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Significant variation in the charge transport behaviour in graphene oxide (GO) ranging from Schottky to

Poole-Frenkel and to space charge limited transport exists. These have been extensively reported in the

literature. However, the validity of such conventional charge transport models meant for delocalized

carriers, to study charge transport through localised states in GO, a disordered semiconductor is open to

question. In this work, we use the concept of transport energy (TE) to model charge transport in lightly

reduced GO (RGO) and demonstrate that the TE calculations match well with temperature dependent

experimental I-V data on RGO. We report on a temperature dependent TE ranging from a few 10meV

to 0.1 eV in slightly reduced GO. Last, we point out that, despite the success of several delocalised

charge transport models in estimating barrier heights that resemble the TE level, they remain largely

accidental and lack the insight in which the TE concept provides in understanding charge transport in

RGO.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4792042]

I. INTRODUCTION

There have been several reports on the charge transport

mechanism in reduced graphene oxide (RGO), reporting behav-

iour ranging from Schottky limited1 to Poole-Frenkel,2 hopping

and tunneling,3 space charge limited current with exponentially

distributed traps (SCLC-EDTs)4 and percolation.5 However,

there has been no clear consensus on a charge transport model

for RGO. Despite several variations existing in the experimen-

tal conditions, we believe such diverse behaviour has a funda-

mental cause. Charge carrier injection and transport in

disordered organic semiconductors are very different when

compared with conventional inorganic semiconductors.6,7 Sev-

eral assumptions made in deriving models for charge transport

in inorganic materials may not hold8 for organic materials.

Particularly, the applicability of conventional delocalized band

transport models to materials where charge transport is medi-

ated by hopping between localized states remains doubtful.

Graphene oxide (GO) is a semi-amorphous material,9 compris-

ing intact graphene-like sp2 regions embedded in a sp3

matrix, where the sp3 regions act as a charge transport barrier

between the highly conductive sp2 regions. We treat GO as a

disordered semiconductor with both energetic and positional

disorders. Since as-prepared graphene oxide is known to be

highly insulating,1 it becomes necessary to reduce GO to RGO

to perform current-voltage (I-V) experiments. In this work, we

focus on the charge transport mechanisms in lightly reduced

GO, since heavily reduced GO is well known to show band-

like transport properties.3 We use laser irradiation10–12 and mild

thermal heating to form lightly reduced GO (resistance

(R)� 200 GX, compared to as-prepared GO flakes with

approximately a few tera Ohms resistance). We measure tem-

perature (12K–350K) and field dependent current–voltage

(I-V) characteristics on RGO and compare our experimental

results with transport energy (TE) simulations. The concept of

transport energy was introduced by Monroe13 and has been

used extensively to describe charge transport in disordered

semiconductors by Arkhipov et al.14 The transport energy level

describes an energy level which lies within the bandgap, at

which hopping transport between localized states is optimized.

The hopping process in the vicinity of the TE could be mod-

elled as a “multiple-trapping and detrapping” type of carrier

relaxation with the TE playing the role of the mobility edge.15

II. EXPERIMENTAL

A. GO synthesis and atomic force microscopy
characterization

Big sized graphene oxide (BSGO) flakes were synthe-

sized using a modified Hummer’s method using the recipe ina)E-mail: peykinleong@sutd.edu.sg and c-vijila@imre.a-star.edu.sg.
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Ref. 16. The BSGO sheets were then spin-coated on to a pre-

diced 1 cm� 1 cm Si/SiO2 substrate (300nm SiO2 on Si). To

characterize the flakes, an atomic force microscopy (AFM)

study was carried out using a multi mode-Digital Instruments

system in the tapping mode. Fig. 1(a) presents a 10lm� 10lm

scan region, which confirms the presence of large flakes

(extending beyond the scan limits). To determine the number

of layers for the flakes, a line profile was taken along a possible

single/double layer region, as shown by the dotted line in

Fig. 1(a). The analysis of the line profile as shown in Fig. 1(b)

confirms the presence of single/double layers from their respec-

tive heights of 1 nm and 2.1 nm, respectively.17

B. Device fabrication and Raman characterization

A 100 ll, 4% polymethylmethacrylate (PMMA) (Micro-

Chem, MW: 495K) anisole solution was spin coated on

Si/SiO2 (300 nm) substrates at 4000 rpm and baked at 120 �C
for 2min. The source/drain electrodes were patterned by

electron beam (E-beam) lithography (FEI/Sirion), and this

was followed by the development of PMMA with a methyl

isobutylketone (MIBK) and isopropyl alcohol (1:1) solution.

