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ABSTRACT: Atomically thin monolayer two-dimensional (2D)
semiconductors with natural immunity to short channel effects are
promising candidates for sub-10 nm very large-scale integration
technologies. Herein, the ultimate limit in optoelectronic perform-
ances of monolayer WSe, field-effect transistors (FETs) is
examined by constructing a sloping channel down to 6 nm.
Using a simple scaling method compatible with current micro/
nanofabrication technologies, we achieve a record high saturation
current up to 1.3 mA/um at room temperature, surpassing any
reported monolayer 2D semiconductor transistors. Meanwhile,
quasi-ballistic transport in WSe, FETs is first demonstrated; the

extracted high saturation velocity of 4.2 X 10° cm/s makes it suitable for extremely sensitive photodetectors. Furthermore, the
photoresponse speed can be improved by reducing channel length due to an electric field-assisted detrapping process of
photogenerated carriers in localized states. As a result, the sloping-channel device exhibits a faster response, higher detectivity, and
additional polarization resolution ability compared to planar micrometer-scale devices.
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n the modern semiconductor industry, there has always

been a strong demand to integrate more components on a
chip, which has driven the critical size of optoelectronic devices
down to a few nanometers.'~* In order to maintain effective
electrostatic control at the nanoscale and thus avoid the
influence of short channel effects, conventional Si field-effect
transistor (FET) requires its channel thickness to be less than
one-third of the channel length."*° One issue is that even if
the channel thickness is reduced to the nanometer range, the Si
surface roughness would be too high to avoid the severe
surface scattering that significantly reduces carrier mobility."””
Consequently, an effective solution is to look for alternative
materials, such as two-dimensional (2D) semiconductor with
no dangling bonds on their surfaces.* % In this arena,
monolayer WSe, has been considered a promising candidate
for deeply scaled optoelectronic devices in view of its
ambipolar property, nonzero bandgap, and high-quality
wafer-scale growth.''™'* Till now, many studies have been
performed on WSe, FETs regarding logic and optoelectronic
applications."*™'® However, the ultimate limit in device
optoelectronic performances remains unexplored. The main
constraint is the achievement of sub-10 nm channel length
(Lcy) by conventional micro/nanofabrication technolo-
gies.'”'® Recently, graphene or carbon nanotube was used as
the gate electrode to reduce the gate length to less than 1 nm,
but the drain-source distance is more than 500 nm.'”*° In this
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device architecture, large series resistance causes a limited drive
current less than 30 pA/um, which conceals the intrinsic
optoelectronic characteristics of the devices. Typically, ballistic
transport is hardly realized despite its significance in
fundamental optoelectronic applications.”"**

Herein, we present a simple scaling method to fabricate sub-
10 nm sloping-channel WSe, FETs for very-large-scale device
integration. In this method, Ly can be simply defined by the
atomic layer deposition (ALD) process, achieving a maximum
saturation current (Igyy) of 1.0 mA/um and an ultrahigh ON/
OFF ratio (Ion/Iore) of 1.4 X 10®% at Vgg = 10 V and Vpg = 1
V. The first quasi-ballistic transport analysis of monolayer
WSe, FETs demonstrates a high ballistic efficiency up to 41%.
Furthermore, the ultrashort sloping channel enables WSe,
FETs for highly sensitive photodetection. As a result, the
device exhibits a shorter response time of 0.4 ms and a higher
specific detectivity (D*) of 4.5 X 10'* Jones compared to
planar devices. Interestingly, the sloping channel also enables
polarization resolution ability due to optical anisotropy of
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Figure 1. Fabrication process and characteristics of the sloping-channel WSe, FETs. (a—f) Fabrication process flow for sloping-channel WSe,
FETs, with device channel defined by atomic layer deposition of Al,O;. (g) High-resolution transmission electron microscopy image of a typical
WSe, FET, with the 6 nm channel length. (h) Energy dispersive X-ray spectroscopy element distribution mapping of the distribution of elements
within g, which shows the elemental composition of tungsten (W), selenium (Se), aluminum (Al), and Aurum (Au). (i) Raman characterization of
pristine monolayer WSe,, after-transfer, and after-transfer and ALD-grown Al,O;, respectively.

