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ABSTRACT

We report a chemically conjugated bilayer graphene ﬁeld eﬀect transistor demonstrating a high on/oﬀ ratio without signiﬁcant degradation of the oncurrent and mobility. This was realized by introducing environmentally stable benzyl viologen as an electron-donating group and atmospheric dopants
as an electron-withdrawing group, which were used as dopants for the bottom and top of the bilayer graphene, respectively. A high mobility
of ∼3100 cm2 V

1

s

1

with a high on/oﬀ ratio of 76.1 was obtained at room temperature without signiﬁcant degradation of the on-current. This is

attributed to low charge scattering due to physisorbed dopants without provoking sp3 structural disorders. By utilizing our band-gap-opened bilayer
graphene, excellent nonvolatile memory switching behavior was demonstrated with a clear program/erase state by applying pulse gate bias. The initial
program/erase current ratio of ∼34.5 was still retained at higher than 10 even after 104 s.
KEYWORDS: bilayer graphene . band-gap opening . doping . on/oﬀ ratio . nonvolatile memory

T

he massless Dirac particle feature in
graphene shows an extremely high
carrier mobility and has led to numerous scientiﬁc1 4 and technological breakthroughs.5 7 Although high-frequency
devices exhibit excellent frequency characteristics up to 300 GHz,8 applications in
switching devices such as transistor-type
memory devices and logic circuits suﬀer
from a low on/oﬀ ratio, typically less than
10, due to the intrinsically metallic feature of
graphene.9 12 The poor on/oﬀ ratio originates from the absence of an electronic
band gap. Therefore, opening the band
gap in graphene remains a major hurdle in
fundamental research.
The band gap of graphene has been
created by narrowing the channel width
LEE ET AL.

(<10 nm), which induces the quantum conﬁnement eﬀect.13,14 A graphene nanoribbon
ﬁeld eﬀect transistor (FET) exhibits a high on/
oﬀ ratio (<106) at room temperature. However, the carrier mobility (∼200 cm2 V 1 s 1)
was signiﬁcantly degraded by edge scattering and, in addition, the fabrication process is
not technologically scalable. Band-gap opening in Bernal-stacked bilayer graphene was
also demonstrated by applying a perpendicular electric ﬁeld, which results in the breaking of inversion symmetry between the two
layers.15 17 This was realized by applying a
high bias on the top and bottom gates in the
bilayer graphene FET, and an on/oﬀ ratio of
102 was reported at room temperature.16
This method is highly advantageous for
large-scale integration compared to the
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RESULTS AND DISCUSSION
Figure 1a depicts the principle of band-gap opening
in bilayer graphene using dual-side conjugation of
molecular dopants. The bottom side of bilayer graphene is doped by an n-type dopant (BV), and the top
side is doped by a p-type dopant (atmospheric molecules such as oxygen and moisture). Electrons are
donated from BV to the bottom graphene layer, while
electrons are withdrawn from the top graphene layer
to atmospheric dopants. As a result, a strong local
electric ﬁeld is generated by positive and negative
charges located on two opposite sides of the molecules, resulting in breaking of the inversion symmetry
and opening of the band gap in bilayer graphene.
LEE ET AL.

