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Single-Gate Bandgap Opening of Bilayer Graphene by Dual
Molecular Doping
Jaesung Park, Sae Byeok Jo, Young-Jun Yu, Youngsoo Kim, Jae Won Yang, Wi Hyoung Lee,
Hyun Ho Kim, Byung Hee Hong, Philip Kim, Kilwon Cho,* and Kwang S. Kim*
Graphene has attracted much attention because of its exceptional
physical properties such as an anomalous quantum hall effect[1,2]
and Klein tunneling[3] originating from a chiral fermion. In
addition, graphene-based electronic devices have been designed
to exhibit high carrier mobility,[4] ultrahigh speed,[5,6] large scale
flexibility,[7,8]and fast DNA sequencing.[9,10] However, due to
the absence of a bandgap, pristine graphene devices cannot be
switched off, which poses a great challenge for digital electronic
device applications. To overcome this disadvantage, several
approaches including fabrication of graphene nanoribbons[11,12]
and implanting periodic heteroatoms on a graphene lattice have
been applied to engineer energy gap in graphene.[13,14]
On the other hand, bilayer graphene serves a unique alternative for bandgap engineering by applying a perpendicular electric
field for breaking the inversion symmetry of graphene.[15] For
instance, a gate-controlled tunable bandgap of a bilayer graphene
has been successfully demonstrated by fabricating field-effect
transistors (FETs) with dual-gate structure.[16–20] Chemical treatment of graphene might be a facile approach for the engineering
of band structure with chemical functionality.[21] An alternative
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purely chemical approach to generating a built-in perpendicular
electric field is also possible. For example, deposition of a chemical dopant on top of bilayer graphene has been shown to induce
a perpendicular electric field in a similar way as applying a gate
voltage.[22,23] In this approach, however, controlled doping was
only applied to the top layer of graphene and thus it was difficult
to tune the charge carrier density and bandgap independently. If
the bottom layer as well as top layer can be doped in a controllable manner, there should be the possibility to fabricate singlegate graphene FETs with a high on/off current ratio.
Here, we used self-assembled monolayers (SAMs) constructed
on silicon substrate as controllable doping of graphene on the
bottom side (Figure 1a). As an ultrathin layer can be uniformly
deposited on the oxide substrate, SAMs have been utilized to
treat and functionalize the oxide substrate in graphene electronics.[24–26] In particular, amine (NH2) functionalized SAMs
n-dope graphene due to the electron donating characteristics of
the SAM end groups (Figure 1b, bottom). We used aminopropyltriethoxysilane to fabricate NH2-functionalized SAMs on a
SiO2/Si substrate. The detailed fabrication procedure for SAMs
was reported previously.[26] Bilayer graphene was prepared onto
NH2-functionalized SAMs by mechanical exfoliation from Kish
graphite. The optical contrast of the exfoliated pieces was used
for selecting the bilayer. Furthermore, the Raman spectrum
shown in Figure 1c (inset), which exhibits a broad 2D band (full
width at half-maximum of ≈55 cm−1) consisting of four distinct
peaks, confirms that the obtained species is indeed bilayer.[27]
Au (50 nm)/Ti (5 nm) source and drain contacts were fabricated
onto bilayer graphene using electron beam (e-beam) litho
graphy. Figure 1c shows bilayer graphene FETs constructed on
a NH2-SAM modified SiO2 (thickness of 300 nm)/Si substrate.
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4-TCNQ; Figure 1b, top) was thermally deposited onto bilayer
graphene FETs to induce the doping-driven perpendicular electric field from the top. Because F4-TCNQ consists of cyano
and fluoro groups with electron withdrawing characteristics,
it exhibits a low lying lowest unoccupied molecular orbital
(LUMO) level of –5.2 eV.[28] This, in turn, leads to p-doping of
graphene when F4-TCNQ is in contact with graphene, which
exhibits work function of ≈4.6 eV.[29] As a perpendicular electric field can be applied to graphene by molecular doping
using F4-TCNQ, the bandgap opening of bilayer graphene
was demonstrated by depositing F4-TCNQ on top of bilayer
graphene[23,30] and the same method was used in our experiment. Furthermore, it is expected that the combination of
p-doping by depositing F4-TCNQ from the top and n-doping
by NH2-functionalized SAMs at the bottom can induce larger
bandgap than by treating only a single doping agent.
