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ABSTRACT: The effects of ZnO on graphene oxide (GO)−ZnO nanocomposites are investigated to tune the conductivity in
GO under field effect regime. Zinc oxides with different concentrations from 5 wt % to 25 wt % are used in a GO matrix to
increase the conductivity in the composite. Six sets of field effect transistors with pristine GO and GO−ZnO as the channel layer
at varying ZnO concentrations were fabricated. From the transfer characteristics, it is observed that GO exhibited an insulating
behavior and the transistors with low ZnO (5 wt %) concentration initially showed p-type conductivity that changes to n-type
with increases in ZnO loading. This n-type dominance in conductivity is a consequence of the transfer of electrons from ZnO to
the GO matrix. From X-ray photoelectron spectroscopic measurements, it is observed that the progressive reduction in the C−
OH oxygen group took place with increases in ZnO loading. Thus, from insulating GO to p- and then n-type, conductivity in GO
could be achieved with reduction in the C−OH oxygen group by photocatalytic reduction of GO with varying degrees of ZnO.
The restoration of sp2 electron network in the GO matrix with the anchoring of ZnO nanostructures was observed from Raman
spectra. From UV−visible spectra, the band gap in pristine GO was found to be 3.98 eV and reduced to 2.8 eV with increase in
ZnO attachment.
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1. INTRODUCTION

Graphene oxide (GO) has attracted the attention of researchers
due to its tunable electrical properties from insulator to
graphene like semimetal and its ease of solution processability
for large area flexible electronic applications.1 Graphene oxide is
a single layer of graphite (graphene) with oxygen functional
groups (carbonyls, hydroxyls, epoxides, etc.) attached on its
surface and edges. These functional groups break the sp2

network on the graphene surface and deteriorate its electrical
conductivity.2

To retain the electrical conductivity in GO, the general
practice is to remove the oxygen functional groups by thermal
treatment,3 chemical reduction,4 hydrogen or ammonia plasma
treatment5 or by photocatalytic reduction using metal oxide
nanoparticles.6,7 Among these methods, the photocatalytic
reduction using ZnO nanostructures is attractive for tuning
electrical properties as well as to induce n-type conductivity in
GO. The transistors fabricated using reduced graphene oxide
(rGO) as an active layer showed p-type electrical conductivity
in atmospheric conditions due to adsorption of moisture and
oxygen; however, in a vacuum, it is bipolar.8 To induce n-type
conductivity, molecules such as potassium9 or nanoparticles of

Au,10 Pt,11 or Ce12 are adsorbed on the rGO surface. Wang et
al.13 reported an n-type rGO field effect transistor (FET) by
modifying its surface with CdSe or CdS nanocrystals. Yoo et
al.14 showed that by using TiO2 or ZnO nanostructures, n-type
conductivity could be achieved even in normal atmospheric
conditions. In these reports, the GO was first reduced and then
the nanocrystals are anchored onto the surface of rGO. Further,
the amount (concentration) of nanomaterial loaded is not
clearly available in those reports.
In our earlier work,15 we have reported that n-type

conductivity could be achieved in GO by embedding ZnO
nanostructures (ZnO 25 wt % in GO−ZnO) into a GO matrix
where GO was reduced using a photocatalytic reaction. In the
present investigation, we have varied ZnO concentration in the
GO matrix to observe the field effect transport of the carriers
and to understand the percolation threshold. The ZnO
nanostructures anchored on GO surface modify the structure
of GO and consequently changes the density of electrons and
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holes in the composite. Therefore, the field effect electrical
characteristics of GO with gradual increase in ZnO
concentration need to be studied for better understanding of
charge transport phenomenon in the field effect regime. With
the observations made from the transfer characteristics of FETs,
made by the nanocomposites as channel layer, we have
investigated how the conductivity is induced, the effect of ZnO
concentration to tune the conductivity of GO, the transition
from insulating to different conducting regimes under field
effect transport and its origin.

