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diode, a Zener diode, and a forward rectifying diode were obtained from 3;1 o | Zoner diode 1
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steep subthreshold swing of 55 mV/dec was achieved in a top-gated 2D -2 Vv 2

BP—MoS, junction. Our simple device architecture and chemical

doping-free processing guaranteed the device quality. This work helps
us understand the fundamentals of tunneling in 2D semiconductor heterostructures and shows great potential in future

applications in integrated low-power circuits.
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onventional metal—oxide—semiconductor field effect

transistors (MOSFETs) using silicon are about to

reach a fundamental scaling limit because of the short
channel effects induced by degradations in electrostatic control.
The fundamental thermionic limitation of the subthreshold
swing (SS) is another challenge to MOSFETs." Tunnel field
effect transistors (TFETs) are considered to be a leading
solution for achieving a subthermionic SS of <60 mV/dec via
quantum mechanical band-to-band tunneling (BTBT), which
will decrease the power consumption.””* Two-dimensional
(2D) semiconducting materials’™® are promising for TFET
applications since they possess energy band gaps in a range of
0.4—1.2 eV, which is appropriate for scaled, low-power devices.
Their ultrathin bodies make a smaller tunneling distance
possible, giving rise to a high tunneling current. The absence of
dangling bonds on the surface of 2D semiconductors provides
sharp band edges with minimal trap states.”’® The realization
of TFETs requires highly staggered or broken-gap band
alignments, in which highly doped semiconductors'' or thin-
body semiconductors that can be easily modulated by
electrostatic gating are usually used."”
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Black phosphorus (BP) is a promising 2D semiconducting
material for use in TFETS since multilayer BP possesses a small
direct band gap of ~0.4 eV, a small transport effective mass
(m*) of 0.15my, an anisotropic m* that increases the density of
states near the band edges, and a high mobility. A steep and
clean junction can be formed between p- and n-type BP with
the help of doping or electrostatic gating, potentially enabling a
TFET with a subthermionic SS."° Unfortunately, BP is a
temperamental p-type semiconductor that shows a strong
pinning effect at the metal-BP interface.'*™'¢ Although
aluminum (Al) contacts resulted in an n-type BP transistor,'’
it is still difficult to obtain homogeneous BP TFETSs due to the
limited gate tunability of this n-type BP transistor. Researchers
are still seeking stable and effective doping methods for BP.'®"”

Small band gap 2D transition metal dichalcogenides
(TMDCs) with ambipolar performance, such as molybdenum
ditelluride (MoTe,) or tungsten diselenide (WSe,), may be the
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Figure 1. Device schematic and electrical performance characterization. (a) Schematic of BP—MoS, heterojunction device and the external
circuit. (b) Transfer characteristics of MoS, and BP; BP flakes are of different thicknesses. (c) Band alignment between Mo$S, and BP. Work
functions were obtained by KPFM; BP flakes of different thicknesses were measured. (d—f) Diverse diode properties of BP—MoS,

heterojunctions composed of BP with different thicknesses.

next candidates.”””" However, reliable doping techniques for
TMDCs have not been well developed so far.”* The use of
electrostatic gating techniques to realize a TFET requires dual
gating, which adds design complexity and is not energy
efficient.”® Furthermore, the deposition of a high-quality high-k
dielectric for effective gating of a TFET remains a challenge
that must be addressed for TMDCs. Lateral WSe, TFET's have
been achieved with the utilization of poly(ethylene oxide) and
cesium perchlorate (PEO:CsClO,) ion doping and top gating
with a high-k ALOj; dielectric** (where a large SS of 200 mV
was achieved). 2D heterostructures with two different semi-
conductors stacked together could be a good approach to
realize TFETs. One advantage of heterojunctions is that we
have a big family of 2D materials with various carrier densities
and electron affinities for the design of band alignments that
can match the requirement of TFETs.”® Second, vertical
heterojunctions are more process-friendly compared to lateral
homogeneous TFETS, which require precise patterning of the
n- and p-type semiconductors.””*’ Moreover, the vertical
structure can provide a much larger planar junction area, which
will give rise to a higher tunneling current. BP is a good option
due to its small electron affinity and degenerate p-type
properties with a certain thickness, as demonstrated in the
BP—SnSe, Esaki diode.”® Molybdenum disulfide (MoS,) is
naturally n-type, and the conduction band aligns with the band
gap of BP. As such, MoS, could be another component used in
a TFET with p-type BP.

