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The emerging van der Waals semiconductor InySes has recently gained great attention in the field of optoelec-
tronics, due to its high optical absorption and direct bandgap. Different types of In,Ses photodetectors have been
demonstrated with high responsivity, though the detection speed and wavelength range are limited by the device
geometry and its absorption edge. In this paper, we have fabricated an a-In;Ses/PtSe, heterojunction photo-
detector. Taking advantage of the high mobility and narrow bandgap of PtSe,, a wide wavelength response from

405 to 1550 nm and fast repose speed of ~ 127 ps has been achieved in the heterojunction photodetector. Also,
benefiting from the strong built-in electric field between InySes and PtSes, the photodetector can work without
any external bias with a responsivity highly at 80 mA/W. This fast self-powered InpSes/PtSe; photodetector
presents an avenue for future low-energy-consumption optoelectronics.

1. Introduction

The emerging two-dimensional (2D) materials with unique elec-
tronic and optoelectronic properties have provided photodetectors with
more materials alternatives in recent decades [1,10]. Among them,
a-InySes is one of the most ideally active materials [2]. Till now a-InpSes
based photodetectors have achieved a high photoresponsivity of 98,000
A/W [3]. However, the overall device performances are still limited. The
cutoff wavelength of the photodetector is only ~ 890 nm, and the device
response speed is typically over 1 s, which hinders the application po-
tential, such as telecommunication, imaging and sensing.

Constructing heterostructures by combining a-InySes with other
high-quality 2D materials is a promising strategy to achieve broadband
photoresponse and high response speed. Nowadays, different hetero-
junction photodetectors based on o-InySes have been studied, could
achieve efficient photoresponse and extend the wavelength range to
around 1100 nm [4,5]. However, the effective detection in telecom-
munication bands is still difficult in these near-infrared photodetectors.
Besides, the response speed, which is a pivotal parameter for weighting
the device performance, is relatively slow in these photodetectors.

In this study, we stacked mechanically exfoliated a-In2Se3 and PtSe2
by a direct transfer technique to fabricate a heterojunction photode-
tector. PtSe2 belongs the Group-10 transition metal disulfides (TMDs),
which is considered a promising member with high carrier mobility,
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layer-dependent band gap ranging from 1.2 eV (monolayer) to 0.21 eV
(bilayer), and a broad absorption spectrum. Formation of novel type I
energy band alignment by introducing PtSe2 with a-In2Se3, the device
can be operated in a self-driven mode without any external bias with a
high responsivity of 0.08 A/W. Furthermore, the narrow bandgap nature
of PtSe2 compensate the drawback of a-In2Se3, broadband photo-
response is obtained from 405 nm to 1550 nm. The rise and decay times
were only 127 and 104 ps, respectively. The a-In2Se3/PtSe2 photode-
tector demonstrated a broadband photodetection and fast response
performance, which is significant for future high-capacity and low-
energy consumption optoelectronics.

2. Experimental section
2.1. Material characterizations

Optical microscope (Nikon, Eclipse L200N), scanning electron mi-
croscopy (SEM, Gemini 300) and atomic force microscopy (AFM,
Bruker, Dimension Icon) are carried out for the morphology and the
thickness of a-InySes and PtSe; nanosheets. The phonon vibration modes
and surface potential of the heterostructures were performed by Raman
spectroscopy (Lab RAM HR800) and Kelvin probe force microscopy
(KPFM, Bruker, Dimension Icon), respectively.
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Fig. 1. (a) Schematic diagram of the a-In,Ses/PtSe, heterojunction photodetector. (b) Raman spectra in a-In,Ses (red line), PtSe, (blue line), and junction (black
line) region. (c) SEM image and the associated EDS elemental maps of Pt, In and Se, Scale bar: 25 pm. (d) Energy spectrum intensity.

2.2. Device fabrication and measurements

To create the heterojunction, the PtSe;, layer were first stamped onto
the Si/SiO4 substrate and then heated to 80 °C for 5 min until complete
transferred to the substrate. The a-In;Ses sheets were subsequently
stamped and stacked on the PtSe, layer using an optical microscope at
the same temperature. The gold electrode with a thickness of 50 nm was
deposited using a standard photolithography and sputtering process.
Laser diodes of different wavelengths are performed to study the opto-
electronic properties of the device.

3. Results and discussion

The structure of our photodetector is shown in Fig. 1a, a 45-nm-thick
a-InySes stacks on top of a 3-nm-thick PtSe; flake. From the Raman
image in Fig. 1b, all vibrational modes of a-InySes and PtSe; can be
observed in the heterojunction region. As can be seen from Fig. 1c, the
surface of the junction area of the device is flat and smooth without
observable wrinkles and bubbles. According to the EDS results, the se-
lenium and indium elements are densely distributed in the interval of
a-InySes (in inset of Fig. 1c). As shown in Fig. 1d, the calculated atomic
ratio of the elements in the junction region is consistent with the stoi-
chiometric ratio of Pt: In: Se = 1: 2: 5.

A scanning photocurrent system is adopted to study photocurrent
generation mechanism of the device. The optical micrograph in Fig. 2a

shows the heterojunction region of the photodetector and Fig. 2b is the
corresponding mapping result (laser wavelength: 520 nm, zero bias). It
is clear that electrons of a-InySes and the holes of PtSe; are driven by the
built-in electric field, forming a self-driven photocurrent flowing from
the source to the drain.

