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A heterostructure photodetector composed of few-layer NiPS3/WS, is made by using mechanical exfoliation and
micro-nano fabrication techniques. The photodetector exhibits a broad-band response wavelengths of ranging of 405 nm
and 800 nm. Under the light illumination of 405-nm wavelength and a bias voltage of —2 V, the photoresponsivity is
62.6 mA/W and the specific detectivity is 8.59x10'? Jones. In addition, the device demonstrates a relatively fast response
with rise and fall times of 70 ms and 120 ms. Theoretical calculation suggest that this excellent performance can be ascribed
to the type-II band alignment at the NiPS3/WS heterostructure interface.
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1. Introduction

With the rapid development of the microelectronics in-
dustry, the integration of devices in integrated circuits is in-
creasingly approaching the physical limit of Moore’s law.
The search for new semiconducting materials and the devel-
opment of new design processes are becoming important.!!
Two-dimensional (2D) materials, with their ultra-thin struc-
ture, atomically flat ideal interfaces, flexible stacking char-
acteristics, and high carrier mobility, provide a key material
platform for the development of miniaturized optoelectronic
devices.[>* The transition metal dichalcogenides (TMDCs)
with semiconducting properties have attracted intensive atten-
tion due to their excellent optical electronic properties and
thickness-tunable bandgap.®! However, TMDCs have optical
bandgaps in the range of 0.8 eV-2.1 eV. The relatively small
bandgap limits its application in the field of ultraviolet detec-
tion.

Recently, a new class of van der Waals (vdW) ma-
terials transition metal phosphorus sulfides (TMPSs) with
the general formula MPX3 (M = Mn, Fe, Ni; X = S, Se)

6-101 The TMPSs show semiconducting be-

have discovered.!
haviors with relatively large bandgaps (1.3 eV-3.5 eV) and
can be easily exfoliated down to few nanometers, thus they
become a novel platform for ultraviolet and broad-band

detection.''] Owing to their weak interlayer vdW interactions,

fCorresponding author. E-mail: qq619755720@bupt.edu.cn
fCorresponding author. E-mail: zhangxiaobupt@bupt.edu.cn

CSTR: 32038.14.CPB.ad%97

TMPSs and TMDCs can be combined together to construct
high-efficiency, wide-spectrum optoelectronic heterostructure
devices.'"?! Among TMPSs, NiPS3 has a direct optical gap
of ~ 1.402 eV and it shows a promising potential for use in
photoelectric detection due to its thickness-tunable bandgap
and air stability.['3] Moreover, field-effect transistors (FETs)
based on few-layer NiPS3 has been produced, Chu e al. have
used few-layer NiPS; to make ultraviolet photodetectors, ex-
hibiting good photoelectric performance.!'#! Zong et al. have
designed asymmetric electrode contacts, making the Schottky
barriers of the two electrode contacts unbalanced, thus mak-
ing the device show zero-bias photoelectric response. !> How-
ever, the external quantum efficiency (EQE) of these devices is
not high, i.e., fewer incident photons are effectively converted
into current, which will affect their performance of practical
application.

Because the formation of heterostructures can effectively
prevent the recombination of electrons and holes, and thus im-
proving the responsivity (R), thereby improve the EQE, %! we
fabricated NiPS3/WS, heterostructure photodetectors, which
exhibited a broad-band response, high photo-responsivity, and
specific detectivity, particularly under 405-nm light. This su-
perior performance may be attributed to the type-II band align-
ment at the NiPS3/WS; interface.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Results and discussion

