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Abstract GO films exhibited dual proton and electron
conduction. Proton conduction showed the exponential
dependence on relative humidity with the activation energy
E, =09 +£0.05eV. For the electron conductivity
(220-273 K) induced by thermolysis and chemical means
E,=1.154 0.05eV. With increasing humidity, the
electron conduction went down, which was associated with
recombination phenomena. The GO films can be regarded
as a first example of the mixed electron—proton conduction
when sample conductivity can be regulated by external
influence (humidity). Field effect is detected and studied in
the transistor on the basis of the GO in different types of
conduction.

1 Introduction

Attention to graphene and related materials sharply
increased after isolation of graphene nanosheets in 2004
[1]. Initially, graphene oxide (GO) was regarded just as a
starting material for preparation of graphene, but nowadays
GO is suggested as a candidate for use in a variety of
materials and devices, which are devoted to reviews [2-7].
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The process of obtaining the GO, methods of reducing and
use of materials on the basis of reduced the GO are con-
sidered in the above reviews. The electrical properties of
the GO films also investigated in a number of works. In the
papers [8—10], the proton conductivity of multilayer films
of GO was studied and it was noted [9-11] that photore-
duction of GO leads to the onset of electronic conductivity
accompanied by concomitant decay of protonic conduc-
tivity. Materials with mixed conductivity type are used in
various devices, as discussed in the review articles [12—14].
Electron—ion conductivity in inorganic materials [12] and
electron—proton in conducting polymers [13, 14] are gen-
erally regarded as the total conductivity in these materials.
A recent trend is the development of composite materials
comprising of two components exhibiting the protonic and
electronic conductivity. In such composites, the role of
matrix is usually played by nafion while that of electron-
conducting component, by reduced graphene oxide [15],
carbon nanotubes [16], and metal hydrides [17]. In these
materials electron conductor is actually a foreign body in
the nafion matrix so that the electronic conductivity of the
material depends on the quality of contact between the
constituents. In wet conditions the protonic conductivity
can be expected to grow, while the electronic one to
decrease due to insulation of particles with electronic
conductivity. In contrast to composites, GO is a homoge-
neous material but in OG films exhibiting protonic con-
ductivity in wet conditions [9-11] it seems feasible to
induce electronic conductivity under the action of external
influences, such as thermal treatment, chemical processing,
and UV irradiation.

Field effect (FE) in transistors with a thin 2D carbon
canal up to the graphene monolayer deposited on the sur-
face of single-crystalline plate oxidized silicon was
implemented and studied in detail in the fundamental work
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K.S. Novoselov et al. [1]. The paper was also studied
magnetic phenomena in these transistors. This work caused
the explosive interest in objects such as graphene, and
results of researches can be found in review articles [18—
20]. Researches of FE transistors based on graphene and
oxidized silicon performed in [21-23]. The article [21]
reports about field effect on the reduced graphene oxide
monolayer, and this effect is several percent. In [22], the
mobility of charge carriers was investigated in a wide
temperature range. In [23], a shift of the Dirac point for
graphene surface treatment by electron beam of 30 keV is
observed. In [24], in FE transistors the modified graphene
(heterostructure) is used, allowing to change the current
4-5 orders of magnitude by gate voltage. In [25], using the
graphene oxide as an insulating layer is proposed. The use
of graphene oxide in the FE transistor considered in [26]:
The conductive layer graphene is created on the layer of
GO by hydrogen plasma, and GO served as an insulating
layer on the gate. Graphene oxide was also used as an
insulating layer in a transistor deposited on a flexible
plastic, wherein the active layer and electrodes graphene
are used [27]. It should be noted that GO in a humid
atmosphere of the insulator becomes a conductor with
proton conductivity, while the reduction of the GO leads to
the appearance of electronic conductivity [8]. The influ-
ence of such properties on the GO characteristics of elec-
tronic devices has not been studied in the literature. The
task of this paper is: (a) to investigate the behavior of the
conductivity of multilayer GO films with the joint of the
electron and proton conductivity in the same sample and
(b) to examine the influence of the cross-electric field on
the electron-hole and the proton conductivity of the GO
film deposited on SiO,/Si plate type of field effect
transistor.

