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ABSTRACT: Ionic liquid gating has proved to be effective in inducing
emergent quantum phenomena such as superconductivity, ferromagnet-
ism, and topological states. The electrostatic doping at two-dimensional 60980

interfaces relies on ionic motion, which thus is operated at sufficiently s "5
high temperature. Here, we report the in situ tuning of quantum phases . s Y’
by shining light on an ionic liquid-gated interface at cryogenic
temperatures. The light illumination enables flexible switching of the X
quantum transition in monolayer WS, from an insulator to a
superconductor. In contrast to the prevailing picture of photoinduced

carriers, we find that in the presence of a strong interfacial electric field
conducting electrons could escape from the surface confinement by
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absorbing photons, mimicking the field emission. Such an optical tuning tool in conjunction with ionic liquid gating greatly facilitates
continuous modulation of carrier densities and hence electronic phases, which would help to unveil novel quantum phenomena and

device functionality in various materials.

KEYWORDS: Ionic liquid gating, transition metal dichalcogenides, superconductivity, light illumination, quantum phase transition,

field emission

he electric field control of carrier density is pivotal for

uncovering many interesting quantum phenomena such
as superconductivity and charge density wave and constructing
functional devices. While traditional field-effect transistors
(FETs) made of solid dielectrics typically exhibit sheet carrier
density n,p, around 10" cm™, the electric-double-layer
transistor (EDLT) based on the ionic liquid can accumulate
carriers up to 10" or 10" cm™, which is sufficiently high for
accessing various kinds of quantum phases.'~'® The working
principle is straightforward: above the glass transition temper-
ature of ion liquid, the gating electric field drives mobile
cations to the sample surface, forming an electric-double layer
together with the induced electrons inside the material; as the
thickness of the double-layer capacitor is less than 1 nm, the
capacitance has orders of enhancement in magnitude.'” Hence,
it was widely applied in material science, contributing to
fruitful results. For instance, superconductivity has been
induced in many systems, including SrTiO,;' ZrNCl,’
KTaO,," transition metal dichalcogenides (TMDCs),*”'*"®
and so forth. The drawback, however, is that unlike the
traditional FETs whose gating voltage could be changed at
arbitrary temperatures the EDLT cannot adjust its gating field
at low temperatures due to the frozen ionic liquid.
Consequently, to characterize a quantum phase transition as
a function of doping, multiple ionic liquid gating need to be
conducted at a temperature higher than that freezes the ionic
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motion which is not only time-consuming but, more
importantly, might cause inconsistency between electronic
states accessed by different ionic gatings. The recent
development of the “thermal release” technique extends the
operating temperature below the glass transition temperature
of ionic liquid."”” Nevertheless, the highly demanding in situ
control of quantum phase transition at cryogenic temperature
has not been achieved.

Independent of electric gating, light illumination has proved
to be possible to tune the carrier density in many systems, such
as bare SrTiOs,'"” SrTiO5/LaAlO; interface,”’ > YBa,Cu,0,,”’
AlGaN/GaN interface,24 graphene/BN heterostructures,25 and
graphene/SiO, heterostructures.”””” The underlying mecha-
nism is that photons activate trapped carriers and increase
carrier density. Because of the ultralow recapture rate in certain
circumstances, this phenomenon can show persistent photo-
conductivity. Especially, if the conductance channel is spatially
separated from trapping sites (i.e., charged defects), the effect
of light illumination resembles the electrostatic gating and the
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mobility as well as carrier density is significantly enhanced.
When applied together with the electric gating field, light
illumination has been reported to accelerate interface polar-
ization in SrTiO;/LaAlOj interface,” or enable charge transfer
across TMDCs/graphene hybrid structures,”””’ or help
Fowler-Nordheim tunneling across graphene/boron nitride/
graphene heterostructures,” which show the promising
application of novel-type optoelectronic devices. As the ionic
liquid transistor is also endowed with an ultrastrong electric
field, the optical stimulus may also provide additional control
of carrier density.

In this study, we report light illumination controlled
electronic phase transition of monolayer TMDCs in an ionic
liquid field-effect transistor. Distinct from the traditional light
excitation of trapped charge carriers, we observed that the
carrier density is decreased by the illumination, which drives a
quantum phase transition from the re-entrant insulating state
to an Ising superconductor in monolayer WS,. Further
investigation of its dependence on wavelength and the work
function of studied materials suggests a plausible field-emission
model, in which photons assist the accumulated electrons in
TMDCs to tunnel through the surface potential barrier
modified by the strong interfacial electric field between ionic
liquid and TMDCs. Our optical stimulus can be operated at
cryogenic temperatures when ionic liquid is frozen, which
hence exactly compensates for the shortcomings of ionic liquid
gating.