Figure 1(a) presents the schematic diagrams of the crystal
structures of monolayer NiPS3; and WS, and their heterostruc-
ture. NiPS3 belongs to the C2/m space group and the lay-
ers are connected by weak vdW forces. The unit cell of WS,
has a unit cell composed of one tungsten atom and two sul-
fur atoms in a trigonal prismatic configuration, belonging to
the P63/mmc space group. Each layer is fixed together by
vdW forces as well. Figure 1(b) shows an optical microscope
image of the heterostructure photodetector composed of few-
layer NiPS3 and WS,. The heterostructure are formed by over-
lapping NiPS3 and WS, on SiO,/Si substrate and the area of
the heterostructure is about 654 um?. The lower right part
of Fig. 1(b) displays the atomic force microscopy (AFM) im-
age of the rectangular area in the optical microscope, and the

thicknesses of the two samples measured along the white lines
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are shown in Fig. 1(c). The thickness of NiPS; and WS, is
about 23 nm and 18 nm, respectively. Figure 1(d) presents the

Raman spectra of few-layer NiPS3, WS,, and NiPS3/WS; het-
_ (1)

1 o
vibrational mode caused by the in-plane vibration of S atom in

erostructures. The peak at 253 cm™" corresponds to the A

NiPS; and the peaks at 382 cm ™! and 582 cm™! correspond
to the Agzg) and A(ISg) vibrational modes, caused by the verti-
cal vibration of S atom. The peaks at 130 cm™!, 176 cm™!,
279 cm~ !, and 559 cm™! correspond to the Eg), E?, Egl)
and E? vibrational modes, which are related to the vibra-
tion modes of Ni atom. On the other hand, the two char-
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As shown in the bottom of Fig. 1(d), the characteristic peaks
of both NiPS3 and WS, can be observed NiPS3/WS, overlap-

ping area, confirming the formation of heterostructure.
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Fig. 1. (a) Crystal structures of monolayer WS,, NiPS3, and NiPS3/WS,. (b) Left: optical microscope image of the NiPS3/WS, photodetector.
Right: AFM image of NiPS3/WS; around 6.0 pmx6.0 um. (c) Height profile along the white lines in the AFM image of the sample shown in

panel (b). (d) Raman spectra of NiPS3, WS,, and heterostructure.

Figure 2(a) presents a schematic diagram of NiPS3/WS,
heterostructure photodetector. From bottom to top, the detec-
tor is composed of SiO,/Si substrate, Ti/Au electrodes, WS»,
and NiPS3; with a gold electrode spacing of ~ 40 um. Fig-
ure 2(b) show the drain—source current-voltage (Igs—Vgs) char-
acteristic curves of NiPS3/WS, heterostructure with different
laser wavelengths (the diameter of the laser spot is ~ 77 pm).
When the heterostructure is illuminated under the light of dif-
ferent wavelengths, significant changes of I35 can be observed
in Fig. 2(b). Among them, the photocurrent generated under
the condition of —2-V bias and 405-nm light is the largest
and the current rises from the dark state of 5.2x10713 A to

2.6x107? A. Such a significant change indicates the genera-
tion of a large number of electron—hole pairs under illumina-
tion. As the illumination condition changes from the dark state
to 405-nm illumination, the open-circuit voltage (V,.) changes
from O V in the dark state to 0.23 V and the short-circuit cur-
rent (I.) raises to 1.67x 10710 A (Fig. 2(c)), showing a signif-
icant photoelectric effect. At the same time, the I3;—Vys char-
acteristic curves under different powers with a wavelength of
405 nm have also been measured (see Fig. S1 in the support-
ing information). On the one hand, the photocurrent signifi-
cantly increases with light power at Vgs = 0V, it suggests that

photo-generated carriers are efficiently separated and driven
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by an internal electric field. On the other hand, the increase
of Vi, with increasing light power can also indicate the pres-
ence of strong internal electric field. The above results indicate
that a strong built-in electric field Ej, has been formed in the
NiPS3/WS; heterostructure. In order to confirm the optoelec-
tronic response is mainly induced by the heterojunction not
the Schottky junction effect, scanning photocurrent mapping
is used to acquire the photocurrent distribution (Fig. S2). It
can be clearly seen that the photocurrent is mainly observed in
the whole heterojunction area and no obvious current is gen-
erated near the metal contacts, which unambiguously demon-
strates the photovoltaic current indeed originates from the het-
erojunction.