2 Experimental

Synthesis of GO and preparation of its aqueous suspension
were carried out as described elsewhere [8, 9]. A measur-
ing device with interdigitated Cu contacts was made by
casting aqueous suspension of GO of a required concen-
tration on a fiberglass substrate. An interelectrode distance
was 0.3 mm. Experiments were carried out mostly with GO
films 100 £ 20 nm thick, as confirmed by interference
pattern. Electric measurements were taken by using a
P-30S potentiostat. Two-probe method was used to conduct
measurements, which is consistent with the measurements
in the field effect transistor.

Chemical reduction of GO was carried out in hydrazine
hydrate vapor at a 25-60 °C [5]; thermal reduction was
performed at 130 °C. Relative humidity (RH) was set by
using tabulated pressures of water vapor over saturated
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solutions of various salts. The circuit of transistor for
research field effects is shown below, and the film thick-
ness in the GO therein was about 1 pm measured by pro-
filer Talystep firm Taylor-Hobson, UK.

3 Results and discussion
3.1 Protonic conductivity

The GO films deposited on the electrodes and dried at room
temperature reveal conductivity in wet conditions [8, 9],
and the GO films that cast onto a substrate are known to
exhibit the electroconductivity of typical proton conductors
[8-10, 28]. Figure 1 shows typical behavior of current
i through a GO film upon variation in relative humidity
(RH). The insert shows the o(RH) function plotted in
semilogarithmic coordinates.

Changes in protonic current i upon stepwise variation in
applied voltage U (AU = 50 mV, RH 53 %) are presented
in Fig. 2. It follows that current i is proportional to applied
voltage U.

The temperature dependence of protonic conductivity o
was found (Fig. 3) to be linearized (for 7 > 0 °C) in the
Arrhenius coordinates with the activation energy
E, =09 £ 0.05 eV. The latter is close to that (0.83 eV)
reported for the membranes made of GO paper [29]. The
close value of E, = 0.78 £ 0.03 eV was found for proton
transport through a one-atom-thick graphene layer [30].

3.2 Electron conductivity

After partial reduction of GO, our films exhibited also
electron conduction. Cells with GO film are dried and
reduced in several ways: chemically and thermally: In all
cases the electronic component of current is occurred in the
dry samples. Figure 4 shows the i~U characteristics of GO

80 1
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ts
Fig. 1 Behavior of current i through a GO film upon variation in

relative humidity (RH); U = 0.5 V. The insert shows the ¢(RH)
function plotted in semilogarithmic coordinates
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Fig. 2 Changes in protonic current i upon stepwise variation in
applied voltage U: AU = 50 mV; RH 53 %
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Fig. 3 Temperature dependence of protonic conductivity ¢ as plotted
in the Arrhenius coordinates (RH 75 %, U = 0.3 V)
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Fig. 4 The i~U characteristics of GO films (RH 7 %) after partial
reduction of GO: / by annealing at 130 °C for 3 h, and 2 in hydrazine
vapor (25-60 °C, 50-75 h, U = +5 B, RH 7 %)

films (at RH 7 %) after partial reduction of GO: (1) by
thermal treatment at 130 °C for 3—4 h and (2) by chemical
means in the pair of hydrazine at 50-75 h at a temperature
of 25-60 °C (treatment conditions were adjusted to get
comparable current characteristics).

The linearity of i—U characteristics did not depend on
the duration of each reduction procedure. At the initial
stages of reduction (when contribution from electron con-
duction is low), some nonlinearity may be introduced by
proton conduction depending on the ambient humidity. The
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Fig. 5 Electron conductivity ¢ versus 1000/T (T <0 °C) for GO
films after their / treatment with hydrazine vapor and 2 annealing at
130 °C for 3 h

linearity of our i—U characteristics agrees with the results
[31] reported for structurally defected multilayer graphene
films (300 nm thick) after their oxidation with oxygen
plasma, and the conductivity of the layer has changed
(decreased) in the oxidation process but the current—volt-
age characteristics remained linear.

