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Figure 1. Raman spectra of graphene obtained at hydrogen flow rate (1) 150 cc/min,
(2) 60 cc/min and (3) in the absence of hydrogen. Inset: approximation of 2D peak by
a single Lorentz function.
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Figure 2. Optical microscope images (zoom 100x) of graphene obtained at hydrogen flow rate
(1) 150 cc/min, (2) 60 cc/min and (3) in the absence of hydrogen.
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Figure 3. Raman maps (5%5 pum) of the intensity ratio 1(2D)/I(G) for graphene obtained at
hydrogen flow rate (1) 150 cc/min, (2) 60 cc/min and (3) in the absence of hydrogen;
scanning step of 0.4 pum.
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Figure 4. Raman maps (5x5 pum) of the average inter-defect distance for graphene obtained at
hydrogen flow rate (1) 150 cc/min, (2) 60 cc/min and (3) in the absence of hydrogen;
scanning step of 0.4 pum.
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Figure 5. Raman maps (5%5 pm) of the average grain sizes for graphene obtained at hydrogen flow
rate (1) 150 cc/min, (2) 60 cc/min and (3) in the absence of hydrogen; scanning step of 0.4 um.
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Figure 6. Raman maps (5x5 um) of the FWHM(2D) for graphene obtained at hydrogen flow rate
(1) 150 cc/min, (2) 60 cc/min and (3) in the absence of hydrogen; scanning step of 0.4 um.
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RAMAN SPECTRA OF GRAPHENE SYNTHESIZED
BY CHEMICAL VAPOR DEPOSITION FROM DECANE
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Raman spectroscopy was used to study the structural properties of graphene synthesized by chemical vapor deposition
using decane (Cj9H,;) as a precursor at various hydrogen concentrations. Reduction of the carrier gas flow rate
from 150 cm®/min to zero changes the average spacing between the defects from 53 to 212 nm and the average grain
size from 87 to 798 nm and changes the uniformity and continuity of the graphene layer. The obtained relationships
can be used to control the defectiveness, homogeneity, and continuity of the graphene layer of the coating during
synthesis by this method.

Keywords: graphene, chemical vapor deposition, decane, Raman spectroscopy, defect.

Introduction. The importance of research into graphene arises from its unique characteristics. Graphene is
a promising material for various applications on account of its optical transparency, high mechanical strength, and thermal and
electric conductivity [ 1-5]. It is at present being used in the production of field-effect transistors, biosensors, and transparent
electrodes.

One of the most widely used methods of synthesis of graphene is chemical vapor deposition (CVD) [6-11].
By CVD it is possible to synthesize large areas of graphene that can then be transferred to other surfaces [12]. The synthesis
of graphene with methane (CHy) as precursor has been widely represented in the literature. The usual method of CVD
synthesis of graphene on a catalyst substrate involves several stages [7] that depend to a significant degree on the type of
precursor [11]. By using other hydrocarbons with different molecular mass as precursors it is possible to control the synthesis
more effectively on account of change in the kinetics of growth of the graphene [11, 13].

Decane (CigHjp) is a member of the homologous series of alkanes. In the present work the possibility of using it
as precursor for the synthesis of graphene was investigated. We draw attention particularly to the following feature of the
precursor. Thermal decomposition of decane is accompanied by the formation of *CH,, radicals [14], the presence of which
in the gas mixture reduces the dissociation energy of the bond in the nitrogen molecule [15, 16]. This leads to a larger con-
centration of nitrogen atoms in the gas mixture compared with the process that only involves thermal decomposition of the
nitrogen molecules (bond energy 226 kcal/mole). This feature makes it possible to dope the graphene with nitrogen during
the synthesis processes with decane as precursor and nitrogen as carrier [17]. All this gives rise to the need to study the pro-
cesses involved in the synthesis of graphene from decane.

