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High-Performance Photodetector Based on Bi,Se; /GeSe
Heterojunction with Band Alignment Evolution

Yahui Li, Mengqi Che, Nan Zhang,* Yuting Zou, Xingyu Zhao, Yucai Lin, Bingchen Lv,
Xiaobao Ma, Yaru Shi, Jianjun Yang, Xiaojuan Sun, Shaojuan Li,* and Dabing Li*

Band alignment engineering in 2D van der Waals heterostructures is a
promising method for manufacturing high-speed, high-responsivity, and
high-gain photodetectors. Here, a heterojunction photodetector with the band
alignment transition from type | to type Il under the bias voltage using narrow
bandgap material n-Bi,Se; and polarization-sensitive material p-GeSe is
designed and prepared. This photodetector possesses excellent performance
of broadband detection (532-1550 nm), high responsivity (5.86 x 10> A W),
high detectivity (1.50 x 10" Jones), significant external quantum efficiency
(1.15 x 10°%) and fast response time (97 ps). Compared with the
conventional type 1l band alignment, an additional triangular potential barrier
is generated in this type Il band alignment evolved from type I. Notably, this
triangular barrier will block photogenerated carriers in Bi,Se;, which leads to
high external quantum efficiency; Furthermore, photogenerated holes can
tunnel through this barrier, effectively shortening the response time.
Meanwhile, the device can achieve polarization detection (anisotropic ratio =
1.74 at 808 nm) and polarization imaging, which is of great significance for

optical communications, night vision, med-
ical imaging, security checks, and so on.'-#!
2D semiconductor materials broke through
many limits of traditional materials and be-
came a candidate for the new generation of
photoelectric detection materials owing to
their wide variety, broad bandgap coverage,
and excellent photoelectric properties.[*%10]
Among them, photodetectors constructed
using narrow bandgap 2D materials have
been widely studied in the field of broad-
band photoelectric detection from ultravi-
olet to terahertz bands.['™*l Meanwhile,
polarized photodetection, as another im-
portant factor of photodetection, can effec-
tively reduce the bit error rate by com-
bining the scattering, transmission, and
reflection information of objects in com-
plex environments.['>"*°! With the contin-
uous improvement of detection accuracy

reducing the bit error rate in complex environments.

1. Introduction

Broadband photodetectors are of tremendous research interest
owing to their wide potential applications in the fields of
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and miniaturization requirements, the in-

troduction of 2D polarization materials

with ultra-high carrier mobility, adjustable
bandgap, and intrinsic anisotropy has become a new research
hotspot in the field of polarization detection and imaging.[22!]
Currently, especially van der Waals heterojunction (vdWH) con-
structed with 2D materials has attracted widespread attention
due to its intriguing properties in combining and exploiting
component materials in only one device.??] Based on this,
vdWH photodetectors constructed with narrow-bandgap and
polarization-sensitive 2D materials are expected to achieve
broadband polarization photodetection.

Due to the 2D vdWH interface with few dangling bonds,
it is possible to design heterojunctions with different band
alignments.[2>2] In the type I band alignment (straddling), the
wider bandgap semiconductor can serve as a potential barrier,
trapping carriers in the neighboring narrower bandgap semi-
conductor. The trapped carriers can act as a local electric field,
shifting the Fermi level of the narrower bandgap material, thus
inducing more carriers of the opposite type and causing gain of
the device.[?28] For example, Zhang et al. prepared a type I band
alignment MoS, /Ta,NiSes heterojunction photodetector, which
exhibits a high gain of 6 x 10’ and a high external quantum
efficiency (EQE) of 1.2 X 10°% at 532 nm.!"2) However, the cap-
tured states also cause long response times of 56.4 and 451.2 s at
532 nm, which is a general problem of the gain-time (G-T) trade-
off in 2D materials.>?] Besides, the type II band alignments
(staggered) can effectively separate carriers under the action of
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the electric field, thereby enhancing responsivity (R), and are
widely used in photodetectors.*”) For example, Zhai et al. pre-
pared a type II band alignment Bi, Te, Se/Bi, O, Se heterojunction
photodetector, which exhibits a high R of 2210 A W=! at 532 nm
under photoconductive and photogating effects.?!l It is worth
noting that the band alignment can also be transitioned by the
application of an external electric field, in order to effectively inte-
grate the advantages of different band alignments and ultimately
achieve performance improvement.*?l Wang et al. used the
ultra-high electric field generated by ferroelectric polarization to
adjust the band alignment from type II to type I in a GeSe/MoS,
photodetector, where the [, of type I alignment is nearly tens of
times higher than that of type II band alignment.[*?] Zhao et al.
prepared a Te/In,S; heterojunction photodetector with type II
band alignment that can be tuned to type I and type III under
positive bias and reverse bias, respectively, resulting in tunable
tunneling of photogenerated carriers.**) When the band align-
ment changes from type II to type I, the photodetector possesses
an R of 146 A W~! and a response time of 5 ms.[*}] Notably, the
tunneling mechanisms usually improve the response speed of
the heterojunction, thus solving the problem of the G-T trade-off
in photodetectors. For example, in AsP/InSe and PtS,/WSe,
heterostructures, the response times are reduced to 89 and 8 us
under the band-to-band tunneling effect.[?23*] Therefore, it is
possible to prepare a photodetector with high R, high EQE, and
fast response by combining the precise band alignment design
and tunneling mechanisms.

