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ABSTRACT

Broken-gap (type-lll) two-dimensional (2D) van der Waals heterostructures (vdWHSs) offer an ideal platform for interband
tunneling devices due to their broken-gap band offset and sharp band edge. Here, we demonstrate an efficient control of energy
band alignment in a typical type-lll vdWH, which is composed of vertically-stacked molybdenum telluride (MoTe,) and tin
diselenide (SnSe,), via both electrostatic and optical modulation. By a single electrostatic gating with hexagonal boron nitride (h-
BN) as the dielectric, a variety of electrical transport characteristics including forward rectifying, Zener tunneling, and backward
rectifying are realized on the same heterojunction at low gate voltages of £1 V. In particular, the heterostructure can function as
an Esaki tunnel diode with a room-temperature negative differential resistance. This great tunability originates from the atomically-
flat and inert surface of h-BN that significantly suppresses the interfacial trap scattering and strain effects. Upon the illumination
of an 885 nm laser, the band alignment of heterojunction can be further tuned to facilitate the direct tunneling of photogenerated
charge carriers, which leads to a high photocurrent on/off ratio of > 10° and a competitive photodetectivity of 1.03 x 10™ Jones at
zero bias. Moreover, the open-circuit voltage of irradiated heterojunction can be switched from positive to negative at opposite
gate voltages, revealing a transition from accumulation mode to depletion mode. Our findings not only promise a simple strategy
to tailor the bands of type-lll vdWHs but also provide an in-depth understanding of interlayer tunneling for future low-power
electronic and optoelectronic applications.
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featured by a nonoverlapping band offset between two
semiconductors, which facilitate the charge carrier transport from
one energy band to another via a quantum tunneling process

1 Introduction

Two-dimensional (2D) semiconductors and their van der Waals

heterostructures (vdWHs) provide a promising material family for
either exploring novel physics phenomena or breaking through
the technological bottlenecks in the post Moore era [1,2]. The
week interlayer vdW interaction allows the scaling-down of 2D
crystals to atomically-thin layers and the vertical stack of them into
heterostructures with atomically-sharp interfaces regardless of
lattice mismatch [3, 4]. The absence of dangling bonds on the 2D
surface leads to the sharp band edges with minimal trapping states
at the hetero-interface, which enables a variety of electronic and
optoelectronic applications of 2D vdWHs in tunnel field-effect
transistors (TFETs) [5-7], p-n diodes [8-10], memory devices
[11-13], photodetectors [14-19], and photovoltaic cells [20-24].
2D semiconductors possess a wide range of bandgap and electron
affinity, thus establishing the heterostructures with three possible
types of energy band alignment: straddling-gap (type-I), staggered-
gap (type-II), and broken-gap (type-III) [25]. Compared to type-I
and -II vdWHs that are widely utilized in light-emitting and
photovoltaic devices respectively [26-28], type-IIl vdWHs are

[29,30]. This band-to-band tunneling (BTBT) makes type-III
vdWHs well suited for tunnel devices like TFETSs or Esaki diodes
with high-speed operation and low-power consumption.

The carrier transport across the vdWHs (e.g., tunneling or
thermionic emission) in principle depends on not only interlayer
band offset but also interfacial band bending that is determined by
the Fermi level difference between two semiconductors. In order
to realize various transport characteristics or device functionalities
in a heterostructure with fixed material choice, it is highly desired
to modulate the Fermi level or band structure of 2D
semiconductors in a controlled manner. A number of
methodologies including thickness modulation [31-34], chemical
doping [35,36], and electrostatic gating [37-40], have been
employed to tailor the band alignment of type-II or -III vdWHs
for achieving a series of tunnel devices. The thickness modulation
applies to 2D semiconductors with thickness-sensitive energy
levels, e.g., black phosphorus (BP), and the exact control of flake
thickness is not tenable by the conventional mechanical
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exfoliation. In addition, the substitutional doping of 2D
monolayers via a chemical vapor deposition process has been
reported to form the heterostructures with different tunneling
behaviors [36]. Nevertheless, this doping process involves complex
chemical environment that may introduce undesired impurities or
defects at the hetero-interface, thereby limiting the device
performance.