A schematic and optical image of a bilayer graphene
FET are shown in Figure 1b and c, respectively. The
environmentally stable BV layer was spin-coated on
the SiO2 (300 nm)/Si wafer, and then bilayer graphene was exfoliated on the BV layer by the Scotch
tape method. The roughness of BV was very small
(∼0.17 nm) due to the high spin-coating speed (see
Supporting Information Figure S1a and b). The source
and drain electrodes were formed by e-beam/thermal
evaporation of Cr/Au (5/70 nm) using a TEM grid as a
shadow mask. Finally, the top of bilayer graphene was
naturally p-type doped by the atmospheric dopants
present in air. The experimental details are shown in
Supporting Information Figure S2.
The bottom doped graphene was studied by Raman
spectroscopy with 2.41 eV excitation (Figure 1d). Due
to the BV layer (10 mM), the G-band was shifted toward
a higher wavenumber compared to that of pristine
graphene (∼1580 cm 1)23 and the intensity of the
G/2D ratio was increased for both monolayer and
bilayer graphene.24 The diﬀerence in the Raman shift
between monolayer and bilayer graphene is that the
peak position of the G-band of monolayer graphene
(∼1594 cm 1) is shifted more than that of bilayer
graphene (∼1588 cm 1). In addition, the G-band of
monolayer graphene can be ﬁt with one Lorenzian
peak, while that of bilayer graphene is ﬁt with at least
two Lorenzian peaks. This splitting of the G-band in
bilayer graphene comes from the diﬀerent doping levels
between the top and bottom graphene layers.25,26 It is
important to note that there is no D-band generated by
doping in either monolayer or bilayer graphene, implying that BV molecules do not generate any sp3-like
structural disorder in graphene, as shown in the insets
of Figure 1d. The Raman spectra of the thicker layers
were also investigated, approaching those of pristine
values due to the minimized doping eﬀect (see Supporting Information Figure S3). Figure 1e shows the
IDS VGS transfer curve of the bottom-doped bilayer
graphene FET with 10 mM BV on a SiO2/Si wafer under
ambient conditions. Due to electron donation from the
BV layer to graphene, the charge neutrality point (CNP)
of bilayer graphene is shifted toward the negative
gate voltage, indicating that n-type doping is eﬀective.
A large hysteresis originates mainly from trapped
charges in the BV layer, which is not observed in the
graphene FET fabricated on SiO2 (300 nm)/Si wafer.27
The eﬀects of dual-side doping in a bilayer graphene
FET are electrically characterized at room temperature in Figure 2. First, a bilayer graphene FET doped
with 10 mM BV was measured under high vacuum
(∼10 6 Torr) to eliminate the eﬀect of atmospheric
molecules on the top of graphene (black curve in
Figure 2a). The IDS VGS measurement indicates n-type
behavior of the FET with an on/oﬀ ratio of 4.9 and a VCNP
at a high negative voltage of 168 V. This result conﬁrms
that the Fermi level of bilayer graphene is shifted toward
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graphene nanoribbon FET. However, the dual-gate
structure is undesirable from a technological point of
view. Dual-side chemical doping on bilayer graphene
was proposed to generate a perpendicular electric ﬁeld
with a single gate.18 21 Several theoretical calculations
predicted high band-gap opening (∼350 meV) with
n-type and p-type doping on opposite sides of bilayer
graphene.20,21 However, the reported on/oﬀ ratio of
this graphene FET was less than 26 with a measured
optical band gap of 210 meV (larger than the electrical
band gap of 124 meV).18 Yet, it has been estimated that
a band gap of 350 meV is needed to maintain an on/oﬀ
ratio of 103.22 This discrepancy is attributed to the use
of ineﬀective dopants or doping level control only on
one side of graphene, which generates a relatively low
electric ﬁeld across bilayer graphene, which is not
suﬃcient to break the inversion symmetry. Moreover,
the on-current and mobility (∼800 cm2 V 1 s 1) are
signiﬁcantly reduced due to impurity scattering introduced by the dopants.18
The strategy employed in this study was to introduce
simple chemical doping on both sides of bilayer graphene to break the inversion symmetry and open the
band gap of bilayer graphene without introducing a
complicated double-gate structure. One key element
of this is the choice of chemical dopant to minimize
charge scattering so as to maintain the on-current and
mobility. Here, we chose environmentally stable benzyl
viologen (BV) as an electron-donating group at the
bottom of bilayer graphene, which is also used as a trap
layer for nonvolatile memory devices. Atmospheric
dopants such as oxygen and moisture as an electronwithdrawing group were used as dopants for the top of
bilayer graphene. Because both dopants are physisorbed on the surface of bilayer graphene without
provoking sp3 structural disorders, charge scattering
is minimized to maintain the on-current and mobility.
Diﬀerent doping concentrations were evaluated to
control the electric ﬁeld across bilayer graphene. Nonvolatile memory behavior was successfully demonstrated from the FET with the band-gap-opened
bilayer graphene channel.
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Figure 1. (a) Principle of band-gap opening of bilayer graphene by chemical doping with n-type (BV) and p-type dopants
(O2, H2O) on opposite sides of the bilayer graphene. (b) Schematic of the dual-side doped bilayer graphene FET on a SiO2/Si
substrate. Atmospheric dopants (O2, H2O) are located on the bilayer graphene. (c) Optical image of the fabricated FET with a
bilayer graphene channel, source, and drain on the BV layer. Scale bar: 10 μm. (d) Raman spectra of monolayer and bilayer
graphene on 10 mM BV with 2.41 eV excitation, showing the G-band (ﬁtted with Lorenzian peaks) and 2D-band. The D-bands
are shown in the insets. (e) Initial IDS VGS transfer curve of the bottom-doped bilayer graphene FET by 10 mM BV with VDS = 10 mV.