The temperature dependence of electronic conductivity
o was found (Fig. 5) to be linearized (for 7' < 0 °C) in the
Arrhenius coordinates, irrespective of the type of reduction
method, and under these conditions, the water is frozen and
there is no proton conductivity. For chemical (plot /) and
thermal (plot 2) reduction the activation energies were
estimated as E, = 1.15 & 0.05 eV in both cases. In the
temperature range 220-273 K, our conductivity results
well fit the exponential dependence ¢ ~ go exp(—AE/kT).
This implies that the conductivity is governed by a single
barrier, which is the case for typical semiconductors. In
amorphous materials, such as conductive polymers con-
ductivity described by hopping model [32], in this case, the
temperature in the exponent must have a power relation-
ship of the type T, where n ranges from 1 to 3. But this
dependence is manifested at low temperatures, which is not
investigated in our case.

3.3 Overall conductivity

Partially reduced GO films exhibited both electron and
proton conduction: In ambient condition RH 7 % it is
electronic conductivity, while in wet conditions (RH
35 %), it is protonic one (Fig. 6). Applying voltage U to
partially reduced GO at RH 7 % gives rise to electron
current i(e) (see Fig. 6). Upon sample insertion into wet
conditions (RH 35 %), current i is seen to sharply decrease.

At the first glance it looks strange since, according to
Fig. 1, this must be accompanied by the onset of proton
conduction. In contrast to inorganic crystals with mixed
electron-hole conduction where the above currents are
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Fig. 6 Behavior of current i through a GO film partially reduced in
hydrazine vapor. Time moments #; and 7, indicate sample insertion
into wet (RH 35 %) and ambient (RH 7 %) conditions, respectively

summarized, in our case they are deducted. A main process
responsible for a drop of overall current in Fig. 6 can be the
electron trapping by positively charged oxonium ions fol-
lowed by their recombination with protons. Sample return
to ambient humidity (moment #, in Fig. 6) restores the
electron current up to its initial level.

Figure 7 illustrates the behavior of current i through a
GO film upon variation in RH after chemical reduction to
different starting values of i(e) As is shown in Fig. 7a, after
the first stage of reduction (to i(e) = 107 nA) an increase
in RH initially decreases current i and then causes its
growth: This implies that the protonic conductivity
becomes larger than the electronic one. Upon further
reduction to i(e) = 140 nA (Fig. 7b), the overall view of
the i(RH) function markedly changes because the electron
conductivity becomes larger than the protonic one even at
high RH 75 %. The GO is converted in graphene material
after a long reduction, current in the film is due to the
electronic component only, and it is independent of
humidity essentially.

It should be noted that the electronic component is not
fully compensated by the protonic one. This means that the
channels for electron conduction appear in the GO film
after any kind of treatment due to sp” hybridization, and
such channels cannot be closed by moisture diffusing along
the surface of layers with sp® hybridization with hydroxy
and epoxy groups. Tentatively, this can be said about
proton conduction: After each kind of processing, the GO
film still retains some channels with sp” hybridization due
to the presence of hydroxy and epoxy groups suitable for
diffusion of water molecules and hence for proton con-
duction. Such channels do not overlap. But in some film
areas the domains of electron and proton conductivities
may nevertheless overlap.

Since in wet conditions GO films behave as typical
proton conductors [8-10, 28], the effect of mixed con-
duction can be exhibited by other materials with simulta-
neous electron and proton conductivity. Similar decrease in
electron conduction with increasing humidity observed for
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Fig. 7 The dependence of the total current from the humidity in the
GO film after the reduction in hydrazine vapor: a partial reduction in
hydrazine vapor to i(e) = 107 nA and b additional reduction to
i(e) = 140 nA

composite materials [15-17] was associated with insulation
of electron-conducting particulates upon moisturizing. It is
possible that in these cases a recombination channel
reduces electron conductivity when moist. In our case, the
observed decrease in the overall conductivity cannot also
be explained by screening the domains electron conduction
since the OG film is not a composite material, comprising
of uniform GO sheets.

