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This study investigated the transport properties of single-layer reduced graphene oxides (rGOs). The

rGOs were prepared by the bubble deposition method followed by thermal reduction. The crossover

of the transport mechanism from Efros-Shklovskii (ES) variable range hopping (VRH) between the

localized states to Mott-VRH was observed near 70 K using the temperature-dependent conductance.

The ES-VRH conduction below 70 K is apparent in the electric field dependence of the field-driven

hopping transport in the high-electric field regime. We also figure out that the thermoelectric power

is consistent with the 2D Mott VRH above 70 K. We argue that the VRH conduction results from the

topological disorders of rGO as confirmed by Raman spectroscopy. This infers that the average dis-

tance between defects is approximately 2.0 nm. Published by AIP Publishing.
https://doi.org/10.1063/1.4987021

The exotic electronic properties of graphene have

attracted much attention.1 However, the lack of a bandgap

has limited the development of graphene based electronic

devices.2 One of the methods to overcome this limitation is

to make defects, which is a useful tool for modifying the

electronic structure of graphene.3–5 There have been two dif-

ferent approaches to obtain a disordered graphene by artifi-

cially controlling the disorder and reduction of graphene

oxide (GO).6–8 GO is hydrophilic and easily dispersible in

water or organic solvents due to the presence of various oxy-

gen functional groups which provide its electrically insulat-

ing property and good processability.9 The electrical

properties of GO can be modified through chemical or ther-

mal reduction. Reduction of GO gradually produces ran-

domly distributed crystalline domains of sp2 carbons at

nanometer size which are surrounded by the unreduced

GO, i.e., the oxygen functional groups.10 Although several

groups have investigated the charge transport properties of

reduced GO (rGO), there is still some disagreement among

their results. They provided different explanations for the

charge transport behaviors of rGO, e.g., Mott variable range

hopping (VRH),11,12 Efros-Shklovskii (ES)-VRH,13 and

thermal activation,14 because these results were obtained

with different sample geometries and different temperature

ranges. However, the study of the charge transport mecha-

nism of rGO is indispensable for not only understanding its

fundamental properties but also realizing its industrial appli-

cations. Therefore, the probing transport mechanism of rGO

is an important subject in the field of graphene-based

electronics.

In this study, we report the temperature dependence of

conductance [G(T)] and thermoelectric power (TEP) measure-

ments as a function of the gate voltage (Vg) in a large area sin-

gle layer rGO. The G(T) follows the ES-VRH model in the

full range of Vg. The TEP shows that the two dimensional

(2D) Mott VRH is the main transport mechanism at T> 50 K.

A large-area GO was synthesized by the modified

Hummers method using natural expandable graphite.15 A

single-layer GO was deposited onto a SiO2 (285 nm)/Si sub-

strate by the bubble deposition method.16 The rGO was pre-

pared by thermal annealing in a H2/Ar flow at 1000 �C for 6 h.

Afterwards, the rGO was transferred onto the SiO2 (285 nm)/

Si substrate with a pre-patterned alignment marker. The

single-layer rGO was selected by optical contrast using an

optical microscope and an atomic force microscope (AFM,

Asylum Research). Rectangular-shaped rGO was defined by

conventional electron-beam (e-beam) lithography (MIRA3,

Tescan) and oxygen plasma etching. The electrodes and

micro-heater were fabricated by e-beam lithography followed

by thermal evaporation (Cr/Au¼ 5/50 nm) and using a lift-off

process. The transport properties of the rGO device were stud-

ied in two-terminal configurations. All measurements were

performed in a 14 T superconducting magnet (Oxford). The

Vg-dependent resistance and TEP were measured by the DC

method using a semiconductor parameter analyzer (4200-

SCS, Keithley). The rGO was also characterized by X-ray

photoelectron spectroscopy [XPS, PHI 5000 Versa Probe,

Phi(U)] and Raman spectroscopy (532 nm wavelength with a

power of 10 lW, JY-Horiba).
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The single-layer rGO had a 1 nm thickness of the rGO

determined by AFM shown in the inset of Fig. 1(a). Figure

1(a) displays that the elemental composition of the rGO was

investigated by XPS. We found that the amount of C-C and

C¼C species increased up to 82%. We carried out the

Raman spectroscopy measurement to verify the quality of

rGO. The Raman spectra were changed significantly after

the reduction process. The intensity of the G peak decreased

compared with the intensity of the D peak, and the D0 peak

near 1620 cm�1 was slightly developed as shown in Fig.

1(b). The ratios of ID/IG indicate the degree of disorder in

graphene-based materials.17 The ID/IG ratio increased from

0.93 to 1.87 upon reduction, which indicates a decrease in

the average size but an increase in the number of sp2

domains upon reduction. According to the curve associated

with the ID/IG ratio and the distance between two defects

(LD) studied,18 the ID/IG ratio and the full width at half-

maximum (FWHM) indicate the distance between the two

defects. The FWHM of the G (55 cm�1), D (46 cm�1), and

2D (110 cm�1) peaks after thermal reduction corresponds to

carbon materials in a topologically disordered state where

the LD of the rGO is approximately 2.0 nm.