In this work, we conducted a precise band design based on
narrow bandgap material n-Bi,Se; and polarization-sensitive
material p-GeSe to improve the overall performance of the pho-
todetector. Different from the type I band alignment under zero
bias, the band alignment of our device evolves from type I to type
II under positive bias with the occurrence of carrier tunneling,
effectively combining the advantages of type I (high EQE) and
tunneling effect (fast speed). Wherein, the maximum R, detective
(D*), and EQE of this photodetector can reach 5.86 x 10° A W~1,
1.50 x 10" Jones, and 1.15 X 10°% at the incident light power
of 0.04 mW cm™2 at 635 nm. In addition, the photodetector can
achieve a 97 ps quick response. Significantly, the device exhibits
polarization sensitivity with a polarization ratio of 1.74, and
angle-resolved imaging is achieved. The proposed Bi,Se,/GeSe
heterojunction photodetector holds important application poten-
tials for broadband, high sensitivity, high speed, and polarization
photodetection.

2. Results and Discussion

Figure 1a shows the schematic diagram of Bi,Se,/GeSe hetero-
junction photodetector, which is prepared on 285 nm SiO,/Si
substrates. GeSe possesses a “puckered” structure similar to
black phosphorus, and Bi,Se; is made up of quintuple layers
(QLs) arranged in Se—Bi—Se—Bi—Se subsequences, as shown
in Figure 1a.353¢] The optical microscope image and the Ra-
man spectra of the multilayer Bi,Se;, GeSe, and their overlapped
heterojunction are shown in Figure S1 (Supporting informa-
tion). For Bi,Se; (red line), the Raman peaks at 71.35 (A',))
and 174.48 cm™ (A’},) corresponds to out-of-plane vibration
modes, and in-plane vibration mode locates at 131.44 cm™ (E?,),
respectively.3>37] For GeSe (blue line), the out-of-plane vibration

Adv. Optical Mater. 2024, 12, 2302339

2302339 (2 of 8)

www.advopticalmat.de

Raman peaks are located at 81.84 (A',,) and 188.42 cm™" (A%)),
and the Raman peak at 150.14 (B,,) corresponds to in-plane vi-
bration mode, respectively.3®38! In the overlapped heterojunc-
tion area (black line), all the above peaks appear in the Raman
spectrum, proving the formation of a heterojunction favorably.*!
Figure Slc,d (Supporting Information) display energy dispersive
spectroscopy (EDS) spectra of GeSe and Bi, Se;, respectively. The
element ratios of Ge/Se (1:1) and Bi/Se (2:3) are approximate to
their molar ratio. The Se in GeSe is slightly higher than 50%, and
the Se in Bi, Se, is slightly lower than 60%, which will cause GeSe
and Bi, Se; to show p-type and n-type, respectively. The transfer
curves of bare GeSe and bare Bi,Se; in Figure Sle (Supporting
Information) again show that GeSe is a p-type semiconductor,
while Bi,Se; is a gate voltage-independent material. This is con-
sistent with the reports in previous literatures.l?’*?] As shown in
Figure S1f (Supporting Information), the thickness of Bi, Se; and
GeSe is estimated to be 77 and 54 nm, respectively.

