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The piezopotential generated in non-centrosymmetric crystals under external mechanical stimuli can be
exploited to modulate the contact characteristics at the metal-semiconductor interface. The extent of electric
modulation by the piezopotential was found to be moderate. This is mainly because the piezopotential was
designed to alter the band bend of the semiconductor layer, which changed the injection barrier by 0.1 eV. We
propose an eﬃcient method to utilize the piezopotential for modulating Schottky barrier, i.e. piezotronic graphene barristor. This was done by capacitively coupling the piezoelectric material with a Schottky barrier (SB)tunable graphene electrode, using an ion gel electrolyte. Through capacitive coupling, the piezopotential could
modulate the work function of a graphene electrode by 0.89 eV. This was visualized directly using Kelvin probe
force microscopy experiments for the ﬁrst time. A large change in the work function of graphene allowed effective tuning of the height of the SB formed at the graphene/semiconductor junction. Consequently, a piezoelectric nanogenerator (PENG) could change the current density of the semiconductor layer by more than three
orders of magnitude with strain, and yield a high current density larger than 10.5 A cm-2. Multistage modulation
of the height of the SB at the junction was also successfully demonstrated by integrating two PENGs with ion gel.
This work presents an eﬃcient method for harnessing the piezopotential generated from PENG to actively
control the operation of ﬂexible electronics through external mechanical stimuli.

1. Introduction
The piezoelectric eﬀect originates from materials that lack inversion
symmetry. This has received signiﬁcant attention because it converts
random mechanical energy including body movement, muscle
stretching, and acoustic/ultrasonic waves directly to electricity [1–3].
The piezoelectric potential created in such materials, also known as
piezoelectric nanogenerators (PENG), bridges the mechanical stimuli
with various electronic devices such as transistors, diodes, strain/force/
ﬂow sensors, and electromechanical memories (i.e. piezotronic devices)
[4–10]. Piezoelectric potentials, for instance, were utilized to gate
transistors or generate programmed or erased states in memory devices
through mechanical input, without applying electrical bias [11,12].
Recently, the piezopotential generated by wurtzite semiconducting
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crystals like ZnO, GaN, InN, and ZnS has been coupled with the contact
characteristics of electronic devices [13,14]. The junction properties at
the metal-semiconductor (M-S) interface were tuned by the piezopotential. The contact characteristics at the M-S junction were modulated by both the magnitude and direction of the applied strain (compressive or tensile). Modiﬁcation of the local band structure by creating
a piezopotential at the p-n junction can enhance the mobility of charge
carriers moving toward the junction and the electron-hole recombination rate in light-emitting diodes [15–17]. When using conventional
metals as electrodes, the extent of piezopotential-induced modulations
remains moderate. This happens because the generated piezopotential
has limited inﬂuence on the band-bending characteristics of the semiconductor at the M-S junction. Therefore, an alternative strategy for the
eﬀective modulation of junction properties is required for practical
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2. Results and discussion

