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Chemical vapor deposition {CVD) has emerged as an important method for the preparation and
production of graphene for various applications. This study analyzes previous work on various
parameters that affect the properties of graphene synthesized through the CVD method. These
parameters include the growth temperalure, the growth time, and the flow rate of the carbon precus-
sor, The characteristics of graphene synthesized under different conditions are compared in terms
of the number of layers and the defect concentration, as determined by Raman spectroscopy and
scanning electron microscopy (SEM). This corparison reveals that graphene grown on copper with
a relatively low flow rate of precursor, a shorl growlh time, and a high growth temperature exhibits
the best quality. The optimum parameters required to produce graphene with high quality and with
a low concentration of defects, both of which are essential in the development of graphens as a

sensing malerial, are ascertained in this review.
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1. INTRODUCTION

In recent years, the synthesis and development of graphene
have been a major focus in the field of nanotechnology.
The interest in graphene by the research community can
be attributed to its extraordinary properties, thus showing
great potential for use in the semiconductor industry as a
sensing element.! field-effeet ransistor,? memory device.
photovoltaic device.® or solar cell.’

Graphene, which is a onc-atom-thick fayer of graphite,
was discovered by Novosclov and Geim, who shared the
Nobel Prize in Physies in 2010 for their work.” Since
the discovery of the onc-atom-thick graphene, severad
rescarchers have made extensive cfforts to improve the
synthesis of graphenc as a functional nanomaterind. with
the goal of making the material suitable for use in semi-
conductor devices, sensors, and transducers. [n the initial
method demonstrated by Novoselov and Geim, exfoli-
ated graphene was produced through repeated pecling of
graphite via the Scotch-tape repeated pecling process.
Although clfective, this method is not readily applicable
hecause controlling the quality and density of the extracted
graphene is impossible, After 2010, furtber efforts were
focused on the syathesis of high-quality graphene on large

*Author to whom comespondence should be addressed.
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arcas.” The properties of graphene that have been previ-
ously reported are summarized in Table 1715202115

Balandin et al.?’" has reported that the thermal conduc-
tivity of single layer graphene is up to (5.30 £ 0.48) %
[0 W/mK, The experiment that they have been done
is using noncontact optical-based technique. In addition,
graphene’s clectrons can travel large distances withoul
being scattered, making it a promising component for
fast electronic products, The clectrons can travel up 1o
35,000 cm?/Vs, which is only 300 times Jess than the
speed of light reported by Nika et al™ In contrast with
other massless, Dirac fermions, graphene's electrons carry
one unit of electric charge and thercfore, they can bhe
controtled using electromagnetic fields, Because electron
manipulation is an important part in modern clectron-
ics, the different behavior of graphene’s electrons may
allow scientists to branch out of silicon-based semiconduc-
tor technology as shows in the experiment done by Nika
et al.?® Ghosh et.al?% demonstrates that adding another
atomic plane 10 few-layer-graphene (FLG) leads 1o an
increase in the Raman intensity which shows more power
has been dissipated in FLG. Novoselov et al. reported
that the carrier mobility, for FLG is between 3000 and
10,000.cm?/Vs, They also observed even higher mobilitics.
up 10.~15,000 cm*/Vs at 300K and ~60,000 cm?/Vs at
4 K for multilayer graphenc.
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Table I Properties of graphene,

Properties

Authors

Strength
{Strongest material measured,
=42 Nim, £ = 1.0 TPa)
Thickness
(Thinnest material,

Havener et al,, Shao ¢t al.,
Basg et al.; Zhu egal.,
Huang et al;, Lindvall et ab.,

Shao et al., Li et al,, Zhu et al,

fargest area. one atomie layer,
2630 miiy)
Fleathility
{(Very Heaible for use
i flexible and wearable

Shao et al,, Lietal, Ren et al,

devices)
Optical
{9745 transmission, transparent) Havener et al, Li et ai.,
Zhy et al, Huang et al,
Lindvall et al.
Thermal
(A1 27 °C, thermal
copductivity is 5000 W/imK)
Electron mobility
(High clectron
wobility, 200,000 cm?/Vs
Al room femperatire)

Shao et al., Basu et al.,
Huang et al

Havener et al, Busy e al,

Zhu et al, Chen et al,

Yang et al, Ren et al.,

Huang of al.