The current—voltage (I;,— V) curves at 532-1550 nm with dif-
ferent power densities were measured to determine the photo-
electric characteristics of the Bi,Se;/GeSe heterojunction pho-
todetector as shown in Figure S2 (Supporting Information). The
photodetector possesses obvious current changes under light il-
lumination of different wavelengths. Figure 1b depicts the I;.—
Vs curve of the photodetector at 635 nm illumination with var-
ied power. The photocurrent (I;,) increases obviously with the
increase of optical power density. Here

Iph = Ilight = Tganc 1)

where Iy, and Iy, are the light current and the dark current.*®)
As shown in the inset of Figure 1D, the output behavior of the de-
vice under positive biases can be well-fitted using a Simmons ap-
proximation tunnel barrier model, including Fowler—Nordheim
(EN) tunneling and direct tunneling. The detailed fitting follows
the following formula

4dm>

3neV @)

Tenr & VZexp <—

2d\/2m*<l>> o)
7

Iy o Vexp <—

where m”, d, @, and h are the effective carrier mass, tunnel-
ing thickness, tunneling barrier, and the reduced Planck con-
stant, respectively.?**!] When small V,, are applied, the curve
of In(I/V4,?) versus 1/Vy, exhibits an approximate logarithm re-
lationship. This means that there are carriers that directly tun-
nel through the interface barrier. As the bias voltage increases,
the relationship of In(I/V,.?) versus 1/V,, shows a negative lin-
ear dependence. This means that the direct tunneling would be
replaced by the FN tunneling. As shown in Figure 1c, with the
aim of displaying the capability of detection and sensitivity of the
photodetector, we calculated the R and D* under positive V,.. The
R can be derived based on the formula

A )
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Figure 1. Photoelectric characterization of the Bi,Se;/GeSe heterojunction photodetector. a) Schematic diagram of the heterojunction photodetector.
b) I3~V characteristic curves. Inset: The curve of In (I45/Vy2) versus 1/Vy, of the heterojunction photodetector. c) Responsivity and detectivity of the
device at 635 nm with different light power densities. d) I, and responsivity of the photodetector at different wavelengths. e) Absorption spectra of
bare Bi,Se;, GeSe, and their overlapped heterojunction transferred to sapphire substrate. f) Detectivity and EQE of the heterojunction photodetector at

different wavelengths.

where P and A are the incident light power density and the
effective photosensitive area of the heterojunction.?®! The R
is 5.86 x 10° A W~! measured at the incident light power of
0.04 mW cm~2 at 635 nm and it decreases with promoting the op-
tical power density due to the saturation of I;, at higher power.
The bias-dependent response characteristics of the photodetec-
tor at different wavelengths are shown in Figure S3 (Support-
ing Information), which demonstrates that R increases as Vy in-
creases, and the value of R under positive bias is higher than that
under negative bias. The

I, -Al/2 1/2
D" = s 2 R- A 172 ©)
P-A- (Zeldark) (zeldark)

is another key parameter that characterizes the device photore-
sponse property, where e is the elementary charge.[?228] As shown
in Figure 1c, the maximum D¥* is 1.50 X 103 Jones measured at
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the incident light power of 0.04 mW cm™ at 635 nm. Figure 1d
depicts the plots of I ;, and calculated R at Vy, = 1.2 V with varied
optical power density at different wavelengths. The I, increases
with the increase of optical power density, whereas R decreases as
increasing the optical power density. It is worth noting that the
wavelength-dependent R generally follows the absorption spec-
trum, as shown in Figure le. When the device is irradiated by
light of a longer wavelength beyond ~1000 nm, Bi,Se; becomes
the main light absorption material to generate photogenerated
carriers, yielding a smaller photoresponse. Figure 1f shows the
power-dependent D* and EQE at different wavelengths. The D*
also increases under higher optical power density. As for EQE

_hc
EQE = =R (6)

where h, ¢, and 4 correspond to the Planck constant, speed
of light, and wavelength of incident light, respectively.?!] As
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Figure 2. Working mechanisms of the Bi,Se;/GeSe heterojunction photodetector. a,b) Band diagram of GeSe and Bi,Se; before and after contact,
respectively. ¢,d) Band diagrams of the Bi,Se;/GeSe heterojunction photodetector at Vg4, < 0 and V4 > 0, respectively. Red arrow: built-in electric
field; Blue arrow: source-drain electric field; Orange arrow: F-N tunneling; Purple dashed ellipse: photocarriers recombination; Purple dashed rectangle:
tunneling barrier. e-g) Photocurrent mappings of the Bi,Se; /GeSe heterostructure device under different bias conditions with V4, of —=1.2,0, and 1.2 V.
The incident light is 633 nm. The blue, red, and yellow dashed lines illustrate the outlines of GeSe, Bi,Se;, and metal electrodes, respectively.

