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Two-dimensional α-In2Se3 exhibits simultaneous intercorrelated in-plane and out-of-plane polarization, making it a highly prom-
ising material for use in memories, synapses, sensors, detectors, and optoelectronic devices. With its narrow bandgap, α-In2Se3 is 
particularly attractive for applications in photodetection. However, relatively little research has been conducted on the out-of-plane 
photoconductive and bulk photovoltaic effects in α-In2Se3. This limits the potential of α-In2Se3 in the device innovation and perfor-
mance modification. Herein, we have developed an α-In2Se3-based heterojunction with a transparent electrode of two-dimensional 
Ta2NiS5. The out-of-plane electric field can effectively separate the photo-generated electron–hole pairs in the heterojunction, 
resulting in an out-of-plane responsivity (R), external quantum efficiency (EQE), and specific detectivity (D*) of 0.78 mA/W, 
10−3% and 1.14 × 108 Jones, respectively. The out-of-plane bulk photovoltaic effect has been demonstrated by changes in the 
short circuit current (SCC) and open circuit voltage (Voc) with different optical power intensity and temperature, which indicates 
that α-In2Se3-based heterojunctions has application potential in mid-far infrared light detection based on its out-of-plane photo-
conductive and bulk photovoltaic effects. Although the out-of-plane photoconductive and bulk photovoltaic effects are relatively 
lower than that of traditional materials, the findings pave the way for a better understanding of the out-of-plane characteristics of 
two-dimensional α-In2Se3 and related heterojunctions. Furthermore, the results highlight the application potential of α-In2Se3 in 
low-power device innovation and performance modification.
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1. � Introduction

Since the discovery of two-dimensional α-In2Se3 with simul-
taneous intercorrelated in-plane and out-of-plane polariza-
tion,1–6 significant attention has been given to research on its 
properties. The attention is due to the excellent anisotropy, 
electrically and light-controlled polarization, and photoelec-
tric effects that have been observed in this material.7–12 These 
properties have shown potential for applications in memories, 
synapses, sensors, detectors, and optoelectronic devices.13–20 
Additionally, the layer-dependent narrow bandgap of two-di-
mensional α-In2Se3 makes it particularly attractive for use 
in photodetection.21 Recent research has demonstrated that 
both in-plane and out-of-plane polarization can modulate 
the in-plane photodetection performance, which has reached 
a level comparable to that of commercial devices.22 The 
α-In2Se3 has considerable in-plane anisotropic physical prop-
erties due to the different chain structures along the a and c 
axis. Compared to the in-plane photodetection properties, the 
out-of-plane photoconductive and bulk photovoltaic effects 
of two-dimensional α-In2Se3 have broader application pros-
pects due to their ability to increase unit density.23 This effect 

is helpful in developing detection modes and expanding 
detection wavelengths.24–26 However, relatively little research 
has been conducted on the out-of-plane photoconductive and 
bulk photovoltaic in two-dimensional α-In2Se3, which limits 
the potential of two-dimensional α-In2Se3 in the device inno-
vation and performance modification.

This report aims to investigate the out-of-plane photo-
conductive and bulk photovoltaic effects in two-dimensional 
α-In2Se3. To achieve this, a transparent electrode of two- 
dimensional Ta2NiS5 is introduced to form a two-dimen-
sional α-In2Se3/Ta2NiS5 ferroelectric heterojunction. The 
results demonstrate that the electric field effectively sepa-
rates the photo-generated electron–hole pairs out-of-plane in 
the heterojunction. The out-of-plane responsivity (R), exter-
nal quantum efficiency (EQE), and specific detectivity (D*) 
are approximately 0.78 mA/W, 10−3% and 1.14 × 108 Jones, 
respectively. The out-of-plane bulk photovoltaic of the het-
erojunction is demonstrated by changes in the short circuit 
current (SCC) and open circuit voltage (Voc) with different 
optical power intensity and temperature. This indicates that the 
α-In2Se3-based heterojunctions can convert light and thermal 
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energies in the surrounding environment into electrical energy, 
which can achieve self-powered photodetection and thermal 
detection. Although the out-of-plane photoconductive and 
bulk photovoltaic effects of α-In2Se3 are relatively lower than 
that of traditional materials, the findings in this study provide 
insight into the out-of-plane characteristics of two-dimen-
sional α-In2Se3 and related heterojunctions. Additionally, the 
results highlight the application potential of α-In2Se3 in low-
power device innovation and performance modification.

