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In this study, we report the energy-level-dependent Seebeck coefficients of thermally reduced graphene
oxide (TrGO) measured using a field-effect transistor with a microheater. B- or N-doped TrGO samples
were prepared using graphene oxide (GO) solutions containing 10 or 50 mM boric acid or urea. In
addition, heavily N-doped TrGO was prepared by annealing GO under an Ar/NHs atmosphere. During
thermal annealing, boric acid and urea decomposed and B and N atoms were doped onto TrGO. The
gate-dependent conductance of the samples was measured first. In general, all the samples exhibited
ambipolar behavior. However, as a function of doping state, the gate-dependent conductance differed
slightly in comparison with that of TrGO. B-TrGO exhibited more intensive hole transport, whereas N-
TrGO exhibited more intensive electron transport. In addition, the conductance was investigated as
a function of ambient temperature for evaluating bandgap opening by the doping effect. When the gate
bias was changed from —80 to 80 V, the Seebeck coefficient of TrGO changed from 4 to —2 pV K72,
which indicates that the carrier transport was changed from hole to electron transport depending on the
energy state. However, impurity-doped TrGO (B- or N-TrGO) exhibited different behaviors. The Seebeck
coefficient of B-TrGO changed from 20 to —4 pV K™%, whereas that of N-TrGO changed from 4 to
—10 pV K7t in a similar range of gate bias. Notably, the Seebeck coefficient of heavily N-doped TrGO
changed from —8 to —18 uV K™t in a similar range of gate bias. On the basis of the Seebeck coefficients
and relative bandgaps of TrGO, B-doped TrGO, and N-doped TrGO, the approximate relative electronic
structure of TrGO was deduced.
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materials is difficult. Since Fritzsche's report on the theoret-
ical aspects of the Seebeck coefficient (S),” the S has become

Introduction

With the recent developments in the methods for preparing
nanostructured materials or organic semiconductors and in
the methods for fabricating devices with unique electronic
properties," the electronic structure of materials has
become the most important consideration for ensuring their
suitable application. Generally, the field-effect transistor has
been a useful device for exploring the carrier transport
properties of semiconductors.®® With a survey of the
conductance (G) of a semiconductor, its carrier transport
properties are easily expressed. However, in the case of
semimetal, zero-bandgap or ambipolar materials, the charge-
carrier transport is difficult to clearly express on the sole basis
of G because distinguishing the major charge carriers in the
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an alternative parameter to G because the magnitude and
sign of the S are determined by the electronic structure or the
Fermi level of materials. Consequently, the S has been used to
elucidate the precise electronic structures of materials. For
example, Kim et al.*®'* and Shi et al.*” reported the thermo-
electric properties of single-layer graphene exfoliated from
graphite, which is a perfect structure of sp* hybridization.'*-*?
Measurements of the thermoelectric properties as a function
of energy level revealed that the charge-carrier type and the
magnitude of the S of single-layer graphene changed at the
charge-neutrality point. This continuous change of the S is
consistent with metallic conduction, which occurs at the
Fermi level, and Mott's model is applied to explain the
metallic conduction:

_ﬁszZT 1 dG

S=—3.GdE

E=Ep

where kg, e, and E are the Boltzmann constant, the elementary
charge, and the energy level, respectively.
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Because the density of states of graphene is symmetric,*® the
magnitude or the sign of S is determined by the position of the
Fermi level. For perfect single-layer graphene exfoliated from
graphite, the lattice consists of carbon atoms with perfect sp>
hybridization. Thus, the symmetric shape of the S as a function
of the Fermi level is clearly revealed. Hu et al. prepared bilayer
graphene separated by boron nitride and fabricated a double-
gate device to determine its maximum power factor (S>¢).** The
carrier density of each graphene was controlled by top and
bottom gates independently, and the maximum power factor
was ~700 uW cm™* K2, Park et al. prepared thermally reduced
graphene oxide annealed at 1000 °C under an Ar/H, atmosphere
and investigated its energy-dependent thermoelectric proper-
ties.” At 300 K, the S changed from —20 to 20 uvV K ' as
a function of gate bias. Except for the aforementioned cases, the
S of chemical vapor deposition (CVD)-grown graphene and
reduced graphene oxide (rGO) have been measured at a fixed
Fermi level. In the case of CVD-grown graphene, Lyeo et al.*® and
Li et al.'*" probed the S using atomic force microscopy (AFM)
and scanning tunneling microscopy (STM). By using micro-
scope probe tips to apply heat, they obtained images from
which the S was derived and used the results to characterize
defects on the graphene.

