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ince its first discovery, graphene, a mono-

layer of a two-dimensional carbon lattice,

has emerged as a promising nanomater-
ial in various fields.' ~® In particular, its superior
electronic properties exhibiting ballistic trans-
port at room temperature and high intrinsic
carrier mobility, excellent chemical and me-
chanical stability, and outstanding thermal
conductivity make graphene an ideal candi-
date for future electronic device and sensor
applications.”~'? As a consequence, early ef-
forts were focused on incorporating graphene
into a field-effect transistor (FET), and recently
complicated logic gates based on ambipolar
graphene FETs have been demonstrated to-
ward achieving high-speed integrated elec-
tronic  circuits.'®'*  Furthermore, from a
practical point of view, methods have been
developed to deposit graphene onto various
substrates by a solution process, which provides
versatile opportunities to employ graphene in
low-cost, flexible electronic applications.

To further exploit the superior character-
istics of graphene in electronic applications,
achieving unipolar transport in graphene
(n- and p-type transport separately) is criti-
cal. This is because employing both n- and
p-type unipolar transport devices in a com-
plementary manner is highly desirable for
low power consumption in complex logic
circuits compared to those based on ambi-
polar transport. Accordingly, various recent
efforts have been developed to access uni-
polar conduction in graphene, including
tuning the band gap via downsizing to
nanoribbons,’> '8 introducing impurities
or chemical doping,'® controlling the inter-
face polarization via a self-assembled mono-
layer,?°2! and controlling the charge-density
pinning effect at metal contacts.**?* Although
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sitively and negatively charged graphene oxide followed by thermal reduction. Surprisingly, tuning the

number of bilayers of thermally reduced graphene oxide multilayer films allowed achieving either

ambipolar or unipolar (both n- and p-type) transport in graphene transistors. On the basis of X-ray

photoemission spectroscopy, Raman spectroscopy, time-of-flight secondary ion mass spectrometry,

and temperature-dependent charge transport measurements, we found that nitrogen atoms from the

functional groups of positively charged graphene oxide are incorporated into the reduced graphene

oxide films and substitute carbon atoms during the thermal reduction. This nitrogen-doping process

occurs in different degrees for graphene multilayers with varying numbers of bilayers and thereby

results in the interesting transition in the electrical behavior in graphene multilayer transistors. We

believe that such a versatile method to control the charge transport in graphene multilayers will

further promote their applications in solution-processable electronic devices based on graphene.
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a moderate shift in the Dirac voltage and a
slight enhancement/suppression in the re-
spective carrier mobility were observed, many
of these approaches still yielded an ambipolar
transport behavior in graphene. It is only
recent that Li and co-workers reported a com-
plementary logic inverter based on true n- and
p-type unipolar graphene transistors by con-
trolling the doping density in graphene using
titanium oxide.**

Alternatively, we present herein a simple
approach to control the charge transport in
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graphene based on a layer-by-layer (LbL) assembly
between positively and negatively charged graphene
oxide (GO) and a subsequent thermal reduction
process.>>* As a true nanoscale blending method,
the LbL assembly offers a unique opportunity to pre-
pare multilayer thin films of graphene of desired
composition with a precise nanometer scale control
over the thickness (e.g., the number of graphene
sheets). Surprisingly, the fine control over the number
of bilayers resulted in a dramatic transition in the
charge transport from p-type unipolar, to ambipolar,
and eventually to n-type unipolar transport with the
increase in the number of graphene bilayers from two
to six. Unlike thermally reduced graphene oxide
(TRGO) multilayer films, chemically reduced graphene
oxide (CRGO) multilayer films exhibited only an ambi-
polar transport behavior regardless of the number of
bilayers. On the basis of X-ray photoemission spectros-
copy, Raman spectroscopy, and time-of-flight second-
ary ion mass spectrometry analysis, we find that such
an interesting transition in the charge transport beha-
vior of multilayer TRGO films is due to more nitrogen
atoms (from the surface functional groups of positively
charged GO) being incorporated into thicker GO multi-
layers, which results in n-type doping of the graphene
films upon thermal reduction. In addition, a temperature-
dependent charge transport study was carried out to
further examine the influence of the number of bilayers on
the conduction in graphene multilayer systems for the first
time. The results also revealed the increased nitrogen
doping in the TRGO films with increasing number of
bilayers. We believe that this method offers a versatile
opportunity to achieve unipolar (either n- or p-type) and
ambipolar graphene FETs in a controlled manner.