Practical methods for producing graphene include phys-
ical extoliation.” the epitaxial method.® the use of graphite
siticon carbide (SiC) or reduced graphene oxide (RGO),
and chemical vapor deposition {CVD)." Mechanical exfo-
liation produces the cleanest graphene: however, the size
and quantity are Bmited and the number of layers 15
extremely difficult o control. Epitaxial graphene formed
on SiC s very difficult to transfer to other substrates for
device fabrication, CVD has been widely adopted and has
shown promising resulis for the growth of graphene on
Jarge areas, such as on a waler-level substrate.™® Graphene
produced via CVD has the best potential to be osed
in semiconductor or sensor applications. CVD has thus
emerged as an important method for the preparation and
production of graphene for various applications.

To the best of our knowledge, no study has reviewed
the growth paramelters of graphene. In view of the alore-
mentioned developments in the field of graphene research,
this study secks to contribute an in-depth analysis of the
parameters that affect the growth of graphene, particularly
through the CVD method, The optimum paramelers as
well as the challenges Tacing the CVD-based production
of graphene will also be discussed,

2. GRAPHENE SYNTHESIS VIA CVD

The growth of graphene via CVD typically requires
a metal catalyst, as reported by numerous researchers,
including Flores et al.' and Regan et al,' the process
starts with o thin film of the metal catalyst being sub-
jected to heat treatment under vacuum at 1000 *C Kim
et al.F however, varied the temperature between 750 and
950 °C fo investigate the effect of temperature on graphene
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growth. Methane and hydrogen gases are then flowed
through the {urnace,

Argon gas is used as a carrier gas during synthesis {o
diltuie the carbon precursor gas (methane). Hydrogen cat-
alyzes a reaction between the carbon precursor gas and the
surfuce of the metal substrate, which consequently leads
to the carbon atoms from methane being deposited onto
the surfuce of the metal through chemical adsorption,

The metal thin il otlized for this process is cho-
sen on the basis of s carbon solubility, which affects
the growth mechanism, whereas low carbon concentra-
tions are reguired for one or-more layers of graphene to
be grown in a controlied manner. I the deposited carbon
exhibits significant solubitity at the defined growth temper-
ature, 16 will most hkely diffuse to form the bulk graphite
material®* One way of mitigating this problem is by lim-
iting the amount of carbon dissolved in the metal through
the use of a thinner metal film or through the use of met-
als with very low bulk curbon solubilities. Copper is cur-
rently the most popular metal catalyst for the growth of
graphene.? The low carhon solubility of copper facilitates
graphene growth by surface adsorption rather than by dis-
solution, segregation, or precipitation. Figure | illustrates
a typical setup of a CVD system for graphene synthesis.

Raman spectroscopy has been widely employed 1o char-
acterize graphene because of its ability o distinguish the
quality and type of synthesized graphene. The Raman
spectrum of pristine graphene as noted by Guermoune
et abl® generally exhibits Raman shifts in the regions
of 1350 em™! (D> peak), ~1580 em™ (G peak). and
~ 2700 cm ™t (2D peak). Lio et ab!'! have reported that the
D peak corresponds 1o the concentration of defects in the
crystalline fayers of gruphene. The intensity of the D band
is direetly proportional to the concentration of defects in
the sample. The spectrum of pristine graphene does not
show a D) peak, thus indicating that it is free of defects.