As previously explained, the S of metallic conductive mate-
rials is sensitive to the density of states and the position of the
Fermi level. Because AFM- or STM-based S measurements
involve atomic-scale observations, the local density of states in
graphene is distorted by defects, boundaries, or wrinkles in the
graphene, resulting in a change in the S. Yan et al. reported that
the S of CVD-grown graphene increased with increasing oxygen
plasma treatment.'®* When defects were generated in the gra-
phene, the density of states was distorted and the S was
enhanced.

The thermoelectric properties of rGO, which is used in
various applications,*** are much more complicated than those
of graphene. Because rGO is prepared from graphene oxide
(GO), the removal of oxygen functional groups is inevitable, and
the work function of rGO varies as a function of the degree of
oxidation.?**® Thus, rGO is an attractive alternative to bulk-scale
inorganic-based thermoelectric materials because of its
controllable energy state. In a previous report of the thermo-
electric properties of rGO, control of the degree of oxidation
using hydrazine enabled control of the electrical conductivity
and the S; specifically, with increasing degree of reduction, the S
decreased from 60 to 11 pV K ', whereas the electrical
conductivity increased from 0.14 to 880 S m~".>* Moreover, Kim
et al. reported that the S of rGO prepared by thermal reduction
varied with the reduction temperature.” Because the work
function of rGO is changed by residual oxygen functional
groups or defects, the rGO can exhibit n- or p-type character
depending on the extent of reduction. Consequently, the S of
CVD-grown GO or rGO depends on the synthesis or fabrication
conditions. Conversely, if the S of CVD-grown GO or rGO can be
measured precisely, their electronic structures or energy levels
can be estimated.

Field-effect-modulated S measurements have also been used
as an effective tool for evaluating the electronic structure of
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semiconductors. Pernstich et al*® and Sirringhaus et al.>*>®
have reported field-effect-modulated S measurements of
organic semiconductors. They measured the S of organic
semiconductors as a function of their electronic energy states
using a field-effect-modulated Seebeck coefficient measurement
system. In this device, the charge transport of materials is tuned
via the gate bias in a field-effect transistor (FET) and the S is
measured as a function of the gate bias. Nanostructured
materials such as black phosphorus, graphene, carbon nano-
tubes, nanowires, and metal dichalcogenides have been simi-
larly characterized by gate-bias-tuned S measurements.'®**-*

In the present study, field-effect-modulated S measurements
of thermally reduced graphene oxide (TrGO) were conducted.
To survey the electronic structure of TrGO precisely, devices
with B- and N-doped TrGO were fabricated. From the Arrhenius
plots of the electrical properties, the bandgap energies of TrGO,
B-doped TrGO, and N-doped TrGO were obtained to observe the
variations among their bandgaps. The gate bias (Vgace)-depen-
dent S values were then examined. The contribution of charge
carriers as a function of Vg, was then determined, and the
electronic structures of TrGO, B-doped TrGO, and N-doped
TrGO were estimated.

Experimental section
Fabrication of impurity-containing GO solution

Graphite oxide was prepared using Hummers' method with
graphite powder.*® One gram of graphite powder (SP-1, Bay
Carbon Inc., USA) and 0.5 g of NaNOj; were dissolved in H,SO,
(25 mL) with stirring for 1 h. The reaction was conducted in an
ice bath. Three grams of KMnO, was added to the acid solution
with stirring for 1 h. The temperature was then increased
gradually to 35 °C. Forty-six milliliters of H,O was added to the
mixture, followed by the addition of a hydrogen peroxide solu-
tion (H,O/H,0, = 140 : 2.5, mL : mL). The obtained product
was washed sequentially with 10% HCI solution and H,O and
was then freeze-dried. Twenty milligrams of dried graphite
oxide powder were dispersed in 20 mL of H,O using a bath-type
sonicator, followed by centrifugation at 3000 rpm for 5 min. The
supernatant (GO solution) was collected in a vial. B- or N-doped
rGO was prepared using boric acid (ACS reagent, Sigma-Aldrich)
or urea (BioReagent, Sigma-Aldrich), respectively, as dopants.
GO solutions containing 10 or 50 mM of boric acid or urea were
prepared.

