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ABSTRACT: Reduced graphene oxide (rGO) possesses a similar electronic 10 I
structure to graphene but can be synthesized on a larger scale. Hence, rGO is : R
considered as an attractive alternative to graphene. Here we report the carrier S 5

transport properties of thermally reduced graphene oxide (TrGO) as a function of Z 1: e
reduction temperature. The transfer curve of a field effect transistor fabricated with ? 20

TrGO exhibited ambipolar properties, and the charge neutrality point of TrGO was 25
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shifted from negative to positive as the reduction temperature increased. .
Reduction Temperature (°C)

Furthermore, as revealed in Arrhenius plots of the carrier densities and carrier

mobilities, TrGO behaved as a metallic conductor at all reduction temperatures. To /'\ r\ J .
investigate the effect of reduction temperature on the thermoelectric properties of $=-10 V/°C 5 =-5V/'C S=0uv/C

. . =~
TrGO, the Seebeck coefficients of the fabricated TrGOs were calculated from the “’"’gg%g““ %% ’ﬁ‘%\@%
transfer curve using Mott’s equation for metallic materials. All samples showed T —

ambipolar carrier transport. At V, = 0 V, the Seebeck coefficient switched sign from

negative to positive as the reduction temperature became higher, indicating that electron and hole carrier transport dominates at
higher and lower reduction temperature, respectively. The calculated Seebeck coefficients at zero gate bias were compared with
the measured coefficients in TrGO bulk films. The thermoelectric properties of the measured and calculated coefficients showed
similar trends with increasing reduction temperature, and the charged carrier transport (i.e., the energy states) of TrGO can be
tuned by varying the reduction temperature without doping with impurities.
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B INTRODUCTION transistors. To open the bandgap in graphene, many
The unique electrical properties of graphene have been studied researchers have applied structural engineering techniques.'*

since the discovery of this important material. Graphene is a In contrast, GO is synthesized by harsh oxidation from

two-dimensional material with sp®> hybridization of its graphite, and the oxygen functional groups cause sp® bonding
constituent carbon atoms. Although the outstanding and with subsequent surface defects. Oxidation increases the
unique electrical properties of graphene are exploitable in proportion of sp®> bonds and disturbs the carrier transport.
flexible devices and transparent electrodes,"” the applications of To control the reduction state of rGO, we must determine the
graphene sheets are limited in practice. For example, monolayer electrical properties of rGO, which reflect the recovery of sp2
graphene sheets require a specialized fabrication method such hybridization.'> Obtaining semiconducting rGO is a challenging
as chemical vapor deposition (CVD), accompanied by a task because the shape of graphene or the number of defects

dedicated transfer process. These limitations can be overcome
by graphene oxide (GO). The oxygen functional groups enable
the dispersion of GO in water and hence the fabrication of
large-area devices at low cost, and hydrogel, metal oxide or
polymer composite.” ® To recover the sp* hybridization of
graphene, the fabricated GO is subjected to a reduction process.
Although the properties of reduced graphene oxide (rGO) and

determines the density of states with bandgaps and zero
bandgap.'®"” These conclusions were theoretically inferred
from reports (excluding reports on graphene nanoribbons'*'?).
As indicated above, the harsh conditions of GO synthesis
induce random defects and oxygen functional groups. After

reduction, the electrical properties of GO change from

graphene are comparable, the electrical properties differ insulating to semimetal.”” Although this transition can be
between the two materials. The unique physical properties of

graphene are conferred by its fundamental properties such as Received: January 8, 2018

zero bandgap and high mobility.”~"* Unfortunately, the zero Revised: ~ March 14, 2018

bandgap prohibits a proper on—off current ratio in graphene Published: May 2, 2018
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Figure 1. X-ray photoelectron spectroscopy spectra of (a) GO, (b) TrGOS00, (c) TrGO700, (d) TrGO900, (e) TrGO1100, and (f) atomic ratio of

carbon and oxygen from the elementary analysis.
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Figure 2. Transfer curves of (a) TrGOS00, (b) TrGO700, (c) TrGO900, and (d) TrGO1100 with Vj,,;, = —1 V at room temperature.

