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Abstract: In recent years, two-dimensional (2D) type-II van der Waals (vdW) heterojunctions have
emerged as promising candidates for high-performance photodetectors. However, direct experimen-
tal evidence confirming the enhancement of photoelectric properties by the heterojunction’s type and
structure remains scarce. In this work, we present flexible photodetectors based on individual GaSe
and MoS,, as well as a vertically stacked type-II GaSe/MoS, vdW heterojunction on polyethylene
terephthalate (PET) substrate. These devices demonstrate outstanding responsivities and rapid
response speeds, ensuring stable and repeatable light detection. It is notable that the GaSe/MoS,
heterojunction photodetector exhibits the highest on-off ratio and fastest response speed, attributed to
the formation of type-II band alignment. Furthermore, the GaSe/MoS, heterojunction photodetector
maintains robust stability even in a bent state, highlighting remarkable flexibility. This work exem-
plifies the type-II vdW heterojunctions in enhancing photoelectric properties through direct in-situ
experimentation, laying the groundwork for practical applications of 2D flexible photodetectors.

Keywords: type-II vdW heterojunction; GaSe; MoS,; flexible photodetector

1. Introduction

Photodetectors are widely used in imaging [1,2], sensing [3,4], optical communica-
tion [5,6] biomedical application fields [7], etc., and improvement for the performances
of photodetectors has attracted extensive attention. Photodetectors fabricated by stacked
two-dimensional (2D) van der Waals (vdW) heterostructures is considered as an effective
strategy to improve their optoelectronic properties [8-12]. Generally, 2D materials perform
distinct optical, electrical and mechanical properties compared to their bulk counterparts.
The absence of dangling bonds in various 2D materials allows for the construction of
stable heterostructures without the need for precise lattice matching, resulting in excellent
and sharp interfaces [13]. The interfacial tunable band alignments of heterostructures are
suitable for optimizing the performance of electronic and optoelectronic devices. Notably,
type-Il band alignments facilitate efficient separation of the photogenerated carriers, extend-
ing the lifetime of photoexcited carriers [14,15], and enabling ultrafast charge transfer [16].
Due to the mismatch of the band margin, the photoexcited electron-hole pairs can be effec-
tively separated in the heterojunction, which reduces the probability of the recombination
of carriers. Consequently, type-II band alignments offer a promising avenue for enhancing
the photoelectric properties of photodetectors. Despite the theoretical advantages, the
impact of a type-IIl vdW heterojunction on improving the performance of a photodetector
has not been substantiated by in situ experiments systematically or comprehensively.

Among multifarious 2D materials, GaSe stands out as a typical p-type semiconductor
with a direct bandgap of 2.0 eV in its bulk form [17] and the thickness of the monolayer
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is about 0.93 nm [18]. GaSe exhibits fascinating optoelectronic properties, including high
responsivity reached at almost 2200 mA W~1[19], a low dark current of about 10~ 11 A [19],
nonlinear optical property [20], unique spin polarization [21], etc. Meanwhile, MoS; is an
n-type semiconductor with an indirect bandgap of 1.2 eV in the bulk state [22] and a mono-
layer thickness of around 0.65 nm [23]. The photodetectors based on MoS, demonstrate
strong light-matter coupling [24], high photoresponsivity exceeding 59 A W~ [25], a rapid
response time of less than 42 ps [25] and a broadband spectral response [26].

Attributed to the formation of type-II band alignment in the GaSe/MoS; vdW hetero-
junction, numerous researchers have explored them for photodetection purposes [27-31].
Zou et al. realized the preparation of vertical GaSe/MoS; heterojunctions by liquid-metal-
assisted growth. The resulting self-powered photodetector shows high responsivity of
900 mA W~ and a fast response speed of 5 ms [30]. Moreover, the escalating demand for
portable and wearable applications promotes the development of flexible devices. In view
of the excellent mechanical properties of 2D materials, GaSe/MoS; vdW heterojunctions
are considered highly suitable for the fabrication of flexible photodetectors [32-35]. How-
ever, in contrast to the photodetectors based on rigid substrates, those devices based on
flexible substrates exhibit lower responsivity [36]. Fabricating high-performance flexible
photodetectors remains a substantial challenge.