device applications.
Graphene has attracted signiﬁcant attention as a potential electronic
material for future electronic devices due to its unique electrical, optical, and mechanical properties [18–23]. The work function of graphene is readily modulated by electric ﬁelds due to the linear energy
dispersion relationship near the charge neutrality point in its band
structure [24,25]. The ability to modulate the work function of graphene is the key feature in tuning the height of the Schottky barrier (SB)
formed between graphene and the semiconductor [26–28]. If the piezopotential generated from PENG could be coupled with the graphenesemiconductor junction, this may serve as a more eﬃcient way of
harnessing the piezoelectric eﬀect in electronic devices. This is because
current injection at the electrode/semiconductor junction would vary
when the SB height is altered beyond what can be achieved by changing
the band-bending characteristics alone. The challenge is to then couple
the piezopotential of PENG with the graphene electrode of an electronic
device to form a SB with a contacting semiconductor.
In this work, we proposed a more eﬃcient way of utilizing the
piezopotential for modulating Schottky barrier, i.e. piezotronic graphene barristor. This was done by capacitively coupling the piezoelectric material with a monolayer graphene electrode via an ultrahigh
capacitance ion gel electrolyte [29–32]. Through capacitive coupling,
the piezopotential from a poly[vinylideneﬂuoride-co-triﬂuoroethylene]
[P(VDF-TrFE)] PENG could modulate the work function of a graphene
electrode by 0.89 eV, which was visualized directly using Kelvin probe
force microscopy (KPFM) analysis for the ﬁrst time. Such a large straininduced change in the work function could change the current density
of a vertical graphene-indium gallium zinc oxide (IGZO)-indium tin
oxide (ITO) device by more than three orders of magnitude and yield a
high current density larger than 10.5 A cm-2. Interactive dynamic tests
were also conducted, representing stable operation of the piezotronic
graphene barristor. In addition, the multistep modulation of the SB
formed at the junction was successfully demonstrated by connecting
two PENGs to graphene through an ion gel. We consider that the demonstrated piezopotential-modulated graphene barristor constitutes a
signiﬁcant advancement in the development of micro-sensory systems,
human-robot interactive interfaces, and transducers, which are crucial
to the Internet of Things (IoTs).

Fig. 1a shows a schematic illustration of the surface potential
measurements for monolayer graphene (Fig. S1) gated by piezopotential through an ion gel electrolyte. The surface potential of graphene modulated by a piezopotential (generated by the P(VDF-TrFE)
PENG) was measured using KPFM [24,33]. This was compared with
voltage-controlled modulation. KPFM is a nondestructive technique to
observe the surface potential distribution without perturbations due to
the absence of contact between the probe and the graphene surface
[34,35]. As shown in Fig. 1a, the bottom ITO electrode of the piezoelectric nanogenerator (PENG) was extended to apply a piezopotential
to graphene through the ion gel deposited inside the polydimethylsiloxane (PDMS) wall. The PDMS wall was utilized to easily
transfer the graphene onto the ion gel and to deposit the Al contact.
As a KPFM measurement is principally based on electrostatic force
microscopy (EFM) with additional DC-nulling feedback, a DC bias (VDC)
summed with an AC modulation voltage with frequency (ω) and amplitude (VAC) was applied between the conductive probe and the sample
to obtain the electrostatic ﬁeld gradient [36,37]. The voltage applied
between the probe and the local sample is then V = (VDC – VCPD) + VAC
sin(ωt), where VCPD is the contact potential diﬀerence (CPD). The
electrostatic force between the probe and the sample can be induced
from the spatial gradient (vertical direction or z axis) of capacitive
energy (1/2CV2) as follows.

Fe = −

1 ∂C
[(VDC − VCPD) + VACsin(ωt )]2
2 ∂z

This electrostatic force on the probe has three spectral components
of the 0th order (constant in frequency), ω, and 2ω terms. The 0th order
∂C 1
1
1 ∂C 2
cos(2ωt ) )
(F0 = ∂z 2 (VDC − VCPD)2 + 4 VAC2 ) and 2ω (F2ω = 4 ∂z VAC
terms contribute to the topology and capacitance signals, respectively.
The surface potential variation can be measured by mapping VDC which
is
adjusted
to
null
out
the
1st
order
term
∂C
(Fω = − ∂z (VDC − VCPD) VACsin(ωt ) ).
Fig. 1b shows the KPFM images and histograms of the surface potentials (VCPD) for monolayer graphene under diﬀerent compressive and
tensile strains applied to the PENG. The surface potential of graphene
was measured to be + 0.22 V under no external strain. As the