BP—MoS, heterostructures have been fabricated to explore
their photoelectric properties in several works.”” ™' However,
we discovered the tunneling properties of this heterojunction.
We found that the junction properties strongly depend on the
BP thickness, while BP thickness actually modulates the doping
level of the BP flakes. As the BP thickness increases, the BP—
MoS, heterojunction can be tuned from a conventional forward
rectifying p—n diode to a Zener diode and finally to a backward

rectifying diode due to the activation of BTBT in thicker BP—
MoS, heterojunctions. The transition between these diverse
functional diodes can also be achieved through back gate
modulation. A real tunnel diode formed between BP, MoS,,
and a precursor toward negative differential resistance (NDR)>*
was observed under a forward bias on BP by applying dual
gating with a solid polymer electrolyte layer (PEO:CsClO,) as
a top gate dielectric material. The tunnel diode was transformed
from the off-state to the on-state under top gate modulation
with a small SS of 55 mV/dec. This work achieved a
subthermionic SS with 2D semiconductors. Although thick
BP (up to 72 nm) was used, the high doping concentration of
thick BP flakes is what really matters for the realization of BP—
MoS, TFETs. This mechanism is also applicable to atomically
thin BP—MoS, heterojunctions once an appropriate doping
method is developed for BP.

RESULTS AND DISCUSSION

Figure la shows schematics of the fabricated BP—MoS,
heterojunction and the external device circuit. The device
fabrication process is described in detail in the Methods section.
We prepared several BP—MoS, heterojunction devices with
various BP thicknesses. Optical microscopy images of the
devices are shown in Supporting Information Figure S1
together with the flake thicknesses measured by atomic force
microscopy (AFM). BP flakes were 9, 36, and 61 nm, whereas
the thicknesses of the MoS, flakes were controlled in a small
range of 6—12 nm. We deposited a pair of electrodes onto both
BP and MoS, flakes to collect their electrical performances
separately. For the junction, drain bias (V) is always applied to
BP, while MoS, is the grounded source terminal. We plotted
the transfer characteristics of BP with different thicknesses in
Figure 1b. The transfer characteristics of MoS, flakes did not
change much in the thickness range of 6—12 nm. A typical
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transfer curve of MoS, in this thickness range is shown by the
black line in Figure 1b, displaying a normal n-type property
with an on—off ratio of more than 10°. The BP transistor
fabricated from a 9 nm flake shows ambipolar transfer
characteristics (red curve) with a much more pronounced
hole branch than an electron branch. The on—off ratio of the
hole branch reached almost 10°, demonstrating a non-
degenerate doping level for a 9 nm BP flake. As we mentioned
above, the BP of a certain thickness becomes a degenerate p-
type semiconductor; that is, the Fermi level of thick BP flake
lies in the valence band. The negligible gate dependence
observed from the transfer characteristics of BP transistors
prepared by using 36 nm (green curve) and 61 nm (blue curve)
thick BP may indicate their degeneracy. We also understand
that a negligible gate dependence may result from the screening
mechanism in thick flakes, which is related to the gating and
contact geometries.27 Nevertheless, the big difference in current
level for thin and thick BP flakes at Vyg = 0 V is a discrepancy
in doping levels since the band gap remains similar for BP flakes
thicker than S layers. So, we measured the work functions (®)
of fresh BP flakes with different thicknesses by Kelvin probe
force microscopy (KPFM). BP flakes were rinsed with
isopropyl alcohol (IPA) prior to KPFM measurement to
remove the unintentional surface contaminations. The results
are shown in Figure 1c. We did not measure the work function
of the same BP flake used in the heterojunction device because
BP is easily oxidized when it is exposed to air. We stacked MoS,
onto the fresh BP surface inside a glovebox to ensure a good-
quality BP—MoS, interface for better performance of the
device. After completing the entire device processing, KPFM
measurements on BP flakes did not show the real surface
potential of the fresh BP flake. The work function of BP tends
to increase with the flake thickness. Band alignment between
BP and MoS, was established based on their work functions.
The Fermi level of thin BP flakes is within the band gap and
close to the valence band maximum (VBM), while that of thick
BP flakes is located far below the VBM, which makes the thick
BP flakes degenerate p-type, as we expected.