controlled by altering the reduction degree, the residual-oxygen
functional groups impede the electrical conduction of GO.
The Seebeck coefficient is useful for understanding the
transport of charged carriers and the electronic structure of
materials. The Seebeck coeflicient of graphene depends on the
sample preparation method. For example, the Seebeck
coefficient of graphene exfoliated mechanically from graphite
is nearly 0 #V/°C at zero bias voltage,”' whereas that of
graphene synthesized by CVD ranges from —40 to 50 uV/°C.
These differences are caused by structural defects or different
numbers of layers.””** The Seebeck coefficient of rGO appears
to be more complicated than that of graphene because the
former possesses structural defects and residual-oxygen func-
tional groups. Consequently, the structural shape and numbers
of oxygen functional groups of rGO (which affect the Seebeck
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coefficient) are difficult to control. Choi et al. reported that the
Seebeck coefficient of rGO was changed from 60 to 10 uV/°C
as a function of reduction degree (i.e., the amount of
hydrazine).”* In rGO reduced by thermal annealing, the
Seebeck coefficient was found to fluctuate with increasing
reduction temperature.”® Park et al. recently reported thermo-
electric properties of rGO annealed at 1000 °C in Ar/H,
atmosphere, as a function of ambient temperature.*®

In the present study, the charge-carrier transport properties
of thermally reduced rGO were monitored as functions of the
reduction temperature. To this end, field effect transistors
(FETs) were fabricated from thermally reduced GO (TrGO) at
500, 700, 900, and 1100 °C, respectively, and their transfer
curves were measured as functions of gate bias (V). The carrier
transport properties of the FETs were also investigated.
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Figure 3. Temperature dependence of (a) minimum conductivity of TrGO versus T~/3, (b) Arrhenius plot of intrinsic carrier density, and field

effect mobilities of (c) holes and (d) electrons versus 1000/T.

Moreover, to evaluate the contributions of electron- or hole-
transport in the TrGOs, we estimated the Seebeck coefficients
from the transfer curves by Mott’s equation at V, = 0 V and
compared them with the measured Seebeck coeflicients in
TrGO bulk films. From the transfer curves and Seebeck
coeflicients, the energy-level shifts of the charge neutrality point
(Ecnp) and the Fermi-level (Eg) in the TrGOs were computed.
The results confirmed that thermally reducing rGO at different
temperatures is equivalent to modulating the doping level in
TrGO.

B RESULTS AND DISCUSSION

Figure 1 displays the XPS spectra of GO and the TrGOs
thermally reduced at 500, 700, 900, and 1100 °C. In GO, the
binding energies of C=C, C—OH, C-0, C=0, and COOH
peaked at 284.5, 285.9, 286.7, 287.6, and 289 eV, respectively.
The carbon- and oxygen-containing functional groups were
clearly detected in GO, but their peaks were diminished after
thermal reduction. The GO spectrum was dominated by C=C
and C—O, whereas the TrGOS500, TrGO700, TrGO900, and
TrGO1100 spectra were dominated only by C=C bonding.
Furthermore, the area under the C=C peak continuously
increased with reduction temperature, indicating enhancement
of the sp* hybridization of C=C. The C, H, O, and N contents
of the materials were then examined by elementary analysis. As
the reduction temperature increased, the carbon contents
increased from 85% in TrGOS00 to 99% in TrGO1100,
whereas the oxygen contents reduced from approximately 15%
in TrGOS00 to 0.3% in TrGO1100. As the thermal reduction
process was conducted in an Ar atmosphere, no nitrogen was
detected in either the XPS spectra or the elementary analysis. In
both analyses, the reduced oxygen contents at higher reduction
temperatures confirmed the thermal reduction of GO.

To investigate how the charge-carrier transport properties of
TrGO depend on reduction temperature, we obtained the
transfer curves of TrGOS500, TrGO700, TrGO900, and
TrGO1100 at room temperature (Figure 2). In obtaining
transfer curves, the TrGO transistor was prepared on patterned
electrode by the spin-coating method. TrGO flakes were
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covered evenly on the substrate. (Figure S1) Although all
TrGOs exhibited a typical ambipolar field effect, their on—off
ratios were very small. The drain current level at the charge
neutrality point (CNP) increased from 13 nA to 140 uA as the
reduction temperature increased from 500 to 1100 °C. This
indicates that our TrGOs have almost zero bandgap or metallic
bandgap structures. The V, at the CNP shifted from negative to
positive between 700 and 900 °C, indicating that as the
reduction temperature increased, the increased drain current
was related to enhanced hole transport. This shifted E-xp was
suspected to be associated with the doping effect of the
residual-oxygen functional groups or the structural defects on
the TrGO surface during thermal reduction. As observed above,
the oxygen contents in TrGO became lower as the reduction
temperature increased, indicating greater removal of the
oxygen-containing functional groups. The ambipolar behavior
in the transfer curves indicates that reduced GO transports
both electron and holes, and the hole current intensifies with
increasing reduction temperature. To understand the effect of
electron and hole transport on the thermoelectric performances
of the TrGOs, the Seebeck coefficient of each TrGO was
estimated from its transfer curve and compared with that
measured in the corresponding TrGO bulk film. The Seebeck
coefficient was chosen for this purpose because it reflects the
species of charge carriers in materials. Depending on the
electronic structure of the investigated material (insulating,
semiconducting, or conducting), the Seebeck coefficient has
been variously expressed as a function of Fermi-level (Ep),
transport mechanism, band gap width, and others.”’~*’
Therefore, before calculating the Seebeck coefficient of TrGO
precisely from the transfer curve, we should clarify the
electronic structure of TrGO.