(
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Fig. 1. (a) Schematic of the experimental setup for KPFM measurement. (b) KPFM images and histograms of the surface potentials for monolayer graphene at
diﬀerent compressive and tensile strains applied to the PENG. The upper panel shows a schematic of the KPFM samples upon applying strains. (c-d) Surface potential
as a function of the applied strain (c) and voltage (d).
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compressive strain increased to − 0.16%, the surface potential reduced
to − 0.19 V. In contrast, when the tensile strain increased to + 0.16%,
the surface potential increased to + 0.70 V. The Gaussian ﬁt distributions for the surface potentials of graphene under speciﬁc strains are
illustrated in the lower panel of Fig. 1b. The piezopotential-induced
variation of the surface potentials reﬂected the modulation of work
functions based on the Fermi level (EF) shift of graphene (Fig. 1c).
When the external strain was varied from − 0.16% (compression) to
0.16% (tension), the modulation of the surface potential of graphene
was as high as 0.89 V. The surface potential change according to relevant piezopotential under applied stains (from −0.16% to 0.16%) is
shown in Fig. S2, representing a linear increment versus piezopotential.
The relation between the VCPD and work function of graphene can be
expressed as eVCPD = Wprobe – Wgraphene, where Wprobe and Wgraphene are
the work functions of the probe and graphene, respectively [24]. As the
piezopotential cannot inﬂuence the local surface potential at the probe
apex, the above equation can be reduced to ΔWgraphene = –eVCPD, where
ΔWgraphene and ΔVCPD are changes to the work function of graphene and
the measured surface potential under external strain, respectively.
Therefore, the variation of the work function of graphene due to the
piezopotential was estimated to be 0.89 eV. This value was comparable
with the variation in the work function under application of voltages
between − 2 V and 2 V, where the DC voltage was applied to the ITO
electrode (without applying external strains) while conducting the
KPFM measurement (Fig. 1d and S3). The surface potential exhibited a
gradual increase with a positive increase in the voltage due to the upward shift of the EF for graphene. The piezopotential modulation of the
graphene work function indicated that the piezopotential produced by
the PENG can be utilized to control charge injection from the electrode
to the semiconductor.
The deterministic piezopotential modulation of the graphene work
function by external strain can be directly linked to the electronic device utilizing this property. The operation of the graphene barristor was
based on modulation of the SB formed at the graphene-semiconductor
heterostructure. The graphene barristor was integrated with the PENGs,
i.e. piezotronic graphene barristor (illustrated in Fig. 2a). ITO patterns
for the drain electrode, the contact pad for the graphene source electrode, and the extended coplanar gate (i.e. bottom electrode of NG) of
the transistor were prepared by conventional photolithography and a
subsequent acid etching processes. The IGZO precursor solution—comprising indium nitrate hydrate, gallium nitrate hydrate, and
zinc acetate dehydrate dissolved in 2-methoxyethanol—was spincoated onto the substrate with the patterned ITO electrodes. The IGZO
layer was sintered through deep-UV irradiation to form an IGZO metaloxide-metal network structure [38]. A vertical IGZO channel with a
thickness of ~ 50 nm was formed by repeating the spin-coating and
subsequent sintering processes four times. The semiconducting IGZO
channel layer was also patterned using photolithography and chemical
etching. The vertical IGZO channel was formed by transferring CVDgrown monolayer graphene on top of the IGZO pattern. The channel
area was deﬁned by the crossed area between the graphene source and
ITO drain electrodes. The P(VDF-TrFE) layer was patterned onto the
extended ITO gate electrode using a conformal polymeric mask [39].
The top Al electrode for the PENG was deposited through the shadow
mask. Finally, the ion gel gate dielectric layer for the transistors was
patterned to cover the IGZO channel and a portion of the ITO coplanargate electrode. The long-range polarizability of the ion gel enabled the
gate electrode to be positioned in a coplanar structure with the channel
layer and the drain electrode. Besides, ion gel was ionically conducting
but electronically insulating, so the charges repelled by PENG piezopotential could not be neutralized through external circuit. When the
strain was applied to PENG and remained ﬁxed, the piezopotential-induced charges (including ions and electrons) redistributed and reached
an equilibrium state, premising subsequent continuous piezopotential
gating measurement. Fig. 2b shows the cross-sectional view of a schematic piezotronic graphene barristor (see the photographic device