After development, thermal evaporation of 5 nm Cr/35 nm

Au was performed in vacuum at 10�5Pa. The sample was

then left in acetone overnight before performing liftoff. The

samples were then blown dry with N2. A second E-beam step

was used to pattern the etch mask, followed by oxygen plasma

(20W, 20 sccm oxygen plasma (RIE NTI-2312) for 40 s) to

etch away the unwanted GO areas. After the final etch step, the

sample was left overnight in acetone to remove the resist. There-

after the samples were cleaned with isopropyl alcohol (IPA) and

blown dry with N2. The inset of Fig. 2 shows the microscope

image of a typical GO device with electrodes (yellow) isolated

from one another by etched GO-free areas (purple).

Raman spectroscopy was carried out to select the devi-

ces with GO in the active device region, using a 488 nm laser

of spot size 0.5 lm. Devices with GO gave strong D

(1350 cm�1) and G peaks (1600 cm�1) as shown in Fig. 2.18

The presence of the 2D peak� 2700 cm�1 corresponds to the

presence of unreduced/intact sp2 regions. The electrodes

were wire-bonded after gluing the sample with silver paint to

the chip carrier, which was subsequently mounted on a chip

socket and placed in a cryostat (Janis-model CCS-450K) for

measurement. The temperature in the cryostat was monitored

by a Lakeshore 331 controller. I-V measurements were per-

formed using a Keithley femto-ammeter (model-6430) with

a remote preamplifier. The electrical measurements were

taken in the dark by covering all apertures of the cryostat

with aluminium foil. Within the cryostat, the samples were

shielded using radiation and vacuum shrouds.

C. Reduction of GO

To reduce GO, the fabricated GO device was irradiated

using a 1 mW, 630–670 nm solid state laser, with a spot size

of 1mm, for 1min. Laser irradiation is known to induce local

heating of GO and hence reduce the material.10–12 After irra-

diation, the resistance of the material had dropped from T-X

to approximately 200G-X. The sample was heated at 423K

for 2 h thereafter to further reduce the sample resistance

before carrying out the I-V experiment. However, the

decrease in the sample resistance after the treatment at 423K

was negligible compared to the decrease caused by the laser

irradiation. All measurements were repeated several times

on several devices to ensure repeatability and consistency.

FIG. 1. (a) AFM image of GO. It is clear that the lateral sizes are much

larger than the scanning range of the AFM (10lm in our case). (b) AFM

line profile of the dotted line in (a) confirms the presence17 of both single

layer and double layer GO given by their respective thicknesses of 1 nm and

2.1 nm.

FIG. 2. Plot of Raman intensity versus shift for a representative BSGO sam-

ple. The strong D and G peaks confirm the presence of GO. The inset shows

the microscope image of a typical GO device with electrodes (yellow) iso-

lated from one another by etched GO-free areas (purple).
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III. RESULTS AND DISCUSSION

One of the important questions to answer in charge trans-

port analysis is whether the transport is bulk limited or injec-

tion limited. To answer this question, the I-V characteristics

shown in Fig. 3 are typically fit to various injection-limited

models such as the Schottky/ Fowler-Nordheim (F-N) tunnel-

ing models or bulk limited models like the Poole-Frenkel or

space charge limited conduction.19

Fig. 3 depicts the I-V characteristics at various tempera-

tures ranging from 12K to 350K. While the I-V characteristics

appear to be symmetric, it remains inconclusive on whether

electron or hole transport is predominant, since similar contacts

have been used as electrodes. There appears to be little temper-

ature dependence below 110K (as seen in the inset of Fig. 3)

suggesting the presence of tunneling processes dominating

charge transport below 110K. This then gives us a rough esti-

mate of approximately 10meV (kBT) for the thermal activation

energy in RGO. In the following discussions, we consider the

contributions to the current from all possible mechanisms over

the range of temperatures investigated.

