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ABSTRACT: Two-dimensional materials are an emerging class of materials with a wide Energy (eV)

range of electrical and optical properties and potential applications. Single-layer 15 16 1715 16 17
structures of semiconducting transition metal dichalcogenides are gaining increasing : ' ‘
attention for use in field-effect transistors. Here, we report a photoluminescence 2 & =9
switching effect based on single-layer WSe, transistors. Dual gates are used to tune the - 7000
photoluminescence intensity. In particular, a side-gate is utilized to control the location 6000
of ions within a solid polymer electrolyte to form an electric double layer at the interface | Initial status Off | 0o
of electrolyte and WSe, and induce a vertical electric field. Additionally, a back-gate is 4000
used to apply a second vertical electric field. An on—off ratio of the light emission up to a2 2 - 2000
90 was observed under constant pump light intensity. In addition, a blue shift of the - - 1000
photoluminescence line up to 36 meV was observed. We attribute this blue shift to the
decrease of exciton binding energy due to the change of nonlinear in-plane dielectric
constant and use it to determine the third-order off-diagonal susceptibility 2% =3.50 x
107" m*/V2.
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chalcogenides (TMDs), with MX, stoichiometry, where
M is a transition metal element from group VI (M =
Mo, W) and X is a chalcogen (X = S, Se), have emerged as
promising materials, offering complementary characteristics to
graphene for electronics, photonics, and optoelectronics
applications because of their unusual electrical and optical
properties.' ® For example, these monolayers can be readily
assembled together like “Lego blocks”, without large lattice
mismatch effects, due to the interplane van der Waals forces,
which offer a convenient and flexible approach to design
various devices.” In addition, TMDs can be integrated into
photonic devices such as modulators, detectors, and optical
microcavities.” "> Furthermore, the high mobility and the
tunable bandgap of these materials enables them to be versatile
components for electrical and optical circuits.'*"¢
Here we report a photoluminescence switching effect based
on monolayer WSe, transistors and an observation of a large
blue shift of the photoluminescence line up to 36 meV. The
photoluminescence (PL) intensity of the WSe, element was
tuned by applying vertical electric fields in a dual-gate
geometry. A back-gate is used to apply an electric field from
the bottom of the sample; a side-gate geometry and the electric
double layer (EDL) gating method were used to maximize the
electric field at the top interface of WSe,. When a side-gate
voltage is applied, ions within a solid polymer electrolyte

I ow-dimensional semiconducting transition metal di-

© 2021 American Chemical Society

WACS Publications

accumulate at the interface of the WSe, and induced
countercharges. This design has the benefit that the interface
electric field occurs across an extremely small distance, leading
to a large electric field (>10” V/cm) and high capacitance
density (1—10 xF/cm?)."””~"* Another advantage of using EDL
gating with side-gate geometry is that it does not block
observation from above the channel, as a conventional top gate
does, and therefore allows direct PL measurements from the
top, as well as convenient integration into optoelectronic
devices such as photodetectors or photoemitters.”

RESULTS AND DISCUSSION

We fabricated monolayer WSe, field effect transistors (FETs)
with two different types of the source materials, one which was
exfoliated and the other grown by chemical vapor deposition
(CVD). Figure 1(a) shows typical PL spectra carried out
before and after capping with the electrolyte poly(ethylene
oxide) (PEO):CsClO,. The capping led to a 17-fold increase
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Figure 1. (a) Typical photoluminescence spectrum of the exfoliated monolayer WSe, with (red) and without (blue) capping PEO:CsClO,. A
factor of 17 enhancement was obtained after coating along with decreasing the line width from 61.27 meV to 55.33 meV. (b) Schematic of
the WSe,-based transistors. S is the source, D is the drain, SG1 is side-gate 1, and SG2 is side-gate 2 (which was not used for these studies).
The source—drain channel length was about 10 gm. (c) Optical microscope image of the WSe,-based transistor with two side-gates (SG2 was
not used for these measurements). (d) Transfer characteristics of the FET before (blue) and after (red) depositing the PEO:CsClO,
electrolyte. The back-gate scanning rate is 4 V/s and side-gate scanning rate is 10 mV/s. Vg was kept at 100 mV. I and Iy are the leakage

