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1. Introduction

Broadband photodetectors (BPD) with spectral coverage
ranging from ultraviolet (UV) to near-infrared (NIR) range
are at the heart of many applications ranging from high-capacity
optical communication, night vision, biological analysis, envi-
ronmental sensors, wide spectral switches, fire monitoring,
and space exploration to radiation detection.[1–4] For example,
near-infrared light detection capabilities enable image
sensors combined with night vision systems.[5,6] Another

important application is in optical data
communication systems, in which the
wide spectral bandwidth is used to increase
optical data transmission capacity.[7]

Previous efforts have focused on
developing photodetectors operating over
a narrow wavelength spectrum, mostly
due to the lack of proper materials which
have could absorb incident photons over
broad wavelength range with good optoelec-
tronic conversion efficiency. Several
approaches have been explored to develop
efficient broadband photodetectors based
on many nanomaterials and device
designs.[1,4,8–11] For example, graphene
show promises as an active material for
broadband photodetector.[8,10] However,
low photon absorption by monolayer
graphene causes poor photoresponsivity.
Another commonly investigated approach
is to employ solution-processed organic
halide perovskites.[4,12] However, solution
process fabrication fundamentally imposes
a limitation in reliably producing uniform
films over a large area, or wafer-scale pro-
duction. Another promising route to obtain

broadband nanoscale photodetectors is to use atomically thin 2D
semiconductors.

2D transition metal dichalcogenides (TMDs), such as MoS2,
provide an attractive platform for nanoscale photonics due to
their atomic scale thickness, strong light–matter interaction,
and favorable mechanical and electrical properties.[13–18]

Moreover, wafer-scale growth of TMDs makes them promising
candidates for future very large-scale integration (VLSI).[19–21]

Photons impinging on a monolayer TMD (1L-TMD) will pro-
duce direct bandgap optical transitions, also known as the A and
B transitions.[13–18] In addition, there is also a pair of van Hove
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Atomically thin 2D transition metal dichalcogenides (TMDs), such as MoS2, are
promising candidates for nanoscale photonics because of strong light–matter
interactions. However, Fermi-level pinning due to metal-induced gap states
(MIGS) at the metal–monolayer (1L)-MoS2 interface limits the application of
optoelectronic devices based on conventional metals due to high contact
resistance. On the other hand, a semimetal–TMD–semimetal device can over-
come this limitation, where the MIGS are sufficiently suppressed allowing ohmic
contacts. Herein, the optoelectronic performance of a bismuth–1L-MoS2–bis-
muth device with ohmic electrical contacts and extraordinary optoelectronic
properties is demonstrated. To address the wafer-scale production, full coverage
1L-MoS2 grown by chemical vapor deposition. High photoresponsivity of
300 AW�1 at wavelength 400 nm measured at 77 K, which translates into an
external quantum efficiency (EQE) �1000 or 105%, is measured. The 90% rise
time of the devices at 77 K is 0.1 ms, suggesting they can operate at the speed of
�10 kHz. High-performance broadband photodetector with spectral coverage
ranging from 380 to 1000 nm is demonstrated. The combination of large-array
device fabrication, high sensitivity, and high-speed response offers great
potential for applications in photonics, including integrated optoelectronic
circuits.
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singularity (vHS)-assisted excitonic transitions (referred to as
C[22] and D peaks[23]) in the UV regime �3–4 eV.[22] These exci-
tons cause extraordinarily high photon absorption of 1L-TMDs
(�40% for 1L-MoS2

[24–26]). It has been reported that the radiative
lifetime of A- and B-excitons is few picoseconds.[25,27] The vHS
excitons form within the continuum of the quasiparticle state,
i.e., above the band edge, and decay spontaneously.[22] Due to
spontaneous decay, the lifetime of the C-/D-excitons is also short
(τC = 0.4 ns).[28] High absorption and shorter lifetime of the exci-
tons create an opportunity to develop an efficient and fast nano-
scale broadband photodetector.

However, when a metal contact (e.g., Au) is evaporated on a
2D molybdenum disulfide (MoS2) to prepare the metal contact,
interface defects are created that pin the Fermi level near the con-
duction band, known as metal-induced gap states (MIGS). The
formation of MIGS at the metal–semiconductor interface causes
a Schottky barrier, which leads to high contact resistance, non-
linear current–voltage (I–V ) characteristics, and poor current
delivery capability.[29–31] All these factors limit the use of
TMDs as next-generation photonic devices.

To unpin the Femi level, many efforts have been attempted,
including indium metal contacts,[32,33] atomically flat Au met-
als,[34] and via contacts.[35] Recently, it has been reported that
a semimetal–TMD–semimetal (STMDS) lateral device overcomes
this limitation, where the MIGS are sufficiently suppressed, cre-
ating ohmic contacts with ultralow contact resistance.[36,37] By
using semimetals (e.g., Bi, Sn, etc.) as the contact materials,
Shen et al. and Kumar et al. demonstrated ohmic contacts with
resistance as low as 123Ωμm for Bi/1L-MoS2/Bi and 270Ωμm
for Sn/Au alloy-MoS2-Sn/Au alloy devices at room temperatures,
respectively.[36,37]

The principal mechanism of MIGS suppression is that a
semimetal has a near-zero density of states (DOS) at the
Fermi level.[36] Hence, if the Fermi level of a semimetal is close
to the conduction band minimum of a semiconductor, the MIGS
from the conduction band are greatly reduced. This new
semimetal/TMD contact technology may pave the way toward
obtaining high-performance monolayer transistors that are
on-par with the current silicon semiconductors technology and
will allow extending Moore’s law.

