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ABSTRACT: Broad-bandgap semiconductor-based solar-blind ultraviolet (SBUV) photodetectors have attracted considerable
research interest because of their broad applications in missile plume tracking, flame detectors, environmental monitoring, and
optical communications due to their solar-blind nature and high sensitivity with low background radiation. Owing to its high light
absorption coefficient, abundance, and wide tunable bandgap of 2—2.6 eV, tin disulfide (SnS,) has emerged as one of the most
promising compounds for application in UV—visible optoelectronic devices. However, SnS, UV detectors have some undesirable
properties such as slow response speed, high current noise level, and low specific detectivity. This study reports a metal mirror-
enhanced Tag ;W 0Se,/SnS, (TWS) van der Waals heterodiode-based SBUV photodetector with an ultrahigh photoresponsivity
(R) of ~1.85 x 10* AW and a fast speed with rising time (z,) of 3.3 us and decay time (7;) of 3.4 us. Notably, the TWS
heterodiode device exhibits a significantly low noise equivalent power of ~1.02 X 10™'* W Hz™"/? and a high specific detectivity of
~3.65 X 10" cm Hz"?> W', This study provides an alternative method for designing fast-speed SBUV photodetectors with
enormous potential in applications.

KEYWORDS: photodetector, solar-blind ultraviolet, van der Waals, heterodiode, 2D materials, tin disulfide

1. INTRODUCTION tube) suffers because of its bulk structure, fragility, and large
operation bias.”” Various WBG semiconductors, such as
AlGaN,"? ZnMgO,“’12 p-Ga,05,”"*™"° and diamond,'®'”
have been used in SBUV photodetectors. Self-powered
model SBUV photodetectors were demonstrated based on a
WBG semiconductor'®™*" without requiring a high external
voltage bias. However, integration of these traditional WBG
semiconductors with silicon is still challenging because of the
mismatch between the lattice constants and thermal expansion
coeflicients of the WBG semiconductors and Si substrate.

Ultraviolet photodetectors based on vdW heterojunctions by
stacking dangling bonds in free two-dimensional (2D) wide-
bandgap (WBG) semiconductors without being limited by the
lattice matching exhibit excellent performances, such as
ultrahigh photoresponsivities, ultralow dark currents, and
high signal-to-noise ratios, affording them with tremendous
application potential in flame tracking, missile tracking, and
inter-satellite communication.'™ In particular, solar-blind
ultraviolet (SBUV) photodetectors with low natural back-
ground noise and low probability of false alarm because of the
solar irradiation wavelengths shorter than 280 nm cannot reach Received: November 15, 2022
the earth’s surface due to the strong absorption of ozone and Accepted:  March 3, 2023
water vapor in the atmosphere.”” The high-sensitive SBUV Published: March 13, 2023
photodetectors are highly desired for hi§h—precision weak

signal detection in this spectral range.”® However, the

commercially available SBUV detector (i.e., photomultiplier
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Figure 1. Structure and characterization of the TWS heterodiode device. (a) Top: schematic of the metal mirror-enhanced TWS vdW heterodiode
device. Bottom: broken-gap band alignment of the TWS vdW heterostructure. (b) XRD pattern of the SnS, single crystal. Inset: optical photograph
of the obtained SnS, single crystal. (c) Raman spectra of the Tayo,WooSe;, SnS, and TWS heterostructures. (d) I-V curve of the TWS
heterostructure device. Inset: semilogarithmic coordinate plot of the I-V curve.

