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High-gain photodetectors based on 2D semiconductors have been extensively
investigated in the past decades. However, the underlying mechanism
remains in dispute without a proper analytical theory. On one side, the
classical photogain theory is not applicable, as it was derived on two
misplaced assumptions. On the other side, unexpected potential barriers
usually present in 2D semi-conductors but their effect on the ultrahigh gain
has been largely ignored. In this work, we first established a universal I-V

1. Introduction

Low-dimensional photodetectors often
have extraordinarily high photogain (up to
10%).151 Tt was believed in the classical
photogain theory that the gain comes from
the recycling of photogenerated charge
carriers, i.e., photogenerated electrons
or holes, driven by electric fields, circu-

late in the circuit multiple times before
recombination.[*] In fact, photogen-
erated electrons and holes in a doped
semiconducting photoconductor cannot be
spatially separated due to the ambipolar
transport.'!l In recent years, we found
that the classical theory was derived on
two misplaced assumptions.[!?] The first
assumption is that the photogenerated
excess carriers are uniform in spatial distri-
bution on condition of uniform doping and
illumination. This assumption is actually
invalid due to the confinement of metal-
semiconductor boundary. The second
assumption is that the excess electrons
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equation for Schottky-contact MoS, phototransistors, modeled with two
anti-symmetric Schottky diodes and a channel resistor in series. It has been
proved to be valid under varying conditions of gate voltage, temperature, light
illumination and bias voltage. Moreover, we established analytical equations
for photocurrent and gain, which clearly shows that ultrahigh gain is created
by light-induced modulation of potential barrier in exponential form. Finally,
the theory was validated on 40 samples by verifying the I-V characteristics
and minority carrier lifetime. Our results not only shed light on the working
mechanism of 2D phototransistors, but also present important advance for
device modeling and design in 2D integrated circuits.
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Figure 1. a) Optical microscopic image of a MoS, device. The scale bar is 20 pm. b) Scanning photocurrent microscopy of the MoS, device. The laser
beam power is 500 uW and beam size is ~#2um. c) Raman shifts and d) photoluminescence spectrum of the multilayer MoS,. ) |-V characteristics of
the MoS, device. Inset: device model of the Schottky contact MoS,. f) Gate transfer characteristics of the MoS, transistor with Vg = 2 V. The inset is

the schematic diagram of the phototransistor.

conduction channel width by photovoltage across the surface de-
pletion region.

2D semiconductors, particularly 2D MoS,, have emerged as
a promising candidate for integrated circuits to supplement
Si.[1718] The development of explicit device theories for 2D semi-
conducting devices is crucial for integrated circuits (IC) based on
2D materials as the modern IC industry heavily relies on circuit
design and modeling due to the astronomical scale of circuits. Al-
though photodetectors based on 2D semiconductors have been
extensively investigated,>*19-24] there is no analytical theory that
governs the photoresponses of these devices, and the effects from
the Schottky contact in 2D phototransistors have been largely ig-
nored in the past decades. Nevertheless, metal in contact with 2D
semiconductors often forms a Schottky junction unless a proper
metal is chosen to align the work function of metals and 2D semi-
conductors. Meanwhile the choice of metals is quite limited due
to the compatibility issue in the complicated IC fabrication pro-
cess, other traditional approaches to form Ohmic contacts such
as high doping to facilitate quantum tunneling and thermal an-
nealing to form metal-semiconductor alloys are not applicable for
atomically thin 2D semiconductors. Schottky contact 2D semi-
conducting devices may be ubiquitous in ICs based on 2D mate-
rials. Therefore, it is important to decipher the underlying mech-
anism and establish an explicit device theory for Schottky contact
MoS, transistors and photodetectors.

Inspired by our previous work on high-gain
photoconductors,['**] we derived explicit analytical equa-
tions for [-V characteristics, photocurrent and photogain, and
thus developed an ultrahigh gain theory for Schottky-contact
MoS, phototransistors. According to our theory, parameters
like voltage drop can be extracted from [-V characteristics and
working mechanism of 2D transistors can be easily judged to be
Schottky-diode-dominant or channel-related-resistor-dominant.
In addition, we found in this work that high-gain photore-
sponses in Schottky contact MoS, photodetectors are created
by the light-induced modulation of Schottky barrier (A®) in
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exponential form. To validate the analytical photoresponse
model, we extracted the minority recombination lifetimes by
fitting I-V curves with analytical photoresponse model. The
values are largely comparable with value from the transient
photoluminescence measurements. To check the universality
of our theory, we fabricated ~40 MoS, devices with either
Schottky—Schottky junctions or Schottky-Ohmic junctions. The
measured characteristics of these devices are all fitted well with
our theory. This work represents an important advance for
device modeling and design in integrated circuits based on 2D
semiconductors.

