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Band structure engineered tunneling heterostructures
for high-performance visible and near-infrared

photodetection

Fakun Wang, Peng Luo, Yue Zhang, Yu Huang, Qingfu Zhang, Yuan Li and Tianyou Zhai'

ABSTRACT Tunneling heterostructures are emerging as a
versatile architecture for photodetection due to their advanced
optical sensitivity, tailorable detection band, and well-
balanced photoelectric performances. However, the existing
tunneling heterostructures are mainly operated in the visible
wavelengths and have been rarely investigated for the near-
infrared detection. Herein, we report the design and realiza-
tion of a novel broken-gap tunneling heterostructure by
combining WSe, and Bi,Se;, which is able to realize the si-
multaneous visible and near-infrared detection because of the
complementary bandgaps of WSe, and Bi,Se; (1.46 and 0.3 eV,
respectively). Thanks to the realigned band structure, the
heterostructure shows an ultralow dark current below pico-
ampere and a high tunneling-dominated photocurrent. The
photodetector based on our tunneling heterostructure exhibits
a superior specific detectivity of 7.9x10" Jones for a visible
incident of 532 nm and 2.2x10" Jones for a 1456 nm near-
infrared illumination. Our study demonstrates a new band
structure engineering avenue for the construction of van der
Waals tunneling heterostructures for high-performance wide
band photodetection.

Keywords: band structure engineering, van der Waals tunneling
heterostructures, Bi,Se;/WSe,, photodetector, visible and near-
infrared detection

INTRODUCTION

Van der Waals heterostructures (vdWHs) based on ver-
tically stacked two-dimensional (2D) layered semi-
conductors have been extensively investigated due to their
peculiar physical characteristics and potential applica-
tions in electronics and optoelectronics [1-4]. Benefiting

from the strong light-matter interaction of the atomically-
thin 2D layered semiconductors [5], plenty of vdWH
devices have demonstrated promising performances for
photodiodes [6,7], phototransistor [8] and other photo-
detectors [9-13]. However, the unsatisfactory balance in
the performances such as detectivity (light on/off ratio),
responsivity and response rate (rise/decay time) has
usually been observed in the existing photodetectors [14-
17].

With this regard, the tunneling heterostructures are
widely studied as promising alternative candidates due to
their tunable carrier tunneling mechanisms. With proper
band structure alignment, such tunneling hetero-
structures can likely reach outstanding photodetection
performances of the device while keeping a good balance
in various photoelectric parameters [18-21]. For instance,
Vu et al. [19] found that the multilayered MoS,/h-BN/
graphene tunneling heterostructure can exhibit simulta-
neously improved detectivity (2.6x10" Jones) and re-
sponsivity (180 AW ') by adjusting the asymmetric
tunneling effect of dark-carriers and photocarriers in the
heterostructure. Recently, our group [20] reported a type
of broken-gap tunneling diode consisting of few-layer
WSe, and SnS,. The device demonstrated excellent and
well-balanced performances in responsivity (244 A W ),
detectivity (1.29x10" Jones), and response  rate
(13/24 ms) under a 550-nm illumination, attributed to the
large mismatch of the band structure [20]. While the
optoelectronic performances of these tunneling hetero-
structure devices are promising, their detection band is
mainly limited in the visible region [19,20]. Recently, a
type of reverse rectifying AsP/InSe tunneling hetero-
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junction was reported for a spectral detection capability
up to 1550 nm, but the responsivity are fairly low (~1x
10> AW") and far from practical application [22]. To
date, the realization of high-performance near-infrared
detection or wide band detection with well-balanced de-
tectivity, responsivity and response/recovery time on
these tunneling heterostructures is still a big challenge.

Toward this end, herein we present a band structure
engineering strategy to construct the van der Waals
tunneling heterostructures with wide-gap (WSe,, 1.46 eV)
and narrow-gap (Bi,Se;, 0.3 eV) semiconductors. The
presence of both wide and narrow bandgaps in the het-
erostructure allows for its wide band light absorption
from the visible to near-infrared region. Meanwhile, the
non-overlapping band alignments of the two stacked
materials prompt the photo-generated carriers to trans-
port in the channel by the tunneling mechanism, result-
ing in the generation of significant photocurrents. As a
result, our Bi,Se;/WSe, tunneling heterostructure can not
only maintain excellent and well-balanced optoelectronic
performances, but also realize a wide band photodetec-
tion. The resultant photodetector exhibits specific de-
tectivity of 7.9x10"Jones and responsivity of
94.26 AW ' for the 532 nm visible source, and specific
detectivity of 2.2x10'° Jones and responsivity of 3 A W'
for the 1456 nm near-infrared source. Its near-infrared
responsivity is ~3x10° times higher than that of the
previously reported InSe/AsP photodetector [22]. This
manifests that the tunneling heterostructure with com-
plementary bandgaps can provide an available platform
for high-performance wide band photodetection.