Although these WBG semiconductor-based photodetectors
perform satisfactorily in their bulk forms, their performance
significantly decreases on an atomic scale. A significant
challenge for WBG semiconductor-based UV photodetectors
is the slow response speed caused by the trap states.”'
Fortunately, dangling band-free 2D layered materials exhibit
distinct advantages in the design of various heterostructures
that can overcome these issues. Thus far, many 2D materials
have been used as UV photodetectors, including black
phosphorus,” bismuth oxychloride (BiOCI),”*** metal phos-
phorous tri-chalcogenides (MPX,),>~% hexagonal boron
nitride (h-BN),>" 2D perovskites such as Sr,Nb;O,,’ and
Cs,AgInCl,,*® and SnS,** Tin disulfide, a widely available,
environmentally friendly, and chemically stable 2D layered
semiconductor, has emerged as an important candidate for
fabricating high-performance field-effect transistors (FETs)
and low-cost, environmentally safe optoelectrical devices. SnS,
has an indirect bandgap of 2.2—2.4 eV,”>~*” a high on/off ratio
>10% and a room temperature carrier mobility of up to 230
cm? V™' s7! based on a solution gate.*® High-performance UV
photodetectors based on SnS, (~1100 AW™'),** graphene/
SnS, (~6.35 x 10° AW™1),*? $nS,/Si,*" SnS,/MoS,,*" and
SnS,/quantum dots mixed dimensional®® heterostructures
have been reported. However, those SnS,-base photodetectors

14514

demonstrated high photoresponsivity spent at the response
speed, and their large dark current is also a hard nut to crack.
Notably, an ultrafast photoresponse with a response time of ~5
us was realized in a chemical vapor deposition (CVD)-grown
SnS, phototransistor.*> While only a low photoresponsivity of
8.8 mA W', which may be caused by very low internal gain,
has been reported based on this CVD SnS, phototransistor.
The trade-off between a high photoresponsivity and response
speed is widely observed for 2D material-based photodetectors.
Using proper band alignment, such as designing a type-III
broken-gap band alignment vdW heterostructures, a high-
sensitive SnS,/WSe, tunneling field effect transistor has
demonstrated with a ~10° light on/off ratio.** The highly
desired SBUV photodetectors should exhibit both high
sensitivity and fast response speeds. Here, a metal mirror-
enhanced vdW heterodiode device is designed using p-type
tungsten diselenide (WSe,) via Ta doping™ stacked with n-
type SnS,. The conduction band of SnS, is slightly lower than
the valence band of WSe,, creating the type-III broken-gap
band alignment, which can be used to decrease the dark
current of the SnS,/WSe, heterostructure. To achieve high
light absorption and photocarrier collection efficiency, the
TWS vdW heterodiode was fabricated on the metal mirror
electrode. The TWS vdW heterodiode exhibits excellent
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performance for SBUV detection including ultrahigh photo-
responsivity of ~1.85 X 10* AW™, an exceptionally low noise
equivalent power (NEP) of ~1.02 X 1078 w Hz_l/z, an
ultrahigh detectivity (D*) of ~3.65 X 10'* cm Hz'> W, a
high light on/off ratio of ~10 and a fast speed of 7, = 3.3 us
and 74 = 3.4 ys.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. SnS, single crystals were synthesized
using the self-flux method. Sn and S powders with a high purity of
99.99% were mixed in an Sn:S atomic ratio of 1:2.1. The mixture was
fully ground in an agate mortar and then sealed in an evacuated (<S X
107* Pa) quartz tube. The reagent in the quartz tube was placed in a
box furnace, heated to 680 °C for 2 h, and held at 680 °C for S h.
Then, the furnace was slowly cooled to 600 °C at a speed of 1 °C/h,
subsequently switched off, and naturally cooled to room temperature.
A lustrous SnS, single crystal several millimeters in size was obtained.

2.2. Tagy1WooeS€,/SnS, vdW Heterodiode Device Fabrica-
tion. The TWS vdW heterostructure devices were fabricated via the
dry transfer process. The prefabricated electrodes were deposited on
n-type phosphor-doped silicon (0.5 mm, orient: <100>, resistivity:
0.01-0.05 Q cm) covered by 300 nm thickness SiO,. Multilayer
TagWogeSe, and SnS, flakes were exfoliated on polydimethylsilox-
ane. Then, the flakes were transferred in a sequence of first
Tag0WogeSe, and then SnS, flakes onto prefabricated Ti/Au (5/25
nm in thickness, respectively) electrodes that were treated with
oxygen plasma using a home-built plasma cleaning machine before the
transfer process to realize good contact between Tay,;WjgeSe, and
the metal electrode. Finally, the top metal electrodes were patterned
via electron beam lithography. Moreover, a Cr/Au (5/40 nm in
thickness, respectively) film was deposited on the patterned substrate
via a thermal evaporation process.