Electrostatic gating is considered as a reliable and efficient
strategy to tune the band alignment of 2D vdWHs. In a
pioneering work, Roy et al. reported a dual-gate control of
tungsten  diselenide/molybdenum  disulfide  (WSe,/MoS,)
heterojunction to obtain distinct tunnel diodes and negative
differential resistance (NDR) at low temperatures [38]. This dual-
gate architecture requires a complicated fabrication process, and
the device performance is restricted by the presented type-II band
offset. Recently, several type-IIT vdWHs [29, 30, 41-43] have been
built up based on different combinations of 2D semiconductors
such as BP, molybdenum telluride (MoTe,), WSe,, and tin
diselenide (SnSe,), which can easily achieve room-temperature
NDR by applying a single gate, in contrast to type-II counterparts.
However, most of these reports utilized conventional SiO, or high-
k metal oxides as the gate dielectric, which would induce
interfacial trapping states or strains and thus limit the tunneling
efficiency in heterostructures. The interface control has also been
demonstrated in WSe,/SnSe, heterojunction by constructing
heterostructures in inert gas environment [42], and unfortunately
different diode behaviors and optoelectronic applications were not
reported.

In this work, we demonstrate an all-2D-based device
architecture on type-III MoTe,/SnSe, heterojunctions by using
hexagonal boron nitride (h-BN) and graphene as the dielectric
and bottom gate, respectively. The atomically-flat and inert surface
of h-BN can significantly suppress the trap scattering and strain
effects at hetero-interfaces, which leads to the realization of a series
of tunnel diodes at low gate voltages (e.g, =1 V), including
forward rectifying diode, Zener diode, backward rectifying diode,
and Esaki diode. In addition, the heterostructure can function as a
self-powered infrared photodetector with a high photocurrent
on/off ratio of > 10° and a competitive detectivity of 1.03
x 10" Jones under the excitation of an 885 nm laser, benefiting
from the direct tunneling (DT) of photogenerated charge carriers
across the heterojunction. Furthermore, the open-circuit voltage of
heterostructure can be tuned from positive to negative at opposite
gate voltages, indicating a switching from accumulation mode to
depletion mode.

2 Methods

2.1 Sample preparation and device fabrication

A few-layer graphene sheet was first mechanically exfoliated from
graphite crystals (HQ Graphene) by using Scotch tape and
subsequently transferred onto a degenerately p-doped Si wafer
with 300 nm SiO,. A h-BN nanosheet was then isolated on a
viscoelastic stamp (polydimethylsiloxane (PDMS)) attached on a
glass slide, which was precisely transferred onto the graphene by
using a transfer station equipped with the metallographic
microscope (METATEST E1-M). Using the similar method,
MoTe, and SnSe, flakes were sequentially prepared and
transferred on the top of h-BN layer to create the vertically-
stacked SnSe,/MoTe,/h-BN/graphene heterostructure. ~ After
locating the heterostructure under a high-resolution optical
microscope (Nikon Eclipse LV150N), a polymethyl methacrylate
(PMMA) photoresist layer was carefully spin-coated on the
substrate at a maximal speed of 2,000 rpm to avoid the spin-
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induced rolling of 2D nanosheets. The conventional e-beam
lithography (EBL) technique (Raith, PIONEER Two) was
subsequently employed to pattern the source and drain electrodes
exactly on the MoTe, and SnSe, flakes. A 10/50 nm Pd/Au layer
was deposited onto the substrate as metal contacts using an e-
beam evaporation system (ASB-EPI-C6), followed by a lift-off
process in acetone and isopropanol.