As STMDS demonstrates ultralow contact resistance, STMDS
may demonstrate extraordinary optoelectrical performances and
find a wide range of applications in next-generation device appli-
cations. Moreover, this semimetal/TMD-based technology will
allow us to fabricate dense nanoscale optoelectrical devices
directly into TMD-based VLSI electronic circuits. However,
the optoelectronic properties of this new type of STMDS devices
have not been reported yet. To the best of our knowledge, we
present here the optoelectronic properties of an STMDS device
for the first time.

In this work, we demonstrate the optoelectronic properties of
an STMDS device based on bismuth (Bi)–1L-MoS2–Bi photode-
tector devices. For wafer-scale applications of STMDS, full-
coverage growth of 1L-TMDs is critical. To address this, we
grew 1L-MoS2 by solid-source chemical vapor deposition (CVD).
We measured a high photoresponsivity of 300 AW�1 near the
edge of the UV regime (�400 nm) at 77 K, which translates into
an external quantum efficiency (EQE) �1000 or 105%. By mea-
suring the photocurrent spectroscopy, we found that our devices

are most sensitive in the UV range and also have excellent broad-
band photoresponsivity with spectral coverage from 380 to
1000 nm. We have found that the 90% rise time and fall time
of our devices is 0.1ms, which suggests they could operate at
the speed of �10 kHz.

2. Results and Discussion

We fabricated the TMD devices on SiO2/undoped Si wafers.
We selected an undoped Si wafer, obtained from a commercial
vendor (University Wafer Inc.), to reduce the photogating effect,
which arises due to the accumulation of the photogenerated
carrier at the interface between SiO2 and Si that gates the
TMD electrostatically.[22,38,39] The surface crystal orientation of
the undoped wafer was <100> and the resistivity of the wafer
was >20 000Ω cm. A 50 nm-thick SiO2 was grown thermally,
followed by growing monolayer MoS2 by a solid-source CVD
technique. A detailed description of the TMD layer preparation
is available in the work by Smithe et al.[40,41] The optical image of
an array of devices is shown in Figure 1a. The blown-up view of
one device is shown in Figure 1b. A rectangular strip of 1L-MoS2
of size 20 μm� 50 μm was patterned using optical lithography
followed by O2 plasma etching. The red-dashed line rectangle
in Figure 1b shows the strip of 1L-MoS2. Next, a semimetal (bis-
muth (Bi)) contact was formed by using optical lithography fol-
lowed by electron beam (e-beam) evaporation. To avoid oxidation
(Bi2O3), we deposited 65 nm of Au on top of Bi before we removed
the sample from the evaporator (see Figure 1c). Moreover, it has
been reported by Shen et al. that Bi2O3 does not form at the Bi/1L-
MoS2 interface during the Bi evaporation.[36]

Finally, large square wire-bonding contact pads (size:
100 μm� 100 μm) were prepared using optical lithography fol-
lowed by thermal evaporation of Ti (2 nm) and Au (70 nm).
The thicknesses of different components of a device are shown
in Figure 1c. The monolayer nature of the film was confirmed by
Raman spectroscopy measured at room temperature using a
homemade system. Confocal micro-Raman measurements were
performed after completing the device fabrication. A 100� objec-
tive lens with a numerical aperture of 0.85 was used. The excita-
tion source was a 532 nm laser (2.33 eV) with an optical power of
�500 μW. The Raman spectrum of a sample is shown in
Figure 1d, revealing two signature peaks (E0 ¼ 383.4 cm�1

and A0
1 ¼ 403.3 cm�1) of 1L-MoS2. The gap between the

Raman peaks is Δ ¼ 20.2 cm�1, which confirms that the sample
is 1L-MoS2.

[42]

To study the temperature-dependent electrical and optoelec-
tronic properties of an STMDS sample, we mounted the samples
inside a microscopy cryostat (Janis Research, ST-500) equipped
with electrical feedthrough for electro-optical measurements.
The cryostat was coupled with an Olympus microscope equipped
with a long-working distance objective (magnification 40�). For
wavelength-resolved measurements, we used a broadband light
source (tungsten–halogen lamp) coupled to a double-grating
monochromator (Acton Spectra Pro SP-2150i). The photocurrent
was measured by employing the lock-in techniques.[43] The opti-
cal beam was modulated by an optical chopper (f ¼ 79Hz). The
optical power on the sample was determined using a well-
calibrated Si p–i–n photodetector (Hamamatsu S1223).
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We measured the electrical transport properties of the sample
at different temperatures from 80 to 290 K, as shown in Figure 2.
We measured the current using a programmable source meter
(Keithley 2400) connected to a current preamplifier (Stanford
Research SR570). The voltage signal from the current amplifier
was measured by using a digital multimeter (Keithley 2000).

We studied a total of six devices, all of which showed similar
results. The current–voltage (I–V ) at different temperatures from
80 to 290 K is shown in Figure 2a. We observed that the I–V
curves demonstrate very linear behavior near zero voltage, which

suggests that MIGS are suppressed and the contacts are Ohmic
in nature. The resistance at different temperatures from 80 to
290 K at every 30 K step is shown in Figure 2b. The temperature
dependence of the resistance demonstrates very semiconductor-
like behavior. We note that the contact resistance also changes as
we increase the temperature.

