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ABSTRACT: Hardware implementation of an artificial neural
network requires neuromorphic devices to process information
with low energy consumption and high heterogeneity. Here we
demonstrate an electrolyte-gated synaptic transistor (EGT)
based on a trigonal selenium (#-Se) nanosheet. Due to the
intrinsic low conductivity of the Se channel, the -Se synaptic
transistor exhibits ultralow energy consumption, less than 0.1 pJ
per spike. More importantly, the intrinsic low symmetry of t-Se
offers a strong anisotropy along its ¢- and a-axis in electrical
conductance with a ratio of up to 8.6. The multiterminal EGT
device exhibits an anisotropic response of filtering behavior to
the same external stimulus, which enables it to mimic the
heterogeneous signal transmission process of the axon—
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multisynapse biostructure in the human brain. The proof-of-concept device in this work represents an important step to
develop neuromorphic electronics for processing complex signals.
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ioinspired processing units require a device with

variable “interconnection” strength or plasticity.'

The three-terminal electrolyte-gated transistor (EGT)
is regarded as a promising candidate for realizing neuro-
morphic functions and mimicking the behaviors of the human
brain with low power consumption and a variety of
functionalities.””"" Unlike the two-terminal resistive switching
memristors,">~'* the three-terminal EGT device can decouple
the “read” and “write/erase” process, in which the voltage pulse
applied on the gate terminal acts as a “write/erase” operation,
and the “read” operation is performed along the source—drain
terminals. The ions (H, Li*, Na*, efc.) in the electrolyte gate
can migrate or accumulate at the electrolyte/semiconductor
interface to form double-layer capacitance or inject into
channel materials under the programming voltage stimulus,
resulting in the change of channel conductance. This
characteristic of EGT devices plays an important role in
achieving high-performance artificial neural systems with high
reversibility, low-power dissipation, multiple states, and near-
linear modulation of channel conductance.

The synaptic devices are required to be capable of operating
with extremely low energy consumption (only 1—100 fJ per
synaptic event in biological neural networks)."” Therefore,
channel materials with inherently low conductivity are highly
desirable for minimizing power consumption. In addition, the
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realization of heterogeneity in plasticity is also critical for the
building of an artificial neural network with high complex-
ity.'”" For example, in the typical axon—multisynapse
biostructure of the human brain, the neural signals from the
preaxon can be filtered and transmit heterogeneously to the
postsynapses by controlling the synaptic weight,” leading to
the selective response of the neuron to the same external
stimulus. The EGT devices can be used to mimic the
functional roles of the axon—multisynapse system, in which
the gate electrode acts as a presynapse, transmitting signals
from the axon, and the multiterminal devices with the same
channel represent the postsynapses. It requires the channel
material to dissimilarly respond to external voltage stimulation.

In this work, we adopt a van der Waals trigonal-selenium
(vdW t-Se) nanosheet as a channel material of EGT devices,
which present a low energy consumption of 0.1 pJ. The
transition from short-term plasticity (STP) to long-term
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Figure 1. (a) Schematic illustration showing the three-terminal electrolyte-gated transistor to mimic the biological behavior of the synapse.
The voltage pulse applied on the side gate could act as a “write” operation, while the “read” operation is complemented on the source—drain
of the devices. (b) AFM image of the device before electrolyte dropping. The line profile shows the thickness of ¢-Se is 28 nm. Inset image is
the optical microscopy of the same device, and the scale bar is 10 um. (c) Typical transfer curve of the EGT device at V4 = 1 V swept at 20
mV s~'. (d, e) The modulation mechanism of channel conductance in EGT devices with different applied voltage. As the V; < V, only an
EDL is constructed at the electrolyte/t-Se interface, while the high V; would drive Li ions into the t-Se lattice and result in a phase change.
(f) High-resolution XPS Se 3p spectra of the t-Se nanosheet before and after Li* intercalation.

plasticity (LTP) can also be selectively realized by tuning the
amplitude of the gate voltage. More importantly, a large
anisotropic factor of electrical resistance (~8.6) in t-Se was
demonstrated, which is among the highest in other reported
2D anisotropic materials. Due to the intrinsic anisotropy in
electronic properties, we demonstrate a dissimilarly synaptic
response of multiterminal EGT devices, exhibiting its great
potential for developing an artificial system to mimic the
behaviors of the human brain.