Figure 2(d) shows the switching response of the
NiPS3/WS, heterostructure over time under light illumina-
tions with different wavelengths. The device exhibits a fast
switching effect at different wavelengths, indicating that it

can be easily adjusted. Moreover, the heterostructure still
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has a significant photoresponse without applying additional
bias voltage, indicating its self-powered phenomenon, which
is modulated by the photoelectric effect. To determine the spe-
cific rise and fall times of the device, the response of pho-
todetector is characterized by amplifying the photoelectric re-
sponse using a preamplifier and collecting the resulting volt-
age data with an oscilloscope. The rise and fall time refer to
the time required for the stable current value to go from 10%
to 90% and from 90% to 10%, respectively. However, since
only the voltage data is collected, the rise and fall times can
be seen as the time required for the stable voltage value to go
from 10% to 90% and from 90% to 10%, respectively. As de-
picted in Fig. S3, under zero-bias and illumination of 405-nm
light with power density of 30 mW/cm?, the rise and fall time
is 70 ms and 120 ms, respectively, indicating that the photo-
generated electron—hole pairs quickly separate under the effect
of the Ej,.
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Fig. 2. (a) Schematic diagram of the NiPS3/WS, photodetector. (b) Ijs—Vgs curves with various laser wavelengths at a power density of

50 mW/cm?. (c) The enlarged view of I3V, curves in the range of Vg

with power density of 50 mW/cm?.

Figure 3(a) shows the relationship between the photocur-
rent (Ipy) and the incident light power (B,;) at 0 V and -2 V
biases. Here, the incident light wavelength is 405 nm, and the
power density ranges from 1 mW/cm? to 300 mW/cm?. The
linear dependence of photocurrent on P, in log-scale plot re-
flects Iy o< P%. The fitted « is 0.58 and 0.45 for Vg, = 0 and
—2 V, which are less than 1. This may be due to the presence of
some impurities or defects in the heterostructure. Some photo-
generated carriers recombined with them, resulting in not all

carriers participating in the conductive process.!!”! Figure 3(b)

= —0.3 V and 0.3 V. (d) Time-dependent photocurrent at zero bias

shows the dependence of V. and I, on P,;, under 405-nm illu-
mination. The V. increases with the increase of P,,, indicating
that a built-in electric field is formed in the heterostructure, and
there is a significant photoelectric effect. At the same time,
the I also increases with P, and the maximum value of I is
approximately 3.4x 10710 A when the light power density is
300 mW/cm?.

The R and EQE are key parameters for evaluating pho-
todetectors. Figure 3(c) depicts the variation of R and EQE
with incident light power at a bias of —2 V. The R of the pho-
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todetector is calculated according to R = I,n/P,. The EQE
is calculated through EQE = hc/Ae x R x 100%, where h is
Planck’s constant, e is the elementary charge, c is the speed
of light, A is the wavelength. Under a bias of —2 V and 405-
nm illumination with P, = 1 mW/cm?, the calculated R has
reached 62.6 mA/W and the EQE is 105.06%, higher than
100%. It indicates that photo-generated electrons and holes
repeatedly flow into the circuit before recombination. Addi-
tionally, as the power increases, both the R and EQE decrease.
At high power densities, a large number of electron—hole pairs
are generated. However, the rate of carrier recombination can
increase as more carriers are generated, leading to a satura-
tion in photocurrent and causing the R and EQE to decrease.
In addition, high light power can lead to a higher density of
photo-generated carriers, which can fill trap states within the
material. Once these traps are filled, additional carriers are
more likely to recombine rather than contribute to the pho-
tocurrent. This recombination reduces the effective carrier col-
lection, leading to lower R and EQE.!'8]

