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ABSTRACT: We have devised a method to optimize the performance of organic ﬁeld-eﬀect transistors (OFETs) by controlling
the work functions of graphene electrodes by functionalizing the
surface of SiO2 substrates with self-assembled monolayers (SAMs).
The electron-donating NH2-terminated SAMs induce strong
n-doping in graphene, whereas the CH3-terminated SAMs neutralize the p-doping induced by SiO2 substrates, resulting in considerable changes in the work functions of graphene electrodes. This
approach was successfully utilized to optimize electrical properties
of graphene ﬁeld-eﬀect transistors and organic electronic devices
using graphene electrodes. Considering the patternability and
robustness of SAMs, this method would ﬁnd numerous applications in graphene-based organic electronics and optoelectronic
devices such as organic light-emitting diodes and organic photovoltaic devices.
SECTION: Electron Transport, Optical and Electronic Devices,
Hard Matter

T

here has been much interest in doping of graphene because
tunable electrical properties of graphene are attainable by
instantaneous doping.16 For example, depositing the dopant
atoms on graphene surface induces interstitial doping by charge
transfer process between graphene and dopant atoms, which
results in change in work function of graphene.1,7,8 However,
H2O (p-type) or NH3 (n-type) molecules in the atmosphere can
also dope graphene,2,9 which makes it diﬃcult to control the
position and magnitude of doping. For this reason, interstitial
doping investigated so far is usually done under vacuum condition to avoid unwanted adsorption of dopant molecules. To this
end, a new type of doping method needs to be developed to ﬁnely
tune the electrical properties of the graphene-based electronic
devices.
Self-assembled monolayers (SAMs) have been receiving considerable attention as an ultrathin layer can be uniformly constructed on oxide surface by self-assembly method.10 The
fabrication process of SAMs is simple. The robust ultrathin layer
in a deﬁned area is constructed by spontaneous chemical reaction
at the interface, which makes SAMs technologically attractive for
r 2011 American Chemical Society

surface and interface engineering. In addition, surface energy,
dipole moment and chemical reactivity of surface can be easily
tuned by attaching functional groups in SAMs.11 These functions
allow SAMs to be used as a buﬀer layer in nanoscale optoelectronic devices.10,12 Thus, there should be possibility for the use of
SAMs as a buﬀer layer to induce instantaneous doping of
graphene and tune the work function of graphene.
We report here the use of SAMs to control the work functions
of graphene electrodes for high-performance OFETs. The doping types and position are determined by patterning SAMs with
diﬀerent functional groups. The eﬀects of doping on the electrical
properties of graphene are investigated using graphene as an
active channel layer or electrode material. It is important to note
that graphene doped by SAMs displays a Dirac voltage shift over
150 V in transistor application and enables graphene to have a
tunable work function of 3.9 to 4.5 eV. These factors impact the
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Figure 1. (a) Schematic transfer process of monolayer graphene on
patterned self-assembled monolayer (SAM)-modiﬁed SiO2 substrate.
(b) Molecular structure of amine (NH2)-functionalized SAMs on SiO2/
Si substrate. (c) Optical microscope image of patterned NH2SAMs on
SiO2/Si substrate.

