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ABSTRACT: Broadband detection of mid-infrared (IR) photons Mid-IR, IR
extends to advanced optoelectronic applications such as imaging,
sensing, and telecommunications. While graphene offers an attractive
platform for broadband visible/IR photodetection, previous efforts to
improve its responsivity, for example, by integrating light-absorbing
colloids or waveguide or antenna fabrication, were achieved at the cost
of reduced photon detection bandwidth. In this work, we demonstrate
room-temperature operation of a novel mid-IR photodetector based on
a graphene—Bi,Se; heterostructure showing broadband detection and
high responsivity (1.97 and 8.18 A/W at mid- and near-IR,
respectively), in which simultaneous improvement of the spectral
range and responsivity is achieved via exploiting broadband absorption
of mid-IR and IR photons in a small-band-gap Bi,Se; topological insulator and efficient hot carrier separation and strong
photogating across the Bi,Se;/graphene interface. With sufficient room for further improvement by interface engineering, our
results show a promising route to realize ultrabroadband, high-responsivity hot-carrier optoelectronics at room temperature.

KEYWORDS: photodetectors, mid-infrared photodetection, topological insulators, graphene, heterostructure, photogating effect

Ithough graphene has a unique advantage for hot-electron resonant light absorption results in a reduced spectral range for
photodetection in that photons at all frequencies can photodetection, while photodetectors based on a photothermo-
generate electron—hole (e—h) pairs in gapless graphene,' ™
intrinsically low optical absorption (~2.3%) and fast relaxation
(picosecond time scale) of photoexcited hot carriers®” set limits

to using intrinsic graphene as a sensitive photodetector. . .
Techmq%]es such asggrgphene plasmons or nﬁcroca\nnes) 10 heterostructures, hybrid structures of graphene with other

and graphene—metal junctions“ to improve responsivity rely materials have emerged as alternative pathways to realize highly

electric effect often suffer from a small working area, and so far
the responsivity is limited to tens of mA W',
With recent development in fabricating low-dimensional

on enhanced light—matter interaction by resonant light sensitive and broadband IR photodetection. The key idea in
absorption,'” and photothermoelectric type detectors'> "
utilize low heat capacity of electrons in two-dimensional Received: December 7, 2016
graphene, thereby producing a large thermal gradient. However, Published: February 15, 2017

ACS Publications  © 2017 American Chemical Society 482 DOI: 10.1021/acsphotonics.6b00972
A4 ACS Photonics 2017, 4, 482-488


pubs.acs.org/journal/apchd5
http://dx.doi.org/10.1021/acsphotonics.6b00972

ACS Photonics

a b 20l Electrodes B4-B, C  200| Electrodes GG,
100} 100 /
g 0 < 0
~ 100/ ~ 100 /
graphene -200 -200 ¢
400 200 0 200 400 -400 200 0 200 400
V, (mV) V, (mV)
d ] B0y {BhSe; SeOx  Se jBiSes e
0] {Bbser | i
[ ] 1
i I E f H Oxidation layer (3~4nm)
oA i
| 1
] ] 1
: i ;
NS | —r
765 160 155 65 60 55 50
Binding energy (eV)
f 600} Electrodes G4-B; J BixSe; Graphene  Bi,Se; Graphene  Bi»Se; Graphene
400 |
< 200f
L=
= 0
-200 /—"F
400 50 200 0 200 400 Vs <0 Vys=0 Vs >0
vV, (mV)

Figure 1. (a) Optical microscope image of the graphene—Bi,Se; heterostructure photodetector based on an MBE-grown Bi,Se; topological insulator
and wet-transferred CVD graphene. (b, c) I-V characteristics as a function of bias voltage applied across the two graphene contacts (b) and the two
Bi,Se; contacts (c). (d) XPS measurement spectra on Bi,Se; with a BiO,, peak (left) and SeO, peak (right) (e) Cross-sectional TEM image of Bi,Se;
(left) and oxygen element image (right). (f) I—V characteristics as a function of bias voltage applied across the graphene—Bi,Se; contacts showing a
rectifying junction property at the interface between graphene and Bi,Se;. (g) Schematic band diagrams corresponding to panel f under forward and
reverse bias. Black dashed lines indicate the Fermi levels of the graphene and Bi,Se;.