We start with the EDLT of monolayer WS,, a prototypical
semiconducting TMDCs. The device structure and measure-
ment scheme are depicted in Figure la. The monolayer WS,
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Figure 1. Light controllable electronic phase transition in ionic gated
monolayer WS,. (a) Schematics of an EDLT of monolayer WS,
exposed to light illumination. Cations (DEME") and anions (TFSI")
are denoted by red and blue spheres, respectively. Inset: A magnified
view of the interface between the monolayer WS, and ionic liquid
where an electric field in the order of 1 V/nm is established. (b) The
sheet resistance R, of monolayer WS, as a function of exposure time
under the light of A ~ 462 + 15 nm at 80 K. The light power is set to
be 0.5 mW. (c) Temperature dependence of R, with various exposure
times. Each curve has a correspondence to a circle of the same color
in panel (b). As the exposure time increases, a clear insulating phase
to the superconducting phase transition is revealed. Inset: Enlarged
view of the phase transition in the linear scale.
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flakes are mechanically exfoliated from bulk crystals and
standard electron-beam lithography is followed to make EDLT
devices with ionic liquid of N,N-diethyl-N-(2-methoxyethyl)-
N-methylammonium bis(trifluoromethylsulfonyl-imide)
(DEME-TFSI). The light source is a commercial light-emitting
diode (LED) and the illumination is conducted either inside
cryostats or through an optical window. At 220 K, the gate
voltage Vg is scanned between 0 and 6.5 V with a rate of 0.05
V/s (see Supporting Information (S1) Figure 1). During the
scanning process, the gate leakage current keeps below 1 nA,
excluding any electrochemical reaction (SI Figure 3). After
several cycles, we fixed the Vg at 6.5 V and cooled down the
device to 80 K immediately. As highlighted by the red arrow in
Figure 1c, the monolayer WS, is highly doped, entering the re-
entrant insulator (as the initial state). It is worth noting that
the ions are completely frozen at 80 K, so grounding the gate
electrode has no influence on keeping the gating effect. Then
at 80 K, the WS, sample is exposed to the blue light at 4 ~ 462
+ 15 nm (0.5 mW). Figure 1b shows the time-dependent sheet
resistance R, under successive illumination. In contrast to the
normal photoconductivity caused by exciting electrons from
valence to conduction bands, the change of Ry is persistent
even after switching off the light. The further distinction can be
seen by evaluating the temporal change of R; as a response to
the switching on and off the light illumination, where the
expected instantaneous response of photocurrent is lacking (SI
Figure S and SI Note 2). The remarkable decrease of R
signifies a dramatic change in electronic states. At each selected
exposure time, the temperature dependence of R, is measured
down to 2 K, which is plotted in Figure lc. An unambiguous
re-entrant insulating—superconducting phase transition could
be observed when the exposure time increases (see additional
high-quality devices on boron nitride flakes in SI Figure 4,
where the T, can reach ~5 K).

At first glance, the phase transition to superconductivity
could be interpreted by the light excitation of trapped electrons
in the localization centers. To check this explanation, Hall
measurements were carried out to characterize the evolution of
carrier density during the light illumination process (SI Figure
2). Here we focus on the mobile carriers that can be measured
by Hall effects of metallic states, since in the re-entrant
insulating states the Hall signal is only contributed by the
remnant mobile electrons whereas a large portion of electrons
is localized and cannot be detected. Also, the linear R,-B
relationship could be well resolved solely in the metallic states
at low temperatures while the Hall signal is much noisier in the
insulating states. In Figure 2a, two regions of the insulating and
superconducting states can be identified by temperature-
dependent sheet resistance extracted from Figure Ilc.
Surprisingly, the carrier density keeps decreasing with
increasing exposure time (Figure 2b and SI Figure 2), which
is in contrast to the conventional scenario in which more
carriers are generated by optically exciting trapped electrons.
Concomitantly, the carrier mobility rises gradually (Figure 2b),
so does the superconducting critical temperature T, (Figure
2¢c). The opposite trend of carrier density and mobility infers
that neutral defect scatterings (short-range interaction)
dominate the mobility because charged impurity centers
(long-range) tend to be screened hence are causing less
scattering when the carrier density becomes higher. On the
other hand, the positive relation between mobility and T,
suggests the existence of charged defect scattering which is
known to renormalize the Coulomb interaction between

