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ABSTRACT
A chemical vapor deposition method has been proven to produce large scale monolayer graphene. However, it is often reported that such
graphene contains a varying amount of defects. In this work, methane precursors of different purities [99.99% (4-9G), 99.90% (3-9G), and
98.90% (2-9G)] were used. It is shown that the introduction of defects occurs during graphene growth. It has been attributed to the presence
of trace oxygen molecules in the gas precursors. By controlling the amount of oxygen present, one is able to tune the defect density in
graphene at will. It is purported that the oxygen reacts with methane to yield methanol and formaldehyde. The latter is oxidized to formic
acid. As the graphene network expands, the alcohol and formic acid are incorporated as C−−O and O−−C==O functional groups. In turn, the
graphene experiences an overall global tensile strain due to local bond distortion induced by the electronegative oxygen containing groups.
Furthermore, the presence of N2 molecules impedes the proper coalescing of carbon-containing molecules for the formation of the sp2-rich
carbon network. Electrical measurement conducted suggests that a high purity precursor (4-9G) induces the least amount of defects, which
confers a high Seebeck coefficient (105.1 μV/K) and a low sheet resistance (58.3 Ω). In the case of a larger volume of oxygen in the precursor,
electrical performance decreases generally.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5142310., s

Since its discovery in 2004 by Geim and Novoselov, graphene
has been critically examined by many research groups around the
world.1 From the numerous studies published, graphene is well-
known to possess excellent optical, mechanical, and chemical char-
acteristics unrivaled by other compounds. Thus far, graphene has
been explored as a candidate for next generation carbon-based opti-
cal and chemical sensors, energy storage, etc.2 Although graphene
was first fabricated using the mechanical exfoliation method, many
techniques have been coined to obtain a larger area graphene sheet.3

Among them, chemical vapor deposition (CVD) is deemed to be the
key enabler for the mass production of high quality graphene. So far,
one main drawback of the CVD growth technique is the introduc-
tion of unwanted defects in the graphene network.4 Much effort has

been devoted to reducing defects in CVD graphene so as to improve
its performance.5

Separately, there have been many interests in understanding the
effects of defects. It has been purported that defect sites are able to act
as active centers for the chemical reaction to take place.6 Arguably,
defect sites intentionally introduced onto graphene could be manip-
ulated to improve its physical and chemical properties. Some of
these physical alteration methods have been demonstrated in Ref.
7. Generally, they are performed on small graphene samples mainly
to facilitate the understanding of defects on the overall performance
of the graphene device. On the contrary, chemical doping with small
elements during growth has been shown to introduce defects during
growth and post-growth on the entire graphene network.8
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CVD grown graphene has been widely reported for a num-
ber of years. To date, many authors reported varying degrees of
success in obtaining pristine graphene via the pyrolysis of carbon
precursors. That is, a spectrum of graphene samples have been syn-
thesized and reported.9 Therefore, it is clear that one of the key
issues is the lack of control over precursors’ quality with regard
to the presence of impurities or contaminants. In this work, we
show that the graphene defect density can be engineered during
CVD synthesis using CH4 precursors containing different amounts
of contaminants. A mechanism concerning in situ doping would be
presented. Thereafter, graphene devices transferred on the SiO2/Si
substrate. Finally, the graphene thermoelectric properties would be
characterized and presented.

The synthesized graphene samples were characterized by
XPS. Due to the electron charging effect, the graphene C1s peak

position was compared to that of adventitious carbon and trans-
lated accordingly. The details of the deconvoluted peaks are shown
in Fig. 1. The presence of the peaks coincides with those of C==C,
C−−C, C−−O, and O==C−−O at 284.8 eV, 285.3 eV, 286.6 eV, and
288.9 eV, respectively.10 Subsequently, the peak ratio of sp2 (C==C)
and sp3 (C−−C) was compared. It is observed that the measured ratio
of sp2/sp3 decreases in the following sequence: 4-9G (1.21) > 3-9G
(1.13) > 2-9G (1.06). The decrease in the sp2/sp3 ratio signifies the
increase in lattice defects. The corresponding oxygen O1s peaks for
4-9G, 3-9G, and 2-9G are shown in Figs. 1(d)–1(f), respectively. The
peaks were deconvoluted to C−−O, Si−−O, and O==C−−O at 532.6 eV,
533.4 eV, and 533.8 eV, respectively. It can be seen that the C−−O
and O==C−−O peak intensities vary in accordance with the amount
of oxygen present during graphene growth. It can be suggested that
oxygen has been doped into the carbon lattice during growth. On