2. EXPERIMENTAL WORK
2.1. Synthesis of Graphene Oxide. Graphene oxide was

synthesized by a widely reported Hummer’s method.16 Briefly,
graphite flakes (3 g) were oxidized using strong oxidizing agents
such as NaNO3 (1.5 g) and KaMnO4(9 g) in H2SO4(69 mL). After
oxidation, the mixture was washed until it attained a neutral pH value
and was then dried at 55 °C for 8 h in a vacuum to obtain graphite
oxide flakes.
2.2. Synthesis of ZnO Nanostructures. The ZnO nanostruc-

tures were prepared by a hydrothermal method.17 Zinc acetate
dehydrate (Zn (CH3COO)2·2H2O, 2.195 g, Sigma-Aldrich) was
ground in an agate mortar for 10 min. Ethanolamine (1 mL) was
added to Zn (CH3COO)2·2H2O and ground for another 10 min and
left for 2 h. Potassium hydroxide (0.6 g) was added to the mixture and
ground for 1 h. The powder was washed in an ultrasonic bath
repeatedly with water and alcohol. The product was dried in a vacuum
at 80 °C for 2 h.
2.3. Preparation of GO−ZnO Composite. Graphite oxide flakes

and ZnO nanostructures are dispersed separately in ethylene glycol
with a concentration of 1 mg/mL. Four sets of GO−ZnO composites
are made by mixing GO and ZnO dispersions, viz. (i) composite 1
[GO (95 wt %)- ZnO (5 wt %)], (ii) composite 2 [GO (90 wt %)−
ZnO (10 wt %)], (iii) composite 3 [GO (85 wt %)−ZnO (15 wt %)],
(iv) composite 4 [GO (80 wt %)− ZnO (20 wt %)] and (v)
composite 5 [GO (75 wt %)−ZnO (25 wt %)]. After the solutions are
mixed, the resultant dispersions are stirred for 12 h, for incorporating
ZnO nanostructures homogeneously onto the GO matrix. The GO−
ZnO composites are stirred for another 3 h under UV illumination
(with a 110 mW/cm2 mercury lamp, λ = 350 nm) to support
photocatalytic reduction. The GO−ZnO dispersions turn from brown
to a black color, indicating the reduction of GO by ZnO
nanostructures. The details of reduction mechanism are given
elsewhere.17,18

2.4. Fabrication of Thin-Film Transistors. Field effect transistors
with pristine GO and GO−ZnO composite as channel material are
fabricated onto SiO2/Si substrates (of dimension 3 × 3 cm) of oxide
thickness 300 nm in a back gated configuration. The carrier
concentration of Si is ∼6.7 × 1016 cm−3. Source and drain (Au)
contacts of channel length 40 μm and width 500 μm are made by DC
sputtering. Twenty such source-drain contacts were made. Field effect
transistors were fabricated on drop casting the GO and composites
onto each pair of the source and drain followed by annealing at 130 °C
for 1 h in argon ambient, so that no two transistors interfere with each
other. Figure 1 shows the schematic representation of FETs with GO−

ZnO nanocomposite as the channel layer. The transfer and output
characteristics were measured with a Keithley 4200 SCS semi-
conductor parameter analyzer under dark conditions.

3. RESULTS AND DISCUSSION
The morphology of GO and its composites was observed using
high resolution transmission electron microscopy (HRTEM).
Figure 2a shows the HRTEM image of pristine GO. The ripples

and wrinkles on the surface and paper like structure of pristine
GO indicate its single or few layer characteristics. Figure
2b,c,d,e,f shows, respectively, the HRTEM images of
composites 1−5. The white dots shown in the circle are the
ZnO nanostructures on the GO matrix. From Figure 2b−f, it
was observed that the ZnO nanostructures are uniformly
dispersed and embedded onto the GO support. The increase in
the concentration of ZnO nanostructures with increase in ZnO
weight percentage from 5 to 25 wt % is clearly observed in
HRTEM images from Figure 2b−f. The average size of the
ZnO nanostructures is found to be in the range of 100 to 150
nm. The coverage area of ZnO on the GO surface increases
with ZnO concentration; therefore, the oxygen functional
groups on the surface of GO would be removed due to increase
in ZnO weight percentage. As a result, the sp2 electron network
on GO surface would be restored.
Raman spectroscopy is a powerful and nondestructive

technique to extract useful information about graphene and
its related materials.19,20 A monochromatic laser source is used
that interacts with the molecular vibrational modes and
phonons of graphene based materials. As a result, shifting in
laser energy either down (stokes) or up (antistoke) is observed
due to inelastic scattering between incident photons (from