https://doi.org/10.1021/acs.nanolett.1c01467
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Figure 2. Evolutionary superconducting properties induced by light
illumination. (a) The exposure time dependence of R, at various
temperatures, indicating the insulating and superconducting regions
color-coded by red and blue, respectively. (b). The Hall carrier
density ny; and mobility as a function of the exposure time at 50 K are
plotted on the left and right axes, respectively. The former is fitted by
a stretched exponential decay law (black solid line). The dashed red
line is a guide to the eye. (c) Superconducting critical temperature T,
as a function of the exposure time. T, is defined at 50% of normal
state resistance. The dashed blue line is a guide to the eye.

electrons in Cooper pairs. Overall, mediated by carrier density,
light illumination manages to turn the re-entrant insulator
directly into superconducting states and achieves fine-tuning of
various intrinsic properties of the electronic system.

To gain more insight into the illumination effect, we further
check its dependence on temperature and optical wavelength
in another similar sample. Here, we add two additional light
sources, that is, green (4 ~ 532 + 21 nm) and red (1 ~ 631 +
10 nm), and calibrate the power density for all the three LEDs
to quantify the illumination efficiency. Before each illumina-
tion, we warmed up the device to 220 K to erase all of the
doping effects then cooled down to desired temperatures and
repeated the same procedure. Because of the high stability of
electrostatic gating of EDLT, we could obtain nearly the same
initial state in every cycle of the measurement. In Figure 3a, the
wavelength is fixed as 462 + 15 nm and the temperature is
chosen at 20, 80, 130, and 160 K, respectively. Without
illumination, the electronic state is found to be insulating: R,
increases from 19 k€ at 160 K to 660 k€2 at 20 K. After 20 min
of exposure, the sample approaches a saturation state that
behaves to be metallic (denoted by dashed lines at each
temperature): R, decreases from 7.4 kQ at 160 K to 1.4 kQ at
20 K. Although the change of R at 20 K is two orders larger
than that at 160 K, the sheet resistance versus exposure time
shows a similar trend within the wide temperature range. It
seems that the temperature difference in the order of 10 meV
has no notable influence on the illumination efficiency, which
suggests that heating should not play an important role. In
contrast, the photon energy may vary in the order of
electronvolts in the visible range. Figure 3b shows the sheet
resistance versus time with the different wavelengths from 462
to 631 nm. The constant-temperature measurement (80 K)
enables direct comparison of the illumination efficiency
defined by D = AR,/At, which could be extracted within the
linear region at the beginning of the exposure. As shown in the
inset of Figure 3b, illuminating with photons of higher energy
clearly causes a faster decrease in the resistance. Note that it is
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Figure 3. Dependence of light illumination on temperature and
wavelength. (a) R; of monolayer WS, as a function of exposure time at
20, 80, 130, and 160 K, respectively. Dashed lines indicate the
magnitude of saturated resistance at different temperatures. The
exposure time required to saturate does not have a strong temperature
dependence. The light used is 462 + 15 nm and S mW. (b) With the
light of 462 + 15, 532 + 21, and 631 + 10 nm, R, of monolayer WS,
decreases rapidly then tends to saturate. All of the data are taken at 80
K. The light power is set to be S mW for each light source. Inset: The
illumination efficiency D is defined by the decay rate of R, in the
initial linear range. Horizontal error bars correspond to the half-width
of the emission spectra. Vertical error bars are estimated from the
uncertainty in the range chosen for the linear fitting.

the red light, rather than the blue one, that has energy close to
the direct exciton of WS, around 2.1 eV.>* This may indicate
that the resonant absorption is not intimately related to the
mechanism of the illumination effect. Furthermore, the
photoconductivity generated from the optical excitation
shows no influence on the illumination effect, which is
probably overwhelmed by the high electron doping in the WS,
(see SI Figure S).