The Schottky barrier can be determined from the temperature-
dependent I–V characteristics. The current (I) through an
atomically thin 2D 1L-MoS2 is governed by the 2D thermionic
emission equation,[44] which employs a reduced T1.5 power

Figure 1. Device characteristics. a) Optical image of an array of devices. b) Zoomed-in image of a single device. First, full-area coverage of monolayer
MoS2 was grown by solid-source CVD. The sample strips were prepared by optical lithography followed by oxygen plasma etching (red-dashed line
rectangle). c) The device cross-section is shown schematically. d) Raman spectroscopy from the monolayer MoS2 sample. The presence of two peaks
(E 0 and A0

1) confirm the monolayer nature of CVD-grown MoS2. The excitation laser source was 532 nm.

Figure 2. Electrical transport properties of a device. a) Current–voltage (I–V ) curve of a device at different temperature from 80 to 290 K at every 30 K steps.
The I–V curves were measured in the dark. The I–V curve shows excellent linear behavior. b) The resistance as a function of temperature. The resistance was
measured from the slope of the I–V curves shown in (a). c) Determination of the Schottky barrier for different source-drain bias voltage (Vb).
The Schottky barrier height vanishes at temperatures below 180 K. The nonzero slope in the plot (shown by blue dashed line for Vb ¼ 0.6
V) suggests the formation of Schottky barrier at temperatures higher than 180 K. See the main text for details.
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law for 2D transport.[45] Our device behaves as two back-to-back
Schottky diodes. In that case, most of the bias voltage drops on
the reverse biased side.[46,47] The diode equation takes the form

Ids ¼ A�
2DST

1.5exp � q
kT

ΦB �
Vb

n

� �� �
� 1� exp � qVb

kT

� �� �

(1)

where A�
2D is the 2D equivalent Richardson constant, S is the

contact area, n is the ideality factor, ΦB is the Schottky barrier,
k is the Boltzmann constant, q is the elementary charge, and Vb is
the voltage applied between source-drain terminals. Now, it has
been showed that when qVb

kT ≥ 3, the last term can be neglected[47]

and the equation becomes

Ids ¼ A�
2DST

1.5exp � q
kT

ΦB �
Vb

n

� �� �
(2)

To determine the Schottky barrier, we utilize the Arrhenius

plot, i.e., ln I
T1.5

� �
versus 1000=T , as shown in Figure 2c.[45,48]

The slope of the plot will give m ¼ � q
1000k ΦB � Vb

n

� 	
. If we plot

the slope as a function of Vb, the intercept of the new plot,
c0 ¼ � qΦB

1000k, will give a direct measure of the Schottky barrier
height. We observed that the Arrhenius plots are horizontal
below 180 K for different Vb as shown in Figure 2c, which means

that the slopes are zero orm ¼ 0. Now, if we plotm versus Vb for
temperatures below 180 K, the intercept of the plot c0 will be
zero, which means ΦB=0. Hence, the Schottky barrier ΦB of
our devices vanishes below 180 K.

Note that the horizontal line (dashed-line in Figure 2c) sepa-
ration between Vb ¼ 0.8 V and Vb ¼ 0.6 V is larger than the sep-
aration between Vb ¼ 0.8 V and Vb ¼ 1.0 V. This is originating
as different Ids=T1.5 values are plotted in a logarithmic scale.

We propose a mechanism, similar to the mechanism proposed
by Shen et al., for the vanishing of Schottky barrier in STMDS below
T ≤ 180K.[36] We argue that the alignment of the Fermi level, near-
zero DOS of a semimetal, and the bottom of the conduction-band
minima is the reason for the formation of the ohmic contact at the
interface.[36] We presented the DOS and the corresponding band
structure schematically in the Supporting Information (S1). For a
semimetal/semiconductor interface, the Fermi level is located at
the near-zero DOS and aligned with the bottom of the conduction
band. Hence, the MIGS from the conduction-band tail are heavily
suppressed and the contacts become Schottky barrier free.

The optical and optoelectronic properties of a sample are
shown in Figure 3. Photoluminescence spectrum was taken from
the sample at room temperature with a 532 nm green laser and is
shown in Figure 3a. We observed two peaks at 675 and 620 nm,
which correspond to the A- and B-excitons in 1L-MoS2,

[22,49,50]

confirming that our samples are of monolayer nature.

Figure 3. Optical and optoelectrical properties of a Bi–MoS2–Bi device. a) Photoluminescence spectrum from a 1L-MoS2 sample measured at room
temperature. The excitation laser wavelength was 532 nm. Two neutral exciton peaks, A- and B-peaks, appear at 675 and 620 nm, respectively.
b) Photoresponsivity (current per unit light power) of the sample (black solid line) at different wavelength. The red solid line is the photocurrent spec-
troscopy from a monolayer Au–MoS2–Au sample on a glass substrate encapsulated by hBN. The photoresponsivity in the Au–1L-MoS2–Au is 30 000
smaller than that from our Bi–MoS2–Bi sample. Two peaks at 650 and 590 nm in the photoresponsivity spectrum of Au–1L-MoS2–Au sample are due to
the A- and B-excitons and are marked by A and B, respectively. c) Photoresponsivity of a sample at different bias voltages measured at 77 K. We found a
linear behavior as we increased the bias voltage. d) Photoresponsivity of a sample at different temperature. The photoresponsivity vanishes as the
temperature is increased. Inset: The amplitude of the photocurrent peak in the infrared region (red circle line, wavelength �880 nm) and UV edge
(black circle line, �400 nm) at different temperatures.
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We measured photocurrent using two different types of opti-
cal sources: 1) lasers (wavelength 405 and 650 nm) and 2) a
broadband tungsten–halogen thermal source. In atomically
thin 2D TMD-based photodetectors, the photocurrent origi-
nates from two main mechanisms: 1) the photoconductive
effect, where the photogenerated electron–hole pairs increase
the carrier density and the electrical conductivity; and 2) the
photogating effect, where the photogenerated carriers filled
the localized trap states and cause a shift of the Fermi
energy.[51–57] We have probed the photoconductive mechanisms
in our devices by measuring photocurrent with varying light
power, bias voltages, and laser pulse width. Our measurements
show that photogating is the dominant mechanism in our
devices.