these structures is to experimentally achieve a photogating
effect through efficient hot-carrier separation (see below for a
more detailed discussion). For example, prior investigations
showed that integrating a high-mobility graphene layer with a
strongly light absorbing layer, e.g,, colloidal quantum dots'* and
epitaxial growth of Bi,Te;'® nanocrystals, demonstrated a
record-high responsivity of 10" and 35 A W™/, respectively. The
spectral response, on the other hand, is primarily determined by
the energy level spacing of quantum dots and Bi,Te;
nanocrystals, typically in a short-wavelength region of IR
light. To detect mid-IR photons, these methods impose
technical limitations on a detector’s working area because of
the long-wavelength nature of the mid-IR photons. In this
work, we achieved mid-IR photodetection also covering near-IR
regimes with a record-high responsivity at room temperature by
integrating graphene and Bi,Se; with small band gap (~300
meV)'” for effective sensing of the mid-IR range. Unlike a
recent mid-IR photodetector based on black phosphorus, which
demonstrated a responsivity of 82 A W™! at an extremely small
incident power of 1 nW,'® our device operates at a reasonable
incident power regime of yW with no photocurrent saturation
at such high incident power. Combined with the intrinsic
tunnel barrier and a high-capacitance ion-gel gating to operate
the graphene conducting channel at low voltage, the results
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show a promising route toward simple, efficient, and fast
photodetection using low-dimensional heterostructures.

We first discuss the operation principle of our graphene—
Bi,Se; photodetector. Figure 1a is an optical microscopy image
of the graphene—Bi,Se; device used in this work. The device
consists of 25 quintuple layers of a Bi,Se; topological insulator
grown by a molecular beam epitaxy (MBE) technique on a
sapphire substrate and a wet-transferred'” chemical vapor
deposition (CVD)-grown top graphene layer (see Methods
section for details on the device fabrication). Each quintuple
layer of Bi,Se; is a sequence of Se—Bi—Se—Bi—Se atomic
layers.” In this device, the Bi,Se; layer functions as a
broadband IR light absorber supplying holes in the graphene,
and the graphene functions as a high-mobility charge transport
layer as well as a light absorption layer. All measurements are
performed at room temperature in ambient conditions. The
linear I-V transfer curves in Figure 1b and c indicate ohmic
(nonrectifying) characteristics between the electrodes connect-
ing the Bi,Se; and graphene (B;—B, and G,—G,, respectively).

The photogating effect is based on the photoinduced
adjustment of the carrier density An resulting in its
conductance modulation Ac = eAny,”' where e is the
elementary charge and y is the mobility. In this simple relation,
it is apparent that high-mobility graphene is a promising
candidate for the conductance modulation channel. On the
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Figure 2. Photoresponse measurement of the graphene—Bi,Se; heterostructure device. (a) Schematic device structure including the side gate, ionic
gel, and the light illumination configuration. The laser wavelength is 3.5 ym with a spot diameter of 30 ym (fwhm), positioning the center of the
cross-section of the graphene—Bi,Se; layers. (b) Schematic transfer curve measurement circuit using the ion-gel gate bias voltage (V) and the
graphene bias voltage. The potential of the bottom Bi,Se; layer was allowed to float, while the current of the top graphene transistor was measured
with Vg = 0.5 V. (c) Scanning photocurrent image of the graphene—Bi,Se; with an excitation wavelength of 800 nm. Bi,Se; and graphene layers are
represented by red and white dotted lines, respectively. Yellow squares represent electrodes of each layer. The spot size of the 800 nm short pulse is
1 ym (fwhm). (d) Schematic band diagram and photoexcited hot-carrier transfer mechanism under light illumination. Electrons and holes are
represented by red and blue dots, respectively. Vertical arrows represent photoexcitation, and lateral arrows represent tunneling of hot electron (red
arrow) and hole (blue arrow). (e) I—Vy, characteristics of the measured graphene photodetector with (red, Ljumination) and without (black, Iy,;) SO
#W mid-IR light illumination. (f) Gate-dependent photocurrent Loc = Titumination — lgark at SO yW mid-IR laser power.

