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Abstract: Type II vertical heterojunction is a good solution for long-wavelength light detection. Here,
we report a rhenium selenide/molybdenum telluride (n-ReSe; /p-MoTe;) photodetector for high-
performance photodetection in the broadband spectral range of 405-2000 nm. Due to the low Schottky
barrier contact of the ReSe; /MoTe, heterojunction, the rectification ratio (RR) of ~10% at +5 V is
realized. Besides, the photodetector can obtain maximum responsivity (R = 1.05 A/W) and specific
detectivity (D* = 6.66 x 10! Jones) under the illumination of 655 nm incident light. When the incident
wavelength is 1550-2000 nm, a photocurrent is generated due to the interlayer transition of carriers.
This compact system can provide an opportunity to realize broadband infrared photodetection.

Keywords: broadband; heterostructure; interlayer transition; shortwave infrared; photodetector

1. Introduction

Two-dimensional (2D) materials have gradually become one of the hotspots of current
research since the emergence of graphene. Two-dimensional materials have been widely
used in photodetectors [1,2], sensors [3,4], solar cells [5,6] and other fields because of their
excellent optical, electronic and mechanical properties [7,8]. Transition metal dichalco-
genides (TMDs) in particular, as a class of 2D materials, have attracted extensive attention
from researchers [9]. TMDs have adjustable band gap from single layer to bulk, and they
can convert direct band gap into indirect band gap by adding the number of layers [10],
which enables TMD photodetectors to detect light from visible to near-infrared [11]. More-
over, TMDs have higher environmental stability than black phosphorus, which makes them
applicable for devices intended to work in harsh conditions for a long time.

As a kind of typical 2D TMD, rhenium selenide (ReSe;) possesses a stable distorted
1T phase, which leads to its in-plane anisotropy [12-14]. ReSe; exists as a layer-dependent
band structure in the range of 1.3-1.1 eV from monolayer to bulk [15-17], which makes it an
ideal candidate for constructing high-performance photodetectors in a broad spectrum [18].
Besides, the strong in-plane anisotropic properties of ReSe, have also attracted extensive
attention for developing high-performance polarized photodetectors [19].

However, the intrinsic bandgap in ReSe; limits the detection wavelength to near-
infrared range [19]. In order to overcome this limitation, heterojunctions based on four
different schemes have been proposed [20]. The first scheme uses two materials to form a
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photoconductive structure, one for absorbing long wavelengths of light and another as a
carrier transport channel [21]. The second scheme uses two kinds of materials to form a
type Il vertical heterojunction structure and uses the characteristics of type II heterojunction
to accomplish the carrier interlayer transition [22]. The third scheme is to build a p-g-n
structure [23], which uses graphene as a light-absorbing material in the middle layer. Due
to the existence of a built-in electric field in the structure, the photogenerated carriers in
graphene are effectively separated. The last one is to make a metal array on the surface of a
2D material [24]. It uses the surface plasmon resonance between the incident light and the
metal to trap incident light.

Nowadays, ReSe; has been widely used in photodetectors. Yang et al. constructed
the layer-dependent ReSe; photodetector by mechanical exfoliation method, and obtained
a photoresponsivity of 95 A/W [17]. The ReSe, doped by Co ions has been discussed
by Khan et al., which not only improved the photocurrent of the photodetector, but also
broadened the photodetection range [25]. However, the photoresponse speeds of these two
photodetectors are relatively slow. Many photodetectors based on the structure of vertical
heterojunctions can solve this problem [26]. The InSe/ReSe; heterojunction photodetector
was studied by Du et al. and the response speed was 0.36/0.39 ms [27]. However, the
photodetection range of ReSejy-based vertical heterojunction photodetectors is mostly
concentrated in the visible (VIS) to near-infrared band [28]. According to reports, the
longest detection wavelength of ReSe;-based vertical heterojunction photodetectors is only
1550 nm [29].

In this work, we designed an n-ReSe2/p-MoTe2 vertical heterojunction photodetector
for broadband photodetection. Benefiting from the characteristics of type Il band alignment,
this heterostructure can broaden the photodetection range of our photodetector, which
covers visible to shortwave infrared (SWIR) bands. The key parameters of the photodetector
were obtained, such as response time, responsivity (R) and specific detectivity (D*). Finally,
the energy band alignments of the heterojunction photodetector were analyzed, and the
mechanism of carrier interlayer transition was analyzed.