So far, we have been limited to the metallic region for the
analysis of carrier density, due to the difficulty to get carrier
density in the strong insulating state of monolayer WS,. To
evaluate the illumination effect in a wider range of ionic liquid
gating, in the following we examine the EDLT of MoS, that
has very weak insulating behavior. Under the successive blue
light illumination, R, of MoS, can be also effectively
modulated, similar to the performance of WS, (Figure 4a).
As shown in Figure 4c, the temperature-dependent R is
measured with different exposure time, where a re-entrant
insulating to metallic phase transition could be identified. The
absence of the superconductivity in all the metallic states is
probably due to the low T, of monolayer MoS, that has been
reported to be lower than our base temperature.'”'® Thanks to
the very weak insulator, the linear R,,—B relationship can be
obtained across the whole gating range at low temperatures. As
shown in Figure 4b, the carrier density as a function of
exposure time is qualitatively similar to that in WS,, although
the magnitude of carrier density and its variation are nearly
three times larger in MoS, (see SI Figure 2). As for mobility, a
similar trend with exposure time can be observed. Con-
sequently, we can now conclude that the light illumination
universally decreases carrier density in EDLT of monolayer
TMDCs

To understand the unusual dependence of the carrier
density on light illumination, here we tentatively understand it
with a photon-assisted field emission model. In the presence of
the extremely strong interfacial electric field reaching over 1 V/
nm, the surface barrier of monolayer TMDCs in the real space

https://doi.org/10.1021/acs.nanolett.1c01467
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Figure 4. Light illumination on ionic gated monolayer MoS,. (a) R; of
monolayer MoS, as a function of exposure time with the light of 462
+ 15 nm at 80 K. The light power intensity is set to be 0.5 mW. (b)
The Hall carrier density ny; and mobility as a function of exposure
time at 50 K are plotted to the left and right axes, respectively. ny; is
fitted by a stretched exponential decay law (black solid line). The
dashed red line is a guide to the eye. (c) Temperature dependence of
R, with various exposure times. Each curve corresponds to a circle of
the same color in (a). Note the initial state is only weakly insulating
and no superconductivity is observed above 2 K.

is significantly modified (see the rounded triangular shape in
Figure Sa) and can be expressed as

2
[4
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Figure S. Photon-assisted field emission model in the ionic liquid
transistor. (a) Strong interfacial electric field F reshapes the potential
barrier into a rounded triangle, which greatly enhances the tunneling
probability of electrons that have absorbed photon energy (left panel).
Because of the atomic thickness, band edges of monolayer TMDCs
are denoted by an energy level without bending. When the carrier
density is low, the Fermi level E; decreases and so does the field
strength F. Consequently, the tunneling process is suppressed and the
resistance/carrier density saturates (right panel). A¢: the energy
difference between Ej and the vacuum level E,.. (b) The magnitudes
of A¢ (dashed line) in saturation states are compared for MoS, and
WS,. The conduction and valence band edge and band gap are also
indicated referring to the vacuum level E,, .. The red filling denotes the
band filling by remnant electrons, which are distinct for MoS, and
WS,, leading to different electric fields and hence surface potential
barriers. The energy difference denoted by the gray color (AE) is
approximately equal to that of A¢ in these two materials (see text).

6803

where A¢ is the energy difference between the Fermi level Eg
and the vacuum level E,,, F is the interfacial electric field, g, is
the vacuum permittivity, e is the elementary charge, and «x is
the distance from TMDCs. The electron tunneling probability,
described by the celebrated Fowler—Nordheim (FN) law

adapted for a 2D planar electron emitter,”>** could be written
as
P x exp(—ﬁ)
F @)
S (¢ _ %U )3/2
where f = ————"—, m is the effective mass, hv is the

3eh
photon energy, and % is the reduced Planck’s constant.

Qualitatively, as shown by the left panel of Figure Sa, assisted
by photons of several electronvolts, electrons would have
sufficient energy to tunnel through the triangular surface
potential barrier and are subsequently captured by positively
charged ions (i.e., neutralization) in the ionic liquid. Hence,
the effective charges within the electric double layer, that is, the
density of cations on the left and electrons on the right side of
the potential barrier, start to decrease, which in turn weakens
the electric field F that shapes the surface potential barrier. As a
result, the tunneling probability decays exponentially. With a
long time of light exposure, we finally reach the situation
indicated in the right panel of Figure Sa in which residual
electrons in the conduction band are prohibited to tunnel
through the nearly unmodified potential. Therefore, the
illumination effect is suppressed and both R, and ny saturate.