a b

4
10° i =19nm, s, =6 - 15 T, 7206 450 10 Vos =0.01,01, 1V
~"1 : ( j—‘ 5 10"
E 10°4 300K ; 94 \‘o\q o '350§ 3
EH £ e R £ g 102
B1oa) $° R P
£, . / 1075
<
10784 T T T 0 T T 150 10784 T T T T
-10 -5 0 5 10 50 150 250 350 -10 -5 0 5 10
Ves (V) T (k) Ves (V)
e
1500 o 2000 1
Lo ¢ This work ML WSe,
© MLMGS ™ & MLMoS v
1500 - A 5LMos, w BLWSe,™
. 1000 s S & FLMoS b FLMoS,™
€ < £ z s ® FLMoS @ FLWSS
=3 s 3 S 1000 .
2 5004 F-50 o = '_1_‘9 2 LN
- - 8 5004
0+ 04 o A .
T T T T -100 T T T T T -2 T T T
0 1 2 3 4 0 1 2 3 4 0.1 1 10 100
Vps (V) Vos (V) Lg (nm)

Figure 2. Electrical characterizations of the sloping-channel WSe, FETs. (a) Transfer curves for the Lo = 6 nm WSe, FETs measured at Vpg=1V
with varying temperature (T) down to 77 K. (b) T dependence of the field effect mobility igg and SS. (c) Transfer curves measured at Vpg = 0.01,
0.1, and 1.0 Vand T = 300 K, for the Lcy; = 6 nm and Ly = 2 um WSe, FETSs, respectively. (d) Output and gate leakage curves measured at T =
300 K and with Vg ranging from —5 to 10V, for the sloping-channel (L = 6 nm) WSe, FETs. (e) Output and gate leakage curves measured at T
=300 K and with Vg ranging from —S to 10V, for the planar (L¢y = 2 ym) WSe, FETs. (f) The comparison of normalized ON-current (Iy) for
the varied 2D materials and gate length (Lg) at Vpg = 1 V. The abbreviations “ML”, “BL”, and “FL” in the Figure stand for “monolayer”, “bilayer”,
and “few layer”, respectively.

WSe, between in-plane and out-of-plane directions, which is The fabrication process of the WSe, sloping-channel FETs is

shown in Figure la—f. The preparation processes are described
still a challenge for planar devices in view of the in-plane )
in detail in the Methods section. Briefly, an ~50 nm-thick Au

isotropy of WSe,. source electrode was first patterned on SiO, (300 nm)/P* Si
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substrate by electron beam lithography (EBL) and metal
evaporation (Figure la). Second, self-aligned ~4 nm-thick
Al,O; and ~10 nm-thick Au drain electrodes were formed by
EBL, ALD, metal evaporation, and subsequent lift-off processes
(Figure 1b—d). It should be noted that the Au electrode
deposited in this step is used as the support substrate for the
monolayer WSe,, and the thickness of the Al,O; and Au films
is related to the sloping-channel length of the device (Figure
1g). To evaluate the electrical reliability of ~4 nm-thick AL,O;,
measurement of the leakage current is performed as shown in
Figure S1. Third, monolayer WSe, was transferred to the target
substrate (Figure le). Low-energy van der Waals contact can
introduce a high-quality metal/2D semiconductor inter-
face.”””* These fabrication steps were followed by ALD of
an ~10 nm-thick Al,O; dielectric and deposition of an ~20
nm-thick top Au gate electrode (Figure 1f).