RESULTS AND DISCUSSION

Figure la presents the schematic structure of three-terminal t-
Se EGT devices. The t-Se nanosheet was used as a channel
material with a length of 10 ym. A LiClO,/PEO (mass ratio of
1:9) electrolyte was directly dropped, covering both the
electrodes and the device channel. An insulating hexagonal
boron nitride (h-BN) nanosheet was transferred on the top
surface of the source—drain electrodes to minimize the leakage
current from the gate electrode. Upon applying presynaptic
voltage from the side gate, Li* and ClO,~ ions can easily move
forward/backward in the electrolyte, resulting in the
modulation of the channel conductance. We choose highly
anisotropic and less conductive t-Se nanosheets as channel
materials, which are prepared using a physical vapor deposition
(PVD) technique. Figure 1b shows the typical atomic force
microscopy and optical image of the device. The atomic
structure of #-Se nanosheets consists of parallel one-dimen-
sional (1D) atomic chains. The nanosheets exhibit an irregular
quadrangular shape with the straight edge along the c-axis
direction, which can be confirmed by the high-resolution
transmission electron microscopy (HRTEM) characterization
(Supporting Information Figure Sla,b). In addition, combined

with the results of Raman spectra (see details in Supporting
Information Figure Slc,d and related discussion), we can also
unambiguously determine the crystallizing orientation of ¢-Se
nanosheets.”'

Figure 1c presents the typical transfer characteristics of the
EGT devices. Due to the intimate encapsulation of source—
drain electrodes by the 4-BN nanosheet, the gate current (Ig) is
negligible compared with the drain current (I). As the gate
voltage (V) sweeps from 0 to —2 V, Iy increases from 40 pA
to 85 pA with a quick saturation at V, = —0.9 V, and it drops
slowly as the voltage is swept back to 2 V, showing a typical p-
type transport behavior. The testing environment has a
negligible influence on the performance of devices because
the solid-state electrolyte isolates the channel from the ambient
environment. As shown in typical transfer curves (Supporting
Information Figure S2), the curve of the as-fabricated device in
air condition is close to that achieved in a vacuum
environment. After a 3-day exposure in air, insignificant
degradation of the electrical properties was observed,
exhibiting an excellent air stability. By applying a positive
gate voltage, Li" ions in the electrolyte can relax from the PEO
chains and move toward the #-Se side, while CIO,~ will flow
along the opposite direction. The accumulation of Li" ions at
the electrolyte/channel interface will first result in the
formation of electrical double layer (EDL) capacitance and
modulation of the channel conductance (Figure 1d). However,
the accumulated ions at the interface will relax after removing
the gate voltage, and the temporary chan§e of carrier density in
the channel will decay gradually.””*’ By increasing the
amplitude of the positive gate voltage, Li* ions can intercalate
into the lattice of the top t-Se layers (Figure le). It can trigger
the reversible intercalation between Li* ions and #-Se, resulting
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Figure 2. (a) Channel conductance of the device stimulated by different gate voltage pulses (1.0, 1.5, and 2.0 V) with the same width time
(200 ms). (b) Channel conductance of a device spiked by a positive gate voltage pulse (2 V) with different width times (10, 50, 200, and
1000 ms). (¢, d) The change ratio of the postsynaptic current and relaxation time as a function of gate voltage pulse width for a single pulse
(2V) event. (e) Depression process of the synapse mimicked by successive gate voltage spikes with intervals of 1 s (V, = 1.5V, t,,, = 200 ms).

in the formation of a Li,Se phase with lower conductivity and
the reduction of channel electrical conductance.”*”*® This
result matches well our theoretical calculations (Supporting
Information Figure S3), where the new phase induced by Li*
intercalation is expected to have a larger band gap compared
with intrinsic t-Se. An X-ray photoelectron spectroscopy (XPS)
spectrum was conducted on the -Se nanosheet after removing
the solid-state electrolyte by methanol, and the shift of the Se
3d peak toward lower bindin% energy strongly suggests the
presence of Li,Se (Figure 1f).”” A clear red shift of Raman
peaks of the t-Se channel was also observed after cycling
(Supporting Information Figure S4), which is attributed to the
phase change as well as the charge transfer between Li" ions
and t-Se.” The integrity of the t-Se nanosheet was well
maintained after removing the electrolyte (Supporting
Information Figure SS). The thickness increases slightly from
the original 22 nm to 28 nm, and it is consistent with the cross-
section TEM characterization, where a distinct thickness
increase of t-Se can be observed after the Li" intercalation.
The transfer curve of the device shows a significant drop of on-
state current. The change of thickness and electrical perform-
ance can be understood as a result of the phase change from Se
to Li,Se occurring during Li* intercalation. In this way, the
change of channel conductance can be well maintained after
the voltage was removed. The short-term and long-term
modulation of the channel conductance in EGT devices can be
used to emulate the STP and LTP of synapses in biological
systems, respectively.