other hand, An is typically achieved by hot-carrier separation
with an energy barrier (Schottky or tunneling) at the interface.
Provided that the electron and hole tunneling rate is different
due to the asymmetric interface barrier, the charges trapped in
the Bi,Se; layer of the heterostructure provide an electrostatic
potential to the graphene layer, leading to An in graphene, i.e.,
a photogating effect.”> Therefore, the crucial element enabling
the photogating effect is the junction characteristics between
graphene and Bi,Se;. Because of the surface reactivity, it is well
known that surface oxidation typically occurs in air-exposed
Bi,Se;; that is, a tunneling barrier is naturally formed.”*~*°
Indeed, we performed X-ray photoelectron spectroscopy (XPS)
and transmission electron microscopy (TEM) measurement
(Figure 1d and e) to confirm the existence of an oxidation layer
at the surface of the Bi,Se;. Peaks of bismuth oxide (BiO,) and
selenium oxide (SeO,) are clearly shown, and most of them are
located on the Bi,Se; surface as an oxidized layer. The built-in
potential is generated due to the work function difference
between the two materials (4.6 and 4.0 eV at ambient
conditions”*~** for graphene and Bi,Se;, respectively). Actually,
this oxidized barrier causes degradation of the surface
topological state. Prior studies'”*® have maintained an ultrahigh
vacuum (~107? mbar) for the sample growth or removed it
with surface plasma treatments to make ohmic contacts on
Bi,Se;. In contrast, we have used this barrier to realize a simple
rectifying tunneling junction between graphene and Bi,Se;.
Although spin—orbit coupling induced operating and band
hybridization in graphene—topological insulator van der Waals
heterostructures was theoretically predicted in recent stud-
ies,*”*® we believe that this effect is negligible in our structure
in that it is strictly the case when the interface is ideally clean
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(no oxide layer) and crystal orientation is matched between the
two materials, of which experimental realization seems to be
extremely difficult to achieve. The naturally formed tunneling
barrier at the interface also prevents proximity of the two
materials to have a strong interaction. The nonlinear I-V curve
between Bi,Se; and graphene shown in Figure 1d clearly
indicates a rectifying junction supporting a tunneling current, of
which the schematic of the junction band diagram is illustrated
in Figure le. Note that the tunneling current in Figure 1d is
asymmetric under forward and reverse bias, which is
indispensable for realizing a photogating effect.

To verify the proposed operating principle, we measure the
photoresponse of the graphene/Bi,Se; heterostructure (Figure
2a) using an ion-gel (see Methods for details on the ion-gel
information) side gate (Figure 2b).””~*' Current—voltage
output characteristics (I—V measurements) were measured by
using a Keithley 2400 and a Keithley 2450 sourcemeter, which
were used to apply a source—drain voltage and a gate—source
voltage, respectively. Figure 2¢ is a scanning two-dimensional
(2D) photocurrent image measured with a 50 fs, 800 nm pulse
(Coherent RegA 9050); the diffraction-limited spot size is
estimated to be 1 um (fwhm). The data show that the
photocurrent is generated dominantly in the overlapped region
of the graphene—Bi,Se; junction, which ensures that the major
photocurrent is generated at this junction. After checking the
photoactive overlap junction, we have turned our attention to
the mid-IR photoresponse. For the mid-IR measurement, a
wavelength-tunable mid-IR pulse (pulse width of ~320 fs) was
generated via a difference-frequency generator (Coherent DFG
9850) and an optical parametric amplifier (Coherent OPA
9850), in which a 250 kHz regenerative amplifier (Coherent
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RegA 9050) was used as a “seed” laser. The power was
measured by a PbSe detector (Thorlabs PDA20H) and
calibrated by a thermopile broadband power meter (Thorlab
PM100D). More detailed characterization of the ultrashort
mid-IR pulse was presented in our previous mid-IR spectros-
copy report.32

First, we focus on the mid-IR photoresponse; note that all of
the transport and photoresponse data are obtained from the
device shown in Figure la, other than the 2D photocurrent
image shown in Figure 2c. The photogating effect was
measured on two electrodes of graphene by sweeping the
ion-gel gate bias (Vgs) with and without mid-IR light
illumination, 4 = 3.5 um. Here, the focusing optics were a
calcium fluoride D-coating lens and a barium fluoride
antireflection coating lens with a spot size of 30 ym. The
photoexcitation occurs in both graphene and Bi,Se;, and hot
carriers are separated efficiently into graphene and Bi,Se; via
tunneling. Holes easily tunnel from Bi,Se; to graphene due to
the asymmetric potential (Figure 2d, left panel). Consequently,
negative charges are accumulated in the bottom Bi,Se; (Figure
2d, right panel), resulting in An on the top graphene transistor.
In particular, the graphene channel has a high carrier mobility
(up to 4000 cm? V™' s™! in CVD-grown graphene),'”* so that
its conductance is very sensitive to the modulated carrier
density. As shown in Figure 2e, the transfer curve under light
illumination (Ljymination) With a laser power P of S0 yW shifts
dramatically toward positive V,, compared to the dark transfer
curve Iy, and a horizontal shift of the Dirac point (AV) of
0.68 V is observed. This is direct evidence of a strong
photogating effect; that is, the electrons trapped in the Bi,Se;
layer lead to the increased hole density in graphene because the
trapped electrons act like a gate bias. Thus, we plot the gate-
tunable photocurrent I, = Ijymingtion — laa (Figure 2f) as a
function of V,, showing a clear zero-crossing of I, due to the
horizontal shift of the Dirac point.

