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Due to the unique combination configuration and the formation of a built-in electric field, mixed-
dimensional heterojunctions present fruitful possibilities for improving the optoelectronic performances
of low-dimensional optoelectronic devices. However, the response times of most photodetectors built
from mixed-dimensional heterojunctions are within the millisecond range, limiting their applications in
BiSel/GaSe van der Waals
detection ability and competitive

fast response optoelectronic devices. Herein, a mixed-dimensional
designed, which exhibits light

photoresponsivity of 750 A W™! and specific detectivity of 2.25 x 10 Jones under 520 nm laser

heterostructure is visible
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excitation. Excitingly, the device displays a very fast response time, e.g., the rise time and decay time
DOI: 10.1035/d3na00525a under 520 nm laser excitation are 65 ps and 190 ps, respectively. Our findings provide a prospective

rsc.li/nanoscale-advances approach to mixed-dimensional heterojunction photodetection devices with rapid switching capabilities.
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Introduction

The discovery of graphene in 2004 opened a new research field
of two-dimensional (2D) materials, which not only exhibit many
intriguing new phenomena in fundamental science but also
possess vast potential for industrial applications across diverse
disciplines.”® Among the huge application aspects of 2D
materials, the photodetectors built from 2D materials generally
exhibit high photoresponsivity, broadband spectrum detection,
and fast response compared to those built from conventional
three-dimensional thin films.” In recent years, various types of
photodetectors built from different 2D materials have been
designed, including graphene, black phosphorus, hexagonal
boron nitride, transition metal dichalcogenides, and highly
stable oxide perovskites, as well as many ternary sulfide
compounds.**® Benefiting from the excellent mechanical
properties of 2D materials, the flexible 2D materials can be
easily integrated with other 2D materials by versatile facile
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exfoliation and transfer strategies, leading to various types of
van der Waals (vdW) heterojunctions. The ability to engineer
the band structures and excitonic states of 2D materials in vdW
heterojunctions greatly enhances the optoelectronic perfor-
mances of photodetectors. Based on this fact, various types of
vdW heterojunctions, such as the perovskite junction with
tunable work function MXene electrodes, MXene/GaN, MoSe,/
GaSe, MoS,/WSe,, GaSe/InSe, and black phosphorus/MoS,,
have been constructed in order to achieve high performances of
optoelectronic devices.'**

Meanwhile, due to the nature of dangling bond-free surfaces,
2D materials could also be integrated with different dimen-
sional materials such as 0D quantum dots, 1D nanowires, and
3D materials, leading to the so-called mixed-dimensional vdW
heterostructures without consideration of lattice mismatch.*
Different mixed-dimensional heterostructures, such as 1D p-
CuO/2D n-MoS,,** 1D p-Te/2D n-ReS,,”” and 2D MoS,/3D Ge,*®
have been built. Rapid photoresponse,* ultrahigh photo-
responsivity,*® and broadband photoresponse® have been
demonstrated in mixed-dimensional integration systems.
Though the optoelectronic performances have been signifi-
cantly enhanced in these mixed-dimensional heterojunctions,
the response time of mixed-dimensional heterostructures is
mostly within the millisecond range, limiting their application
prospects in rapid switching photodetection devices.>"**

Gallium selenide (GaSe) is a p-type semiconductor which
exhibits a direct bandgap of about 2 eV.** In recent years, GaSe
has aroused significant research attention as a potential mate-
rial platform for building high-performance photodetectors.**-%¢
An ultrathin GaSe-based photodetector exhibits a high

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photoresponsivity of 2.8 A W' and high external quantum
efficiency of 1367% at 254 nm.** Though the response time of
a GaSe-based photodetector could be as fast as 0.02 s, it is still
within the millisecond range. As a matter of fact, the response
times of photodetectors based on GaSe heterojunction are
mostly in the range of seconds to milliseconds.***® Thus, an
efficient strategy to shorten the response time of a GaSe-based
photodetector is of great importance in extending the applica-
tion fields of such low-dimensional materials.