A cross-sectional high-resolution transmission electron
microscopy image of typical monolayer WSe, sloping-channel
FETs exhibits the self-aligned Au/AlL,O;/Au vertical stack
construction and the ultrashort monolayer WSe, channel of 6
nm (Figure 1g). The WSe, channel between the two Au
source/drain electrodes has a sloping morphology. The energy
dispersive X-ray spectroscopy (Figure 1h) confirms the spatial
distribution of the corresponding elements in the device
architecture. For the monolayer WSe, transferred to the
substrate before and after, the Raman peaks are located at
249.5 and 260 cm ™" (Figure 1i), corresponding to the in-plane
vibration mode Elzg and out-of-plane vibration mode A,
respectively.”””° However, the A;; of monolayer WSe, is
slightly degraded after ALD-grown Al,O;, suggesting that this
process may introduce little damage or bond disorder into
monolayer WSe,. The PL measurements are shown in Figure
S2. Correspondingly, the fabrication process of the planar
channel (Lgy = 2 pm) WSe, FETs is shown in Figure S3.

Figure 2a exhibits the transfer characteristics (Ip—Vgg) of
our sloping-channel (Lcy = 6 nm) WSe, FETs by varying
temperature (T) from 300 to 77 K. Here, the WSe, FET with
AlL,O; capping layer showed n-type dominated ambipolar,
which can be attributed to positively fixed charges inside the
Al, O, layer and the removal of atmospheric adsorbates on the
WSe, surface during alnrle'aling.27’28 Threshold voltage (Viy)
of the WSe, FETs increases from 2.2 to 3.0 V, as the transfer
curves get positively shifted with the increasing T. In the highly
ON state, the temperature-independent output current I at
the same of |Vgg — Vpyl indicates tunneling dominance and
ohmic-like contact at the metal/WSe, interface of the FETs
(Figure 2a). In the OFF state, I, remains constant and low,
which results in a high Ion/Iopg ratio (~1.4 X 10°). Here, Loy
is about 3 times larger than characteristic length18 (

A= :itstox = 1.9 nm, where €, €, t,, and t, are Al,O;

dielectric constant, WSe, dielectric constant, Al,O; thickness,

and WSe, thickness, respectively), ensuring the effective

electric gating. With the decreasing temperature, the
dVgs

subthreshold swing (SS =In 10( d(lnIDS))) gets improved

from 372 mV/dec to 177 mV/dec, following the Arrhenius
relationship between T and SS in Figure 2b. Moreover, in the
range of 100—300 K, the intrinsic field-effect mobility (pgr)
can be calculated by the equation

6666

R G (1)

where the channel width (W) is normalized to be 1 ym, C,is
the gate capacitance, R, is the total resistance, including
channel resistance and contact resistance Ri. As illustrated in
Figure S4, we have extracted the device contact resistance,
based on the nonlinear characteristics of output conductance
G(dIps/dVgg) versus Vpg at the low-biased condition.”” The
pgr has been extracted and fits well with the expression ppp ~
T~ in Figure 2b, indicating dominance of phonon scattering in
our device.’® Figure 2c shows the transfer characteristics of the
sloping-channel (Lcy = 6 nm) and planar (Lcy = 2 ym) WSe,
FETs. Transfer curves of the Loy = 17 and 40 nm WSe, FETs
are plotted in Figure SSa, b, respectively. Here, the Ion/Iogs
extracted at Loy = 6 nm is similar to that of the 2 ym planar-
channel FET, demonstrating the ability of the 6 nm sloping-
channel FET to turn off the device. At Vg = 1 V, the OFF-
current is lower than S pA/um, which satisfies the low-
operating-power 2024 requirement (100 pA/pm) of the
International Technology Roadmap for Semiconductors
(ITRS).*!