2.3. Electrical Characterization. Electrical and photoelectrical
characterizations of the fabricated Taj ;W g0Se,-SnS, devices were
performed using a double-channel digital source meter (Keithley
2636B). Photoresponse measurements of the TayqWygeoSe,-SnS,
heterodiode in the UV spectral range were performed using unfocused
light-emitting diodes (LEDs; 265 nm Thorlabs M26SLS, and 365 nm
Thorlabs M365L3) as light sources. Photoresponse measurements of
the heterodiode in the visible spectral range were performed using
405-, 520-, and 637-nm fiber lasers which were focused on the
measured heterodiode device by a 20X objective lens. To analyze the
response time of the Tayo W g9Se,-SnS, vdW heterodiode, the 40S-
nm laser was electrically modulated by a laser diode and thermo-
electric cooler controller (Thorlabs ITC4001), and a digital storage
oscilloscope (Keysight, DSOX3012T Infiniium Vision) equipped with
a current amplifier (SRS70) was used to record the time-dependent
photocurrent signal. The current noise density spectra of the
heterodiode were measured using a homemade noise spectrum
analyzer (NC300). To shield the electromagnetic background noise,
the heterodiode device was placed in a shielded metal box with a
measured bandwidth of 100 kHz at various bias voltages in ambient
air.

3. RESULTS AND DISCUSSION

First, high-quality Taj, W geSe, single crystals were synthe-
sized using the chemical vapor transport method. The details
of the TayyWygoSe, growth process are reported in our
previous work,” and the synthesis of the SnS, process is
described in Section 2.1. A metal mirror-enhanced TWS vdW
heterodiode photodetector was designed using a mirror metal
electrode that reflects light and decreases the lateral transport
distance of the photocarrier. Au, with a large work function of
~5.1 eV,*® was contacted with TagWog9Se, to realize good p-
type semiconductor transport behavior. The transfer curve (I -
V,) of the TagyWygeSe, FET is shown in Figure Sla. The
device exhibits a good p-type transport property observed with