RESULTS AND DISCUSSION

The multilayer graphene films were prepared by
sequential LbL assembly between positively and nega-
tively charged GO sheets and subsequent thermal (or
chemical) reduction. Negatively charged graphene
oxide suspensions (GO™) were prepared according to
the modified Hummers method with pure graphite
followed by exfoliation under ultrasonication.?”*® Se-
parately, positively charged stable GO suspensions
(GO™) were prepared by introducing amine groups
(NH,) on the surface of negatively charged GO sheets
through the N-ethyl-N'-(3-dimethylaminopropyl)car-
bodiimide methiodide (EDC)-mediated reaction be-
tween carboxylic acids (and/or epoxides) and excess
ethylenediamine (NH,CH,CH,NH,) (Figure S1 in the
Supporting Information). As-prepared respective GO
suspensions exhibited a fairly good colloidal stability
over a wide span of pH conditions. They also displayed
changes in zeta-potential in response to external pH
conditions, which is a typical pH-responsive feature of
weak polyelectrolytes.?>?° With these two stable sus-
pensions of GO and GO, we have fabricated GO
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multilayer films by repeatedly spin-coating onto a
planar SiO,/Si substrate or a quartz slide to afford the
multilayer in a (GO"/GO ™), architecture (n = number of
bilayers, typically n = 2—6) (Figure 1). Finally, the GO
multilayers were subjected to either a thermal reduc-
tion process (1000 °C under Ar) or a chemical hydrazine
reduction to afford multilayers of RGO following well-
documented protocols.2>3°~34

The successful growth of GO multilayers was mon-
itored via a gradual increase of the UV/vis absorbance
spectra with a characteristic absorbance of GO within
the multilayer film of 222 nm (Figure 2a). This peak red-
shifts to 275 and 268 nm after thermal and chemical
reduction, respectively, which indicates the successful
restoration of electronic conjugation within the graph-
ene sheets (Figure 2b and Figure S2 in the Supporting
Information). The UV/vis absorbance spectra of the
corresponding TRGO and CRGO films also exhibited a
gradual increase with increasing number of bilayers.

Consistent with the UV/vis absorption spectra, the
ellipsometry measurement showed that the thickness
of GO multilayer films is linearly proportional to the
number of bilayers, demonstrating true LbL assembly
of GO multilayers (Figure 2c). Note that the thickness of
GO films decreased upon chemical or thermal reduc-
tion due to the loss of surface functional groups, as
similarly observed in our previous report.>> From the
linear fitting of the curves, the average bilayer thick-
ness of GO, TRGO, and CRGO is calculated to be 1.6, 0.6,
and 1.1 nm, respectively.

Figure 2c shows the atomic force microscopy (AFM)
images of two- and six-bilayered GO and TRGO films.
Initial few-layer depositions (less than two bilayers)
displayed overlaid sheets of GO, though the complete
substrate was not covered as often observed in the
initial few layers of polyelectrolyte-based LbL systems.
As the deposition progresses to more than three
bilayers, however, the entire surface was uniformly
covered with GO (Figure S3 in the Supporting Information).
Interestingly, the edges of individual graphene sheets are
clearly visible in an as-assembled GO multilayer film,
whereas the individual sheets appear to merge together
and leave no distinct boundary between each sheet after
thermal annealing. In addition, surface root-mean-square
roughness (Ryms) Values (averaged over 10 x 10 um? of
two and six bilayers were determined to be 1.4 and 2.5 nm,
respectively. After thermal reduction, these values de-
creased to 04 and 0.8 nm, respectively. The decreased
surface roughness is ascribed to the reorientation of GO
sheets and densification of the thin film during thermal
annealing.