We then characterized the electrical properties of BP—MoS,
heterojunction devices with various BP thicknesses. The device
composed of 9 nm BP shows normal forward rectifying
characteristics (Figure 1d) as observed from BP—MoS, p—n
junctions reported previously.”” > That is, current under a
forward V7, is much higher than that under a reverse V. When
the BP thickness increased to 36 nm, the forward current
showed a similar trend to the thin BP—MoS, device. The
current started to increase when Vj, was applied. Meanwhile,
the reverse current stayed constant at a small V, and started to
increase dramatically at a critical reverse voltage of about —0.8
\Y% (Figure le), which matches the performance of a Zener
diode.”” Generally, if a breakdown voltage is <4E./q, the
breakdown can be assigned to Zener tunneling. Here, E, is the
band gap of the semiconductor, and g is the charge of an
electron. Considering the smaller band gap of BP (Eg =04eV),
the value of 4Eg/ q is 1.6 V. Therefore, such a room-temperature
reverse breakdown can be attributed to Zener breakdown
originating from BTBT. When we further increased the BP
thickness to 61 nm, the junction had a better conduction for
reverse bias than for forward bias (Figure 1f), showing
backward rectifying characteristics. The superior conduction
in the reverse direction can also be attributed to BTBT, as will
be explained below. In general, the BP—MoS, junction can be
modulated between a forward rectifying diode, a Zener diode,

and a backward rectifying diode by varying the BP thickness.
Discrepancies in current conduction under reverse biases
between those different functional diodes can also be easily
discriminated by their output curves shown in a logarithmic
scale (see Supporting Information Figure S2). In a forward
rectifying diode configuration, the reverse current remains
constant at a negative V, as high as 4 V, and the forward to
reverse rectification ratio (I,y/I_,y) approached 100. In
contrast, the reverse current for the Zener diode and backward
rectifying diode increased with a negative V. Contact issues
can be excluded as an explanation for the different junction
properties. Both BP and MoS, show quite linear and symmetric
output curves at Vg = 0 V (see Supporting Information Figure
S3), and this demonstrates that the contact resistance was not
important in the carrier transport through those hetero-
junctions.”” The realizations of a Zener diode and a backward
rectifying diode were considered to be preliminary steps toward
the eventual fabrication of TFETs. We are able to figure out the
doping state of each component forming the diode by analyzing
the diode properties, and we therefore changed the diode to
make it an appropriate functional tunnel diode for the
realization of TFETs. The special characteristics of backward
rectifying diodes and Zener diodes make them suitable for a
number of applications where other diodes may not perform as
well. For example, backward rectifying diodes can be used as
detectors for small signals since the current starts to flow under
small reverse biases, while Zener diodes are commonly used in
analog circuits.

The corresponding band diagrams for each diode were
constructed as shown in Figure 2a, b, and c. Carrier transport in

e
Minority
BPAErier drift

]

Forward rectifying Backward rectifying
diode diode

e R
Minority
carrier drift

Figure 2. Band diagrams for BP—MoS, diodes of diverse functions.
(a—c) Band diagrams corresponding to the forward rectifying
diode, Zener diode, and backward rectifying diode, respectively. Vy,
on BP is negative, and carrier transport in the reverse direction of
BP—MoS, diodes was studied.

the forward direction for all these diodes followed the same
mechanism as in a conventional p—n junction. Generally, the
behavior can be described by the equation

Vi /nV;
ID(forward) = IS(e o/ 1)

Here, I, is the diode current, Ig is the reverse bias saturation
current, Vp is the voltage across the diode, n is the ideality
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Figure 3. Gate-dependent diode properties. (a) Output curves of a BP—MoS, heterojunction device under various gate biases. (b) Plot of the
device rectification ratio with respect to gate voltage. The forward and reverse current variation trend under back gate modulation is shown in
the inset. (c) Transfer curves of a BP—MoS, junction. Both forward and reverse sweeps are shown.

factor, and Vi is the thermal voltage.33 Ideally, the forward
current would increase exponentially with V. This is actually a
thermionic emission process. A forward Vy, shifts down the
band of BP to lower the interface barrier height. Hence,
electrons in the conduction band of MoS, and holes in the
valence band of BP can overcome the interface barrier and emit
to their counterparts. Thus, forward conduction takes place. In
contrast, the negative V7, shifts the BP band up and exaggerates
the interlayer barrier. For a less doped thin BP flake, the Fermi
level lies above the VBM, as we confirmed using KPFM. Band
alignment between BP and MoS, under a reverse Vp, is shown
in Figure 2a. The reverse conduction is dominated by minority
carrier drift. Electrons in the BP conduction band and holes in
the MoS, valence band are the minority carriers. So, the reverse
current is limited, since BP and MoS, are strong p- and n-type
semiconductors, respectively. Therefore, the concentration of
those minority carriers is intrinsically low. Because the VBM of
BP aligns with the band gap of MoS,, electron tunneling is also
blocked, as shown by the blue arrow. In general, the device has
better conduction in the forward direction than in the reverse
direction as we observed from the forward rectifying diode in
Figure 1lc.