In this work, we construct a mixed-dimensional quasi-1D
BiSel nanowire-2D GaSe nanosheet p-n heterojunction photo-
detector. The photodetector exhibits a very high photo-
responsivity of 750 A W™ and a specific detectivity of 2.25 x
10" Jones at 520 nm. Importantly, we find that the rise and
decay times of the mixed-dimensional heterojunction device
could be as fast as 65 ps and 190 ps, respectively. The present
results demonstrate that the mixed-dimensional BiSel/GaSe
heterostructure is of great potential in building photodetec-
tors with both high responsivity and fast response.

Results and discussion

The characterization of BiSel and GasSe single crystals confirms
that BiSel is a n-type semiconductor with a narrow bandgap of
about 1.1 eV and GaSe is a p-type semiconductor with a bandgap
of about 2 eV. The detailed characterization studies of the
crystal structures, bandgaps and electrical properties are given
in ESI Fig. S1 and S2.7 In this work, we dedicate to investigate
the optoelectronic performances of a mixed-dimensional het-
erojunction built from quasi-1D BiSel nanowires and 2D GaSe
nanosheets. Fig. 1(a) shows the 3D diagram of the BiSel/GaSe
heterostructure. For the fabrication of the photodetector,
a dry physical transfer method is used to vertically stack the
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Fig. 1 (a) The 3D diagram of the BiSel/GaSe heterostructure photo-
detector. (b) Optical microscopy image and (c) Raman spectra of
individual BiSel, GaSe and the BiSel/GaSe heterojunction under
532 nm laser excitation. (d) Photoluminescence spectra of individual
GaSe and the BiSel/GaSe heterojunction.
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BiSel nanowire and GaSe nanosheet. Cr/Au electrodes are
fabricated through the process of thermal evaporation
following ultra-violet maskless lithography. To avoid interfer-
ence from non-contact regions, we only expose the essential
vertical portions of the BiSel and GaSe heterostructure, as the
surface of GaSe is significantly larger than that of the BiSel
nanowire.

Fig. 1(b) shows the optical microscopy image of the hetero-
junction on the Si/SiO, substrate with Cr/Au (10 nm/80 nm)
electrodes. As shown in Fig. S3,7 the thicknesses of the BiSel
nanowire, the GaSe nanosheet, and the heterojunction are
determined to be 430 nm, 70 nm, and 500 nm, respectively. To
confirm the quality of the heterojunction, Raman spectra under
the excitation of a 532 nm laser are measured. Fig. 1(c) exhibits
the Raman spectra acquired from the individual BiSel nanowire
and GaSe nanosheet, as well as the heterojunction region. It can
be seen that the characteristic Raman peaks of individual BiSel
and GaSe are consistent with previous reports.***” The Raman
peaks located at 76.5 and 182 cm™ " in the Raman spectra of
BiSel nanowires correspond to the A, vibration modes. And the
peaks appearing at 133, 212, and 307 cm ™" are assigned to the
Ay and E, vibration modes of GaSe.***” A slight redshift of the
Raman peaks located at 133 and 241 cm ' could be found,
which is due to the electron injection effects in the hetero-
junction.®®* Compared to the individual components, the
Raman peaks of the overlapped BiSel/GaSe vdW heterostructure
exhibit a noticeable reduction in intensity. The quenching effect
in the intensity of Raman peaks signifies the strong interfacial
coupling between BiSel and GaSe, providing evidence for the
good contact at the vdW heterojunction.*

The photoluminescence (PL) measurements are performed
using a 532 nm laser to examine the contact at the BiSel/GaSe
interface. Fig. 1(d) shows the PL spectra of the BiSel/GaSe het-
erostructure and individual GaSe. It should be noted that BiSel
shows no obvious PL signal due to its indirect bandgap. The
GaSe nanosheet exhibits a predominant PL peak at 628 nm,
consistent with its bandgap of 2 eV. For the BiSel/GaSe heter-
ojunction, a small shift in the PL peak position could be
observed compared to that of individual GaSe, which corre-
sponds to an energy shift of about 0.3 eV. Meanwhile, an
obvious quenching effect in the PL spectra could be observed in
the BiSel/GaSe heterojunction. The quenching effect in PL
spectra suggests the occurrence of efficient electron separation
and transfer at the interface of the heterostructure, providing
evidence of strong interlayer coupling at the interface.*’