The electrical characteristics of the as-prepared LbL-
assembled graphene films were investigated by em-
ploying graphene FETs. Specifically, the graphene FETs
were fabricated by assembling multilayer graphene
films on a heavily doped Si wafer with a thermally
grown 300 nm thick SiO, layer. The Si wafer itself and
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Figure 2. UV/vis absorbance spectra of (a) GO and (b) TRGO with different numbers of graphene bilayers. Insets show the
linear relation between the absorbance at the peak and the number of bilayers. (c) Film thickness vs number of graphene
bilayers. (d) AFM images of two- and six-bilayered GO and TRGO.

the SiO, layer worked as the gate electrode and the
gate dielectric, respectively. Au contacts that were
deposited on top of the graphene film by thermal
evaporation served as the source and drain electrodes
(Figure 1). The channel length (L) and channel width
(W) were 100 and 800 um, respectively.

Figure 3a shows the conductance (G) vs Vg plots of
TRGO FETs with different numbers of graphene bi-
layers. Surprisingly, we observed that the charge trans-
port in TRGO FETs changes dramatically, along with an
expected increase in the film conductance (Figure 3b)
upon varying the number of bilayers. TRGO FETs with
two bilayers exhibited unipolar p-type conduction,
unlike typical graphene FETs, which generally yield
ambipolar transport.3> A similar result was observed
previously from a mechanically cleaved monolayer graph-
ene, which was explained by a positive charge transfer
from the SiO, substrate during thermal treatment.'?
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As the number of bilayers increased, the influence of
the SiO, substrate was reduced concomitantly, while
n-type conduction appeared gradually and the Dirac
voltage shifted accordingly to more negative voltage
(Figure 3c). As a consequence, a symmetric ambipolar
transport was observed from five-bilayered TRGO films
and even unipolar n-type conduction was observed from
six-bilayered TRGO films. These results indicated that
more electron doping is taking place as the number of
bilayers increases. Note that such a dramatic change in
the charge transport from nearly p-type to ambipolar
and even to n-type transport and a Dirac voltage shift of
133 V (from 78 V to —55 V) occurred only within a
difference of four bilayers of TRGO films. We carried out
a similar experiment based on LbL-assembled CRGO FETs
(Figure S4 in the Supporting Information). However, no
significant change in the transport type or a shift in
the Dirac voltage was observed upon varying the film
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Figure 3. (a) Transfer characteristics of TRGO FETs with various numbers of graphene bilayers. (b) Minimum conductance of
TRGO FETs as a function of the number of graphene bilayers. (c) Dirac voltage changes in TRGO- and CRGO-based FETs as a

function of number of graphene bilayers.

thickness (Figure 3c). These results suggest that n-type
doping did not occur during the chemical reduction and
that the thermal annealing during the reduction process
plays an important role in electron doping of multilayer
graphene films.

To study the influence of thermal annealing and the
origin of consequent electron doping, we have em-
ployed several independent techniques. First, X-ray
photoemission spectroscopy (XPS) was performed to
investigate the changes of chemical functional groups
during the thermal (and chemical) reduction process.
Figure 4a shows the high-resolution XPS spectra of the
two-bilayer TRGO, CRGO, and GO films. The deconvo-
luted C1s spectra of the GO film exhibited five distinct
components, including sp>-hybridized carbons (284.5 eV),
C—0 in epoxy and hydroxyl (286.2 eV), carbonyls
(286.8 eV), amides (287.9 eV), and carboxylic acids
(288.9 eV), which are all in good agreement with
previous reports.3 3% The intensities of the peaks
assigned to the oxygen-bearing functional groups
such as hydroxy, epoxy, and carbonyl groups almost
disappeared after thermal reduction, as expected.
Interestingly, a new peak located at 285.9 eV appeared,
corresponding to C—N with sp?-hybridized carbon,?”
although the thermal reduction was performed in
nitrogen-free conditions. In contrast, after chemical
reduction, the peak associated with the C—N with an
sp?-hybridized carbon was not observed, although
peaks from oxygen moieties were removed consider-
ably. These results indicate that the nitrogen atoms in
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amide and amine groups within the positively charged
GO are incorporated into the graphene layer and
substitute carbon atoms only during the thermal an-
nealing process. Furthermore, we found that the re-
lative amount of carbon atoms yielding a C,p,-N (285.9
eV) signal increases with increasing number of bilayers
(Figure 4b and c). This result suggests that more
nitrogen atoms are introduced into the graphene as
the film thickness increases and supports results from
the electrical transport measurements (more n-type
transport for thicker films).