In the EGT device, the voltage pulses (V) applied on the
electrolyte are analogous to the presynaptic spikes in a
biological neuron, which induces an excitatory/inhibitory
postsynaptic current (EPSC/IPSC) in the postsynapse. We
adopt channel conductance (G) to evaluate the EPSC in the

10020

EGT devices. As shown in Figure 2a, spike amplitude
dependent G is measured with a fixed source—drain voltage
of 1 V. The amplitude of the pulse is set to be 1.0, 1.5, and 2.0
V with the same time width (t,) of 200 ms. G increases
sharply to the peak and then slowly decays back to the original
value at V. = 1 V, indicating a short-term change of
postsynaptic current (PSC). Such volatile memorizing
characteristics can be attributed to the relaxation of Li* ions
accumulated at the electrode/channel interface. The peak
value of G increases with the amplitude of the gate voltage, and
it cannot be restored back to the resting current at Ve =2V
even after 40 s of stimulus, which means a long-term
modulation of channel conductance occurs under a high-
voltage stimulus. We can define the change ratio of AG as ((G,
— Gy)/G,y) X 100%, where G, represents the initial channel
conductance, while G, is a value obtained after the stimulation
of the voltage pulse. The long-term AG of the t-Se EGT device
was calculated to be —6% with a V. of 2 V. The dependence
of channel conductance on the pulse width (t,,) at fixed
amplitude (2 V) was investigated (Figure 2b and c). The
corresponding relaxation time t,,,, which is defined as the time
taken for the conductance to increase to 10%, was extracted
and plotted (Figure 2d). The change of G and t,,, increase as
a function of t,,, and the highest long-term AG of —11% and
telax Of 10.5 s are achieved at t,, = 1000 ms. These results can
be well reproduced in more devices with different thicknesses.
The hysteresis in the transfer curve caused by the Li*
intercalation/extraction can be clearly observed and well
reproduced (Supporting Information Figure S6), and all the
devices exhibit a clear long-term change of channel
conductance after applying a single gate pulse (2 V, 1000
ms). We also summarized the long-term change of PSC (AG/
G,) of the devices (Supporting Information Figure S7), and it
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Figure 3. (a) PPF index as a function of time duration, defined as (A, — A,)/A,, where A, and A, are the amplitudes of the first and second
channel conductance (G), plotted as a function of pulse interval (At). Inset: Channel conductance stimulated by a pair of gate voltage pulses
of —1 V with At = 100 ms. (b) Spike frequency-dependent responses of channel conductance. (c, d) Potentiation and depression process of
the synapse mimicked by successive gate voltage spikes with intervals of 1 s (V, = 1V, t,, = 400 ms).

tends to drop gradually with the increase of thickness of t-Se,
which can be well explained by the higher intercalation
efficiency of the Li* ion in thinner samples. These results
indicate a clear transition from STP to LTP by employing a
voltage pulse with large amplitude or width, which can be well
explained by the Li" ion intercalation into a t-Se lattice.

The energy consumption is the key metric to evaluate the
performance of a neuromorphic computing system. The
“write” and “read” operations in three-terminal EGT devices
are conducted separately. The energy consumption of
neuromorphic networks is mainly determined by the “read”
process due to the relatively small leakage current and large
width of the voltage stimulation.””’ The power consumption
per operation can be calculated by P = V4, X AI X t,,, where
Vie Al and t,, represent the source—drain voltage, EPSC, and
the pulse width, respectively. With the data extracted from
Figure 2b, we can plot the change ratio of energy consumption
as a function of pulse width (Supporting Information Figure
S8), and the smallest energy consumption was calculated to be
only 0.1 pJ for a single pulse (2.0 V) event. This value is among
the lowest of reported synaptic EGT devices with similar
device configuration (Supporting Information Table $1).°%7**

As applied with successive training cycles of gate voltage
spikes, the channel conductance of the EGT device continues
to decrease, and it reaches stability and cannot be restored
back, which indicates a clear LTP characteristic of the devices.
As shown in Figure 2e, the channel conductance cannot return
back to the initial value after 10 consecutive voltage spikes,
with the maximum value of AG reaching up to —27%. The
applied positive voltage spikes were 1.5 V in height and 200 ms
in width with an interval time of 1 s. This long-term AG of the

10021

EGT devices can be eliminated by the subsequent negative
voltage, which results in the extraction of the Li ion and
recovery of the channel conductance (Supporting Information
Figure S9). These results indicate good reversibility of the
conductance modulation by Li" ion intercalation/extraction. It
is worthy to note that only the successive positive voltage
spikes can lead to the long-term change of conductance in
devices, while channel conductance can fully restore back to
the original level after negative voltage stimulation within a
short time (Supporting Information Figure S10), because the
ClO,™ ions have a relatively larger size and are very difficult to
intercalate into a t-Se crystal lattice under negative voltage
stimulation.