an on/off ratio of ~10*. The SnS, FET exhibits n-type
transport behavior (Figure S1b). The highly desired
heterodiode with a low dark current is realized by fabricating
a TWS vdW heterojunction. A schematic of the TWS vdW
heterodiode is shown in Figure la, the under panel. The
energy band structure of the TayyWjgoSe, and SnS, before
contact and the band alignment after the formation of the
TWS vdW heterostructure*” are shown in the lower panel
Figure la. Owing to the large work function of SnS,, electrons
are transferred from TayyWygeSe, to SnS,, and holes are
transferred from SnS, to TaggWygeSe, to facilitate a new
equilibrium state. To determine the quality of SnS,, an SnS,
single crystal was characterized using an X-ray diffractometer,
and the X-ray diffraction (XRD) pattern of the SnS, single
crystal is shown in Figure 1b. The SnS, single crystal exhibits
the nanoflake 2T-type hexagonal structure with the space
group P3ml, No. 164, (JCPDS PDF number 23-0677)."%*
Two evident diffraction peaks in the XRD spectrum at 32.19
and 67.36° are indexed to the (011) and (022) planes of the
SnS, single crystal, respectively. No other orientation peaks
except (0 h h) (h = 1 and 2) are observed in the XRD
spectrum, as shown in Figure Ib, indicating that the SnS,
single crystals grew in the (011) direction. This is different
from the results of previous works on SnS, nanoplates grown
on mica substrates in the (001) z direction.”® An optical image
of the SnS, single crystal is shown in the inset of Figure 1b.
The SnS, single crystal has a large size of up to ~1 cm. Figure
lc shows the Raman spectra of TayWj99Se,, SnS,, and the
TWS vdW heterostructure. Figure 1c (top) shows the Raman
spectrum of Tayy Wy goSe, flake, which has two obvious peaks
at 248 and 256 cm™! corresponding to the Ezgl and A, modes
of the WSe,, respectively.*" Figure lc (lower panelg shows
the Raman spectrum of SnS, with a distinct peak at 313 cm™
assigned to the A;; mode of SnS,, consistent with the existing
literature.”*> The Raman spectrum of the TWS hetero-
structure exhibits the typical vibration modes of Tag oW ¢oSe,
and SnS,, but their intensities are considerably lower than
those of single TaggWygoSe, and SnS, flakes. The lower
intensity in the vdW heterostructure may be because of the
interlayer charge transfer between TayyWjgeSe, and SnS,,
which decreases the rate of recombination due to the
separation in space of the excited carriers. The optical image
of the TWS heterostructure prepared for Raman mapping is
shown in Figure S2a. The Raman mappings of the TWS
heterostructure on the SiO,/Si substrate are shown in Figure
S2b—d, which present the Raman peak of Si (peak center =
520 cm™!, peak width = 20 cm™), SnS, Ay, mode (peak center
= 315 ecm™!, peak width = 25 cm™), and Tag,,Wyg4eSe, E,,'
mode (peak center = 252 cm™!, peak width = 10 cm_lg,
respectively. Figure S3 shows the elemental mappings of
Tago;WogoSe, and SnS, nanoflakes obtained by energy-
dispersive X-ray spectroscopy (EDS). The EDS spectrum of
the Tagy;WjgeoSe, nanoflakes shows uniform distributions of
Ta, W, and Se, and the EDS spectrum of the SnS, nanoflakes
shows uniform distributions of Sn and S. Figure S3a shows the
photoluminescence (PL) spectrum of SnS,. The PL spectrum
of SnS, exhibits one sharp peak at 541.3 nm, corresponding to
the 2.29 eV optical bandgap of SnS,.”" Figure S3b shows the
PL spectrum (peak center = 541 nm and peak width = 2 nm)
of the TWS heterostructure. The light area in Figure S4b
corresponds to SnS,. Atomic force microscopy (AFM) was
used to measure the thickness of the TWS vdW heterodiode,
and the AFM image of the TWS vdW heterodiode is shown in
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Figure 2. Photoresponse of the TWS device in the UV range. (a) I-V curves of the TWS heterodiode device under various illumination powers of
the 265 nm SBUV light. Inset: the optical image of the TWS heterodiode device. (b) Light power dependence of R and EQE of the TWS
heterodiode device for 265 nm at V= 2 V. (c) Time-resolved photoresponse of the device under various incidence powers of 365 nm light at V;
=2 V. (d) Extracted R and EQE of the TWS heterodiode device as functions of incident light power at V4 = 2 V in ambient air.

Figure SS5a. The thicknesses of Tay,WygoSe, and SnS, flakes
are ~42.4 and ~13.5 nm, as shown in Figure SS5b,c,
respectively. Next, the electronic transport behavior of the
SnS, FET and TWS vdW junction was investigated. The I-V
curve of the TWS vdW heterodiode in the dark is shown in
Figure 1d. The TWS vdW heterodiode device shows the
rectification effect. The [-V curve TWS vdW heterodiode
plotted on a semilogarithmic axis is shown in the inset of
Figure 1d. A high rectification ratio of ~10° was realized from
the heterodiode, indicating the existence of the built-in
electrical field. To evaluate the rectifying behavior of the
TWS vdW heterodiode, the ideality factor n of the heterodiode
was extracted by fitting the Shockley diode equation®

ds

qv,

Ids - Is exp(nkBT) 1
where I, the reverse saturation current, kg is the Boltzmann
constant, and T is the temperature. An n value of 1.2, very
close to 1, was extracted from the low forward bias region,
indicating that the device exhibits good diode behavior. For an
ideal diode, n = 1 indicates that a high-quality interface is
realized with a low charge trap density. The ideality factor 20%
larger than that of the ideal heterodiode confirms the high
quality of the device.