Figure 3a shows the I, as a function of the mid-IR light
power at two representative gate biases. The slope dI,./dPyqx
shows a responsivity of 197 A W' at V,; = 0.02 V. It is a
record-high value compared with other photodetectors at the
same incident power and shows steady responsivity over a
broad incident power region. It is obvious that lower incident
power is advantageous for obtaining higher responsivity since
the photoexcited carrier, which makes an opposite electric field
to the built-in field at the graphene—Bi,Se; junction, increases
at higher incident power. We note that recent photodetectors
show high responsivity at very low incident power, but the
responsivity flatness could not be maintained at higher incident
power, showing limited performance as far as a practical
photodetector.'®'® More quantitatively, we examine An
estimated by AV, upon light illumination. The graphene

Fermi-level shift (AE;) can be calculated using the dispersion
3435

AV,
AE;, = hvg, | nC—8
€

where 7 is the Planck constant, v is the graphene Fermi
velocity, C &~ 5.17 uF cm™ is the ion-gel gate capacitance,”’
and e is the electron charge. Figure 3b shows AE; (upper panel)
and a corresponding An = CAVg/e (bottom panel) as a
function of the mid-IR laser power. Solid and dashed lines in
the panels show the expected AE; and An variation as a
function of light power for the case of perfect internal quantum

(1)
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Figure 3. (a) I, as a function of laser power at V,, = 0.02 V (purple
dots) and 0.2 V (blue dots) with 3.5 ym photon wavelength. (b) The
Fermi-level shift, AE; (top panel), and the corresponding photo-
induced carrier density, An (bottom panel), of graphene as a function
of light power. They are extracted by shifts of charge neutral voltage,
AV The solid (dashed) curve of the top (bottom) panel shows the
expected AE; (An) for graphene without Bi,Se; assuming perfect
internal quantum efficiency (IQE). (c) Specific detectivity D* as a
function of V,, (see main text for more discussion). (d) Lock-in
detected photocurrent signal (I,q.,) as a function of chopping
frequency f for measurement of photoresponse time (z,). The
measurement is performed using a mechanically chopped laser with
A = 3.5 ym, laser power P = 50 yW, and Vg, = 0.3 V. The red solid
curve shows a fit to eq S1 with the best fit parameter 7, = 4 pus.

efficiency (IQE), where one takes only the graphene’s intrinsic
optical absorption of 2Zy6o/(n, + 1) ~ 1.8% ® into account and
assumes perfect e—h pair generation/detection without
recombination, where Z, is the vacuum impedance, ¢, = 7e*/
2h is the quantum conductivity, and ng = 1.67 is the refractive
index of the sapphire substrate at a wavelength of 3.5 ym.”” The
measured values for AE¢ and An greatly exceeding an ideal IQE
scenario, especially more than a factor of 3 at a low power limit,
strongly indicate that an electronic gain exists due to extra
charges supplied (or photogated) from the Bi,Se; layer.

To further demonstrate the device performance, we convert
the responsivity to the specific detectivity,
D* =R X Al/z/(ZeIdark)l/2 [ecm-Hz!'> W' or Jones], reflect-
ing the signal-to-noise ratio of the device, where R is the
responsivity and A is the illuminated area of the device. Figure
3c shows D* as a function of the gate bias voltage. The
maximum value of D* is 1.7 X 10° cm-Hz//W for Ve =0.08V
at room temperature. Although this value is comparable to that
of commercial IR photodetectors based on low-band-gap
semiconductor compounds,®® it is considerably high because
our detector operates in the mid-IR region at room
temperature. We also examined the dynamics of the photo-
response (Supporting Information Figure S$3), in which we
assume a square light pulse of duty cycle 50% with frequency f
is generated by a mechanical chopper (upper diagram), while
the time dependence of the photocurrent from the device is
low-pass-filtered due to a finite response time, 7,, whose rms
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value is measured via a lock-in amplifier (SR850). Thus, we
model the rms current detected in lock-in as