FIG. 1. Deconvoluted XPS spectra of (C1s, O1s) for 4-9G [(a) and (d)], 3-9G [(b) and (e)], and 2-9G [(c) and (f)] and C1s for PMMA (g).
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the other hand, post-growth oxygen doping by atmospheric oxygen
atoms can be ruled out.11

One other possible source of contamination introduced onto
the graphene surface occurs during graphene transfer using PMMA
as the transfer layer. As such, a multitude of methods have been
proposed to remove the PMMA residues.12,13 Previously, it was
reported by Wang et al. that the cleaning in an acetone bath longer
than 3 h is sufficient for a significant removal of PMMA.13 The
authors compared the XPS spectra of PMMA on SiO2/Si with those
of cleaned graphene/SiO2/Si. Prominent peaks at approximately
289.0 eV, 286.6 eV, and 285.2 eV are seen in the PMMA spectrum in
Fig. 1(g).14 Particularly, the peaks at 289.0 eV and 286.6 eV should
have a similar peak height due to their equal presence in a PMMA
repeating unit. On the other hand, such features are absent from all
graphene XPS spectra. This indicates that much PMMA remnants
have been removed effectively by the cleaning method proposed.
Alternative solutions for cleaner graphene device preparation such
as paraffin could be explored in the future.15

The surface topologies of 4-9G, 3-9G, and 2-9G were probed,
as shown in Fig. 2. The surface roughness measured, Rq, could
be arranged in the following sequence: 4-9G (29.62 nm) > 3-9G
(22.23 nm) > 2-9G (6.41 nm). This trend could be explained by
the fact that with the introduction of more dopant atoms dur-
ing synthesis, the graphene lattice network reacts with the dopants
to form sp3 from sp2 arrangement. This results in the trans-
formation of the planar to tetrahedral configuration.16 With an
increase in defect density, the presence of C−−O and O−−C==O
allows the graphene samples (3-9G and 2-9G) to conform closely
to the underlying SiO2 layer due to stronger van der Waal
interaction.17

The obtained representative Raman spectra are shown in Fig. 3.
From Fig. 3, it can be observed that the intensity of the D peak
(ID/IG) increases with a lower concentration of CH4 during syn-
thesis. This work corroborated with previously reported observation
where different volumes of methane were charged into the reaction
chamber.18 Many previous works had discussed the significance of
G and 2D peak shift. Peak shifting could be an effect of local/global
strain as well as the incorporation of dopants. With reference to
Fig. 3, the G peak red shifted progressively from 1593 cm−1 (4-9G)
to 1583 cm−1 (2-9G). The red shift in the G peak is related to the
incorporation of oxygen atoms into the graphene lattice due to dop-
ing and strain.19 For 4-9G, the peak present between 1400 cm−1 and
1500 cm−1 can be explained as follows: The peak could be attributed

to the phonon states of the finite crystalline graphitic structure20 as
well as the presence of single hydrogenated sp2 carbon atoms.21

Raman spectroscopy, together with XPS results, reveals the
incorporation of O atoms into the graphene lattice for 3-9G and
2-9G. From the Raman spectrometric analysis, while the SiO2 sub-
strate could have contributed to intrinsic p-doping, the incorporated
oxygen introduces a p-doping effect, which results in the red shift-
ing of the G peak.22 Moreover, the amount of peak shift depends on
the doping concentration. The 2D peaks for all three samples (4-9G,
3-9G, and 2-9G) are fixed at 2677 cm−1.23 This fact further proves
that O atoms are incorporated into the graphene structure during
synthesis. Being electronegative in nature, both C−−O and O−−C==O
distort the global graphene network. O atoms present at defect sites
exert a pulling (tensile) force on the surrounding bonds. This causes
the C==C bond length to distort the overall structure. The effects
of lattice distortion are correlated with the number of defect sites
present. This supports the experimental observation that the amount
of red shift in the G peak of 2-9G is more than that of 3-9G from the
4-9G peak position. Even though the 2-9G sample was measured to
have lower surface roughness than 3-9G, the rougher appearance of
2-9G could be attributed to stress differentiation between graphene
and the underlying SiO2 layer. This causes the graphene layer to
detach itself from the substrate at localized regions of high stress.
The bulging of graphene can be seemed as a way to relieve stress
introduced at defect sites.