electrical properties of organic electronic device using graphene
electrodes.
Monolayer graphene was synthesized utilizing the CVD process described in the literature.1315 The graphene ﬁlm grown on
the copper foil was covered by polymethylmethacrylate (PMMA)
and ﬂoated in an aqueous solution of 0.1 M ammonium persulphate ((NH2)4S2O8). After all the copper layers were etched
away, the graphene ﬁlm with PMMA support was transferred to
the SAMs-modiﬁed SiO2 substrate. The detailed fabrication
procedure of SAMs and the characteristics are in the Supporting
Information.
Figure 1a shows a schematic illustration of the transfer process
of graphene onto the SAM-modiﬁed SiO2 substrate. Graphene
on SAMs can be doped by the charge transfer process between
functional group in SAMs and graphene. For instance, SAMs
with an amine (NH2) functional group (aminotriethoxysilane)
have lone pair electrons, and these groups exhibit electrondonating characteristics (Figure 1b).16 For this reason, graphene
is n-doped when a graphene ﬁlm is in contact with the NH2functional group in SAMs. An exciting merit of doping using
SAMs is its patternability. SAMs can be patterned in a deﬁned
area by utilizing patterned photoresist as blocking layer for SAMs
deposition. (See the Supporting Information for the fabrication
procedure.) Figure 1c shows patterned NH2SAMs with line
width of 10 μm.
To analyze the selective area doping behavior of graphene on
patterned SAMs, we obtained Raman maps of the G and 2D
bands, which are shown in Figure 2a,b. It is clear that the Raman
map of the G-band shift exhibits a bright colored region at the
NH2SAMs patterned area. In contrast, the Raman map of 2D
band intensity shows the opposite trend. The Raman spectra for
the area marked with blue circles (NH2SAMs modiﬁed area)
show a blue shift of the G band (from 1585 to 1594 cm1) and a
decrease in 2D band intensity (Figure 2c). These changes in peak
position and intensity demonstrate that graphene is eﬀectively
doped by SAMs.3,17 Furthermore, the intensity ratio of 2D-band/
G-band and full width at half-maximum (fwhm) of the 2D band
supports selective area doping of graphene by SAMs (Supporting
Information, Figure S1).4,17 Because there is no discernible D
peak in graphene ﬁlms on SiO2 or NH2SAM-modiﬁed SiO2,
defects are not associated with the doping process. For this

Figure 2. Raman spectra of monolayer graphene on SiO2/Si substrate
with patterned NH2SAMs. (a) Raman maps of the G-bands shift. (b)
Raman maps of the 2D bands (26202740 cm1) intensity. Scale bars
are 10 μm. (c) Raman spectra from the marked spots with corresponding colored circles. Inset shows magniﬁed spectra of the D-bands
(13001450 cm1).

reason, the doping process in this approach is diﬀerent compared
with destructive doping techniques of graphene such as substitutional doping of graphene or covalent functionalization of graphene,
as previously reported.18 Because the G peak is known to increase
for both electron and hole doping,3,4 it is necessary to deﬁne the
type of doping using other spectroscopic analyses.
Figure 3a shows ultraviolet photoemission spectra (at the
secondary electron emission region) of graphene ﬁlms on different SAMs. Because the onset of the secondary electrons
corresponds to the vacuum level of the graphene relative to the
Fermi level, the doping type and degree can be derived by
calculating the work function (Φ) of graphene from the
equation19
φ ¼ pω  jEsec  EFE j

ð1Þ

where pω = 21.2 eV (He I Source), Esec is the onset of the
secondary emission, and EFE is the Fermi edge (22.0 eV from the
valence band spectrum (sample bias at 5 V) in the 4B1
beamline at Pohang Accelerator Laboratory). The work functions of graphene on NH2SAM-and CH3SAM (octadecyltrichlorosilane)-modiﬁed SiO2s and untreated SiO2 were obtained to be 3.9, 4.25, and 4.5 eV, respectively. In a previous
report, the work function of CVD-grown monolayer graphene
on a noninteracting polymer substrate was ∼4.3 eV.14 This
value corresponds to the work function of graphene on the
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Table 1. Electrical Properties of the Graphene FETs on
Diﬀerent SAM-Modiﬁed SiO2/Si Substrates (Average Values
of 1015 Devices)a
CH3

NH2

SiO2

110 ((10) 43 ((5)

Dirac voltage (V)

10 ((1)

hole mobility (103 cm2/(V s))

2.7 ((0.1) 1.8 ((0.2)

1.6 ((0.2)

electron mobility (103 cm2/(V s)) 1.5 ((0.1) 0.7 ((0.1)

0.5 ((0.2)

a

CH3: octadecyltrichlorosilane; NH2: aminotriethoxysilane; SiO2:
untreated.

according to the surface characteristics of the dielectric. In
untreated SiO2, the Dirac point voltage is þ43 V, which is
illustrated by p-doping of graphene, as previously discussed. The
Dirac point voltage is 110 V for NH2SAMs. This huge shift of
Dirac point to negative voltage is explained by n-doping of
graphene by the NH2 functional groups in SAMs. For the
CH3SAMs, the Dirac point shifts to a slightly positive value
(þ10 V), which explains that the eﬀect of doping is relatively small.
The hole and electron mobility of each device was calculated
in the linear regime using the equation