Figure 2. IDS VGS transfer curves of bilayer graphene FETs at room temperature with (a) 10 mM BV and (b) 40 mM BV on the
bottom of bilayer graphene where a VDS of 10 mV was applied. VGS was swept from 200 to 130 V. (c)IDS VDS characteristics of
the bilayer graphene FET with 40 mM BV. The curves were measured when the on/oﬀ ratio of the FET was 76.1 and the VGS was
swept from 100 to 100 V with 20 V steps.

the conduction band, and therefore, the BV doping is
eﬀective. To dope the top of bilayer graphene with
p-type dopants, the FET was held under ambient
conditions. The p-type doping is contributed by atmospheric dopants such as oxygen or moisture, which
have been used as eﬀective p-type dopants for
graphene.28 After 1 day, the IDS VGS measurement
reveals that the FET shows p-type behavior with an
improved on/oﬀ ratio of 17.5 and a VCNP at 60 V,
implying that the Fermi level is shifted down to the
valence band and the local electric ﬁeld generated by
the n- and p-type dopants opens the band gap of
bilayer graphene. The on/oﬀ ratio is further increased
to 24.2 and the VCNP is shifted toward a positive gate
voltage by keeping the device under ambient conditions for 3 days. To enhance the local electric ﬁeld
between two opposite dopants, we used a higher concentration of 40 mM BV (Figure 2b). The IDS VGS transfer curve measured under a high vacuum (∼10 6 Torr)
reveals a similar on/oﬀ ratio of ∼5.1, while the
LEE ET AL.

VCNP shifted more toward a negative value because
of the stronger n-type doping eﬀect (black curve in
Figure 2b). The on/oﬀ ratio gradually increases and the
VCNP is shifted toward a positive value as the p-type
doping concentration increases by keeping the FET in
air. After 10 days, the on/oﬀ ratio increased signiﬁcantly up to 76.1, which is more than 10 times higher
than that of graphene FET without band-gap opening.
The tendency of the changes of the transfer curves is
similar to the FET with 10 mM BV, while the magnitude
of the changes is diﬀerent. To the best of our knowledge, this on/oﬀ ratio is the highest value among
reports of a chemically opened band gap in a bilayer
graphene FET without a double-gate structure at room
temperature.18,25,29 We compared the p-type doping
eﬀect with high-purity O2 gas (see Supporting Information Figure S4). First, we measured I V characteristics
of our device after fabrication in air. Our device was
then installed in the vacuum chamber and characterized again. The device was recovered to the original
VOL. 9

’

NO. 9

’

9034–9042

’

9036

2015
www.acsnano.org

LEE ET AL.