image in Fig. S4). The piezopotential produced from P(VDF-TrFE)
PENG under external strain was coupled with the graphene electrodes
of the transistor through the ion gel. The formation of an electric double
layer (EDL) at both the graphene-ion gel and ion gel-ITO interfaces
resulted in ultrahigh capacitance [40], which allowed eﬃcient modulation of the SB upon moderate output (< 5 V) of our PENG.
Piezopotential modulation of the SB formed at the graphene-IGZO
junction by the PENG was ﬁrst examined. In order to exclude the piezoresistive eﬀect of IGZO channel and graphene layer, a custom linear
motor controller for applying strain was ﬁxed on the probe station (Fig.
S5). The graphene barristor region was fully attached on the chuck,
while the extended ITO gate with P(VDF-TrFE) NG was located oﬀ the
chuck. The linear motor controller with a clamp was ﬁxed on the end of
P(VDF-TrFE) NG. Thus, the external strain was only applied on the NG
region to make sure that no deformation occurred in the graphene
barristor and aﬀected the transistor operation. Fig. 2c shows the output
characteristics [drain current (ID) versus drain voltage (VD)] of the
piezopotential-modulated graphene barristor. Five diﬀerent tensile or
compressive strains were applied to the PENG and ID was measured as a
function of VD while maintaining each strain. ID was modulated eﬀectively by varying the strain. Asymmetric current modulation was observed with the opposite polarity of VDs. A larger modulation in the
current level was observed under positive VD compared to that of the
negative VD. Under positive VD, ID was dominated by the SB formed at
the graphene-IGZO interface because electrons were injected from
graphene to the IGZO channel. The compressive strain applied to the
PENG generated a negative output voltage, which was delivered to the
ITO coplanar gate electrodes of the transistors. The negative output
voltage led to the accumulation of holes in the graphene source electrode and shifted the EF of graphene downward due to the limited
density of states of graphene. Thus, the electron injection barrier at the
graphene-IGZO interface increased. In contrast, the tensile strain applied to the PENGs generated a positive output voltage. The resulting
upward shift of the EF of graphene reduced the electron injection barrier at the graphene-IGZO interface. The height of the SB formed at the
graphene-IGZO interface was eﬀectively modulated by the external
strain applied to the PENG. For a negative VD, ID was aﬀected mainly by
the SB at the ITO-IGZO interface because electrons were injected from
the metal to IGZO. Moderate current modulation was observed in this
region. The ﬁxed height of the electron injection barrier at the IGZOITO junction induced ineﬀective current modulation due to the high
density of states (DOS) of the ITO electrode [28]. The piezopotentialinduced asymmetric ID modulation at opposite VDs was similar to that
under diﬀerent gate voltages, VGs (Fig. 2d) and was consistent with the
results of KPFM. The detailed working mechanism of electrolyte gated
graphene barristor is illustrated in Fig. S6. When a positive piezopotential was applied to the ITO gate, the anions in the electrolyte
migrate toward the interface of the ITO and ion gel in order to compensate the charge build up in the gate electrode. According to the long
range polarization of ion gel, the cations could move towards the iongel/graphene/IGZO interface and accumulated as a Helmholtz layer
because they were blocked by the solid semiconductor. The accumulated cations played two important roles in the graphene barristor. One
was that the cations attracted electrons to accumulate at the IGZO/
graphene/ion-gel interface due to the weak electrostatic screening effect of graphene and lead to an enhancement in the output currents.
The other role was to tune the work function of graphene and aﬀect the
SB formed between graphene and IGZO channel, leading to an asymmetric ID modulation at opposite VDs.
The piezopotential-induced SB modulation in the devices was also
conﬁrmed by the variation of ID as a function of the applied strain. A
tensile strain was applied to the PENG at a speed of 0.3 mm/s, and ID
was monitored under positive VDs as a function of time (Fig. 2e). As the
tensile strain increased with time, the higher positive output voltage
(generated by the PENG) gradually shifted the EF of graphene upward.
The gradual reduction of the electron injection barrier at the graphene600
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Fig. 2. (a) Schematic illustrating the steps for the fabrication of piezotronic graphene barristor. (b) Cross-sectional schematic of the device structure. (c-d) Plots of
current density versus drain voltage at diﬀerent strains (c) and gate voltages. (e) Plot of current density versus time during the application of tensile strain at a rate of
0.3 mm/s.