Another important reagent in the synthesis of graphene is hydrogen, which is not only used for the reduction
of copper oxide on the surface of the catalyst [18] but also has a direct effect on the formation of graphene. During the
growth of graphene in the presence of hydrogen the latter is adsorbed on the surface of the copper [19, 20]. The adsorbed
hydrogen atoms act as co-catalyst in the decomposition of the hydrocarbon [21], and at low concentrations of hydrocarbon
in the absence of H, the endothermic decomposition reaction takes places slowly. Moreover, the hydrogen removes surplus
layers of graphene from the substrate [21, 22]. At the same time negative effects from the use of hydrogen in the synthesis
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Fig. 1. Raman spectra of graphene produced with hydrogen consumption rates 150 (a)
and 60 cm>/min (b) and in the absence of hydrogen (c). Inset: approximation of 2D line
by single Lorentz function.

of graphene with CH4 have been reported in some papers, such as blockage of the surface of the substrate by the adsorbed
hydrogen, preventing transfer of the hydrocarbon groups, etc. [23—-25]. Such effects can lower the quality of obtained material
when the graphene is produced from C;yHj,. Thus, the effect of hydrogen on the synthesis of graphene by CVD with decane
as precursor requires further investigation.

The aim of the present work was to investigate the structural characteristics of graphene synthesized by CVD on
copper with hydrogen at various concentrations and with decane as precursor by Raman spectroscopy [26, 27].

Experimental. The samples of the graphene structures were synthesized by CVD at atmospheric pressure. A
copper foil 100-pm-thick and 99.9% pure was used as catalyst support. The support was first treated by electropolishing in
a 1 M solution of phosphoric acid at a working potential of 2.3 V. The synthesis was conducted in a tubular quartz reactor
with a diameter of 14 mm. Just before the synthesis the substrate was baked at 1050°C in an atmosphere of hydrogen
(150 cm3/min) and nitrogen (100 cm3/min) for 60 min in order to remove copper oxides from the surface. The synthesis
was realized at H, consumption rates of 150 and 60 cm’/min and in the absence of hydrogen with other conditions equal:
temperature 1050°C, C;oHy, 30 pL/min, N, 100 cm>/min, synthesis time 10 min. After the hydrocarbon gas flow had stopped
the sample was cooled to room temperature at a rate of ~50°C/min.

The Raman spectra and optical images were obtained on a confocal Nanofinder HE (LOTIS TII) spectrometer.
Excitation was realized with the emission from a solid-state laser in continuous mode with wavelength 473 nm and optical
power ~2.4 mW. The laser emission was focused on the surface of the sample in a spot with diameter ~0.6 um. The Raman
spectra were recorded in the region of 1000—-3000 cm ata spectral resolution no lower than 3 cm .

The characteristic Raman lines of graphene were analyzed, i.c., the strongest G and 2D lines [28, 29] and also
the D line characteristic of sp2 carbon in the presences of defects [30]. The number of graphene layers was estimated from
the ratio of the maximum intensities of the lines /(2D)/I(G) and the full width of the 2D line at half maximum (FWHM)
[31, 32]. The imperfection of the graphene was determined from the maximum intensity ratio of the lines /(D)/I(G) [33].
The mean diameters of the graphene grains were calculated from the ratio of the integral areas under the lines S(D)/S(G)
[30, 34].

Results and Discussion. Figure 1 shows the characteristic Raman spectra of graphene synthesized with H, at 150
and 60 cm’/min and in the absence of hydrogen. The calculated intensity ratios /(2D)/I(G) and I(D)/I(G) and FWHM(2D)
are presented in Table 1.

The presence of a monolayer of graphene is confirmed by the FWHM(2D) values and also by the approximation
of the 2D line by a single Lorentz function (Fig. 1, inset) [31, 32]. The /(2D)/I(G) ~ 1 ratios may be due to the presence of
defects in the graphene [35, 36]. Increase of the /(D)/I(G) ratio with increase of the hydrogen consumption indicates increased
imperfection in the graphene [33].
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Fig. 2. Optical images of the surface (100x) of graphene produced with hydrogen at
150 (a) and 60 (b) cm’/min of hydrogen and in the absence of hydrogen (c).