In this work, we developed a vertically stacked GaSe/MoS; vdW heterojunction and
meticulously examined its properties, confirming the presence of a type-II band alignment.
Furthermore, a flexible photodetector based on a vertical GaSe/MoS, vdW heterojunc-
tion was successfully fabricated on the polyethylene terephthalate (PET) substrate. The
photoelectric properties for the photodetectors of the GaSe, MoS,, and GaSe/MoS, het-
erojunction were systematically evaluated by connecting various Au electrode pairs. A
photodetector based on a GaSe/MoS; vdW heterostructure with type-II band alignment
demonstrates superior performance with relatively high responsivity and detectivity of
22.6 mA W1 and 8.54 x 107 Jones, respectively, along with a rapid response time of 20 ms.
In addition, the photodetectors on the PET substrates perform effectively and steadily in the
bent state. Our study showcases the efficacy of a type-II GaSe/MoS; vdW heterojunction
for a high-performance flexible photodetector by the in situ experimental manner directly.

2. Materials and Methods
2.1. Preparation of GaSe/MoS; vdW Heterojunctions

The GaSe and MoS, nanosheets were mechanically exfoliated from the commer-
cial bulk crystals of high-quality e-GaSe and MoS, (Hq Graphene Company, Groningen,
Netherlands, purity: >99.9%), respectively. The GaSe and MoS, layers were then separately
transferred onto different SiO; (300 nm)/Si substrates. Polypropylene carbonate (PPC) was
spin-coated on an MoS, nanosheet, followed by the peeling of PPC and MoS; from the
5i0, /Si substrate. Finally, PPC/MoS; were stacked onto the previously transferred GaSe
nanosheet on the target SiO, /Si substrate. The sample was then immersed in acetone for
a few minutes to remove PPC, and the fabrication of vertically stacked GaSe/MoS, vdW
heterojunction was realized.

2.2. Fabrication of Flexible Photodetectors

Similar to the steps above, the flexible photodetector based on the GaSe/MoS, hetero-
junction can be obtained by transferring the sample onto a PET target substrate deposited
with Au electrodes. A series of processes including photolithography, deposition of Au, and
lift-off were performed to produce the Au electrodes. The thickness of the Au electrodes on
the PET substrate is 50 nm.

2.3. Characterization of Samples and Measurement of Photodetectors

Optical microscopy (BX-51M, Olympus, Tokyo, Japan) and atomic force microscopy
(Multimode-8, Bruker, Bilerika, MA, USA) were employed, respectively, to evaluate the mor-
phology and thicknesses of GaSe and MoS,. Raman and photoluminescence (PL) spectra
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were obtained by utilizing a Raman spectrometer (inVia 96Q857, Renishaw, Gloucestershire,
UK) with an excitation wavelength of 532 nm. The optoelectronic properties of photodetec-
tors based on the GaSe, MoS, and GaSe/MoS; vdW heterojunction were measured by the
sourcemeter (2635B, Keithley, Cleveland, OH, USA). The optical wavelength is controlled
using the lasers (Shenzhen infrared laser Technology Co., Ltd., Shenzhen, China) and the
optical power density is calibrated using the laser power meter (843-R, Newport, Irvine,
CA, USA). The distance from the light source to the substrate is about 10 cm. It is notable
that the total area of illumination is about 0.5 cm?, which is larger than the effective area of
the devices.