G/2D ratio of bilayer graphene after exfoliation on
10 mM BV are recovered to close to those of pristine
bilayer graphene after exposing the FET to air for 5
days. This indicates that the donated and extracted
electrons are redistributed and compensated in the
bilayer graphene. The D-band does not appear in the
Raman spectra even after 5 days, as shown in the inset
in Figure 3e. Because electron phonon interactions in
graphene are weak, no structural disorder-related sp3
hybridization occurs, even with possible local charge
redistribution near the dopants.
In Figure 3f, the electrical band gap is calculated by
assuming that twice of Schottky barrier height at CNP is
the band gap of the bilayer graphene.16 The band gap
can be computed as ΔEg = 2Δjbarrier = 2(kBT/q) ln(I 0oﬀ/Ioﬀ),
where ΔEg is the increased band gap, Δjbarrier is the
diﬀerence of the Schottky barrier heights before and
after band-gap opening, kB is the Boltzmann constant,
T is temperature, I0oﬀ is the oﬀ-current when the band
gap is zero, and Ioﬀ is the oﬀ-current after band-gap
opening. Here, I0oﬀ is obtained from the transfer
curve measured under high vacuum (black curves in
Figure 2a and b) because the on/oﬀ ratio is similar to
that of a pristine graphene FET. ΔEg is equal to Eg in our
case, since the band gap of each transfer curve is
calculated based on the same I0oﬀ. The calculated band
gap increases as the VCNP shifts toward a positive gate
bias, demonstrating that a higher band gap can be
achieved with a higher p-type concentration. Overall,
the trend of the band-gap increase is similar for
diﬀerent BV concentrations, while the band gap with
40 mM BV is larger than that obtained with 10 mM BV.
The obtained maximum band gap is 77 meV with
10 mM BV. This further increased up to 132 meV with
the 40 mM BV concentration. According to previous
reports, the calculated band-gap values are smaller
than the optically measured band gap15,16,18 and
comparable with the band gap obtained by lowtemperature measurement.16 It was not possible for
our device to measure the band gap by low-temperature or optical measurement due to the desorption of
atmospheric molecules from the top of bilayer graphene in a vacuum and the small graphene ﬂake size.
Therefore, we expect that the calculated electrical
band gap in our article is still reliable, since the band
gap is comparable with the one obtained by lowtemperature measurement, as reported previously.16
To understand how the band gap opens in our
experiments, we performed a simulation using density
functional theory with the Dmol3 package (Figure 4).
The model consists of 144 carbon atoms in the supercell. BV and O2 molecules are adsorbed on opposite
sides of the bilayer graphene. The whole structure was
optimized until the atomic forces on the atoms were
smaller than 0.02 eV/Å. Details of the calculated parameters can be found in our previous work.19 When the
bilayer graphene is doped by only BV (Figure 4a), an
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n-type after vacuum (∼10 6 Torr). In other words, the
p-type doping eﬀect (by atmospheric dopants) was
minimized. Our device was again electrically characterized by introducing high-purity oxygen in the chamber. As the oxygen content increased, the oﬀ-current
was slightly decreased with consistent threshold voltage shift to the right side, increasing the p-region. This
trend is similar to that with atmospheric dopants.
However, the oﬀ-current with atmospheric dopants
was more severely reduced in the case of air doping.
This diﬀerence results from the absence of moisture
and corresponds to the G-band shift of the Raman
spectra.28 Figure 2c shows the IDS VDS characteristics
of the FET shown in Figure 2b with an on/oﬀ ratio
of 76.1. The transfer curves are linear, indicating that
ohmic contacts between the electrodes and bilayer
graphene are formed and the current is clearly modulated by the gate voltage.
The eﬀects of atmospheric doping on the properties
of a bilayer graphene FET are shown as a function of
the VCNP shift in Figure 3. As shown in the electrical
characteristics in Figure 2a and b, the shift of VCNP
toward a positive gate voltage indicates the degree of
p-type doping (atmospheric doping). Plots of VCNP
versus the maximum current (ION) and minimum current (IOFF) and their ratios extracted from the IDS VGS
transfer curves are shown in Figure 3a and b. As VCNP
shifts toward the positive gate voltage, ION is maintained without much change for both 10 and 40 mM
BV, implying that atmospheric dopants do not degrade
the quality of bilayer graphene. On the other hand, IOFF
gradually decreases, indicating that a stronger local
electric ﬁeld is generated and, thus, a large band gap is
opened. As a result, the on/oﬀ ratio increased eﬀectively to 24.2 for 10 mM BV and 76.1 for 40 mM BV.
In Figure 3c and d, the ﬁeld eﬀect mobilities of both
electrons and holes are determined by applying the
equation μ = (Lgm)/(WCOXVDS), where L is the channel
length, gm (=dIDS/dVGS) is the maximum transconductance, W is the channel width, COX is the gate capacitance per unit area from BV/SiO2 (see Supporting
Information Figure S1), and VDS is the applied source
drain voltage. When the FET is evaluated under high
vacuum, the electron mobility (∼1500 cm2 V 1 s 1) is
high due to electron transfer from BV to graphene,
while the hole mobility is very low. As VCNP shifts
toward the positive gate voltage, the electron mobility
decreases, while the hole mobility increases up to
∼3100 cm2 V 1 s 1 for both 10 and 40 mM BV, resulting from the accumulation of atmospheric dopants.
The maximum electron mobility is lower than the
maximum hole mobility. This can be explained by
the dominant electron (majority) scattering in the
n-region, while hole scattering is reduced due to the
charge compensation by electrons in the p-region.
Figure 3e shows the eﬀect of atmospheric doping on
the Raman spectra. The G-band and intensity of the
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Figure 3. On-current, oﬀ-current, and on/oﬀ ratio of the FET with (a) 10 mM and (b) 40 mM BV as a function of the VCNP. Field
eﬀect mobilities of the electrons and holes of the FET with (c) 10 mM and (d) 40 mM BV. The dotted lines are the ﬁt of the data.
(e) Changes in the Raman spectra of bilayer graphene with 10 mM BV after exfoliation and after 5 days of holding under
ambient conditions, showing G- and 2D-bands. The D-band obtained after 5 days is shown in the insets. (f) Calculated
electrical band gaps with 10 and 40 mM BV. The dotted lines are the ﬁt of the data.