EXPERIMENTAL SECTION

Fabrication of the Bi,Se;/WSe, heterostructure

First, 2D Bi,Se; flakes were grown on mica substrates by
using physical vapor deposition. The Bi,Se; powder was
placed in the center of a horizontal tube furnace equipped
with a quartz tube and the flurophlogopite mica sub-
strates were placed in the downstream 8-12 cm away
from center. High purity Ar gas was used to carry Bi,Se;
vapor from the furnace center for the synthesis of 2D
Bi,Se; flakes. For optimized synthesis, the furnace was
heated to 600°C and kept at this temperature for 30 min
with Ar carrier gas flow of 100 sccm. The furnace cooled
naturally to room temperature with a flowing Ar gas. 2D
Bi,Se; flakes were grown on the mica substrates. Then,
the Bi,Se; flakes were then transferred to a Si/SiO,
(300 nm) substrate via spinning poly(methyl methacry-
late) (PMMA) and poly(propylene carbonate) (PPC) as
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the supporting membrane. Next, the exfoliated WSe,
flake on a polydimethylsiloxane (PDMS) stamp was
transferred onto the Bi,Se; flake using a precision transfer
system. Finally, the electrode patterns were defined by
typical electron beam lithography (FEI Quanta 650
scanning electron microscope and Raith Elphy Plus,
USA) and deposited by thermally evaporating 10/50 nm
Cr/Au (Nexdep, Angstrom Engineering).

Characterizations

Optical microscope (BX51, OLMPUS, Japan) and atomic
force microscope (AFM; Dimension Icon, Bruker, Ger-
many) were utilized to characterize the morphology and
thickness of the heterostructure. Raman and photo-
luminescence (PL) spectra were investigated by a confocal
microscope spectrometer (Alpha 300R, WITec) together
with 532 laser source. The electronic and photoelectronic
measurements of the Bi,Se;/WSe, heterostructure were
performed by using an Agilent BI500A semiconductor
analyzer (USA) in a Lakeshore probe station. Power ad-
justable 532- and 1456-nm lasers were used to record the
photoelectric response of the heterostructure.

RESULTS AND DISCUSSION

The heterostructure was assembled by a dry transfer
process. The Bi,Se; flakes were initially grown on a mica
substrate via physical vapor deposition [23-25] and then
transferred onto a surface-oxidized Si (Si/SiO,) substrate
by the PMMA and PPC-assisted transfer method. In the
following, the WSe, flakes were mechanically exfoliated
and further transferred onto the top of Bi,Se;. The final
fabrication of Bi,Se;/WSe, heterostructure device was
completed via standard electron-beam lithography, where
the 10/50 nm Cr/Au electrodes were deposited by thermal
evaporation. Details about the experimental process are
provided in the Experimental Section and Fig. SI. Fig. 1a
demonstrates the 3D schematic structure of our van de
Waals tunneling photodetector, and an optical micro-
scopic image of the Bi,Se;/WSe, heterostructure is pro-
vided in Fig. 1b. The thicknesses of Bi,Se; and WSe, were
determined to be 10.5nm (10L) and 5.6 nm (8 L), re-
spectively (Fig. 1c).

The electronic band alignment of the Bi,Se;/WSe,
heterostructure was further clarified by ultraviolet pho-
toemission spectroscopy, as shown in Fig. S2. The work
function (WF) of Bi,Se; and WSe, is determined by the
equation of WF=hv—Eg [26,27], where hv is the incident
photon energy (21.2 eV), and Ej is the binding energy of
the secondary electron cut-off (Fig. S2b, d). We obtained
the WF values of 3.86 and 4.61 for WSe, and Bi,Se;,
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Figure 1 Device structure and optical characterizations. (a) 3D schematic of the Bi,Se;/WSe, heterostructure. (b, ¢) Optical image and AFM of the
Bi,Se;/WSe, heterostructure. (d) Raman spectra of the pristine Bi,Se;, WSe, and the heterostructure. (e) PL spectra measured for WSe, and the
heterostructure. (f) PL mapping of the region surrounded by red dashed lines in Fig. 1b. The dark portion from the overlapped region suggests strong
PL quenching. (g) Time-dependence PL spectra of the isolated WSe, and Bi,Se;/WSe,. (h) Schematic diagram of the Bi,Se;/WSe, heterostructure band

structure and photoexcitation.

