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Self-organizing properties of triethylsilylethynylanthradithiophene on monolayer graphene electrodes
in solution-processed transistors†
Jaeyoung Jang,‡a Jaesung Park,‡§bc Sooji Nam,a John E. Anthony,d Youngsoo Kim,e
Keun Soo Kim,f Kwang S. Kim,*b Byung Hee Hong*c and Chan Eon Park*a
Graphene has shown great potential as an electrode material for organic electronic devices such as organic
ﬁeld-eﬀect transistors (FETs) because of its high conductivity, thinness, and good compatibility with organic
semiconductor materials. To achieve high performance in graphene-based organic FETs, favorable
molecular orientation and good crystallinity of organic semiconductors on graphene are desired. This
strongly depends on the surface properties of graphene. Here, we investigate the eﬀects of polymer
residues that remain on graphene source/drain electrodes after the transfer/patterning processes on
the self-organizing properties and ﬁeld-eﬀect characteristics of the overlying solution-processed
triethylsilylethynyl-anthradithiophene (TES-ADT). A solvent-assisted polymer residue removal process was
introduced to eﬀectively remove residues or impurities on the graphene surface. Unlike vacuumdeposited small molecules, TES-ADT displayed a standing-up molecular assembly, which facilitates lateral
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charge transport, on both the residue-removed clean graphene and as-transferred graphene with
polymer residues. However, TES-ADT ﬁlms grown on the cleaned graphene showed a higher crystallinity
and larger grain size than those on the as-transferred graphene. The resulting TES-ADT FETs using
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cleaned graphene source/drain electrodes therefore exhibited a superior device performance compared
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to devices using as-transferred graphene electrodes, with mobilities as high as 1.38 cm2 V1 s1.

Introduction
Graphene, a two-dimensional monolayer of sp2-bonded carbon
atoms, has attracted attention in recent years due to its excellent
electrical,1,2 chemical,3,4 and mechanical properties.5,6 The oneatom-thick conducting sheet has been widely used as an electrode material in the eld of organic optoelectronics.7–9 Its high
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transparency and good mechanical exibility open up new
avenues for realizing low-cost exible devices,7–9 such as organic
eld-eﬀect transistors (FETs).7 Organic FETs are preferably
fabricated with a bottom-contact conguration in which source/
drain (S/D) electrodes are formed prior to organic semiconductor deposition for commercial applications.10–13 This
conguration enables the preparation of ne electrode patterns
without damaging the organic semiconductor through common
lithographic techniques.10–13 The patterned S/D electrodes
should be suﬃciently thin to ensure good step coverage of the
active layer,7,11 particularly when using solution-processable
organic semiconductors (deep steps may hinder organic semiconductor coating during solution-processes). Previous reports
indicated that the metal/organic semiconductor interface in the
bottom-contact organic FETs causes signicant contact resistance due to the formation of an unfavorable interface dipole
layer or to the poor crystallinity of the organic semiconductor on
the metal S/D electrodes.10,12–14 Graphene provides an ideal
alternative to noble metals (e.g. gold) for organic FET electrode
S/D contact materials because it is extremely thin (<3–4 
A) and
highly compatible with the overlaying organic semiconductor
material layers.7,15,16
Chemical vapor deposition (CVD) is a suitable approach to
the large-area synthesis of high-quality graphene, providing a
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good electrical conductivity and charge carrier mobility.6,17,18
Prior to use in electronic devices, CVD-grown graphene must be
transferred to a target substrate from the metal substrate, which
inevitably leaves a physisorbed polymer residue on the graphene surface. The polymer residues arising from transferring
or lithographic processes have been found to alter the intrinsic
properties of graphene.19–22 In addition, these residues or
impurities formed on the graphene surface play an important
role in determining the properties of the overlying organic
semiconductor layers and, therefore, the performance of the
resulting organic devices.7,15 Although the growth mechanism
and electrical properties of the vacuum-deposited organic
semiconductors (e.g. pentacene,15 perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride,23 copper phthalocyanine,24 and
C60 (ref. 25)) on graphene were recently elucidated based on the
surface characteristics of graphene, the properties of solutionprocessable organic semiconductors have not been extensively
studied. Organic FET research is directed toward the development of simple and low-cost solution-processing production
techniques that provide large-area coverage, such as spincoating or printing. Toward the goal of high-performance
solution-processed organic FETs based on graphene S/D electrodes, in-depth research into the eﬀects of the graphene
surface on the characteristics of the solution-processed active
layer is required because the solution crystallization of organic
semiconductors is sensitive to the conditions of the substrate
surface (i.e., defects, contaminants, or roughness).26–29
Here, we investigate how the polymer residues on a CVDgrown graphene surface aﬀect the characteristics of solutiondeposited triethylsilylethynyl-anthradithiophene (TES-ADT)
thin lms. The electrical properties and Raman spectra of the
transferred graphene were statistically analyzed before/aer a
polymer residue removal process to conrm the removal of
polymer residues. The residue removal process produced high
quality clean graphene electrodes showing more intrinsic graphene properties than as-transferred graphene electrodes in
terms of Dirac voltage, mobility and G, 2D-bands in Raman
spectra. TES-ADT is a promising soluble acene semiconductor
for the active materials of organic FETs due to its excellent
electrical characteristics, good crystallinity, and the large grain
size in spin-coated thin lms obtained aer solvent-vapor
annealing processes.29–32 The grain size and crystalline structure
of the solvent-vapor annealed TES-ADT thin lms formed on
either graphene sample were revealed using several structural
analysis techniques. Interestingly, TES-ADT showed more
favorable crystalline structures for lateral charge transport on
clean graphene surfaces than on as-transferred graphene
surfaces with polymer residues, which is the opposite trend to
that of the vacuum-deposited small molecules. These studies
enabled realization of high-performance TES-ADT FETs using
monolayer graphene S/D electrodes via an inexpensive and
solution-based route.