Fabrication of the FET-based Seebeck coefficient
measurement device

To investigate the electrical properties and S of the TrGO
samples, we fabricated an FET-based S measurement device.
First, the prepared GO solution, boric-acid-containing GO
solution, or urea-containing GO solution was spin-coated twice
onto a cleaned substrate (Si/SiO,, 300 nm, heavily doped) at 500
rpm (30 s) and 2000 rpm (10 s). The GO on the substrate was
thermally reduced at 1173 K for 2 h under an Ar atmosphere; to
obtain TrGO heavily doped with N, thermal reduction was
conducted under Ar/NH;. After reduction, the active layer (rGO)

n
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was obtained by photolithography. A positive photoresist was
spin-coated onto the substrate, and the substrate was baked at
373 K for 90 s. Ultraviolet (UV) exposure was conducted with the
active-layer region of the substrate covered with a photomask.
After the exposure, the substrate was dipped in developer
solution for 30 s, and the photoresist was removed except for
that on the active layer. The residual rGO was removed using O,
plasma (100 W, 5 min). To fabricate an electrode and a micro-
heater, photolithography was conducted again. The electrode
(Ti/Au, 10 nm/10 nm) of the device was deposited using an e-
beam evaporator for the Ti and using thermal evaporation for
Au. The channel length (L) and width (W) of the materials were
50 and 1000 pm, respectively. A schematic of the fabrication
process is illustrated in Fig. S1.}

Characterization

The carrier transport properties (G and S) and the temperature
gradient (AT) were examined under high vacuum. To obtain the
AT in the FET-modulated S measurement device, the tempera-
ture coefficient of resistance (TCR) in the hot side and cold-side
electrodes was measured between 203 and 330 K. The ambient
temperature at the surface of the substrate was recorded using
a T-type thermocouple and data logger (Keithley 2700, data
acquisition system). The resistances of the hot side and cold-
side electrodes were measured as a function of the ambient
temperature using a dual-channel source meter (Keithley
2613B), and the resistance was plotted as a function of the
ambient temperature. The slope obtained from a linear fit of the
data was the TCR. After obtaining the TCR, we examined the
dependence of the electrode resistance on the applied current
in the region of the heater with a temperature gradient
(Fig. S10-S147). A single-channel source meter (Keithley 2400)
was used to supply current to the heater. Each current step was
applied for 30 s, and the resistances were obtained at 303 K. The
resistances were then converted into temperatures using the
following equations:

R, hot side — RO hot side
Thot sige = 303 K ( —peverhotsi ’
hot side + ( TCRhm side

Rpower cold side — Ro cold sid
T se = 303 K power cold side — Ro.cold side
cold side + ( TCRcold side

AT = Thot side — Tcold side

where Thot side (cold side)s Rpower,hot side (cold side)s RO,hot side (cold side)s
and TCRyot side (cold side) are the temperatures of the hot side
(cold side), the resistance of the hot side (cold side) with power
applied to the heater, the resistance of the hot side (cold side)
without power applied to the heater, and the TCR for the hot
side (cold side), respectively. The heater power (P) was calcu-
lated using P =V x L

The generated voltage as a function of the step current was
detected using a nanovoltmeter (Keithley 2182A). The S was
obtained as the slope of AT plotted against the generated

This journal is © The Royal Society of Chemistry 2018
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voltage (AV). The S as a function of the gate bias was obtained by
applying a bias of 5 V. The electrical properties were measured
using a dual-channel source meter (Keithley 2613B).

Results and discussion

As illustrated in Scheme 1 (and Fig. S1t), the solution process
was used to prepare samples for use in the gate-dependent S
measurement device. To compare the carrier transport of TrGO
with different energy states, TrGO samples doped with B or N
were also prepared.