To understand the photocurrent mechanism, we determined
the wavelength-resolved photoresponsivity ðphotocurrent per
unit power of lights), Rλ, of the sample for a wide range of wave-
lengths from the edge of UV (λ= 380 nm) to near-infrared
(λ= 1050 nm). Figure 3b shows the photoresponsivity of an
STMDS sample measured at 77 K. The light power on the sample
was calibrated by a Si p–i–n photodetector (Hamamatsu S1223).
We measured the scanning photocurrent image of the sample to
map the region of photocurrent contribution and found zero
photocurrent outside our sample (see Supporting Information).

We observed three important features. First, we observed one
peak at 380 nm. We attributed this peak to the van Hove singu-
larity exciton, which also causes the highest absorption of pho-
tons.[22] Second, the photocurrent peaks due to A- and B-excitons
are not visible in the spectrum. We attribute this due to the pho-
togating effect which is the main mechanism of the photocurrent
generation in our STMDS devices. There are two competing pho-
tocurrents in our devices. One photocurrent is originating from
the exciton dissociations[22] and the second photocurrent is
originating from the photogating.[58] As the photocurrent due
to photogating is several orders of magnitude higher than the
photocurrent due to exciton dissociation, the signatures of
A- and B-exciton peaks do not appear in the photocurrent spec-
trum. We observed peaks in the photocurrent spectrum due to
the A- and B-excitons for samples that were grown following the
similar solid-source CVD method and were prepared on a quartz
crystal substrate (see Supporting Information). We electrically
connected the sample by Ag/Au metal layers and we used a
quartz substrate to remove the photogating effect completely.[42]

When the photogating effect is absent, as exciton dissociation is
the dominant photocurrent mechanism and the exciton-related
peaks appear in the photocurrent spectrum of Au/Ag/1L-
MoS2/Ag/Au devices (see Supporting Information). Also, we
measured that the photoresponsivity in Au/Ag/1L-MoS2/Ag/
Au devices is six orders of magnitude lower than that in
MoS2/Bi devices (see Supporting Information).

Finally, we also observed a photoresponsivity peak in the infra-
red region (�880 nm at 77 K). To understand the origin of the
infrared peak, we studied the absorption and photocurrent
in the infrared regime of an Ag/Au/1L-MoS2/Ag/Au device
(see Supporting Information). If the photogating is absent in
a device, the photocurrent is proportional to the absorption coef-
ficient. Hence, the photoresponsivity spectrum in our Au/Ag/1L-
MoS2/Ag/Au sample on a quartz substrate is proportional to the
absorption spectrum. We measured zero photocurrent in those

Au/Ag/1L-MoS2/Ag/Au devices for wavelengths 700–1100 nm
(see Supporting Information), which suggests that the infrared
peak in the Bi/1L-MoS2/Bi sample is not due to any intrinsic
properties or defects in the CVD grown 1L-MoS2. We propose
that the infrared peak is originating due to the Si/SiO2/MoS2
heterojunction. Indeed, the silicon photodiode demonstrates a
responsivity peak around 900 nm.[59] Moreover, similar infrared
peak in the photocurrent detectivity has been reported for gra-
phene–Si heterojunction.[10]

Now, we present detailed experimental results supporting the
photogating mechanism in STMDS devices. To compare the
photocurrent spectrum with conventional microexfoliated
TMDs, we also studied the photocurrent spectroscopy of a
high-quality 1L-MoS2 sample encapsulated by a thin hexagonal
boron nitride (hBN) flake as shown in Figure 3b (red line).
The samples were fabricated on a glass substrate using the
dry transfer technique and were electrically connected to a pre-
patterned Au electrode. For detailed results on fabrication and
photocurrent spectroscopy of exfoliated 1L-MoS2, we guide the
reader to our previous publications by Benson et al.[60] The right
axis in Figure 3b presents the photoresponsivity from the 1L-
MoS2 sample. The photoresponsivity in our STMDS samples
is �30 000 times larger than that from an exfoliated 1L-MoS2
sample, which suggests extraordinarily high photocurrent in
STMDS device. The two peaks at 650 and 590 nm in the photo-
responsivity spectrum of 1L-MoS2/hBN sample in Figure 3b are
due to A- and B-excitons.

To understand the electric field-dependent photocurrent,
we also studied photocurrent spectra for different bias voltages
as shown in Figure 3c. We see that photocurrent increases lin-
early as we increase the bias voltage. Figure 3d presents the
temperature dependence property of the photocurrent spec-
trum over a wide range of temperatures from 80 to 298 K.
We observe that photocurrent decreases sharply at tempera-
tures higher than 120 K and almost disappears near room tem-
perature (T ≥ 250 K).