2. Results and Discussion

The optical image of the back-gate MoS, field effect transistor
(FET) is shown in Figure 1a, from which we can see that the mul-
tilayer MoS, is on top of and in good contact with both electrodes.
The device was fabricated following the procedure as described
below. Two Au/Cr electrodes were first formed on p*-Si/SiO,
wafer (300 nm thick SiO,) by photolithography and thermal evap-
oration. As the next step, a multilayer MoS, flake was mechani-
cally exfoliated from a bulk MoS, and then dry-transferred onto
the target surface in contact with the electrodes. Finally, the de-
vice was annealed in vacuum at 300 °C for 30 min. The channel
is 20 pm long and ~64 pm wide. Figure 1b shows the scan-
ning photocurrent mapping of the device, which we will discuss
later.

The material quality of the exfoliated MoS, flakes was ex-
amined with Raman and photoluminescence spectroscopy. As
shown in Figure 1c, two Raman peaks at 383.9 and 408.3 cm™!
were observed, which are the Ezlg and A, vibration mode of MoS,,

respectively. It is known that the separation between E;g and A,

mode evolves with the number of MoS, layers. A peak separation
of 24.4 cm™! indicates that the flake is a few-layer MoS,.[?* Photo-
luminescence (PL) characterizations were carried out under the

© 2024 Wiley-VCH GmbH
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excitation of a 532 nm laser. The single strong PL peak at 1.84 eV
was attained as shown in Figure 1d, indicating a good crystalline
quality of the MoS, flake.

Schottky contacts often form between 2D materials and metal
electrodes due to the Fermi level pinning at the interface and the
mismatch in Fermi energy levels of the 2D material and metal.
Recent researches found the strain-induced bandgap change of
2D materials is also an important reason for the formation of
Schottky contacts.[?>26] It is well known that Schottky junctions
play a dominant role in the electronic properties of semicon-
ductor devices.[**32] As a result, it is not surprising to see that
the current-voltage characteristics of our device are nonlinear
(Figure 1e). To double check the observation, we performed the
scanning photocurrent microscopy (SPCM) on the device. In this
measurement, a focused laser beam (4 = 532 nm) was used to
scan over the MoS, device. Photocurrents and laser positions
were then recorded simultaneously, forming a raster photocur-
rent map. The photocurrent map in Figure 1b (placed right next
to the device image in Figure 1a for comparison) shows that the
photocurrent of the MoS, device at a bias of 2 V is mainly located
near the bottom Au electrode and extends well into the channel.
This is because the Schottky junction near the bottom electrode
is reverse biased and the top Schottky junction is at forward bias.
At a bias of 2V, the resistance of the forward Schottky junction is
negligible. The reverse biased Schottky junction and channel are
the main components in device resistance (see more discussions
later) and therefore are the main sources of photocurrent in the
map.

Figure 1f shows the gate-transfer characteristics of the MoS,
device at a source-drain bias of 2V. At this bias, the MoS, channel
dominates over the device resistance. As the gate voltage sweeps
from 20 to —20 V, the source-drain current drops by 3 orders of
magnitude, indicating that the MoS, channel is n-type. The hys-
teresis in gate transfer characteristics is attributed to the defects
that trap or emit charges.

The [-V curve of a Schottky junction is governed by Equa-
tion (1):

I, = L exp < ) [ew - 1] 1)

where ¢ is the Schottky barrier height (SBH), k is the Boltzmann
constant, T is the temperature, and V is the applied voltage. I, is
the current constant given by I, = A* TS for 2D semiconduc-
tors with A* Being the Richardson constant, S the cross-sectional
width of MoS, channel.

Schottky junctions of 2D materials in contact with metal, al-
though fabricated in the same process, often have different I-V
characteristics due to the dielectric disorder of 2D materials, 3]
which is reflected in the difference of ideality factor and barrier
height. More importantly, the Schottky barrier height of the 2D
semiconductor can be modulated by the bias applied to the bar-
rier following Equation. (2).13*]

b=, £qv(1-) @

where ¢, is the intrinsic barrier height at zero bias, V the applied
bias, n the ideal factor, and + for forward and reverse bias, re-
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spectively. When we plug Equation. (2) into Equation. (1), we can
rewrite the forward current as Equation (3a) and the reverse cur-

rent as Equation (3b) after the term el —1is simplified as et for
forward bias and -1 for reverse bias, respectively, when |V|>3kT/q.