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Figure 1. a) Schematic dual doping process for bilayer graphene consisting of both n-doping by aminopropyltriethoxysilane modified SiO2/Si substrate (bottom) and p-doping by evaporating 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) (top). b) Chemical structures of NH2functionalized SAMs on a SiO2/Si substrate (bottom) and F4-TCNQ (top). c) Optical microscopy image of a bilayer graphene FET. The inset shows
the Raman spectrum of bilayer graphene on a NH2-SAM modified SiO2/Si substrate.

Figure 2a,b show the effects of top/bottom doping on the
electrical properties of bilayer and monolayer graphene FETs,
respectively. By the incorporation of NH2-SAMs onto a SiO2/
Si substrate, the Dirac voltages of both the bilayer and monolayer graphene shift to the negative values. This result confirms that graphene is effectively n-doped by NH2-SAMs. On
the other hand, resistances show a different trend. Although
the off-resistance of bilayer graphene increases by around two
times (from 2.4 to 4.6 kΩ), this value for monolayer graphene
does not increase considerably. It is reported that doping by
amine groups does not significantly increase the scattering
from the charged impurities in monolayer graphene,[31–33]
which explains our data observed in monolayer graphene
FETs. On the other hand, the increase in resistance in bilayer
graphene can be understood in terms of n-doping and bandgap
opening of graphene, as schematically drawn in Figure 2c. The
subsequent deposition of F4-TCNQ (thickness of 10 Å) onto
bilayer graphene leads to huge increase in the off-resistance
(≈12.2 kΩ), which implies that p-doping from the top effectively breaks the inversion symmetry of bilayer graphene, thus
leading to bandgap opening (see Figure 2c). It is observed that
off-resistance of monolayer graphene also increases a little
(from 3.9 to 5 kΩ). This might be attributed to the formation of
electron–hole puddles after F4-TCNQ deposition by a charged
impurity.[34,35] We speculate that inhomogenous morphology of
the F4-TCNQ thin film may induce fluctuation in the degree
of doping, thus resulting in the formation of disorder-induced
electron–hole puddles (Supporting Information Figure S1).
Although a charged impurity can also contribute to the increase
408
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in off-resistance of the bilayer graphene, the magnitude of the
increase in off-resistance is much higher than that of mono
layer graphene, confirming the bandgap opening of the bilayer
graphene.
To examine the effect of F4-TCNQ thickness on the electrical properties of bilayer graphene FETs on NH2-SAM modified SiO2/Si substrates, various thicknesses of F4-TCNQ layers
from 0 to 25 Å (nominal thickness) were deposited and the
electrical properties were measured as shown in Figure 3a. As
the thickness of F4-TCNQ layer increases, the Dirac voltage
gradually shifts to positive value with an increment rate of
0.85 V Å−1, confirming controllable p-doping of graphene.
Furthermore, the on/off current ratio linearly increases with
an increase of the F4-TCNQ thickness (Figure 3b). The gatecontrollable output characteristic becomes obvious as the thickness of the F4-TCNQ layers increases (Supporting Information
Figure S3a–c). These characteristics confirm the controllable
opening of the bandgap in bilayer graphene through control
of the thickness in F4-TCNQ layers (Supporting Information Figure S4). On the other hand, the field-effect mobility
calculated in the linear regime for transfer characteristics is
inversely proportional to the F4-TCNQ thickness (Supporting
information Figure S3d), which is likely due to an increase in
the charged impurities by the F4-TCNQ doping.
To estimate the optical bandgap of bilayer graphene with the
F4-TCNQ thickness, infrared (IR) absorption spectra of bilayer
graphene on NH2-SAMs modified SiO2/Si substrate were measured and are shown in Figure 3c. The absorption spectrum of
pristine graphene on a bare SiO2/Si substrate was subtracted as
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Figure 2. Current–voltage transfer characteristics of a) bilayer graphene FETs and b) monolayer graphene FETs with molecular doping agents. SiO2:
untreated SiO2/Si (no doping), NH2: NH2-SAM modified SiO2/Si (n-doping), F4-TCNQ: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino-dimethane (thickness of 10 Å, p-doping). c) The electronic band structures of bilayer graphene on an untreated, NH2-SAM modified SiO2/Si substrate and F4-TCNQ
deposited bilayer graphene on a NH2-SAM modified SiO2/Si substrate (shown from left to right).