TABLE 1. Parameters of the Investigated Samples Calculated from the Raman Spectra

Hydrogen consumption rate, cm’/min 150 60 0
I2D)/I(G) 0.70 1.03 1.09
I(D)/I(G) 0.41 0.20 0.09
FWHM(2D), cm ! 42 33 28
(Lp) . nm 53+12 117 +18 212429
(L4}, nm 87+ 19 162 + 24 798 + 38

Figure 2 shows optical images of the surface of graphene synthesized with hydrogen at 150 and 60 cm’/min and in
the absence of hydrogen. It is seen that the surface of the samples obtained in the presence of hydrogen has a high degree of
uniformity, whereas the surface of the sample synthesized without the use of H, is nonuniform.

Figure 3a shows the Raman map corresponding to the /(2D)/I(G) ratio for the sample obtained with the highest
hydrogen consumption. It is seen that the regions corresponding to several graphene layers (I(2D)/I(G) < 1) alternate
randomly with regions where /(2D)/I(G) > 1. Here, the area of monolayer coating is insignificant. A different situation is
observed for the sample synthesized with 60 cm>/min of H, (Fig. 3b): the degree of coverage by sections with I(2D)/I(G) > 1
is substantially higher. The Raman map for the sampled synthesized in the absence of hydrogen (Fig. 3c) shows that
1(2D)/I(G) > 1 for the greater part of the scanned region. At the same time there are regions where a graphene coating is not
observed (the parameters of the Raman lines correspond to graphite), leading to a flaky structure in the graphene coating.

The average distance between the defects in the region of the laser spot L (nm) was calculated from the ratio of the
maximum intensities of the D and G lines [33]:

2 _43:10°(1(D) -
P 16))

where E; is the laser excitation energy, eV.

Since the 1(2D)/I(G) does not depend on the geometry of the defects the calculated Lp values include all the Raman-
active defects [37].

The Raman maps of L, for the investigated samples are shown in Fig. 4. As seen, the distance between the defects
increases with decrease of hydrogen consumption rate, and the distribution of this parameter here in the scanned region in
Fig. 4b and c is relatively uniform. Despite the flaky structure of the coating a low degree of imperfection is observed for the
graphene synthesized in the absence of hydrogen. The (LD>values averaged over all the obtained spectra (144 spectra for
each map) are presented in Table 1.

The average grain size L4 (nm) was calculated from the ratio of the areas under the D and G lines [30, 34]:

Ly=2410SD)s@)) ",

where A; is the excitation wavelength, nm; S(D) and S(G) are the areas under the D and G lines.

981



Y

}’.u_n‘l a b
.
-
- . ’
1 2 3 4 5 d 1 2 3 4 5 0 1 2
... —-—————

0.5 1.0 T5 I2DYIG)

ko W B Ln

-

5 x, um

-
3 4

Fig. 3. Raman maps (5 x 5 um) of the line intensity ratios /(2D)/I(G) of graphene
produced with 150 (a) and 60 cm’/min (b) of hydrogen and in the absence of hydrogen (c);
the scanning step was 0.4 um.
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Fig. 4. Raman maps (5 x 5 um) of the average distance between the defects in graphene
produced with 150 (a) and 60 cm’/min (b) of hydrogen and in the absence of hydrogen (c);
scanning step 0.4 um.
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Fig. 5. Raman maps (5 x5 pm) of the average grain sizes of graphene produced with
150 (a) and 60 cm’/min (b) and in the absence of hydrogen (c); scanning step 0.4 pm.