Figure 1. Schematic of GO−ZnO field effect transistors of channel
length 40 μm and width 500 μm.

Figure 2. HRTEM image of (a) pristine GO, the wrinkles on the
surface (encircled) showing single layer characteristics, GO−ZnO
composite with ZnO (b) 5, (c) 10, (d) 15, (e) 20 and (f) 25 wt %.
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laser) and phonons in graphene.21 Therefore, two main peaks,
G and D, are observed in graphene and its related materials. In
pristine graphite, the G band is due to in-phase vibrations of the
graphite lattice and D band arises due to disorder at graphite
edges.22

The pristine GO and composite 5 (GO with 25 wt % ZnO)
are characterized with 532 nm excitation laser and the
corresponding Raman spectra is shown in Figure 3. In pristine

GO (black line in Figure 3), the G and D bands are observed at
Raman shifts of 1583 and 1347 cm−1, respectively, with an
intensity ratio, ID/IG = 1.10. However, in the case of composite
5 (red line), the G and D bands are found to be at 1587 and
1348 cm−1 with additional peaks at 434, 578 and 1095 cm−1,
which are due to ZnO nanostructures anchored onto the GO
surface. These results are consistent with earlier reports on
Raman spectra of GO and graphene oxide−ZnO compo-
sites.23−27 The ID/IG ratio in Raman spectra of composite 5 is
found to be 1.01. The decrease in intensity of the D peak with
respect to the G peak, i.e., decrease in ID/IG ratio (1.01) in
composite 5 compared to pristine GO (ID/IG is 1.10) indicates
the restoration of the sp2 network on the surface of GO due to
its photocatalytic reduction with ZnO nanostructures. The
characteristic peak at 434 cm−1 belongs to E2

high mode of
vibrations in ZnO, indicating the wurtzite crystal phase of
attached ZnO nanostructures.28 The peak at 578 cm−1 is the
E1

low mode of vibrations corresponding to the oxygen

deficiency defect in ZnO. The peak at 1095 cm−1 is due to
multiple phonon scattering processes in ZnO.26

Therefore, from Raman spectra, we have observed that the
attachment of ZnO onto the GO matrix leads to partial
restoration of the sp2 network on the graphene basal plane in
GO and attached ZnO nanostructures are in a wurtzite crystal
structure.
Figure 4a shows the UV−visible spectra of GO and its

composites, to observe the degree of oxidation in GO and its
composites. These measurements are carried out by dispersing
GO and its composites in ethylene glycol after a photocatalytic
reduction reaction. In pristine GO (black line), the peak
observed at 229 nm corresponds to π→π* transition for CC,
which is consistent with the values reported earlier.29 The
maximum absorbance is observed at the lower wavelength
range (227−231 nm), which is a characteristic of retaining
more aromating rings on the GO surface due to oxidation.30

Another small peak observed closer to 300 nm is due to the n→
π* transition of the carbonyl functional group. The intensity of
the CC peak would be higher for a more oxidized GO
because the high degree of oxidation yields a greater amount of
aromatic rings, which reflects the intensity of the CC peak.
Therefore, the ratio of the intensity of the peaks at 229 nm (i.e.,
CC) and at ∼300 nm (due to carbonyl group) represents the
degree of oxidation of GO.31 In the present case, because the
ratio is very high, it indicates a high degree of oxidation in
pristine GO. However, the intensity of the CC peak was
found to be gradually reduced in GO composites (composites
1, 3 and 5) with increases in ZnO concentration, indicating the
removal of oxygen functional groups due to a photocatalytic
reduction reaction.
Because GO is a direct band gap semiconductor,32 the band