(1)

14516

Next, the photoresponse of the TWS vdW heterodiode in
the UV spectral range was investigated using 265- and 365-nm
LEDs. Figure 2a shows the output curves under different light
powers from 29 to 230 pW and in the dark. The optical image
of the TWS heterodiode device is shown in the inset of Figure
2a. The area of the TWS heterodiode device is 24.5 um?®. At
the forward bias, the currents of the TWS heterodiode
considerably increased when the light was turned on. Next, the
power-dependent time-resolved photoresponse of the TWS
heterodiode device in the SBUV spectral range of 265 nm was
measured, as shown in Figure S6a. Figure 2b shows the
extracted photoresponsivity (R) and external quantum
efficiency (EQE) as functions of the incident light power in
the range of 20—194 pW. The photoresponsivity of the TWS
heterodiode device can be obtained using the equation R = I,/
Py, and it reached up to 1.85 x 10* AW™". The EQE can be
calculated from the obtained R using the equation EQE = hcR/
(g1) = 1240R/A (nm). The EQE increased up to 8.68 X 10°%
at a Vg, = 2 V at a light power of 20 pW. The decreased
tendency of R versus the light power is observed. When the
light increases to 194 pW, the R and EQE decrease to 3.24 X
10° AW ™! and 1.52 X 10%%, respectively. The rapid decrease in
R in the higher power range is attributed to the limited trap
states, which are saturated at a higher power density. Then, the
performances of the TWS heterodiode device under
illumination using a 365 nm LED were investigated. The
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Figure 3. Photoresponse of the TWS vdW heterodiode. (a) Output curves of the TWS vdW heterodiode device in the presence (red) and absence
(black) of illumination under a 405 nm laser. (b) Time-resolved photoresponse of the TWS heterodiode device with different illumination powers
of the 405 nm laser at V= 1 V. (c) Calculated R and EQE of the TWS heterodiode device as functions of illumination power of 405 nm laser. (d)
Response speed of the TWS heterodiode under 405-nm-laser illumination at a bias of Vg, = 1 V.

photoresponse obtained under various fixed illumination
powers by scanning the bias voltage is shown in Figure S6b.
The temporal photoresponse of the heterodiode was measured
at a fixed bias of 2 V, as shown in Figure 2¢. The photocurrent
of the TWS heterodiode device swiftly increases and decreases
when the light is turned on and off, respectively. Then, the
dependence of R and EQE on the light power was calculated
using a 365 nm UV LED. Figure 2d shows the R and EQE as
functions of the incident light power at a bias of V4, =2 V. The
TWS heterodiode device exhibits an R of 1129.6 AW™" and
EQE of 3.83 X 10°% under 46 pW light illumination.
Decreasing tendencies of R and EQE with increasing light
power are observed in Figure 2d. When the light power was
increased to 269 pW, the R and EQE were 325.9 AW™! and
1.11 X 10°%, respectively. The high R was demonstrated in a
large UV illumination power range, indicating that this TWS
vdW heterodiode device exhibits a remarkable UV detection
ability.