Before investigating the carrier transport properties, we
examined the reduction conditions and doping degree of the
samples by X-ray photoelectron spectroscopy (XPS). Fig. S2+
shows the XPS spectra of GO, TrGO, 10 mM B-TrGO, 50 mM B-
TrGO, 10 mM N-TrGO, 50 mM N-TrGO, and NH; N-TrGO from
0 to 850 eV. Generally, peaks attributed to C and O appeared in
the spectra of all the samples. After the GO was annealed, the
intensity of the O peak decreased, whereas that of the C peak
increased. A comparison of the atomic composition before and
after reduction, as presented in Table 1, reveals that the O
atomic ratio decreased from approximately 24 to 4.5 at% after
reduction. Because the reduction process was conducted under
an Ar atmosphere, sp” hybridization of GO was recovered and
oxygen functional groups were removed.

In the case of doped TrGO (B-TrGO or N-TrGO), an additional
peak associated with B or N, respectively, was observed in the

H
- "
' ¢
o B oM HNTNH,
i

Boric acid Urea

N-TrGO

TrGO B-TrGO

Thermal@gduction

= =)

Etching Electrode deposition

Scheme 1 Schematic of the preparation of various-energy-state
TrGO for gate-dependent Seebeck coefficient measurements.

Table 1 Atomic ratio of GO, TrGO, 10 mM B-TrGO, 50 mM B-TrGO,
10 mM N-TrGO, 50 mM N TrGO, and NHz N-TrGO

Sample C (at%) O (at%) N (at%) B (at%)
GO 75.78 £ 0.53 24.22 + 0.63 — —

TrGO 95.52 £ 0.25 4.48 £0.12 — —

10 mM B-TrGO 83.88 £ 1.67 12.68 £ 1.51 — 3.44 £ 0.17
50 mM B-TrGO 794 +0.1 16.51 £0.35 — 4.08 £ 0.25

10 mM N-TrGO 90.88 £ 0.41
50 mM N-TrGO 89.65 £ 0.99
NH; N-TrGO 90.73 £+ 0.45

4.7 £0.46 4.42 £0.16 —
5.7 £0.69 4.65+ 049 —
3.82 £0.39 5.45+0.23 —
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spectrum. In the case of B-doped TrGO, the atomic percentages
of B in the 10 mM B-TrGO and 50 mM B-TrGO were approxi-
mately 3.44 and 4.08 at%, respectively. The atomic percentages
of O in 10 mM B-TrGO and 50 mM B-TrGO (12.68 and 16.51
at%) were higher than that the atomic percentage of O in TrGO
(4.48 at%). Even though the reduction temperatures of the
samples were similar, the percentage of O increased because
of the impurity (boric acid). The spectra indicated that N
atoms were present in the N-doped samples. All the N-TrGO
samples had N contents greater than 4 at%. The 10 mM N-
TrGO and 50 mM N-TrGO had N contents of 4.42 £+ 0.16 and
4.65 + 0.49 at%; these values are unrelated to the impurity
concentration. However, in NH3; N-TrGO (heavily doped N-
TrGO), the at% of N increased to 5.45 at%. To elucidate the
reduction state or chemical bonding in the rGO, we collected
its C 1s XPS spectrum (Fig. 1(a)), which reveals the extensive
presence of oxygen functional groups. Specifically, the C 1s
spectrum of GO includes four main components: C=C
(284.7 eV), C-OH (285.9 eV), C-O-C (287.2 eV), and C=0/
COOH (288.7 eV). After thermal reduction, the C=C peak
intensity in the spectrum of TrGO (Fig. 1(b)) was recovered and
the intensity of the peaks associated with oxygen functional
groups decreased. Additional peaks (C-B: 283.8 eV, C-N:
285.8 eV) were detected in the spectra of B-TrGO and N-TrGO,
respectively (Fig. S31). These additional peaks imply that the
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impurity atoms (B or N) were doped onto the TrGO. To survey
the B and N in the graphene lattice in greater detail, we
acquired B 1s and N 1s spectra of 10 and 50 mM B-TrGO
(Fig. 1(c) and (d)), 10 and 50 mM N-TrGO (Fig. 1(e) and (f)), and
NH; N-TrGO (Fig. 1(g)). In the B 1s spectrum, two major peaks
associated with BC,0 (191 eV) and BC; (193 eV) are observed,
consistent with previous reports.***” B-doped rGO and CVD-
grown graphene are known to exhibit p-type character.***° The
electrical properties of 10 mM B-TrGO and 50 mM B-TrGO are
discussed later in this work. As previously noted, the existence
of BC,0 in 10 mM B-TrGO and 50 mM B-TrGO resulted in
higher oxygen percentages in 10 mM B-TrGO and 50 mM
B-TrGO compared with that in TrGO.