To clarify the electronic structure of TrGO, we determined
the minimum conductances (€,,;,”"), intrinsic carrier densities
(n;), and mobilities of TrGOS500, TrGO700, TrGO900, and
TrGO1100 as functions of T~3 or 1000/ T, where T is the
ambient temperature.”’ Depending on the ambient temper-
ature, transfer curves were obtained with all samples (Figure
S2), and then carrier densities and mobilities were calculated.
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The results are plotted in Figure 3. As shown in the Arrhenius
plots of Figure 3a, the electrical conductance Q;,~' was
enhanced in TrGOs that were thermally reduced at higher
temperature. Despite this trend, the curves of all samples
exhibited two regions with different slopes. More precisely, the
conductance remained relatively steady in the low-temperature
region (<—65 °C) but increased steadily in the high-
temperature region (> —65 °C). This indicates that the
Arrhenius model well fits the minimum conductance at ambient
temperatures above 65 °C. The near-zero activation energy in
the low-temperature region indicates a monotonous density of
states in the TrGOs. At elevated temperature, the conduction in
TrGO was dominated by thermally excited carriers, suggesting
a nonmonotonous density of states in the TrGOs. The
crossover temperature decreases in highly reduced GOs,
indicating a band-like transport due to the healing effect of
the sp® network structure.*

Over the ambient temperature range, the intrinsic carrier
density n; was larger in TrGOs thermally reduced at higher
temperatures. The exception was TrGO700, with a slightly
higher n; than TrGO900. In the low-temperature region, the n;
remained steady in all samples, indicating no activation energy
in the carrier transports. Generally, the oxygen-containing
functional groups on the surfaces of GOs express poor sp”
hybridization, but when the reduction process is started, sp>
hybridization is generated. Increasing the sp® hybridization
induces metallic conduction in the TrGO.

The field effect mobilities of the electrons and holes were
observed (Figure 3c,d). Over the ambient temperature range,
the carrier mobilities of electron and hole were approximately
107*=107% and 107°—107° cm?/(V s), respectively, much lower
than in single-layer graphene (reported as ~10* cm?/(V s)).*
In the present study, the mobilities are hindered by contact
resistance among the stacked TrGO layers. The overall
mobilies in all TrGOs significantly decreased as the ambient
temperature increased’’ because of increased scattering at
higher temperature. In TrGO films reduced at higher
temperature, the decrease in hole and electron mobilities was
enhanced. Especially, electron mobilities were dropped much
more significantly than hole mobilities at 1000/T < 4. It means
that the electron transport was much more suppressed in
TrGO films reduced at higher temperature due to the change in
energy states.

The on—off ratios of the TrGOs in Figure 2 are very low;
moreover, the TrGOs conducted at low temperature, where
their electrons could not be thermally excited (see Figure 3a).
Therefore, the Seebeck coefficient of TrGO can be determined
by the following Mott’s equation:

G _ ﬂzkgT[ dInG(E) ]
3e dE E=F (1)
where kz and T are Boltzmann’s constant and the absolute
temperature, respectively, and e and Ep have been defined
above.
For application to the present study, the Mott’s equation was
transformed as follows:

o _THT1acdy

3¢ G d\/;Z dE i, @)
where G and Vg are the conductance and gate voltage of the
transistor, respectively.21
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Here, values for (1/G)-(dG/dV,)-(dV,/dE) were obtained
from the differential value in a plot of In G vs E, i.e., the log
scale plot of transfer curves at 25 °C. Then, Seebeck coeflicients
of the TrGOs were calculated using eq 2 and are plotted as
functions of V, in Figure 4. The dependence of the Seebeck
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Figure 4. Seebeck coefficients calculated from the transfer curves at
room temperature by a modified Mott eq (eq 2).

coefficient on V, results from the changing Fermi-level (Eg) in
the TrGOs. In general, the absolute value of the Seebeck
coeflicient decreased with increasing reduction temperature,
and the Seebeck coefficients of all TrGO samples exhibited
both n- and p-type characteristics, reflecting the ambipolar
property in their transfer curves. In detail, the Seebeck
coeflicient of TrGOS00 at 25 °C varied from 42 to —30 uV/
°C across the range of V,. The Seebeck coefficient changed
sign, implying that the charged carriers in the TrGOS500
changed from holes (positive carriers) to electrons (negative
carriers), depending on the Ej in the sample. However, the
Seebeck coefficients of the other samples showed different
behaviors. As the reduction temperature increased, the Seebeck
coeflicients in both the hole- and electron-transport regimes
approached 0 uV/°C, as suspected by the higher conductance
in TrGO at higher reduction temperatures.