respectively, indicating the Fermi level (Eg) of WSe, and
Bi,Se; are —3.86 and —4.61 eV with respect to the vacuum
level. The difference between E; and valence band max-
imum (Eyg) was obtained by linearly extrapolating the
low binding energy region of the spectra to the baseline
(Fig. S2a, c) [26,27]. The Eypy for WSe, and Bi,Se; were
then calculated to be —4.66 and —5.21 eV, respectively.
The bandgap values of Bi,Se; (~0.3 eV) [28-30] and WSe,
(~1.46 eV for multilayers) [20,31,32] were further ob-
tained from previous reports and PL spectrum (Fig. 1g),
and accordingly the band alignment diagrams of the
Bi,Se;/WSe, heterostructure was established as Fig. S2e
and Fig. 1h. One can observe that the maximum valence
band of WSe, is above the minimum conduction band of
Bi,Se;, forming a broken-gap band alignment hetero-
junction [20,22].
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Raman spectra of Bi,Se;, WSe, and the Bi,Se;/WSe,
heterostructure are displayed in Fig. 1d. The individual
Bi,Se; flake demonstrates three distinct Raman peak po-
sitions at 69, 124, and 175 cm ', corresponding to the A}g,
Eg, and Afg modes, respectively, which are in accordance
with the previous reports [25]. The pristine WSe, flake
shows four obvious Raman peaks at 250, 307, 370, and
392 cm |, assigned to the Eig, Bé, A +LA, and 2A,,-LA
modes as reported by others [33], respectively. In the
overlapped Bi,Se;/WSe, heterostructure region, the
characteristic Raman peaks of both Bi,Se; and WSe, can
be distinctly observed, indicating the good quality of the
heterostructure. Notably, in the overlapped region, the
intensities of the Raman peaks of WSe, are obviously
reduced despite that the WSe, flake is located on top of
Bi,Se;, and meanwhile the Raman peak positions of the
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Bi,Se; obviously shift to the negative position. This sug-
gests strong interfacial coupling may occur within the
heterostructure [33,34].

In order to further confirm the interfacial coupling
effect, room temperature PL spectra and mapping were
collected from the Bi,Se;/WSe, heterostructure (Fig. le,
f). The results indicate that the WSe, flake exhibits a
strong PL emission peak at 780 nm (1.58 eV) and a weak
emission peak at 850 nm (1.46 eV), corresponding to the
recombination of A exciton peak and indirect transition I
peak, respectively [35-37]. The Bi,Se;/WSe, hetero-
structure region demonstrates an apparent PL quenching
effect, as the PL intensity of WSe, decays to 12% of the
pristine (Fig. le). This suggests the photoexcited carriers
are primarily transferred between the WSe, and Bi,Se;
interface, rather than emitting from the individual WSe,
band edges [38,39]. The interfacial carrier transfer beha-
viors were further studied by using the time-resolved PL

spectra upon 375 nm pulse laser excitation [40,41]. As

shown in Fig. 1g, the transient PL decay curves were fitted

by a  single  exponential  decay  function
_—

(0(z) =y, +Aexp — xT). In the heterostructure region,

one can observe that the PL transient from WSe,
(Theterojuction=0-36 1) is significantly reduced as compared
with the pristine WSe, (ryg, =1.17ns). This further
confirms the existence of efficient interfacial carrier
transfer at Bi,Se;/WSe, interface [20,27,40]. Accordingly,
the electronic band alignment of the Bi,Se;/WSe, het-
erostructure is schematically illuminated in Fig. 1h. We
found that the photo-induced carriers (electrons) in the
WSe, tend to transfer to the low-energy states in Bi,Ses,
instead of forming excitons, resulting in the significant PL
quenching effect of the heterostructure.