I, = I exp ( qk;> (3a)

I, =—I exp [% (1—1)] (3Db)

n

in which I, = I, exp(— ¢
reverse bias.

Our device consists of two back-to-back Schottky junctions (#1
and #2) and one channel resistor R (as shown in the inset of
Figure 1f). A bias voltage V will create a current flowing through
the forward junction (#1), channel resistor, and reverse junction
(#2). The bias voltage V will distribute among these three compo-
nents in series, i.e., V= Vg; + Vg, + R X I, which can be written
as Equation (4) after plugging V. for Junction #1 and V/, for Junc-
tion #2 found from Equation (3) (Note [ = I, =— I;):

kT I n, kT I
v=n ql <Isl>+n2_l rhé <Isz>+RI @

in which the subscript 1 and 2 represents the corresponding pa-
rameter of ]unction #1 and #2, respectively More specifically,
I = Iy exp(— k )and I, = I, exp(— ) To make it convenient
for fitting with expenmental data, Equation (4) is reformatted into
Equation (5) in which we use the current I as the variable and the
bias voltage V as the function.

_ M\ kT L
V—<n1+n2_1> qln + RI 5)

) Vp is the forward bias, and Vj is the

where If=1," I,/ with a=n /(n+-%) and f=
ny—
2 f(ny + —) The derived Equation (5) governs I-V char-

ny—1

acteristics of back-to-back MoS, Schottky junctions, which
is universal for other 2D semiconductor devices in Schottky
contact.

We plot the bias voltage (V) versus current (V-I) character-
istics at different gate voltage. Excitingly, the V-I characteristics
in Figure 2a can be nicely fitted with Equation (5), from which
we extracted the leakage current I (calculated from the extracted
I°, see Table S1 and Section I, Supporting Information) for the
two Schottky junctions and the channel resistance R. Figure 2b
shows that the extracted leakage current I; and I, for Junction
#1 and #2, respectively, which have a competing response to the
gate voltage. Figure 2c plots the extracted channel resistances as
a function of gate voltage. As expected, the channel resistance R
extracted when V>0V and V4,<0 V are comparable, which val-
idates our device model. The channel resistance R is less depen-
dent on gate voltage because trap states compromise the gating
effect on the channel. What’s more, the extracted ideality factor
n, and n, are both slightly larger than 1 (see Figure S1a and Sec-
tion I, Supporting Information), which is reasonable because of
the thermally-assisted tunneling in Schottky junctions.

© 2024 Wiley-VCH GmbH
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Figure 2. a) Gate-dependent VI characteristics fitted with Equation (5). b) Extracted the leakage current I; (purple diamonds) and I, (Orange dots)
for the two Schottky junctions. c) Extracted channel resistances for source-drain bias greater (brown diamonds) and less than zero (green dots).

Figure 3 shows the temperature dependent V-I characteris-  reduction A¢ of the intrinsic Schottky barrier height ¢,. There-
tics for V4 >0V and V, ,<0 V which can be also well fitted with  fore, we have the total current under light illumination shown in
Equation (5). According to the fittings, we extracted the leakage  Equation (6).
currents and channel resistances as a function of temperature, as
shown in Figure 3b,c, respectively. The leakage currents for both o, — Ad qVe 1 A
1 1 i 1 1 1 L= "1 T T - - = ldark T
junctions increase as the temperature rises, but with different | Loexp < kT > exp [ kT <1 n)] Laan. exp ( kT> (©)
correlations. It is worthy to point out that we cannot extract the
intrinsic Schottky barrier height ¢, from the leakage currents I, Previously, we found that the nanowire channel will be
or I, because the Richardson constant in I, is temperature de-  pinched off when the nanowire is narrower than two times of
pendent (see Figure S2 and Section II, Supporting Information).  the surface depletion region width in the nanowire. In this case,
This fact indicates that the metal-MoS, Schottky junction shall  a potential barrier exists between the source and drain. Light illu-
be modeled with the mixed thermionic emission and diffusion = mination will reduce the potential barrier, inducing a photocur-
model developed by Crowell and Sze,*! in which the Richardson  rent. The light intensity and the potential barrier reduction is cor-
constant is implicitly dependent on temperature. Moreover, the  related following Equation (7).'*3¢] Schottky contact MoS, pho-
temperature dependent Richardson constant also explains why  totransistor in this work is quite similar, with a potential barrier
the channel resistances R calculated with V,, >0 and V,<0 de-  from the predominant reverse biased Schottky junction. At a fixed
viate from each other as the temperature reduces to 175 K or  bias, light illumination will also reduce this potential barrier (see
lower. Figure 4c). The potential barrier reduction A¢ can be calculated