Fig. 2(a) and (c) give the Iy (drain-source current)-Vgs (drain-
source voltage) curves at Vg5 = +2 V for the GaSe nanosheet and
the BiSel nanowire, which indicate good ohmic contacts of the
output characteristics. The presence of ohmic contact in the
electrical measurements indicates that a good pathway for
electron transfer has been set up. In an n-type semiconductor,
the application of gate voltage (V) results in an accumulation
of electrons, leading to a rise in the drain current (Iyg).
Conversely, in a p-type semiconductor, a depletion of holes
occurs with increasing Vi, leading to a reduction of Iy,. The
transfer curves shown in Fig. 2(b) and (d) reveal that the GaSe
nanosheet exhibits p-type conductivity, while the BiSel
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Fig.2 (aand c) The output characteristics of individual GaSe and BiSel.
The insets show the optical images of the GaSe and BiSel devices. (b
and d) The transfer characteristics of the individual GaSe and BiSel. (e
and f) The Ig4s ~ Vs of the BiSel/GaSe heterojunction and fitting curve.

nanowire demonstrates typical n-type behaviour. The electrical
characterization of the BiSel/GaSe heterojunction under dark
conditions is shown in Fig. 2(e). The Iys ~ Vg5 curve of the
heterojunction exhibits good rectification behaviour with
a rectification ratio of approximately 10* at Vg, = 2 V.

The high rectification ratio indicates the presence of a high-
quality interface between the BiSel nanowire and GaSe nano-
sheet, which is hardly affected by any impurities or amorphous
layers.** The rectifying I ~ V curve could be expressed as

qv.
I=1I|er —1), (1)

n = glkT(IVI(dIn I)), (2)

where I, is the reverse saturation current, k is the Boltzmann
constant, T is the temperature, g is the electron charge, and 7 is
the ideality factor. We transform the obtained I45 ~ Vg5 curve
data using eqn (1) and (2). The results are given in Fig. 2(f). The
obtained ideality factor n = 2.5 is comparable to those reported
in 1D ZnO/2D WSe,** and 1D GaAsSb/2D MoS,.*

Fig. 3(a) gives the I4s ~ Vy4s curves of the BiSel/GaSe hetero-
structure under dark conditions and 520 nm laser illumination
from 0.2 to 20 mW c¢cm™ 2. We have given the results for 405 nm,
488 nm and 635 nm laser illumination in Fig. S4.7 As shown in
Fig. 3(a), an obvious photoresponse is found under forward bias
(Vgs > 0 V), suggesting the increase in photo-induced carriers.
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Fig. 3 (a) The output curve of the device under 520 nm laser illumi-
nation with five different power densities of 0.2, 2, 4, 12 and 20 mW
cm™2. (b) The relationship between power density and illumination
current at Vgs = 2 V. (c and d) The corresponding R and D* with
different power densities at Vy4s = 2 V under 405 nm, 488 nm, 520 nm
and 635 illumination.

However, the photocurrent is small under reverse bias (Vg5 <
0 V), indicating that the BiSel/GaSe heterostructure operates in
the off state.

We give an energy band diagram of the BiSel/GaSe hetero-
junction to explain the photoelectric response processes in
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Fig. 4 The photoresponse to on/off irradiation showing (a, c, and e)
the corresponding photodetector stability of GaSe, BiSel and the BiSel/
GaSe heterojunction at Vgs = 2 V. (b, d, and f) The typical response
speed of GaSe, BiSel and BiSel/GaSe heterojunction devices.
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Table 1 Comparison of performance of the BiSel/GaSe heterojunction device with other mixed-dimensional 1D/2D heterojunction devices