Figure 5 compares the Seebeck coefficients calculated from
Mott’s equation with those in bulk film measured at room
temperature. The Seebeck coefficients of the samples were
calculated at V, = 0 V because the Seebeck coefficient of bulk
film was measured without applying V,. Seebeck coefficient of
bulk film was obtained by plotting potential gradient as a
function of temperature gradient as displayed in Figure S3 and
these plots are shown in Figure S4. Although the calculated and
measured Seebeck coeflicients were mismatched, they showed
similar tendencies. The differences can be attributed to different
sample preparations and electric fields in the channel direction.
In both cases, the Seebeck coefficient changed from negative to
positive as the reduction temperature increased.

Next, we compared the Seebeck coeflicients with the transfer
curves. The transfer curve of TrGOS00 showed ambipolar
properties, indicating that both electrons and holes were
transported. However, the Seebeck coefficients calculated by
Mott’s equation and measured in bulk film were both negative
at V, =0V, indicating that the major charged carriers were
electrons.

According to several reports, the thermoelectric properties of
carbon-based materials are determined by the doping state of
the materials.”>*® The transfer curve of carbon nanotubes
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Figure 5. (a) Comparison of Seebeck coefficients calculated by Mott’s
equation and measured in bulk film at room temperature. (b)
Schematic of changes in the energy band structure of rGO with
increasing reduction temperature.

shows an ambipolar shape,”*~° but in an ambient environment
(without Vg), the carbon nanotubes are intrinsically in the hole-
doped state; in other words, the Seebeck coefficient of intrinsic
carbon nanotubes is positive.””** The Ecyp of graphene or rGO
is readily shifted by attaching nanoparticles or silane-based
materials.””*" Moreover, the residual-oxygen functional groups
reportedly alter the work function of rGO.*"** In general, the
Ecnp and work function of graphene exfoliated from graphite
appear at similar positions. However, when the rGO lattice is
doped with impurities such as boron or nitrogen atoms, a gap
appears between Ep and Ecyp, which is known as the doping
state. ™’

The present study suggests that the difference between Ef, (at
Vy, = 0 V) and the energy level of the CNP (Ecyp) plays an
important role in determining the sign and absolute value of the
Seebeck coefficient (see Figure Sb). As revealed in the transfer
curves, the Ecyp was increased in TrGOs reduced at higher
temperature. Moreover, high reduction temperatures produced
a doping effect despite the lack of doping impurities. This effect
is suspected to be caused by the removal of residual oxygen and
the healing of structural defects on the TrGOs. The TrGOs
reduced at all temperatures were metallically conducting. As the
reduction temperature increased, the Ecyp and Ep converged
toward a similar level, meaning that the structure approached
that of ideal graphene (that is, a perfect sp* network structure).
In conclusion, we found that controlling the positions of Eg and
Ecnp in GO was important for determining their Seebeck
coefficients in the metallic conducting regime.

B CONCLUSIONS

In summary, the charge-carrier transport properties of TrGO
were investigated as functions of the reduction temperature.
Most importantly, we found that the Seebeck coeflicients of
TrGO can be changed by controlling the reduction temper-
ature, which induces a shift from Ecyp to Ep without doping
with impurities or other elements. The transfer curves revealed
both electron and hole transport in TrGO, although hole
transport dominated at higher reduction temperatures.
Furthermore, after we examined the Arrhenius plots of carrier
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density and carrier mobility, we determined that TrGO
behaved as a metallic conductor at all investigated reduction
temperatures. As the Seebeck coefficient calculated by Mott’s
equation assumes a material with metallic conduction, it was
calculated from the electric conductance of TrGO. According
to the modified Mott’s equation, the Seebeck coeflicient
changed sign at the CNP, and its magnitude depended on the
energy level (Vg). For comparison, the actual Seebeck
coefficient was measured in TrGO bulk films. Both the
Seebeck coefficients calculated by Mott’s equation at E (V,
= 0 V) and the measured Seebeck coefficients in bulk films
exhibited similar behaviors, namely, their absolute values
decreased and reached zero at a sufficiently high reduction
temperature. This means that Ecyp and Ep converge to a
common level as the reduction temperature increases, and the
TrGO structure develops an ideal graphene structure (ie., a
perfect sp> network structure). In conclusion, we found that
controlling the positions of Ex and CNP in rGO is important
for determining the Seebeck coefficient in metallically
conducting rGO.