3.4 Relaxation processes

The difference between the properties of the electron and
the proton conductivity affects relaxation processes. Fig-
ure 8 shows the transient current characteristics of a step
change of voltage on the sample. Curve 1 corresponds to
the change of the electron current in a partially reduced
film of GO when applying a voltage +1 and —1 to the
electrodes in 1-min intervals. It can be seen the curves of
changes in the current square, which is typical for the
inertialess current component in the sample. The protonic
constituent comparable with electronic conductivity
appears when placing the same sample in a humid atmo-
sphere of 53 % RH (curve 2). The transient characteristics
manifested relaxation component of the current. Further
increase in humidity to 75 % RH (curve 3) significantly
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Fig. 8 Transient current characteristics at a step change in the
voltage of 41 and —1V, the interval of 60s. I/ Electronic
conductivity of the GO film RH 7 %; 2 total conductivity at 53 %
RH; 3 total conductivity at 75 % RH

increased the current, and the proton relaxation component
becomes comparable to stationary current.

Relaxation (Fig. 8) is not described by a monoexpo-
nential dependence, and the relaxation time (at half height)
is several seconds. Dipole polarization of water molecules
and charged fragments with the attached water may be
responsible for such processes. Relaxation is due not only
to the electronic component, but also to the structural, that
is their rotating and partial displacement. Such fragments
may be, e.g., HO, groups, arising during attachment of
water molecules to the hydroxy group, and the proton of
the group participates in conduction. Our transient char-
acteristics are consistent with the frequency dependency of
the impedance measured for GO films at various humidities
[33]: The amplitude of impedance decreases with increas-
ing the frequency and with increasing the environments
humidity.

3.5 Model of field effect transistor

The presence of two types of conduction in the GO films
can be shown by using the GO in the circuit of field effect
transistor. Field effect was studied both in a proton and an
electron-hole conduction of GO in the transistor circuit
shown in Fig. 9. The GO film thickness was about 1 pum,
the thickness of the SiO, is 0.1 pm, the voltage U;; = 1 V,
and the gate (G) was applied step voltage from 0 to £12 V
in 1.5 V.

GO

Metal electrodes
SiO2

G ~—Si

Fig. 9 The circuit of transistor

Figure 10 shows the current characteristics of the pro-
ton conductivity of the transistor—only unreduced GO is
present in the sample wherein cannot be the electronic
conductivity. There is no current (i < 1 nA) even when
applied to the gate voltage U, of —12 to 12 V in a dry
atmosphere at the source—drain voltage Uy,,; =1 V. At
placing transistor in a humid atmosphere RH 75 % (time
t;) the current appears in a sample due to proton conduc-
tivity (Fig. 1). The current reaches saturation after about a
minute, and then, voltage negative step is applied to the
gate. The supply negative voltage substantially increases
the current. At a positive voltage to the gate this current of
the transistor begins to decrease (after 300 s) and even
changes sign when the U, = 6 V. Current reduction can be
attributed to the electron—proton recombination. As can be
seen from Fig. 10, every time you switch the gate voltage,
relaxation phenomena occur—current peaks with a gradual
decline to a steady-state current value.

The subsequent partial reduction of GO leads to the
appearance of electron-hole conductivity (Fig. 11). The
initial current i, & 120 nA, and the current depends on the
degree of reduction of the GO. Field effect in this case
significantly changes the amplitude of response—when
applying a positive voltage to the gate the increase in
transistor current (right peak in Fig. 11a) is observed,
which corresponds to the electronic conductivity in the
layer of the GO. These currents are three orders of mag-
nitude superior to proton conduction currents. It is seen that
the current hole (left peak in Fig. 11a) is about twice
weaker electron and this can be explained by differences in
the values of the drift mobility of electrons and holes.