The paired pulse facilitation (PPF) phenomenon can be
mimicked in t-Se EGT devices, which shows that the
conductance change evoked by a pair of spikes can be
increased when they are closely spaced.”*° The PPF index is
defined as the ratio of the amplitude difference after paired
spikes (A,—A;) and a conductance change of the first spike
(A)). As plotted in Figure 3a, the PPF index decreases
gradually with the increase of interval time (At). For example,
the PPF index is about 1.18 with a At of ~10 ms, while it
decreases to nearly 0 for a At above 800 ms. This feature
endows the STP process of EGT devices with a high
dependence on the stimulus frequency. Figure 3b shows the
plot of the G of the device in response to 10 successive spikes
(=1 V, 100 ms) with frequency ranging from 1 to 10 Hz,
where the potentiation of AG can be clearly observed with the
increase of frequency. In addition, repeatable modulation of
the synaptic weight is another key merit for neuromorphic
engineering applications.y’38 Figure 3c and d present the
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Figure 4. (a) Channel conductance recorded in response to 10 negative voltage trains with a frequency of 1 Hz. (b) Conductance amplitude
gain (A,y/A,) plotted as a function of presynaptic spike frequency. Inset image shows the schematic of high pass filtering of a synapse. (c)
Channel conductance recorded in response to the stimulus train with positive voltage at a frequency of 1 Hz. (d) Conductance amplitude
reduction (A,/A,) plotted as a function of presynaptic spike frequency. Inset image presents schematic diagram of low-pass filters in

biological synapses.

response of G to consecutive gate voltage pulses. Every 20
positive gate spikes (1 V, 400 ms) followed by 20 negative gate
spikes (—1 V, 400 ms) with a spacing of 1 s are applied. The
bidirectional and symmetric switching of G between 60 and
120 pS can be successfully realized without degeneration for
more than 10 cycles.

In a neurological system, synaptic efficacy can be modulated
within milliseconds as applied with specific temporal patterns
of a stimulus.”~*' Synapses with strong short-term facilitation
has a low probability of transmitter release, and it can act as a
high-pass temporal filter for information processing. However,
for the synapse with high probability of releasing, they usually
have strong short-term depression and can be employed for a
low-pass temporal filter. In this way, the transmission process
of signals in neurons can be efficiently regulated, enabling a
variety of possibilities to modify neural communication. This
functional role of dynamic filtering in the synapse can be
realized in our EGT devices. As applied with consecutive
negative voltage spikes, the amplitude of conductance change
in the t-Se EGT device increases gradually depending on the
stimulation frequency (Figure 4a), indicating a high-pass
temporal filter characteristic. The amplitude gain, defined as
(Ajp — A;)/A,, is utilized to describe the filtering property of
device, where A; and A, represent the conductance amplitude
of the first and last spikes, respectively. As plotted in Figure 4b,
the amplitude gain increases significantly at high frequency,
reaching up to 150% at a frequency of 10 Hz. By setting the
initial state as a low-resistance state and the voltage spike to a
positive value, the low-pass filtering characteristics of input
signals can be successfully emulated (Figure 4c and d). In
sharp contrast to the high-pass filtration, the amplitude

reduction decreases rapidly with the increase of frequency.
For a frequency of 2, 5, and 10 Hz, the amplitude reduction is
calculated to be —11%, —24%, and —32%, respectively. The
high dependence of amplitude gain/reduction on frequency
can be well explained by the strong coupling effect of mobile
ions at high frequency in the electrolyte.” The successful
emulation of temporal filtering in the synapse is of great
significance for complex information processing, since it can
efficiently screen input signals with different frequencies of
excitation.