The different graphene samples were fabricated into test
devices. The Seebeck coefficient was measured in all the samples.
The ratio between the voltage measured across the hot and cold junc-
tions and the temperature gradient induced by the microheater was
computed as follows:

S = −
ΔV
ΔT

. (1)

A Seebeck plot for the three graphene samples is presented and
examined in Fig. 4(a). Separately, the temperature (wavelength)
generated by the microheater can be calculated by

R1 − R2 = α(T1 − T2), (2)

where R2 is the resistance measured at the reference temperature, T2,
and α is the temperature coefficient of resistance for the conductive
material. In this case, T2 is taken to be 25 ○C. R1 is the resistance
measured at set temperature, T1. The change in resistance can be
utilized to obtain the current temperature.

FIG. 2. AFM performed in tapping mode for the measurement area of 50 × 50 μm2 at 1 Hz for (a) 4-9G, (b) 3-9G, and (c) 2-9G.
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FIG. 3. Acquired Raman spectra for (a) 4-9G, (b) 3-9G, and (c) 2-9G.

It can be observed that the Seebeck coefficient follows a
descending order: 4-9G (105.1 μV/K) > 3-9G (89.4 μV/K) > 2-9G
(69.6 μV/K). The decrease in Seebeck coefficient is a consequence of
the increase in sheet resistance, which is likely due to the presence of

the defects.24 While 3-9G and 2-9G possess a similar amount of oxy-
gen, the presence of nitrogen gas25 in the latter further reduces the
quantity of CH4. The suboptimal CH4 concentration in 2-9G proba-
bly results in the formation of poorer quality graphene. The Seebeck

FIG. 4. (a) Measured potential drop plotted against the change in temperature between hot and cold junctions with the inset showing the illustration of a graphene TE device,
(b) experimentally extracted sheet resistance using van der Pauw’s structure, (c) on/off cycling stability test of the 4-9G sample, and (d) comparison of 4-9G operation in
vacuum vs in air. The inset shows the optical microscope acquired image of a fabricated graphene TE device.
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ratio provides an insight into entropy carrier transport divided by
the carrier’s charge.26 Defect sites could affect a donor–acceptor rela-
tionship with adjacent carbon atoms. Such interactions that could
result in the alteration of the electronic characteristics of the global
graphene lattice network have been previously discussed.27 In this
case, a change in charge transport in varying degrees of defect
inducement, resulting in Seebeck coefficient variations, is observed
in the samples.

As shown in Fig. 4(b), sheet resistances based on a 4-point
Van der Pauw’s structure were measured. Sheet resistances for 4-
9G, 3-9G, and 2-9G are 58.3 Ω, 521.8 Ω, and 905.1 Ω, respectively.
The results corroborate with the increase in defects, as revealed by
Raman spectroscopy in Fig. 3. When graphene is subjected to on/off
cyclical operation [Fig. 4(c)], no noticeable change to measured out-
put response is recorded over five cycles. This demonstrates the
operating stability of CVD graphene as a TE device. Small fluctua-
tions in the range of 2–4 μV can be attributed to the limitation of the
measurement setup. The time response for the device is measured to
be approximately 2 s. Such longer than expected response could be
due to the time response for joule heating and heat conduction via
the underlying SiO2 layer. This result is validated by the simulation,
as described in Fig. 5. Similarly, the recovery time for the device is
about 2 s.

Separately, the 4-9G graphene sample was probed in air. To
maintain the results consistency, the sample was placed firmly on the
temperature controlled bottom plate, which had been set to 25 ○C.
The results are shown in Fig. 4(d). A 20% drop in performance for
the Seebeck measurement carried out in atmospheric conditions is
observed. This is caused by additional influencing factors such as
convection airflow, which promotes channels for heat loss. Despite
a drop in Seebeck coefficient, the graphene TE device can be pack-
aged for operation in non-vacuum photonic packages. Potentially,
this can promote the manufacturing of low cost graphene devices in
the future.

Using the Lumerical DEVICE as observed in Fig. 5, the nature
of the transient rise time as shown in Figs. 5(b)–5(d) is elucidated.
Tracking heat flow with time, it can be inferred that a total time

of 150 μs is needed to establish a steady-state heat gradient in the
underlying oxide layer. However, the steady-state thermal profile is
established almost instantly (<1 μs) in the top graphene layer. Dur-
ing the actual experiment, the total time needed to establish steady-
state comprises joule heating in the microheater line (slow), delayed
thermal response in SiO2 (slow), and graphene thermal response
(fast). To improve the response time, it is essential to keep the micro-
heater in “always ON” mode. In addition, a mechanically controlled
chopper can be included for precise switching on and off.

Although not shown, a similar output response is remeasured
three months after fabrication. In between testing, samples were
intentionally left exposed to the air environment. No degradation
of performance is observed. This suggests that the system is highly
stable and could be operated in the absence of a hermetic packaging.
To realize that, the authors proposed to perform reliability studies
on such graphene TE devices in future communications.