Fig. 2a displays the schematic diagram for the electrical
characterizations. The tests were performed on the Bi,Se;/
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Figure 2 Electrical characteristics of the Bi,Se;/WSe, heterostructure. (a) The schematic diagram of the Bi,Se;/WSe, heterostructure for electrical
measurements. (b, ¢) Output characteristics of Bi,Se; and WSe,, respectively. (d, e) Transfer characteristics of the Bi,Se;/WSe, heterostructure.
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WSe, heterostructure region as well as the individual
Bi,Se; and WSe, regions. The output characteristic curves
of individual Bi,Se; exhibit a linear behavior (Fig. 2b),
indicating the good Ohmic contacts between Bi,Se; and
the electrodes. For the individual WSe, device, the sub-
linear output characteristic is observed (Fig. 2¢), in-
dicating the formation of Schottky barrier at the contact
interface of WSe, and the electrodes. This can be attrib-
uted to the difference of WF between WSe, (WFyys ~
3.86 eV) and Cr (WF~4.6 eV). The transfer character-
istic curves in Fig. 1d indicate Bi,Se; is an n-type semi-
conductor, while WSe, has a p-terminal dominated
ambipolar characteristic, which is consistent with pre-
vious literatures [25,42]. The transfer characteristics of
the heterojunction region are plotted in Fig. 2e. The
transfer curve can be divided into three regions. In region
I (gate voltage V,<—=30V), the drain current (Iy) de-
creases as the V,, increases negatively, indicating the de-
pletion of electrons in Bi,Se; channel. In region II
(=30 V<V, <0 V), the gate bias gradually depletes the
WSe, carriers, and the Iy is controlled by the Bi,Se; and
non-overlapped WSe, transistor, leading to the rapid
decrease of I in the depleted WSe,. In region III (V>
0V), where the WSe, reaches the ambipolar transition
point, the I4 increases on account of the increasing
conductance of WSe,, which dominates the electrical
characteristics of the whole junction in this region.

The transport characteristics of the heterostructure

device were further studied in detail to understand the
interaction in the overlapped heterojunction region. Note
that all results are acquired by applying a drain voltage
(V4) on p-WSe, with n-Bi,Se; being ground. As de-
monstrated in Fig. 3a, an obvious forward diode behavior
with a rectification ratio over 10> and ultralow reverse
current below picoampere are observed in the Bi,Ses/
WSe, heterostructure. However, when the current-voltage
curve is plotted in a log-log form (Fig. 3b), we observe
two distinct linear regions with slope greater than 1 in the
forward bias, which simply implies a tunneling effect [33].
As indicated by the band diagram shown in Fig. S2e, a
broken-gap band alignment is established in the hetero-
structure, and thus the electrons can transport from
Bi,Se; to WSe, via the tunneling effect, giving rise to the
sharp increase of forward current [43]. We further
modeled the forward current-transport across the het-
erostructure by using the direct tunneling (DT) at lower
V4 and the Fowler-Nordheim tunneling (FNT) at higher
V4 The DT and FNT models can be described as the
following expressions [19,33]:

4nd 2m*p
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Figure 3 Tunneling behavior of the Bi,Se;/WSe, heterostructure. (a) I4-Vy, curve of the heterostructure. (b) Ii-Vy, characteristic of the hetero-
structure in double-log scale. (c) Fowler-Nordheim fitting of forward current. (d) Band diagrams of the heterostructure at different bias voltages.
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the effective mass of the carrier, Planck’s constant, ele-
ment charge, tunneling thickness and tunneling barrier
height, respectively. As shown in Fig. 3c and Fig. S3, the
fitted plots exhibit a good linear relationship, indicating
the well-feasibility of the above equations. A tunneling
barrier of ~1.2 eV in the FNT was finally extracted from
the linear region in Fig. 3b. Similar tunneling operations
are observed in other two Bi,Se;/WSe, devices (Fig. S4),
which further confirm they are indeed the case. Based on
the above analysis, a possible carrier transport mechanism
for the Bi,Se;/WSe, heterostructure is described in
Fig. 3d. Under the reverse bias voltage (V4,<0 V), the
electrons/holes in Bi,Se;/WSe, are blocked by the external
electric field and the minority carriers of electrons/holes
in the WSe,/Bi,Se; may drift or tunnel to the conduction/
valence band of Bi,Se;/WSe,. In spite of such drifting or
tunneling effect, the existence of a large Schottky barrier
between WSe, and contact electrode further hinders the
effective carrier transport and results in the ultralow re-
verse current (below picoampere). When a small forward
voltage is applied (0<Vy<1.2V), the high triangular
tunneling barrier in the heterostructure plays a dominant
role for the charge transfer with DT. Moreover, the bar-
rier would be narrower and more triangular at larger bias
(V4>1.2'V), resulting in the continuous generation of
ENT and dramatic increase of the forward current. In
general, carriers can transit across the barrier by means of
tunneling or thermionic emission (diffusion) [20,43]. The
tunneling-based carrier transport is independent of the
temperature, while the thermionic emission-dominated
transport significantly depends on the temperature. To
distinguish the dominant carrier transport mechanism,
the temperature-dependent electrical characteristics were
further studied (Fig. S5). As expected, the FNT behavior
occurs in the temperature range of 100-300 K, which
confirms that the tunneling effect dominates the carrier
transport in the heterostructure. In addition, we esti-
mated the mean free path of electron and width of the
depletion in WSe, to be 62.5 and 4.2 nm, respectively.
The former is much larger than the latter, indicating that
the carrier transport tends to be tunneling rather than
thermionic emission. What is more, the high doping
concentration of WSe, (N;~2.6x10" cm ) allows for a
large tunneling probability. This tunneling mechanism is
different from the reported metal-semiconductor inter-
face tunneling effect, the latter of which is dominated by
the thermionic FNT, such as Pd/MoS, [44], Pd/WSe,/
SnSe, [45] and V-doped WSe,/SnSe, [46].