currents of the side-gate and the back-gate, respectively.
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Figure 2. PL intensity in response to changing Vy; showing the switching effect. The top row is the PL spectra of the exfoliated WSe,
transistor in response to a +10 V back-gate voltage, shown at the bottom. The side-gate voltage is —2 V.

of the PL intensity and a narrowing of the full-width at half-
maximum (fwhm) of 6 meV. The increase of the PL intensity
may be explained by the motion of the ions to smooth the
extrinsic disorder, for example, helping to neutralize charged

1

9440

impurities in the WSe,.”' The electrolyte coverage may also

help to prevent the WSe, from oxidizing in the air.
For the first type of sample, an isolated monolayer, WSe,,

was mechanically exfoliated, with a typical size of 5 X 15 um?,
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Figure 3. (a) Schematic of exciton dipole arrangements in the absence of an electric field (left) and with dual electric fields (right). Ions are
randomly distributed if there is no voltage applied. When a negative Vg is applied, anions accumulate near the channel, while cations (not
shown) accumulate near the gate electrode, and the bulk part of the electrolyte remains charge neutral. (b) PL intensity of the exfoliated and
CVD WSe,-based transistors as a function of the back-gate voltage. The side-gate voltage was held at —2 V. The on/off ratios were 90 and 37,
respectively. All the data points are normalized by the maximum intensity.

from which a transistor was made. Figure 1(b) illustrates the
transistor design, and Figure 1(c) shows an optical microscope
image. A similar device was made using a CVD-grown WSe,
layer; the optical microscope image is shown in Supporting
Information Figure S1. The results of three-terminal transfer
measurements before and after depositing the electrolyte on
the exfoliated sample are shown in Figure 1(d). A typical
ambipolar transport behavior is observed in the transistor
based on exfoliated WSe,, suggesting that electrons and the
holes can both be accumulated depending on the polarity of
the applied gate voltage. The CVD-grown WSe, was p-doped,
with only the hole-conduction branch observable in back-gate
transfer measurements prior to the deposition of electrolyte
(see Figure S2). As seen in Figure 1(d), using the electrolyte
(red line) gave a 10-fold increase in the “On” current (n-
branch), with only 1/10 of the applied voltage, thanks to the
formation of the EDL and the resulting larger interface electric
field.

After the initial optical and electrical characterization, we
then performed gate-voltage-dependent PL measurements on
the exfoliation sample. To investigate the gate-voltage
dependence of the PL, we first applied —2 V on the side-
gate (SG1) and monitored the change of the WSe, channel
conductance with a small (100 mV) drain terminal voltage,
while the source terminal was grounded. In response to the
gate electric field, the cations and the anions within the
electrolyte redistribute.”»** The channel conductance in-
creased during this time as a result of the increase of the
charge carriers (i.e., holes) in the WSe, layer. After the ions
reach equilibrium, we then performed the PL measurements
and monitored the PL intensity variations as we tuned the
back-gate voltage. All the measurements were performed in an
ambient atmosphere at room temperature.

Figure 2 shows an unambiguous switching behavior, in
which the PL intensity is turned off and turned on by
modifying the back-gate voltages. PL intensity on/oft ratios of
90 and 37 were observed in the exfoliated and CVD-grown
samples, respectively, under the same conditions (the data for
the CVD device are shown in the Supporting InformationFig-
ure S3). For each voltage, we hold the voltage for 1 min before
PL measurements to allow the device to reach equilibrium.
The difference of PL intensity between initial, third, and fifth
PL measurements with zero back-gate voltage can potentially
be attributed to the lagging effect of exciton dipoles responding
to external electric fields. After removing the back-gate voltage
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the exciton dipoles require time to relax to an equilibrium
state, and each dipole’s final alignment directions may not be
the same as its initial direction. The relationship between
exciton dipole directions and PL intensity is discussed later in
this study.