Based on the device theory above, we investigated the working ~ from the current in darkness and under light illumination follow-
mechanism and analytical photoresponses of the MoS, photo-  ing Equation (6). Figure 4d shows A¢ as a function of light inten-
transistor. First, we recorded the I-V characteristics (a different  sity at different bias which can be nicely fitted with Equation (7).
device) under the illumination of light (4 = 525 nm) with dift  The fitting results are consistent with what will be presented later
ferent intensities (Figure 4a). All the five [-V curves with light  in Figure 5.
intensity increasing from 0 to 24 mW cm™ are well fitted with
Equation (5). The derived voltage load on Junction #1 (V;), Junc-  p  _ ps [ exp < Ag > _ 1] 7)
tion #2 (V;) and channel resistance (V}) as a function of source- fight ™ " light mkT
drain bias are shown in Figure 4b. At bias voltage higher than
1.8 V, the channel resistance dominates the source-drain resis-  Where mis the ideality factor determining how effectively the po-
tance. But as the bias is lower than 1.8V, the reverse biased Schot-  tential barrier is reduced by light illumination. It depends on
tky junction (here junction #2) play a leading role. Under light ~ the device structure, light absorption, defects in the junction,
illumination, the photoresponse of reverse biased Schottky junc- ~ and others. P lsigm is defined as the critical light intensity which is

tion keeps predominant. This photoresponse is ascribed to the  given by P = hon | in which #iw is the photon energy, n, Is the
18! 2aty
(a) - ] O (©).
. K . g <4V, >0
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Figure 3. a) Temperature-dependent VI characteristics fitted with Equation (5). b) Extracted the leakage current Is; (purple diamonds) and Is, (Orange
dots) for the two Schottky junctions. c) Extracted channel resistances for source-drain bias that is greater (brown diamonds) and less than zero (green
dots).
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Figure 4. a) V—I characteristics under light illumination (4 = 525 nm) of different intensity. b) Voltage drops on the forward and reverse biased Schottky
Junction, and the MoS, channel in darkness. c) Schematic diagram of the energy band structure of Schottky barrier under light illumination. d) Schottky
barrier reduction as a function of light illumination for different bias.
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intrinsic electron concentration (per unit area) of MoS,, « is the
light absorption ratio by MoS, and 7, is the minority recombina-
tion lifetime in MoS,.

From Equations (6) and (7), we find that the total current under
light illumination is dependent on the illumination light inten-
sity Py, following Equation (8).

Pyyg, "
ight
IL = Iph + Idark = Idurk <Ps_ + 1) (8)

light

Furthermore, the photogain (G) shown in Equation (9) can be

derived from Equation (8).
Lu/q P Si P, "
G= ph _ Gmax light ight +1 _1 (9)
Prigps WL/hw mPgp, P light
is the maximum gain when the light inten-

mhw

where G, =

sity approaches to zero, and W and L represents the width and
length of the MoS, channel.

Figure 5a along with the inset exhibits the experimental cur-
rent of the MoS, device under light illumination and the corre-
sponding photogain as a function of light intensity at different
bias, which can be well fitted with Equations (8) and (9), respec-
tively. In Equation (9), the photocurrent is normalized against
the light intensity to derive the photogain. As a result, the pho-
togain maximizes at weak light intensity. At weak light intensity,
the signal-to-noise ratio is small for experimental data. A large
uncertainty will be created if we use Equation (9) to fit the experi-
mental data. For this reason, we use Equation (8) to perform our
fittings (solid curves). At high bias (> 1.8 V in our case), although
the channel resistance starts to dominate and the reverse biased
Schottky junction become less important, the theory still fits well
the experimental data. This indicates that the photoresponse of
the MoS, channel also follows Equation (8). This is likely rea-
sonable considering that there are defects in the atomically thin
MosS, flake. These defects are charged, forming a potential barrier
reducing the effective conduction channel width. Light illumina-
tion will reduce the potential barrier and create a photocurrent,
following similar equations as shown in Equations (7) and (8).1"]
A systematic investigation of the analytical photoresponses in the
channel is subject to future work.