Figure 1(c) shows the representative transfer curve as a

function of the temperature in the temperature range of

10<T< 300 K, with a source-drain voltage (VDS) of 10 mV

for which the current-voltage (I-V) curves are Ohmic. The

Vg-dependent conductance exhibited ambipolar transport

over the entire temperature range. The temperature depen-

dence of conductance G(T) as a function of Vg decreased as

the temperature decreased [Fig. 1(d)], which probably origi-

nates from the characteristic of the strongly localized regime

of the VRH. As expected, G(T) follows the conventional

Mott-VRH equation: GðTÞ ¼ G0 exp ð�T0=TÞp, where G0 is

the conductance at infinite temperature and T0 is the Mott

characteristic temperature. The exponent p depends on the

dimension of the systems or the shape of the density of state

(DOS).19 Note that the Mott-VRH does not include the

Coulomb interaction between the localized states. When cou-

lomb interactions exist in the VRH system, the DOS near the

Fermi level diminishes because a soft gap is created in the

vicinity of the Fermi level called the Coulomb gap (CG).20

Therefore, the hopping equation is modified by the ES-VRH

model as follows: GðTÞ ¼ G0 exp ð�TES=TÞ1=2
, with TES

¼ be2=4pee0kBn, where b is a numerical constant with a

value of 6.2 in 2D,20 n is the localization length, e is the

effective dielectric constant, e0 is the vacuum permittivity,

kB is the Boltzmann constant, and e is the electron charge. In

the case of the ES-VRH, p¼ 1=2 is irrespective of the dimen-

sions. The determination of the exponent (p) unambiguously

distinguishes between the two different VRH mechanisms.

For that purpose, we used a method based on the logarithmic

derivation of the reduced activation energy (W) introduced

by Zabrodskii and Zinoveva.21 W is expressed by the follow-

ing equation: WðTÞ ¼ @lnG=@lnT ¼ pðT0=TÞp, where the

value of p can be obtained from the slope of ln W versus ln
T. Figure 2(a) shows Ws at various temperatures on a log

scale for which the experimental data were plotted as a func-

tion of Vg. The linear solid violet line and pink line corre-

spond to p¼ 1=2 and p¼ 1=3, respectively. The ES-VRH

conduction (p¼ 1=2) is dominant at low temperature; how-

ever, the 2D Mott -VRH behavior (p¼ 1=3) becomes promi-

nent at high temperature. When the thermal energy is higher

than the Coulomb gap energy (kBT�ECG),22 the Coulomb

interaction becomes negligible. As a result, the charge trans-

port is not affected by ES-VRH anymore, and the Mott-VRH

conduction recovered. It is difficult to distinguish an accurate

crossover temperature from Fig. 2(a). Thus, we plotted G vs

T�1/2 and T�1/3 for all Vgs. Figure 2(b) shows the conduc-

tance at Vg¼ 0 as a function of T�1/2 (red square dot) and

T�1/3 (blue square dot) (The other plots for various Vg values

are plotted in Fig. S1). The linear fittings of lnG to T�1/2 and

T�1/3 are plotted as a solid red line and a solid blue line,

respectively. lnG to T�1/2 is well fitted at low temperatures

and then deviates near 65–70 K. In contrast, the fitting of lnG
to T�1/3 is well matched in high temperature regimes.

However, it deviates near 70 K. It is worth noting that the

deviation temperature is almost the same. It means that the

crossover occurs at a crossover temperature (TCO) of approx-

imately 70 K shown in Fig. 2(c). The ES-VRH and 2D Mott-

VRH behaviors of G(T) for each temperature regime are

shown in Figs. S2(a) and S2(b), respectively.

The Coulomb gap energy, ECG ¼ TES=b
ffiffiffiffiffiffi
4p
p

, was calcu-

lated to validate TCO, in which TES is obtained from the lin-

ear fitting of Fig. S3(a). Figure 2(d) shows both ECG and n
values as a function of Vg. ECG and n are 32 K and 19.3 nm

at a Vg¼ 0, and ECG decreases as the magnitude of Vg

increases. The smaller ECG compared with TCO is obvious

because the thermal energy will be larger than ECG for the

occurrence of crossover. ECG at a Vg of 0 is suppressed by

increasing positive and negative gate voltage, which arises

from the increase in overlapping wave functions for local-

ized electrons. The increase in the overlap enlarges the

domains of the delocalized electrons and presumably screens

the Coulomb interaction.23 The reduction of ECG at high

FIG. 1. (a) XPS spectra for rGO with deconvolution of the C1s peaks. The

inset shows the AFM image of an rGO device. (b) Raman spectra before

(blue curve) and after reduction (green curve). Inset: magnified region for

the G peak. (c) The Vg dependence of conductance with a fixed drain voltage

of 10 mV at different temperatures. (d) G(T) as a function of temperature in

the range of 10<T< 300 K. The inset displays an optical image of the

device.
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carrier densities and the switching of the ES-VRH to the

Mott-VRH have been reported in graphene antidot lattices.24

The ES-VRH behavior was further confirmed by the

electric field dependence of conductance at high electric

fields. Figure 3(a) shows G(E) at 1.6 K as a function of Vg.