The photovoltaic response of the TWS vdW heterojunction
was also investigated. Figure S6¢ shows the dependence of the
photocurrent on the light power at a bias of Vy, = 0 V. A
sublinear behavior of I, o P;* with @ = 0.96 < 1 was observed,
and this behavior has been extensively observed for 2D
material-based photodetectors because of the presence of trap
centers in the channel material. The extracted photovoltaic R
and EQE under 365 nm UV illumination with various powers
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are shown in Figure S6d. The R and EQE showed a weak
dependence on the light power at a 0 V bias and decreased
from 0.176 to 0.164 AW ™" and 59.93 to 55.87%, respectively,
when the light power was varied from 0.2 to 1.2 nW. Then, the
visible light response of the metal mirror-enhanced TWS vdW
heterojunction was investigated. In the visible spectral range,
Tag g WoeoSe, is a major absorber of light. The TWS vdW
heterodiode device performance was measured using 405, 520,
and 637 nm lasers. The lasers were focused on the device with
a 20X objective lens. The TWS vdW heterodiode device was
placed at the center of the laser spot (~60 ym in diameter).
Figure 3a shows the I-V curves of the metal mirror-enhanced
TWS vdW heterodiode devices. The measurements were
performed under dark conditions at a power of 32.4 yW using
a 405 nm laser. Notably, an excellent light on/off ratio of IP/ I4
over 10° was obtained at Vi, = 0 V. I-V curves of the TWS
vdW heterodiode were measured by varying light powers from
32.4 nW to 32.3 yW, as shown in Figure S7a. Figure 3b shows
the temporal photoresponse of a 405 nm laser at Vy, = 1 V with
light power varying from 32 nW to 32.3 4W. The photocurrent
reaches 23.5 pA with a fast response. Figure S7b shows the
dependence of the photocurrent on the light power at Vg, =1
V. The photocurrent exhibited a sublinear behavior with a =
0.82. Figure 3c shows the extracted R and EQE as functions of
illumination power (using a 405 nm laser) at a fixed bias of Vj,
= 2 V. The TWS vdW heterodiode exhibits an R of 166.4
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Figure 4. Comparison of the performance of the TWS vdW heterodiode. (a) R and EQE of the TWS heterodiode device as functions of incident
light wavelength at Vg = 2 V. (b) NEP and D* of the TWS heterodiode device vs incident light wavelength at a bias of 2 V. (c) and (d)
Performances of smart SBUV detectors based on 2D materials and other WBG semiconductors.