Figure 12 shows the linear anamorphosis plots shown in
Figs. 10 and 11. It should be noted qualitative and quan-
titative field effect difference between the proton and
electron—hole conductivity. First, there is a change in the
direction of current upon variation in the sign of voltage
applied to the gate: a negative voltage enhances the current
of the proton conductivity and a positive voltage increases
the electronic conductivity. Secondly, current greatly
increases at the electronic conductivity at the same gate
voltages compared with proton conductivity—this effect
can be explained by the different mobility of charges
(electrons, holes, and protons) in different cases.

From Fig. 12a it is seen that proton conduction currents
at positive offsets remain virtually unchanged and are not
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Fig. 10 The proton
conductivity. a Current
transistor characteristics when
placed in a humid atmosphere
75 % RH, and the gate voltage
is changed stepwise in the range
0—(—12 V) to 0—(+12 V) to O
step 1.5V, Ups =1 V. b The
initial section of Fig. 10a
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Fig. 11 The electron-hole
conductivity. a The current
characteristics of transistor in
the dry sample (RH < 7 %)
after partial reduction of the GO
film by hydrazines vapor,
electron conduction current

i(e) ~ 120 nA. Measurement
conditions are the same as in
Fig. 10. b The initial section of
Fig. 11a
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Fig. 12 a The dependence of
the current on the transverse
electric field at proton (built
from the data in Fig. 10) and

b electron-hole conductivity of
the transistor (built from the
data in Fig. 11)
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of interest. The left branch of this figure (negative bias)
allowed us to estimate the concentration of proton con-
ductivity at various displacements. In this case the value of
the drift mobility of the protons is taken to be the value
obtained in [34] for ice at a temperature of —5 °C:
Uy, = 6.4 x 10~ cm?/Vs. The concentration of protons at

zero bias n, =04 x 107 ecm™, and U,=—-12V
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n, =44 x 107 cm_3, that is, the proton concentration at
that offset, is increased an order of magnitude. Analysis of
Fig. 12b at electron-hole allows to obtain values of the
conductivity of the drift mobility of electrons and holes at
different U, based on the total ratio ¢ = neu and consid-
ering that U;; = 1 V. For example, when a bias voltage
U, =10V, the electron mobility (y, = 1.2 x 10% cm?/
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Vs), and hole mobility (1, = 0.6 x 10 cm?/Vs), which is
approximately two times lower than the electronic one. It
should be noted that in [35] the ratio of electron to hole
mobility is reverse that observed by us for the graphene
layer, the hole mobility (u ~ 10* cm?/Vs) being signifi-
cantly higher than our values. This is quite natural, since
the graphene film has a much more perfect structure than
thick (tens or even hundreds of times) films of the GO, in
which graphene sheets are arranged randomly, and their
recovery is made partially.

Our data are consistent with results of other authors on
the measurement of the field effect in materials with proton
conductivity: polysaccharides [36] and Nafion [37]. Sig-
nificant field effect in a humid atmosphere is observed in
these materials; for example, polysaccharides proton con-
ductivity is shown at humidity RH > 50 % [36].

4 Conclusions

GO films can exhibit dual proton and electron conduction.
Proton conduction shows the exponential dependence on
relative humidity and temperature with the activation energy
E, = 0.9 £ 0.05 eV at the temperature range T > 0 °C. For
the electron conductivity (220-273 K) induced by thermol-
ysis and chemical means E, = 1.15 £ 0.05 eV. With
increasing humidity, the electron conduction goes down,
which can be associated with recombination phenomena.
The GO films can be regarded as a first example of the
mixed electron—proton conduction when sample conductiv-
ity can be regulated by external influence (humidity). Such
properties may play a significant role in the devices based on
graphene oxide, e.g., a field effect transistor. The field effect
transistor based on the GO at a certain degree of reduction
can demonstrate as a proton and an electron—hole conduc-
tivity. In the latter case, the currents of the transistor are
approximately three orders of magnitude larger than the
currents of proton conductivity. These phenomena can be
used to control the properties of the transistor, for example,
in sensor circuitry and transducers. On the other hand,
ambient humidity can substantially affect the operations
stability of the field effect transistor with the GO as an
insulating layer.
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