2. � Experimental Methods

The structure in this work was formed by a few-layer α-In2Se3, 
Ta2NiS5 nanoflakes and two Au electrodes in the same hori-
zontal space. The nanoflakes were obtained by mechanical 
exfoliation with the help of blue tape, the Au electrodes were 
deposited by a small ion sputtering instrument (SBC-12) using 
the mask with a channel width of 30 μm. To form the required 
heterojunction, the entire process was controlled by the two-di-
mensional transfer platform (E1-T) with the optical microscope 
(DMM-900C), which is a dry transfer technique. Subsequently, 
the flakes were sequentially transferred to the bottom electrode 
in the Si substrate with 300 nm SiO2 layer on the surface by 
using polydimethylsiloxane (PDMS) film. It should be noted 
that the PDMS should be heated to 60°C–80°C about 10 min 
until the nanoflakes completely transferred to the substrate. This 
approach could connect two gold electrodes through α-In2Se3 
and Ta2NiS5 thin films and ensure that there is an overlapping 
area between α-In2Se3 and Ta2NiS5 nanoflakes on one side of the 
gold electrode. Raman measurements of the fabricated devices 
were conducted via Renishaw inVia Raman microscopy with 
532 nm laser excitation. The transmission electron microscopy 
(TEM) and selected area electron diffraction (SAED) images 
were investigated by transmission electron microscopy (JEM-
2100). Finally, current–voltage (Ids–Vds) curves were measured 
by Agilent B1500A semiconductor device analyzer with a vari-
able temperature probe station (EB8).

3. � Results and Discussion

Figure 1(a) presents the optical image of a typical α-In2Se3/
Ta2NiS5 ferroelectric heterojunction, where the section of 

Ta2NiS5, α-In2Se3 and Au electrode are marked with blue, 
green, and orange dotted lines, respectively, and the overlap 
area of these three is circled by the red line. Figure 1(b) reveals 
a capacitor-like structure where the ferroelectric material is 
sandwiched by the Ta2NiS5 and Au electrode. As Fig.  1(c) 
displayed, the Raman measurements of the α-In2Se3 reveal 
four pronounced peaks located at 88, 105, 182 and 193 cm–1, 
respectively, agreement with the E, A1(LO+TO), A1(TO), 
and A1(LO) vibration modes.16,24 The three peaks of Ta2NiS5 
nanoflakes located at 63, 127 and 149 cm–1 corresponding 
to atomic displacement modes for B2g, 2Ag, and 3Ag, respec-
tively.27 In Fig. 2(a), a high-resolution TEM image clarifies 
that few-layer α-In2Se3 nanoflakes show a great crystallinity 
with a hexagonal lattice spacing of 0.35 nm corresponding 
to the (100) planes.13 Figure 2(b) presents the TEM image 
of Ta2NiS5 single crystals, which can identify the crystalline 
interplanar spacing of 1.5 nm corresponding to the (001) 
planes close to the literature’s results.28 Two insets illustrate 
the SAED patterns of the nanoflakes, which show multiple 
sets of symmetry patterns and a perfect hexagonal structure 
of α-In2Se3 and Ta2NiS5.