AW and EQE of 5.09 X 10*% at a power of 1.78 nW. The R
and EQE in the low illumination power range (1.7—103.9 nW)
decrease more rapidly than in the high illumination power
range. In the low power range, there are adequate trap states to
trap photocarriers that can obtain high photogain.”* Then, the
photoresponse of the metal mirror-enhanced TWS vdW
heterodiode in the visible range (520—637 nm) was
investigated. Figure S8a shows the output curves of the TWS
vdW heterojunction devices at an illumination of 530 nW and
without light. When the light is turned on, the current is
considerably higher than that in the dark. The light on/off ratio
of I,/I; was extracted over ~10* at a —1 V bias. Figure S8b
shows the temporal photoresponse in a power range of 0.5—
530 nW of a 520 nm laser. When the laser is switched on/off,
the current increases/decreases rapidly, indicating that the
TWS vdW heterodiode detector has a fast photoresponse
speed. A high photoresponse speed is highly desired. The
speed of a device is quantified using the rising time and decay
time, that is, the time of the photocurrent increasing from 10
to 90% of the maximum current when the laser is turned on
and from 90 to 10% when the laser is turned off, respectively.
Figure 3d shows the response time of the TWS vdW
heterodiode at V4 = 1 V measured using a 405 nm laser.
The device exhibits a remarkable response speed with 7, = 3.3
us and 74 = 3.4 us. The TWS vdW heterodiode device exhibits
both high R and good response speed, indicating that the TWS
vdW heterodiode device has a high gain-bandwidth product.
The realization of a high gain-bandwidth product could be
attributed to a high-quality vdW heterostructure device with an
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atomically sharp interface, and the mirror metal electrode
enhanced vertical heterostructure device configuration, which
can separate photocarrier efficiently. Figure S8c shows the
sublinear light power (520 nm) dependence of the photo-
current behavior I, o P°%, The extracted R and EQE of the
TWS vdW heterodiode under 520 nm laser irradiation ata 1 V
bias are shown in Figure S8d. The photoresponsivity decreases
from 88.7 to 19.2 AW, and the EQE decreases from 2.12 X
10* to 4.58 X 10°% as the light power increases from 0.5 to 530
nW under 520 nm LED illumination. The photoresponse of
this heterodiode device under 637 nm laser illumination was
investigated. Figure S9a shows the output curves of the devices
obtained in the dark and a power range from 72 to 62.3 yW of
a 637 nm laser LED. The photoresponse to forward bias is
significantly higher than that to the reverse bias. The time-
resolved photoresponses at Vg = 1 V were obtained by varying
the light power, as shown in Figure S9b. The dependence of
photocurrent on the light power exhibits sublinear behavior
with a power index of a = 0.91, as shown in Figure S9c. The
parameter a obtained at the TWS vdW heterodiode device
under 673 nm laser is larger than that of the TWS vdW
heterodiode under 520 nm. A 520 nm laser has a higher
photon energy than a 637 nm laser, and more trap states can
capture photocarriers, affording a small o value. The smaller
the a value, the higher the trap states that participate in current
conduction.>® Figure $9d shows the dependence of R and EQE
on light power. The R and EQE of the TWS heterodiode
device decrease from 19.5 AW™" and 3.79 X 10°% to 4.2 AW ™"
and 827.7% as the illumination power increases from 1.48 to
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1.23 uW, respectively. Furthermore, the response time was
measured using a 637 nm laser with 7, = 3.4 us and 74 = 3.7 ps,
as shown in Figure S10. The high photoresponse speed is
ascribed to the vertical device structure, which decreases the
lateral transport distance, and the metal mirror electrode,
which enhances the efficiency of photocarrier collection. Figure
4a shows the wavelength dependence of R and EQE at Vg =2
V. In the UV spectral range, a higher R and EQE were realized.
In the visible range, the R and EQE sharply decrease from
1129.6 AW™" and 3.83 X 10°% to 166.3 AW ™' and 5.09 X
10%%, respectively. The sharp decrease in R with increasing
wavelength can be ascribed to the high energy trap states that
considerably prolong the lifetime of the photocarrier and result
in a high gain. UV spectral selectivity is an important
parameter for UV detectors. The UV—visible rejection ratio
(Ryes/Rsz0) was used to evaluate the spectral selection ability of
a photodetector. The high UV—visible rejection ratio of Ry4s/
Rsy0 = 254.6, a bit higher than that of MoS,/SnSe,
heterostructure (250), demonstrated based on the doped
MoS,-SnSe, heterostructure,”® indicates that the device can
operate well in the SBUV region without the influence of
visible light as a background signal.