3. Results and Discussion
3.1. Characterization of Individual GaSe, MoS, and Their Heterostructure

The optical microscopy (OM) image of the vertically stacked GaSe/MoS; vdW het-
erojunction on the SiO; /Si substrate is depicted in Figure 1a. Clear optical contrast shows
GaSe on the left and MoS; on the right, which are marked by the arrows, respectively. Note
that the sample shows a clean surface and sharp interface. The atomic force microscopy
(AFM) images of GaSe/MoS,, GaSe and MoS, samples are correspondingly displayed in
Figure 1b—d. The portion above the red line in Figure 1b is GaSe, the portion on the lower
left is MoS,, and the middle part is the GaSe/MoS, vdW heterostructure. In Figure 1c,d,
the corresponding height profiles in the insets reveal that the thicknesses of the GaSe and
MoS; nanosheets are ~104.4 nm and ~22.8 nm, respectively. For more information of the
transmission electron microscope (TEM), high-resolution transmission electron microscopy
(HRTEM) and the corresponding energy dispersive spectrometer (EDS) mapping images of
the GaSe/MoS, vdW heterojunction, please refer to Figure S1.

w

Height (nm
Ty
= = >

|
N
=3

Height (nm)

i
|
w
|

0.4 08 1.2
Dmm'ce (;u'n)
00 05 10 15

. @ Distance (um). . ) 3 pm

Figure 1. Morphology characterization of GaSe, MoS, and the heterojunction. (a) OM image of the
vertically stacked GaSe/MoS, vdW heterojunction on the SiO; /Si substrate. (b—d) AFM images of
GaSe/MoS,, GaSe and MoS, regions, respectively. Height profiles in the insets of (c) and (d) show
the thicknesses of GaSe and Mo0S,. The red dotted lines show the locations for the measurement of
height profiles.
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In order to characterize the optical property of the GaSe/MoS, vdW heterojunction on
5i0,/Si, the Raman and PL spectra of GaSe, MoS; and their overlapped area (GaSe/MoS,
heterojunction) were measured and the spectra are presented in Figure 2a and Figure 2b,
respectively. In Raman spectra, GaSe features three primary peaks at 134 cm ™! (Allg),
212 cm ™! (B! 2¢) and 308 cm~! (Azlg), respectively, verifying the excellent crystal quality
of the GaSe nanosheet [37]. Among them, Allg and A21g are associated with the out-of-
plane vibration mode, whereas E! 2¢ derives from the in-plane vibration mode [38]. The
two typical Raman peaks of MoS; are positioned at 383 cm ! (Elzg) and 408 cm ! (A1g),
which associates with the in-plane vibration mode and the out-of-plane vibration mode,
respectively [39]. In the overlapped area where GaSe and MoS; overlap, all characteris-
tic Raman peaks of both GaSe and MoS; are visible, demonstrating the construction of
the heterojunction.
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Figure 2. Raman and PL spectra of individual GaSe, MoS, and their heterostructure. (a) Raman
spectra and (b) PL spectra collected from GaSe, MoS, and their overlapped region (GaSe/MoS; vdW
heterojunction), respectively.

At an ambient temperature, the PL spectra of GaSe reveals a strong and narrow peak
at approximately 2.00 eV, indicating that the nanosheet is e-GaSe [40]. A weak and wide PL
peak of MoS; is detected at approximately 1.84 eV at room temperature, which corresponds
to direct excitonic transition. Both Raman and PL spectra demonstrate that the GaSe and
MoS; nanosheets have excellent crystallinity. In the overlapping area, all characteristic PL
peaks of both GaSe and MoS; are likewise depicted, demonstrating the construction of
a vertical GaSe/MoS; vdW heterojunction. The decrease in PL intensity observed at the
heterojunction suggests that a portion of the photoexcited charge carriers undergo nonradia-
tive recombination instead of contributing to PL emission. This phenomenon is indicative
of ultrafast photoexcited carrier transport at the interface of the heterostructure, providing
evidence that the GaSe/MoS; vdW heterojunction exhibits a type-II band alignment.

The schematic diagrams of crystal structures and energy bands for MoS; and GaSe
are illustrated in Figure S2 [28,41]. The vertically stacked GaSe/MoS; vdW heterostructure
generates a type-II band alignment, with the minimum conduction band corresponding
to MoS; and the maximum valence band corresponding to GaSe. This heterostructure
results in separating electrons and holes residing in two separated layers upon optical exci-
tation [16], which is advantageous for the fabrication of high-performance photodetectors.