Results and discussion
Graphene was synthesized by CVD on a copper foil, and poly(methyl methacrylate) (PMMA) was employed as the supporting
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layer during the transfer process. Even aer removal of the
PMMA support with acetone, a residue generally remains on the
graphene surface, as shown in the atomic force microscopy
(AFM) topograph and height prole (ESI, Fig. S1†). To reduce
the quantity of the PMMA residue, we performed further
removal processes (see Methods for details), which resulted in a
remarkable reduction of the PMMA residue.33 (Hereaer,
residue-removed graphene samples and graphene samples with
polymer residues will be referred to as cleaned and as-transferred graphene samples, respectively). Although chloroform
was used as a solvent for the removal process, other good
solvents for PMMA, such as toluene and tetrahydrofuran, also
worked well in the removal process. The use of a good solvent
allows us to decrease the annealing temperature down to as low
as 170  C, which should be compatible with the organic
components of organic electronic devices such as the plastic
substrates. The AFM topograph and the height prole of a
cleaned graphene surface reveal that the rms roughness was
lower than that of the as-transferred graphene. The presence of
the PMMA residue and its removal were supported by X-ray
photoelectron spectroscopy analysis (see ESI Fig. S1†).
In order to study the eﬀects of polymer residue removal on
the properties of graphene, we performed statistical analyses of
electrical characteristics and Raman spectra of graphene
samples before/aer the residue removal processes (Fig. 1). To
measure the electrical characteristics of the graphene, FET
devices with a back-gate two-terminal conguration were
fabricated as shown in Fig. 1a, the schematic and scanning
electron microscopy (SEM) images of the device. Fig. 1b and c
respectively show the transfer characteristics of graphene FETs
before/aer the removal of PMMA residues and the variation of
mobility and Dirac voltage (VDirac) extracted from Fig. 1b for the
full set of fabricated 22 FETs. The negative shi of VDirac,
dened as the gate voltage at the point of maximum resistivity,
was probably due to a reduction in the doping eﬀects of the
PMMA residues; the oxygen-containing functional groups in
PMMA residues result in p-doping on graphene.33,34 The hole
and electron mobilities near VDirac improved aer the residueremoval processes by 50% and 100%, respectively. We
attribute this to a reduction in the charge impurities associated
with the lower graphene FET surface contamination.33 The
Raman spectra results were in good agreement with the FET
measurements of the graphene samples (Fig. 1d). The slight
red-shi and the increased line-width in the graphene G-band,
and the increase of the ratios of the 2D/G-band intensities
(I2D/IG) aer the residue-removal processes may also be due to a
reduction in the doping eﬀects of the PMMA residues (see also
Table 1).33,34 To obtain further insight into the correlation
between FET characteristics and Raman spectra, we plotted the
full-width at half-maximum (FWHM) of the G-band and I2D/IG
over VDirac (Fig. 1e and f, respectively). The regions of the
statistical distribution are well separated, which indicates that
the extent of doping by PMMA residues on the graphene surface
could be qualitatively analyzed (see ESI Fig. S2,† for further
explanation). The FET characteristics, and Raman and UV-Vis
spectra (ESI Fig. S3†) of the graphene before/aer the removal of
the PMMA residues demonstrated that high-quality monolayer
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Fig. 1 (a) Schematic and SEM images of the monolayer graphene FET. (b) Transfer characteristics of the graphene FETs on 300 nm thick SiO2/Si substrates: astransferred (black curves) or cleaned (red curves). (c) Mobility versus VDirac plot of the as-transferred (hole: black full squares and electron: black empty squares) and
cleaned (hole: red discs and electron: red circles) graphene FETs. (d) Typical Raman spectra of the monolayer graphene grown on SiO2/Si substrates: as-transferred
(black curve) or cleaned (red curve). Magniﬁed spectra of the D-bands (inset). Correlation between VDirac and (e) FWHM of the G-band or (f) I2D/IG of as-transferred
(black full squares) or cleaned (red discs) graphene FETs.