shown in Figure 1f, the maximum EQE of this photodetec-
tor is 1.15 x 10°% measured at the incident light power of
0.04 mW cm~2 at 635 nm. The high value of EQE indicates the
strong photoelectric conversion capability of this photodetector
and high internal gain.'?l As shown in Figure S4 (Supporting
Information), the characteristics of EQE-V,, at different wave-
lengths show a consistent trend with R-V, of the device. EQE
increases with the increase of V,, and the value of EQE under
positive bias is higher than that under negative bias. For better
comparison, the I; .~V curves of the bare GeSe photodetector at
635 nm with different power densities were also measured. As
shown in Figure S5 (Supporting Information), the R and EQE of
the Bi,Se;/GeSe heterojunction photodetector are two orders of
magnitude higher than that of the bare GeSe photodetector.

In order to explore the optical response mechanism, the sur-
face potential of Bi,Se;/GeSe heterojunction was measured by
Kelvin Probe Force Microscopy (KPFM).22] As shown in Figure
S6 (Supporting Information), the surface potential difference of
these two materials corresponds to the Fermi level difference,
which is approximately confirmed as 134 meV. According to
previous literatures, the conduction band minimum and the va-
lence band maximum of Bi,Se; (GeSe) are ~x—4.80 eV (—4.09 eV)
and —5.10 eV (—5.23 eV).3537:3842] The offsets of the conduction
and valence band between these two materials are ~0.71 and
0.13 eV, respectively. The energy band profiles of Ti, GeSe, and
Bi, Se, before contact are shown in Figure 2a, where a type I band
alignment is formed.¥) Owing to the difference in Fermi energy
level, the electrons of GeSe move into Bi, Se;, and finally reach an
equilibrium state. Naturally, a bilateral accumulation region will
be formed at the interface, and a built-in electric field will also be
formed from GeSe to Bi,Se;.[*/l As shown in Figure 2b, the en-
ergy band near the GeSe surface tends to bend downward, while
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the energy band near the Bi,Se; surface bends upward. Consid-
ering the work function of metal Ti contact, Schottky and Ohmic
contacts are formed on the GeSe and Bi, Se; sides, respectively.[*}]

As shown in Figure 2¢, when V< 0is applied to the photode-
tector, the band bending of the two materials increases, which
increases the potential barrier for the electrons in the Bi,Se,
side to enter GeSe, resulting in the accumulation of a large
number of electrons on the Bi,Se; side. When both GeSe and
Bi,Se; generate photogenerated carriers, the photogenerated
holes in GeSe enter n-Bi,Se; under the action of the electric
field. However, these photoexcited holes are prone to recombine
with the intrinsic majority carrier (electrons) in n-Bi, Se; and the
accumulated electrons blocked by conduction band barriers in
Bi,Se,, making it difficult to reach the drain electrode. Mean-
while, the photoexcited electrons on Bi, Se, side were blocked by
the conduction band offset and could not drive to the GeSe side
to generate [, and only the photogenerated electrons in GeSe
are collected by the source electrode, leading to a small I, as
illustrated in Figure 2e.[*]

As shown in Figure 2d, when V,, > 0is applied, the band bend-
ing will reverse and the band alignment will also change from
type I to type I, which is more conducive to carrier separation. It
should be emphasized that in this type Il band alignment, there is
an additional triangular barrier caused by the valence band offset
of the constituted materials. Part of the photogenerated holes of
Bi, Se, will be blocked by the triangular barrier. The trapped holes
induce electric field-effect which will shift the Fermi level, induc-
ing the generation of a large number of electrons and causing
gain.[?28] Another part of the photogenerated holes will tunnel
through this triangular barrier under the action of the tunneling
mechanism, which will cause a fast response. The photogener-
ated electrons in the entire device will transport across n-Bi, Se,
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Figure 3. The time-dependent optical responses of the Bi,Se; /GeSe heterojunction photodetector. a) Time-dependent optical responses of the hetero-
junction photodetector at 635 nm with different power densities. b) Rise time and fall time of the heterojunction photodetector at 1.2 V. ¢) Time-dependent
optical responses at different wavelengths with 20 Hz. d) Comparison of the response time of GeSe-based photodetectors with our results. e) Response

time at different wavelengths with modulated light frequency.

with electrons as the majority carriers to the drain electrode. The
photogenerated holes that tunnel into GeSe and in GeSe will
transport across by p-GeSe to the source electrode. Therefore,
the device possesses higher I, (Figure S2, Supporting Informa-
tion), high R (Figure S3, Supporting Information), and high EQE
(Figure S4, Supporting Information) under positive bias voltage.

