD [8]. Overall, wide range of plasma sources was used for
synthesis of FLG including direct current (DC), radio-frequency (RF)

Received 1 November 2019; Received in revised form 3 March 2020; Accepted 3 March 2020

Available online 05 March 2020
0925-9635/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09259635
https://www.elsevier.com/locate/diamond
https://doi.org/10.1016/j.diamond.2020.107798
https://doi.org/10.1016/j.diamond.2020.107798
mailto:jasek@physics.muni.cz
https://doi.org/10.1016/j.diamond.2020.107798
http://crossmark.crossref.org/dialog/?doi=10.1016/j.diamond.2020.107798&domain=pdf

O. Jasek, et al.

Diamond & Related Materials 105 (2020) 107798

Fig. 1. Detail of carbon plasma nozzle and deposition process of graphene layer on the left and photographs of the discharge for Qc 500 sccm and a) Qs 70 sccm and
Pyw 105W, b) Qs 70 scem and Pyw 175 W, ¢) Qs 140 scecm and Py 175 W and d) Qc 360 scem, Qs 300 scem and Py 420 W.

capacitive and inductively coupled to microwave (MW) power sources,
and naturally, PECVD has become main method for FLG synthesis [9].
Typical growth pressure range is several Pascals for capacitive coupled
systems to 10°-10*Pa for DC and microwave powered setups. The
growth temperature was limited by surface reaction kinetics and varies
from 750 to 1300K and all experiments, except MW setups, used ex-
ternal resistive heating for the elevation of substrate temperature.
Among substrates used for deposition were silicon, quartz, metals or
their combination and precursors were mixture of H, with hydrocarbon
(CH4, C5H,) or fluorocarbons, such as CF4, CHF3 or CyFe. To achieve
better quality of the layer combination of oxygen containing precursors
such as CO, and CO together with H, and CH, were used. It is worth
noting that the systems used for growth of FLG are almost always low
pressure systems and experiments at atmospheric pressure were only
partially successful and resulted in mixture of various forms of carbon
allotropes. Growth using atmospheric pressure DC normal glow dis-
charge in Ar/CH, and Ar/H,/ethanol was reported on Si, Cu and
stainless steel substrate and studied by Bo et al. [10] and applied as gas
sensor by Yu et al. [11]. Mesko et al. [12] reported growth on Ni using
atmospheric pressure DC glow PECVD in mixture of Ar/H,/ethanol or
hexane and reported growth rates as high as 100 nm per minute at
1000 K. This approach was in detail reviewed by Bo et al. [9] and re-
cently by Vasell et al. [13] and Santhosh et al. [14]. Alternative method
for the growth of graphene was developed by Dato et al. [15] con-
cerning microwave plasma decomposition of ethanol or dimethyl ether
for synthesis of graphene nanosheets in the gas phase. This method was
further refined by Tatarova et al. [16] and Tsyganov et al. [17] also
developed a theoretical model of the synthesis process and could si-
mulate and experimentally map the particle and thermal fluxes in their
plasma reactor. Melero et al. also showed that decomposition of ethanol
in TIAGO torch at atmospheric pressure could be used for synthesis of
carbon nanotubes and graphene nanosheets without use of catalyst
[18,19] and efficient hydrogen generation [20]. This approach was
recently extended to N-doping and the use of methane as precursor by
Bundaleska et al. [21,22]. In our work we have showed that dual
channel microwave plasma torch could be used for direct growth of
carbon nanotubes and nanofibers on the substrate [23] and that these
could be used as sensors [24] with comparable performance to gra-
phene oxide [24,25]. In comparison with hydrocarbon precursors, the
use of ethanol enables robust system for nucleation and assembly of
graphene layer without the need to add another reactive gas, such as
H,, into deposition mixture. This is caused by ethanol structure of CHs-

CH,OH, which is at high temperature, above 2000K, decomposed
predominantly into CO and H, molecules and C, species responsible for
graphene nucleation and growth. This way simple, single precursor,
system can be used for bottom-up synthesis of graphene with various
properties. In this work we study formation of carbon based layers on
dielectric substrate by decomposition of ethanol in dual-channel mi-
crowave plasma torch at atmospheric pressure. We study formation of
basic building blocks directly on dielectric substrate (Si/SiO,) in de-
pendence on ethanol precursor flow rate, delivered microwave power
and substrate temperature.