Here, let us focus on the fitting results of Equation (8). From
the fittings, we extract the dark current I, the ideality factor m
and the critical light intensity Pfight. The extracted dark currents
are almost identical with the experimental value (Figure 5b),
which validates the analytical photoresponse model. The ex-
tracted ideality factor m remains largely constant ~0.35 to 0.48. To

calculate the minority carrier recombination lifetime z, = ZZ"%,
ight
we first find the photon energy of iw = 2.36 ¢V for the inci-
dent light at a wavelength of 525 nm, and the absorption ratio
of a = 41% for a multilayered MoS, flake according to previous
work.[® The intrinsic electron concentration n, of MoS, depends
on the effective mass of electrons and holes. It is best estimated
n; &~ 2.65 X 10° cm™ (see section 111, Supporting Information).
Based on the extracted value and the expression of the critical

o I L
light intensity Py, given above, we calculate the minority recom-
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bination lifetime of MoS, in a range of 0.3-1 ns as shown in
Figure 5c. The minority recombination lifetime increases as the
source-drain bias, likely because the photoresponse of the MoS,
channel plays a more important role at higher voltage. Note that
a metal in contact with a semiconductor will bring additional de-
fects. Therefore, it is expected that the minority recombination
lifetime is longer in the channel.

To further validate the analytical photoresponse, we exper-
imentally measured the minority recombination lifetime. A
pulsed laser illumination (4 = 405 nm) was employed to ex-
cite excess carriers in the MoS, flake. When the excitation pulse
is switched to off state, the photoluminescence will exponen-
tially decay following a stretched exponential decay function
(Figure 5d).% Fitting the transient decay with this stretched ex-
ponential function, we find the minority carrier recombination
lifetime as 0.67 ns, which is comparable with the lifetimes we
extracted from the analytical photoresponses (Figure 5c), in par-
ticular when the MoS, channel resistance starts to dominate at
high bias (> 1.8 V).

The gate voltage also has a significant impact on the photore-
sponse of the MoS, device. We recorded the total current under
light illumination for different gate voltage as shown in Figure 6a
(a different device). The current dependence on the light inten-
sity can be nicely fitted with Equation (8) for all gate voltages. The
extracted dark currents (black squares) are almost the same with
the experimental ones (red dots) as shown in Figure 6b, suggest-
ing that Equation (8) is valid for gated MoS, devices. From the
extracted critical light intensity (black squares in Figure 6c¢), we
found that the minority carrier recombination lifetime increases
from ~40 ps to ~1 ns (blue diamonds) when the gate voltage
sweeps from —10 to —20 V. The initial lifetimes are smaller by an
order of magnitude than the ones presented in Figure 5 probably
because this new MoS, flake is thinner or has a poorer quality
than the previous one. At high negative gate voltage (< — 18 V),
the minority recombination lifetime quickly increases likely due
to the reduction of majority electrons in MoS, that suppresses
the recombination rate of excess minority holes. Figure 6d plots
the ideality factor m at different gate voltages. As the gate voltage
sweeps from —10 to —20 V, m first remains nearly constant ~0.3
and then increases to 0.5 after —18 V, exhibiting a pattern similar
to the minority recombination lifetime in Figure 6c.

To verify the universality of this theory, we made ~40 MoS,
devices in the same process. A number of such devices with their
electrical and optoelectrical characteristics are shown in Figure
S3. The I-V curve and photocurrent dependent on light intensity
are well fitted with the theoretical equations described above.

Two Schottky junctions in series may complicate the device
electrical characteristics. To simplify our device and modeling,
we further made devices with a single Schottky junction. Cr/Au
bottom electrodes were first deposited on a SiO, /Si substrate. A
multilayer MoS, flake was then transferred onto the Cr/Au elec-
trode. As the final step, Bi/Au top electrodes were deposited on
top of MoS, (see the inset of Figure 7a). Au in contact with MoS,
forms a Schottky junction and Bi in contact with MoS, creates an
Ohmic contact. Figure 7a shows the I-V curves of the MoS, de-
vices in Bi-Bi contact and Bi-Au contact. The MoS, in Bi-Bi con-
tact has a linear [-V curve, indicating that the MoS, forms an
Ohmic contact with Bi electrodes, consistent with the reports in
the literature.[2>%°] The MoS, in Bi-Au contact is nonlinear but the
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Figure 6. a) Total current under light illumination dependent on light intensity for different gate voltages. b) Extracted dark current (black squares) in
comparison with experimental ones (red dots) at different gate voltage. c) Extracted critical light intensity and minority recombination lifetime at different
gate voltage. d) Extracted ideality factor m at different gate voltages.
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nonlinearity is not as strong as the device in Figure 1, likely be-
cause the newly made Au-MoS, Schottky barrier is lower as the
Schottky barrier depends on the MoS, thickness and the strain
near the Au-MoS, contact.[?>?%] For devices with a single Schot-
tky junction, the I-V characteristics can be simplified as Equa-
tion (10a) for forward bias and Equation (10b) for reverse bias.