Meanwhile, Suk ct al!” found that the 2D banad is
always o strong peak in Raman spectra of graphene and

that the intensity of this band indicates the number of

graphene fayers, For a single layer of graphene, the 2D
peak is more intense than the G peak: in this case, the
density of graphene is high. The G peak reflects the layer
propertics and indicates the thickness of the graphene
fayer. Ferrari et al™ also show that graphene’s electronic
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Fig. I, Complete gpparatus setup for graphene synthesis on metal
via CVID,
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structure is captared in its Raman spectrum that clearly
cvolves with the number of layers. The D peak second
order changes in shape, width, and position for an increas-
ing number of layers. refleeting the change in the electron
hands via a double resonant Raman process,

3. COMPARISON OF GRAPHENE
SYNTHESIZED UNDER DIFFERENT
CVD GROWTH CONDITIONS
Mast researchers distinguish the quality of graphene by the
number of layers and defects. Based on previous work, the
three most critical parameters affecting graphene growth
are the flow rate of the precursor gas, the growth tem-
perature, and the growth time. These parameters have
been explored to optimize the conditions for graphene
growth, Here, we analyze the effects of these parameters
on graphene growth and investigate the characteristics of
graphene produced via CVD,

3.1, Effect of Growth Temperature on Graphene
Flores ef ai.’ and Regan et al.'™® set the growth temperature
at 1000 °C for CVD-grown graphene. Other researchers
have utitized other wmperatures for graphene growth.

An cxampie is the work of Regmi et al. /! who con-
ducted experiments in which they varied the growth ten-
perature between 600 °C and 1000 ey results of thoeir
Raman measurements are given in Table 11 The percent-
age (%) of intensity represents the presence of graphene
growth on specified temperature, Based on the Table [N
2D peak, G peak and D peak values are consistent and the
intensity value is dircetly proportional 1o the temperatures.
The higher the temperature, the higher graphene grawih
showed by percent of intensity.

Figure 2 shows the ratio of the D and G peak intensities
{(I/1s), which is widely used as a measure of defect den-
sity, and the ratio of the G and 2D peuk intensities (77 :n),
which is used to track the number of layers. After an ini-
dal decrease, the fp/1; decreases slowly above 900 °C
(Fig. 2), which suggests a slow reduction in defect den-
sity with increasing temperature. SEM imaging and the
low value of the I/l ratio reveal that graphene growth
exhibits a strong tendency for single-layer termination al
wemperatures greater than 900 °C.

Table . Runan spectra values for graphene growth under various

termperatures.

Temperature Intensity 20y peak (i peak 1) peak
{*C}) (%) {emy {em™') fem ')
6O0-800 3} 2700 1580 1350
850 20 2700 1580 1350
900 40 2700 1580 1350
930 65 2700 1580 1350
1000 100 2700 1580 1350

52

2 @ |DNGG
—o— 1G/120D

Intensity Ratio

(1R 3
o = |
BX 850 900 950 1000 1050
Temperature ("C)
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In another approach to observing the effect of tempera-
wre on the quality of graphene. Kim et al.® employed tem-
peratures between 750 and 950 °C, as shown in Table 1,
This approach is similar (o those used by Regmi et al.”’
As cvident from the results in Table THL the intensities of
the peaks increase proportionaily with increasing growth
temperature as shown in intensity (%). The value of other
peaks are consistent as the different temperature affected
only to the intensity peak. Although different temperatures
have heen employed for graphene growth, the most effec-
tive temperatures for graphene synthesis are those ranging
from 900 v 1000 “C,

The growth of graphene within this temperature range
guarantees the successful synthesis of graphene with few
defects. The defects could be edges, dislocations, cracks,
or vacancies in the sample. As iHustrated in Figure 3, high
temperatures yield graphene with high quality and a stable
siructures the domain size also increases, and the oceur-
rence of multilayer flakes is dramatically reduced.

The synthesis of graphene at low temperaiures is not
casy because the peak exhibits several defects and low
density under this setting. Bi- or few-layered graphene
with defects, such as grain boundaries and cracks, can be
synthesized with a short growth period: in this case, the
D peak will appear in the Ruman spectrum, Future devel-
opments in temperature variation should lead to improved
control over the thickness of graphene layers and to large-
scale graphene production, even at low lemperatures.