2. Materials and methods

The graphene nanosheets were synthesized by ethanol decomposi-
tion in dual-channel microwave plasma torch at atmospheric pressure.
The microwave discharge was ignited inside reactor formed by quartz
tube (80 mm diameter, 200 mm length) terminated by dural flanges.
The discharge electrode was hollow carbon nozzle with central channel
used for introduction of working gas - argon Qc (300-500 sccm) and
subsequent ignition of plasma. The secondary channel (annulus with
outer radius 8.4 mm and inner radius 7.7 mm) was used for introduc-
tion of carrying gas - argon Qs (35-360 sccm) with precursor (ethanol 2
to 19 mg/min) vapors into the plasma environment. Deposition time
was 120 s. The layers were deposited on 10 x 10 mm one-side polished
Si (100) P type, 525 mm thickness wafers from ON Semiconductor s.r.0.
(Czech Republic) with 92 nm thermally oxidized SiO,, layer and fixed in
the holder during the deposition Fig. 1. More details about the ex-
perimental setup can be found in [26]. Raman spectroscopy was carried
out using HORIBA LabRAM HR Evolution system with 532 nm laser,
using 100 x objective and 25% ND filter in the range from 1000 to
3200 cm™'. Samples were imaged with TESCAN scanning electron
microscope (SEM) MIRA3 with Schottky field emission electron gun
equipped with secondary electron (SE) and back-scattered electron
(BSE) detectors as well as Oxford Instruments EDX analyser. Trans-
mission electron microscopy (TEM) was carried out using JEOL JEM-
2100F and FEI Tecai F20 microscope. ImageJ Fiji software was used for
determination of particle size and fast Fourier transform (FFT) image
analysis. Particle size analysis was carried out in following sequence:
image scale calibration, denoise by median filter, adaptive threshold
procedure was applied for particle selection and analyze particles
dialog was used for particle size determination excluding particles on
image edges (area, median ferret diameter (particle size) i.e. the longest



O. Jasek, et al.

distance between any two points along the selection boundary, also
known as maximum caliper). We use median value for the particle size
because the particle size distribution was systematically skewed to
lower values i.e. there were more smaller nanoparticles than bigger
ones on the substrate. The standard deviation of the particle size dis-
tribution was large, 50% and more of the mean value, due to the broad
range of size and irregular shape of the nanosheets. Atomic force mi-
croscopy (AFM) was carried out using atomic force microscope
NTEGRA Prima NT-MDT in semi-contact mode. Substrate temperature
was measured by K thermocouple with compensation line JUMO
901250/32-1043-1.5-300-48-2500. Optical emission spectra were re-
corded using a Jobin-Yvon Triax 550 spectrometer (1200gmm %,
3600 gmm ') with an LN2 cooled CCD detector and an Avantes UL-
S3648TEC-USB2 overview spectrometer with UA grating. The rota-
tional temperature was estimated by fitting experimentally obtained CN
B tT-x2zh) spectra at 390 nm using simulation in the Massive OES
software [27]. Ethanol p.a. 99.8% from Penta was purchased from
Verkon (Czech Republic). Pure gas, argon 99.998%, was purchased
from Messer Technogas, s.r.o. (Czech Republic).