Different from other layered transition metal dichalcogenide
(TMDC) materials with typical 2D vdW structure, the Se
atoms in ¢-Se are covalently bonded along the c-axis into helical
chains while stacked by a weak vdW interaction along the
orthogonal plane (inset image in Figure 5¢).** These vdW
gaps between atomic chains can greatly facilitate the ion
intercalation into crystal lattices under an applied gate voltage.
In addition, the 1D vdW crystal structure with high asymmetry
also renders a high anisotropy in its electrical conduc-
tance, ™" which enables the device to process spatiotemporal
information. In order to study the relationship between atomic
structure and electrical transport properties, the devices with a
pair of diametrically opposite contact electrodes (numbered as
1,2, 3, and 4) were fabricated based on a t-Se nanosheet with a
thickness of approximately 30 nm (Supporting Information
Figure S1la,b).

The transfer curves of the device with a Si back-gated
configuration measured along two orthogonal directions at V,
= 1 V indicate a distinct anisotropy in its electrical transport
behavior (Supporting Information Figure Sllc), and the
corresponding output curve indicates an ideal ohmic contact at
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Figure S. (a) Schematic illustrations of the axon—multisynapse system in the human brain, which can be mimicked by the multiple output -
Se EGT devices. (b) Schematics of EGT devices based on a t-Se nanosheet with a thickness of about 30 nm. Synapse 1 and synapse 2 are
represented by devices along and across the c-axis of t-Se, respectively. (c) Typical transfer curves of the devices. (d, e) Conductance weight
modulation of the devices subject to a train of negative (—1 V, 400 ms pulses with 1 s intervals) and positive (1 V, 400 ms pulses with 1 s
intervals) pulses for synapse 1 and synapse 2, respectively. (f) Amplitude gain and reduction (A,y/A,) of devices as a function of frequency
(1,2, 4, 5, 8 10 Hz). (g) Biological axon—multisynapse system with selective memorizing ability toward the same inputs.

the Pt/t-Se interface (Supporting Information Figure S11d).
The device exhibits a high ON/OFF ratio up to 10* with the
gate voltage ranging from —100 to 20 V. The field-effect
mobility (ypg) can be calculated from the linear region using
eq I:

_ L L d
W GV, dVy (1)

Heg

where L, W, and C, represent the channel length, channel
width, and back-gate capacitance per unit area, respectively.
The mobility y;3 = 0.64 cm?/(V s) can be demonstrated along
the Se chain direction, while it decreases to y,, = 0.11 cm?/(V
s) when the direction is perpendicular to the Se chains. The
conductance along the Se atomic chain is much larger than
that of the orthogonal direction, and a maximum anisotropic
ratio up to 8.6 can be obtained at a V, of —100 V.

The dissimilarity of electrical conductance in t-Se enables
the EGT devices to emulate the functions of the axon—
multisznapse architecture in biological systems (Figure
5a)."”% Figure Sb shows the atomic force microscopy image
of the EGT devices comprising a pair of opposite electrodes.
The devices share the same channel area, which is covered by a
LiClO,/PEO electrolyte. The voltage pulse applied on the side
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gate acts as the stimulus spike from the common axon, and the
anisotropic response of the channel conductance represents
the transmission process of signals through various synapses.
Here, synapses 1 and 2 are represented by the devices that are
parallel and perpendicular to the c-axis direction of t-Se,
respectively. Figure Sc plots the typical transfer characteristics
of the #-Se EGT devices with V, ranging from —1 to 1 V. The
overall drain current along the c-axis direction is demonstrated
to be much higher than that along the orthogonal direction.
Due to the capping of BN layers on the electrodes, the
influence of gate leakage current can be minimized to ensure
the gate control over the channel conductance (Supporting
Information Figure S12).

The modulation of synaptic weight in EGT devices under
consecutive spikes also exhibits a high dependence on the
crystalline direction. Figure Sd and e show the potentiation
and depression process of EGT devices along and
perpendicular to the c-axis of t-Se, respectively. As applied
with a negative pulse, the weight for synapse 1 increases
sublinearly, reaching up to 40% after the 20th stimulus.
However, fast saturation of the conductance weight was
observed in synapse 2 with a much higher maximum of 67%.
The synaptic weight of both synapses gradually decreases and
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restores back to the initial value after 20 successive positive
pulse. These results suggest that the change of conductance
weight in t-Se EGT devices along the g-axis direction is much
higher than that along the c-axis direction. As discussed before,
the t-Se EGT devices can act as high-pass/low-pass temporal
filters to transmit input signals with different frequencies.
Figure 5f and Figure S13 in the Supporting Information
compare the response of channel conductance in a multi-
terminal device to a stimulus train with different frequencies
(1,2, 4, 5, 8, and 10 Hz). As a high-pass filter, the amplitude
gains of synapse 2 increases sharply at high frequency, with the
highest value of 280% at 10 Hz. However, the synapse 1
exhibits a very weak response to the frequency, and the
amplitude gain can only increase from 0 to 150% with the
frequency from 1 to 10 Hz. During the depression process with
a positive voltage pulse, both synapses can work as low-pass
filters, and the amplitude reduction of synapse 2 increases
much faster than that of synapse 1. More devices with the
thickness of the t-Se nanosheet ranging from 22 to 40 nm
exhibit distinct anisotropy in their filtering ability, suggesting a
good reproducibility of the synaptic weight modulation
(Supporting Information Figures S14 and S15).