Figure 3. (a) Ultraviolet photoemission spectra (at the secondary
electron emission region) of the graphene ﬁlms on diﬀerent SAMmodiﬁed SiO2/Si substrates. (b) XPS carbon 1s peaks (C1s) of the
graphene ﬁlms on diﬀerent SAM-modiﬁed SiO2/Si substrates. (c)
Schematic of the graphene ﬁeld-eﬀect transistors (FETs) having SAMs
as an insertion layer. (d) Currentvoltage transfer characteristics of the
graphene FETs on diﬀerent SAM-modiﬁed SiO2/Si substrates. CH3:
octadecyltrichlorosilane; NH2: aminotriethoxysilane; SiO2: untreated;
VD: drain voltage; VG: gate voltage; ID: drain current.

ID ¼

WCi
VD μðVG  VT Þ
L

ð2Þ

where Ci = 1.08  108 F cm2, VD = 0.1 V, W = 1000 μm, and
L = 30 μm.
The calculated average hole and electron mobilities (1015
devices) depending on surface characteristics of the SiO2 dielectric are shown in Table 1. For the CH3SAMs, hole and
electron mobilities are 2700 and 1500 cm2/(V s), respectively.
Mobilities drop abruptly when graphene is doped by SiO2
(p-doping) or NH2SAMs (n-doping). Because doping is
known to increase charged impurities, the ﬁeld-eﬀect mobility
decreases by scattering from these impurities.23,24 For this
reason, hole and electron mobilties show the highest values for
the CH3SAM-modiﬁed SiO2, where doping is signiﬁcantly
suppressed by the CH3SAM functional groups on SiO2. This
result is consistent with the recent study by Lafkioti et al., which
reports the increase in ﬁeld-eﬀect mobility in HMDS-treated
SiO2, where the doping is signiﬁcantly reduced by the hydrophobic nature of HMDS.25
Excess charge carriers induced by doping can be calculated by
utilizing the equation3

CH3SAM-modiﬁed SiO2 substrate (4.25 eV). Because no
interaction exists between graphene and the CH3 groups in
SAMs, the graphene on CH3SAM-modiﬁed SiO2 may have
little tendency toward substrate-induced doping. However, external doping from impurities can be incorporated into the
graphene ﬁlm during the synthesis and transfer process. The
work function of graphene on the SiO2 substrate increases by
0.25 eV, compared with the CH3SAM-modiﬁed SiO2 substrate. This implies that extra holes are incorporated into
graphene (p-doping) and thus lowers the Fermi level from the
Dirac point.20,21 On the NH2SAM-modiﬁed SiO2 substrate, we
see the work function decrease by 0.35 eV. It seems that the lonepair electrons in NH2SAMs induce extra electrons in graphene,
which raises the Fermi level from the Dirac point (n-doping).
These doping behaviors depend on the surface characteristics of
the SiO2 substrate and are further supported by X-ray photoemission spectra (Figure 3b). We clearly observe that the
p-doping-induced blue shift (lower binding energy) of the
graphene C1s peak due to the SiO2 substrate and the n-dopinginduced red shift (higher binding energy) of the peak due to the
NH2SAM-modiﬁed SiO2 substrate.22
To examine the electrical performance of graphene ﬁlms on
SAM-modiﬁed SiO2 substrates, we fabricated graphene ﬁeldeﬀect transistors (FETs) with Au source/drain electrodes. A
schematic of the graphene FETs having SAMs as an insertion
layer between the graphene and SiO2 dielectric is shown in
Figure 3c. Figure 3d shows the representative transfer characteristics of graphene FETs of 1015 devices on the NH2 and
CH3SAM-modiﬁed SiO2 as well as the untreated SiO2 dielectric. The Dirac point, where electron and hole conduction
meet (or type of majority carriers change), drastically changes