3. Results and discussion

3.1. Microwave plasma torch diagnostics and substrate temperature
measurement

Microwave plasma at atmospheric pressure represents high tem-
perature system reaching up to 5000 K during decomposition of ethanol
as shown by Tsyganov et al. [14] and Rincon et al. [28]. At such a high
temperature main products of plasma combustion of ethanol are C
atoms and C,, CO and H, molecules. C, molecules with small admixture
of C,Hy hydrocarbons are then the main precursors for the growth of
carbon nanostructures. In our experiment, the concentration of these
species was controlled by ethanol flow rate and absorbed microwave
power delivered to the plasma (Pyw). The substrate temperature was
above all influenced by delivered microwave power and the distance
between the substrate and the discharge. It can be seen in Fig. 1 that the
delivered microwave power was the main deposition parameter influ-
encing discharge properties. The microwave power absorbed in the
plasma influenced not only its shape and gas flow dynamics but also
plasma temperature which increased with input power. Higher power
absorption led to decomposition of carbon molecules and the ratio of
C,/C plasma species was decreasing in case of lower flow rate of
ethanol precursor. On the other hand, higher flow rate of ethanol led to
growth of the ratio of C,/C even while delivered microwave power
increased. The main part of the discharge was excitation zone - plasma
plume, exhibiting typical green colour caused by emission of molecular
C, Swan system between 420 and 620 nm with maximum at 517 nm.
This region's length was increasing as the plasma temperature increased
with absorbed microwave power.

Optical emission spectra of microwave plasma torch discharge in
argon with ethanol admixture can be seen in Fig. 2. We could observe
emission spectra of argon (4p-4s above 690nm), hydrogen H,
(656.3nm) and C atomic line at 247.8 nm. Besides main molecular
bands of carbon radical C, Swan system (dsﬂg-asﬂu) at 420-620 nm we
observed molecular bands of hydroxyl radical OH (A%Z*-XII
303-315nm), second positive system of Ny (C3HU-B3Hg 315-380 nm),
NH (A*-X%T 336nm) and violet system of CN (BT*-X?:*,
344-460 nm) as well. The presence of OH and N related species in the
discharge was caused by small atmospheric impurities in the discharge
chamber. The large continuum background in high power regime was
caused by thermal radiation of carbon nanoparticles. The plasma tem-
perature, i.e. neutral gas temperature, determined by fitting of rota-
tional structure of CN (BL*-X?2*) band at 390 nm depended linearly
on delivered microwave power and saturated with increasing ethanol
flow rate. The temperature increased from 3100K for lowest Qs flow
rate and lowest power (Qs 35 sccm, Py 105 W) to 4200 K for highest
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Fig. 2. Optical emission spectra of microwave plasma torch. Comparison of Qc
500 scem, Qs 70 scem, Pyw 175 W and Qc 360 scem, Qs 300 scem, Py 420 W.

Qs and Py values. As the plasma temperature influenced the substrate
temperature, we carried out temperature measurement of the substrate
placed at variable distance from the plasma discharge. Because the
plasma discharge length changed, we used as a figure of merit the
distance of the substrate from the plasma nozzle. It can be seen in Fig. 3,
the substrate temperature was mainly influenced by plasma power i.e.
proximity of the discharge itself, and only weakly depended on gas and
precursor flow rates. The substrate position in the vicinity of the hot
plasma zone led to sharp increase of the substrate temperature. If the
substrate was placed directly into plasma hot zone it was irreversibly
damaged i.e. substrate temperature increased above its melting point.
In case of lower delivered microwave power, the discharge length re-
duced and it was possible to place the substrate to lower position but
obviously, the maximum temperature of the substrate reachable
without damage remained the same.