The N 1s spectra of 10 mM N-TrGO, 50 mM N-TrGO, and NH;
N-TrGO (Fig. 1(e-g), respectively) all show two major peaks,
which are attributed to pyridinic N (~398.4 eV) and graphitic N
(~401.6 eV). The spectra show that most of the N was graphitic
N. Specifically, the area percentage of graphitic N of the 10 mM
N-TrGO, 50 mM N-TrGO, and the NH; N-TrGO was 58.07, 57.63,
and 66.69%, respectively. Even though the 10 mM N-TrGO, 50
mM N-TrGO, and NH; N-TrGO were reduced at similar
temperatures, the graphitic N peak area in the spectrum of the
NH; N-TrGO was the most intense. Therefore, the NH; N-TrGO
is considered to be heavily N-doped. The graphitic N in rGO is
important for obtaining n-type rGO.**

p—
LY
A

(b)

Intensity (a.u.)
Intensity (a.u.)

282 284 286 288 290 292 282 284 286
Binding Energy (eV)

Binding Energy (eV)

288 290 292

(c

N
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BC, BC,
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188 190 192 194 196 188 190
Binding energy (eV)

Binding energy (eV)
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N-TrGO

(e

N

Pyridinic N (f)

Graphitic N
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Pyridinic N (g)

Graphitic N
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Graphitic N

Intensity (a.u.)
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Binding energy (eV)
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Binding energy (eV)

Fig.1 XPS spectra of the TrGO samples: (a) C 1s of GO, (b) C 1s of TrGO, (c) B 1s of 10 mM B-TrGO, (d) B 1s of 50 mM B-TrGO, (e) N 1s of 10 mM

N-TrGO, (f) N 1s of 50 mM N-TrGO, and (g) N 1s of NHz N-TrGO.
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Fig. S4t illustrates the morphology of the fabricated devices
with TrGO. Fig. S4(a)t shows an optical microscopy image of
TrGO. The blue-shaded part is the active layer, which is TrGO,
and the rose/gold part is the electrode for sensing thermally
activated potential or generating heat. The AFM images in
Fig. S4(b)t show a survey of the thickness of the device. The
thickness of the device was 5.55 nm. The other devices based on
10 mM B-TrGO, 50 mM B-TrGO, 10 mM N-TrGO, 50 mM
N-TrGO, and NH; N-TrGO have thicknesses less than 6 nm, as
illustrated in Fig. S5-S9,7 respectively. As previously noted, the
monolayer of GO was ~1 nm thick. The AFM analysis reveals
that approximately 5 to 6 layers were present in TrGO. Part of
the active layer was covered with rGO (Fig. S4(c)t).

To compare the transport properties between electrons and
holes, we divided the G as a function of Vg, by the minimum
conductance (Gpin). Fig. 2 shows G/Gp,;, at room temperature
plotted as a function of Vg, for TrGO (Fig. 2(a)), 10 mM B-TrGO
(Fig. 2(b)), 50 mM B-TrGO (Fig. 2(c)), 10 mM N-TrGO (Fig. 2(d)),
50 mM N-TrGO (Fig. 2(e)), and NH; N-TrGO (Fig. 2(f)), where
Vaate 15 the gate voltage. The G was converted using the equation
G = (Iprain/Vprain) (L/W), where Ipin and Vppi, are the drain
current and the drain voltage, respectively. The transfer curves
show that all the samples exhibited ambipolar behavior, which
indicates that both electron and hole transport were induced by
the applied Vga. However, depending on the doping state,
electron transport and hole transport differed slightly. In the
case of TrGO (Fig. 2(a)), even though TrGO exhibited ambipolar
transport, holes exhibited better transport than electrons in this
material. At Vgae = —80 V (hole-transport-inducing), the G
increased by approximately 10% compared with the Gpin,
whereas at Vgaee = 80 V (electron-transport-inducing), the G
increased by approximately 4%. The higher hole transport of
TrGO was speculatively attributed to the residual oxygen func-
tional groups or to several defects on TrGO. After B doping on