2.2 Characterizations and device measurements

Atomic force microscopy (AFM) characterizations were carried
out in a Bruker Dimension Icon instrument (BRUKERMultiMode
8) to obtain the morphological images of samples. Raman spectra
were measured in a Witec Alpha 300 instrument with a 532 nm
laser as the excitation source. The electrical and photoelectrical
measurements (including temperature-dependent measurement)
were performed by using a probe station (METATEST ScanPro
Advance) configured with a Keithley-2636B Source Measure Unit
parameter analyzer. An 885 nm laser (filtered from a super-
continuous white laser, NKT Photonics FIU-15) modulated by an
optical chopper was used to illuminate the device. In addition, the
light intensity was measured by a light power meter (Hopoo
Color, OHSP-350Z). The transient photoresponse was obtained
by a DMM?7510 71-bit graphic sampling multimeter. The current
noise of photodetectors was measured by a phase-locked amplifier
(Stanford Research Systems, SR830) at a gate voltage of -1 V.

3 Results and discussion

The band structures of exfoliated MoTe, and SnSe, flakes have
been reported in Refs. [41, 43], which are schematically drawn in
Fig. 1(a) (left panel). The sizeable offset between the valence band
of MoTe, and conduction band of SnSe, presents a typical type-III
band alignment, and the Fermi level position with reference to
energy bands indicates the intrinsic p- and n-type conduction for
MoTe, and SnSe,, respectively. After the contact, the electrons in
MoTe, transfer to SnSe, (or holes in SnSe, transfer to MoTe,) due
to the Fermi level difference (Fig. 1(a) (right panel)), which results
in local band bending in the depletion region to the opposite
direction. Thus, MoTe,/SnSe, heterostructures were constructed
to explore the interfacial engineering of band alignment in type-III
vdWHs for the realization of high-performance tunnel devices.
Few-layer graphene, h-BN, MoTe,, and SnSe, nanosheets were
sequentially stacked onto the SiO,/Si substrate to form the
heterostructure, on which three-terminal field-effect transistors
(FETs) were fabricated using h-BN and graphene as the dielectric
and bottom gate, respectively, as schematically illustrated in Fig.
1(b) (details see Methods). The corresponding optical microscopy
image of the device is presented in Fig. 1(c), and no obvious
bubbles were observed within the stacked area of heterostructure,
suggesting the good interface quality. The inset of Fig.1(d)
displays the AFM image of selected region in Fig. 1(c), where the
line profiles indicate the thicknesses of ~ 12 and ~ 65 nm for
MoTe, and SnSe,, respectively (Fig. 1(d)). The thickness is
comparable to the flakes used in Refs. [41,43], validating the
proposed band structures in Fig. 1(a). The thickness of h-BN in
Fig. 1(c) was further determined to ~ 8.7 nm by the AFM
characterization (Fig. S1 in the Electronic Supplementary Material
(ESM)). Raman spectra of MoTe,/SnSe, heterojunction exhibit
four characteristic peaks located at ~ 113, ~ 187, ~ 234, and
~ 291 cm”, as shown in Fig.1(e), which correspond to the
vibration modes of E,, and A, from SnSe, and E,,, and B,, from
MoTe,, respectively. Compared to the Raman modes of individual
flakes, all the peak position almost remains, and the intensity of
MoTe, signals is largely attenuated due to the strong absorption of
incident light by the top SnSe,.
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Figure1 Characterizations of MoTe,/SnSe, heterostructure. (a) Schematic band alignments between MoTe, and SnSe, before (left panel) and after (right panel) the
contact. (b) Schematic illustration of the MoTe,/SnSe, FET with h-BN dielectric and graphene back-gate. (c) Optical microscopy image of a typical as-fabricated
MoTe,/SnSe, device. MoTe,, SnSe,, h-BN, and graphene are marked by the red, blue, green, and black polygons, respectively. (d) AFM height profiles of the MoTe,
and SnSe, flakes in the inset. Inset: AFM image of the black-dashed rectangular area in (c). (¢) Raman spectra of MoTe,, SnSe,, and MoTe,/SnSe, heterojunction.