Ilockfin (f) =

where O(t) is the Heaviside step function, and the above
equation is used fit to the measured I,y ;,(f) to extract 7, = 4 us
for our device. The response time (z,) of the device, which is
another figure of merit, is shown in Figure 3d. The data were
taken by measuring I, with a chopped laser beam (4 = 3.5 um,
P = 50 yW) with a variable chopping frequency. Assuming a
single-time characteristic response of the device, we model the
measured signal by the time-averaged rms value of a low-pass-
filtered current signal. By fitting the model curve to the
measured values, we estimated the quantum efficiency # and
the photoconductive gain G, in the following way. The
relationship between photoinduced carrier density An and 7
follows the equation An = 7,n®,, where 7, = 4 us is the device
response time estimated above and @, is the incident light
photon flux. We estimate 77 = 2.3% of our device at a 50 yW
mid-IR light power. G, is the number of detected charge
carriers per single incident photon and is calculated by G, =
(I/e)/(n®,). We obtained a G, of 30, and this indicates direct
evidence of the additional gain mechanism arising from a
photogating effect. Table 1 summarizes the key parameters of

Table 1. Performance Parameters in Various Graphene-
Based Mid-IR Photodetectors

responsivit}r operating V'
device structure (R) (AW™) atmax. R A (um)  ref
graphene/Bi,Se; 1.97 V=002V, 35  this
heterojunction ngs =05V work
graphene quantum-dot- 0.4 Ve =002V 10 12
like-array structure at
12 K
graphene coupled to Si 0.13 Vg =15V 275 40
waveguide
graphene/metallic antenna 0.4 V=5V, 445 11
heterojunction ngs =06V
graphene double-layer 11 V,=—-60V, 32 41
heterostructure ngS =15V

our device compared with various graphene-based mid-IR
photodetectors.“’39_41 The high responsivity, low working bias
voltage, fast response time, and simple fabrication with an
intrinsic tunneling barrier make our graphene—Bi,Se; hetero-
structure a promising platform to develop highly efficient mid-
IR photodetectors.

We now turn to discuss the IR spectral range of our
photodetector by measuring wavelength-dependent responsiv-
ity. Figure 4a and b show I as a function of laser power at two
gate biases for 2.07 ym (Figure 4a) and 1.3 um (Figure 4b)
photon wavelengths covering both the near-IR and IR range.
Here, the near-IR pulses centered at 1.30 and 2.07 ym were
directly generated in an optical parametric amplifier (Coherent
OPA 9850). An even larger responsivity of about a factor of 4
times (1.5 times) enhancement at 1.30 gm (2.07 um)
compared to the 3.5 um wavelength suggests that the device
responsivity is closely related to hot-carrier injection and
tunneling rate, which is proportional to the photoexcited carrier
energy. Significantly, the near-IR responsivity of the device

1 ety L _ _ VY e—(t—i)/rr 1 i
ffo [Isat{(l )H(Zf t)+ (1 Ye U H(t 2f)}] dt
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reaches 2.7 A W™ at A = 2.07 ym (Figure 4a) and 8.18 AW™!
at A = 1.3 um (Figure 4b) at room temperature. The strong
photogating effect and gate modulation of the photoresponse
indicated by large enhancements of AE; and An (Figure 4c and
d) compared with graphene without Bi,Se; are again clearly
observed in the near-IR regime (see Supporting Information
Figures SS and S6 for the complete gate-tunable photocurrent
response for 2.07 and 1.3 ym).