Output characteristics (I—Vpg) and gate leakage current
curves of the sloping-channel (L¢cy = 6 nm) and planar (Lcy =
2 um) WSe, FETs are illustrated in Figure 2d, e. For the Loy =
17 and 40 nm WSe, FETs, their output and gate leakage
current curves are presented in Figure SSc, d. The maximum
Igar increases from 47 yA/um at Loy = 2 pm to 1339 yA/um
at Lcy = 6 nm. This result exceeds the critical current density
target (1.0 mA/um) proposed for 2D FETs in a recent
perspective article.”> We have summarized the normalized
ON-current at Vpg = 1 V for the varied 2D semiconductors
and gate length, as depicted in Figure 2f.'”****7*% It is worthy
pointing out that the bilayer WSe, transistor can achieve a
higher ON-current of 1.7 mA/ /,tm,33 but at the cost of reducing
the Ion/Iopr value to less than 10°. As the channel length
increases from 20 to 230 nm, the Ioy/Iopp increases from 680
to 10%, but the Ioy decreases from 1.7 mA/um to 0.2 mA/
um.”” The achievement of ultrahigh drive current and ultralow
leakage current in our sloping-channel device demonstrates its
potential to realize the trade-off between high-performance and
low-power electronics.

While scaling the WSe, FETs from the planar, long channel
(Ley = 2 pm) to the sloping channel (Lcy = 6 nm), the
diffusive transport model has failed to reproduce the device
characteristics. We adopt the virtual source emission-diffusion
(VSED) model, which was derived from Landauer scattering
theory, to describe the drift-diffusive to ballistic transport
regimes. The current Iy is expressed as*’

I, = WQ_(0)v7E, wysep

frTr]l )

where v is the thermal/ballistic injection velocity, Q,(0) is
charge at the virtual source point, and ®, is the thermal
voltage. The function F, ysgp can give transmission coefficient
(Tr) while scaling Lcy from carrier drift-diffusive to ballistic
transport regimes:

)

o)

T Vbst
expl —
toC T, Xp( @,

Fsat,VSED = ( >
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oty
Ay + 1

Tr

(4)
where [ is critical length for scattering at top of the barrier, 4,,,
( = 2%/4%) is carrier mean free path. Using the ygy extracted

2k,T

am*

in Figure 2b and v (= ~ 8.4 X 10° cm/s, here ky is the

Boltzmann constant, m* = 0.39m, is the effective transport
mass of carriers in monolayer WSe, "), Ay is calculated to be
1.9 nm for our monolayer WSe,. For the long channel (L¢y >
lmfp), the drift-diffusion dominants in the carrier transport,
whereas that are more ballistic for the short-channel devices in
Figure 3a inset. Based on the egs 2 and 3, we extract the Tr for

a 1800
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Figure 3. The simulation of the sloping-channel WSe, FETs. (a)
Transmission coeflicient Tr vs Vg for a Lcy = 6 nm WSe, FET, while
adopting the VSED model (extracted at Vpg = 1 V). Inset: carrier
drift-diffusive and ballistic transport regimes inside the short- and
long-channel WSe, FETS, regarding carrier mean free path A4, (~1.9
nm) of the monolayer WSe,. (b) The measured and simulated output
curves for the Lcy; = 6 nm WSe, FETs. (c) Tr vs Vpg (extracted from
VSED model at Vg = 10 V), for the sloping-channel WSe, FETs with
Ly = 6, 17, and 40 nm, respectively. The critical length I decreases
with the increasing Vpg, leading to Tr reaching up to 41% at Lcy = 6
nm. (d) Drift velocity v4 vs electric field E for the Lcy = 6 nm WSe,
FETs, considering numerical extraction from the experimental data
(black) and analytical simulation based on the Caughey-Thomas
model (red). Inset: vy, of the devices with different channel lengths.