The transport characteristics of individual MoTe, (p-type) and
SnSe, (n-type) were firstly obtained to confirm their carrier type
(Fig. S4 in the ESM). Taking advantage of the type-III band offset,
a variety of tunneling transport characteristics were achieved on
the MoTe,/SnSe, heterostructure with a single gate modulation.
The carrier concentration or Fermi level of MoTe, can be
effectively tuned by the electrostatic gating to acquire different
diode behaviors, in contrast to conventional p-n diodes based on
the semiconductors with certain doping concentration. As shown
in Figs. 2(a)-2(c), three types of diodes including forward
rectifying diode, Zener diode, and backward rectifying diode were
successfully realized on the same heterostructure by applying the
gate voltage of 1, 0, and -1 V, respectively. The rectification ratio
for these diodes was statistically extracted over devices and plotted
in the inset of Fig. 2(b), which shows the ratio of (8.1 + 7.5) x 10°
and (14 £ 0.7) x 10° with the highest value of 1.5 x 10* and
6.1 x 10™ for the forward and backward diodes, respectively (Fig.
S5 in the ESM), which is comparable to that of conventional Si,
and Ge backward diodes [44-46]. Notably, for Zener diodes, the
reverse breakdown can be attributed to Zener tunneling when the
breakdown voltage is lower than 4E,/q [32], where E, and g are the
bandgap of semiconductor and the charge of electron, respectively.
Realizing Zener and backward rectifying diodes is generally
regarded as the initial stage to acquire the tunneling transport of
TFETs, and they hold the promising applications in analog circuits
and detectors for small signals. On the other hand, the
MoTe,/SnSe, heterojunction directly stacked on SiO,/Si substrate
presents a dramatically-weakened rectifying behavior compared to
the heterojunction on h-BN (Fig. S6 in the ESM), which originates
from the significant charge trapping and interlayer strain induced
by the rough and dangling-bond-rich surface of oxides. Thus, the
realization of all the diodes at low gate voltages reveals the effective
modulation of band alignment between MoTe, and SnSe, due to
the highly-improved interfaces and gating efficiency enabled by h-
BN.

The interfacial band alignment of MoTe,/SnSe, heterojunction
under different gate voltages is schematically illustrated in Figs.
2(e)-2(g) to understand the underlying mechanism. For the
forward rectifying diode (V, > 0 V), the Fermi level (Ey) of

heterojunction shifts toward the conduction band minimum
(CBM, E_) of MoTe, due to the electron accumulation at the h-
BN/MoTe, interface (Fig. 2(e)). At a reverse drain—source bias (Vg
< 0 V), nearly no electrons transfer across the MoTe,/SnSe,
heterostructure due to the depletion of MoTe, by the large upward
band bending, resulting in an ultralow current. When applying a
forward bias (Vy, > 0 V), the electrons at the CB of SnSe, can pass
through the energy barrier between two CBMs via a tunneling
process. The specific tunneling mechanism was further
determined by re-plotting the I3~V characteristic of Fig. 2(a)
with the Simmons approximation, where DT was obtained at low
V4, and Fowler-Nordheim tunneling (FNT) appeared at high V.
The carrier transport (I-V) of DT and FNT can be described by
the following formulas

4m/2m*(p) (1)

Iy o< Vexp ( W

3heV

_Snd\/Zm*<p> 2)