View Article Online
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TrGO (Fig. 2(b) and (c)), the hole transport of both 10 and 50
mM B-TrGO was greater than that of TrGO, but the hole trans-
port of B-doped TrGO was independent as a function of boric
acid concentration. Even though the boron content in 50 mM
B-TrGO was higher than that of 10 mM B-TrGO, the hole
transport of 50 mM B-TrGO was lower than that of 50 mM B-
TrGO, which is suspected by the increase of oxygen content. At
lower oxygen contents, TrGO showed intensive hole transport.*
With the higher concentration of boric acid, boron doping
occurred with an increase of oxygen content. Lower hole
transport in 50 mM B-TrGO is suspected by the increase of
oxygen content, which causes suppression of hole transport.
Conversely, after N doping on TrGO (Fig. 2(d)-(f)), the electron
transport increased. Because TrGO exhibited more intensive
hole transport initially, the G levels at the hole-transport-
inducing Vgaee (—80 V) and electron-transport-inducing Vgaee
(80 V) with 10 mM N-TrGO and 50 mM N-TrGO were similar;
however, the electron transport of 10 mM N-TrGO and 50 mM N-
TrGO was enhanced by the doping effect. Notably, in the case of
NH; N-TrGO (Fig. 2(f)), the electron transport was substantially
enhanced.

To elucidate the electronic structure of TrGO, 10 mM B-
TrGO, 50 mM B-TrGO, 10 mM N-TrGO, 50 mM N-TrGO, and
NH; N-TrGO, we carried out temperature-dependent measure-
ments of their electrical properties and constructed Arrhenius
plots (Fig. 3). For the Arrhenius plots, the transfer curves of all
the samples were measured from 150 to 375 K. The Gy, at each
temperature was used to exclude the effect of impurities.”® The
In(Gmin) Was examined as a function of 1/T. The following
equation was used to calculate the bandgap energy of all the
samples:**

G = Gy exp(—Ey/2kT)

] ] 1.16]
(a) 1.12 (b) 16 (C)
1124
1.081 1.4
05 o-g 0«51.08-
o 1.041 & 121 ® 1.04
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80 -40 0 40 80 80 40 0 40 80 80 -40 0 40 80
VGate (V) vGate (V) vGale (V)
(d) 1-1¢] (e) 1.16 (f) 1.20
1.12] 1.12] 1.15
951.08- gE1.oa- 9‘51_10.
O 1.04 O 1.04] O ;05
1.00- 1.00; 1.00;
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vGate (V) VGate (v) VGate (V)

Fig.2 Transfer curves of (a) TrGO, (b) 10 mM B-TrGO, (c) 50 mM B-TrGO,

= —1V and p-sweep of Vgate.
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Fig. 3 Arrhenius plots of TrGO, 10 mM B-TrGO, 50 mM B-TrGO, 10
mM N-TrGO, 50 mM N-TrGO, and NHz N-TrGO.

where E, and T are the bandgap energy and the absolute
temperature, respectively.

Generally, the activation energies of 10 mM B-TrGO
(14.5 meV), 50 mM B-TrGO (9.9 meV), 10 mM N-TrGO
(25.5 meV), 50 mM N-TrGO (16.6 meV), and NH; N-TrGO
(39.4 meV) were higher than the activation energy of TrGO
(6.4 meV). Even though the electronic structure of multi-layered
graphene is similar to that of graphite,* an increase of E, was
detected after doping. The electronic structure of doped TrGO
was distorted, resulting in an asymmetric electronic structure.*®

To understand the asymmetric electronic structures of N- or
B-doped TrGO, we examined carrier transport properties such
as G and S values as a function of temperature gradient (AT)
under high vacuum. The AT in the FET-modulated S measure-
ment device was first obtained. The TCR in the hot side and cold
side electrodes was measured at between 203 and 330 K. The
TCR was obtained as the slope of the linear fitting of the plot of
resistance (R) vs. T, as illustrated in Fig. 4(a). In the case of
TrGO, the TCRs of hot side and cold side were 1.17 £+ 0.02 and
1.17 £ 0.01 Q K, respectively. The other TCRs of the devices
are shown in Fig. S10(a), S11(a), S12(a), S13(a), and S14(a).t