As reported previously, CH4 undergoes pyrolysis at elevated
temperature to yield hydrogen and carbon derivatives in the
presence of a transition metal catalyst.28 Subsequently, carbon
atoms undergo a segregation process to form the graphene sp2

superlattice in the presence of a transition metal catalyst such as
Cu or Ni.29 The classical pyrolytic and dehydrogenation reaction
is often mentioned to be carried out in the absence of oxygen
molecules.30 In this case, an ideal pyrolytic chemical reaction of
methane in vacuo is as follows:

CH4 ↔ 2H2 + C→ graphene network. (3)

Although environmental O2 can be purged with inert gases for a
period or evacuated under vacuum, it is not always easy to exclude
O2 entirely. One probable source of O2 contaminant is a constituent
of the residual gas in the methane gas cylinder. However, it is dif-
ficult to eradicate the presence of oxygen that could influence the
quality of the eventual graphene sample. To shed light on the effect
of oxygen atoms on graphene and defect formation, CH4 precursors
with different O2 partial pressures were used to synthesize graphene
with varying defects in this work. From the analytical data presented

FIG. 5. (a) Schematic illustration of the simulation setup in the Lumerical DEVICE module, heat profile along the length of the graphene strip at (b) t = 0 μs, (c) t = 20 μs, and
(d) t = 150 μs.
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in this work, we would like to propose the following growth mecha-
nism. A side reaction involving the rapid formation of CH3OH and
CH2O could possibly occur in the reaction chamber in the quartz
tube reactor at elevated temperature,31 as presented by the following
equations:32

CH4 +
1
2

O2(CH3OH, CH2O) + H2

+ Cu(catalyst)→ −C −O,−C = O, (4)

CH4 +
1
2

O2 ↔ CH3OH→ CH2O→ CH2O2 → O − C = O. (5)

It was previously shown that the rate of reaction of CH3OH pyrol-
ysis increased in the presence of H2.33 Separately, in the presence
of O2, methane combustion could produce formaldehyde.34 Sub-
sequently, Cu metal might catalyze the carbonylation of (−−C−−O)
where it could be incorporated with C atoms during graphene syn-
thesis. The presence of methanol and formaldehyde, in which the
latter, quickly oxidized to formic acid during pyrolysis (fast reac-
tion), were incorporated as O−−C==O and C−−O into the expanding
graphene superlattice as defects.35 Plausibly, graphene and the exis-
tence of defect sites could further drive the oxidation of methane to
methanol, formaldehyde, and/or formic acid, propelling the reaction
forward. The other probable by-products for methane combustion
are CO2 and CO, which are unlikely to be incorporated into the
graphene network.36

The introduction of a larger N2 volume induced more defects
in 2-9G than in 3-9G. The phenomenon is attributed to the fact
that N2 has a stronger interaction with the graphene network than
Ar, the major carrier gas.37 This suggests that N2 is able to “stick”
for a longer period of time on the graphene surface. At the same
time, during the “stick” phase, we postulate that N2 could possi-
bly destabilize the graphene edges by competing with H2 at the
growth leading edge.38 As such, the growth mechanics could have
been altered, resulting in the incorporation of oxygen-containing sp3

carbon molecules. The presence of N2 likely disrupts the continual
growth of graphene, leading to the incorporation of more defects.

CVD grown graphene is a well-known process that is capable
of producing large graphene. Today, considerable effort is still dedi-
cated to optimizing graphene growth conditions to reduce graphene
defects. In this work, it was shown that the residual constituent
of methane precursors could impact the graphene growth process.
That is, graphene defects are shown to be a result of O2 present
in minute quantity during CVD graphene growth. The number
of defects was shown to be attributed to the presence of oxygen.
The presence of oxygen affects the physical and chemical proper-
ties of the synthesized graphene as well as its interaction with the
underlying substrate. Moreover, the presence of N2 likely inter-
fered with graphene growth at the edges. The fabricated graphene
samples were then explored as a possible thermoelectric material
with the 4-9G, displaying the highest Seebeck coefficient of all.
4-9G was demonstrated to perform well both under vacuum and at
1 atm without significant loss in performance for the latter. More-
over, given its stability under room temperature and pressure con-
dition, the graphene thermoelectric device could be exploited as the
next-generation carbon-based electronics platform for a multitude
of sensing applications.

TABLE I. Precursors’ gas major and minor constituents and their amount present.