3.2. Fffect of the Flow Rate of the Precursor Gas
(Methane) on Graphene Growth

Several researchers as highlighted by the works of Kim

el al® and Regmi et al!’ have used various Now rates of

the precursor gas to analyze the effects of the flow rate

Tahle (11, Ruman spectroscopy.tesults for graphene grown at different

temperatures,

Methane flux fntensity 20> peak G peak D peak
{secm) : (%) fem™Y) (em™) (em )
0.4 ) 2700 1580 1350
1.0 . 40 2700 1580 1350
2.0 : 60 2700 1586 1350
5.0 o 80 2760 1380 1330
15.0 E 100 - 2700 1580 1350
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Fig. 3,
30 min,

Representative. SEM images of graphene grown on Cu for

on the defects in graphene, Wang et al.® varied the flux
of methane from 0.4 scem to 15 seem. Methane flux is
observed in scem, an abbreviation for standard cubic cen-
timeter per minule,

The results of their work are illustrated in Table IV
in terms of Raman peak locations and intensities. The
peaks increase in intensity (%) when the methane flux
is increased (Table 1V). Table V shows that, when the
methane flux is increased, cach graphenc peak shifls to a
lower wavenumber, possibly because of the effect of the
substrate. Thus, the thickness of the layer increases. With
this increase, the band positions shift 1o lower energices,
representing a slight softening of the bonds. Meanwhile,
the integrated peak intensity ratio between the intensities
of the G and 2D peaks increases.

Reduction of the flow rate of methane to a very low
value does not result in uniform graphene coverage. Con-
tinuous graphene coverage is observed for methane flow
rates from § 1o 10 scem, A low flow rate of precursor gas
is an important parameter for decreasing the number of
layers formed during the growth step and for improving
the quality of the resulting graphene by reducing the num-
ber of defects. Similar investigations have been reported
by Regmi et al!? and Regan ct al."™ to observe graphene
growth at different methane fluxes,

Raman spectra reveals that methane flux influences
the thickness and structural defects of graphene. More-
over, the G and 2D peaks of the Raman spectra shift
{0 lower wavenumbers with increasing methane flux and
then broaden; low-quality graphenc is subsequently gen-
crated. Different flow rates of the carbon precursor have
been explored for graphene growth. Graphene synthesis
is best conducted at methane flow rates between S scem
and 10 scom to guarantee successful growth with few

Table V, G and 20> peak band positions for graphene.

Temperature Intensity 21 peak G peuk D peak
Q) (%) em™") {em™") fem™)
250-800 0 2700 1580 1350
850 a5 2700 1580 1350
900 50 2700 1580 1350
950 100 2700 1580 1350

defects. In future research, high-quality graphene could be
achieved even at high values of methane flux,

3.3, Effect of the Growth Time of Graphene

Growth time influences the quality of graphene and its
defects, as demonstrated by several studies. To observe the
effect of growth time on graphene growth, Regan et al.'®
adjusted the growth time (o range between 10 s and | min.
Raman measurements presented in Table VI show that,
at 10 s, bi-or few-layered graphene with defects, such as
grain boundaries and cracks, can be synthesized, and the D
peak can be observed in the Raman spectrum, At a growth
time of 1 min, the upper layer is covered by a delective
scction and the intensity of the D peak is reduced. The
resull that has been reported by Calizo et ab.? also sup-
port that high temperatures will praduce high quatity of
graphene in terms of D-peak and 2D-peak. The aumber of
tayer can be determine by caleulate the ratio between 1G
and 2D peak (Ig/ 1) according to Balandin et al

In another experiment, researchers adjusted the arowth
time 10 range between | min and 30 min to investigate the
effects of various growth times on graphene.!” The exper-
iment in Figure 4 shows similar resulls: a growth time
hetween | min and 2 min causes the number of layers to
decrease during the growth step, thus improving graphene
quality in terms of defect density.