Considering the complementary bandgaps of WSe,
(1.46 eV) and Bi,Se; (0.3 eV), their heterostructures may
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exhibit excellent photoresponse performances in both
visible and near-infrared regions [20,25]. Thus, we fur-
ther evaluated the potential applications of the Bi,Se,/
WSe, tunneling heterostructure for visible and near-in-
frared photodetectors. Fig. 4a, b present the output
characteristics of the obtained tunneling device under 532
and 1456 nm laser illumination with different power
densities, respectively. The currents in both forward and
reverse biases showed significant increases with the in-
crease of power density under laser illumination. In ad-
dition, we found that the I;-V characteristics under 532
and 1456 nm laser illumination could be modeled by the
DT mechanism with perfect linear relationship between
In(14/ Vdsz) and ln(l/VdSZ) at reverse biases voltage (Fig. 4c
and Fig. S6). This indicates that the photocarriers gen-
erated in Bi,Se; and WSe, are dominated by the tunneling
mechanism, leading to the formation of obvious photo-
current with the help of the external electric field.
Fig. 4e, f present the schematics of visible and near-in-
frared photoresponse at reverse bias voltage. Under
532 nm laser illumination, both Bi,Se; and WSe, produce
photon-generated electron-hole pairs. The barrier height
of heterojunction region in light state becomes smaller
than that in dark state, consequently forming the DT.
Under the illumination of 1456 nm near-infrared light
(below the bandgap of WSe,), the carriers are generated
only in Bi,Se;. The photo-generated electrons would enter
the circuit, while the photo-generated holes would accu-
mulate at the interface and tunnel into the valence band
of WSe,. Furthermore, the light on/off ratio (I,,/Ig,s) was
obtained by comparing the drain current under laser il-
lumination and dark state. The dependence of light on/off
ratio on the bias voltage is shown in Fig. 4d. At reverse
bias voltage, the I,/I4, ratio increases dramatically at
lower |V because of the increase of photocurrent with
DT effect (Fig. S6) and maintaining dark current, whereas
the I/l ratio hardly increases due to non-negligible
electron tunneling at higher | Vg in dark. At forward bias,
the decrease of I/l ratio is mainly attributed to the
exponential increasing in dark current with FNT effect.
Consequently, we obtained the maximum I /Ig, of
~7.5x10° for 532 nm@73.06 mW cm > and 3.5x10" for
1456 nm@142.93 mW cm ~ in the range of reverse bias
voltage. To the best of our knowledge, this on/off ratio
value is far superior to the reported generic p-n junctions
with gate regulation [47], low ambient temperature [9] or
ferroelectric field suppression [48], attributed to the ul-
tralow dark current (<pA) at the reverse bias.