Tinr o< VZexp <

where d, and ¢ denote the width and height of tunneling barrier,
and m?* and h are the effective electron mass and Plank constant,
respectively. The relationship of In(ly/Vy?) versus 1/Vy was
plotted in Fig. 2(d), which presents the linearity with a negative
slope for FNT fitting and the exponential rise for DT fitting. The
threshold voltage (Vy) for FNT was approximately extracted to
0.08 V (1/12.5 V) that corresponds to ¢/e, and hence the tunneling
barrier was estimated to be ~ 0.08 eV. Different tunneling
behaviors can be realized by varying the band alignment at the
MoTe,/SnSe, interface under different Vy, and V,. For V, >0V,
small Vy leads to a trapezoidal barrier for DT, while a narrower
triangular barrier can be formed at large Vi, for FNT. With the
decrease of V,, the Er downwards shifts to the valence band
maximum (VBM, E,) of MoTe,, which attenuates the upward
band bending and thus lifts the E, of MoTe, beyond the E. of
SnSe, at Vg, < 0V (Fig. 2(f), left panel). This enables the BTBT of
electrons from the VB of MoTe, to the CB of SnSe,, leading to a
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Figure2 Distinct diode behaviors of MoTe,/SnSe, heterostructure. I~V characteristics of MoTe,/SnSe, heterostructure at the gate voltage of (a) 1V, (b) 0 V, and (c)
-1V, respectively. The logarithmic plots at +1 V are shown in the insets of (a) and (c). The statistically-extracted rectification ratio of different diodes was plotted with
respect to V, in the inset of (b). (d) Fowler-Nordheim plot of In(Iy/ V) versus 1/Vy from (a). Schematic band alignments of MoTe,/SnSe, heterojunction for (e)
forward rectifying diode (V> 0 V), (f) Zener diode (V, = 0 V), and (g) backward rectifying diode (V, <0 V).

reverse current for the Zener diode. When the V is reversed to be
negative, the further downward shift of E; enlarges the reverse
current due to the increase of hole concentration in MoTe,, and
however the large barrier between two E. of MoTe, and SnSe,
drastically limits the forward charge transport at V4 > 0 V (Fig.
2(g)), giving rise to a backward rectifying behavior.

NDR, i.e., the decrease of current with increasing bias, is one of
the key characteristics of tunnel diodes, and the NDR-based Esaki
diodes have shown potential applications in oscillators, high-
frequency amplifiers, and multivalued logics [47-51]. The output
characteristics of MoTe,/SnSe, heterostructure at different
negative V, all exhibit an obvious NDR region nearly located at a
low forward bias of 0.3-0.4 V, as shown in Fig. 3(a). The peak
current of NDR was enhanced by almost one order to ~ 0.5 pA as
increasing V, to =10 V (a current density of ~ 10 mA-mm?),
which suggests an improved tunneling efficiency due to the
increase of available energy states. Generally, the tunneling current
is correlated to the density of states (DOS) of each layer and
interlayer tunneling probability (T;) [32], where DOS is considered
as a constant for 2D materials [52] and T} can be estimated by the

equation below: T, = exp (—ZW\/Zm* (qVp—E) /h), where W
and qVp — E represent the width and height of tunneling barrier,
respectively [53]. The use of atomically-flat h-BN with ultralow
impurities is supposed to significantly reduce the trapping states
and release the strain at the MoTe,/SnSe, interface, which can
decrease the W with minimized trap scattering and thus produce
the high tunneling current as compared to the previous reports
using SiO, as the dielectric [41, 50, 54].

In order to explore the intrinsic tunneling transport, the
MoTe,/SnSe, NDR device was measured at low temperatures
ranging from 300 to 80 K, and the temperature-dependent I; -V
curves at =10 V'V, are shown in Fig, 3(b). The reverse current at
V4 < 0V exhibits a weak temperature-dependence because of the
insensitivity of BTBT to the thermal activation. Under the forward
bias, the NDR region became more obvious with a decreasing
current when the temperature was reduced. This can be