3.2. Fabrication Process of Photodetectors

A flexible photodetector based on a vertically stacked GaSe/MoS, vdW heterojunction
was fabricated and the flow chart for the preparation process is showcased in Figure 3a.
In order to present the transfer procedure, the OM and AFM images of GaSe and MoS,
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are exhibited in Figure S3. The thickness of the GaSe nanosheet and MoS; nanosheet is
~24.7 nm and ~170 nm, respectively. Both the GaSe and MoS, work together as the light
absorbing layer of the photodetector. They form the type-II heterostructure, which can
effectively separate the photogenerated carriers. In addition, MoS, is extraordinarily stable
in air, while GaSe is not as stable as MoS,. Therefore, MoS, on the upper layer can also
act as a protective layer for the device. The photograph of the flexible photodetector fabri-
cated by the vertically stacked GaSe/MoS, vdW heterostructure is presented in Figure 3b,
and Figure 3c is the OM image of the device. Note that the photoelectric properties of
photodetectors based on the individual GaSe, MoS, and GaSe/MoS, heterojunction were
determined by connecting different combination of Au electrodes pairs of 1&2, 3&4 and
1&4, respectively. Therefore, we are capable of realizing the contrastive measurement of
different photodetectors by an in situ experimental manner directly. The effective area of
the GaSe, MoS, and GaSe/MoS; vdW heterojunction photodetectors were measured to be
202,43 and 137 umz, respectively.
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Figure 3. Fabrication process and photograph of photodetectors. (a) Brief flow chart of the fabrication
of flexible photodetectors based on vertically stacked GaSe/MoS, vdW heterojunction. (b) Photo-
graph of the device illustrating its flexibility. (c) OM image of the device with different combinations
of Au electrodes pairs.