As shown in Fig. 2c. The contrast between and (Fig. 2c¢), indicating
that the surface potential of the a-InySes is much higher than that of
PtSes. Both the contact potential difference (CPD) between the probe
and the sample and the difference in the work function between the
samples (AW) are given by the following equation:

eACPD = (Wprobe - WPtSeZ) - (mebe - WalnzSe;)

AW = WPISez - WalngSeg = —eACPD

where difference of the work functions is about 0.11 eV, as shown in
Fig. 2d. Combined with the previously reported work [6], the energy
band structure of the device before and after contact can be derived in
Fig. 2e and f. The bandgap of PtSe; with a thickness of 3 nm is about
0.21 eV and that of a-InpSes is about 1.46 eV. After contact, a type I
heterojunction is formed due to the energy offset. At the interface, a
built-in electric field is formed from a-In,Ses to PtSe,, consistent with
the results obtained in Fig. 2b. When reaching the equilibrium state, the
final energy band structure settled as shown in Fig. 2f. Driven by the
built-in electric field, the photogenerated electrons in the a-InySes
migrate to the source, while the holes of a-In;Ses cannot flow through
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Fig. 2. Photocurrent mechanism study. (a) Optical image. Scale bars: 14 pm. (b) Photocurrent mapping image at 638 nm (V45 = 0 V). Scale bar: 7 pm. (c) KPFM
image. Scale bar: 2 pm. (d) CPD between PtSe; and In,Ses. (e) and (f) Energy band alignment before (e) and after contact (f).

the high potential barrier at the interface. The special type-I alignment
greatly inhibits the hole diffusion from a-InpSes to PtSe; and promotes
the carriers’ separation, which may lead to a low dark current and high
gain. Considering the advantages of high absorption of a-InpSes and high
mobility and wide response of PtSey, the heterojunction device can
realize high-sensitive, broadband, and fast photodetection under self-
driven mode.

Then, we investigate the photodetection performance under various
light irradiation. The I-V curves in darkness and light are in Fig. 3a and
the slope changes with the increasing power. The change in photocur-
rent is more pronounced under the negative bias, which is due to the fact
that the direction of current flow at this time matches the direction of the
built-in electric field. The I-V curve near O V was presented in the inset of
Fig. 3a, where a photovoltaic behavior can be observed. Then the I-T
curves are performed at 0 V, giving a high ON/OFF ratio of about 10%. A
photocurrent close to 0.1nA was obtained under a weak light excitation
of 0.5 nW, where R and D* are calculated to be 0.08 A/W and 5 x 10!
Jones, respectively, showing high sensitivity. According to Fig. 3c,
broadband response has been clearly observed from 638 nm to 1550 nm.
The rise and fall time are 127 and 104 ps, respectively (Fig. 3d), where
the excitation wavelength is 638 nm and the spot diameter of the laser is
2 pm. By illuminating at a fixed laser power of 10 nW over 1500 s, the
photocurrent floating range is about 7.7%, showing the high stability of
the devices (Fig. 3e). The detailed optical switching characteristics are
shown in Fig. 3f. A comparative study of the key parameters of different
In,ySes-based photodetectors is summarized in Table 1.

4. Conclusion

In this work, we systematically present the optoelectronic properties
of the fabricated a-InySes/PtSe; device and reveal the self-driven oper-
ation mechanism under the type I energy band arrangement. The device
has a responsiveness of 0.08 A/W and a detectivity of 5 x 10''Jones. The
rise time is 127 ps and the fall time is 104 ps, which are more than 100
times shorter than that reported in the previous pure a-InySes photo-
detectors. A broadband response covers from 405 nm to 1550 nm. The
stable and reproducible Ijjghe/Iqark ratio of about 10° is obtained over
continually operating 1500 s showing the excellent stability, especially
the stability of the photo/dark current, which is not shown by the pre-
vious a-InpSeg and its heterojunction photodetectors. The Type-I InySes/
PtSes heterojunction has a potential for future photodetectors that
require high sensitivity and operate in complex identification
environments.
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Fig. 3. Photoresponse performance at self-driven mode. (a) I-V curves, where the inset is amplified I-V curves near 0 V. (b) I-T curves, where the inset is R and D*
values at 0 V bias. (c) Broadband photoresponse characteristics. (d) rise and fall time. (e) long-term stability measurement. (f) The photo-switching characteristics.

Table 1

Comparison table of important performance parameters of photodetectors.

Materials External voltage (V) A (nm) R (A/W) D* (Jones) Response time Ref.
a-InySes/PtSe, Vgs=0V 405-1550 0.08 5 x 10!! 127/104 ps This work
a-In,Ses Vg =1V 300-1000 720 2 x 10'2 165 [8]
a-InySes Vgs = 0.3V, Vg =45V 700 1081 1 x 101 8 ms [91
o-InzSe; Vs = 0.3V, Vg=45V 405-940 98,000 3 x 10" 9000 ms [3]
a-In,Ses/WSe, Vgs=-3V 400-1100 72 1 x 102 1.5 ms [71
a-InySes/P-GaN Vg =-3V 365-900 0.08 3 x 10'° 200 ms (61
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