In accord with the above results, N1s spectra yielded
more detailed information about the change in the
chemical states of graphene films after thermal (and
chemical) reduction. The N1s peak in the two-bilayer
GO film has two components, centered at 399.6 and
402.5 eV, corresponding to amides and amines, respec-
tively, which arise from the chemically modified posi-
tively charged GO (Figure 4a). Interestingly, new types
of nitrogen species appeared after thermal reduction
at 398.6, 400.3, and 401.1 eV, which can be assigned to
pyridinic-N, pyrrolic-N, and graphitic-N, respectively.*”®
In contrast, these new peaks were not observed after
chemical reduction with hydrazine, although the signals
corresponding to amines were dramatically reduced.
These new peaks support that the N atoms are substitu-
tionally doped into the graphene lattice after thermal
reduction at high temperature. Also, the relative amount
of graphitic-N (401.1 eV) increased with the number
of bilayers in TRGO films, reflecting more substitutional
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spectra of TRGO films with various numbers of graphene bilayers. (c) Atomic ratio of C,,>-N C and graphitic-N obtained from

XPS C1s and N1s spectra of TRGO films.

nitrogen doping into the graphitic layer for thicker films
(Figure 4b and c). From the XPS measurement, we
estimated approximately 1.64% nitrogen is doped into
the six-bilayer TRGO film. The explanation for this trend,
which was also observed from the C1s XPS data and the
electrical transport measurements, is as follows. Nitrogen
species such as amines and amides would be removed
from the surfaces of graphene sheets, probably in the
form of N, gas during the thermal annealing process, as
observed in another report.> However, the stacked and
confined geometry of the LbL-assembled multilayer films
possibly prevents facile escape of the nitrogen species.
Therefore, more fractions of nitrogen species are likely to
reside within the film with more graphene layers, thereby
resulting in a higher nitrogen-doping concentration per
unit volume of carbon lattice. Although the detailed
mechanism of nitrogen doping onto the multilayer
graphene film is still elusive, note that a similar approach
was employed in the synthesis of nitrogen-doped graph-
enes by mixing chemically modified graphene oxide
with nitrogen-rich compounds such as melamine un-
der a high-temperature annealing process.> It should
be noted that the number of bilayers is the key factor in
modulating both the nitrogen-doping level and elec-
trical conductance of graphene films. These interesting
features highlight the advantages of LbL assembly as a
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nanoscale bottom-up assembly technique that is other-
wise hard to achieve with other methods.

Raman spectroscopy is the most direct and nonde-
structive technique to characterize the structure of
carbon materials. The evolution of the Raman spectra
is presented in Figure 5a as a function of the number of
graphene bilayers in TRGO films. The Raman spectra
were obtained with excitation at 532 nm for 10 s to
avoid overheating of the samples. A significant red-
shift (ca. 19 cm™") of the G band was observed as the
number of graphene bilayers increased, while the D
band remained fixed. This red-shift of the G band
implies an electron-doping effect in the TRGO films,
as it is suggested that electron doping upshifts the
Fermi level away from the Dirac point.3*~*?In contrast,
CRGO films did not exhibit any shift in the G band
upon varying the number of bilayers (Figure S5 in the
Supporting Information).

In addition, a time-of-flight secondary ion mass
spectrometry (TOF-SIMS) analysis was carried out,
which also supported that the relative amount of nitro-
gen atoms increased with the number of bilayers in
TRGO films (Figure 5¢ and Figure S6 in the Supporting
Information). For example, the negative ion spectrum
demonstrated the presence of CN™ (m/z = 26) and N~
(m/z = 14), which increased with the number of TRGO

VOL.6 = NO.3 = 2432-2440 = 2012 @%

I

N\

WWww.acsnano.org

2436



—a—
1
Intensity of C-N (a.u.)

24

[2)
-~
©

T T T T (

»
pEN

©
Intensity of O (a.u.)

1.5

(a) T T T T—r (b) 1610 —
2 bilayers
3 bilayers |
4 bilayers = 1605
—_ 5 bilayers -
:' 6 bilayers . 1600 |
S ]l E
b &
2 o 1595
[7] c
5 1 &
= woc| © 19901
AN
o~ 1585 |-
]
o~
o~
T T T — 1580 L
1200 1400 1600 2800 3200 2

Raman shift (cm™)

3 4 5 6
Number of bilayers

Figure 5. (a) Raman spectra of TRGO films with various numbers of graphene bilayers. (b) Raman G bands as a function of the
number of graphene bilayers. (c) Intensities of C-N and O as a function of the number of graphene bilayers obtained from TOF-

SIMS measurements.