2. Results and Discussion

Figure la shows a configuration diagram of the ReSe;/MoTe, Van der Waals het-
erostructure. Firstly, the ReSe, and MoTe, nanosheets were stacked on a 275 nm SiO, /Si
substrate, and then the metal electrodes (Au 60 nm/Cr 10 nm) were deposited onto the two
materials by electron beam lithography and electron beam evaporation (shown in experi-
mental details). The optical image of the ReSe, /MoTe; heterojunction is shown in Figure 1b.
The ReSe; flake is stacked on the MoTe, flake, and metal electrodes are attached to the
surfaces of both materials. The thicknesses of ReSe, and MoTe; nanosheets are 15.1 nm and
8.4 nm, respectively (Figure 1c). Additionally, the atomic force microscope (AFM) image of
the device is shown in the inset. Besides, the red line in the inset represents the area where
the thickness of the heterostructure is obtained. Raman scattering measurements were
performed on the heterojunction photodetector using 532 nm laser excitation (Figure 1d).
The peaks of 125.1 cm ™! and 159.9 cm™! correspond to the Eg-like and Ag-like vibration
mode of ReSey, respectively [30]. Besides, the Raman characteristic peaks of MoTe; are
1732 cm™1, 233.6 cm~! and 289.8 cm !, which correspond to Aqg, E%g and B%g vibration
modes, respectively [31]. Raman characteristic peaks of ReSe; and MoTe; can be observed
simultaneously in the heterojunction region. This means that the heterojunction region can
reflect the characteristics of the two materials at the same time.
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Figure 1. Broadband photovoltaic detector based on p-n structure. (a) Configuration diagram of the
ReSe; /MoTe; heterostructure; (b) optical image of a fabricated device; (c) individual thickness profiles
of ReSe; and MoTe; nanosheets. A topographic AFM image of the ReSe; /MoTe; heterostructure is
shown in the inset; (d) Raman spectra of multi-layer ReSe, and MoTe, nanosheets, as well as the
overlapped area in the heterostructure under 532 nm laser.

Next, the measurements of photoelectric properties were completed under ambient
conditions at room temperature. In the experiment, the drain electrode and the source
electrode were contacted to MoTe; and ReSe;, respectively. Figure 2a depicts the current-
voltage (I-V) characteristics of ReSe; /MoTe; in a dark environment. According to the I-V
curve, typical rectification characteristics are observed and the rectification ratio is about
10% at 5 V. It indicates that a heterojunction is formed between ReSe; and MoTe,, because
the Au/Cr electrode provides good ohmic contact with ReSe; and MoTe;, respectively
(shown in Supplementary Figure S1). Furthermore, the source-drain current (I45) in both
ReSe; and MoTe; materials show positive photocurrent response characteristics under
illumination. It is noteworthy that good contact resistance and ohmic characteristics are
helpful to improve the performance of the device. The transmission characteristic curve
(shown in Supplementary Figure 52) shows that the current increases with the raising of
the positive gate voltage for ReSe;, showing an n-type behavior. Whereas the current in-
creases with the raising of the negative gate voltage for MoTe;, indicating a p-type behavior.
The rectification effect is related to the built-in electric field formed at the p-n junction
between ReSe; and MoTe;. Under positive bias, the built-in electric field formed at the p-n
junction is greatly reduced, which means that electrons are easily transferred across layers
leading to a significant conduction current. In contrast, under negative bias, the current is
turned off because of the enhanced built-in potential. The quantification of photoresponse
to various light intensities is an important experiment to determine the photodetection
performance of the heterojunction. Therefore, we measured the characteristics of I-V loga-
rithmic images of the photodetector under different light intensities of 1064 nm laser from
dark to 78.1 mW /cm? (Figure 2b). Obviously, under the negative bias, the photocurrent
grows with the increase of light intensity, resulting in the reduction of rectification ratio. In
addition, the time-dependent photocurrent of the photodetector at —1 V bias was studied
under different light intensities of 1.4, 4.8, 15.8, 31.4 and 78.1 mW/ cm?2, which is shown in
Figure 2c. As the light intensity was adjusted from 1.4 to 78.1 mW/cm?, the photocurrent
increased from 1.16 to 9.59 nA. The reason for the high sensitivity under negative bias is
that the increase of photoexcited carriers leads to the monotonic increase in photocurrent at
higher light intensity. Time-dependent photoresponse of the ReSep /MoTe; heterojunction
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under varied light intensities (1064 nm, V45 = 1 V) has been added in Figure S3a shown
in Supplementary Materials. Under positive bias, the photocurrent under different light
intensities is relatively low and the noise is large. Besides, the photocurrent comparison
curves of the photodetector under positive and negative bias are given in Figure S3b shown
in Supplementary Materials. Next, the photovoltaic characteristics of the photodetector
based on the ReSe; /MoTe; heterostructure were further investigated in the light intensity
range from 1.4 to 63.0 mW/cm?, which is shown in Figure 2d. It is worth noting that
the photodetector possesses photovoltaic characteristics under light illumination without
external bias. The extracted open-circuit voltage (Vo., left axis) and short-circuit current (I,
right axis) show a growth trend (Figure 2e). The maximum values of V. and I are 0.37 V
and 1.18 nA, respectively. At the same time, the corresponding R and D* values under
different power densities are calculated and plotted in Figure 2f. These two main parame-
ters are calculated according to the following formula: R = (I, —14) /Py, D* = R/ /2€]g,
where I,, I3, Popt, € and J4 are the photocurrent, dark current, incident light power, electron
charge (1.6 x 1071 C) and effective dark current density (Jq = 6.3 x 107 A/cm?). The
maximum values of R and D* are 485.6 mA /W and 3.4 x 10! Jones (Jones = cm Hz!/2 W),
respectively, under the incident light with the power density of 1.4 mW/cm? at —1 V bias.
Meanwhile, it can be clearly found that R and D* decrease gradually with the increase of
the power density, which is related to the trapping and recombination of the photo-carriers
within the heterojunction [32-34].
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Figure 2. (a) The linear and logarithmic coordinates I—V curves of the heterojunction device in the
dark; (b) -V curves of the ReSe; /MoTe; heterojunction under varied light intensities (1064 nm,
V4s = —1V); (c) time-dependent photoresponse of the ReSe, /MoTe; heterojunction under varied
light intensities (1064 nm, V43 = —1 V); (d) enlarged IV curves in linear with photovoltaic behaviors;
(e) extracted open-circuit voltage (Voc, left axis) and short-circuit current (I, right axis) as functions of
light intensity under 1064 nm wavelength; (f) responsivity and specific detectivity of the ReSe, /MoTe,
heterojunction photodetector as functions of light intensity under 1064 nm wavelength.