We confirmed by KPFM measurements that the work
function of BP increased with the flake thickness. We expected
that the Fermi level of 36 nm thick BP would be located at the
VBM edge, as shown in Figure 2b. Under a small reverse V7,
the VBM of BP still aligned to the band gap of MoS,, as shown
in the left panel of Figure 2b. In this case, carrier transport is
dominated by the minority carrier drift as we described above
for the forward rectifying diode. So, the drain current displayed
a plateau under a small negative V, modulation as observed
from the reverse current of a forward rectifying diode. When a
higher reverse Vp, was applied, the VBM shifts above the
conduction band minimum (CBM) of MoS,, as illustrated in
the right panel of Figure 2b. Electrons in the valence band of
BP can now tunnel to the conduction band of MoS, due to
BTBT. As Vy, increased, the energy level overlap between the
valence band of BP and the conduction band of MoS, is
enlarged. The number of electrons that can tunnel to the
conduction band of MoS, increases, leading to a higher reverse
current. Basically, the tunneling current is limited by the density
of states (DOS) of each component and the tunneling
probability. The DOS for 2D materials can be assumed to be
constant,”* while the tunneling probability can be expressed
approximately as

2W,/2m*(qV,, — E)

h

T(E) = exp| —

where W is the tunneling barrier width, m* is the effective mass
in the perpendicular direction, qV; — E represents the
tunneling barrier height for an electron of energy E, and 7 is
the reduced Planck constant.”> We can conclude from the
equation that the tunneling current is the most sensitive to W
because the tunneling probability depends exponentially on the
inverse of W. The atomically thin nature of 2D MoS, helps to
greatly reduce W, and the vertical structure of the
heterojunction expands the contact area of the two
components. Both components contribute to the high
tunneling current in our device. As the BP thickness is
increased further, the higher doping concentration of BP flakes
leads to band alignment as shown in Figure 2¢c. Tunneling takes
place at a small reverse Vp, so the reverse current starts to
increase at a small reverse V, as well, which is consistent with
the I—Vp curve of a backward rectifying diode observed in
Figure le.

We obtained diverse functional devices including forward
rectifying p—n diodes, Zener diodes, and backward rectifying
diodes from BP—MoS, heterojunctions by varying the BP
thickness. No extra doping or gating was included. The device
quality can therefore be ensured, and the device can be
operated in an energy-efficient manner. Diverse functional
diodes can also be achieved through back gate modulation. We
fabricated a BP—MoS, heterojunction device composed of 44
nm thick BP, from which we obtained the output curves of the
junction under various gate biases. A crossover of the output
curves in the reverse direction was observed as shown in Figure
3a. Before the crossover gate bias, the current in the reverse
direction keeps increasing, and no trend toward saturation was
observed. Moreover, the reverse current is orders of magnitude
higher than the forward current under high negative gate biases,
showing backward rectifying properties. At some point, the
reverse current starts to saturate at high reverse Vp, and the
current level under forward bias becomes higher than that
under reverse Vp, which displays the properties of a forward
rectifying p—n diode.

We plotted the output curves of this device in a linear scale
under some typical gate biases (—60 V, 10 V, 60 V) in
Supporting Information Figure S4. A transition from a
backward rectifying diode to a Zener diode and then to a
forward rectifying p—n diode can be clearly observed. We then
sketched the evolution of forward and reverse current with
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Figure 4. Negative differential resistance. (a) Schematic of a BP—MoS$, tunnel device with PEO:CsClO, on the surface. A side gate is
patterned on SiO, along with the source and drain electrodes. (b) Output curve of a BP—MoS, tunnel diode with a precursor toward NDR at
Vg = —60 V and Vg = 3 V. (c) Band diagrams explaining the NDR trend.