(a) 165 — : . . (b) —— —— (c) 10" Fr—T—T—— T 2
160 - 6 bilayers =4 [ )
—~ 155 - 5 bilayers ] 420
g 150 w Y — |
~ - . 16
o 145 M % 10 5- 176
8 140 3 bilayers + o - T E
8 n - g 412 €
o 135 < ::
9 |
S 130 W 0
c 10" | -8
o 125 B . b3 F - |
(&) F 0
120 ) ! W
2 bilayers i g O
115 | 90K 12 . i 1
110I M ] M T M ] v 1 1 v 1 1 v : 1014 T 1 1 1 T 0
100 50 0 50 100 015 018 0.21 0.24 2 3 4 5 6
Gate voltage (V) T8 (K-173) Number of bilayers

Figure 6. (a) Temperature-dependent conductance vs gate voltage plots of TRGO FETs with four-bilayer TRGO FET. (b) In(Gyin)
vs T~ plots of TRGO FETs with different numbers of graphene bilayers. (c) N(Ef) and L; of TRGO films as a function of number

of bilayers.

bilayers, confirming the development of nitrogen dop-
ing in multilayer TRGO films. We also observed that the
intensity of O~ (m/z = 16) decreased upon progress of
nitrogen doping, which would possibly displace the
defect sites that are occupied by oxygen on the graphe-
ne sheets.

Finally, the charge transport mechanism in LbL-
assembled TRGO multilayer films was investigated as a
function of bilayer numbers through temperature-
dependent transport measurements.**~* It should be
mentioned here that the integration of graphenes and
related nanostructures into multilayer films by LbL as-
sembly has been recently demonstrated from a number
of examples;*>?53%46=51 however, many of these studies
are limited to the enhancement of electrical conductivity
without addressing systematic efforts in elucidating the
key components in the charge transport mechanism as a
function of bilayer numbers. To the best of our knowl-
edge, this is the first attempt to associate the temperature-
dependent charge transport study with the number of
graphene layers.

Figure 6a shows representative transfer character-
istics of TRGO FETs with four graphene bilayers, for
example, over the range between 300 and 90 K. With
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decreasing temperature, the conductance decreased,
while the on/off current ratio increased slightly. The
Dirac voltage approached 0V, and the V-shape of the
ambipolar characteristics became more pronounced at
lower temperatures. A similar trend has been observed
from an individual monolayer of RGO.>* For more careful
investigation, we examined the temperature depen-
dence of the minimum conductance (Gmin) of RGO
instead of G at Vg =0V, to exclude the effect of charged
impurities. A plot of In(Gin) as a function of T~ showed
a reasonable linear fit, suggesting that the 2D-variable
range hopping (VRH) model describes the charge trans-
port in graphene multilayer films (Figure 6b).3® In this
model, the temperature-dependent conductance of the
2D-VRH model can be described as

B
G:Aexp(—m) (1)

The parameter A is given by

eRozvph

A=
kg

where kg is the Boltzmann constant, R, is the optimum
hopping distance, and v, is the frequency of the
2012 ACS
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phonons associated with the hopping process. The
hopping parameter B is given by

13
g (3
(kBN(EF)LIZ)

where N(Ef) and L, are the density of states near the
Fermilevel and the localization length of the electronic
wave function, respectively. One can estimate B values
for TRGO films based on different numbers of gra-
phene bilayers from the slope of the In(Gin) vs T2
plot. Furthermore, N(Eg) and L, for these TRGO films can
be estimated by the method described previously.>® As
summarized in Figure 6¢, it was estimated that the
density of states at Er increases dramatically from
9.36 x 10'*t09.84 x 10'® cm ™2 as the number of bilayers
increases from 2 to 6. This result is consistent with the
results based on other characterizations such as XPS,
Raman spectra, and TOF-SIMS analysis, which suggests
that more nitrogen doping takes place in TRGO films with
increased bilayer thickness. Also, we estimated that L,
increases from 5.4 to 12.7 nm with an increasing number
of bilayers. This is because the increased electron con-
centration by n-type doping can fill the traps in the defect