The above analyses are consistent with the photocurrent map-
ping results shown in Figure 2e-g. When Vy, = 1.2V, I, is
mainly generated near the source electrode, while as for V,, =
0V, there is no significant I, generation, which is due to the
lack of self-driving effect, resulting in the photogenerated elec-
trons in GeSe may recombine with majority carrier, holes, in p-
GeSe, and failed to be collected by the source electrode in time.
The photocurrent mapping result at 0 V is consistent with the
I,—V,, characteristic curve result as well (Figure 1b). However,
when V,, = 1.2V, the type II band alignment effectively sepa-

Adv. Optical Mater. 2024, 12, 2302339

2302339 (5 of 8)

rates the photogenerated carriers, so the [, is mainly generated
in the junction region, which is consistent with our analysis in
Figure 2d.

The time-dependent optical responses of the photodetector
at 532-1550 nm were measured under different light power
densities. Figure 3a shows the optical switching characteristics
at 635 nm under different incident light power densities. As
displayed in Figure 3D, the rise time and fall time measured to
be 7.7 and 14.8 ms with 20 Hz modulation frequency. Here, the
rise (fall) time is defined as the time from 10% to 90% (from
90% to 10%) of the maximum current value, respectively.l']
Figure S7 (Supporting Information) presents optical switching
characteristics under different incident light power densities,
and we notice that high incident light power density can shorten
response time to some extent. The optical switching characteris-
tics at the above wavelengths with 20 Hz modulation frequency

© 2023 Wiley-VCH GmbH
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Figure 4. Polarization-sensitive photodetection of the Bi,Se; /GeSe heterojunction photodetector. a) Schematics of the experimental setup for polariza-
tion measurement. b) The polarized photocurrent at 808 nm at 1.2 V bias voltage. c) Schematics of the experimental setup for polarization-sensitive
imaging measurement. d) Imaging of “CIOMP” letter with different polarization angles of incident light.

are illustrated in Figure 3c. The optical switching characteristics
reflect that this photodetector possesses a stable and repeatable
optical response in a wide band. Figure 3d presents the com-
parison of the response time between our device and previous
reports, and it is found that the response speed of this device
is relatively fast.[213245-4] [n addition, the bare GeSe device was
also tested under the same conditions, and it is not difficult to
find that the response time of this Bi,Se;/GeSe heterojunction
photodetector is slightly shorter than that of the bare GeSe device
(Figure S8, Supporting Information). The rapid response of this
Bi, Se;/GeSe heterojunction photodetector can be attributed to
the tunneling behavior of the heterojunction interface as shown
in Figure 2. The device can respond to light with a high modula-
tion frequency of up to 3000 Hz, with the shortest response time
of the device reaching 97 us (Figure S9, Supporting Information).
As depicted in Figure 3e, the modulation frequency can affect
the response time, which varies from tens of ms to tens of ps.
The general trend is that the response time decreases with the
increase of modulation frequency.[®>*°!] To further illustrate the
high performance of our device, Table S1 (Supporting Informa-
tion) lists the comparison of the performance parameters of our
work with other GeSe-based photodetectors.[21:32:41:45.46.48.49] No.
tably, the Bi,Se;/GeSe heterojunction photodetector possesses
excellent overall performance, holding application potential for
high-performance broadband photodetection.

Furthermore, the polarization-sensitive photodetector can
detect the polarization information of the injected light with
an improved signal-to-noise ratio, thus expanding the amount
of information obtained and reducing the error rate.’!! For
polarization-resolved [, measurement, the schematic dia-
gram of the experimental setup is shown in Figure 4a. The
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polarization-resolved I, of the device is measured at V;; =1.2V.
Figure 4b and Figure S10 (Supporting Information) show the
polarization-resolved I, curves of the photodetector at infrared
wavelengths. Obviously, the polarization-dependent photocur-
rent varies periodically as the polarization angle changes from
0° to 360°. It can be found that the I, reaches the maximum
value at 45° (225°), and reaches the minimum value when the
polarization angle is at 135° (315°). The anisotropy of I, is
caused by the anisotropy of the light absorption of GeSe.’2>%] In
addition, the anisotropic ratios are 1.66, 1.74, 1.58, and 1.58 at
785, 808, 980, and 1064 nm wavelengths, respectively, which are
comparable with previously reported GeSe-based photodetector
(Table S2, Supporting Information).l21324%52] Therefore, the
introduction of polarization-sensitive material GeSe endows the
device with the ability to detect the polarization state of incident
light.