A. Schottky/Poole Frenkel models

If the energy of the electrons is large enough to launch

them across the metal-semiconductor or metal/insulator

Schottky barrier, the Schottky current due to such electrons

could be modelled using the Schottky current formula

J ¼ 4pm�qk2BT
2

h3
exp � q/

kBT

� �

exp
q

kBT

ffiffiffiffiffiffiffiffiffiffiffiffiffi

qE

4pe0er

r
� �

; (1)

where m* is the effective mass of the electron, q/ the barrier

height, E the applied electric field, e0 the vacuum dielectric

permittivity, er the relative permittivity of the semiconduc-

tor, kB is Boltzmann’s constant, and h is Planck’s constant.

A popular model used in the presence of traps is the Poole-

Frenkel (PF) model which describes field enhanced thermal

excitation of trapped electrons into the conduction band as

J ¼ q � Nc � le � E � exp � q/

kBT

� �

� exp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q

p � e0er

r

q
ffiffiffi

E
p

kBT

� �

;

(2)

where NC is the density of states (DOS) in the conduction

band and le is the electron charge mobility. A similar for-

mula could be also used for hole traps. We next analyze

results from the various fits. Figures 4 and 5 show the

Schottky and the Poole-Frenkel characteristics, respectively.

Both models appear to fit reasonably well with our data,

particularly in the region of moderate to higher fields. How-

ever, considerable deviations exist at low fields and low tem-

peratures. This can be discerned as a knee in the Schottky

fits and as increasing deviations/noise from the Poole-

Frenkel fit. Therefore, we believe that such fits, when

observed, have been accidental, for the following reasons.

From the experimental and theoretical DOS of GO,9,21 we

know that the electron/hole barrier to the lowest unoccupied/

highest occupied molecular orbital (LUMO/HOMO) is at

least 2 eV from the Fermi energy. This makes it highly

unlikely for the conventional Schottky thermionic emission

into the GO HOMO/LUMO as the operating mechanism for

charge transport, especially in the absence of gating. None of

our devices has a gate. Furthermore, the extracted relative

dielectric constant of 1.41 from the Schottky plot (Fig. 4) is

FIG. 3. Temperature dependent I-V characteristics of RGO. The inset shows

temperature dependence of the current density at 20V (bottom) to 100V

(top) (in increment of 20V).

FIG. 4. Schottky plots of temperature dependent I-V data shown in Fig. 3.

FIG. 5. Poole-Frenkel plots of temperature dependent I-V data shown in Fig. 3.
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much lower than that found in the literature (between 3

and 12).1,2,22,23 A subtle point is that under weak temperature

dependence, the Schottky plot essentially becomes equiva-

lent to a ln J versus E1/2 plot. This type of Poole-Frenkel-like

behaviour involving square root field dependence is observed

in disordered semiconductors.24 It has been attributed to field

dependent barrier lowering for upward hops in the presence

of energetic disorder. Horowitz had also given a similar

interpretation for the origin of the PF-like behaviour, due to

modification of the Coulombic potential near localized

states, leading to an increase in the tunnel transfer rate

between sites.25 Similarly, although the data appears to fit

well with the Poole-Frenkel mechanism in Fig. 5, the

extracted temperature dependent dielectric constants are

within acceptable range only at 290 K and 350K (below 11).

At lower temperatures (31 at 170K), the dielectric constants

become large. Furthermore, the curvature of the Poole-

Frenkel plots and the plateau at low fields accompanied by

noise indicates that this model is inappropriate. Hence, this

suggests that although a ln J versus E1/2 relationship exists

over a limited range of experimental parameters, the Poole-

Frenkel mechanism is not suitable for explaining charge

transport in RGO.