a background reference. The spectra show three clear features
around 130 meV, 200 meV, and 400 meV. The sharp absorption
peak at 130 meV, which shows a gradual increase in the peak
intensity with an increase in F4-TCNQ thickness, may correspond to the vibration of C–F from F4-TCNQ. The absorption peak around 160 to 210 meV, which exhibits a positive
relation with F4-TCNQ thickness, is explained by the optical
transition from the valence band to the conduction band in
bilayer graphene.[18] This tunable bandgap transition is linearly
proportional to the F4-TCNQ thickness, which experimentally
proves that F4-TCNQ doping opens a bandgap in a controllable manner (Figure 3d). A dip centered around 400 meV is
likely due to the different optical transitions between the bilayer
graphene electronic bands and appears as a negative peak in
the bandgap-opened bilayer graphene with respect to pristine
bilayer graphene.[18] The electrical bandgap was also calculated from the on/off characteristics with following equation
assuming the bandgap (Eg) of the bilayer graphene is double
the size of the Schottky barrier height at charge neutral point
(CNP).[19,36] ΔEg = 2Δ(ϕbarrier) = 2(kBT/q)ln(I0off/Ioff), where ΔEg
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is the increased bandgap, ΔΦbarrier is the difference in Schottky
barrier heights, kB is the Boltzmann constant, T is the temperature, I0off is the off current before molecular doping, and Ioff is
the off current after molecular doping. The calculated electrical
bandgap with a thickness of F4-TCNQ layers increases from
65 to 124 meV with an increment rate of approximately 2.9 to
3.1 meV Å−1 (Figure 3d). Although the actual value of the electrical bandgap is lower than the optical bandgap, they share a
similar trend. The discrepancy in the values of the optical and
electrical bandgaps has been explained in previous reports, which
agrees well with our measurement.[37] The electrical bandgaps
tend to have smaller values due to the presence of the tunneling
of carriers through defect sites.[19] However, the same increment
rate of approximately 2.9 to 3.1 meV Å−1 in both the optical and
electrical bandgaps supports our idea that the magnitude of the
bandgap opening can be controlled by dual molecular doping.
When doping is only applied on top layer, the on/off current
ratio also increases. To derive on/off current ratio, a drain current at VG = –100 V is divided by that of minimum conductivity.
However, the magnitude that uses single molecular doping is
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manipulation of the CNP and bandgap by
introducing various combinations of opposite
types of dopants at each side of graphene to
control the degree of doping. Although the
obtained on/off current ratio at room temperature (maximum value: ≈26) is not as high as
the largest value reported (≈100),[19] the value is
quite high compared to those based on single
molecular dopants.[38] It should be noted that
the use of dopants that do not incur disorder
in the doping profile, for example, deposition
of highly ordered molecules on a graphene
surface,[39–42] can enhance the on/off current
ratio much more while maintaining high
field-effect mobility of graphene FETs.[38,43]
Moreover, control of interface energetics with
a metal electrode might decrease the on-state
resistance so that the resulting on/off ratio
can be enhanced.
To evaluate the stability of the devices, the
Dirac voltages of bilayer graphene FETs on
SAMs were monitored in a time-dependent
manner. The Dirac voltage placed around
–50 V did not shift after more than one
month, confirming a stable n-doping effect
Figure 3. a) Current–voltage transfer characteristics of bilayer graphene FETs on a NH2-SAM with time. Since SAMs are chemically
attached to the substrate and have strong
modified SiO2/Si substrates with various thicknesses of the F4-TCNQ layers. b) Plots of the
Dirac voltages and on/off current ratios with various thicknesses of F4-TCNQ layers. c) IR van der Waals interactions among their
absorption spectra of bilayer graphene on NH2-SAM modified SiO2/Si substrates after depo- hydrocarbon backbones, they are supposed
sition of various thickness of F4-TCNQ layers. The absorption spectrum of pristine bilayer to be stable under ambient conditions.[44]
graphene on bare SiO2/Si substrate was subtracted as a background reference. d) The plots for
In the case of F4-TCNQ doping, strong
electrical bandgaps and estimated optical bandgaps as a function of F4-TCNQ thickness.