In order to further explore the possibility of the polarization
infrared image sensing capability of the Bi,Se,/GeSe hetero-
junction photodetector, the polarization-sensitive imaging mea-
surement of the device is conducted, and the schematic dia-
gram is shown in Figure 4c. The photograph of the experimen-
tal setup mentioned above is illustrated in Figure S11 (Support-
ing Information). A hollow pattern of the letters “CIOMP” as
a mask is located by a 2D rotary table and this mask is set be-
tween the light source and the lens. As shown in Figure 4d, the
obvious shapes of “CIOMP” can be observed at 808 nm. The
shape is clearest when the polarization angle is 45°, and it is the
least clear at 135°. The clarity of the shape reflects the magni-
tude of the 1. Obviously, Figure 4b,d shows consistent angle-
dependence characteristics. The polarization detection and polar-
ization imaging ability, as well as remarkable R and pronounced
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D, indicate the Bi,Se,/GeSe heterojunction photodetector pos-
sesses a high prospect for future photoelectric devices and optical
applications.

3. Conclusion

In summary, we prepared a broadband polarization photode-
tector using narrow bandgap material Bi,Se, and polarization-
sensitive material GeSe. The band alignment of the Bi,Se,/GeSe
photodetector can be tuned from type I to type II under positive
bias voltage. Notably, this photodetector not only retains the
advantage of high EQE in type I band alignment, but also
possesses the advantages of fast response under the tunneling
mechanism. The maximum R of this photodetector can reach
10° A W~ in the visible band, and 10> A W~ in the near-infrared
band. The fastest response time of this photodetector reaches
97 ps. The polarization ratio can achieve 1.74 at 808 nm. In
addition, this photodetector can be integrated into polarization
imaging systems, showing polarization imaging capability. The
precise band design of vdWH provides a novel platform for
the design and preparation of efficient photodetectors in the
future.

4. Experimental Section

Device Fabrication: Bi,Se; and GeSe flakes were mechanically exfo-
liated from their bulk single crystals (sixCarbon Technology Shenzhen,
China) by using scotch tape. The flakes used were thinned by repeat-
edly folding the tape and transferred to Polydimethylsiloxane (PDMS) film
(METATEST Corporation, China), respectively. Then, multilayer Bi,Se; and
GeSe flakes on PDMS with moderate thickness, large size, flat, and clean
surfaces were selected under the optical microscope (Nikon Corporation,
Japan). The Bi,Se; flake, as the bottom material of heterojunction, was
transferred onto precleaned Si/SiO, (285 nm) substrate by PDMS using
a high-precision 2D material transfer platform (METATEST Corporation,
China, E1-T). Next, the GeSe flake, as the top material of the heterojunc-
tion, was transferred to one side of the Bi,Se; flake using the method
mentioned above, and the Bi,Se;/GeSe heterojunction was successfully
fabricated. The metal electrodes were patterned by UV-lithography. Sub-
sequently, 10 nm Ti and 80 nm Au were deposited on both Bi,Se; and
GeSe following with a lift-off process. For optical absorption measure-
ments, the Bi,Se; and GeSe flakes were transferred onto precleaned
double-polished sapphire substrate. For the EDS test, Bi,Se; and GeSe
flakes with a thickness of um were transferred to low resistant silicon
substrate.

Electrical and Photoelectrical Measurements: The morphology of
Bi,Se;/GeSe heterojunction was characterized by optical microscopy
(Nikon Corporation, Japan). AFM and KPFM images of the Bi,Se;/GeSe
heterojunction were obtained by atomic force microscope (Oxford Instru-
ments, Britain, Cypher S). In order to identify the quality of the exfoli-
ated flakes, the Raman spectra were performed by high-resolution Raman
spectrometer with a 532 nm excitation laser (Horiba Scientific, France,
LabRAM HR Evolution). Photocurrent mapping measurements were also
conducted by the above-mentioned Raman spectrometer with a 633 nm
excitation laser. In order to explore the composition of these two mate-
rials, the EDS spectra were tested by an energy spectrometer (Hitachi
Limited, Japan, S4800). The relatively photoelectrical measurements of
the Bi,Se; /GeSe heterojunction photodetector were performed by a semi-
conductor analyzer (METATEST Corporation, China, Metatest E2) at room
temperature. The photoelectrical properties were measured under 532,
635, 785, 808, 980, 1064, 1310, and 1550 nm laser beams with a diam-
eter 50 um, respectively.
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