In disordered materials, the charge injection from the

metal to the disordered semiconductor follows a hopping

injection26 process rather than the conventional thermionic

injection process. The charge carrier is essentially injected

from the metal Fermi level into a localized state in the disor-

dered material, and hops across the material towards the

other electrode. We believe that such is also the case for

RGO.

B. Space charge limited and Fowler-Nordheim tunnel-
ing models

When the injection rate is higher than what the semicon-

ductor/insulator could accommodate, a SCLC arises as

J ¼ 8

9
� l � e0er

d3
� V2; (3)

where d is the distance between the electrodes. At low fields,

the I-V is expected to be ohmic. In deriving this Eq. (3), the

effect of traps has been neglected. In the presence of expo-

nentially distributed traps (trap states tailing exponentially in

the gap),

hðEÞ ¼ Ht

Et

exp
�E

Et

� �

; (4)

where h(E) is the trap distribution function in energy E, Ht is

the trap density, and Et is the characteristic energy (for

detrapping) of the distribution. The space charge limited cur-

rent density20 is modified as

J ¼ q1�llN
2lþ 1

lþ 1

� �lþ1
l

lþ 1

ese0

Ht

� �l
Vlþ1

d2lþ1
; (5)

where N is the density of states in the valence/conduction band

depending on the trap type and the exponent l (l¼TC/T, where

TC is the characteristic temperature) is obtained from the

gradient of the log I versus log V curve. Upon extraction of

TC, the characteristic trap energy level Et is obtained from

kBTC. Further manipulation of Eq. (5) leads to

J ¼ lNqV

d

� �

f ðlÞexp � Et

kBT
ln

qHtd
2

2ese0V

� �� �

; (6)

where

f ðlÞ ¼ 2lþ 1

lþ 1

� �lþ1
1

lþ 1

� �l
1

2l
; (7)

the function f(l) could be approximated as 0.5 for l> 2,

hence giving

J ¼ lPNVqV

2d

� �

exp � Et

kBT
ln

qHtd
2

2ese0V

� �� �

: (8)

The trap density could be calculated from ln J versus 1/T

plots. An alternative method relies on observing that at a

cross-over voltage VC, the ln term tends to zero giving a tem-

perature independent current. VC could be extracted by

extrapolating the log I versus log V curves at different temper-

atures. The point, at which the different curves meet, will be

the cross-over voltage. Thereafter, the trap density Ht could be

calculated using the following equation:

Vc ¼
qHtd

2

2ese0
: (9)

From Fig. 6, we observe a deviation between the for-

ward and backward sweep/hysteresis, indicating the presence

of charge trapping in RGO. After an initial ohmic region

(backward sweep), the log I-log V curve approaches the

SCLC-EDT regime where the slope m (the exponent

(m¼ lþ 1) of V) in Eq. (5) is larger than 2. We extract m

values between 5 and 6 from our temperature dependent

FIG. 6. Temperature dependent log I versus log V characteristics showing

hysteresis between upward and downward sweeps due to charge trapping.

The oval regions denote the various regimes present/observed: Ohmic, sub-

linear (charge trapping), and SCLC-EDT. From the crossover voltage

depicted in the inset, the trap density is obtained to be of the order of

between 1016 and 1017 cm�3.

063710-4 Kajen et al. J. Appl. Phys. 113, 063710 (2013)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

132.174.255.116 On: Fri, 06 Feb 2015 12:39:38



log I-V plots. We estimate the trap energy to be 0.123 eV

from an m value of 5.9 at 290K. In addition, from the cross-

over voltage of 150V (see inset of Fig. 6), we estimate the

trap density using Eq. (9) to be 6.6� 1016 cm�3 assuming a

RGO relative dielectric constant of 5. The extracted RGO

trap density is in agreement with the trap density found by

Joung et al.4 Therefore, any charge transport model has to

account for the large density of traps present in GO, leading

to the hysteretic behaviour observed above. Although this

model can help us to estimate several useful parameters, the

mechanism of charge transport in the presence of such a high

trap density remains obscured.

An additional possibility exists that the electrons could

also tunnel across the barrier depending on the probability.