3.3. Photoresponse of the GaSe, MoS, and Heterostructure Photodetector

To figure out the photoelectric performance of the GaSe photodetector, systematic
measurements were performed. The current-voltage (I-V) curves in the dark and under
the incident light of varying wavelengths are presented in Figure 4a. These I-V curves
are generally symmetrical around the origin, suggesting that the contacts between the
GaSe and two Au electrodes are nearly consistent. At a bias of 2 V, the dark current (Iz,%)
of the photodetector is as low as 31 pA. The responses of the device to the lights with
wavelengths of 670 nm, 650 nm and 635 nm are quite weak. However, when the inci-
dent photon energy is greater than the energy gap of GaSe, the responses of the device
to the incident lights become apparent, with the response to 405 nm light the most evi-
dent. The spectral responsivity of the device at 2 V shown in Figure 4b further proves
this result. Under the illumination with the wavelength of 450 nm and the light power
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density of 0.36 mW/mm?, the responsivity and the detectivity of the GaSe photodetector
are 10.5 mA /W and 4.74 x 107 Jones. Figure S4a also depicts the I-V curves of the GaSe
photodetector under varying light power densities and the currents under incident light
(Iiignt) increase with the increasing light power densities. Figure 4c depicts the relationship
between the photocurrent I (I = Ijjgns — Igark) Of the device and the incident light power
density P with 450 nm incident light at 2 V. The curve was fitted with I « P%, where « is a
constant evincing the capability of the photocurrent response to the light power density and
its value is fitted to be 0.56. The nonlinear index 0 < & < 1 often appears in semiconductor
photodetectors, which is associated with the intricate process of electron-hole generation,
trapping and recombination inside the semiconductor [42]. The power law fitting can more
intuitively reflect the change of the photocurrent with optical power density. Photogen-
erated electrons are captured by the trap states. As the incident light intensity rises, the
existing trap states become saturated, and subsequently, newly generated electron—hole
pairs do not significantly contribute to the charge transfer process. This is due to the swift
recombination of electrons and holes, limiting their effective participation in the overall
charge transfer dynamics [43]. If the trap states are rare, the photocurrent will be propor-
tional to the light power density linearly and « is close to 1 [44]. Here, o is much smaller
than 1, which implies there are some trap states in GaSe. Figure 4d illustrates the temporal
photoresponse of the photodetector at 2 V while switching 450 nm light with light power
densities of 0.36, 1.17 and 4.90 mW /mm?. The device is capable of reliably and consistently
detecting light. As the light power density increases, the ratio of the current under incident
light Ijjes to dark current Iy, rises, which is 225, 460 and 925, successively. The maximum
value of Ij;e; of GaSe merely reaches 3.7 nA. The single-cycle switching characteristic curve
of the GaSe photodetector at 2 V is shown in Figure S4b. Both the response time and the
recovery time of the device are 40 ms. In general, the GaSe photodetector shows relatively
limited photoelectric performances in terms of the responsivity of devices, yet it presents
superiority in detecting light consistently with an exceptional response speed.
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Figure 4. Photoresponse of the GaSe photodetector. (a) I-V curves in the dark and under incident light
with different wavelengths. (b) Spectral responsivity of the photodetector at 2 V. (c) The relationship
between device photocurrent and incident light power density. (d) Temporal photoresponse of the
device by switching 450 nm light with different light power densities.
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The photoelectric performances of the MoS; photodetector were also measured. The
I-V curves in the dark and under incident light of various wavelengths are evidenced in
Figure 5a. These I-V curves are likewise nearly symmetric around the origin, indicating
that the contacts between MoS; and two Au electrodes are essentially consistent. At a bias
of 2'V, the dark current of the photodetector reaches 72.7 nA. Owing to the intrinsic long-
wavelength restriction of MoS, being 1033 nm, the responses of the device to visible light
are thoroughly evident. The spectral responsivity of the device at 2V, as seen in Figure 5b,
further substantiates this assertion. Under the illumination of light with the wavelength of
450 nm and the light power density of 0.36 mW /mm?, the responsivity and the detectivity of
the photodetector are fairly high, attaining 2496.8 mA /W and 1.07 x 108 Jones. In addition,
the I-V curves of the MoS; photodetector under the illumination of light with various light
power densities are illustrated in Figure S5a and Ij;s;; increases with the increasing light
power densities. Figure 5c plots the relationship between the device photocurrent I and
incident light power density P with 450 nm incident light at 2 V. The curve is similarly
fitted with I < P%, and the value of « is 0.43, denoting that MoS, includes certain trap
states [42—44]. Figure 5d portrays the photoresponse of the photodetector at 2 V, switching
the 450 nm light with 0.36, 1.17 and 4.90 mW /mm? light power densities. The device can
also detect light consistently and reliably. Due to the significant dark current, the ratio of
Lignt 0 Lgar is relatively low, with a maximum value of merely 2.3. However, the maximum
Ljgnt of MoS; is 236 nA, which is a relatively high value. Figure S5b depicts the single-cycle
switching characteristic curve of the MoS, photodetector under 450 nm light illumination
with 4.90 mW /mm? light power density. Both the response time and the recovery time
of the device are 40 ms. In summary, the ratio of Ijigy; to Iy of the MoS; photodetector
are barely satisfactory. Nonetheless, it realizes the detection of light consistently, and its
responsivity is remarkably high with an outstanding response speed.
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Figure 5. Photoresponse of the MoS; photodetector. (a) I-V curves in the dark and under incident
light with different wavelengths. (b) Spectral responsivity of the photodetector at 2 V. (c) Photocurrent
versus light power density at 2 V. (d) Temporal photoresponse of the device at 2 V by switching
450 nm light with different light power densities.
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To compare the photoelectric performances, the photodetector fabricated by the
GaSe/MoS; vdW heterojunction is measured as well. The I-V curves of the GaSe/MoS,
photodetector in the dark and under incident light with various wavelengths are shown
in Figure 6a. These I-V curves closely resemble those of the GaSe photodetector. Similar
to the GaSe photodetector, the dark current value of the GaSe/MoS, photodetector is
only 30 pA at 2 V. They differ in that the GaSe/MoS; photodetector exhibits a relatively
pronounced rectification effect. The spectral responsivity of the device at 2 V, as seen in
Figure 6b, is comparable to that of individual GaSe photodetectors. Under the illumination
of light with the wavelength of 450 nm and the light power density of 0.36 mW /mm?,
however, the responsivity and the detectivity of the GaSe/MoS, photodetector are greater,
reaching 22.6 mA /W and 8.54 x 107 Jones. Moreover, the I-V curves of the GaSe/MoS,
vdW photodetector with varying light power densities are presented in Figure S6a and
the currents under incident light show an increase trend with the increasing light power
densities. Photocurrent as a function of light power density at 2 V is depicted in Figure 6c.
The curve is also fitted with I « P%, and the value of « is 0.60, which is consistent with
the previous findings. The temporal response of the GaSe/MoS, photodetector at 2 V
while switching 450 nm light with 0.36, 1.17 and 4.90 mW /mm? light power densities is
presented in Figure 6d. The device can also realize reliably and consistently the detection
of light. As a result of the strong suppression of the dark current, the ratio of gy to Ljsk
is rather high. As the light power density grows, so does the ratio, which is successively
380, 1180 and 2360, respectively. The highest value of I}, reaches 7.5 nA. The single-cycle
switching characteristic curve of the GaSe/MoS, vdW photodetector is displayed in Figure
S6b. Both the response and recovery time of the device are about 20 ms, which are similar
with that of the GaSe photodetector and the MoS; photodetector.
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Figure 6. Photoresponse of the GaSe/MoS, vdW heterojunction photodetector. (a) I-V curves
in the dark and under incident light with different wavelengths. (b) Spectral responsivity of the
photodetector at 2 V. (c) Photocurrent versus light power density at 2 V. (d) Temporal photoresponse
of the device at 2 V by switching 450 nm light with different light power densities.
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The comparative performance of the individual GaSe, MoS, and GaSe/MoS; vdW
heterojunction photodetectors is shown in Figure 7a. Note that the comparison of photo-
electric properties is also presented in Table S1. In conclusion, GaSe, MoS, and GaSe/MoS,
photodetectors can all detect light in a repeatable and stable manner, and their response
rates are all expeditious. The heterostructure photodetector exhibits higher responsivity
and detectivity than the GaSe photodetector but lower responsivity and detectivity than the
MoS; photodetector. Furthermore, The heterostructure device has the largest ratio of Liight
to I, among all the devices. The GaSe/MoS; vdW heterojunction photodetector features
the combined benefits of both GaSe and MoS,. The aforementioned results demonstrate
unequivocally that type-II vdW heterostructures significantly improve the performances of
photodetectors. We have also provided the comparison of the photoelectric performances
of the GaSe/MoS, heterostructure, individual MoS; and GaSe devices in this paper with
those in other related literatures, and they are listed in Table S2 [18,19,25,27,29,30,45]. The
photodetectors in this work show comparable performances with those in the previous
reported papers. Note that the photodetectors in this work are fabricated on the flexible
PET substrates rather than rigid substrates. Therefore, our photodetectors show more
superiority in the flexible situation compared with other ones.
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Figure 7. Comparison of performance for the photodetectors and band alignment of the hetero-
junction. (a) Performance comparison of the GaSe, MoS, and GaSe/MoS, vdW heterojunction
photodetectors. (b) Band alignment at the interface of the GaSe/MoS, heterojunction.