3.2. Graphene layer deposition in dependence on precursor flow

The growth of carbon layer on dielectric substrate requires forma-
tion of nucleation centers on the substrate surfaces from which the layer
continues to growth during the deposition phase. This can be achieved
by in situ process such as bias enhanced nucleation [29] in case of
nanocrystalline diamond or by mechanical exfoliation and transfer to

1200

Qc/Qs = 500/70 sccm P, =175 W
--® - Qc/Qs = 500/70 sccm P, =140 W

1100 |- ‘

-
o
=3
=)

T

—o—

Sample temperature (K)
© ©
8 8
T T
e
o

~
o
=1
T
',

.
@

600 |-

1 2 1 " 1 2 1 " 1
40 50 60 70 80 90 100
Sample distance (mm)

Fig. 3. Dependence of substrate temperature on delivered microwave power.
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Table 1

Deposition conditions and Raman analysis of prepared samples.
Sample No Qc (sccm) Qs (sccm) Qe (mg/min) Pmw (W) D (cm™1) G (ecm™1) 2D (em™ 1) 2DFWHM (cm ™ 1) 2D/G D/G
GS35P175 500 35 2.2 175 NA NA NA NA NA NA
GS70P175 500 70 4.5 175 1346 1585 2694 49 0.76 1.48
GS105P175 500 105 6.7 175 1345 1578 2692 42 1.59 1.02
GS140P175 500 140 8.9 175 1348 1581 2695 42 1.55 1.15
GS70P105 500 70 4.5 115 NA NA NA NA NA NA
GS70P140 500 70 4.5 145 1347 1584 2685 56 2.05 1.29
GS70P140HT1 500 70 4.5 145 1345 1581 2689 63 0.94 3.48
GS70P140HT2 500 70 4.5 145 1344 1586 2695 79 0.39 2.59
GS70P140HT3 500 70 4.5 145 1348 1584 2696 60 1.01 1.07
GS300P420 360 300 19.2 420 1347 1579 2691 58 0.81 1.19
GS300P455 360 300 19.2 455 1346 1577 2691 59 1.29 1.1

substrate in the case of graphene [5]. In our experiment this process
was represented by in situ formation of carbon nanostructures in mi-
crowave plasma in the vicinity of the substrate. At first, we investigated
influence of precursor flow rate on the formation of graphene na-
nosheets and their deposition on the substrate. Because the aim of this
study was to form single layer of graphene material on the substrate we
chose low precursor liquid mass flow rates Qe from 2 to 9 mg/min of
ethanol i.e. low flow rate of argon carrier gas Qs (35-140 sccm) through
bubbler with liquid ethanol (Table 1). High flow rate of the ethanol Qs
(500-1400 sccm) led to formation of large amount of deposit as shown
in our previous work [26].

The substrate was placed 50 mm from the discharge nozzle. After
the deposition whole substrate was covered with graphene nanosheets
layer with small inhomogeneities around substrate edges due to the gas
flow turbulence. Detailed SEM analysis of the substrates showed gra-
dual increase of the density and size of graphene nanosheets on the
surface as can be seen on Fig. 4.

For lowest flow rate only very small carbon nanoparticles could be
found on the substrate. Median nanoparticle diameter of nanoparticles
was 38nm and nanoparticles covered 5% of the substrate surface.
Further increase of ethanol flow rate led to graphene nanosheets cov-
erage of the substrate and the coverage increased for flow rate of 70
sccm to 105 scem, respectively. The area covered by the graphene na-
nosheets increased from 9 to 13% and median nanosheet size increased
as well, from 83 to 146 nm, for higher flow rate. For flow rate of 140
sccm the amount of sheets substantially increased and they started to
form 3D structure on the substrate. This result was in agreement with
our observation of increase of C, molecules concentration with the in-
crease of ethanol flow rate as determined by OES. C, molecule was
main plasma species responsible for graphene nanosheets growth i.e.
increase of their lateral size and amount. AFM analysis of substrate
surface showed that the height of the nanosheets covering the substrate
was between 1 and 2 nm. Raman analysis of samples showed presence
of D (1345cm™"), G (1585cm™") and 2D (2694 cm™ ') band in the