Heterojunction Vas [V] Light [nm] RAW™] D* [Jones] Tr T4 Ref.
1D Te/2D MoTe, -1 520 nm 3 x 10* 4.9 x 10" 4.8 ms 24.6 ms 47
1D SbS1/2D Pbl, 5 650 nm 2.6 X 1072 4.4 x 10" 12 ms 8 ms 48
1D Se/2D InSe 0 460 nm 3.2 x 1072 1.7 30 ms 37 ms 49
1D CdS/2D MoTe, 0 White 6 x 1072 — 50 ms 50 ms 50
1D ZnO/2D WSe, -5 620 nm 0.23 — 50 ms 50 ms 42
1D CuO/2D MoS, -2 600 nm 1.6 x 10° — 34.6 ms 51.9 ms 51
1D CdS/2D WSe, 2 680 nm 3.3 x 10* — 1000 ms 1000 ms 52
1D Te/2D Bi,0,Se 0 532 nm 0.77 1.5 x 10° 400 ps 402 us 53
1D GaAs/2D perovskite -3 532 nm 75 1.49 x 10" 1.2 ms 0.5 ms 54
1D BiSel/2D GaSe 2 520 nm 750 2.25 x 10*? 65 s 190 us This work

Fig. S5.f When BiSel/GaSe form a junction, their charge carriers
go through a diffusion process, which subsequently reaches an
equilibrium condition. As a result of this equilibration, the
Fermi levels of the BiSel and GaSe become aligned to reach
a dynamic equilibrium and form an internal electric field.
When light is applied, the electrons and holes are excited. As the
aggregation increases, the built-in electric field is weakened.
The potential barrier in the space charge region decreases,
resulting in a large photocurrent under a positive conduction.
The measured overall Iy increases from 350 nA in the dark state
to 910 nA under 20 mW c¢m > when a drain voltage of 2 V is
applied. From Fig. 3(b), it can be seen that the illumination
current exhibits a dependence on the laser wavelength with
optical intensity. And no saturation is observed in the measured
range. We perform calculations to determine the photo-
responsivity (R) and specific detectivity (D*) of the BiSel/GaSe
heterostructure photodetector. The results are depicted in
Fig. 3(c) and (d). The photoresponsivity is defined as

Ly,
R:%, (3)

where I, is the photocurrent and P is the illuminated power
density on the device. From Fig. 3(c), it can be seen that the
device achieves a photoresponsivity of 750 AW~ under 520 nm
at low power density. With increasing power density, the
responsivity decreases. The decrease in responsivity is attrib-
uted to the emergence of trap states either in the materials or at
the interface.** The specific detectivity (D*) of the hetero-
junction device could be obtained using

(4)

where S is the area of the heterojunction interface. From
Fig. 3(d), it can be seen that the D* value is 2.25 x 10> Jones
under 520 nm laser illumination.

The switching capabilities of the BiSeI/GaSe heterostructure
photodetector are evaluated by measuring its response speed.

The response speed can be quantified by the rise time (t,) and
decay time (tq) of the device. 7, represents the duration time of the
photocurrent from 10% to 90% of its maximum value, and ¢4
measures the duration of the photocurrent from 90% to 10% of
its maximum value.** Due to the responsivity and specific detec-
tivity of the BiSel/GaSe heterostructure photodetector exhibiting

© 2023 The Author(s). Published by the Royal Society of Chemistry

the best values under 520 nm laser irradiation, A 520 nm laser is
selected as the light source to test the response speed with
a drain-source voltage of 2 V. In order to have a comparison of the
heterojunction device with the individual GaSe and BiSel photo-
detector, we give the photoresponse performances of the GaSe
and BiSel photodetectors in Fig. 4 (a-d). It can be seen that the 7,
and 74 values are in the millisecond timescale under 520 nm laser
irradiation, except that the 74 of the GaSe photodetector is 650 ps.
The response performances of the heterostructure device are
shown in Fig. 4(e) and (f). It is found that the obtained 7, and 74
are both in the ps timescale under the same testing conditions.
Quantitatively, 7, and 74 are calculated to be about 65 ps and 190
us, respectively. The rapid response speed of the heterostructure
photodetector suggests efficient separation and transfer of pho-
togenerated charge carriers to different side layers towards the
electrodes under the applied bias.***¢