To determine the temperature-dependent behavior of photo-
current, we measured the amplitude of the photocurrent peak
in the infrared (�880 nm) and UV edge (�400 nm) at different
temperatures, as shown in the inset of Figure 3d. We observed
that the photocurrent increases as we raise the temperature from
77 K and peaked at �110 K. Similar behavior of temperature-
dependent photocurrent was observed in MoS2

[61] and natural
van der Waals heterostructure, Franckeite.[43]

The variation of photocurrent due to temperature originates
from two main factors: 1) change of contact resistance and 2) trap
states. We propose here that at low temperature (T ≤ 110 K), the
trap states originate from valence-band-contributed MIGS and
the numbers of photogenerated carriers are higher than the
number of trap states (also acting as the recombination centers).
As we increase the temperature from 77 K (77K ≤ T ≤ 110 K),
the contact resistance decreases, which increases the photocur-
rent. At temperature higher than 110 K (T ≥ 110), we propose
that photocurrent reduces for two reasons: 1) localized defect
states become extended defects in 1L-MoS2

[62] and 2) the number
of photogenerated carriers becomes smaller than the number of
trap states.[61]

To determine the photodetector performance, we calculated
the EQE, which is defined as a ratio of the number of electrons
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in the external circuit to the number of incident photons.
Figure 4a presents EQE for different bias voltage (Vb), which
is connected to photoresponsivity Rλ by EQE= Rλ

λ � 1240, where
Rλ is the responsivity in AW�1 and λ is the wavelength in nm.
We observed an EQE of 1000 or 105% at 77 K for a bias of 2 V.
Note that high photoresponsivity was reported for a 1L-MoS2
phototransistor sample before, where the samples are gated by
a very large gate voltage.[58] To the best of our knowledge, we
observed the highest EQE values for a two-terminal device with-
out requiring any gate voltage, which can be beneficial for many
imaging applications. This extremely large EQE suggests that our
STMDS device has great potential for an extremely sensitive
broadband photodetector.

To understand the origin of this extraordinary EQE, we
measured photoresponsivity behavior of STMDS devices as a
function of bias voltage and laser power. Figure 4b shows
EQE as a function of bias voltage at 77 K while the device was
illuminated by a 405 nm laser. The lower EQE value in
Figure 4b is due to the high laser power used in this measure-
ment. We observed a very linear behavior of EQE as a function
of the bias voltage, which suggests that the gain mechanism is
related to the photogating of the sample. The vanishing of pho-
tocurrent or EQE at Vb ¼ 0 indicates that photovoltaic effect,

which may occur for a semimetal/TMD interface,[63] does
not contribute to any photocurrent in our devices. We attribute
the absence of the photovoltaic effect to the absence of the
Schottky barrier at the semimetal/MoS2 interface. To deter-
mine the photoresponse mechanism further, we have con-
ducted laser power-dependent photocurrent study as shown
in Figure 4c.

Following the earlier literature,[51,57,64] we have analyzed our
laser power-dependent data using the Hornbeck–Haynes
model.[65,66] It has been demonstrated that the structural defects
and disorder cause the band tail states or shallow trap states near
the valence band and conduction band.[67–69] In addition to the
shallow trap states, there also exists deep recombination centers,
also known as midgap states, which cause nonradiative
(Shockley–Read–Hall-type) recombination.[51,57] The physical
mechanism is shown schematically in the inset of Figure 4c.
For the n-doped 1L-MoS2, only the hole traps near the valence
band are relevant. The trapping and detrapping of the hole states
occur with rate 1=τt and 1=τd, respectively. If the filling of the trap
states by photogenerated carrier causes the electrostatic gating, it
will shift the Fermi energy and increase the electrical conduction.
Using this model, the photogated current is given by (see
Supporting Information for detail calculations)

Figure 4. Measurements of EQE, which is defined as the number of electrons for one photon. a) EQE of a sample at different wavelength. We have
observed very high EQE. The highest efficiency was observed for UV photons (�400 nm). Note that in the EQE calculation, we have not included the
photon absorption efficiency. If we include the photon absorption efficiency, the EQE will be an order of magnitude higher. b) The measurement of EQE as
a function of bias voltage. Here, we used a 405 nm laser. To improve the signal, we have used a high-power laser beam; that is why EQE is lower for this
measurement. c) Photocurrent as a function of a 405 nm laser power measured at 77 K. The bias voltage was 2 V. Inset: Simplified energy band diagram
that shows the main features of the charge trapping and detrapping model. The valence band trail is approximated by a discrete distribution of hole traps
with density Dt (occupation of traps pt). The holes are trapping into the states and detrapping out of the sates with a rate 1=τt and 1=τd, respectively.
d) EQE as a function of the laser power. We see that EQE decreases logarithmically as we increase the power, which is a clear sign that the high EQE is
originating from the photogating effect as describe above.
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IPC ¼ A
1

1þ B
PD

(3)