electron is transferred from BV to graphene and the
Fermi level is pushed into the conduction band. This is
equivalent to heavy n-type doping or a degenerate
semiconductor due to the high BV concentration used
in the calculations. It is clearly shown that electrons are
accumulated on graphene (blue color), while they are
depleted in the BV molecules (yellow color). The band
gap is opened to 164 meV. In the case of O2 (Figure 4b),
electrons are extracted from graphene to O2 and the
Fermi level is shifted toward the valence band. A small
band gap of 162 meV is opened by doping with
individual O2 molecules. The band gap increases up
to 301 meV when BV and O2 molecules are combined
together on the bottom and top of bilayer graphene.
The band gap is further opened to 352 meV when two
O2 molecules are introduced on the top of bilayer
graphene. It is of note that the Fermi level position
can be shifted up or down depending on the relative
concentration of both dopants. In Figure 4c, the Fermi
level is still located near the conduction band edge
due to the high n-type doping of BV, while it is downshifted with increasing O2 concentration, as shown in
Figure 4d. This trend is consistent with our experimental results, although the extracted experimental
LEE ET AL.

electrical band gap is smaller than the simulation
result. This discrepancy originates from the gap states
created by BV and O2. These gap states are generated
by the charge transfer between dopants and graphene, in other words, the work function modulation
of graphene, not by the sp3 hybridization with graphene layers. They are the sources of leakage current,
increasing the oﬀ-current. In addition, the gap states
can provoke charge scattering, slightly decreasing the
on-current. This reduces the eﬀective electrical band
gap in the O2/BV-doped samples.
In our simulation, the gap states are quite dispersed
because of the high doping concentration, resulting
from the small unit cell size of 14.4 Å. At high doping
concentration, the dopants between unit cells are not
completely isolated. As a consequence, interactions
between dopants are created, forming a dispersed
band or delocalized states. However, we believe that
the dispersion of doping states is smaller if we simulate
with a bigger cell size. Unfortunately, we could not
increase the size of the unit cell due to our limitation of
computational resources. In real experiments, the doping concentration could be lower than that in our
simulation because BV molecules are not well aligned
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on the graphene surface and impurities exist in the BV
layer. Therefore, the doping states are less dispersed
than those of our simulation results.
By utilizing the high on/oﬀ ratio and large hysteresis
in our band-gap-opened bilayer grahene FET, we demonstrated nonvolatile memory behavior (Figure 5).
The same device structure as shown in Figure 1 was
used, and its schematic is illustrated in Figure 5a. p-Si
was used as a control gate electrode, and BV was used
as an n-type dopant as well as a charge trap layer.
Organic molecules have been widely used as a charge
trap layer for memory transistors due to their low cost,
easy processability, and structural ﬂexibility.30 The
memory behavior of a bilayer graphene FET was
measured when the VCNP (forward sweep) reached
around 0 V because this state provides the highest
on/oﬀ ratio at the read gate bias (VGS = 0 V), as
indicated in Figure 5b (dotted line). We measured the
memory hysteresis loop and memory window (ΔVCNP)
deﬁned as the diﬀerence between two minimum conductance points (VCNP) by modulating the amount of
charges stored in the charge trap layer with diﬀerent
gate bias sweep ranges (Figure 5b). During the gate
bias sweep from 70 to 70 V, no signiﬁcant hysteresis
LEE ET AL.
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Figure 4. Induced charge distribution (top panel) and band
structure (bottom panel) of one-side-doped bilayer graphene by individual (a) BV and (b) O2 and dual-side-doped
bilayer graphene by (c) O2/BV and (d) 2O2/BV. The blue and
yellow colors indicate the accumulation and depletion of
electrons, respectively. The induced band gap is indicated in