understood by the suppression of thermionic emission at low
temperatures that explicitly contributes to the forward current and
weakens the NDR behavior due to the thermally-excited
broadening of carrier distribution and the phonon scattering in
2D layers. To further analyze the NDR performance of
MoTe,/SnSe, device, the peak-to-valley current ratio (PVCR) was
extracted and plotted as a function of gate voltage and
temperature in Fig. 3(c). The PVCR was found to be remarkably
increased from 1.1 at 300 K to 2.3 at 80 K under the same V;, of
—10 V. The peak current (I ) is associated with both tunneling
current (I,,,,) and diffusion current (Ijggon)> Where ILigugon 1S
decreased with reducing temperature due to the shorter tail of
Fermi-Dirac function. By contrast, the valley current (I,) is
dominated by the Iy, that is proportional to the temperature,
which results in the enhanced PVCR at low temperatures. In
addition, the PVCR of MoTe,/SnSe, device was nearly unchanged
when increasing V, at room temperature, resulting from the both
increase of I.q and Iy, Furthermore, the conductance
slope (S) of output curves was inferred by the formula:
S = dVy/d(logly,). Our device in the reverse bias region shows an
average conductance slope of ~ 83 mV-dec™ at room temperature,
indicating a fast switching of the rectifier. Based on the S, we
further calculated the curvature coefficient (y), which is an
important parameter for high-frequency tunnel diodes and can be
expressed as

d?I,,
_ v
dIy,
dVy,

‘Vds = 0 (3)

A curvature coefficient of ~ 74 V' was achieved at 300 K, which
was slightly enhanced to ~ 65 V™' at 80 K, as shown in Fig. 3(d), in
agreement with the weak temperature-dependence of BTBT
current [25]. This value of y is comparable to that of Si and III-V
semiconductor-based backward diodes [34], thus revealing the
potential application of MoTe,/SnSe, heterostructures in low-
power and high-rectification diodes.
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Figure3 NDR behaviors of MoTe,/SnSe, heterostructure. Output characteristics of a MoTe,/SnSe, heterostructure with NDR at different (a) gate voltages and (b)
temperatures. Inset of (b): the locally-magnified NDR curve at 80 K inside the black box. (c) PVCR of the NDR device as a function of gate voltage and temperature.
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80 K. The conductance slope (S) and curvature coefficient (y) can be estimated based on the curve. (e)-(h) Schematic band alignments of MoTe,/SnSe, heterojunction

with increasing source—drain bias.

The working mechanism of NDR in MoTe,/SnSe,
heterostructure is demonstrated in the evolution of band structure
as a function of source-drain bias, as shown in Figs. 3(e)-3(h). At
a reverse bias (Vg < 0 V), electrons directly tunnel from the VB of
MoTe, to the CB of SnSe,, corresponding to the BTBT (Fig. 3(e)).
When a small forward bias is applied (0 V < Vg < Vieu), the
electrons in the CB of SnSe, immediately tunnel into the VB of
MoTe, owing to the overlap of equivalent energy states (Fig. 3(f)),
leading to the increase of current. Following the increase of
forward bias, the tunneling current is gradually increased and
reaches the maximum with the E; of SnSe, aligned with the edge
of MoTe, VB. As the forward bias is increased (Vipew < Vi
< Vi), the current begins to be reduced because of the decrease
of overlap region between the filled states in SnSe, and empty
states in MoTe,, and the E; of SnSe, finally lies in the forbidden
band of MoTe, (Fig. 3(g)), which prohibits the tunneling process
and thereby leads to the NDR behavior. With the further increase
of bias (Viye, < Vg), the thermionic emission or thermal-assisted
tunneling of majority carriers from the CB of SnSe, to the CB of
MoTe, dominates the transport across the MoTe,/SnSe,
heterojunction (Fig. 3(h)), resulting in the re-increase of current.