the Ley = 6, 17, and 40 nm FETs in Figure 3a, c. Output
curves for the FETs are simulated in Figure 3b, Figure S6a, b,
respectively. In Figure 3a, Tr & 0.16 is obtained at Vg =0V,
indicating the onset of the quasi-ballistic transport inside the 6
nm FET. In Figure 3, it is seen that Tr increases with Vg, due
to the enhanced Vg and Vg and decreased 1. This is mainly
attributed to the fact that R can reduce Vg and Vigg; voltages,
thereafter leading to the increase of I and decrease of Q,(0),
Tr, and I, in the sloping-channel FETSs. In Figure S4, R¢
decreases with applied voltages Vg and V. Finally, at Vipg = 4
V, Tr reaches up to 41% in the Loy = 6 nm WSe, FET,
indicating quasiballistic transport behavior. Furthermore, the
drift velocity v, (black line in Figure 3d) can be estimated by
the equation*”**

6667

_ I
WCIVast — Viy — Vo/2!

Uy
(s)
Here, the vy fits with the analytical calculation based on
Caughey-Thomas model (the red line in Figure 3d), as below:

MerE
[l + (M)y}w
Usat (6)
where E (= (Vps — 2IpsRc)/Lcy) is the lateral electric field,
g is the saturation velocity, and y is the scattering factor in
Figure 2b. At high electric field, vy = vgr = 4.2 X 10° cm/s,
which is higher than previously reported.*’

Besides FET applications, the ultrashort transit time of
transporting carriers in the sloping channel enables a WSe,
device for polarization-sensitive photodetector with improved
sensitivity and response speed. Figure 4a gives transfer curves
of the 6 nm device with and without illumination (incident
light power intensity, Py, = 2 W/ cm?). As exhibited in Figure
S7, the transfer characteristic trace shifts to the positive
direction after illumination and the off-state current increases,
suggesting both photogating and photoconductive effect in the
WSe, photodetector.”” The device exhibits a large Lighe/Tark
ratio of 2.8 X 10* at Vs = —3 V and Vi = —1 V. Here, gy
and I, denote output current with and without illumination,
respectively. Upon illumination, the hole current increases
whereas the electron current decreases. It can be assumed that
the photogenerated electrons are effectively trapped in
localized states and act as a local gate, which increases the
hole concentration in the WSe, channel. Figure 4b shows the
dynamic response of the device. The Iy, increases with laser
power, while I;, is always kept at a very low level. To
quantitatively evaluate the photoresponse capability of the
device, photoresponsivity (R) is calculated according to the
equation:

U4

Ilight - Idark

_ I
PlightS PlightS

- )

where I, is the photocurrent and § is the active area of WSe,
photodetector. The spatial photocurrent mapping is used to
characterize the effective area of the device, as shown in Figure
S8. The maximum responsivity of the photodetector is then
extracted to be 1027 A/W (Figure S9). The responsivity
decreases as the Pjy, value increases, probably caused by
enhanced photogenerated carrier recombination upon an
increase in light intensity. Next, in order to evaluate the
identification ability of the device upon a weak signal, we
further extract specific detectivity (D*) according to the
equation:46

o = (5B
NEP (8)
NEP ’T'?m
B (9)

where B, NEP, and i} represent the bandwidth, noise
equivalent power, and root-mean-square value of the noise
current, respectively. In the Figure 4b inset, the noise level per
unit bandwidth (1 Hz) is measured to be 2.9 x 107! A2 Hz ™!
at Vg = —3 V. Here, based on the maximum R value of 1027
A/W, D* is calculated to be 4.5 X 10" Jones for the 6 nm
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Figure 4. WSe, photodetector based on sloping channel. (a) Transfer curves at Vpg = —1 V for the Lcy = 6 nm WSe, photodetectors under dark
(black) and illumination (red) conditions. (b) Dynamic response of the Lcy = 6 nm WSe, photodetector with increasing Pjigy value. Inset: Noise
analysis of the device. (c) Photoswitching response of the L¢; = 6 nm WSe, photodetectors under 532 nm laser illumination and Pyigpe =2 W/ cm?,
(d) The extracted photocurrent as a function of polarization angle for the sloping Ly = 6 nm (black dot) and planar Ly = 2 gm (azure dot) WSe,
photodetectors. (e) Photoswitching response of the Lcy; = 6, 17, 40 nm and 2 ym WSe, photodetectors, under 532 nm laser illumination. (f) The
Tiise AN Tyecqy Of the Loy = 6 nm (above), 2 um (below) WSe, photodetectors. (g) Photoresponsivity (red, right axis) and decay time (black, left
axis) of the WSe, photodetectors, with L¢y; varying from 6 nm to 2 um. (h) The extracted E inside the Ly = 6, 17, 40, and 2000 nm FETs, close to
the source electrode (at Vpg = 1 V). Inset: Simulated electric field contour plot for of the 6 nm WSe, FETs. (i) The Frenkel-Poole (FP) plot of
In(1/%4ecayE) vs Lep. Inset: FP emission at a high electric field. E¢ is the minimum conduction band energy, E, is the maximum valence band