The distribution maps of L4 correlate with the analogous distribution maps of Ly (Figs. 4 and 5). The proportion

of relatively large grains (up to 850 nm) increases with decrease of the hydrogen consumption rate. The results of the
calculations, averaged among all the points for each map ((L A) ), are presented in Table 1.
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Fig. 6. Raman maps (5 X 5 um) of FWHM(2D) for graphene obtained with 150 (a) and
60 cm/min (b) and in the absence of hydrogen (c); scanning step 0.4 pum.

Figure 6 shows the FWHM(2D) maps for the investigated samples. As seen, values corresponding to a single layer
of graphene (<30 cm_l) are present in Fig. 6b and c [32].

The variation of the average distance between the defects and the grain size of the obtained graphene with variation
of the hydrogen consumption rate can be explained by several reasons. During decomposition and adsorption of the
hydrocarbon on the surface of the substrate the process can compete with the dissociative chemisorption of hydrogen [22].
With a high H, consumption rate it blocks the substrate surface, preventing uniform adsorption of the hydrocarbon groups
on the substrate [23, 24]. These processes can lead to the formation and growth of individual grains. At the growth stage the
graphene layer is passivated by the copper surface, which prevents the growth of successive layers; here the strong adsorption
of the hydrocarbon groups and carbon monomers extends to the boundary layer [38]. Hydrogen can reduce the degree of
passivation, leading to the growth of successive layers. The dependence of the defectiveness of the graphene on the hydrogen
consumption rate may arise from the formation of sp3-hybridized CH bonds in the synthesis process [22], where their amount
in the resultant material increases with increase of the hydrogen consumption rate. The bonds that form act as point defects.
In addition, decrease of the average grain size with increase of the hydrogen consumption rate also leads to increase in the
concentration of defects per unit surface of the synthesized material.

At 1000°C the solubility of hydrogen in copper amounts to 0.007 at.%. After cooling to room temperature the
solubility falls to ~1077 at.% [39]. At the cooling stage hydrogen can thus escape to the surface of the substrate, leading to the
formation of additional defects in graphene that is produced with the use of hydrogen [25].

We discussed a possible mechanism for the effect of the hydrogen concentration in [17], where it was shown that
decrease of the hydrogen concentration leads to the formation of more uniform graphene. Nevertheless, in the experiment
without injected hydrogen the morphology of the sample becomes similar to the sample produced with a higher hydrogen
consumption rate. This fact can be explained as follows. As discussed in [17], the hydrogen concentration (the partial
pressure in the gas mixture) is a factor that determines the chain of reactions along which the decane decomposes. It can
be supposed that the decomposition of decane in the absence of injected hydrogen occurs along a path in which the final
decomposition products contain enough hydrogen for the formation of CH bonds at the edges of the graphene [38]. This
leads to the result that the formation of such bonds, according to [38], becomes energetically favorable for the adsorbed
carbon atoms.

Thus, the absence of H; as the reason for the formation of defects in the synthesis process reduces the imperfection of
the graphene. At the same time, without hydrogen as co-catalyst the endothermic decomposition reactions of the hydrocarbons
are retarded [21], which leads to the flaky structure of the synthesized material.

Conclusions. The graphene synthesized on copper foil by chemical vapor deposition from decane with various
amounts of hydrogen was investigated by Raman spectroscopy. It was found that if the hydrogen consumption is reduced
from 150 cm®/min to zero the average distances between the defects are increased (from ~50 to ~200 nm) and the grain sizes
of the synthesized graphene are increased (from ~90 to ~800 nm); the degree of coverage of the substrate with a monolayer
of graphene is lowest in the case of synthesis without hydrogen. This effect may be due to competition between the two
functions of the hydrogen: as one of the adsorbates and as catalyst in the synthesis of graphene. Hydrogen is thus essential for
the synthesis of high-grade continuous films of graphene from decane, and its consumption rate for the reactor geometry used
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in the present work must be less than 60 cm’/min. Selection of the optimum consumption of hydrogen (small but not zero) is
an important practical factor in the synthesis of high-grade uniform graphene from decane.
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