graphene lms were produced, and their properties were
improved with eﬀective removal of PMMA residues via residueremoval processes.
Solutions of TES-ADT were spin-coated onto the two types of
graphene samples as shown in Fig. 2a, followed by solventvapor annealing in a closed jar to improve the crystallinity (its
chemical structure is shown in Fig. 2b). Fig. 2d–g show the
cross-polarized optical microscopy (POM) images of the resulting TES-ADT lms. It should be noted that the grain size of TESADT on the cleaned graphene lms exceeded that observed on
the as-transferred graphene lms. The TES-ADT grain sizes in
the boundary regions clearly diﬀered for lms grown on the astransferred graphene or the SiO2 substrate (Fig. 2e). By contrast,
no such diﬀerences were observed for lms grown on the
cleaned graphene and the SiO2 substrate (Fig. 2d). Fig. 2f and g,
respectively, show representative POM images of solvent-vapor
annealed TES-ADT lms formed on cleaned and as-transferred
graphene lms. Considering that nucleation and crystallization
are generally initiated by defects or contaminants on the

Table 1

substrate surface,26–29 we postulated that signicantly more
PMMA residues on the as-transferred graphene surface
provided many more nucleation/crystallization sites, leading to
smaller TES-ADT grains. The average grain size of the TES-ADT
thin lms formed on cleaned/as-transferred graphene lms was
examined for several samples, and the results are summarized
in Fig. 2c.
Fig. 3a shows the q–2q mode out-of-plane X-ray diﬀraction
(XRD) patterns of the TES-ADT thin lms on each graphene lm
aer solvent–vapor annealing. The specular diﬀraction patterns
consisted of [00l] peaks corresponding to a d-spacing of 16.6 
A
(from Bragg's law, 2d sin q ¼ nl) that matched the reported
c-axis length of 16.7 
A (see the molecular axes of TES-ADT in the
inset of Fig. 3a).31 These results implied that the TES-ADT
molecules are stacked with silyl groups on both graphene
samples, in contrast to the vacuum-deposited small molecules,
which display a lying-down molecular assembly with unique
orientations on clean graphene or graphite surfaces.15,23,24,35 The
TES-ADT lms on the cleaned graphene lms yielded higher