METHODS

Preparation of Negatively and Positively Charged GO. Graphite
oxide was synthesized by the modified Hummers method®"*®
and exfoliated under ultrasonication to yield a brown dispersion
of graphene oxide in water. The resulting graphene oxide is
negatively charged over a wide span of pH conditions due to
the presence of chemical functional groups such as carboxylic
acids. Positively charged GO was synthesized by mixing 1.25 g
of EDC (Sigma Aldrich) and 10 mL of ethylenediamine (99%,
Sigma Aldrich) into 100 mL of GO~ suspension (0.5 mg/mL) and
left stirring for 12 h. The resulting suspension was dialyzed
(MWCO 12000—14000, Spectra/Por) for 3 days to remove
any residues and byproduct. Prior to LbL deposition, the pH of
the GO and GO~ suspension was adjusted to 3.5 and 10,
respectively.

Layer-by-Layer Assembly. Silicon or quartz substrates were
cleaned by piranha solution to remove any organic contamina-
tion and treated with oxygen plasma to introduce a hydrophilic
surface. The positively charged GO suspension (0.5 mg/mL) at
pH 3.5 was first dispensed onto a silicon or a quartz substrate
and allowed to self-assemble for 2 min prior to spin-coating at
3000 rpm for 30 s (ACE-200, Dong Ah Tech). Then, pH-adjusted
deionized water was dropped on the positively charged GO
film, as a rinsing step. Next, a negatively charged GO solution
(0.5 mg/mL) at pH 10 was spin-coated onto the as-assembled
positively charged GO film, following an identical procedure to
afford a one-bilayer film of a (GO'/GO), multilayer. The above
procedures were repeated to achieve the desired number of
graphene bilayers. These as-assembled GO multilayer films
were subjected to thermal or chemical reduction. The thermal
reduction of the GO multilayer film was carried out by heating
the sample in a furnace under an argon atmosphere. The
temperature was raised to 1000 °C at a rate of 15 °C/min and
maintained at that temperature for 30 min before cooling it to
room temperature. The chemical reduction of the GO multilayer
film typically involved a hydrazine vapor treatment at 80 °C.
After 24 h of hydrazine reduction, the CRGO films were isolated
and dried at room temperature.
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sites of a graphene lattice and thereby elongate the
electronic wave function.

CONCLUSIONS

In summary, we demonstrated a simple method to
achieve unipolar transport in graphene FETs by em-
ploying LbL assembly of positively and negatively
charged graphene oxide nanosheets, followed by
thermal reduction. Surprisingly, the charge transport
in thermally reduced GO multilayer films could be
tuned from p-type to ambipolar to n-type by precisely
controlling the number of bilayers of graphene, unlike
a typical ambipolar transport observed from chemi-
cally reduced GO multilayer films. From various char-
acterization techniques, we concluded that this unique
tunable charge transport in LbL-assembled graphene
is a result of different degrees of nitrogen doping to
graphene multilayers with different thickness during
the thermal annealing process. Considering the versa-
tile nature of LbL assembly coupled with the extra-
ordinary electronic properties of the graphene, we
envision this study will offer opportunities and insights
for further development of solution-processable graph-
ene-based electronic devices.

Characterization. The absorbance of the films was character-
ized by using UV/vis spectroscopy (Varian, Cary 5000), and the
thickness of the GO multilayer films on a silicon wafer was
characterized with ellipsometry (EC-400 and M-2000 V, J. A.
Woollam Co. Inc.). Surface morphology of the samples was
investigated by a tapping mode AFM (D3100 Nanoscope V,
Veeco). The transistor current—voltage characteristics were
measured using Keithley 2400 and 236 source/measure units
under vacuum (10~° Torr). The temperature-dependent trans-
port measurements were conducted in a cryostat (ST-500, Janis)
with a base pressure of 107> Torr over the range 90—300 K. The
functional groups of GO multilayer films were analyzed with XPS
(K-alpha, Thermo Fisher) and TOF-SIMS (TOF SIMS5, ION TOF).
The structural characterization of the GO multilayer films was
carried out using a confocal Raman spectrometer (NT-MDT,
NTEGRA SPECTRA) with a 532 nm excitation wavelength.
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