respect to gate bias in the inset of Figure 3b. As shown, the
reverse current at —2 V increased linearly as the negative gate
bias decreased, reached a maximum value at around 0 V gate
bias, and then decreased. The forward current kept increasing
with increasing gate bias. The corresponding rectification ratio
was calculated as L, y/I_,v and is plotted in Figure 3b; as
shown, it increases monotonically from 6 X 107> to 82. We
divided the graph according to the rectification ratio into two
regions, i.e., backward and forward rectifying regions. Transfer
curves of this BP—MoS, heterojunction under V, = —0.5 V are
shown in Figure 3c with some hysteresis. The device was
switched on rapidly within a very small gate bias range, and the
current was saturated at high gate biases. The transition from
the turn-on point to the saturation region was not smooth. This
behavior was observed for both forward and reverse sweeps of
the transfer curve. The switching and saturation regions
correspond to tunneling in the backward rectifying diode and
minority carrier drift in the forward rectifying diode,
respectively. The diverse device functions achieved through
single back gate modulation were attributed to the advantages
of using 2D semiconductors. Specifically, carrier concentrations
of 2D semiconductors can be effectively modulated by
electrostatic gating to produce different functional devices,
whereas conventional semiconductors with certain doping
concentrations can only lead to devices with a single function.
To compare our diverse functional BP—MoS, device to a
conventional BP—MoS, p—n junction device, we fabricated a
BP—MoS, p—n junction device, and its performance is shown
in Supporting Information Figure SS. As shown, a forward
rectifying diode behavior was observed despite the back gate
modulation. The rectification ratio of the p—n junction device
was higher than 1 for all the applied gate biases.

We observed tunneling phenomena in BP—MoS, hetero-
junctions. However, tunneling phenomena originating from a
backward rectifying diode or a Zener diode are only incipient,
and no NDR region was observed. The NDR effect usually
takes place in a tunnel diode with an ultrahigh doping level in
the semiconductor components, and it is widely used to make
electronic oscillators.*® Our results have shown great differ-
ences in the doping levels of BP flake with different thicknesses.

We expected to obtain a higher doping level in the BP by
increasing the flake thickness. So, we fabricated a BP—MoS,
junction device with a BP thickness of 72 nm. Flake thickness
was confirmed by AFM in Supporting Information Figure S6,
and the optical microscope image is shown beside it. In order to
get a higher electron doping concentration in the MoS,
component, we considered using a top gate for the electrostatic
modulation of MoS,. This is also necessary for obtaining a
small SS of the BP—MoS, TFET. Under a top gate
configuration with a thin high-k dielectric, tunneling can be
turned on with a much smaller gate bias, and thus a
subthermionic SS < 60 mV/dec can be possibly achieved.
However, the deposition of conventional high-k dielectrics such
as Al,O; and HfO, on 2D TMDCs (including MoS,) is still
under development, and it is challenging to find the optimized
deposition conditions due to the lack of dangling bonds at the
TMDCs surfaces.”’

PEO:CsClO, solid polymer electrolytes have been applied to
TMDCs recently to form a high gate capacitance to explore
some potential device properties. A high gate capacitance is
formed due to the electric double layer of PEO:CsClO,.**
Here, we adopted PEO:CsClO, as a gate dielectric to fabricate
a top gate for our BP—MoS, heterojunction devices. The
synthesis and operation of PEO:CsClO, is described in detail in
the Methods section. We patterned a side gate for the device as
shown by the device schematic in Figure 4a. The side gate was
deposited together with source and drain electrodes on a SiO,
substrate.

We then applied dual gating to the device. Vg = —60 V and
Vg = 3 V were applied to the back and top gates, respectively.
Although there is strong coupling between the back and top
gates, the metallic BP screened the electric field from the back
gate, and thus the top gate worked more efficiently to the Fermi
level modulation of the above MoS,. n-Type MoS, with high
electron concentration can be achieved under this gate bias. As
a result, a precursor toward NDR was observed in Figure 4b.
However, the NDR effect is less pronounced than other reports
using different 2D materials. The suppressed NDR trend under
a forward bias can be explained by the band diagrams shown in
Figure 4c. Since BP is highly p-doped, the Fermi level of BP lies
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top gate modulation.

below the VBM. The CBM of MoS, is located slightly below
the VBM of BP after band alignment, as shown in part I of
Figure 4c, which illustrates the equilibrium state of the BP—
MoS, junction. When a small forward bias is applied, electrons
in the conduction band of MoS, immediately tunnel to the
valence band of BP as shown in part II of Figure 4c. When we
further increased the forward drain bias, the conduction band of
MoS, aligned with the band gap of BP, and no tunneling
current was generated. This situation is shown in part IIL
Usually, a forward current will decrease in this region, and an
NDR can be observed. However, in the case of the BP—MoS,
junction, thermally emitted electrons over the interface
barrier’” contributed to the electric conduction due to the
low interface barrier height formed by the small band gap of
BP. So, the conduction mechanism switched from tunneling to
thermionic emission in this region. The retarded growth trend
in the forward current originated from the current level
difference between tunneling and thermionic emission. We thus
interpret this trend as a precursor to NDR. The interface barrier
was further lowered by increasing the forward bias, as shown in
part IV. As a result, the forward current increased monotoni-
cally.