Summary of FET performance and Raman spectra for the as-transferred and cleaned monolayer graphenesa

FET performance

Raman spectra
m (cm2 V 1 s1)

As-transferred graphene
Cleaned graphene
a

G-band

VDirac (V)

Hole

Electron

Position (cm1)

FWHM

I2D/IG

55.9
0.9

3818
5583

1609
3450

1585.7
1584.6

11.6
17.0

2.80
3.58

All data are averaged values from 22 individual samples.
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Fig. 2 (a) Schematic illustrations of the experimental procedure and the sample structure. (b) Chemical structure of TES-ADT and (c) plots of the TES-ADT grain size.
Cross-polarized optical microscope images of TES-ADT thin ﬁlms on (d and f) cleaned graphene and (e and g) as-transferred graphene. (d) and (e) illustrate the
boundary regions between graphene and the SiO2 substrate.

[00l] peak intensities than the TES-ADT lms grown on the astransferred graphene, suggesting better crystallinity along the
out-of-plane direction. The crystallinity of TES-ADT in the
surface normal direction was further studied by performing
rocking scans in the [001] planes using a high-resolution

synchrotron X-ray source. As shown in Fig. 3b, cleaned graphene
samples exhibited a sharp rocking curve with a narrow full-width
at half-maximum (FWHM) of 0.29 . On the other hand, astransferred graphene samples exhibited a broad rocking curve
(FWHM of 0.80 ) with a very small sharp peak component (see

Fig. 3 (a) q–2q mode out-of-plane XRD patterns and (b) rocking curves corresponding to the [001] plane of the solvent-vapor annealed TES-ADT thin ﬁlms formed on
cleaned and as-transferred graphene ﬁlms. The inset of (a) shows the molecular axes of TES-ADT, and the inset of (b) plots the FWHM values of the rocking curves. (c)
Schematic representations of the grains and crystalline domains of TES-ADT (left: on cleaned graphene, right: on as-transferred graphene). (d) 2D-GIXD patterns of the
solvent-vapor annealed TES-ADT thin ﬁlms formed on the cleaned (left) and as-transferred (right) graphene ﬁlms.
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the enlarged rocking curve in the ESI Fig. S4†). The rocking
scans revealed that the crystalline domains of TES-ADT were
well-stacked along the out-of-plane direction in large grains on
the cleaned graphene lms, whereas most crystalline domains
were tilted relative to the out-of-plane direction in the small
grains on as-transferred graphene lms, as shown schematically
in Fig. 3c.36,37 Given that the kind of solvent, vapor pressure, and
exposure time were the same for both samples during solvent–
vapor annealing, we hypothesized that the diﬀerence in the
distribution of domain axes originated from diﬀerences in the
surface characteristics of the graphene samples.30,38 The presence of a large number of PMMA residue islands on the
as-transferred graphene surface increased the disruption of at
growth and the surface-normal stacking of TES-ADT domains
during the molecular rearrangement triggered by solvent–vapor
exposure.30,38 Our hypothesis was conrmed by examining the
solvent–vapor annealed TES-ADT lms formed on SiO2
substrates, which provide a smooth and defect-free surface (Rq of
0.27 nm). As expected, the shape of the rocking curves, its
FWHM value, and the grain sizes of the solvent-vapor annealed
TES-ADT lms formed on SiO2 substrates were similar to the
properties of TES-ADT lms grown on the cleaned graphene
lms (see ESI, Fig. S4† and 2d and e).
Two-dimensional grazing incidence wide-angle XRD (2DGIXD) analysis with a xed grazing incidence angle of 0.16
yielded detailed information about the crystalline orientation
along the in-plane (i.e., surface parallel) direction. As illustrated
in Fig. 3d, both kinds of peaks, at q{01} and at q{10}, were observed
for lms grown on the as-transferred graphene, whereas only
peaks at q{01} were observed for lms grown on the cleaned
graphene; however, the intensities of the other reection spots
along the qz (out-of-plane) direction at a given qxy (in-plane) were
stronger for lms on the cleaned graphene than those on the astransferred graphene. In addition, although the spot shape for
the as-transferred graphene sample resembled an arc, the spot
shape was more ellipsoidal for the cleaned graphene sample.
These results were in good agreement with the out-of-plane XRD
data and additionally provided information supporting that the
crystalline domains formed more ordered 3D multi-layered
structures on the cleaned graphene lms than on the as-transferred graphene lms, leading to enhanced p–p interactions
along the in-plane direction.32,36,39 The 2D-GIXD patterns of both
TES-ADT lms on the cleaned/as-transferred graphene samples
were similar to those of lms prepared on other surfaces (such
as hydrophobic polymer-coated substrates),32,40 conrming
again that the TES-ADT molecules oriented with the silyl groups
on the graphene surface.15,32,40 At this stage, the origin of the
TES-ADT molecular congurations on the graphene surface is
not fully understood. We infer that bulky side groups in the
TES-ADT molecules may reduce interactions between the
anthradithiophene backbone and graphene, thereby hindering
the lying-down molecular assembly on the graphene surface (see
ESI Fig. S5† for further explanation). The AFM topographs of
the solvent-vapor annealed TES-ADT thin lms formed on
SiO2, cleaned graphene, or as-transferred graphene substrates
support the domain structures suggested by the XRD analyses
(see ESI Fig. S6†).