The rationale for the performance enhancement may be deduced from the band
alignment diagram of the GaSe/MoS, heterostructure, which is presented in Figure 7b.
The energy bands of the two materials intersect, and the heterostructure shows a type-II
alignment. The type-II band alignment is responsible for the enhanced performance of the
heterostructure photodetector. Due to the different Fermi levels of MoS; and GaSe, electron
carriers tend to flow into GaSe, whereas hole carriers tend to flow into MoS,. An intrinsic
electric field is produced at the interface of MoS; and GaSe, causing the energy levels to
bend near the surfaces of MoS, and GaSe. At the interface of MoS, and GaSe, a stable built-
in electric field is created when the Fermi levels of MoS, and GaSe are eventually equal.
In the meantime, the built-in electric field causes the photogenerated electrons and holes
to drift in opposing directions under illumination, which effectively separates two types
of carriers, prolongs the life of photogenerated carriers, improves the photoconductive
gain of the device and eventually enhances the performance of the photodetector. When
the GaSe/MoS; heterojunction is under the dark environment, the carriers are mainly
generated thermally and driven by the electric field. When the GaSe/MoS; heterojunction
is in the light environment, the light triggers the production of carriers. The energy of the
photons excites electrons to jump from the valence band to the conduction band, generating
more electron-hole pairs and resulting in an enhanced photocurrent.
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3.4. Flexible GaSe/MoS; Heterojunction Photodetector