Fig. 4. SEM micrograph of deposited layers on Si/SiO, substrate for Qs a) 35 sccm b) 70 scem ¢) 105 scem and d) 140 scem.
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Fig. 5. Measured Raman spectra (black) with fitted peaks (red) of deposited layer for Qs of 140 sccm (left) and its XPS analysis (right). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Raman spectra (Fig. 5, left). For appropriate analysis of the Raman
spectra, fitting of all bands with Lorentz peak was performed with ex-
ception of the D** band, where Gaussian profile is commonly used
[30,31]. The peak positions, their full width at half maximum (FWHM)
and intensity ratios can be found in Table 1. The reader should not
misinterpret the zero intensity red line as background, since the Lorentz
peaks were fitted without range restriction, thus it represent the gradual
(quadratic) decline of Lorentz peak function to zero. The background
was subtracted prior to peak fitting and was approximated by constant
value in the whole measured range.

2D/G band intensity ratio increased from 0.8 to 1.6 with increase of
Qs flow rate from 70 to 140 sccm, respectively. Only very weak signal
with high noise was obtained on sample GS35P175 and the spectra
could not be evaluated. The full width at half maximum (FWHM) of 2D
band varied from 42 to 49 cm ™! corresponding to few layer graphene
nanosheets [32] and was consistent with results of AFM, 0.34 nm per
layer. Other bands observed in Raman spectra were D' at 1620 cm ™!
corresponding to defects in the structure, and second order bands at
2450cm ™! and 2940cm™! (D + G). As a consequence of very thin
layer deposited on the substrate, silicon peak at 521cm™' and the
second order modes between 900 and 1000cm ™' were observed as
well. XPS analysis and deconvolution of Cls peak region for sample
with 140 sccm flow rate (Fig. 5, right) revealed presence of sp.
(283.5 = 0.1eV), sp? (284.4 = 0.1eV), sp® (285.1 = 0.1eV) and
oxygen related groups C—0 (286.0 + 0.2eV), C=0 (286.9 = 0.2eV)
and O-C=0 (288.1 + 0.2eV). Similarly, as in the case of well gra-
phitised graphene nanosheets [26], the dominant carbon phase was sp2
hybridisation. However, the sp? peak was also complemented with 8.4
at.% of sp> phase and also, a peak at lower binding energies, was ob-
served which is mostly assigned to sp. hybridized carbon [33] or va-
cancies in the nanosheet structure [34,35]. TEM analysis of synthesized
nanosheets (Fig. 6a) showed few-layer graphene structure with inter-
layer distance of 0.34 nm (image inset). The size and thickness of the
nanosheets was consistent with results of SEM and curved and over-
lapping edges of the nanosheets could be observed as well. This can be
seen in detail in the inset of Fig. 6a, were gradual increase of nanosheet
thickness by two layers can be seen on top left forming few-layer gra-
phene structure (FLG). FFT analysis of the in-plane structure in the
bottom right section showed 6-fold symmetry of overlapping twisted
bilayer (TBL) by 29° consistent with observations of Limbu et al. [36]
and Wong et al. [37]. The formation of curved edges is known phe-
nomena to minimize energy of nanosheet structure due to the presence
of high energy dangling bonds on its edges [38]. The presence of the

corrugations, edges and topological defects caused the relatively high
intensity of D band in our samples in comparison with CVD growth
graphene. The degree of disorder in our graphene nanosheets can be
seen in Fig. 6b, were single layer structure (1 L), as proved by 6 single
points in its FFT image analysis (Fig. 6b inset), is overlaid with in-
complete second (2L) and third layer (3L). These observations are in
agreement with TEM analysis of graphene nanosheets by Dato et al.
[15]. We did not observe any carbon nanotubes in SEM or TEM mi-
crographs.