11098 | Nanoscale, 2013, 5, 11094–11101

Paper
The transistor characteristics of the TES-ADT thin lms
formed on either graphene sample were investigated by fabricating FETs with graphene S/D electrodes (Fig. 4). The S/D
pattern was dened using E-beam lithography with PMMA as an
E-beam resist on a 300 nm thick SiO2 gate dielectric layer
(channel length (L)/width (W): 100 mm/1000 mm). The device
structure is shown schematically in Fig. 4a (the fabrication
process is illustrated in detail in the ESI Fig. S7†). As shown in
Fig. 4b, TES-ADT FETs using cleaned graphene electrodes
showed good transfer characteristics with a high on/oﬀ ratio of
107, a small hysteresis (ESI Fig. S8†), and an excellent eld-eﬀect
mobility (m) of up to 1.38 cm2 V–1 s1 (average: 1.24 cm2 V1
s1). On the other hand, the m of the FETs prepared using astransferred graphene electrodes was about 3 times lower
(average: 0.41 cm2 V1 s1). Fig. 4c and d show typical drain
current (ID) versus drain voltage (VD) output characteristics of
the TES-ADT FETs (each inset POM image illustrates the
channel area) using cleaned and as-transferred graphene S/D
electrodes, respectively. The cleaned graphene devices exhibited
good linear/saturation behavior with much higher current