We conduct a comparison of the photoresponse perfor-
mance between the present 1D BiSel nanowire/2D GaSe nano-
sheet heterojunctions and those of other mixed-dimensional
1D/2D heterojunctions. The summarized results are given in
Table 1.*>*->* The BiSel/GaSe heterostructure exhibits the fast-
est response speed among the 1D/2D heterojunction photode-
tectors in the table. The remarkable performance of the BiSel/
GaSe heterostructure can be attributed to the intrinsic electric
field present at the heterostructure interface and the stimula-
tion from laser irradiation. These factors enhance the effective
separation and transport of charge carriers, leading to its
competitive performance.

Conclusions

In summary, a mixed-dimensional 1D BiSel nanowire/2D GaSe
nanosheet heterojunction is designed. The Raman and PL
spectra confirm the presence of a strong interlayer coupling
between BiSel and GaSe. As a result, the optoelectronic device
built from the BiSel/GaSe heterojunction shows competitive
optoelectronic performances of photoresponsivity of 750 AW ™"
and the maximum specific detectivity of 2.25 x 10" Jones
under 520 nm laser irradiation. Meanwhile, the device exhibits
a fast photoelectronic response of 7. ~65 ps and 74 ~190 ps
under 520 nm laser irradiation. The present heterojunction
extends the application prospect of GaSe in rapid switching
photodetection devices.

Nanoscale Adv., 2023, 5, 6210-6215 | 6213
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Experimental section
Growth of BiSel and GaSe single crystals

Single crystals of BiSel were grown using a two-step method.
First, polycrystalline BiSel was grown using a solid state reac-
tion technique. The BiSel polycrystalline samples were loaded
into a quartz ampoule and sealed under 10> Pa. The sealed
ampoule was put into a two-temperature-zone furnace. The
source zone (7;) of raw materials was gradually heated to 600 °C
in 24 h and maintained for 12 h. Then, the furnace was cooled
down to 400 °C and kept at this temperature for 24 h for
homogenization before cooling down to room temperature.
During the growth process, the temperature of the growth zone
(T,) was set 15 °C lower than the source zone.

Single crystals of GaSe were grown using Ga granules and
selenium powder as the starting materials. Iodine granules were
used as the transport agent. The raw materials were transferred
into a quartz ampoule and sealed. The ampoule was placed into
a muffle furnace and heated to 800 °C. The furnace was kept at
800 °C for 12 h and then cooled to room temperature. Single
crystals of GaSe with dimensions of 1 x 1 x 0.05 mm® were
obtained at the walls of the ampoule.

Device fabrication

BiSel nanowires were exfoliated from bulk BiSel single crystals
with the blue film tape and transferred onto the SiO,/Si
substrate under an argon atmosphere. The substrate was heated
on a hotplate at 100 °C for 3 minutes. Then, GaSe nanosheets
were transferred onto one end of the BiSel nanowires using
a two-dimensional transfer platform (Meta test E1-M), leaving
the other end of the nanowires exposed. The heterostructures
were placed in an argon atmosphere and annealed at 100 °C for
5 minutes. Finally, two Cr/Au (10 nm/80 nm) electrodes were
deposited on the end of the BiSel nanowires and GaSe nano-
sheets, respectively.

Characterization

A PARK NX10 atomic force microscope was used to characterize
the morphological structure and thickness of the samples. A
LabRam HR800 confocal Raman spectrometer was used to
characterize the structural properties of the samples. UV-visible-
infrared spectrophotometry (UV3600-MPC3100) and photo-
luminescence spectroscopy (HORIBA LabRam HR) were used to
characterize the electronic structures of BiSel and GaSe
samples. The electrical and photoelectric properties of the
heterojunction were measured using a program-controlled
semiconductor characterization system (Keithley 2636B) and
a probe station.
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