After obtaining the TCR, we examined the resistances of the
electrodes as a function of current applied to the heater portion

{b) 1000

m
1.008: =
o 1o0s B
o 1.004 B
1.002 B
B
1,000
312
3 m
® 309 5]
£
E B
2 306 B
(a) § ]
1.0 - e @
Cold side : 1.17£0.01 Q/K 20
1.00 y 0.9
A @
= 0.95 o
g o _ 06 &
& 090 . =3
_ﬁ:’:# 503 "
08571 =" (1ot side - 1.1740.02 UK ’ o
0.80 @
200 240 280 320 360 0.9 e o6 o5 3

Temperature (K) Power (W)

Fig. 4 Schematic of the gate-dependent Seebeck coefficient
measurement device and (a) the TCR of TrGO, (b) the resistance
gradient of the hot side (red open squares) and the cold side (blue
open squares) (top), the temperature of the hot side and the cold side
(middle), and the temperature gradient of the TrGO as a function of
heater power.

15582 | J. Mater. Chem. A, 2018, 6, 15577-15584

View Article Online

Paper

to create a temperature gradient (Fig. 4(b)). The method used to
evaluate AT has been previously applied to characterize the
thermoelectric properties of nanostructured materials or
organic semiconductors.?”*~** A single-channel source meter
was used to supply current to the heater. The current for Joule
heating at the heater ranged from 15 to 35 mA with a 5 mA
current step at 303 K. Each current step was applied for 30 s, and
the resistances were measured. After the resistances of the hot
side and cold side were measured without current supplied to
the heater (R,), the resistances at the hot side and cold side were
surveyed as a function of the current step. The resistance
gradient and the temperature of the hot side and cold side are
illustrated in Fig. 4(b), (top and middle). The temperature
gradient of TrGO reached approximately 0.85 K, as shown in
Fig. 4(b), (bottom). The temperature-gradient calibrations of the
other devices are depicted in Fig. S10(b), S11(b), S12(b), S13(b),
and S14(b).t

After evaluation of AT, the potential gradient (AV) was
measured as a function of AT, from which the S was obtained as
the slope of the linear fit of the data. The generated voltage as
a function of the current step was measured. The S was obtained
as the slope of the fitted line of AT versus AV. The S as a function
of the gate bias was obtained by applying a bias of 10 V. To
evaluate the potential gradient precisely, we subtracted the
potential in the absence of heater power (AT = 0 K) from the
potential with applied heater power (AT > 0 K). In addition, the S
was measured as the Vg, was changed from —80to 80 Vin 10V
steps. The linear fit of TrGO is expressed in Fig. 5; the linear fits
for the other devices are shown in Fig. S15-519.F

When V. was changed from —80 to 80 V, the slope (S) of
TrGO changed from approximately 4 to —2 uvV K * at 303 K,
which is consistent with ambipolar transport. Fig. 6(a) shows
the gate-dependent S for all the samples at 303 K. The gate-
dependent S of all of the samples changed gradually, and the
absolute value of the S was less than 20 uV K™ ' in the gate-bias
range from 80 to —80 V, which suggests an almost constant
density of states or multiple sub-bands of multi-layered rGO.*
In accordance with ambipolar transport in the transfer curve of
TrGO, S as a function of Vg, for TrGO shows a similar
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5] Vgate =80V e e
2 L g
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Fig. 5 Example of linear fitting for determining the Seebeck coeffi-
cient of TrGO with Vgate = —80, —40, 0, 40, and 80 V.
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Fig. 6 (a) Gate-dependent Seebeck coefficient of TrGO, 10 mM B-
TrGO, 50 mM B-TrGO, 10 mM N-TrGO, 50 mM N-TrGO, and NHz N-
TrGO; (b) schematic of the electronic structure of TrGO, N-doped
TRGO, and B-doped TrGO.