the band structures.

is observed. However, the hysteresis increases as a
higher gate bias is applied. By applying a gate bias from
150 to 150 V, ΔVCNP increases up to 120 V. The two
minimum VCNP points from the forward and reverse
gate bias sweeps are depicted in Figure 5c, and their
diﬀerences (ΔVCNP) are shown in the inset. The hysteresis mechanism of our device cannot be explained
by a dipolar polarization of BV molecules because the
direction of hysteresis in our device is opposite conventional ferroelectric gating.31,32 Because a certain
amount of charge transfer occurs by the dopants, as
evidenced by the Fermi level shift (Figure 3), charges
are accumulated on both sides of the graphene layers
with diﬀerent polarities. The accumulated charges may
limit the current ﬂow during gate voltage sweeping
and provoke hysteresis.
The dynamic behavior of our device is shown in
Figure 5d. We applied a gate voltage pulse of 150 V to
program (high current level) and 150 V to erase (low
current level) with a pulse width of 1 s on the control
gate electrode. When the control gate bias returned
to 0 V, we read the source drain current states with a
source drain bias of 10 mV without applying a gate
bias. The current is initially in the erased state, and it
moves to the programmed state after applying a
positive gate pulse (150 V, 1 s). It again shifts to the
erased state with the application of an opposite gate
pulse ( 150 V, 1 s). Clear programmed and erased
states are observed, demonstrating that our memory
device works properly. The control gate bias can be
reduced by replacing the 300 nm SiO2 by a thinner or
high-k dielectric layer (see Supporting Information
Figure S4).33 We also tested a shorter gate pulse of
100 ms (see Supporting Information Figure S5a), which
also revealed clear current switching states while the
programmed/erased current level was lower. This may
originate from the insuﬃcient capture and release time
of the trap charges in the BV layer, which can be
explained by the sweep-rate-dependent measurements (see Supporting Information Figure S5b).34 As
a result, large gate pulse time is required for our device
to achieve a large memory window as well as a high
programmed/erased current ratio.
The device stability was further investigated by
conducting a retention time test at a constant source
drain bias of 10 mV (Figure 5e). The device is programmed by applying a positive gate pulse (150 V, 5 s)
and erased by applying a negative gate pulse ( 150 V,
5 s). It is important to note that the initial current ratio
between the programmed and erased states is 34.5,
which is remarkably higher than values obtained in
previous reports (∼4).12 The current ratio is maintained
above a value of 10 even after 104 s. In Figure 5f, the
program/erase current ratio of our memory device as a
function of the retention time is compared with those
obtained in previous reports in which the channel of
the FET is composed of graphene. Compared to
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Figure 5. (a) Schematic of a nonvolatile memory cell with a bilayer graphene channel and source/drain electrodes on BV/SiO2
(300 nm)/Si. The band gap of bilayer graphene is opened by dual-side doping with BV and atmospheric dopants. Si is used as a
control gate, and BV is used as an n-type dopant as well as a charge trap layer. (b) Memory hysteresis loops of a bilayer
graphene FET (on/oﬀ ratio of ∼51.8) with diﬀerent control gate biases where a VDS of 10 mV was applied. (c) VCNP shifts as a
function of the applied control gate bias with diﬀerent sweep directions (reverse: red color, forward: blue color). The memory
window (ΔVCNP) is shown in the inset. (d) Dynamic behavior of the memory transistor. The switching between the program
and erase states was measured at VDS = 10 mV with the application of control gate pulses ((150 V for 1 s). (e) Retention test
with VDS = 10 mV and VGS = 0 V after application of a control gate pulse of 150 V (for program) and 150 V (for erase) for 5 s.
(f) Comparison of the program/erase current ratio of our device as a function of the retention time as compared to the results
of previous reports.