3.3. Influence of delivered microwave power on deposition of graphene
layer

We further investigated influence of delivered microwave power on
carbon nanostructures deposited on the substrate. Delivered microwave
power was limited by discharge stability. In regime with low precursor
flow rate, below Qs of 100 sccm, the discharge became unstable for
microwave power of 200 W and more. In this regime stable discharge
transitioned into pulsing mode with high erosion of the electrode and
contamination of the deposited layer. Low power mode was in-
vestigated for Py of 105 W and 145 W for Qs flow rate of 70 sccm. The
samples were placed 50 mm from the carbon nozzle and the substrate
temperature was 900 K. The result of deposition with low delivered
microwave power can be seen Fig. 7.

Similarly to the deposition conditions of GS35P175 sample with
Pyw of 175 W, we obtained small carbon nanostructures with median
nanoparticle diameter of 48 nm but their density on the substrate was
lower under selected conditions, area covered by the nanoparticles was
2%. For the intermediate setting of 145 W, we could observe sparse
carbon nanosheets on the substrate. The area covered by the nanosheets
was around 1.5% and their size was around 350 nm. Microwave power,
105 vs 175W, had thus much higher influence on the deposition of
carbon nanostructures and horizontally aligned graphene nanosheets
than precursor flow rate (70 vs 35 sccm). This can be explained by
different concentration of C, molecules in the discharge, due to lower
decomposition rate of ethanol. The decomposition rate was influenced
by plasma dynamics and its temperature that was 3100 and 3800 K for
105 and 145 W, respectively. Raman spectroscopy of sample GS70P140
(Fig. 8) showed high intensity of 2D band at 2685 cm ™' with FWHM of
56 cm ™~ ' corresponding to bi- or trilayer graphene nanosheets.

High power mode was represented by delivered microwave power
of 420 and 455W. In this case the size of the plasma increased sub-
stantially and the substrate had to be placed 10 cm from the carbon
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Fig. 6. TEM analysis a) of graphene nanosheets synthesized in microwave plasma torch (deposition time 5 min, substrate distance 300 mm) with detail of few-layer
graphene layer and b) detail of single layer graphene nanosheet with overlaid second and third layer, inset- single layer FFT analysis.

nozzle. To obtain the stable plasma the central channel flow rate was
lowered to 360 sccm and Qs flow rate was increased to 300 sccm. The
deposition time was 300s and the substrate temperature was 870 and
940K for 420 and 455W, respectively. SEM analysis of the sample
showed mixture of carbon nanoparticles with embedded graphene na-
nosheets as can be seen in Fig. 9.

Raman spectroscopy of the sample showed broad structure of the D
peak at 1347 cm ™! which was fitted with shoulder peaks D* and D** at
1250 and 1500 ecm ™~ ! (Fig. 10, left). The highly defective structure was
caused by high content of carbon atoms and C, molecules in the plasma
which resulted in growth of amorphous phase in the gas phase and
which was deposited on the substrate and continued to grow there. This
was in agreement with results of Dato et al. [15] where high content of
free carbon atoms led to formation of amorphous phase. This result was
further confirmed by XPS analysis of C1s spectra of the sample (Fig. 10,
right). The content of sp® phase at 285.1 eV was 20.4 at.% and 44.5 at.
% of sp® phase without a signal at lower binding energies signifying
presence of sp. carbon phase as in previous, lower ethanol flow
rate and microwave power case. Such high content of sp® phase to-
gether with an intensive D band region in Raman spectroscopy (espe-
cially the broad D** band) corresponded to the amorphous carbon
nanoparticles structure. The content of carbon-oxygen bonds also in-
creased to 29.1 at.%.
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Fig. 8. Measured Raman spectrum (black) with peaks fitted (red) of graphene
layer deposited at Qs 70 sccm and Pyw of 145 W. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. SEM micrograph of graphene layers deposited at low power mode of a) 105W and b) 145 W, substrate temperature 900 K.
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Fig. 9. Carbon layer deposited in high power mode Qc 360 sccm, Qs 300 sccm a) 420 W and b) 455 W.