In order to further understand the performance of the
Bi,Se;/WSe, tunneling heterostructure visible and near-
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Figure 4 Photoelectric characteristics of the tunneling heterostructure. (a, b) Iy-Vy, curves of the heterostructure under 532 and 1456 nm laser
illumination with various power densities, respectively. (c) DT fitting of the Bi,Se;/WSe, heterostructure at reverse bias voltage. (d) Light on/off ratio
as a function of bias voltage under 532 nm@73.06 mW cm > and 1456 nm@142.93 mW cm _. (e, f) Energy band diagram of the Bi,Se;/WSe,

heterostructure at reverse bias voltage.

infrared photodetector, we have analyzed the data sys-
tematically. The responsivity (R) is a key parameter to
evaluate the performance of photodetectors and would be
calculated by the equation of R=I,/PS, where I, P and S
refer to the photocurrent, incident light power density
and the channel area of the Bi,Se;/WSe, device, respec-
tively. Fig. 5a presents the dependence of responsivity on
the incident power density for 532 and 1456 nm wave-
length at Vg =25 V. Obviously, the responsivity can be
optimized by varying the incident power densities and
bias voltage. For visible light of 532 nm, the responsivity
can reach up to 9426 AW ' at the power density of
2.23mW cm ~ at V=5V, which is highly comparable to
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the highest responsivity values that have been reported
for tunneling heterostructures [20,22]. The near-infrared
responsivity is up to 3 A W ', which is ~3x10° times
higher than that of the previously reported InSe/AsP
near-infrared photodetector [22]. To evaluate the sensi-
tivity of the Bi,Se;/WSe, heterostructure photodetector,
the noise current density (inz) was measured under the
dark and bias conditions. As shown in Fig. 5b, benefiting
from the inhibition of dark current by Schottky barrier
between WSe, and Cr electrodes, the current noise at
reverse bias voltage was improved significantly with re-
spect to that at forward bias voltage, but the frequency (f)
dependence results are similar. In the range of f<100 Hz,
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Figure 5 Photoresponse performance of the heterostructure at wavelengths of 532 and 1456 nm. (a) Incident power density dependence of re-
sponsivity at different V. (b) Spectra of current noises at Vg=+5 V. (c) NEP as a function of power density. (d) Specific detectivity versus the incident
power density. (e) Time-resolved photoresponse of the heterostructure under 532 and 1456 nm laser illumination. (f) Response time curve of the

heterostructure under 1456 nm illumination.

the 1/f-noise component was observed, which reveals that
the noise behavior of the Bi,Se;/WSe, heterostructure
photodetector is dominated by the 1/f-noise. The 1/f-
noise arises from the fluctuations of local electronic states
caused by the disorder or defects [49]. While in the region
of f>100 Hz, the generation-recombination (g-r) noise
which results from the carrier density fluctuation caused
by the charge trapping-detrapping centers becomes
dominant [49]. Specific detectivity (D*) is identified as
another key parameter of merit to evaluate the sensitivity
of a photodetector and calculated as D*=(SAf)"*/NEP, in
which Af refers to the electrical bandwidth and NEP re-
fers to the noise equivalent power. The NEP would be

n

calculated by the equation of NEP = (i_z)l/z/ R, where

—\1/2
(inz) refers to the root mean square of current noise.

The (i—nz)l/z
1.01x10 " AHz ' at V4=5 and —5V, respectively. The
current noise at reverse bias voltage is lower than that at
forward bias, which is attributed to the potential barrier
at the heterojunction region and the Schottky potential at
the interface of WSe, flake and metal electrodes. Corre-
spondingly, the NEP values under different incident

are calculated to be 1.84x10 " and
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powerdensities at Vg =+5 V were calculated and shown in
Fig. 5¢. Accordingly, the incident power density-depen-
dent specific detectivity at Vg=+5V is presented in
Fig. 5d. Optimal specific detectivities of up to 7.9x10"
and 2.2x10'" Jones were respectively obtained for 532 and
1456 nm wavelength, which is again far superior to most
of the reported photodetectors [50].