p-doping indicates strong columbic interaction resulting from the formation of interface dipoles between F4-TCNQ molecules and graphene.[45]
much smaller than that of dual molecular doping (Supporting
However, the stable doping is hampered by the degradation of
information Figure S2). Moreover, the position of the CNP (the
F4-TCNQ molecules under ambient conditions by oxygen and
location of maximum resistivity) of dual-doped bilayer graphene
water vapor. As a result, the Dirac voltage shifts slightly under
can be manipulated by controlling the degree of doping on each
ambient conditions. Interestingly, when we put the degraded
side independently, for example by varying the thickness of the
samples in vacuum (<10−6 Torr), the Dirac voltage and off resistF4-TCNQ. As shown in the output characteristics of bilayer
ance recovered to the original values. These results indicate that
graphene FETs with dual doping (Supporting Information
the proper passivation of the device can guarantee stable operaFigure S3a–c), the device shows low off current after F4-TCNQ
tion of bilayer graphene FETs.
deposition. This result implies a consecutive opening of the
In conclusion, we have investigated the effect of dual doping
bandgap with an increase in p-type doping from the top in comon the electrical properties of bilayer graphene FETs. Singlebination with stable n-type doping at the bottom. Unlike the
gate bilayer graphene FETs with high current on/off current
bandgap opening, the position of the CNP and resultant charge
ratios were successfully fabricated by dual molecular doping. In
carrier density depends on the amount of effective doping, which
addition, the tunable bandgap was demonstrated by measuring
can be derived from the compensation between the displacement
optical transition of bilayer graphene with F4-TCNQ thickness
fields exerted by the opposite types of dopants. The modulation
and also supported by the calculation of the electrical bandgap.
of charge carrier density among different amount of effective
Our method shows that bandgap opening of bilayer graphene
doping is obvious when comparing the on currents of the output
can be facilely accomplished by dual molecular doping, which
characteristics in Figure S3 (Supporting Information). This indedoes not require a complicated fabrication step for preparing
pendent modulation of the position of the CNP is similar to dualthe device with dual-gate structure.
gated graphene transistors where the displacement field from the
top and bottom gates breaks inversion symmetry while keeping
the graphene charge neutral.[18] In the case of single molecular
Experimental Section
doping, on the contrary, doping of the graphene always increases
the CNP, making it difficult to manipulate the CNP independMaterials and Device Fabrication: The NH2-SAMs were constructed
ently (Supporting Information Figure S2). This result implies
on SiO2/Si substrate by immersing 3-aminopropyltrimethoxysilnae
that the dual doping method can provide a facile independent
(10 mm) solution in toluene for 2 h. For the fabrication of bilayer graphene
410
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transistors, mechanically exfoliated graphene flakes were prepared on
a cleaned silicon substrate with a 300 nm SiO2 layer (capacitance =
10.8 nF cm−2) or a NH2-SAM treated SiO2/Si substrate. The source and
drain electrodes (Au (50 nm)/Ti (5 nm)) were deposited with an e-beam
evaporator after defining the patterns by e-beam lithography. Various
thicknesses of F4-TCNQ layers were deposited on the graphene surface
by thermal evaporator operating under high vacuum (10−6 Torr) with a
uniform rate of 0.4 Å s−1.
Characterization: The mechanically exfoliated bilayer graphene was
identified by optical microscopy (Zeiss) and Raman spectroscopy
(Renishaw, RM-1000 Invia) with an excitation energy of 2.41 eV (514 nm,
Ar+ ion laser). The optical bandgap was estimated by measuring the Fourier
transform infrared (FT-IR) spectra of the F4-TCNQ/bilayer graphene/
NH2-SAM treated silicon substrate using a FT-IR spectrophotometer
from Bruker Optik GMBH operating at the incident angle of 80°. To
obtain large-area bilayer graphene for FT-IR characterization, chemical
vapor deposition (CVD), which has been described in the literature,
was used.[41,46] The portion of the CVD-grown bilayer graphene was well
above 70% with a small portion of multilayer graphene, as characterized
by optical microscopy. The Bernal stacking of the CVD-grown bilayer
graphene was confirmed by Raman spectroscopy. The current–voltage
characteristics were measured under vacuum conditions (10−3 Torr)
using a Kiethley 2636A semiconductor parameter analyzer.
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