Fig. 3. Schematic band diagrams of the piezopotential-modulated SB formed at the graphene-IGZO junction through ion gel. Without external applied strain, the EF
of graphene was located near the Dirac point. Under compression, the induced negative piezopotential shifted the EF of graphene downward and increased the
electron injection barrier from graphene to IGZO. Under tension, the induced positive piezopotential shifted the EF of graphene upward and decreased the electron
injection barrier from graphene to IGZO.

the drain current was limited by leakage and charging currents (i.e. the
oﬀ-state of the graphene barristor). When the strain was gradually increased to the equivalent turn-on voltage of the graphene barristor
(εturn-on), the current density showed relevant increments in an exponential function (red region). After the applied strain continued to
increase over the equivalent threshold voltage (εth) of the graphene
barristor, a conducting path formed between the source and drain
electrodes (i.e. the on-state of the graphene barristor, yellow region).

IGZO interface increased the ID of the device. In contrast, a moderate
modulation of ID was observed under negative VDs due to ineﬀective SB
modulation at the ITO-IGZO junction. The non-linear behavior of the
current density as a function of time (strain) was observed and explained in details in Fig. S7. Before 7.5 s, no external strain was applied,
the current density maintained at stable values (white region). When
the tensile strain was applied to the device at 7.5 s, the drain current
density represented no current modulation (blue region). In this region,
601
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further shifted EF upward (upper panel of Fig. 5). As the external strains
were released sequentially, the EF of graphene shifted downward
stepwise without mutual interference. The lower panel of Fig. 5b shows
stepwise variations in the output voltage of the PENGs (measured at the
ITO gate electrode) and current density of the graphene barristor. Dynamic and long-term stability tests of the piezotronic graphene barristor
were further conducted with varying tensile strains (Fig. S10, S11, and
S12), demonstrating the strain-dependent stepwise modulation of the
SB and its excellent operational robustness.

When the external strain was further increased (εsat), the piezopotential
could not further inﬂuence the Fermi energy of the IGZO channel layer
and the current density of the graphene barristor reached a saturation
level (green region). Because the VOUT of the PENG increased with time,
one may expect the current of the device to increase with increasing
gate potential with time. The increase was observed for only a limited
period of time and the current became eventually saturated. The saturation could be attributed to the ineﬀective charge transport (mobility) at extremely large carrier densities where limited energy states
were available for transport, which counter-balance each other. This
behavior was observed in the graphene barristor operated by an applied
gate bias (Fig. S8). Consequently, the SB at the graphene-IGZO junction
was successfully modulated by the piezopotential upon application of
strain.
The device operation can be understood in terms of the band diagrams shown in Fig. 3. As an example, we considered the application of
positive VD. Under compressive strain, the enhanced dipoles repel
electrons to the interface between the ITO electrode and the ion gel.
The cations in the ion gel migrated to this interface while the anions
moved to the ion gel-graphene interface and the accumulated holes in
graphene [11]. Due to the limited density of states in graphene, the EF
of graphene shifted downward and the electron injection barrier from
graphene to IGZO increased. The tensile strain applied to the NG repelled holes to the ITO-ion gel interface and accumulated electrons in
graphene. The SB height between graphene and IGZO decreased, which
facilitated electron injection to the IGZO channel. The current density
of the devices exhibited gradual increase with the increase in strain,
varying from − 0.16% (compression) to 0.16% (tension).
The piezopotential modulation of the height of the SB (φB) at the
graphene-IGZO junction was quantitatively probed by temperaturedependent current-voltage measurements. According to the thermionic
emission theory [26], the diode saturation current (Isat) is related to φB