Apart from the responsivity and specific detectivity,
response rate is also an important parameter for photo-
detectors. As shown in Fig. 5e, the heterostructure ex-
hibits well-reproducible photoswitching characteristics
under 532 and 1456 nm laser modulations at Vg=1 V. In
order to investigate the working bandwidth of the Bi,Ses/
WSe, photodetector, the pulsed 532-nm laser with fre-
quency varying from 1 to 400 Hz and a digital oscillo-
scope was utilized to determine the variation of
photocurrent. Fig. S7a shows a representative temporal
response of the photodetector at the frequency of 100 Hz.
It is worth noting that the Bi,Se;/WSe, photodetector
presents a good long-term stability and reproducibility in
the range of 1-400 Hz. By plotting the relationship be-
tween the relative balance (I,,,—Iin)/Inax and the pulsed
frequency, as shown in Fig. S7b, we could observe the
3 dB bandwidth of ~100 Hz. Fig. S7c and Fig. 5f show a

August 2020 | Vol.63 No. 8
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Table 1 Photoelectric performance comparison of this work with similar vdWH photodetectors previously reported
Device Waz’i:;gth Bias (V) On/off ratio Re(s Apovrlllsjl\;ity D?;(e);teixsl)ity Response rate Ref.
22 nm BP-12 nm MoS, 532 V=3 * 223 3.1x10" - [15]
1.5 nm WSe,-4 nm SnS$, 550 ‘Z 2‘5::__210 8.2x10° 244 1.29x10" 13/24 ms [20]
11.5 nm AsP-10 nm InSe 520 V=2 Y ~1 ~1x10" 217/89 ps [22]
NA Bi,Te;-NA WSe,' 633 V=1 20.5 - 180/210 ps [52]
10.5 nm Bi,Se;-5.6 nm WSe, 532 V=5 7.5%10° 94.26 7.9x10" 1.5/0.11 ms This work
22 nm BP-12 nm MoS, 1550 V=3 ~10 0.153 2.13x10° 15 s [15]
11.5 nm AsP-10 nm InSe 1550 V=2 2.5x10° ~107 2.74x10° - [22]
4 nm Bi,Te;-15 nm WS, 1550 V=1 1.9x10~° 2.7x10 20 ms [51]
NA Bi,Te,-NA WSe," 1550 V=1 27%x10°° - - [52]
10.5 nm Bi,Se;-5.6 nm WSe, 1456 Vy=—5 3.5x10* 3 2.2x10" 4ms This work

a) NA means that the thickness is not available.

temporal response in a single modulation cycle under 532
and 1456 nm laser illumination, respectively. For 532 nm
photoresponse, the rise time of ~1.5 ms and decay time of
~0.11 ms are obtained by defining the time for the pho-
tocurrent rising from 10% to 90% and declining from
90% to 10%, respectively. For 1456 nm light illumination,
the rise and fall times are 4 ms, which are slower than that
at 532 nm. The 1456 nm excitation wavelength exceeds
the cutoff wavelength of WSe,, in which case only Bi,Se;
can absorb photons to produce carriers. Therefore, the
response under 1456 nm illumination is essentially a
Bi,Se; photodetector. The photoexcited electrons in Bi,Se;
would be captured by the trap state in WSe, to generate a
negative photogate. The photogating effect would prolong
the life of minority carriers in Bi,Se; and reduce the re-
combination rate of photo-generated carriers, resulting in
a slower response rate as compared with under 532 nm
illumination. We finally display the performance com-
parison of our tunnel devices and the recently reported
similar vdWH photodetectors in Table 1. One can ob-
serve that the key parameters such as detectivity, re-
sponsivity, and response rate of our Bi,Se;/WSe,
heterostructure are highly comparable to the state-of-the-
art merits of the previously reported photodetection
materials, suggesting our tunneling heterostructures are
promising candidate for future practical optoelectronic
applications from visible to the near-infrared region.

CONCLUSIONS

In conclusion, our study demonstrates the key tunneling
behaviors of a type of bandgap-complemented vdWH for
photodetection applications. The heterostructure is con-
structed by stacking wide-gap (WSe,) and narrow-gap
(Bi,Se;) 2D semiconductor flakes. Our heterojunction

August 2020 | Vol.63 No.8
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design successfully introduces a large offset band align-
ment to suppress dark current (<pA), which thus sig-
nificantly improves the tunneling effect of photocarriers.
As a result, the heterostructure device exhibits an ex-
cellent and well-balanced optoelectronic performance
from the visible to the near-infrared region. The critical
parameters of our tunneling heterostructures such as the
specific detectivity of 7.9x10" and 2.2x10'" Jones, re-
sponsivity of 94.26 and 3 A W ' with a fast recovery rate
of 0.11 and 4 ms are obtained at 532 and 1456 nm, re-
spectively, which are all standing for the new state-of-the-
art of similar photodetector devices. Our study paves a
unique avenue to utilize the tunneling effect of the het-
erostructure to achieve high-performance and wide band
photodetection form visible to near-infrared region.
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