More quantitatively, we could examine the model by
comparing the saturation state between MoS, and WS,.
First, we find the exposure time-dependent carrier density
could be well fitted by Kohlrausch formulizm which usually

describes complex systems approaching e«;luilibriurn35’36
ny(t) — n .
———— = exp[—(t/7)]
nH(O) - Ny (3)

where 7, @, and 5, stand for the exponential decay time, the
decay exponent (0 < @ < 1), and the saturation-state carrier
density, respectively. The fitting could also be justified by
considering that the electronic system exposed to light is not in
equilibrium, which is consistent with the literature.*”*® The
fitting parameter 7, are 9.44 X 10" and 2.92 X 10" cm™ for
MoS, and WS,, respectively (see fitting curves in Figure 2b and
Figure 4b). Then we could estimate A¢ in eq 1. As the band
structure of monolayer TMDCs is well documented, the 2D
DOS (Z:hz) associated with different valleys could be directly

calculated with valley degeneracy and effective mass.”” Hence,
we can reliably obtain corresponding Fermi levels Eg for the
above saturation states (see SI Table 1). Take theoretical
values™ of work function ¢, (MoS,, 5.07 eV; WS,, 4.73 eV),
band gap A (MoS,, 1.59 eV; WS,, 1.54 eV) and Fermi energy
Ep, A¢p = ¢y — Ex — A/2 are calculated to be 4.06 and 3.87 eV
for MoS, and WS,, respectively (Figure Sb). The tiny
difference of ~190 meV could be attributed to the
modification of the surface barrier by different interfacial
electric field F. Considering that the tunneling process occurs
below ~1 nm in the monolayer TMDCs, we roughly estimate
the energy difference between these two surface barriers by
using a parallel-plate capacitor AE = ¢!An/Cy, where An is the
difference of n; in the two materials and Cy is the capacitance

of ionic liquid. Using Cy;, = 20—60 uF/ cm? "' ™** we obtain AE
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= 173—521 meV, which agrees well with the energy difference
in Ag.

Although the above comparison between different materials
gives strong evidence of the field emission model, the
dependence on optical wavelength is not yet clear on a
quantitative level in this model. This is because the
determination of the photon energy threshold needs the
detailed distribution of electric field within the electric-double
layer which is still highly debated. Qualitatively, the light of
higher energy should be more efficient to help the tunneling,
consistent with experimental results (Figure 3b) where
illuminations in blue and green have a much more remarkable
decay rate than the red light.

Finally, we would like to briefly discuss the fate of the
emitted electrons. The principle of the electric-double layer in
the ionic gating suggests that the cations and the induced
electrons in the channel should have one-to-one correspond-
ence. As the carrier density is shown to decrease during light
illumination, cations must be changed simultaneously.

Capturing an emitted electron in the double layer is
expected to passivate a cation. In electrochemistry, it is well-
known that when the bias voltage exceeds a certain threshold,
cations will obtain electrons from the cathode causing
reductive reaction. For ionic liquid, the reduction usually
results in the decomposition of cation into fractional
molecules.**° In our system, the electron emission occurs at
cryogenic temperature at which ionic motion of cations are
frozen. It is, therefore, not clear whether the cation has
sufficient chemical kinetics to have an immediate chemical
reaction. The chemical resilience at lower temperature has
been well demonstrated by the significantly enlarged chemical
window that allows electrostatic gating at 220 K up to 6.5 V,
compared with the commercially specification of ~3 V at room
temperature (SI Figure 3). Considering the high stability, it is
possible to accommodate the electrons as unpaired electron
mimicking the formation of “color center” in ionic crystals.
Here, for frozen ionic liquid at the interface there should be
abundant interstitial sites to capture the emitted electrons.

Although the details need further identification (see more
discussion about any possible electrochemical reaction in
Supporting Information), the scenario of passivating cations
agrees with the experimental observation, for instance, the
increase of electron mobility during light illumination (Figure
2b and Figure 4b). The dominant scattering with electrons in
the ionic liquid transistor is believed to be from nonperiodi-
cally distributed cations. Especially, considering that the ions in
the double layer may be not uniform in the z-direction, the
protruded cations have the strongest electric fields so that
these sites that contribute most to the scattering are easier to
be passivated. Therefore, despite the decreasing electron
density that provides poorer Coulomb screening of cations,
the significantly reduced cations and randomness leads to a
suppressed scattering rate and hence enhanced mobility.

In conclusion, we have observed an unusual light
illumination effect, which directly controls the electronic
phase transition from the re-entrant insulating to the
superconducting state in the ionic gated monolayer TMDCs
at cryogenic temperatures. Also, a photon-assisted field
emission model is provided to tentatively reconcile our
experimental results on both WS, and MoS, samples. The
light illumination established here could be extended to a wide
variety of ionic gated systems, pioneering a new method to
continuously control the electronic phase transition by tuning
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the carrier density. Moreover, the monolayer TMDCs based
EDLT integrated with optical modulation shows a high
efficiency on the switching from nonconductive states to
superconductors, which may bring broad prospects for device
applications.
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