Fig. 4 (a) Schematic diagrams of bottom-contact TES-ADT FET devices prepared
using graphene S/D electrodes. (b) Typical transfer characteristics of the TES-ADT
FETs. Typical output characteristics of the TES-ADT FETs using (c) cleaned and (d)
as-transferred graphene ﬁlms as S/D contacts. The inset POM images show the
channel areas of the FETs, and dotted lines represent the electrode–channel
interfaces (L ¼ 100 mm). (e) The RcW values for TES-ADT FETs prepared using
graphene S/D electrodes, as a function of the VG values. (f) Measured work
functions of the cleaned/as-transferred graphene electrodes, and injection
barriers between the graphene electrodes and TES-ADT, determined by UPS
analysis.
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levels, whereas the as-transferred graphene devices exhibited
somewhat non-Ohmic contact behavior with lower current
levels. It should be noted that the solution-processed TES-ADT
FETs prepared with cleaned graphene performed better than
the as-transferred graphene devices, in contrast to recent
reports describing pentacene FETs prepared with graphene S/D
electrodes. In the pentacene devices, the lying-down conguration observed for vacuum-deposited epitaxially grown pentacene on a cleaned graphene surface adversely aﬀected the
lateral charge transport in the FETs;15 however, TES-ADT
showed a higher crystalline quality on the cleaned graphene
surfaces with the standing-up conguration, and the resulting
FETs showed better transistor performance.
The electrical analysis suggested that the diﬀerences in m in
either device resulted from high contact resistance in the
as-transferred graphene devices. Fig. 4e plots the channel
width-normalized contact resistances (RcW) of both devices at
various gate voltages (VG) (see ESI Fig. S9† for the extraction
procedures). The RcW values of the TES-ADT FETs prepared
using as-transferred graphene electrodes were signicantly
higher than those of TES-ADT FETs prepared using cleaned
graphene electrodes. The lower contact resistance in TES-ADT
FETs prepared using cleaned graphene S/D electrodes provided
excellent device performances. The question then becomes:
what causes the high contact resistance in as-transferred graphene devices, and why is the resistance lower in the cleaned
graphene devices? To address these questions, we performed
ultraviolet photoemission spectroscopy (UPS) analysis of the
cleaned/as-transferred graphene electrodes and solventannealed TES-ADT thin lms formed on these graphene electrodes. The UPS spectra and band diagrams are shown in
Fig. S10,† and 4f summarizes the results. The UPS study
revealed that the cleaned and as-transferred graphene electrodes yielded very similar work functions (F) (4.65 and 4.60 eV,
respectively) and injection barriers for the overlying TES-ADT
thin lms (0.74 and 0.78 eV, respectively). The slightly reduced
work function aer the residue-removal processes was in good
agreement with the Raman spectra and FET measurement
results of the graphene samples (Fig. 1b and d). The injection
barriers were smaller than the values reported for pentacene
and Au.41 These results indicated that eﬃcient hole injection
proceeded between the cleaned/as-transferred graphene electrodes and TES-ADT, and the hole injection itself is not
primarily responsible for the diﬀerences in the RcW values for
the devices. Generally, a larger grain size and higher crystallinity
in organic semiconductors reduces RcW in organic FETs.10,13,42
Therefore, we concluded that the higher contact resistance in
the as-transferred graphene devices could be attributed to a
smaller grain size and mismatches of crystalline domains at the
interface between an electrode and a channel in the TES-ADT
thin lms relative to TES-ADT lms formed on cleaned graphene substrates. These features presumably made it diﬃcult
for the injected carriers to cross the interface in as-transferred
devices, thereby increasing the contact resistance. The average
mobility achieved from the TES-ADT FETs using cleaned graphene S/D electrodes is 3–5 fold improved values compared
with the previously reported spin-coated TES-ADT devices using
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noble metal S/D electrodes with a bottom-contact conguration.29,30,43–45 We believe that this improvement can be attributed
to the higher crystalline quality of TES-ADT on graphene S/D
electrodes and more eﬃcient charge injection from the
electrodes.

Conclusions
In summary, we studied the eﬀects of the graphene surface
PMMA residue on the morphology, crystallinity, and FET characteristics of the spin-coated TES-ADT thin lm on the graphene S/D electrodes. Correlation of FET performance with
Raman features for graphene lms enabled us to conrm the
eﬀective removal of PMMA residues or impurities on graphene
surfaces aer residue removal processes. TES-ADT was found to
have a standing-up molecular conguration on both cleaned
and as-transferred graphene lms, regardless of the surface
state of graphene. However, the PMMA residue islands on the
graphene surface were found to reduce the grain size of TESADT and to disrupt at growth and the surface-normal stacking
of the crystalline domains, thereby increasing the contact
resistance and decreasing the transistor performance. As a
result, TES-ADT FETs with cleaned graphene S/D electrodes
showed a greater performance (m values up to 1.38 cm2 V–1 s1)
than the FETs with as-transferred graphene electrodes. Our
study therefore provides a better understanding of the molecular assembly of organic semiconductors on graphene, and
oﬀers a simple solution-based route for the realization of highperformance organic electronic devices using CVD-grown
monolayer graphene electrodes.