gap of pristine GO and its composites 1, 3 and 5 was obtained,
as shown in Figure 4b. For further information on obtaining
band gap using UV−visible spectra, one can refer the work
carried out by Jeong et al.33 and Shen et al.34 on the synthesis
and measurement of the band gap of GO with different degrees
of oxidation. In Figure 4b, A is the absorption coefficient of
UV−visible light by GO and its composites, h is the Planck’s
constant and ν is the frequency of UV−visible light. The band
gaps of pristine GO and composites 1, 3 and 5 are found to be
respectively, 3.98, 3.65, 3.21 and 2.8 eV. The band gap of GO is
a function of its degree of oxidation, i.e., the amount of oxygen
functional groups attached on the graphene basal plane.35

Therefore, the band gap of pristine GO is high (3.98 eV)
compared to those of its composites due to its high degree of

Figure 3. Raman spectra of pristine GO (black line) and composite 5
(red line). The intensity of D peak with respect to G peak is found to
reduce in composite 5 compared to pristine GO due to anchoring of
ZnO nanostructures.

Figure 4. (a) UV−visible spectra and (b) band gap of GO, composites 1, 3 and 5. The band gap in pristine GO is 3.98 eV; however, the band gap
decreases due to removal of oxygen groups on GO surface after the attachment of ZnO nanostructures.
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oxidation. However, the band gap of the composite was found
to decrease with increases in ZnO concentration due to
removal of oxygen functional groups, which was also observed
in the Raman spectra of GO and its composites (Figure 3).
The C 1s X-ray photoelectron spectroscopy (XPS) spectra of

pristine GO and composites 1, 2, 3, 4 and 5 are shown,
respectively, in Figure 5a,b,c,d,e,f. The signals were deconvo-

luted using a Gaussian−Lorentzian peak shape. The peaks at
284.5, 285.7 and 286.8 eV are, respectively, attributed to CC
(or CC, CH), COH (COC) and CO oxygen
functional groups.36,37 Figure 5a shows the XPS spectra of
pristine GO in which the intensity of C−OH is nearly the same
as that of the CC peak, indicating a higher degree of
oxidation of GO. It is observed from Figure 5b−f that the
intensity of the COH group decreases with increases in ZnO
loading from 5 to 25 wt %. As the ZnO nanostructures have
affinity for C−OH functional groups, the intensity of COH
functional group decreases with ZnO loading. Briefly, in the
photoreduction of GO using ZnO nanostructures, the electrons
generated from the electron−hole pair transferred to epoxide or
hydroxyl functional groups (COH). As a result, the COH
groups diminish with photoreduction, forming the sp2 domains
or islands (also observed from HRTEM, Raman and UV−
visible spectra); hence the conductivity of GO−ZnO composite
increases.

The mechanism for the gradual reduction of GO by ZnO in
ethanol is clearly explained by Akhavan;38,39 one can refer these
publications for better understanding of the photocatalytic
reduction reaction. The photocatalytic reduction mechanism in
GO due to anchoring of ZnO nanostructures in ethylene glycol
is given by40

+ → +− +hv e hZnO ZnO( ) (1)

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯ +− + −e h eZnO( ) ZnO( ) C H OH
C H OH

2 4
2 5

(2)

+ → +−eZnO( ) GO ZnO RGO (3)

When GO−ZnO composites are irradiated with an UV light
source, the electrons in ZnO (with band gap 3.37 eV) are
transferred from the valence band to the conduction band,
resulting in the creation of electron−hole pairs. The photo
generated holes create ethoxy radicals in ethylene glycol and
the electrons are trapped by oxygen functional groups.
Therefore, the oxygen groups are removed from the surface
of GO leading to its reduction and restoration of sp2 electron
network. Thus, decrease in intensity of oxygen functional
groups was observed in XPS spectra (Figure 5).
Figure 6a,b,c,d,e,f shows the transfer (Id − Vg) characteristics

of the devices (FET) made of pristine GO and composites 1, 2,
3, 4 and 5, respectively, at a drain-source voltage (Vds) of 1 V.
The corresponding output characteristics at different gate

Figure 5. Panels a, b, c, d, e and f show XPS spectra of pristine GO
and composites 1, 2, 3, 4 and 5, respectively.