energy, and @y, is the FP trap energy of the electron.

device (Figure S9). To the best of our knowledge, this is the
highest value reported so far for WSe, photodetectors.'®*~°
Figure 4c exhibits transient photoresponse of the device
measured, in which 110 periodical on/off laser cycles are
performed. Interestingly, utilizing optical anisotropy of WSe,
between in-plane and out-of-plane directions, the ultrashort
sloping-channel device is capable of sensing incident light
polarization. The polarized photocurrent upon 532 nm laser
illumination is presented in Figure S10b. The photocurrent as
illuminated perpendicular to the X-axis (defined as 90° see
Figure S10a) is much stronger than that along X-axis (defined
as 0°). Thus, a linear dichroic ratio of 2.3 is achieved (Figure
4d), which is still a challenge for planar WSe, devices. This
polarization dependent optical property mainly results from
the anisotropy of WSe, between in-plane and out-of-plane
directions instead of the plasmonic response of the Au
structures (see Figure S11 for more details).

The influence of the channel length on the transient
properties is investigated. Figure 4e shows the influence of Ly
on the photocurrent of the devices with the same test
conditions of Vg = —1 V and Vg = Vg (at which the device
is turned off completely). Here, the responsivity increases with
the decrease of channel length and can be improved by 3
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orders of magnitude in Figure 4g. In addition, the rise/decay
time decreases from 15.9/18.6 ms for the 2 ym device to 0.4/
0.4 ms for the 6 nm device (Figure 4f, Figure S12). Compared
with other photodetectors, as shown in the Supporting
Information (Table 1), our device demonstrates its potential
to realize the trade-off between responsivity and response
speed. The detailed decay processes of the devices with various
channel lengths are shown in Figure 4g. By shortening the
channel length, the responsivity and response speed can be
improved simultaneously. In the traditional 2D phototransistor
architecture, photogating effect is responsible for the channel
current modulation upon light illumination.*”' As one type
photogenerated carriers are trapped by surface and interface
traps existing in nanomaterials, another type carriers would
transport in the conducting channel, resulting in a photogain
(G) given by

G = Tlifetime

% (10)
where Tjgme 1S the lifetime of the trapped photocarriers and is
at the same order of the photoresponse time. Here, 7; can be
estimated by the equation:
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T = CH
ez Vst (11)

For Lcy = 6 nm, 17 nm, 40 nm and 2 um, 7, = 1.6, 6.2, and 19
ps and 260 ns, respectively. According to eq 10, the G of WSe,
devices is calculated to be 1.8 X 108, 1.1 x 105, 5.3 x 107, and
6.1 X 10* for Loy = 6, 17, 40, and 2 um, respectively.
Accordingly, it is reasonable to obtain a higher responsivity in
devices with shorter channels in Figure 4g. Regarding the
response speed, both 7, and 74, are limited by the lifetime
of the captured electrons in the localized states. It is known
that the current across Schottky barrier between metal
electrode and semiconductor channel is determined by the
barrier height (3) and expressed as™”