The two parameters A and B are given by

A ¼ DtCgCq

eðCg þ CqÞ
dVb

dVg
; B ¼ Dthc

ηλτr

τt
τd

� �
(4)

where Dt is the density of the localized traps, Cg is the geomet-
rical capacitance, Cq is the quantum capacitance, Vg is the gate
voltage, e is the electron charge, h is the Planck constant, λ is the
excitation laser wavelength, and η is the absorption coefficient of
1-MoS2. The laser power-dependent photocurrent is fitted with
this model using A and B as the fitting parameter as shown
in Figure 4c. We obtained excellent fitting of the experimental
data confirming that photogating is the main mechanism in
our devices. As we have used an undoped substrate, we could
not determine the dVb

dVg
and the density of traps using the fitting

parameters. Figure 4d presents EQE as a function of laser power
measured at 77 K. Note that EQE decreases logarithmically as a
function of laser power, which is also a signature of the
photogating effect.[58]

Finally, we studied the time response of our devices at 77 K as
shown in Figure 5. The devices were illuminated by a chopped
laser (f ¼ 700 Hz) and the signal was measured by an

oscilloscope. The bias voltage of the devices was 2 V. The time
response of the photocurrent for a single pulse is shown in
Figure 5a. We observed that the 90% rise time of the photocur-
rent is 0.1 ms, i.e., the frequency response of the current devices
is �10 kHz as shown in Figure 5a. By measuring photocurrent
for a long time after terminating the laser illumination, we did
not observe the presence of persistent photocurrent in our
STMDS devices (see Supporting Information).

To understand the decay time of the photocurrent in the dark,
we also studied time response as a function of Vb, laser power,
and temperature T, as shown in Figure 5b–d. We observed that
the decay time in the dark does not depend on temperature and
the bias voltage as shown in Figure 5b,d, respectively. On the
other hand, the decay of the photocurrent after cessation of laser
excitation depends strongly on the laser power impinging on the
device as shown in Figure 5c. The decay time was measured by
fitting an exponential decay function (I ¼ I0e�t=τ, where t is the
time and τ is the decay constant). We observed that the decay
constant decreases monotonically as we increase the laser power.
This is also a signature of the photogating effect. At a lower
intensity, the trap states remain unsaturated and dominate the
photocurrent decay after the cessation of laser excitation. With
increasing laser power, the trap states get saturated and do
not dominate the photocurrent decay resulting in a much lower
(i.e., faster) decay time. Similar property of decay time as a func-
tion of control gate voltage was reported for a 1L-MoS2

Figure 5. Time response of the device measured at 77 K. a) Time response of the device for a single laser pulse. We used a 405 nm laser modulated by a
mechanical chopper ( f= 700Hz). We observed that a 90% rise time is 0.1 ms. b) Time response of the device for different Vb measured for a 10 μW laser
power. No correlations between the decay time after the cessation of the laser and the bias voltage has been observed. c) Time response as a function of
different laser power. The measured decay time increases as we increase the laser power. The determined decay time is marked next to the lines. d) Time
response as a function of temperature. No correlations between the decay time after the cessation of the laser and the temperature has been observed.
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phototransistor.[56] Hence, all our results consistently suggest
that the high EQE observed in our devices is originating from
the photogating effect in 1L-MoS2 or at the interface between
1L-MoS2 and the oxide layer. Also, we investigated the time
response of the sample using a red laser (�650 nm). The details
of this result are presented in the Supporting Information.We found
that the 90% rise time of the photocurrent is 0.4ms and the photo-
current decay becomes slower as the laser power is increased.

An interesting photodetector device structure would be to
investigate devices with Bi/1L-MoS2/Au contacts, such that
one contact is Ohmic and the other is a Schottky contact. We plan
to extend our investigation by studying those devices and present
the result in a future publication.

To tune the EQE by using electrostatic gating, we measured
photocurrent EQE of our STMDS devices by applying a back-gate
voltage. We used Silver Conductive Paint or Silver Colloidal
Suspension on the back side of the Si substrate to prepare a
metallic gate. The circuit configuration of an STMDS device with
a back-gate is shown in Figure 6a, which is effectively working as
a phototransistor. The application of a back-gate voltage changes
the doping concentration near the sample, which modifies the
photoresponsivity. Figure 4b shows that EQE increases as we
apply a negative back-gate voltage. We argue that the application
of a negative gate voltage lowers the Fermi level, which makes
more trap states available to the photogenerated carrier and
increases EQE. We found that EQE can be enhanced significantly

by electrostatically doping the samples as shown in Figure 6b.
The EQE was enhanced by 4 times (EQEMax= 4000) when the
back-gate voltage is �6 V. This also confirms that the high
EQE observed in our devices is due to photogating effect.

We present the EQE plots for six different devices, as shown in
Figure 6c, to demonstrate the device performance variation. All
the measurements were conducted under the same optical and
electrical settings at 77 K. We found that the average EQE values
for all devices at 400 nm is 1200� 430. Hence, the maximum
responsivity at λ ¼ 400 nm varies by �50% from the average
values as shown in Figure 6c.

As our STMDS devices work the best around 400 nm wave-
length photons, we will discuss the figure of merit of our pho-
todetector compared to other solid-state UV photodetectors
reported in the literature. The responsivity and the response time
of different solid-state UV photodetectors are shown in
Figure 6d, which are obtained from the review article by Alaie
et al.[70] The responsivity and the response-time data for multi-
layer MoS2/Au, CVD MoS2/Au and exfoliated 1L, exfoliated
MoS2/Au, and β-Ge2O3 devices were reported by Zhang
et al.,[71] Yore et al.,[42] Furchi et al.,[51] and Arora et al.,[72] respec-
tively. Figure 6b clearly shows that our semimetal–TMD-based
UV photodetector demonstrates superior performance. Hence,
such a semimetal–TMD–semimetal photodetector possesses a
true potential for next-generation solid-state photodetectors.