Figure 6. Transfer and output (inset) characteristics of FETs made of
(a) pristine GO, (b) composite 1, (c) composite 2, (d) composite 3,
(e) composite 4 and (f) composite 5 as channel layer.
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voltages are shown in the inset. The drain current (shown in
Figure 6a) was very low, on the order of pico ampere, in
transistors with pristine GO as the channel layer due to its
insulating characteristics. Figure 6b shows the improved
transfer characteristics of GO with 5 wt % of ZnO loading
(composite 1). Here it is observed that the transfer character-
istics show p-type dominant electrical conductivity. Though the
device exhibited p-type dominant conductivity, the current due
to electrons (n-type) was significantly increased in composite 2
as the channel layer in the transistors (Figure 6c). This is due to
an increase in ZnO loading from 5 to 10 wt %. The transfer
characteristics of transistors with composite 3 as the channel
layer showed nearly ambipolar characteristics (Figure 6d).
However, n-type dominant characteristics were observed for
composites 4 and 5, as shown in Figure 6e,f, respectively,
indicating that the transition from p-type to n-type dominant
conductivity in GO−ZnO composites occurred for ZnO
concentrations between 15 and 20 wt %.
The output characteristics of GO−ZnO composites at

various gate voltages are shown in the inset of the respective
panels in Figure 6b−f and the drain current is found to be
enhanced with the gate voltage. We have observed that the
drain current increases abnormally after a certain initial drain-
source voltage (Vds) due to space charge limited conduction
resulting in injection of charge carriers.41

The field effect mobility of the devices made of different ZnO
loading is shown in Table 1. Both the electron and hole field

effect mobility (μFE) increase with ZnO loading. From Raman
(Figure 3), UV−visible (Figure 4) and XPS spectra (Figure 5),
we have observed the reduction of GO with ZnO causes
removal of oxygen functional groups from GO surface.
Therefore, the charge carriers can move easily in the GO
matrix, hence the mobility of charge carriers is increasing. The
highest electron field effect mobility, μFE is found to be 6.325
cm2/(V s) for the device made of composite 5. For the same
composition, earlier, we obtained an electron μFE of 1.94 cm2/
(V s).15 The enhancement in mobility for the same

composition of GO and ZnO (composite 5) is due to a
decrease in channel length from 300 μm (in earlier work) to 40
μm (in the present work). Kobayashi et al.42 reported that the
field effect mobility of rGO sheets depends on channel length
of the transistor. The reason is explained as follows. The lateral
size of single GO sheet varies from 1 to 10 μm, depending on
the preparation of GO sheets. Because we are dealing with
multiple GO sheets decorated with ZnO, the 300 μm channel
length consists of several GO sheets coupled together. This
coupling increases the resistance between the adjacent GO
nanosheets. Therefore, for a higher channel length, the inter
sheet resistance between GO nanosheets increases, as a result
the field effect mobility of charge carriers decreases. The
contact resistance between adjacent GO sheets is low for the 40
μm channel length compared to that for the 300 μm channel.
Therefore, the field effect mobility of charge carriers is found to
be high in the present investigation for the 40 μm channel
length compared to that for the 300 μm channel.43

In GO−ZnO composites, the p-type conductivity is due to
the moisture and oxygen groups and the n-type conductivity is
due to the sp2 electrons in GO islands and ZnO nanostructures
(being n-type). Initially, for composite 1, most of the oxygen
groups are not reduced (from UV−visible (Figure 4) and XPS
spectra, Figure 5b) and transport through these groups is
dominant compared to electron flow through ZnO nanostruc-
tures. When more ZnO is loaded into the GO matrix, the
oxygen groups are also reduced with the partial restoration of
the GO surface (supported by data in Figures 2, 3, 4 and 5) and
the concentration of free electrons increases. Therefore, the n-
type dominant electron conductivity increases with the
concentration of ZnO. Further, the dominant type of
conductivity shifts from p-type to n-type. The electron affinity
of graphene is −4.4 eV and that of ZnO is −4.3 eV.14