I = A*Tzexp(—qy/B/kBT)(exp(qV/kBT) -1) (12)

where A* represents the effective Richardson constant, g
represents the electron charge, and V represents the bias
voltage applied on the junction. Under illumination, the
carriers trapped in surface/interface traps act as a local gate,
which would reduce the barrier height yg and increase the
output current. These trapped carriers usually have relatively
long lifetime. This is the reason that photodetectors based on
2D semiconductors, normally exhibit long response
time.>>**** For the shorter channel length WSe, device, the
potential drop on the metal/semiconductor contact is higher
due to the reduced channel resistance. Consequently, a higher
electric field near the source electrode is introduced, which can
reduce the lifetime of trapped carriers due to an electric field-
assisted detrapping process, named Frenkel-Poole (FP)
emission in the Figure 4i inset. To get a more intuitive
understanding of the response mechanism, we perform 2D
device simulation with SILVACO/Atlas in Figure 4h, where
the local electric field near the source electrode for different
Ly values is extracted. The Figure 4h inset shows the electric
field distribution of Loy = 6 nm WSe, FETs. The numerical
simulation is described in the Methods section. The relation-
shi}z) between FP current density (Jgp) and E can be expressed
S.
as

9Py — qE/mEe,)

kT

Jop = AEeX}{
(13)

where A represents the pre-exponential factor and @
represents the FP trap energy (i.e., the energy level of the
trap with respect to the conduction energy level of the WSe,,
as shown in Figure 4i inset). By assuming Jpp is inversely
proportional to 7g..,, eq 13 can be converted to

ln[ !
Tdecay ( 14)

where N and O are constants. Figure 4i shows In(1/7ecsE)
versus Lcy, and the linear relationship confirms the FP
emission model in modeling the detrapping process.

In summary, we present a novel method to construct
monolayer WSe, sloping-channel FETs with a record high Ig,t
of 1339 uA/um and a large Ion/Iops of 1.4 X 10%. The quasi-
ballistic transport in WSe, FETs is first demonstrated,
exhibiting a high ballistic efficiency of 41%. Furthermore, the
sloping-channel device is suitable for building polarization-
sensitive photodetector with improved response speed and

]zNJE+O
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detectivity. The method is applicable to other 2D semi-
conductors, thus broadening both experimental and theoretical
research fields of 2D optoelectronic devices.

B METHODS

Device Fabrication. The Au electrodes were defined by
standard electron beam lithography (JEOL 7610 with NPGS),
metal evaporation, and lift-off process. Monolayer WSe, flake
was obtained by mechanical exfoliation from a bulk crystal, and
then transferred onto the source and drain electrodes by dry
transfer.”® Standard ALD (precursor: water as oxidant and
trimethylaluminum as Al source; deposition temperature = 100
°C; the growth rate of 1 A/cycle.) was used to deposit Al,O;
thin film.>° The Au electrodes were deposited by metal
evaporation process under vacuum conditions (& § X 107*
Pa).

Material and Device Characterizations. Raman spectra
were obtained by using a confocal Raman system (Horiba
LabRAM HR). The high-angle annular dark-field STEM
images and element mapping analyses were recorded with a
Thermo Scientific Themis Z (3.2) microscope equipped with a
probe-forming aberration corrector at an operating voltage of
300 kV (Analytical Instrumentation Center of Hunan
University). Optoelectronic characterizations of the devices
were carried out with the Lake Shore TTPX Probe Station
under vacuum condition (& 1.5 X 107* Pa).

Numerical Simulation. The 2D device simulation in Figure
4h was performed in SILVACO/Atlas to check electrical field
(E) distribution inside the varied channel lengths of 6, 17, 40,
and 2000 nm, with a band gap of 1.43 eV, an affinity of 3.83
eV, and a metal work function of 5.1 eV (referred to Au). At
Vs = 1.0V, the local electric field near the source electrode for
different Ly is extracted.

B ASSOCIATED CONTENT
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