The current of the photodetector under negative bias increases obviously (Figure 3a)
with the illumination of different wavelengths (405, 532, 655, 808 and 1064 nm). The corre-
sponding linear scale figure has been given in Supplementary Figure 54. V. and Is. under
different wavelengths of incident light are extracted and given in the support information
(shown in Supplementary Figure S5). Subsequently, the real-time photoresponse charac-
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teristics of the device under laser light of various wavelengths at —1 V are represented in
Figure 3b. Since the photoresponse of the device under 1550 nm and 2000 nm incident
light is not of the same order of magnitude, the values of the photocurrent in the figure
are multiplied by 1000. The phenomenon shown in the figure is not that there will be
higher photocurrent under the irradiation of short wavelength incident light. This mainly
depends on which wavelength the heterojunction material is sensitive to. Moreover, stable,
fast and repeatable photoresponse curves under the laser light of different wavelengths
are also given in the supporting information (shown in Supplementary Figure S6). The
results show that the assembled heterojunction exhibits broadband photosensitivity in
the range of ultraviolet (405 nm) to shortwave infrared (2000 nm). In order to further
investigate the performance of the ReSe; /MoTe; heterostructure photodetector, Figure 3c
and Figure S7 (shown in supporting information) illustrate the optical power density
dependence of photocurrent at different wavelengths (VIS-SWIR). Under 405-1064 nm
light illumination, the photocurrent at V43 = —1 V increases monotonously with the raise
of laser power at the low optical power density, and reaches saturation at high power
density. The non-uniformity of photocurrent dependent on optical power density may be
related to the increase of recombination activity of photogenerated charge carriers at high
power density and the occurrence of trap states between the Fermi level and conduction
band [35]. Under 1550 nm and 2000 nm illumination, the increase of photocurrent does
not saturate with the increase of power density. In addition, the wavelength correlation
R and D* of the ReSep /MoTe; heterostructure photodetector were also investigated, as
shown in Figure 3d. Obviously, the device shows broadband photoresponse in the range of
405-2000 nm, and the peak response of R and D* reaches 1.05 A/W and 6.66 x 10'! Jones
at 655 nm, respectively. Our heterojunction device can detect visible to shortwave infrared
light, even though its response drops dramatically in the 1550-2000 nm region. The R and
D* of each wavelength at different power are given in the supporting information (shown
in Supplementary Figure S8). The responsivity decreases with the increase of incident light
intensity. When the incident light intensity increases, more photogenerated carriers will be
generated. However, the increase of photogenerated carriers may increase the probability
of carriers being trapped by defects, as well as carrier recombination and carrier scattering
in the heterojunction, resulting in more carriers being wasted. According to the formula of
responsivity, it follows that the more photoelectrons are wasted, the less the photocurrent
can be generated, which ultimately leads to the decrease of responsivity.