(

qφ

3. Conclusion
In conclusion, we demonstrated an eﬃcient and interactive way to
modulating Schottky barrier in piezotronic graphene-IGZO barristor.
The resulting devices exhibited good electrical properties including a
high current density of over 10.5 A cm-2 and a high on-oﬀ ratio of over
103. Under external mechanical stimuli, the Schottky barrier height was
signiﬁcantly reduced by 0.89 eV in the piezopotential-modulated graphene barristor, which was also conﬁrmed by KPFM and characterized
by temperature-dependent transport measurements. Interactive multistep SB modulation at the junction was successfully demonstrated by
connecting two PENGs to the graphene electrode through an ion gel.
The proposed piezotronic graphene barristor through high capacitive
electrolyte coupling oﬀers an eﬃcient means for seamless and adaptive
interactions between ﬂexible functional devices and their surroundings
(users or external mechanical stimuli). Further improvement on the
modulation of Schottky barrier lays in optimization of the output eﬃciency of PENG, integration technics, structure of graphene barristor,
contacts in graphene barristor, external temperature, etc.
4. Experiments

)

4.1. Material preparation

by the equation Isat = AA* T 2exp − k TB , in which A is the junction area,
B
A* is the eﬀective Richardson constant, q is the elementary charge, kB is
Boltzmann's constant, and T is the absolute temperature. Isat, under a
speciﬁc strain and temperature, was determined in the positive VD regime where electrons were injected from graphene to IGZO. Fig. 4a
shows the representative output curves measured at various temperatures ranging from 340 to 300 K at strains of 0 and + 0.16%. Curves
were ﬁtted in a linear fashion and the values of Isat were deﬁned to be at
the points where the ﬁtting lines crossed the y-axis. The values of φB for
the graphene-IGZO junction were extracted from the slopes of the ln
(Isat/T2) vs. 1/kBT plots in Fig. 4b. φB varied from 1.07 to 0.15 eV as the
external strain increased from − 0.16% to 0.16% (Fig. 4c). Corresponding to the change in the work function of graphene, φB was effectively modulated by the piezopotential. φB was also characterized in
the same way upon applying diﬀerent VGs (Fig. 4d–f), exhibiting a
variation from 1.02 to 0.08 eV as VG increased from − 2 to 2 V (see the
band structure in Fig. S8c). The piezopotential-modulated φB was
around 0.92 eV, which was comparable to that controlled by varying VG
(0.94 eV from −2 V to 2 V). The SB modulation observed in the device
was consistent with the variation in the work function of graphene
measured by KPFM (see Fig. 1).
The multistep modulation of SB at the graphene-IGZO junction was
successfully demonstrated by integrating two PENGs to the graphene
electrode through an ion gel (Fig. 5 and S9). The patterning of P(VDFTrFE) using a polymeric stencil and the coplanar gate geometry of the
graphene barristor both enabled facile integration of the graphene
barristor and the two PENGs. The piezopotentials produced from the
two PENGs were coupled with the graphene barristor through the single
ion gel. When one PENG was subjected to an external tensile strain of
0.08%, the induced positive piezopotential led to the accumulation of
electrons in graphene and shifted its EF upward. When a tensile strain of
0.08% was applied to the other PENG, the corresponding piezopotential
led to an even greater accumulation of electrons in graphene and