Graphene synthesis should be performed with a growth
time between 1 min and 2 min to guaranice the success-
ful growth of grapbene with few defeets. At a particular
growth time, the synthesis of graphene with a stable strue-
ture and high quality is achieved, Moreover, the domain
size incrcases, and the occurrence of multilayer flakes is
dramatically reduced. With long growth times, bi-or few-
Jayered graphene with defects, such as grain boundaries
and cracks, can be synthesized, and the D peak can be
observed in the Raman spectrum. Future developments in
growth times should lead 1o improved control over the
thickness of graphene layers and 1o large-scale graphenc

Fuble IV, Raman spectroscopy results for graphe A sing var- , .
.lubk IV. Raman spectroscopy results for graphene prepared using var producuon at long gmwlh times.
lous methane fluxes,
Methane flux Intensity 2D pe:xk G peak Table VI, Raman peak of praphene prepared under different growth
{seem) (%) fem™Y) {em ) conditions.
0.4 50 2704 1580 . . . Oy p .

Time  Intensity (%) 2D peak {em™') G peak (em D peak (em ')
16 PN 2690 1570 e Intensity (%) peak {(em™') G peak (cm™') peak (cn
2.4 s 2680 1578 1 s 100 2700 1580 1350
5.0 50 2670 1877 M S0 2700 1a80 1345
150 50 2660 1576 I min 25 2700 1580 1340
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4, ISSUES AND CHALLENGES

Rescarchers have successfully grown graphene using
almost all types of metals via the CVD method, However,
the effect of different metals on the physical, chemical,
clectronic, optical, and magnetic properties of synthe-
sized graphene is unclear. 1f any corrclation is established
belween the type of metal used and the properties of
graphene grown, then graphene with select propertics can
be grown. Copper, in particular, is the most widely used
metal in graphene synthesis. Future research must there-
fore be conducted to grow high-quality graphene with few
defects,

Researchers have succeeded in growing stable and high-
quality graphene at high lemperatures. The synthesis of
graphene at low temperatures is difficults the Raman spee-
tra of graphene grown at Jow temperatures indicate that the
resulting graphene has a low density and contains numer-
ous defects. Future developments i temperature varia-
tion should lead to improved control over the thickness
of graphenc fayers and to large-scale graphene production,
even al low temperatures.

A Jow flow rate of methane gas guaranees success-
fu) graphene production. With further research, the prepa-
ration of high-quality grapheme, even at relatively high
values of methane flux, should be possible. Graphene
synthesis is best conducted with short growth times to
guarantee the successful growth of graphene with few
defecis. Future developments in growth times should fead
to improved control of the thickness of graphene layers
and 1o large-scale graphene production at long growth
times, In addition to the growth-reluted challenges pre-
viously discussed, many related issues beyond the scope
of this revicw can be explored. Graphene synthesis will
undoubtedly be a very important topic of research for
many years o come.

5. CONCLUSION

The elfects of various parameters, such as the growth tem-
perature, the growth time, and the flow rate of the carbon
precursor, on graphene synthesis via CVD were compared.
Optimization of these parameters is important to produce
high-quality graphene for various applications, Through
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this comparison, graphene growth on copper with a rela-
tively low flow rate of the precursor, a short growth time,
and a high growth temperature were found o result in
the best-quality graphene, Copper is the preferred sub-
strate for graphene synthesis because of its low carbon
solubifity, which is important for controling the num-
ber of graphene layers. The most suitable temperatures
are from 900 1o 1000 °C; emperatures within this range
guarantee the successful growth of praphene with few
defects, The required growth time, ranging from | Lo
2 min, ensures the synthesis of high-quality graphence. The
optimal methane flux was found to range between § and
10 scem. Raman spectroscopy results show that control of
the temperature, methane Alux, and growth-time purame-
ters influences the thickness of graphene and its structural
defects. Raman spectroscopy and SEM were used 1o char-
acterize graphene, and the results can be used o distin-
guish the number of layers in a given sample,
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