Specific detectivity (D*) is another key parameter of pho-
todetectors, which is mainly influenced by the current noise,
which is primarily composed of 1/f noise, shot noise, and

thermal noise. The 1/f noise can be ignored at high detection

1
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frequencies. When a low bias is applied, the dark current of the
heterojunction is relatively small. As a consequence, the con-
tribution of shot noise can also be neglected, only leaving ther-
mal noise to be considered. At this point, the D* can be cal-
culated according to D* = R/(R'A/4kgT)"/?, where R’ refers
to the bias resistance, A is the effective area of the device, kg
is Boltzmann constant and 7 is temperature.!'”! Figure 3(d)
shows the changes of R and D* with varying wavelengths un-
der a bias of —2 V and P, = 1 mW/cm?. The results under 0-V
and 2-V biases are shown in Fig. S4. It can be observed that the
trends of D* and R curves are similar at different biases. The
D* reaches the maximum value of 8.59x 10'° Jones under 405-
nm illumination and becomes very small when A > 800 nm.
It indicates that the NiPS3/WS; heterostructure photodetec-
tor has broad-band absorption characteristics within the range
of 405 nm-800 nm wavelength and possesses high R, EQE,
and D*. The Ij—Vys curves of NiPS3 and WS, photodetec-
tor are shown in Fig. S5 and Table 1 presents a comparison
of the performance of NiPS3;, WS,, NiPS3/WS, heterostruc-
ture, and several other photodetectors. It can be seen that the
NiPS3/WS, heterostructure exhibits better photodetection per-
formance than single NiPS3; or WS, photodetector.

0.3F A=405 nm (b)
109
. 0.2r
z
g
=~ 0.1}
0
75y ""'\. _:_ D" (d) 8
~ 60} - l\. —=— R %
2 16 =
= 457 S
3 ' :
E 30t 19 g
151 10 ¢
=2V a
Or m—l mW/cm2 = —2
400 800 1000
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Fig. 3. (a) The relationship between I, and light power for the NiPS3/WS, heterojunction. (b) The variation of Vo and Iy with incident light
power. (c) The value of R and EQE with the increase of incident light power. (d) The variation of R and D* with incident light wavelength.

Table 1. Performance of different photodetectors.

Materials A (nm) Vgs (V) P (mW/cm?) R (mA/W) EQE D* (Jones) Ref.
NiPS3/WS, 405 -2 1 62.6 105.06 8.59x 1010 this work
WS, 405 2 30 18.02 43.45 1.25%10° this work
NiPS3 405 2 30 0.76 1.83 3.85x10° this work
PtS,/WS, 635 0 0.0007 330 65.3 43x10'0 [20]
FePS3/WS, 450 -2 30 284 78.4 - [17]
MoSe;/FePS; 600 0 30 52 12 1.4x1010 [12]
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In order to understand the optoelectronic properties of
NiPS3/WS; heterostructure further, we measured the band gap
Egs of NiPS; and WS using absorption spectra and carried
out the theoretical calculations. The estimated band gaps of
NiPS3; and WS, are ~ 2.07 eV and 1.56 eV (Figs. 4(a) and
4(b)) according to the formula (athv)?* = B(hv — E,), where
« is the absorption coefficient, & is Planck’s constant, v is
the frequency, and B is a constant.!?!! Furthermore, we use

e!??! to obtain the energy

the core-level band alignment schem
states of NiPS3 and WS, before contact. The core level ener-
gies are obtained by means of first-principles calculations. The
energy difference between the Ni 3p core level and the valence
band minimum (VBM) in NiPSj3 reaches 63.81 eV, while in
WS,, the energy difference between the W 4f core level and
the VBM is 28.94 eV. Combing with the E; obtained from
absorption spectra, the diagram of band alignment before con-
tact is depicted in Fig. 4(c). It can be seen that the NiPS3/WS;
heterostructure exhibits a type-II band alignment. An Ej, can
form at the heterostructure interface from WS, to NiPS3, with
positive and negative charge centers accumulating on the WS,
and NiPSj sides, respectively. This enables the band edges of
WS, and NiPS3 to bend upward and downward, respectively

(Fig. 4(d)).