The flexible GaSe/MoS,; vdW heterojunction photodetector is bendable and it is able
to work effectively in a bent state. Figure 8a illustrates a schematic diagram of the bent
heterojunction device (top) and a photograph of the device with a 1.5 cm radius of curvature
(bottom). The temporal photoresponse of the device in the straight state and in the bent
state at 2 V with switching the 450 nm light are shown in Figure 8b. The dark current
of both states is nearly equal, while the Ij;p; of the device shows a minor decreasing
trend at the bent state, which may cause a decrease of the on—off ratio slightly. In the
interim of switching measurements, the photodetector maintains a repeatable and reliable
photodetection capacity, showcasing its superior flexible adaptability at the bent state. The
demonstration for the long-term stability of the flexible GaSe/MoS; vdW heterojunction
photodetector was also performed. Please refer to Figure S7 for more information.
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Figure 8. Measurement of the flexible GaSe/MoS, heterojunction photodetector. (a) Schematic dia-
gram (top) and photograph (bottom) of the vertically stacked type-II GaSe/MoS, vdW heterojunction
photodetector at a bent state. (b) Temporal photoresponse of the heterojunction device at a bias of 2 V
by switching 450 nm light without bending and at the bent state.

4. Conclusions

In this work, the type-II band alignment of the vertically stacked GaSe/MoS; vdW
heterojunction was verified. Subsequently, we achieved the successful fabrication of a
flexible photodetector based on the GaSe/MoS; heterojunction on a PET substrate. Photo-
electric properties of individual GaSe, MoS, and GaSe/MoS; heterojunction photodetectors
were characterized in situ by connecting various combinations of Au electrode pairs. All
variations of photodetectors realized the detection of light consistently and reliably, ex-
hibiting relatively remarkable responsivities on the flexible substrate with rapid response
speed. Notably, the heterojunction photodetector achieves the highest on-off ratio of 2360
with the light wavelength of 450 nm and the light power density of 490 mW/mm?. The
boost of photoelectric performance for the heterostructure photodetector is attributed to the
formation of type-1I band alignment. Furthermore, the exceptional flexible adaptability of
the photodetector based on the GaSe/MoS; heterojunction is particularly impressive. This
study directly and experimentally showcases the efficacy of the type-II vdW heterojunction
for advancing flexible photodetectors.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cryst13111602/s1, Figure S1: Structure and energy spectrum characterization of the GaSe/MoS,
van der Waals heterojunction, Figure S2: Crystal structures and energy-band diagrams of MoS, and
GaSe [28,41], Figure S3: Fabrication process of GaSe/MoS; photodetector, Figure S4: Photoresponse
of the GaSe photodetector, Figure S5: Photoresponse of the MoS, photodetector, Figure S6: Photore-
sponse of the GaSe/MoS, vdW heterojunction photodetector, Figure S7: Stability of the GaSe/MoS,
photodetector, Table S1: Comparison of photoelectric properties for individual GaSe, MoS; and
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GaSe/MoS; vdW heterostructures, Table S2: Comparison of photoelectric performances with those
in other related literatures [18,19,25,27,29,30,45].
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