At high applied fields and low temperatures, a FN tunneling

current is obtained as

J / E2exp
�4

ffiffiffiffiffiffiffiffi

2m�
p

3�hqE
½ðq/� EFÞ3=2�

� �

; (10)

where EF is the metal Fermi energy level, E is the electric

field, and � is the reduced Planck’s constant. It is clear from

the above equations that the Schottky model has very strong

temperature dependence, whereas the tunneling model is inde-

pendent of temperature. From the F-N plots shown in Fig. 7,

we obtain a barrier height of 0.127 eV at low temperatures

(12K) and high fields. From Fig. 7, it is also clear that the F-

N model is inappropriate, since the fits show curvature rather

than the expected straight line.

From the above discussion, it is clear that standard charge

transport models used for inorganic semiconductors, rely on

band transport, and may at best be of very limited utility to

understand the charge transport mechanism in reduced GO,

which is a very disordered semiconductor. Bands, as we under-

stand them, do not exist in such materials. Therefore, this

requires us to consider a charge transport model developed

exclusively for disordered organic semiconductors. The transport

energy model is such a model, which we discuss in Sec. IIIC.

C. Transport energy model

As mentioned earlier, the TE level describes an energy

level which lies within the bandgap, at which hopping transport

between localized states is optimized. While the conven-

tional models discussed above have generally been intended

to describe band transport, we find that the extracted charac-

teristic trap/barrier heights have correlations with the RGO

transport energy that cannot be ignored. This motivated us to

calculate the TE for RGO. For this calculation, we have fol-

lowed the procedure of Emelianova et al.,27 using the DOS

(g(E)) from Ref. 9 (which has been approximated as a set of

triangles for ease of computation), and an inverse localiza-

tion radius (c) of 1/6 nm�1 from Ref. 5. The Transport

energy (Etr) was computed by solving the following tran-

scendental equation:

ð

Etr

�1

ðEtr � EÞ2 gðEÞ
1þ expð�ðE� EFÞ=kBTÞ

dE ¼ 1

p
½2ckBT�2: (11)

The results of the calculation are presented in Fig. 8. The

transport energy level for electron/hole hopping transport

though states with an oxygen atom attached to carbon, and

far away from carbon, have been calculated separately as

shown in Fig. 8, using the appropriate density of states. The

finite temperature (10K–300K) thermal filling of localized

states has been taken into account in the calculations.

The transport energy depends on temperature since the

carrier concentration, charge mobility, and the trapping-

detrapping phenomena depend on temperature. While the

physical phenomenon is transport through localized states,

the effective transport could be, in principle, mapped into a

multi-trap and release model, with the transport energy level

playing the role of the mobility edge, and the effective “free”

carrier density determined by the rate of carrier jumps to/

near the effective transport energy level.7 This then gives a

plausible reason for several of the conventional models being

invoked for a disordered semiconductor such as GO, and

yielding apparently satisfactory agreement, albeit over lim-

ited range of experimental parameters. However, fitting

alone does not imply that such a charge transport mechanism

FIG. 7. Temperature dependent FN plots of the I-V data shown in Fig. 3.

FIG. 8. Transport energy calculation for electrons and holes in RGO for

charge transport through states with oxygen attached to the carbon atom and

oxygen far away from the carbon atom.
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is a valid picture. We compute the hopping current Jhopping in

RGO using the charge mobility computed from7,27,28

Jhopping ¼ qlnmE; (12)

where nm is the concentration of “mobile carriers” (electrons in

this case) which take part in the hopping transport at/above the

transport energy. The carrier concentration is calculated by inte-

grating the product of the Fermi-distribution function and the

DOS of filled states contributing to the hopping transport near/

above the temperature dependent transport energy calculated

using Eq. (11). The charge mobility is computed using

l ¼ D
e

kTp

ð

1

�1

dE gðEÞ
exp

E� EF

kBT

� �

1þ exp
E� EF

kBT

� �� �2
; (13)

where D is the diffusion coefficient calculated using Eq. (14)

(Ref. 28) and p is the total charge carrier density:

D ¼ 1

3
r2ðEtrÞ�0exp � 2rðEtrÞ

c

� �

; (14)

where r(Etr) is the typical hopping distance for electrons at

the transport energy Etr and t0 is the attempt to escape fre-

quency for hopping between localized states (1013 s�1). The

hopping distance is calculated from

rðEtrÞ ¼
(

p

ð

Etr

�1

gðEÞ:fðEÞ
)�1

2

; (15)

where f(E) is the Fermi-Dirac function. We also approximate

the impact of backward jumps in reducing the overall hop-

ping current as shown in Fig. 9. We find that the hopping

model fits the experimental data extremely well after

accounting for a minimum conduction level in RGO, in

agreement with work by Kaiser et al.29 Kaiser et al. had also

postulated the minimum conductance level in RGO to arise

from a field-driven hopping mechanism down a potential

gradient (without thermal activation but with emission of

phonons).29 While this remains a plausible reason, further

simulations and theoretical work need to be carried out to

validate the exact origin of the minimum conductance in

RGO.

We also compare the hopping model with a tunneling

model which takes the temperature dependent Richardson

velocity (VR) into account, as shown in Eq. (16). This equa-

tion is valid over a wider range of temperature, in contrast to

the FN model which is a low temperature/high field approxi-

mation to the general tunneling current across a triangular

barrier using the Wentzel–Kramers–Brillouin (WKB)

formalism

Jtunneling ¼ qVRnh; (16)

where the tunneling probability h is given by

h ¼ exp � 4

3

ffiffiffiffiffiffiffiffiffiffiffi

2qm�p

�h

u3=2

E

� �

: (17)

Here, q is the electronic charge, m* is taken as the electron

rest mass, � is the reduced Planck’s constant, u is the tunnel-

ing barrier height taken as 0.127 eV in our simulation, and E

is the electric field taken as 35 MV/m in our simulation. The

carrier density n is calculated from the DOS in Ref. 9 (again

approximated as triangles) and the Fermi-Dirac distribution

near the Fermi level of the metal within kBT, where kB is the

Boltzmann constant and T the temperature in Kelvin. Over-

all, we find that the hopping model which takes into account

a minimum conductivity level and discards backward jumps

fits the experimental data best (red circles on a grey line with

no fill). From our assessment of various models (linear I-V,

SCLC-EDT/F-N tunnelling models and transport energy cal-

culations), we conclude that a transport gap of approximately

0.1 eV exists in lightly reduced GO. This gap could be lower,

in view of the approximations used in our computations. This

is in strong agreement with the work done by Eda et al.3 who

show a transport gap of about 50meV for lightly reduced GO.

It is also in agreement with scanning tunneling microscopy

(STM) gap measurements on GO by Pandey et al.30 In addi-

tion, we also calculate the charge carrier concentration and

mobility (using Eq. (13)) in RGO to be 1.3� 1011/8.2

� 1011 cm�2 and 1.2� 10�3/2.2� 10�4 cm2 V�1 s�1 for elec-

trons and holes, at 300K, respectively.

IV. CONCLUSION

In summary, we have carried out temperature dependent

I-V measurements of lightly reduced GO using laser irradia-

tion and mild thermal annealing. We explain our results

using the concept of transport energy. We model the current

through the RGO device and found it to be a function of a

minimum conductance level and a temperature and field de-

pendent hopping component. In addition, we demonstrate

that although conventional charge transport models used for

delocalized band transport tend to fit the I-V data reasonably

well, they are not representative of the physical phenomena

underlying charge transport in RGO. We conclude that such

FIG. 9. The experimental curve (red circles with no fill) is compared to hop-

ping models with backward hops (green squares), hopping model without

backward hops (red circles), hopping model without backward hops and

with a minimum conductance level added (black squares), and a tunneling

model (blue triangles) which accounts for the Richardson velocity.
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accidental agreements with conventional models (Schottky,

F-N, P-F, etc) arise due to a scenario, whereby the localized

hopping transport problem is mapped into a multi-trap and

release problem with the transport energy level playing the

role of the mobility edge. From transport energy calcula-

tions, we found the temperature dependent transport gap to

be in the range of a few 10meV–0.1 eV.
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