Gas mixture constituent and concentration (V/V)%

Sample ID CH4 O2 N2

4-9G 99.99 0.0010 0.0035
3-9G 99.90 0.0050 0.0250
2-9G 98.90 0.0050 1.0250

CH4 precursors containing different amounts of CH4, O2, and
N2 were ordered. To ensure consistency, the gas composition was
analyzed by using the supplier. The gas mixture and their major par-
ticipating constituents are CH4, O2, and N2, as shown in Table I. The
other minor constituents comprise ethane, water, and hydrogen.

The purchased gases were used as-is without further purifica-
tion. 25 μm cleaned copper foils were cut to size and placed in the
middle of a tube furnace. The ends of the tube were tightly sealed
and checked for leakage. Thereafter, Ar as a carrier gas and H2 were
charged into the tube at 20 sccm to minimize exchange with the
atmosphere. The tube furnace was then heated to 1035 ○C with a set
ramp rate of 25 ○C/min. The Cu foil was thermally cleaned in an
H2 atmosphere for 30 min. CH4 precursor gas was flowed into the
reaction chamber at 40 sccm. The H2 gas flow rate was reduced to
10 sccm. Thereafter, the tube furnace was cooled down naturally.
As the temperature approached 600 ○C, CH4 and H2 gases were
turned off. Ar was allowed to flow until room temperature. The
seal was broken only when the thermostat indicated temperature is
lower than 50 ○C. Finally, samples were carefully removed from the
tube. Samples synthesized in the presence of 99.999%, 99.5%, and
99.0% CH4 gases are denoted as 4-9G, 3-9G, and 2-9G, respectively,
thereafter.

The graphene device process flow is shown in Fig. 6. During
transfer, the synthesized graphene (4-9G, 3-9G, and 2-9G) was spin-
coated with a layer of poly(methyl methacrylate) (PMMA). Then,
the Cu foil was etched in ammonium persulfate. Graphene was
released from PMMA in acetone. In this work, samples were soaked
in acetone for more than 72 h to remove PMMA residues. This was
followed by a thorough cleaning with rigorous dispensing of a lib-
eral amount of acetone, isopropanol, and water in sequence from
squirt bottles. Device grade 285 nm-thick SiO2/Si wafers [Fig. 6(a)]
were mechanically diced to a size of 10 × 10 mm2. Then, the free
floating graphene was wet transferred onto the SiO2/Si substrate. As
shown in Fig. 6(b), graphene of dimension 64 × 16 μm2 was ultravi-
olet (UV) lithographically patterned using an AZ 5214E photoresist
and etched using a low power O2 plasma. Thereafter, metal lines
were patterning using electron beam lithography (EBL) with sin-
gle coated A4 PMMA resists. Following that, (80 nm) Au/(20 nm)
Ti was deposited by electron beam evaporation. Finally, metal lift-
off was done in acetone without ultrasonic agitation, as shown in
Fig. 6(c).

The synthesized graphene was characterized using Raman spec-
troscopy (Witec) with a 532 nm laser and a 100× focusing lens.
The height of the mounting stage was then modulated until the
highest response intensity from the excitation He−−Ne (532 nm)
laser was recorded. A total of three runs performed at three ran-
domly chosen positions were acquired from each sample in one
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FIG. 6. (a) Growth of thermal oxide on the 4
′′

(100) Si wafer (diced). (b) Wet transfer of graphene followed by lithographic patterning and O2 plasma etching. (c) Deposition
and lift-off of Au/Ti as a microheater and electrical lines.

session. The thermoelectric property of the fabricated device was
performed on a probe station with vacuum capability. Atomic force
microscopy (AFM, Bruker) was conducted on an area of 50 × 50
μm2. A total of 512 lines were scanned with a frequency of 1 Hz.
Scanning electron microscopy were carried out to investigate the
quality of the graphene samples. X-ray photoelectron spectroscopy
(XPS) was carried out on an AXIS Supra (Kratos). The XPS is
equipped with an integrated hemisphere analyzer, with a charge
neutralizer. The XPS spectra are collected with an open aperture
of dimension 700 × 300 μm2 powered by a monochromatic Al
source.

A single material “thermocouple” device was fabricated to
study the response of graphene to an external perturbation. Heat was
generated by joule heating in the isolated microheater line, as shown
in Fig. 4(a) (inset). Throughout this work, the temperature was con-
trolled by altering the input voltage or current. The potential drop
(ΔV) between T1 and T2 was then monitored. Graphene surface
resistance was characterized using the van der Pauw technique.

Lumerical DEVICE simulation was carried out to understand
the heat flow profile. Graphene was placed on a SiO2 block where the
thickness TOxide ≫ TGraphene. Heat impulse was introduced into the
structure at t = 0. The cross section heat flow profile was measured
up to 200 μs.
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