Figure 3(a) is a schematic of device geometry and exciton
dipole arrangements in the absence of electric field (left) and
with dual electric fields (right), and Figure 3(b) shows the PL
intensity as the function of the gate voltage in both exfoliated
and CVD devices. In these measurements, the side-gate was
held at —2 V and the back-gate was swept in the range of [—10,
10]. Both samples show the switching effect. The on/off ratio
was determined to be 90 and 37 for the exfoliated and CVD-
grown samples, respectively. When the polarity of the side-gate
voltage was reversed, the on/off effect can still be observed by
tuning the Vj¢, but the on/off ratio decreased, as shown in the
Supporting Information Figure S4. A control experiment was
carried out to investigate the effect of removing the electric
field from the bottom-gate in the CVD-grown sample and only
applying the side-gate voltage. As expected, the change of the
PL intensity was still observed under the single side-gate
conditions, but the on/off ratio was reduced to 12 (Figure S3).
This indicates that the PL switching effect is stronger when a
vertical electric field is applied on both the side gate and back
gate.

The PL intensity modulation via the gate voltage can be
understood as follows. Initially, the excitons in the WSe, and
the ions within the electrolyte are randomly distributed
spatially, as illustrated in Figure 3(a). The applied negative
side-gate voltage causes anion accumulation at the interface of
the electrolyte and WSe,. In addition to inducing more holes in
the WSe,, the anions can also attract holes moving toward the
top interface while repelling electrons and moving them in the
opposite direction. When a positive back-gate voltage is
applied, the separation of the electron and the hole in an
exciton is increased, as the positive back-gate pulls the electron
toward the bottom and pushes the hole toward the top of the
WSe, layer. The further the electron and the hole are separated
spatially, the smaller the overlap of their wave function and the
lower the probability of their recombination. Hence, the PL
intensity can be turned oft when the two gates possess the
opposite polarity. However, it is turned back on when the
polarity of the two gates is tuned to be the same, as there is no
longer a force separating the electron and hole pairs within the
excitons.
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Figure 4. (a) PL spectra as a function of the side-gate voltage of the CVD-grown WSe,-based transistor. The back-gate was grounded. The
exciton energy can be determined by fitting the spectra with the Lorentzian model, and IAE_,, | = 36 meV is obtained. (b) Peak energy (red
dots) of the spectra for the positive polar side-gate overlaid with the calculation (gray line).

Additionally, when the two gates have the same polarity,
they induce the same type of charges in the WSe, (e.g, holes
when Vg < 0 V and Vg < 0 V), leading to a higher doping
density than with only one gate applied (e.g., Vg < 0 and Vag
=0 V). As a result, surface charges can be filled, which reduces
the nonradioactive relaxation channels and enhances the PL
intensity.21

The variation of the PL intensity may also be understood
from the change of the population of the excitons that are
aligned along the out-of-plane direction. Emission from
excitons with dipole moment in the out-of-plane direction is
optically forbidden; these excitons are known as “dark”
excitons.”* The dipoles within the WSe, layer are affected by
both the EDL at the electrolyte/WSe, interface and the back-
gate. When an anionic EDL is formed at the WSe, interface
and at the same time a positive back-gate is applied, a unipolar
vertical electric field is formed in the monolayer WSe,. It will
cause the dipoles in the WSe, to become vertically aligned and
therefore inhibit the emission in the out-of-plane direction.
Reversing the polarity of the back-gate voltage changes the
direction of the dipoles and thus reduces the populations of the
dark excitons in the system. Hence, the PL intensity recovers.