Figure 6. a) Circuit configuration of an STMDS device as a phototransistor. This circuit configuration was used to study the electrostatic gating effect on
photocurrent. b) EQE of the device for back-gate voltages 0 V (black),�2 V (blue),�4 V (red), and�6 V (magenta). c) EQE of six devices measured at 77 K
with a bias voltage Vb ¼ 2 V. d) Responsivity values versus response time plot for different type of solid-state UV photodetectors reported in the literature.
See main text for the references.
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Because of outstanding structural and mechanical proper-
ties,[73] monolayer TMDs can be easily fabricated on Si-based
photonic structures for many applications ranging from covert
communications and biological analysis to fire monitoring and
UV astronomy. Fast response makes STMDS devices attractive
for optical to electrical interconnects, which may find applica-
tions in communication devices.[74,75] High EQE values of
STMDS make them attractive for low-light-level detections, such
as single photon applications or photon-starved UV astronomy.

3. Conclusion

In conclusion, we demonstrated large array fabrication of fast and
ultrasensitive photodetectors based on CVD-grown 1L-MoS2 elec-
trically connected by Bi semimetal that forms an ohmic contact at
the interfaces and demonstrates efficient photodetection. We
determined several important figures of merits for our devices:
responsivity, EQE, time response, and scalability. Our results yield
a fundamental understanding of semimetal–TMD–semimetal
devices and will provide important information to develop next-
generation TMD-based wafer-scale nanophotonic devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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S1. Carrier dynamics  

We calculated the photo-response using a modified Hornback-Haynes model,1-5 in which the 
valence band has a tail by a distribution of states with density 𝐷𝑡 and with energy 𝐸𝑣,𝑡 above the 

valence band with Energy 𝐸𝑣. The photogenerated holes get trapped and de-trapped in those trap 
states near the valence band. Since our device is ON state due to the n-doping and as the Fermi 
energy is near the edge of the conduction band, we neglected the electron trapping. The 
recombination occurs via midgap states with an empirical (constant) rate 1/𝜏𝑟. We assumed that 
the recombination rate for both electrons and holes is the same. The holes are trapping into the 
states and de-trapping out of the states with a rate 1/𝜏𝑡 and 1/𝜏𝑑,  respectively.  We presented 
the physical mechanism schematically in Fig.S1.  

 

Optical illumination creates carrier density in 1L-MoS2. Because of charge neutrality, the change 

of carrier density due to optical illumination is given by,  

 ∆𝑛 = ∆𝑝 + 𝑝𝑡       (1) 

where ∆𝑛 (∆p) is the free electron (hole) concentration and 𝑝𝑡 is the trapped hole carrier 

concentrations. The change in conductivity due to the optical illumination is given by,  

  ∆𝜎 = 𝑞(𝜇𝑛 + 𝜇𝑝)∆𝑝 + 𝑞𝜇𝑛𝑝𝑡    (2) 

Figure S1: (a) Schematic illustration of the density-of-states (DOS) in 1L-MoS2. The 
conduction band and valence band are at energy 𝐸𝐶 and 𝐸𝑣, respectively. Band tail states 
exist underneath (above) the conduction (valence) band edge that act as electron (hole) 
charge traps. The recombination to occur via midgap states with an empirical (constant) 

rate 1/𝜏𝑟. We have assumed that the recombination rate for both electron and holes are 
the same. (b) Simplified energy band diagram that shows the main features of the charge 
trapping and detrapping model. The valence band trail is approximated by a discrete 

distribution of hole traps with density 𝐷𝑡 (occupation of traps 𝑝𝑡).  The holes are trapping 
into the states and de-trapping out of the sates with a rate 1/𝜏𝑡 and 1/𝜏𝑑,  respectively.   
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where 𝜇𝑛(𝜇𝑝) are the electron(hole) mobility and 𝑞 is the electron charge. Hence the change in 

the conduction due to the presence of the traps is 𝑞𝜇𝑛𝑝𝑡.  

Now, the equations for the carrier dynamics are given by, 

𝑑∆𝑝

𝑑𝑡
=  𝜑 −

∆𝑝

𝜏𝑟
+

𝑝𝑡

𝜏𝑑
−

∆𝑝

𝜏𝑡
(1 −

𝑝𝑡

𝐷𝑡
)---------------(3) 

𝑑𝑝𝑡

𝑑𝑡
=  −

𝑝𝑡

𝜏𝑑
−

∆𝑝

𝜏𝑡
(1 −

𝑝𝑡

𝐷𝑡
)------------------------(4) 

where 𝜑 is the absorbed photon flux and is given by 𝜂𝑃𝐷𝜆/ℎ𝑐. Here 𝜂 is the photon absorption 

coefficient, 𝑃𝐷 is the optical power density, 𝜆 is the wavelength, ℎ is the Planck constant, and  𝑐 is 

the speed of light.  

The steady-state condition allows us to set 
𝑑∆𝑝

𝑑𝑡
=

𝑑𝑝𝑡

𝑑𝑡
= 0. By applying this steady condition, we 

obtain the following two equations.  

∆𝑝 = 𝜑𝜏𝑟---------------------(5) 

𝑝𝑡 =
𝜑𝐷𝑡𝜏𝑡

𝜑𝜏𝑟+𝐷𝑡(
𝜏𝑡
𝜏𝑑

)
---------------(6) 

Since there is 𝑝𝑡 holes are trapped, it creates an electrostatic voltage or gate voltage (∆𝑉𝐺), 

which we calculated using a simple capacitor model.  