120
a oV oV b 120 Ev—— -
os C s )
_o_vss =04V o/ —— VSs = Oy}"
80} Q/ sol .
! / < / Y
& 40r d /“ T 40} @ 0/
/ o / /0/
0= > 0 :/°
0 10 20 30 40 05 10 15 20
Power (uW) Power (uW)
c d 600
s S . o
2 400}
£ £ °
I‘ Wi~ 200+ 9
< i -
—_~ 0 IQE = 100%
& S ol X
© S 1o o qe-1000
Z = ° ’
Ol@oumqommmmmmmsmm=-
5 2 0 10 15 20
Power (uW) Power (uW)

Figure 4. Photoresponse of the heterostructure graphene—Bi,Se;
photodetector with near-IR light illumination. (a, b) Photocurrent as
a function of laser power at Vi = 0 (purple) and 0.2 V (blue) with
illumination of light having a 2.07 ym (a) and 1.30 um (b) photon
wavelength. (c, d) AE; (upper panel) and the corresponding An
(bottom panel) of graphene as a function of light power with
illumination of light having a 2.07 ym (a) and 1.30 um (b) photon
wavelength. The solid (dashed) curve in the top (bottom) panel in (c)
and (d) shows the expected AE; (An) for graphene without Bi,Se;
assuming perfect internal quantum efficiency (IQE).

Finally, it is worth discussing the difference between the
photocurrent response using a short pulse and the continuous
wave (cw) laser excitation. For the mid-IR and IR photo-
response measurements, we have used wavelength-tunable
femtosecond laser pulses. In general, a short-pulse laser has an
intense energy per pulse, which can instantaneously heat the
graphene—Bi,Se; heterostructures and effectively generate
more thermoelectric current than the cw laser source. Indeed,
prior studies have investigated the thermoelectric characteristics
of graphene’ and revealed more thermoelectric current is
generated compared to the short-pulse excitation. When no
source—drain bias is applied, the primary photoresponse of
graphene follows the photothermoelectric effect”** due to the
small heat capacity of carbon atoms. However, the main
mechanism of our device is the photovoltaic effect under
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applied source—drain bias, and it is proportional to the
generated electron—hole pairs depending on both the incident
photon energy and the average power of excitation
pulses.”"*** Also, the short-pulse laser is focused on the
cross-section of graphene—Bi,Se;, which is in the middle of the
channel to minimize the possible thermoelectric effect.
Therefore, a quantitatively negligible difference of the photo-
current is expected in using the pulse laser compared to the cw
laser.

In summary, broadband light absorption of small-band-gap
Bi,Se; combined with an intrinsically formed tunnel barrier and
high mobility graphene enables sensitive photodetection
covering the mid-IR and near-IR regimes at room temperature.
A strong photogating effect and efficient carrier separation
show a record-high responsivity at mid-IR wavelength. In fact,
Bi,Se; is an exemplary three-dimensional topological insulator,
where a spin-momentum-locked metallic surface state coexists
with low-band-gap insulating bulk states*>* due to band
inversion induced by a strong spin—orbit coupling. Indeed,
light excitation can strongly interact with the surface electrons
of Bi,Se;, and helicity-dependent spin photocurrent control
including spin injection and detection is of current interest."’
Although we use an unpolarized light source, we do not rule
out the possibility of photoinduced surface electron and hole
separation at the Bi,Se;/graphene interface. We expect that the
device platform developed here with a natural tunnel barrier
can also be used for efficient spin injection and detection.*® In
this respect, it might be possible to conduct a new spin-
optoelectronics experiment by inducing a spin-polarized
helicity-dependent photocurrent in topological insulators
using circularly polarized light and detecting nonlocal spin
voltage, for example, with ferromagnetic electrodes prepared on
the graphene layer. Even with photoinduced charge transport
only, our results provide a novel route to realize graphene-
based high-performance mid-IR photodetectors at room
temperature.

B METHODS

Device Fabrication. The graphene and the Bi,Se; used in
this work were synthesized by the CVD method and MBE
technique, respectively. The sample qualities are characterized
by XPS measurement and TEM measurement. They show the
existence of an oxide layer between Bi,Se; and graphene. The
bottom Bi,Se; was synthesized on a sapphire substrate, and the
top graphene was transferred onto the Bi,Se; by a wet transfer
method. A rectangular pattern for both graphene and Bi,Se;
was formed by standard photolithography and reactive ion
etching. Cr/Au (5/50 nm) electrodes on graphene and the
Bi,Se; were metalized by a commercial thermal evaporator.

lon-Gel Information. The ion-gel that we used in our
device consists of a room-temperature ionic liquid ([EMIN]-
[TESI]) and gelating triblock copolymer ([PS-PMMA-PS]),
which exhibits an extremely high capacitance of 5.17 yF cm™.
The ionic liquid, triblock copolymer, and ethyl acetate solvent
are mixed according to a mass ratio of 9.3:0.7:90, respectively.
Then, to make a uniform mixture, it was put on a spin coater at
1200 rpm for 2 h.
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