As shown in Fig.  3(a), we measured the characteristic 
Ids-Vds curves of the α-In2Se3/Ta2NiS5 heterojunction under 
660 nm laser with different power densities as bias within 
the range of ±3V. Figure 3(b) demonstrates the current den-
sity–voltage (J–V) curves of the α-In2Se3/Ta2NiS5 hetero-
junction, in which the tendency of curves is that the current 

(a) (b) (c)

Fig. 1.  Optical image (a), structure diagram (b) and Raman spectrum (c) of α-In2Se3/Ta2NiS5 ferroelectric heterojunctions, respectively.

Fig.  2.  The TEM images of α-In2Se3 (a) and Ta2NiS5 (b) nano-
flakes, respectively. Insets illustrate the corresponding SAED  
patterns.
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density increases with the increase of optical power intensity. 
Although the out-of-plane direction photocurrent is relatively 
weak, it is still worth to attention. SCC density (Jsc) is equal 
to the SCC divided by the capacity area. Figures  3(c) and 
3(d) show the value and tendency of the Jsc,ph and Voc of the 
α-In2Se3/Ta2NiS5 heterojunction in different power densi-
ties. When the laser is turned on, the increased negative Jsc,ph 
could be observed without external bias. Both the Jsc,ph and 
Voc increase gradually with increasing laser power, which 
can be explained as the direction of the external bias voltage 
we applied is same to built-in electric field, which improves 
the separation efficiency of the electron–hole pairs, and then 
increases the out-of-plane photocurrent. The zero-bias pho-
tocurrent is thought to be a characteristic feature of bulk 
photovoltaic effect, which is a nonlinear optical process that 
converts light into electricity.29,30 The electron–hole pairs are 
separated by a built-in electric field and collected by opposing 
electrodes, then producing SCC and Voc. The maximum value 
of Jsc,ph and Voc is estimated to 3.68 µA/cm2 and 0.08 V at the 
optical power intensity for 560.2 mW/cm2, respectively.

To further investigate the origin of out-of-plane bulk pho-
tovoltaic effect and compare the contribution of light and 
heat to the current in α-In2Se3/Ta2NiS5 heterojunction, we 
measured Ids-Vds curves at different temperatures under dark 

condition, in which simulate the temperature varies caused 
by 660 nm laser. Figures 4(a) and 4(b) show the J–V curves 
when the temperature is heated up to 328 K from 298 K and 
cooled to 299 K from 328 K, respectively. Figures 4(c) and 
4(d) show the changes of Jsc,py and Voc with temperature, 
whether heating or cooling, their trends increase gradually 
with the increase of temperature. According to the trend of 
fitting, the Jsc,py and Voc in the cooling process are slightly 
larger than that in the heating process. The inset explains tem-
perature varies with the optical power intensity. The actual 
temperature corresponding to the optical power density of 
560.2 mW/cm2 is 311 K, where the Jsc,py is about –1.53 µA/
cm2, the Voc is about 0.06 V. By comparing Figs. 3 and 4, it 
is not difficult to find that the heat-induced Jsc,py and Voc is 
smaller than that generated by light, this is because the ther-
mally induced polarization variation is relatively small, and 
the current is mainly generated by the separation of electron–
hole pairs through the built-in electric field generated by the 
photovoltaic effect.

In addition, the photodetection performance of the 
α-In2Se3/Ta2NiS5 heterojunction is also investigated with a 
bias of 3 V. Figure 5(a) shows the changing curves of photo-
current (Iph) with the optical power density increasing from 

(a) (b)

(c) (d)

Fig. 3.  Photoelectric effect in α-In2Se3/Ta2NiS5 ferroelectric heterojunctions. The characteristic output I–V curves (a) and J–V curves (b) of 
devices irradiated with laser (660 nm) in different optical power intensities. The Jsc,ph (c) and Voc (d) of the α-In2Se3/Ta2NiS5 heterojunction 
as functions of the optical power intensity.
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(a) (b)

(c) (d)

Fig. 4.  The J–V curves of α-In2Se3/Ta2NiS5 heterojunction when temperature is rise (a) and down (b) at dark condition, respectively. The 
Jsc,py (c) and Voc (d) of the device change with temperature, inset shows the variation trend of temperature with optical power intensity.