∆𝑉𝐺 =
𝑞𝑝𝑡

𝐶
-------------------(7) 

where 𝐶 is the effective capacitance and is given by, 

1

𝐶
=

1

𝐶𝑔
+

1

𝐶𝑞 
 

where 𝐶𝑔 is the geometrical capacitance and 𝐶𝑞 is the quantum capacitance defined as 𝐶𝑞 =

𝑒2𝑔2𝐷. Here 𝑔2𝐷 is the density of states of a 2D electron gas system and 𝑒 is the electron 

charge.  

We can calculate the photocurrent as  

𝐼𝑃𝐶 = ∆𝑉𝐺
𝑑𝐼𝑑𝑠

𝑑𝑉𝐺
-------------(8) 

where 
𝑑𝐼𝑑𝑠

𝑑𝑉𝐺
 is the transverse conductance. By using Eq.8 and Eq.6, we can get 

𝐼𝑃𝐶 =
𝑞𝐷𝑡

𝐶

𝑑𝐼𝑑𝑠

𝑑𝑉𝑔

1

1+
𝐷𝑡

𝜑𝜏𝑟
(

𝜏𝑡
𝜏𝑑

)
= 𝐴

1

1+
𝐵

𝑃𝐷

    ----------(9) 

where two new parameters 𝐴 and 𝐵 are given by,  

                    𝐴 =
𝑞𝐷𝑡

𝐶

𝑑𝐼𝑑𝑠

𝑑𝑉𝑔
;       𝐵 =

𝐷𝑡ℎ𝑐

𝜂𝜆𝜏𝑟
(

𝜏𝑡

𝜏𝑑
)           ----------(10) 
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S2: Photoresponsivity of MoS2 devices with Schottky Au contacts 

We studied CVD grown devices that are connected with Ag/Au electrical contacts. The devices 

were grown directly on a glass substrate. Figure S2 shows the optical image of one such device 

along with the photoresponsivity measured at 77 K. We observed that the photoresponsivity in 

Ti/Au connected device is six orders of magnitude lower than Bi- contacted device.   

 

 

S3: Scanning photocurrent microscopy image 

Scanning photocurrent image of a sample is shown Fig.S3. Since our sample resides inside a 

cryostat and we use a long working distance microscope objective (working distance ~ 17 mm), 

our laser beam diameter (~ 2 m) is larger than the diffraction limited size. The scanning 

photocurrent image was measured at 77 K. We didn’t observe any photocurrent outside MoS2.     

 

 

Figure S2: (a) The optical image (False-colored) of the sample. The 1L-MoS2 etched 

ribbon is marked by a red rectangle. The Ag/Au (5/25 nm) electrical connection to the 

sample is marked by dashed trapezoid. (b) The photoresponsivity of sample measured 

at 77 K. The applied bias voltage was 9 V. We observed three peaks associated with 

the A-, B-, and C- excitons.  

Figure S3: (a) The optical image of the sample used for the scanning photocurrent measurements. 
(b) The figure presents the scanning photocurrent measured at 77 K. The dashed black lines 
present the outline of the metal pads.   
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S4: Persistent photocurrent study 

TMD based devices demonstrated persistent photoconductivity (PPC), which is sustained 

conductivity after illumination is blocked or removed.6 The PPC in MoS2 has been attributed to 

the charge traps due to the inhomogeneities in the substrate. To investigate PPC, we have studied 

for 5 minutes after terminating the laser illumination as shown in Fig.S4. No persistent 

photocurrent was observed. Interestingly, we found that the dark current has some transient 

behavior whose origin is not currently known.  

 

  

 

 

 

 

 

 

 

 

References: 

1. Furchi, M. M.; Polyushkin, D. K.; Pospischil, A.; Mueller, T. Mechanisms of 
Photoconductivity in Atomically Thin MoS2. Nano Letters 2014, 14, 6165-6170. 

2. Macdonald, D.; Cuevas, A. Trapping of Minority Carriers in Multicrystalline Silicon. Applied 
Physics Letters 1999, 74, 1710-1712. 

3. Vaquero, D.; Clericò, V.; Salvador-Sánchez, J.; Díaz, E.; Domínguez-Adame, F.; Chico, L.; 
Meziani, Y. M.; Diez, E.; Quereda, J. Fast Response Photogating in Monolayer MoS2 
Phototransistors. Nanoscale 2021, 13, 16156-16163. 

4. Hornbeck, J. A.; Haynes, J. R. Trapping of Minority Carriers in Silicon. I. P-Type Silicon. 
Physical Review 1955, 97, 311-321. 

5. Fan, H. Y. Effect of Traps on Carrier Injection in Semiconductors. Physical Review 1953, 
92, 1424-1428. 

6. Wu, Y.-C.; Liu, C.-H.; Chen, S.-Y.; Shih, F.-Y.; Ho, P.-H.; Chen, C.-W.; Liang, C.-T.; Wang, 
W.-H. Extrinsic Origin of Persistent Photoconductivity in Monolayer MoS2 Field Effect 
Transistors. Scientific Reports 2015, 5, 11472. 

 

Figure S4: Photocurrent as we illuminate the sample and terminate the illumination. The 
measurement was conducted at 77 K. The photocurrent was measured by a digital 
multimeter (Keithley 2000).   
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