The photoresponse of the SnS, FET from 275 to 637 nm
was also investigated for comparison. The output curves of the
SnS, FET device were measured by the varying illumination
powers of 275, 365, 405, and 637 nm lasers, as shown in Figure
Slla,c,d,e, respectively. Figure S11b shows the dependence of
R and EQE of the SnS, FET device on the power of a 275 nm
laser. The SnS, FET device exhibits a high R of ~40.8 AW™!
and an EQE of 1.84 X 10%%. When the light power density
(275 nm SBUV light) ranges from 6 to 100 mW cm™ R
changes from 15.9 to 40.8 AW, exhibiting weak light power
dependence. Figure S11f exhibits the wavelength dependence
of R and EQE of the SnS, FET at Vg, =1 V. The R and EQE of
the SnS, FET device decrease as the wavelength increases.
Figure S12a shows the photovoltaic response of the metal
mirror-enhanced TWS heterodiode. From 365 to 637 nm, the
photovoltaic R of the TWS vdW heterodiode increases from
0.16 to 0.25 AW, and the EQE decreases from 59.9 to 49.5%.
Furthermore, two important properties in detectors are the
NEP, which is used to quantify the sensitivity of the detector,
and D*, which determines the minimum incident light power
that the detector can pick up from the background noise. To
evaluate the sensitivity of this metal mirror-enhanced TWS
vdW heterodiode, the current noise power spectra were
measured from 1 Hz to 100 kHz at different bias voltages, and
the spectra are shown in Figure S12b. When the frequency is
<1 kHz, 1/f noise is observed that dominates the noise power
contribution. The 1/f noise is attributed to the fluctuations of
local electronic states caused by disorders or defects.”” To
calculate the NEP using the formula NEP = i,/R, the noise
current should be measured. The root-mean-square noise
current <i,>>"? = 1.02 X 107'* A Hz""/? was obtained at an
electrical bandwidth of 1 Hz at V4 = 0 V. In the higher
frequency range (f > 1000 Hz), the noise current density
spectrum shows frequency independence and white noise
behavior, which may originate from the Johnson noise or shot
noise. For the shot noise, <i,>>"? = (2el;)"/? = 3.8 X 107¢ A
Hz "% at I = 4.6 X 107" A, which is significantly lower than
that of the measured result. The Johnson noise <i,>!/2
(4ksT/R)V> = 1.33 x 107* A Hz™"/? was obtained at a
bandwidth of 1 Hz, T = 300 K, and R, = 1.24 MQ. The
Johnson noise obtained is consistent with the measured result,
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indicating that Johnson noise may be the major contributor to
the high-frequency noise current. D* can be calculated using
D* = (AAf)l/z/NEP, to eliminate the influence from device
area (A), and electrical bandwidth. Figure 4b shows the NEP
and D* of the heterodiode device as functions of the incident
light wavelength. The black dashed line in Figure 4b marks 1
fW Hz "2 The metal mirror-enhanced TWS heterodiode
exhibits a significantly low NEP; a lower NEP is desirable for
highly sensitive photodetectors. From SBUV to visible spectral
range (265—637 nm), NEPs of our heterodiode are lower than
1 fw Hz V2 Notably, the lowest NEP of 1.02 X 1078 w
Hz /2 is obtained under 265 nm SBUV light. As the
wavelength increases from 265 to 637 nm, the NEP of the
heterodiode increases to 6.32 X 107! W Hz /2. When the
device was operated in the photovoltaic model, the NEPs from
365 to 637 nm were better than 0.1 pW Hz "% marked by a
dark dashed line as shown in Figure S12c. The heterodiode
device exhibits a high D* of up to 3.65 X 10'* cm Hz'> W™,
realized at 265 nm SBUV light. In the UV spectral range, D*
was higher than 222 X 10" cm Hz"> W' For the
photovoltaic model, D* was higher than 5.98 X 10° cm
Hz'/> W™, as shown in Figure S12c. The performance of these
smart WBG semiconductor UV photodetectors is compared
and summarized in Table S1. We compared our device with
state-of-the-art UV photodetectors, and the relationship
between the response time and R and D* of those UV
detectors is shown in Figure 4c,d. The R of 1.85 X 10* AW™!
for our device is slightly lower than the record high R in the
previous literature on the FePSe;/MoS, heterodiode™ and is
considerably better than those of other listed smart UV
photodetectors. The D* of 3.65 X 10" cm Hz"? W' was one
of the highest among those listed competitive UV photo-
detectors.

4. CONCLUSIONS

This study reports a highly sensitive SBUV photodetector
based on a metal mirror-enhanced TWS vdW heterodiode.
Under 265 nm SBUV light illumination, the heterodiode
device exhibited a high R of 1.85 x 10* AW/, significantly low
NEP of 1.02 X 107® W Hz™"?, and excellent D* of 3.65 X
10" cm Hz'2 WL, Notably, our device exhibited an ultrafast
photoresponse with 7, = 3.3 us and 74 = 3.4 ps at a 1 V bias,
and high light on/off ratio of >10° was realized at 0 V using a
405 nm laser. The results of this study suggest that this metal
mirror-enhanced TWS vdW heterodiode is a very promising
SBUV photodetector with enormous potential in applications.
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