Therefore, the transfer of electrons from ZnO nanostructures
to graphene takes place easily by applying an external bias.
From current−voltage characteristics, it is observed that as the
concentration of ZnO increases in the GO−ZnO composite,
the electrical conductivity of GO−ZnO composites also
increases.
Figure 7 shows the field effect conductance (at Vds 1 V) of

the transistors with composite 1 (Figure 7a) and composite 5
(Figure 7b) as the channel layer as a function of temperature in
the range 150 to 300 K in steps of 50 K. We found that the field
effect conductivity of composites increases with temperature,
indicating semiconducting characteristics of GO−ZnO compo-
sites. Also, at low temperatures, we have observed stable p-type
and n-type field effect conductivities, respectively, in composites
1 and 5.

Table 1. Field Effect Mobility of GO−ZnO Composites

FETs made
of

electron field-effect mobility μe
(cm2/(V s)) at Vds 1 V

hole field-effect mobility μh
(cm2/(V s)) at Vds 1 V

composite 1 0.760 1.124
composite 2 1.675 2.325
composite 3 3.350 3.425
composite 4 4.850 4.530
composite 4 6.325 5.900

Figure 7. Temperature dependent transfer characteristics of transistors made with (a) composite 1 and (b) composite 5 as channel layer.
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To study the charge transport in GO and GO−ZnO
composites, the resistance of the samples was measured in
the temperature range from 40 to 300 K. Figure 8a−d,
respectively, shows the resistance of pristine GO and
composites 1, 3 and 5 plotted as a function of temperature.
The value of the resistance of GO and GO−ZnO composites is
found to decrease exponentially with the temperature,
indicating semiconducting characteristics of the samples. The
temperature dependent resistance of GO and GO−ZnO
composites was found to be linear when ln R is plotted as a
function of T−1/4 (as shown in the inset of Figure 8a−d).
The charge transport in GO and GO−ZnO composites is

observed to follow variable range hopping model, which
describes the successive inelastic tunnelling between two
localized states. The process, in general, is represented by the
relation43,44

=
−⎜ ⎟

⎡
⎣
⎢⎢
⎛
⎝

⎞
⎠

⎤
⎦
⎥⎥I I

T
T

exp
n

0
0

1/

(4)

where (n−1) is the dimensionality of the material.
The temperature dependent resistance data was fitted with

different values of n (2, 3, 4) and a linear plot was found for ln
R versus T−1/4 (for n = 4), as shown in Figure 6 where R is the
resistance of GO and its composite thin film. Therefore, charge
transport in multilayer both GO and GO−ZnO composites
followthe Mott variable-range hopping mechanism.

4. CONCLUSION
In summary, we have studied the field effect electrical
properties of GO−ZnO composites with different ZnO loading.
From the transfer characteristics of the FETs, made of different
composites, it is observed that the conductivity of GO−ZnO

composites increases with the amount of ZnO loading. Initially,
with a low amount of (5 wt %) ZnO, the devices showed p-type
dominant electrical characteristics. With increases in the
concentration of ZnO, enhancement in n-type conductivity is
observed. Further, the field effect mobility of charge carriers
also increases with the increase in the amount of ZnO. Thus,
from the present investigation, it is observed that the electrical
conductivity in GO is tuned from insulator to p-type to n-type
with increase in ZnO loading. This behavior is attributed to the
oxygen functional groups on GO sheets, which is found to
reduce due to increase in the loading of ZnO nanostructures as
in confirmed by the Raman, UV−visible and XPS measure-
ments. The charge conduction in GO and GO−ZnO
composites was found to follow the Mott variable-range
hopping mechanism.
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