n ¼ ηjVn j

ð3Þ

where η = 7.2  1010 cm2 V1 and Vn is the Dirac point voltage.
The excess charge carrier density of graphene on the
NH2SAM-modiﬁed SiO2 and the untreated SiO2 are 7.9 
1012 (electron) and 3.1  1012 (hole) cm2, respectively. These
densities of excess charge carriers are related to the energy
position of the Dirac point by the equation.26
pﬃﬃﬃﬃﬃﬃ
ED ¼ pνF πn
ð4Þ
where νF = 1.1  106 ms1 in the literature and n = charge carrier
density. The calculated energy position of the Dirac point is 0.36
eV for the NH2SAM-modiﬁed SiO2 and 0.23 eV for the
untreated SiO2. These values correlate well with the shift of
the graphene work function from the reference CH3SAMmodiﬁed SiO2 (Figure 3a).
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Figure 4. (a) Chemical structure of N,N0 -ditridecyl-3,4,9,10-perylenetetracarboxylic diimide (PTCDI-C13) and schematic FET structure
using PTCDI-13 as active layer and graphene as source/drain (S/D)
electrodes. (b) Output characteristics of n-type PTCDI-C13 FETs with
graphene S/D electrodes on untreated SiO2. (c) Output characteristics
of PTCDI-C13 FET with graphene S/D electrodes on NH2SAMs. (d)
Transfer characteristics of PTCDI-C13 FETs with graphene S/D
electrodes on diﬀerent SAM-modiﬁed SiO2. (e) Schematic band diagrams of PTCDI-C13 and graphene on diﬀerent SAMs. Energy levels of
PTCDI-13 are taken from the literature.27 VD: drain voltage; VG: gate
voltage; ID: drain current.

Because the work function of graphene is easily controlled by
SAMs, this information can be utilized to enhance the electrical
performance of organic electronic devices using graphene electrodes. To examine work-function-dependent electrical properties of n-type N,N0 -ditridecyl-3,4,9,10-perylenetetracarboxylic
diimide (PTCDI-C13) thin-ﬁlms, we fabricated bottom-contact
organic ﬁeld-eﬀect transistors (OFETs) with graphene source/
drain (S/D) electrodes doped by either NH2SAM-modiﬁed
SiO2 or untreated SiO2. (See Figure 4a for chemical structure of
PTCDI-13 and device structure.) The detailed fabrication steps
of PTCDI-C13 FETs are shown schematically in Figure S2 of the
Supporting Information. In this process, the patterned graphene
S/D electrodes were selectively doped by NH2SAMs or SiO2,
whereas the active channel between dielectric and semiconductor remained the same. Therefore, it can be said that variation in
device performances is attributed solely to the work function of
graphene-modulated SAMs. Figure 4b,c show the output characteristics of PTCDI-C13 FETs that utilize graphene S/D
electrodes with diﬀerent doping levels (or work functions). In
addition to the increased saturation current, the S-shaped nonOhmic behavior at low VD is largely reduced when the substrate
in contact with graphene changes from SiO2 to NH2SAMs.
This observed non-Ohmic behavior can be found in S/D
electrodes with mismatched work function where the injection
barrier from electrode to channel is large.19 Detailed device
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performances were obtained by analyzing transfer characteristics
(Figure 4d). Average ﬁeld eﬀect mobilities obtained from 10 to
15 devices were 0.11 ( 0.05 cm2/(V s) for NH2SAMmodiﬁed-SiO2 and 0.01 ( 0.01 cm2/(V s) for untreated SiO2.
The enhanced ﬁeld-eﬀect mobility can be explained by diﬀerent
injection capabilities rather than changes to the mobility of the
PTCDI-13 channel, which is nominally identical for the two
device types. This is also consistent with the reduction of
S-shaped IDVD curves for the device with NH2SAMs treatment. The work function of graphene is lowered to 3.9 eV for
NH2SAM-modiﬁed SiO2, so electron injection is facilitated at
this low work function graphene electrode (Figure 4e). Graphene on SiO2 has a higher work function of 4.5 eV, which leads
to a high injection barrier (0.9 eV) and correspondingly low ﬁeldeﬀect mobility in n-type PTCDI-C13 FETs.
In conclusion, we have described a method to optimize the
performance of graphene-based OFETs utilizing the work-function engineering by functionalizing the substrate with SAMs,
showing ∼10 times enhancements in the charge carrier mobility
and the onoﬀ ratio of OFETs. The doping type, carrier
concentration, and Fermi energy level from the Dirac point are
tuned by the surface characteristics of SAMs inserted between
graphene and silicon oxide substrate, which were conﬁrmed by
XPS, UPS, Raman spectroscopy, and graphene FETs. Considering the patternability and robustness of SAMs, the present
method would ﬁnd numerous applications in graphene-based
organic electronics and optoelectronic devices such as organic
light-emitting diodes and organic photovoltaic devices.
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