(a) (b)

(c) (d)

Fig. 5.  Photodetection performance of α-In2Se3/Ta2NiS5 ferroelectric heterojunctions with a bias of 3 V. The Iph (a), R (b), EQE (c) and D* 
(d) as functions of optical power intensity, respectively.
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0.05 nA at 4.3 mW/cm2 to 0.35 nA at 560.2 mW/cm2, which 
is small. The corresponding critical parameters, such as R, 
EQE and D* are calculated by the following formulas: R  =  
Iph/PS, EQE = hcR/eλ, D* = R(S/2eIdark)1/2, where P is opti-
cal power intensity, S is the capacitance area formed, ℏ is 
Planck’s constant, c is the velocity of light, e is the elemental 
charge, λ is wavelength of incident light and Idark is the cur-
rent at dark environment.31,32 As shown in Figures 5(b)–5(d), 
the value of R, EQE and D* decrease with the increase of 
the optical power intensity, and the maximum value is 0.78 
mA/W, 10–3% and 1.14  ×  108 Jones at the optical power 
intensity of 4.3 mW/cm2, respectively. We find that the out-
of-plane photodetection performance of the α-In2Se3/Ta2NiS5 
heterojunction is relatively weak, which may due to the thin 
thickness of the α-In2Se3 nanoflakes. It can be concluded 
that the out-of-plane bulk photovoltaic effect of the α-In2Se3/
Ta2NiS5 heterojunction is more promising in the application.

Figure  6(a) shows the bandgap structure of the device, 
when the α-In2Se3 and Ta2NiS5 construct a heterojunction, 
the charge will be redistributed to maintain the dynamic 
balance of diffusion carriers at the interface until the Fermi 
levels are aligned.15 When the laser is turned on, the elec-
trons near the valence band (EV) transition to the conduction 
band (EC),27 the electron–hole pairs will be separated if they 
are produced within the space charge layer or if they can dif-
fuse to it before recombining. This results in downward band 
bending for α-In2Se3 and upward band bending for Ta2NiS5, 
ultimately generating the photocurrent. Figure 6(b) illustrates 
the photovoltaic effect mechanism of α-In2Se3/Ta2NiS5 het-
erojunctions, photovoltaic effect is shown as the separation of 
photogenic electron–hole pairs through the polarization-in-
duced internal electric field under the light, and the electrons 

and holes in the opposite direction drive and form photocur-
rent. When temperature changes, we noticed that the output 
photocurrent is variable although it is relatively weak. It indi-
cates that the α-In2Se3/Ta2NiS5 heterojunction is sensitive to 
temperature, and the mid-far infrared light also cause tem-
perature changes due to phonon vibration, so the device we 
fabricated also has a detection potential in mid-far infrared.

4. � Summary

In this research, we have studied the out-of-plane photocon-
ductive and bulk photovoltaic effects of the α-In2Se3/Ta2NiS5 
ferroelectric heterojunction, the SCC and Voc of the device 
change with different optical power intensity and tempera-
ture, which illustrates that the α-In2Se3-based heterojunction 
is a self-powered device and has certain application poten-
tial in the field of self-powered devices. The corresponding 
out-of-plane R, EQE, and D* are approximately 0.78 mA/W, 
10–3% and 1.14 × 108 Jones at the optical power intensity for 
4.3 mW/cm2, respectively. Although the out-of-plane detec-
tion performance of the photodetector is relatively weak, 
the design of the α-In2Se3/Ta2NiS5 heterojunction provides 
a strategic approach to enhance and modulate photodetec-
tion performance, and the temperature of the device changed 
obviously under the light, which indicates the application 
potential in detecting mid-far infrared light based on the out-
of-plane photoconductive and bulk photovoltaic effects.
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