P(VDF-TrFE) (ARKEMA Inc.) (20 wt%) was dissolved in N,N-dimethylformamide (DMF), and then stirred for over 24 h. The ion gel
solution was prepared by mixing poly(ethylene glycol) diacrylate
(PEGDA) monomer, 2-hydroxy-2-methylpropiophenone (HOMPP) initiator, and 1-ethyl-3-methylimidazolium bis(triﬂuoromethanesulfonyl)
imide ([EMIM][TFSI]) ionic liquid in the weight ratio 2:1:22. The IGZO
precursor solution was prepared by dissolving 0.085 M of indium nitrate hydrate, 0.0125 M of gallium nitrate hydrate, and 0.0275 M of
zinc acetate dehydrate in 10 mL of 2-methoxyethanol and then stirred
at 75 °C for 12 h.
4.2. Device fabrication
The piezopotential-modulated graphene barristor was prepared on a
200 µm-thick polyarylate (PAR) ﬁlm (A200HC, Ferrania Technologies).
A 40 nm-thick Al2O3 layer was deposited by atomic layer deposition
(ALD) and a 50 nm-thick ITO layer was then deposited via RF magnetron sputtering. The ITO layer was patterned by photolithography (AZ
5214E) and chemical etching (35 vol% hydrochloric acid in water) to
form the drain electrode, the contact pad for graphene source electrode,
and the extended coplanar gate electrode. The sheet resistance of ITO
was 45 Ω/sq. The IGZO layer was deposited by spin-coating (4000 rpm
for 30 s) using the pre-prepared IGZO solution and dried at 60 °C for
1 min. High-density deep-UV (wavelength = 253.7 and 184.9 nm) illumination was employed for 10 min in an N2 environment. The spincoating and subsequent sintering processes were repeated four times to
form a thickness of 50 nm. The IGZO layer was patterned via photolithography and chemical etching [3 vol% LCE-12 (Cyantek Co.) in
water]. The surface roughness of the IGZO ﬁlm was around 0.9 nm (Fig.
S13). The CVD-synthesized monolayer graphene was then transferred
and patterned onto the IGZO channel by the previously reported
method. The sheet resistance of monolayer graphene was 947 Ω/sq. The
602
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Fig. 4. (a) Representative output curves measured at temperatures ranging from 340 to 300 K and strains of 0 and + 0.16%. (b) The plots of ln(Isat/T2) versus 1/kBT
under diﬀerent applied strains. (c) Piezopotential-modulated SB heights at diﬀerent strains. (d) Representative output curves measured at temperatures ranging from
340 to 300 K at VGs = 0 and 2 V. (e) Plots of ln(Isat/T2) versus 1/kBT at diﬀerent VGs. (f) VG-modulated SB heights at diﬀerent VGs.

methylpropiophenone (HOMPP) initiator, and an 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl) imide ([EMIM][TFSI]) ionic liquid (weight ratio of 2:1:22) was patterned via drop-casting and selective UV exposure.

P(VDF-TrFE) layer was patterned onto the extended ITO gate electrode
using a polymeric mask and annealed at 140 °C for 3 h. The Al top
electrode for the PENG was thermally deposited onto the P(VDF-TrFE)
layer through a shadow mask. The P(VDF-TrFE) layer was then poled
electrically. Finally, the ion gel consisting of a propylene glycol
monomethyl ether acetate (PEG-DA) monomer, a 2-hydroxy-2603
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Fig. 5. Real-time multistage modulation of the current density in the graphene
barristor under the output voltages generated by the two PENGs. The upper
panel shows a schematic illustration of the multistage modulation of the height
of the SB.

4.3. Characterization
KPFM measurement was conducted using a Park Systems NX10 AFM
in ambient conditions. The electrical properties of the piezopotentialmodulated graphene barristor were measured under nitrogen condition
using a Keithley 4200. In order to prepare the samples for KPFM
measurement, the PDMS layer with rectangular bank (3 × 3 mm2 and
height = 500 µm) was placed onto the ITO patterned substrate. The ion
gel precursor was then drop-cast onto the void of PDMS bank and then
exposed by UV. The CVD-grown single-layer graphene with 5 × 5 mm2
size was transferred onto the ion gel layer. The PMMA supporting layer
was then removed using acetone within a short time < 10 s. The graphene larger than PDMS bank prevented the direct contact between the
ion gel and the acetone to minimize the damage of underlying ion gel.
The quality of monolayer graphene transferred onto the ion gel was
conﬁrmed by using AFM and Raman spectroscopy (Fig. S14).
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