B EXPERIMENTAL SECTION

Fabrication of Graphite Oxide and Graphene Oxide
Solution. GO was prepared from graphite powder by Hummer’s
method. Briefly, 1 g of graphite powder (SP-1, Bay Carbon Inc,
U.S.A.) and 0.5 g of NaNOj; were dissolved in H,SO, (25 mL) with
stirring for 1 h, maintaining the reaction flask in an ice bath. Next, 3 g
of KMnO, was added to the mixture with stirring for another hour,
while the temperature was gradually increased to 35 °C. After
consecutively adding H,O (46 mL) and mixed H,O and H,0, (140
and 2.5 mlL, respectively), the mixture was washed with 10% HCI
solution and D.I. water. Finally, the wet product was freeze-dried for
obtaining GO powders. After drying, 20 mg of the GO powder was
dispersed in 20 mL of H,O by bath-sonication, followed by
centrifuging at 3000 rpm for S min. The supernatant was collected
in a vial. The morphology of GO flakes was observed by atomic force
microscopy (AFM) and 1 nm thickness and ~1 pm size of GO was
obtained. (Figure SS)

Fabrication of FET. To investigate the charge-carrier transport
properties of TrGO, FET's were prepared. The GO solution was spin-
coated at 1000 rpm (30 s) and 2000 rpm (20 s) onto cleaned Si/SiO,
substrates (thickness of 300 nm). This process was conducted five
times. Next, the GO on the substrates was reduced at 500, 700, 900, or
1100 °C for 2 h in an Ar atmosphere. After reduction, separated
channels were patterned in the thermally reduced GO film by
photolithography. The residual parts were etched by O, plasma. The
electrodes (Au; thickness SO nm) of the FETs were deposited by
thermal evaporation.

Fabrication of TrGO Bulk Film. A TrGO bulk film was prepared
by the vacuum filtration method. The GO solution was prepared as
mentioned above. The GO film was obtained on poly tetrafluoro-
ethylene (PTFE) membrane (0.2 ym; Omnipore). The film was dried
in a vacuum oven for 24 h at 80 °C. After removing the membrane, the
bulk GO film was reduced at 500, 700, 900, or 1100 °C for 2 h in an
Ar atmosphere.

Characterization. Reduction of GO was confirmed by X-ray
photoelectron spectroscopy (XPS, PHI 5000, Ulvac PHI, Japan). The
percentages of carbon, hydrogen, nitrogen, and sulfur were measured
by a CHNS analyzer (FLASH 2000; Thermo Scientific, U.K.), and the
oxygen percentage was determined by an O analyzer (EA 1108; Fison
Instruments, Italy). AFM (SPA-400, Seiko instrument) was used for
morphology of TrGO. The electrical performances of the FETs were
measured by a semiconductor parameter analyzer (Keithly 4200C)
under high-vacuum conditions (~107¢ Torr). Transfer curve of TrGO
was obtained with applying —1 V of drain bias (V3), and the sweep of
gate vias (V) was applied from 80 to —80 V. When obtaining the
Arrhenius plots, the ambient temperature was controlled with liquid
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nitrogen. The field effect mobility (4) and intrinsic carrier
concentration (n;) were, respectively, calculated as

L
dvV, W GV, (3)

_ Omin
" e(Hpote F Hiectron) 4)

where Ip.iy Viae Cow and Vp,, are the drain current, gate voltage,
gate oxide capacitance, and drain voltage, respectively. L and W are the
length and width of the channel, respectively, and 6,,;, and e denote
the minimum conductance and unit electrical charge, respectively.”’

The Seebeck coefficient of the bulk TrGO film was determined by
plotting the thermal voltage versus temperature under low-vacuum
conditions (~107* Torr). The temperature gradient was applied by a
ceramic heating block. The temperature was detected by a type-R
thermocouple (+: Pt/Rh = 87/13 w/w, -: Pt) connected to a data
acquisition/data logger switch unit (Agilent 349704, Agilent
Technologies, Inc., United States). The slope of the potential plotted
against the difference (AT) from the specified temperature (+3 °C)
yielded the Seebeck coeflicient.
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