Figure 4a shows the band alignment of ReSe; and MoTe; before contact. The electron
affinities of ReSe; and MoTe; are 4.08 and 3.9 eV, respectively. The band gaps of ReSe,
and MoTe; nanosheets are 1.2 and 1.02 eV, respectively [36,37]. According to Figure S2,
the electrical characteristics of single ReSe, and MoTe; field-effect transistors (FET) are
characterized to determine the carrier type. The ReSe; device exhibits n-type characteristics,
while the MoTe, device exhibits p-type characteristics. This means that the Fermi level (Es)
of ReSe; is close to the conduction band (E.), while the Fermi level of MoTe, is close to
the valence band (Ey). After contact, the p-n heterojunction will be constructed, and the
transmission of carriers leads to the local band bending at the contact interface. Moreover,
the E¢ will change to the same level because of the equilibrium of carrier transport at the
contact interface. Figure 4b shows the band alignment of the heterojunction after contact.
The ReSep /MoTe; heterostructure shows the type II staggered band alignment. Due to
the difference between the Fermi levels of ReSe, and MoTe,, the electrons in ReSe, tend to
transfer to MoTep, while the holes in MoTe; transfer in the reverse direction. Figure 4c is the
band alignment of the heterojunction under light illumination with a negative bias. Under
405-1064 nm light illumination, photoinduced electrons will be generated in ReSe; and
MoTe;, respectively. Under the external negative bias, the direction of the built-in electric
field of the ReSe, /MoTe; heterojunction is consistent with that of the external electric field.
Moreover, due to the characteristics of the type II band alignment, the photogenerated
electrons in MoTe, flow into ReSe;, while the holes in ReSe; flow into MoTe;. The resulting
separated holes and electrons reside in two different material sheets, and thus photogener-
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ated current is effectively generated. However, under 1550-2000 nm light, since the photon
energy is less than the band gap of the two materials, the two materials cannot generate
photogenerated carriers alone (Figure 4d). This means that the energy of the incident
light is not enough to transfer the electrons in the valence band to the conduction band.
Nevertheless, due to the type Il band alignment, the electrons in the valence band of MoTe;
are able to transfer to the conduction band of ReSe; when the heterojunction is illuminated
by long-wavelength incident light, resulting in the interlayer transition. Thus, electrons
and holes are effectively separated to form photogenerated current. This is the reason for
the excitation of photogenerated current under long wavelengths in Figure 3b.
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Figure 3. (a) -V curves of the photodetector under light illumination with different wavelengths;
(b) temporal photoresponse under various wavelengths (405-2000 nm) with different optical power
densities (405 nm @ 39.1 mW/cm?, 532 nm @ 37.2 mW/cm?, 655 nm @ 7.9 mW/cm?, 808 nm @
34.0 mW/cm?2, 1064 nm @ 15.8 mW/cm?, 1550 nm @ 89.5 mW /cm?, 2000 nm @ 6230.9 mW /cm?)
at —1 V bias, and the values of the photocurrent at 1550 nm and 2000 nm are multiplied by 1000;
(c) logarithmic plot of the photocurrent as functions of light intensity with different wavelengths;
(d) responsivity and specific detectivity of the ReSe, /MoTe; heterojunction photodetector versus
wavelength.