In addition to the electrostatic gating, the light illumination was
also employed to modulate the band alignment of MoTe,/SnSe,
heterostructure for realizing high-performance optoelectronic
devices. The photoresponse of MoTe,/SnSe, device was measured
under the illumination of an infrared 885 nm laser, as
schematically shown in Fig. 4(a), which is consistent with the
interfacial barrier of ~ 1.4 eV in the heterojunction (Fig. 1(a)). The
obtained I4-Vj characteristics at V, = ~1V in the dark and under
the light irradiation of various power density are presented in Fig.
4(b), and the negative gate voltage was used to notably lower the
dark current at forward bias and thus enhance the photodetection
performance. Compared with the dark condition, the irradiated
device exhibits a significant current increase by orders of
magnitude especially for the positive bias. Furthermore, the Iy~ Vg,
curves at Vg > 0 V can be well fitted by the DT model (Eq. (1)),
where the re-plotted In(I/Vy’) shows a good linearity with
respect to In(1/Vy) in Fig. 4(c), hence revealing the dominant DT
transport. The energy band diagrams of MoTe,/SnSe,
heterostructure before and after light illumination are illustrated in
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Fig. 4(d). In the dark, the heterojunction serves as a backward
diode in which the electrons cannot tunnel through the interfacial
barrier at a forward bias. Upon the light illumination, the excessive
charge carriers are generated in both MoTe, and SnSe, sides and
subsequently accumulated at the interface due to the built-in
electric field. This leads to the increase of Fermi level difference
between MoTe, and SnSe,, which facilitates the tunneling of
photogenerated electrons from the CB of SnSe, to the CB of
MoTe, via a DT process. The tunneled electrons are quickly
recombined with the accumulated holes in MoTe,, leading to the
reduction of the interface trapping.

The MoTe,/SnSe, device can function as a self-powered
photodetector that works without additional power supplies,
which has attracted great attention due to the requirement of low-
power consumption for high-performance optoelectronics. To
extract the key parameters of this photodetector, the time-
dependent photoresponse was measured at zero bias for different
light intensity, as shown in Fig. 4(e). The photocurrent (defined as
Ln = Digminaion — laand) Was significantly increased from 14 to
170 nA with the intensity increased from 2.3 to 92 mW-cm™. This
leads to a remarkably-high current on/off ratio of 10°~10° owing to
the ultralow dark current of 10™°-10" A, which is among the
highest reported values in 2D vdWHs [30, 55, 56]. In addition, the
photocurrent did not show obvious attenuation after multiple
switching of light, suggesting an excellent stability of the
photoresponse. The rise (r,) and decay time (7)) of the
photodetector, defined as the time interval of the net photocurrent
in the range from 10% to 90%, were estimated to be 10 and 12 ms,
respectively (Figs. S8(a) and S8(b) in the ESM), which are
comparable to the previous report [57-59]. As an essential
parameter of photodetectors, the photoresponsivity (R) was
calculated by the Eq. (4) [60]

I

— ph
B P, xA (4)

where P, and A are the intensity of incident light and the active
area of light illumination, respectively. The extracted R was
enhanced to 36 A-W™ when decreasing the incident power density
to 2.3 mW-cm™ (Fig. 4(f), red line). The specific detectivity (D*) is
the key parameter to characterize the sensitivity of photodetectors,
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Figure4 Infrared photodetection of MoTe,/SnSe, heterostructure. (a) Schematic of the MoTe,/SnSe, photodetector under the illumination of an 885 nm laser. (b)
I~V characteristics with respect to incident laser power density at V, = ~1 V. (c) DT plots of In(ly/Vy) versus In(1/V,,) obtained from (b). The solid lines represent
DT model fitting of the experimental data. (d) Band alignments of the MoTe,/SnSe, heterojunction at V, < 0 V and V> 0 V without and with the light irradiation. (e)
Time-dependent photoresponse of the MoTe,/SnSe, device at V, = ~1 V and V=0 V. (f) Calculated responsivity and detectivity as a function of laser power density

at zero bias.

which corresponds to the minimal signal that can be detected
from the environment of background noise, as calculated by the
following formula [61]

(AB)"”