previous reports, the initial program/erase current ratio
of our device is at least ∼7.5 times higher and the ratio
after 104 s is still larger. This is because in previous
reports graphene FETs with low on/oﬀ ratio were
utilized (less than 10).12,35 37 Although our device
requires a relatively high control gate bias and the
speed is slow, the performance can be further improved by modifying the device geometries such as
the thickness of the gate oxide. In addition, the p-type
doping by atmospheric molecules may not suﬃciently
satisfy the industrial criteria of stability at this moment.
Therefore, further study on developing a more durable
doping method is necessary for the conventional
circuit packaging.
CONCLUSIONS
In summary, we demonstrated that dual-side chemical doping can produce a local electric ﬁeld to open

EXPERIMENTAL SECTION
Preparation of the BV Layer on SiO2/Si. The 0.245 g of benzyl
viologen powder (benzyl viologen dichloride 97%, SigmaAldrich) was dissolved in 15 mL of deionized water to obtain a
40 mM BV solution. Then, 15 mL of toluene (Sigma-Aldrich) was
added into the deionized water solution containing benzyl
viologen, resulting in a biphasic solution. Benzyl viologen in
deionized water was reduced by adding 3 g of sodium borohydride (powder g98%, Sigma-Aldrich) as a catalytic reducing
agent, and the reduced benzyl viologen was transferred from
the water phase to the toluene phase. The resulting solution

LEE ET AL.

the band gap of bilayer graphene. By controlling the
concentration of both n-type and p-type dopants, we
modulated the band gap and obtained a high on/oﬀ
ratio of a bilayer graphene FET of up to 76.1 and a
mobility of ∼3100 cm2 V 1 s 1 without degradation of
the on-current. This can be mainly attributed to physisorbed dopants without provoking sp3 structural disorders. Using BV as a charge trap layer, we successfully
demonstrated nonvolatile memory behavior of the
band-gap-opened bilayer graphene FET. Due to the
suﬃciently opened band gap in graphene, the program/erase current ratio of the memory device was
much higher than that obtained in previous reports. For
the ﬁrst time, our study demonstrates the potential use
of a high on/oﬀ ratio graphene FET for memory applications. By integrating with a ﬂexible substrate and
dielectric,33 our device will be useful as an element for
ﬂexible, transparent, and wearable electronics.

was maintained for 2 days. The toluene phase was dropped
onto a SiO2 (300 nm)/Si wafer at 7000 rpm for 60 s.
Fabrication of Dual-Side-Doped Bilayer Graphene. A bilayer graphene flake was prepared on the BV/SiO2/Si wafer by mechanical exfoliation from natural Kish graphite (grade 300, Graphene
Supermarket) by the Scotch tape method. The position and
thickness of the graphene flake were identified by optical
microscopy and Raman spectroscopy, respectively. The carbon
grid of the TEM grid (STEM150 Cu, Okenshoji) was removed by
oxygen plasma followed by fixing the TEM grid onto the
graphene flake. Cr/Au (5 nm/70 nm) was evaporated by an
e-beam/thermal evaporator to pattern the source and drain
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