Experimental
Materials and sample preparation
Monolayer graphene was grown in a quartz tube on a copper foil
by heating to 1000  C under the ow of CH4/H2 gas (24/8 sccm)
at 460 mTorr for 30 min, followed by rapid cooling to RT under a
H2 ow. Prior to graphene growth, 8 sccm H2 gas was owed
into the chamber at 90 mTorr. A PMMA (Mw – 240 000 g mol1)
solution (50 mg ml1 in chlorobenzene) was coated onto the
resulting graphene lm. The PMMA-coated copper foil was then
oated in an aqueous solution of 0.1 M (NH4)2S2O8 for 5 h to
etch away the copper foil. Aer the copper etching, the graphene lm on a PMMA support was transferred to a 300 nm
thick SiO2/heavily doped Si substrate. The PMMA support was
removed by acetone to complete the transfer of graphene to the
SiO2 wafer. Aer removing the PMMA support with acetone,
further removal processes were conducted by dipping in
chloroform (or other good solvents such as toluene and tetrahydrofuran) for 60 min, followed by thermal annealing at 170–
200  C under an Ar atmosphere for 2 h to reduce the amount of
PMMA residue on the graphene surface.33 To dene S/D
electrodes in graphene channel FETs, Cr/Au (4/30 nm) were
thermally evaporated on the substrate (L ¼ 50, 100, 150, 200 mm;
W ¼ 250 mm). Graphene lms were patterned by E-beam
lithography to produce graphene channel FETs or graphene
S/D contacts for TES-ADT FETs (L ¼ 10, 20, 50, 100 mm;
Nanoscale, 2013, 5, 11094–11101 | 11099
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W ¼ 1000 mm). PMMA was also used as an E-beam resist, and
the lms were subjected to reactive ion etching plasma (100 W,
O2 gas) for 2 s. The PMMA resist was then removed as described
in the graphene transfer process. TES-ADT was synthesized
according to a previously reported procedure and dissolved in
dichloroethane to form 0.7 wt% solutions.31 The solution was
spin-coated onto the graphene lms in a N2-lled glove box
(H2O and O2 < 0.1 ppm). The spin-coated TES-ADT thin lms
were solvent-vapor annealed for 10–30 min in a dichloroethanelled closed jar.
Characterization
The Raman spectra of graphene were collected using a
Renishaw inVia Raman Microscope with an Ar laser of 514 nm
at a power of 1.6–16 mW and a laser spot size of 2 mm. SEM
images were obtained using a eld-emission scanning electron
microscope (S-4800, Hitachi). POM images were collected using
an optical microscope (Axioplan, Zeiss) under cross-polarization with a constant polarizer angle. AFM images were obtained
using AFM equipment (Digital Instrument Multimode SPM).
Out-of-plane XRD experiments were carried out using a
diﬀractometer (M18XHF, Mac Science). Rocking scan and 2DGIXD experiments were performed using a high-resolution
synchrotron X-ray beam source at the 10C1 beamline (l ¼
1.54 
A) and 3C beamline (l ¼ 1.17 
A), respectively, in the Pohang
Accelerator Laboratory, Pohang, Korea. All I–V characteristics of
the devices were measured in ambient air (relative humidity,
40  15%) using a source/measurement unit (Keithley 2400 &
236). The eld-eﬀect mobility was calculated from the transfer
curves in the saturation regime using the equation, ID ¼
mCi(W/2L)(VG  VTh)2, where VTh is the threshold voltage and Ci
is the capacitance per unit area, 10.5 nF cm2. A total of 16 TESADT FETs were tested for each graphene electrode, and the FET
parameters were averaged. The contact resistance of each electrode was measured using the transfer line method based on
the linear regime of the I–V curves of FETs prepared with
channel lengths of 10, 20, 50, or 100 mm. The secondary electron
cutoﬀ and valence band regions of the UPS spectra were
measured at the 4D beamline in the Pohang Accelerator
Laboratory.
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