The transfer characteristics of BP, MoS,, and BP—MoS,
heterojunctions under top gate modulation were then measured
and plotted in Figure Sa. We observed a very sharp turn-on in
the heterojunction device that starts from —2 V, and the on/off
ratio of the device exceeds 10° (red curve). We calculated the
SS of the heterojunction device according to SS = d(Vig)/
d(log Ip). A small SS of 5SS mV/dec over a current range of
107"% to ~107® A was obtained. We confirmed that the small SS
comes from tunneling between BP and MoS,, rather than BP or
MoS, single components since BP showed degenerate transfer
characteristics, while the SS of MoS, in this heterojunction was
obviously larger than 60 mV/dec. Also note that a traditional
MOSEFET based on thermionic emission can never achieve an
SS smaller than 60 mV/dec. So, we concluded that we
successfully achieved a TFET with a BP—MoS, heterojunction
and a subthermionic SS using the heterojunction TFET.
Because of the relatively high leakage current of our
PEO:CsClO, polymer, a small SS was obtained only for a
small current range from 107'° to ~107° A. We expect to
achieve a lower off-current in the TFET device and a small SS
over a larger current range if we can reduce the leakage current.

The operation mechanism of the BP—MoS, TFET under top
gate modulation is explained in the band diagrams shown in
Figure Sb. Generally, top gate modulation works on the top
MoS, flake to shift its Fermi level. Under a negative gate bias,

the Fermi level of MoS, is shifted down toward the midgap, as
shown in the left panel of Figure Sb. When the BP Fermi level
aligns with the band gap of MoS,, tunneling cannot take place,
and thus the device is turned off at this state. When a positive
gate bias is applied, the MoS, Fermi level dramatically moves
up to its conduction band. After band alignment, the MoS,
conduction band is almost parallel to the Fermi level of BP, as
shown in the right panel. Tunneling can be activated by a very
small negative drain bias, and the device switches to its on-state.
Since the transition of the device from off-state to on-state is
controlled by BTBT, subthermionic SS can be achieved.

CONCLUSION

Tunneling phenomena are observed in BP—MoS, hetero-
junctions. The diode property varied from a conventional
forward rectifying diode to a Zener diode and finally became a
backward rectifying diode with increasing BP thickness. The
diverse device functions can also be achieved through back gate
modulation. A subthermionic SS of 55 mV/dec was achieved in
a BP—MoS, tunnel device with a top gate configuration. A
pronounced precursor to NDR was observed under a forward
bias on BP when a dual gate was applied.

METHODS

Multilayer BP was prepared using the mechanical exfoliation method.
The resulting exfoliated BP was positioned on a highly doped p-Si
substrate capped with 285 nm thermally oxidized SiO,. A MoS, flake
was then exfoliated onto the poly(dimethylsiloxane) surface and
stacked on the BP using a transfer technique. All those processes were
done in the glovebox to avoid the oxidation of BP. Before we took out
the stacked sample, poly(methyl methacrylate) was coated onto the
sample for the next patterning and to protect the sample from the
atmosphere. After patterning by electron beam lithography, the sample
was loaded to a vacuum electron beam evaporator and 5/80 nm thick
Cr/Au was deposited onto the heterostructure to form source and
drain contacts. All the measurements were done in a vacuum probe
station.

PEO:CsClO,: The preparation and deposition of the polymer
electrolyte was performed in an argon-filled glovebox, where the
concentrations of H,O and O, inside the glovebox were controlled to
<0.1 ppm. PEO (molecular weight 95000 g/mol) and CsClO,
(99.999%) were dissolved in anhydrous acetonitrile with a molar
ratio of PEO ether oxygen to Cs of 76:1 to make a 1 wt % solution.
The device was coated with a PEO:CsClO, solution by drop- casting
and then annealed on a hot plate at 100 °C for 10 min to drive off the
remaining solvent.
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