The single- and dual-gate measurements on the CVD-grown
sample helped test our hypothesis that the PL intensity is
strongly affected by the magnitude (Figure S3) and direction
of the applied electric field (Figure S4). As mentioned above,
the on/off ratio increased from 12 to 37 when an additional
gate with the same vertical electric field direction was applied.
Comparing the dual-gate measurements on CVD-grown and
exfoliated samples, the CVD-grown sample has a smaller on/
off ratio (37) compared to the exfoliated one (90), which may
indicate that the CVD sample contains more impurities than
the exfoliated sample. The defects and the impurities in the
CVD-grown sample can help to bind the carriers from being
polarized.

Note that in the voltage range used in this study, the
charging time of the EDL in the polymer electrolyte is tens to
hundreds of seconds;”” therefore, it would be challenging to
conduct a gate-dependent transient PL measurement in this
setup. However, our previous study shows that it is possible to
reduce the EDL formation time constant to microseconds (or
even nanoseconds based on modeling)** with significant

reduction of device size, which is a potential pathway to better
understand the charge carrier dynamics in this type of system.
Also to be noted is that because an EDL will form at both the
electrolyte—SiO, interface and the electrolyte—WSe, channel
interface, there is some capacitive coupling effect. However,
results from finite element modeling using COMSOL
Multiphysics (shown in Figure S5) suggest that capacitive
coupling from the nearby oxide does not play a significant role
in EDL ion density.

We also observed a large Stark shift (blue shift) by
controlling the side-gate voltage. This Stark shift was quite
different depending on whether the WSe, layer was exfoliated
or CVD grown. The exciton energy of the exfoliated sample
does not show an obvious change in response to the electric
field, but the CVD-grown sample shows significant modu-
lation, as shown in Figure 4(a). The gate-voltage-dependent
blue shift in this case was about 36 meV, which is the largest
tunability of this line reported so far.'»” The exciton energy in
this device shifted upward on both voltage polarities, but by
different amounts, which may suggest different surface electric
field magnitude. Although different ionic species accumulate at
the channel top interface under different polarities (i.e., a
cationic EDL forms at Vg > 0 V while an anionic EDL forms
at Vgg < 0 V), we do not anticipate a change in surface electric
field magnitude because our previous experimental results
using Hall effect measurements, transfer measurement,”>*° and
simulation results using finite element modeling”” suggest that
the cationic and anionic EDLs have very similar densities.
Thus, the shift may be related to the different times required
for exciton dipoles to be realigned to a new direction, but more
experiments and devices are needed, and answering this
question is beyond the scope of this study.

The quantum-confined Stark effect in a quantum well can be
described by the simple relationship AE o E* de4,28’29 where
E is electric field strength and the dqyy is the thickness of the
quantum well. The quantum-confined Stark effect gives a red
shift due to the applied electric field. Although the electric field
can approach 10’ V/em in our system, due to small thickness
of the monolayer WSe,, the electric field should not produce a
significant red shift. Similarly, the effect of the wave function
distortion in the vertical direction due to the electric field is
also negligible, even though it plays a key role in the shift of
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exciton energy in quantum wells.*® As discussed above, we
have observed a large blue shift of 36 meV in the devices with
CVD-grown material. We attribute this blue shift to the
nonlinear effect on the in-plane dielectric constant €, due to
the large vertical electric field E,. In general, the dielectric
constant can be expressed as ¢ = €,(1 + W+ y¥E + OB
+..), where ¥, n = 1, 2, 3, stands for the nth order (off-
diagonal) optical susceptibilities. Note that the interaction
between the electron and hole has a strong dependence on the
in-plane dielectric constant due to the screening effect, which
in turn modifies the exciton binding energy. Theoretically, this
interaction can be modeled by a Keldysh potential:*'