tendency. However, the gate-dependent S of B-TrGO and
N-TrGO differed slightly from that of TrGO. In the case of 10 (50)
mM B-TrGO, the gate-dependent S changed from 0 (—4) to 12
(20) pv K™, respectively, in a similar gate-bias range. Even
though Vi, was applied with a positive bias, which is electron-
transport inducing, most charge carriers were holes, except in
the case of 50 mM B-TrGO at Ve > 40 V. As previously noted, B
was doped into TrGO and hole transport of B-TrGO appeared to
be more intensive than that of TrGO. Conversely, the S of
N-TrGO doped with urea changed from —10 to 4 pv K *

a similar gate-bias range. No significant change of the S was
observed between the 10 mM and the 50 mM N-TrGO. However,
for heavily doped N-TrGO (NH; N-TrGO), the S changed from
—18to —8 uV K~ ' in a similar gate-bias range. Because of the N
doping on TrGO, most of the charge carriers were electrons. The
S values of TrGO, 10 mM B-TrGO, 50 mM B-TrGO, 10 mM
N-TrGO, 50 mM N-TrGO, and NH; N-TrGO at 303 K and with
Viate = 0 V were 1.09, 4.93, 7.22, —7.12, —4.7, and —13.29 pV
K™, respectively. The S values of TrGO, 10 mM B-TrGO, and
50 mM B-TrGO at Vgaee = 0 V were positive, and the absolute
value of the S increased after B doping. In addition, the charge-
neutrality points of the TrGO, 10 mM B-TrGO, and the 50 mM B-
TrGO were located at approximately 20, 50, and 80 V with gate
bias, respectively. By contrast, the S values of the 10 mM N-
TrGO, 50 mM N-TrGO, and NH; N-TrGO at Vgae = 0 V were
negative, and the charge-neutrality points of the 10 mM N-TrGO
and 50 mM N-TrGO were at —40 V with gate bias. The charge-
neutrality point of NH; N-TrGO was difficult to determine. The S
of TrGO is consistent with Mott's equation, which predicts that
conduction is determined by the Fermi level of a material. From
the S at Vgae = 0 V and the position of the charge-neutrality
point, an electronic structure can be visualized in which the
Fermi levels of TrGO and B-doped TrGO are located above the
conduction-band edge, whereas the Fermi level of N-doped
TrGO is located below the valence-band edge. Even though
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multi-layered graphene has a complicated electronic structure,
it S is determined by the shape of density of states and the
position of the Fermi level. As such, the Fermi levels of TrGO, 10
mM B-TrGO, 50 mM B-TrGO, 10 mM N-TrGO, 50 mM N-TrGO,
and NH; N-TrGO can be distinguished and classified by
exploring the gate-dependent S, as illustrated in Fig. 6(b).

Conclusions

Thermally activated carrier transport in TrGO, B-doped TrGO,
and N-doped TrGO was investigated as a function of energy
level. The doping degree was controlled by the amount of boric
acid or urea added to the GO solution, and NH; gas was used to
prepare heavily N-doped TrGO. The transfer curves indicated
that hole transport in TrGO and B-doped TrGO was more
intensive than electron transport, whereas electron transport
was enhanced in N-doped TrGO. The relative bandgaps were
obtained from the Arrhenius plots, and bandgap opening was
found with both B- and N-doped TrGO. The gate-dependent S of
TrGO showed both electron and hole transport, which shows
ambipolar behavior. However, the gate-dependent S coefficients
of B- and N-doped TrGO were slightly different. In the case of
the gate-dependent S of B-doped TrGO, the S indicated that hole
transport was predominant, even though an electron-transport-
inducing gate bias was applied. However, in the case of the gate-
dependent S of N-doped TrGO, the S indicated that electron
transport was predominant, even though a hole-transport-
inducing gate bias was applied. Interestingly, the S of heavily
N-doped TrGO indicated intensive electron transport at both
electron- and hole-inducing gate biases. Furthermore, the gate-
dependent S showed a shift of the Fermi level as a function of
the doping degree. Because the TrGO and B- or N-doped TrGO
were found to exhibit metallic conduction, their S values are
consistent with Mott's equation. By surveying the gate-depen-
dent S values of TrGO and B- or N-doped TrGO, we inferred the
relative position of their Fermi levels. The approach developed
in this investigation allows the thermoelectric performance of
materials to be speculatively predicted by understanding their
electronic structure.
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