This highly anisotropic modulation of synaptic weight
enables the t-Se devices to process information with high
heterogeneity. As illustrated in Figure Sg, the perception
stimulus from the external environment can be first received
and converted into the presynaptic potentials in the axon,
which are further passed to the postsynapses through the
modulation of synaptic weight. This process can be well
mimicked using the multiple-output EGT device based on a t-
Se nanosheet. The voltage stimulus, which resembles the
potentials from the axon, is well sorted and applied onto the
electrolyte gate of t-Se devices along different crystalline
directions, and the signals can be further decoded with strong
heterogeneity due to the intrinsic dissimilarity of ¢-Se, resulting
in the selectivity of information processing. This compact
multiple-output EGT device is of great significance to realize
the selective processing in bioinspired neural systems.

CONCLUSIONS

In summary, a group-IV elemental t-Se nanosheet was
introduced to fabricate an EGT with extremely low energy
consumption. It demonstrates that the conductance can be
efficiently modulated by the formation of EDL and the Li" ion
intercalation into t-Se. Due to the intrinsic heterogeneity of
electrical conductance, the EGT device based on a t-Se
nanosheet exhibits a high anisotropy in the modulation of
synaptic weight as well as temporal filtering ability. The
function of the biological axon—multisynapse network was also
successfully emulated. This finding provides an attractive
approach to realize the complex artificial neural system for
mimicking the behaviors of the human brain.

EXPERIMENTAL METHODS

PVD Growth of t-Se Nanosheets. High-quality t-Se nanosheets
were prepared using a modified PVD approach. The 99.99% Se power
purchased from Sigma-Aldrich was placed at the center of a small
quartz tube with double-side openings, and fresh Si(111) substrate
etched by a buffered oxide etching (BOE) solution was placed at the
end of the quartz tube. Then, the quartz tube was inserted into the
heating center of a larger tube. The growth process was carried out
with a temperature of 210 °C for 60 min until a pressure of less than
10 mbar.
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Device Fabrication. The as-grown t-Se nanosheets were
transferred onto the Si substrates covered by 300 nm SiO, by direct
dry transfer, and the thicknesses of nanosheets can be determined
using optical microscopy and atomic force microscopy (AFM)
measurements. The Pt electrodes were patterned by standard electron
beam lithography (EBL) with a thickness of about 50 nm. The device
is patterned with a channel length of 10 ym, and the distance between
side gate and channel is 20 ym. To prepare the polymer electrolyte,
PEO (M, = 100 000, Sigma-Aldrich) was first mixed with LiClO,
with a mass ratio of 9:1. The mixture was then dissolved in 15 mL of
anhydrous methanol and stirred for 24 h at 70 °C. Layers of BN were
directly transferred using a dry transfer technique on the top of a
source—drain electrode to minimize the influence of leakage current,
and then the electrolyte liquid was dip-coated on the device surface.
The devices were subsequently heated at 100 °C for 10 min to fully
evaporate the methanol.

Electrical Measurements. Before electrical measurement, the t-
Se devices were vacuumed for 12 h to remove the absorbed water
molecules. All the electrical measurements were performed using a
Keithley 4200 semiconductor parameter analyzer with a source
measurement unit in a Lakeshore probe station. For the transfer
curves, the sweeping rate was 20 mV s~

DFT Calculation. The first-principle calculations were performed
by using the Vienna ab initio simulation package (VASP). For the
exchange—correlation energy, we employ the Perdew—Burke—
Ernzerhof parametrization of the generalized gradient approximation.
For structure relaxation, the force and the energy tolerance on each
atom are less than 0.01 eV/A and 107° €V, respectively. The energy
cutoff of the plane wave basis is chosen to be 550 eV. A gamma-
centered 6 X 6 X 6 Monkhorst—Pack k-point mesh was applied for
the k-point samples in the Brillouin zone.
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