2
Ve(r) = E—[Ho(ﬁ) - YO(’:—:)] Here H, and Y, are the

8€rp "o

Struve and Bessel functions of the second kind and the
screening length r, = (¢ — 1)d/2 (with d = 0.658 nm being
the thickness of the monolayer) largely depends on the
dielectric constant. Furthermore, the value of linear suscept-
ibility 7Y & 14 for WSe, is known in the literature*****” and
the second-order nonlinear susceptibility ¥* can be ignored in
a uniform medium.*® Therefore, the lowest-order nonlinear
effect is attributed to the third-order optical susceptibility 3%,
which can be determined by numerically calculating the
exciton binding energy and fitting its change with respect to
the perpendicular electric field E,. Our result shows 7 =350
X 107" m?/V?% which is the same order as the third-order
diagonal susceptibility measured in others’ experimental work®”
(refer to the Supporting Information for details). In Figure
4(b), we present the measured PL peak energy along with the
theoretically calculated exciton energy as a function of the side-
gate voltage. The calculated exciton energy is shifted by a
constant in order to match the measured PL peak at zero
electric field.

CONCLUSIONS

Transistors made with WSe, of two different types show a
strong switching of the PL intensity under the applied electric
field. The mechanism of the intensity variation can be
attributed to the change of the background effective doping
density and the direction of the dipole moment of the excitons
as the electric field is varied. This effect may be useful for
photonic applications; future work on this system should
include detailed studies of the time-dependent behavior to
determine the switching speed.

The large modulation of the exciton energy can be explained
by the nonlinear effect on the in-plane dielectric constant
induced by the vertical electric field. This strong shift may be
of benefit when embedding TMD monolayers inside micro-
cavities to make exciton-polaritons, which have great promise
for photonic devices and Bose—Einstein condensation of
exciton-polaritons at room temperature. In general, exciton-
polaritons in microcavities are highly sensitive to the exact
detuning of the exciton and cavity photon energies, and having
direct, electrical control over the detuning provides a very
useful design element. While the large binding energy and the
strong oscillator strength*®*" of the excitons in TMD materials
are well known, the large tunability of the exciton properties
seen here raises many possibilities for all-optical devices at
room temperature in the future.*’

METHODS

Device Fabrication. An isolated monolayer WSe, with a typical
size of 5 X 15 pum® was mechanically exfoliated from bulk crystals
(purchased from 2D Semiconductors). The whole sample was
fabricated by the standard dry transferring method to the surface of
a p-doped silicon substrate with 90 nm SiO, coating (purchased from
the Graphene Supermarket). Two contacts were written on top of the
flake via e-beam lithography, to give a parallel electric field to the
surface as the source (S) and drain (D); two side leads were written
off the flake for applying the side-gate (SG) voltage. This was followed
by an e-beam deposition of Ti/Au 3/100 nm. The metal was grown at
a pressure of 107 Torr. We made a similar device on a CVD-grown
sample (material provided by 2DLayer).

Electrolyte Preparation. The dual-ion conducting polymer
electrolyte (PEO:CsClO,) was prepared similarly to previously
published work.”® PEO (Polymer Standards Service, M,, = 94 600 g
mol™) and CsClO, (Sigma-Aldrich, 99.9%) were dissolved in
anhydrous acetonitrile (Sigma-Aldrich) to make a 1 wt % solution
with an ether oxygen to Cs molar ratio of 20:1 (concentration of salt
in PEO is 1177 mol/m®).

Optical Measurements. A He—Ne laser with a spot size of 1 yum
at normal incidence through an 50X Mitutoyo microscope objective
was employed as the pump source. The PL spectra were collected by
the same microscope objective and directed toward a charged couple
device (CCD) equipped spectrometer.

Electronic Characterization. A Keysight B1S00A semiconductor
parameter analyzer in a Lakeshore cryogenic vacuum probe station
(CRX-VF) at a pressure of 2 X 107 Torr is exploited. For the transfer
measurements in Figure 1 the scanning rate is 4 V/s for the back-gate
and 10 mV/s for the side-gate. Vg was 100 mV for both
measurements.
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