3.4. Influence of close proximity of the plasma active zone on deposition of
graphene layer

As discussed above, flow of growth species towards substrate sur-
face played important role in the deposition process. Therefore we in-
vestigated the influence of close vicinity of the plasma region on the
deposition process. In the experiment we used precursor flow rate of 70
sccm and applied microwave power of 140 W. The distance between the
substrate and plasma nozzle was decreased to 40 mm. We also carried
out this experiment also for Py of 175 W but at distance of 40 mm the
silicon substrate was damaged at the point of contact with the plasma.
Due to the very small distance between active plasma region, below
10 mm, there was an inhomogeneous flow of the active plasma species
towards substrate surface and radial temperature profile was formed as
well i.e. temperature in the center of the substrate was higher than at its
edges. According to our measurement the substrate temperature was
above 1000 K and as previously mentioned, at higher power, the silicon
substrate could reach on the surface closest to the plasma melting
temperature of silicon (1687 K). The results of the deposition can be
seen in Fig. 11.

The analysis showed that the growth transitioned from horizontal to
vertical with increasing flux of active plasma species and the substrate
temperature. This observation was in agreement with work of
Malesevic et al. [8] who suggested that the initial horizontal growth
converts into vertical growth by partial cracking and delamination of
nucleation layer. This conclusion was also supported by our early

observation of layers deposited with variable flow rate, where part of
the nanosheets edges was delaminated from the surface and formed
natural nucleation sites for vertical growth. High temperature and high
flux of C, were also suggested as necessary condition for the pre-
ferential growth of carbon nanowalls by Cheng et al. [39] during the
synthesis of nanodiamond layers. Observed growth at the substrate
temperature of 1000 K was also in agreement with the values between
970 and 1100K reported by Bo et al. [10] and Mesko et al. [12] for
atmospheric pressure DC PECVD growth of carbon nanowalls. Raman
spectra (Fig. 11, top right) of the graphene nanosheets in Fig. 11a ex-
hibited high intensity D peak at 1345 cm ™! and D’ peak at 1608 cm ™!
with low intensity of second order peaks. This observation was con-
sistent with features found in Raman spectra of vertically aligned gra-
phene.

4. Conclusions

Horizontally aligned layer of graphene nanosheets was successfully
deposited on Si/SiO, substrate by decomposition of ethanol in dual-
channel microwave plasma torch at atmospheric pressure. Median size
and density of the graphene nanosheets forming the layer increased,
from 83 to 146 nm, with increasing ethanol flow rate and delivered
microwave power which determined amount of C atoms and C, mole-
cules in the plasma. Simultaneously, the 2D/G band ratio increased
from 0.76 to 1.55 and 2D peak FWHM decreased from 49 to 42 cm ™.
The composition of the carbon layer on the substrate could be changed
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Fig. 10. Measured Raman spectra (black) with fitted peaks (red) of deposited layer for Py of 455 W (left) and its XPS analysis (right). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Deposition of vertically oriented graphene with substrate in the vicinity of the discharge a) 3 mm from the edge of the substrate and its Raman spectra -
measured spectra (black) and fitted peaks (red), b) 4 mm from the edge of the substrate and c) center of the substrate. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

in controlled manner from horizontally aligned graphene nanosheets to
vertically aligned few layer graphene by increasing substrate tem-
perature above 1000K or to amorphous carbon nanoparticles by in-
creasing ethanol flow rate and delivered microwave power. For both
types of layers, the intensity of D*, D and D** bands in Raman spectra
increased substantially, with D/G band ratio between 1.2 and 3.5, while
2D/G band ratio decreased below 1. The amount of disorder in the
amorphous nanoparticles structure was also accompanied with high
content of 20.4 at.%. of sp°> phase determined by deconvolution of C1s
peak region in XPS spectra. The ability to controllably grow wide range
of carbon based layers directly on dielectric substrate using simple
precursor at atmospheric pressure plasma system represents unique
opportunity for future applications such as transparent conductive
layers, sensors and carbon functional coatings.
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