Figure 5a shows the photoresponse of the photodetector under repeated on/off illu-
mination of 50 Hz, and the photoresponse is normalized. Apparently, our device exhibits
outstanding switching characteristics, with fast response speed and excellent reproducibil-
ity. Additionally, it has obvious high voltage and low voltage states. Figure 5b shows an
enlarged photoresponse curve. According to the definition of response time, the rise and
fall times under —1 V bias are estimated to be 5.6 and 4.2 ms, respectively. Table S1 is added
to compare the performance parameters of our work and other photodetectors. It can be
found that heterojunction photodetectors based on TMD materials can rarely respond to
the incident light of shortwave infrared, which is the highlight of our work.
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ergy band alignments of the ReSe; /MoTe, heterojunction after illumination under negative bias:
(c) Incident light wavelength is 405-1064 nm. (d) Incident light wavelength is 1550-2000 nm.
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Figure 5. (a) Photoresponse of the ReSe; /MoTe; heterojunction under 1064 nm light illumination
with frequency of 50 Hz; (b) rising and falling edges for estimating rise time and the fall time at

50 Hz.

3. Conclusions

In this work, we reported an n-ReSe; /p-MoTe; vertical heterojunction broadband
photodetector. The photodetector exhibits good optoelectronic characteristics from visible
to shortwave infrared light (405-2000 nm), where the RR is about 10? at +5 V. In the
photoresponse of the broad spectrum, the maximum R and D* can be obtained under the
irradiation of 655 nm incident light, which are 1.05 A/W and 6.66 x 10'! Jones, respectively.
With the increase of incident light wavelength, the values of R and D* decrease sharply. The
analysis of band alignments demonstrates that the photoresponse caused by the interlayer
transition is not as strong as that with direct transition. Additionally, the photoresponse
speeds of this photodetector are 5.6/4.2 ms. This work also provides reliable evidence for
TMD photodetectors for long wavelength photodetection.
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4. Experimental Details
4.1. Preparation of the ReSe;/MoTe, Heterostructure Photodetector

ReSe; and MoTe; bulk materials were purchased from Shanghai Onway Technology
Co., Ltd., Shanghai, China. Firstly, ReSe, and MoTe; nanosheets were prepared by me-
chanically exfoliating the bulk materials onto the polydimethylsiloxane (PDMS) stamp. A
MoTe, flake was then directionally transferred to a 275 nm thickness SiO, /Si substrate.
Subsequently, a ReSe; flake was transferred to the substrate to form the heterojunction.
Afterwards, the electrode patterns were designed by electron beam lithography (Raith
PIONEER Two, Dortmund, Germany). Finally, the source and drain electrodes of 50 nm
Au/10 nm Cr were deposited onto the two materials by metal electron beam evaporation
technology (Silicon Acer Technology Co., Ltd. ASB-EPI-C6, Zhubei, Taiwan).

4.2. Characterization

Raman spectra with 532 nm excitation wavelength were measured by using a Horiba
LabRAM (HR800), Paris, France; the laser spot size is about 800 nm. AFM images were
collected by Bruker Innovato, Karlsruhe, Germany in order to confirm the thickness of
the nanosheets. The electrical and optical performances of the device were tested using a
Keithley 4200 semiconductor characteristic analyzer system (Keithley, 4200 SCS), Beaverton,
OR, USA under ambient conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12152664/s1, Figure S1: I—-V characteristics of the indi-
vidual (a) ReSepy nanosheets and (b) MoTe, nanosheets under dark and red light illumination;
Figure 52: I45-Vg curves of the single MoTe; (a) and ReSe; (b) nanosheets FET; Figure S3: (a) Time-
dependent photoresponse of the ReSep /MoTe, heterojunction under varied light intensities (1064 nm,
Vgs = 1 V), (b) The photocurrent as functions of light intensity under 1064 nm incident light
(V4s = £1 V); Figure S4: I-V curves of the photodetector under light illumination with differ-
ent wavelengths; Figure S5: Extracted open-circuit voltage (V, left axis) and short-circuit current
(Isc, right axis) as functions of light intensity under different wavelengths of 405 nm (a), 532 nm (b),
655 nm (c), and 808 nm (d); Figure S6: (a,b) Time-dependent photoresponse of the ReSe, /MoTe,
heterojunction under various wavelengths from visible to shortwave infrared (Vg = —1 Vand Vg =0V).
Measurements were carried out in the atmosphere at room temperature; Figure S7: (a) Logarithmic
plot of the photocurrent as functions of light intensity under 1550 nm incident light. (b) The pho-
tocurrent as functions of light intensity under 2000 nm incident light; Figure S8: Responsivity and
specific detectivity of the ReSe, /MoTe; heterojunction photodetector as functions of light intensity under
different wavelengths of (a) 405 nm, (b) 532 nm, (c) 655 nm, (d) 808 nm, (e) 1550 nm, (f) 2000 nm; Table S1:
Key parameter comparison list of ReSe, /MoTe; heterojunction photodetector. References [38-43] are
cited in the Supplementary Materials.
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