*
b= NEP ®)

where B is the noise bandwidth and noise equivalent power (NEP)
can be expressed as: noise current density/R. The noise power
density of our device was measured as a function of frequency (f)
(Fig. S8(c) in the ESM), which shows a 1/f noise region at low
frequency for the extraction of noise current density. As shown in
Fig. 4(f) (blue line), the calculated detectivity can reach up to 1.03
x 10" Jones at the light intensity of 2.3 mW-cm™. As a result,
benefiting from the light-induced modulation of band alignment,
the MoTe,/SnSe, heterostructure demonstrates a competitive
performance for the self-powered infrared photodetection. The
comparison of key parameters in tunnel diodes and
photodetectors with previous type-II and -III vdWHs is listed in
Table S1 in the ESM.

Last but not least, the photovoltaic properties of MoTe,/SnSe,
heterostructure were investigated to clarify the broken-gap band
offset as well as to demonstrate its potential for light-harvesting
applications. Figures 5(a) and 5(b) show the output characteristics
of MoTe,/SnSe, device under the illumination of 885 nm laser as a
function of gate voltages. The Ij—Vy, curve was found to shift
from the second quadrant to the fourth quadrant with the V,
reversed from positive to negative, where the open-circuit voltage
(Vo) was varied from =54 mV at 10 V to 17 mV at —10 V (Fig.
5(c)). In general, V, appears at a positive bias in traditional p-n
diodes due to the higher built-in potential in n-type material than
that in p-type material. The different behavior in our device
originates from the electrostatic modulation of band alignment in
the MoTe,/SnSe, heterostructure, which results in the transition
from an accumulation mode (Fig. 5(a)) to a depletion mode (Fig.
5(b)). The band structure of MoTe,/SnSe, heterostructure in the
accumulation and depletion mode is illustrated in Figs. 5(e) and

5(f), respectively. When a positive V, is applied, the Fermi level of
MoTe, upwards shifts, which leads to the accumulation of
opposite carriers at the interface and the formation of built-in
potential. The photogenerated electrons in MoTe, or holes in
SnSe, can be dragged out of the junction by the built-in potential,
thus resulting in the negative V.. Similarly, the application of a
negative V, leads to the depletion of interfacial region, which
induces a reversed built-in potential and a positive V. The
obtained V,. and short-circuit current (I.) were plotted with
respect to V, in Fig. 5(c). To further extract the photovoltaic
parameters of our device, I~V curves were measured at
V, = 2V under various laser power. The output electrical power
P, was calculated by the equation Py = I4Vy, which shows the
maximum (P ., nearly at -100 mV V. (Fig. 5(d)). The power
conversion efficiency (7,,,) is defined as #7,, = Py s/ Pop Where Py
is the incident optical power. The maximum efficiency was
estimated to be ~ 0.4%. The filling factor, defined as FF = Py
mad U Vo), was extracted to be ~ 52%, which is clearly improved
compared to the previous reports on the negative photovoltaic
effect [62-64].

4 Conclusions

In summary, a type-III MoTe,/SnSe, heterostructure with h-BN as
the dielectric has been efficiently modulated by a single
electrostatic gating and light illumination. The MoTe,/SnSe,
heterojunction can function as the forward rectifying diode, Zener
diode, and backward rectifying diode at a low gate voltage of 1 V.
A room-temperature NDR behavior was clearly observed at a low
bias of ~ 0.35 V, and a peak current density of ~ 10 mA-mm™ was
achieved. Under an 885 nm laser irradiation, a MoTe,/SnSe, self-
powered photodetector was obtained, which presents a high
photocurrent on/off ratio over 10° and a competitive detectivity of
1.03 x 10" Jones. In addition, the V. of irradiated device was
switched from positive to negative at opposite gate voltages,
revealing the effective control of broken-gap band alignment. Our
results promise a simple strategy to efficiently tailor the band
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(f) depletion mode (V, < 0 V), respectively.

alignment of type-III vdWHs for future low-power electronic and
optoelectronic applications.
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