The electric field-dependent G(T) is strongly suppressed in a

high electric field regime at a low temperature as follows:25

GðEÞ � exp ð�E0=EÞ1=2
, with E0 ¼ kBTES=2en, where G(E)

is the non-Ohmic conductance (dI/dV). This electric field

dependence is expected in the ES-VRH above the critical

electric field (EC � 2kBT=en).25,26 E0 decreases as the car-

rier density increases [Fig. 3(b)]; this behavior is consistent

with that of ECG obtained in the Ohmic regime of the low-

electric field.

We further confirm the ES-VRH by magnetoresistance

(MR). The negative MR is observed and follows the ES-

VRH, which is interpreted by the quantum interference effect

in the VRH system (see the MR of rGO in the supplementary

material).

Figure 4(a) shows the Vg dependence of the TEP (S) as a

function of the temperature (50 K< T< 300 K). Typically,

the sign of the TEP of graphene is switched across the charge

neutrality point (CNP). In addition, the sign of the TEP is

very sensitive to the kind of majority carrier.27 The positive

and negative values of the TEP indicate that holes (S> 0)

and electrons (S< 0) are the majority charge carriers, respec-

tively. We observed that the magnitude of the TEP increased

with the increase in Vg regardless of the carrier type. It was

reported that the TEP increased with an increase in Vg near

the Dirac point in graphene, which was interpreted by the

result from the electron and hole puddle effect near the Dirac

point.27 Moreover, the broadening of the peak to the dip

width in S(Vg) was observed in the low mobility gra-

phene,28–30 which is also related to the electron and hole

puddle effect due to the disorder effect and charged impurity

in the graphene. In this regime, the compensated TEP can be

expressed as a simplified two-component model with the car-

rier density of the electron (ne) and hole (nh) as follows:

S ¼ S0ðjnhj � jnejÞ=ðjnhj þ jnejÞ,31 where the TEP increases

from zero at the complete compensation as the density of the

majority carrier exceeds that of the minority carrier. Then,

the magnitude of the TEP decreases as the Fermi energy

moves to degenerated states. However, the localized states

due to the defects, impurities, and electron-hole puddle are

formed in a broad bandwidth in the rGO, for which we

observed the ES-VRH behaviors. Thus, the maximum value

of the TEP is far from the CNP, which is not accessible in

our Vg range.

Figure 4(b) shows the temperature-dependent TEP, S(T),

with respect to Vg. The TEP of the rGO follows the 2D Mott

VRH which is linear with respect to T1/3. The temperature

FIG. 2. (a) Reduced activation energy

as a function of temperature on a log-

log scale for Vg. (b) Semi-log scale

plot of lnGðTÞ / T�1=2 and lnGðTÞ
/ T�1=3 for Vg¼ 0. The symbols rep-

resent experimental data, and the solid

lines represent a linear fit to T�1/2 (red

line) and T�1/3 (blue line). (c) The

crossover temperature as a function of

Vg calculated from Fig. S1. (d) The Vg

dependence of ECG (orange dots) and n
(violet dots).

FIG. 3. G(E) as a function of gate voltage. (a) Semi log plot of lnGðEÞ
/ E�1=2 ln for the rGO device at 1.6 K. (b) E0 obtained from the fitting of

GðEÞ / exp ð�E0=EÞ1=2
.

FIG. 4. (a) TEP as a function of Vg for T¼ 50, 100, 150, 200, 250, and

300 K. (b) SðTÞ / T1=3 for Vg¼�80, �40, 0, 40, and 80 V.
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dependence of the TEP in the Mott VRH is expressed as

follows:32

SðTÞMott�VRH � kBT
TM

T

� � 2
dþ1

� dnðEFÞ
dEF

/ T
d�1
dþ1;

where n(E) is the density of the states and d is the dimension-

ality of the system. As mentioned above, we observed the

2D Mott VRH behavior in G(T) within the temperature range

(70 K<T< 300 K). The behavior of both G(T) and S(T)

indicates that the 2D VRH is the dominant conduction mech-

anism above 70 K. The ES-VRH is prominent at low temper-

atures at which the thermal energy is smaller than the

Coulomb gap. Furthermore, ECG estimated from the temper-

ature dependence of conductance was 32 K. Therefore, we

conclude that the ES-VRH is dominant below 70 K, and the

transition to Mott’s 2D VRH occurs at about 70 K. It is worth

noting that crossover exists in the charge transport phenome-

non of rGO and that the energy for the crossover is about

70 K.

In summary, we investigate the electrical and thermo-

electric transport of rGO. G(T) with gate voltages of

�80 V<V< 80 V follows the ES-VRH for which the size of

the Coulomb gap decreases as the carrier density increases.

The Vg dependence of the TEP indicates the broad band-

width of the localized states. The ES-VRH is dominant

below a T of 70 K, and the 2D-VRH is the main transport

mechanism at temperatures in the range of 70<T< 300 K

confirmed by the temperature dependence of the TEP.

See supplementary material for additional figures of

G(T) and MR of rGO at various temperatures.
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