__120[NiPS; (a) Lol WS (b)
: 3
L 90 N>
““:'> o 4
2 60 1=
o =
230 = 2
Ej/ 2.07 eV § 0 1.56 eV
0 1.6 1.8 2.0 2.2
hv (eV)
c
Fey (c)
AE=1.34¢eV
ReR A"
By =2.07eV
/ Eg»=1.56 eV
Ey
Vi e [y
AEVgv_ctL, : ABEvium-ct
Ni-3p e e VHAE

NiPSs3 WS,

Fig. 4. The absorption spectra of (a) NiPS3; and (b) WS,. The red lines
represent the linear fits to extract Eg. (c) The calculated band alignment dia-
grams of few-layer NiPS3 and WS,. (d) Schematic diagram of type-1I band
alignment of NiPS3/WS, vdW heterostructure and carrier transport under il-
lumination.

Under the zero bias, when illuminated by a laser, the
electron—hole pairs are generated. These photo-generated
electrons and holes are separated at the interface due to the
Ein. When Vg > 0, the forward bias reduces the strength of
Ej,, narrowing the depletion region. This reduction in the drift
movement of photo-generated electrons and holes leads to an
increased recombination rate of electron-hole pairs. Con-

versely, when Vg < 0, the reverse bias increases the strength of

Ej,, widening the depletion region. The enhanced drift move-
ment of carriers facilitates the passage of photo-generated car-
riers through Ej,, thereby reducing the recombination rate and
promoting rapid separation of photo-generated carriers. It is
precisely the strong Ej, and the type-II band alignment lead-
ing to the significantly reduced recombination rate of electrons
and holes that result in superior optoelectronic performance
of the NiPS3/WS, heterostructure. Notably, previous studies
of photoluminescence spectrum indicate that the band align-
ment of monolayer NiPS3/WS, heterostructure is type-I,[>]
which differs from our experimental results. This discrepancy
might be due to the difference in material thickness. There
are reports demonstrated that the Egs of NiPS; and WS, are
changed with different thicknesses, ?*>! thus the heterojunc-
tion may form different band alignments with different thick-
nesses. Similar situations have been observed in the study of
FePS3/MoSe, photodetectors. !

3. Conclusion

In summary, we prepared a few-layer NiPS3/WS, het-
erostructure photodetector and studied its structure and op-
toelectronic properties in detail. The results show that the
NiPS3/WS; heterostructure photodetector has a characteris-
tic of broad-band response of wavelengths of 400 nm to
800 nm. Under 405-nm illumination and Vg3 = —2 V, the R
is 62.6 mA/W and D* is 8.59x10'? Jones. The performance
of the heterostructure is superior to those of individual few-
layer NiPS3 and WS, photodetectors. Theoretical calculations
suggest that the NiPS3/WS, heterostructure interface forms a
type-1I band alignment structure, which facilitates the rapid
separation of photo-generated electron—hole pairs and signifi-
cantly shortens the response time, and thus leading to the ex-
cellent performance of the NiPS3/WS, heterostructure. These
findings suggest that NiPS3/WS, heterostructures are promis-
ing candidates for high-performance, wide-spectrum photode-
tectors, with potential applications in advanced optoelectronic

devices.

Supporting information

Device fabrication and measurement; I3;—Vys curves of
the NiPS3/WS, vdW heterostructure under 405-nm illumina-
tion with increasing powers; the rise and fall times of the het-
erostructure under a zero bias; the variation of responsivity
and specific detectivity with incident light wavelength when
Vis = 0 V and 2 V; the I3—Vys characteristic curves of WS,
and NiPS3 devices under illumination at different wavelengths

are provided in supporting information.
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