kT I
VF = n?ln (z) + RI (103)
Vo= K (L) 4R (10b)
R -1 q I

The experimental -V characteristics of the single-Schottky-
contact device are nicely fitted with Equation (10), shown in
Figure 7b. The ideality factor n, leakage current I, and channel
resistance R of this device are extracted as 1.53, 830 nA, and
41.7 kQ, respectively, which are reasonable considering the de-
vice size and reduced Schottky barrier height. Moreover, the pho-
toresponse of this device was also measured both in forward
bias and reverse bias (Figure 7c). When the device is forward bi-
ased, the device is dominated by the channel resistance. In this
case, the photoresponse is relatively weak due to the fact that
the light absorption by MoS, is small. When the device is re-
verse biased, the photoresponse is stronger, because the photo-
induced reduction in Schottky barrier height introduces some
gain in photocurrent. We plotted the photocurrents in forward
and reverse bias as a function of light intensity in Figure 7d. The
experimental photoresponses can be well fitted with Equation (8).
The fitting results are coherent, similar to what we observed in
Figures 5 and 6.

3. Conclusion

In this work, we first established an I-V governing equation for
Schottky-contact MoS, field effect transistors, modeled with sim-
ple components including Schottky diodes and resistors. This
equation has been proved to be valid under varying conditions
of gate voltage, temperature, light illumination, and bias volt-
age. Besides, it reveals working mechanism of 2D phototran-
sistor to be Schottky-diodes-dominant (e.g., bias voltage <1.8 V
for MoS, phototransistor) or channel-related-resistor-dominant
(e.g., bias voltage >1.8 V for MoS, phototransistor). Based on
that, we also established explicit analytical equations for pho-
tocurrent and photogain. It shows that ultrahigh gain are created
by light-induced modulation of potential barrier (A®). Using the
theory above, minority recombination lifetimes were extracted,
which are consistent with the transient photoluminescence mea-
surements. These established principles and equations are not
unique to Mo$S, device and may be universally applicable to other
transistors based on 2D semiconductors. In short, this work
represents an important advance for device modeling and design
in integrated circuits based on 2D semiconductors.

4. Experimental Section

Device Fabrication: MoS, devices were fabricated on a highly doped p-
type Siwafer with 300 nm SiO,. As the first step, the wafer was cleaned with
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acetone and deionized (DI) water. Next, the source and drain electrodes
were formed on the substrate by photolithography and thermal evapora-
tion. For the photolithography process, a negative photoresist (purchased
from Futurrex Inc. in USA) was first spin-coated (4000 rpm for 40 s) on
the substrate. Then the sample was transferred to a hotplate and baked at
140 °C for 1 min. Next, the sample was exposed to ultraviolet light for 14 s.
After baked at 110 °C for 1 min, the sample was immersed into the devel-
oper for 15 s. Then the sample was transferred in an evaporator (Thermal
Evaporator, Angstrom Engineering) and 5/50 nm thick Cr/Au was evapo-
rated on the sample in high vacuum. A liftoff process was conducted in the
acetone to create an array of Cr/Au electrodes. In the following step, a mul-
tilayer MoS, flake was mechanically exfoliated from a bulk MoS, piece and
then transferred onto the target surface. Finally, the device was annealed
in vacuum at 300 °C for 30 min.

Optoelectronic Measurements: A vacuum probe station was employed
to provide vacuum condition for devices. High-precision digital source-
meter (Keithley 2636) was used to measure the electrical properties of the
devices. A 525 nm commercial LED was used as the light source, which
was driven by another high-precision digital source-meter (Keithley 2400).
A G10899-003 K type silicon photodiode was used to calibrate the light
intensity of the LED.
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Supporting Information is available from the Wiley Online Library or from
the author.
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