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Heterojunctions prepared utilizing diverse 2D materials enhance a
variety of optoelectronic devices. Here, we present GeSe/WSe,
mixed-dimensional p-n heterojunctions, which broaden the
possibility of material combination and selection in 2D/layered
heterojunction devices, while also providing material parameters
to facilitate the development of optoelectronic devices based on
2D/layered semiconductor materials.

Novel 2D/layered semiconductor materials with graphene-like
structure show great potential for development and application
in next-generation optoelectronic devices due to many unique and
excellent physical and structural properties." Van der Waals
(VdW) heterojunctions formed by superposition of two or more
2D layered semiconductors through vdW force bonding make it
possible for researchers to integrate different materials without
having to consider lattice mismatches between materials.* The
diversity and uniqueness of 2D material properties promotes the
diversity of heterojunction device performance.>® Taking full
advantage of the properties of each 2D or layer material to
construct vdW heterojunctions with excellent performance is
expected to lead to the discovery of more novel and unique
physical phenomena. This can provide a broad opportunity for
fundamental research of 2D materials in the field of optoelec-
tronics and the development and application of next-generation
high-performance optoelectronic devices, e.g., photodetectors,
transistors and photovoltaic devices, etc.””

Various vdW heterojunctions have been prepared by combining
different two-dimensional layered materials through fixed-point
transfer or direct growth, including WSe,/MoS,,"° GaTe/MoS,,"
WSe,/SnS,,> MoS,/WSe,/EG,"” etc., revealing their potential for
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photovoltaics or photodetection. The differences and excellent
attributes of 2D materials in terms of bandgap, spin-orbit cou-
pling and work function make vdW heterojunctions have unique
properties.>"* Based on this, novel optoelectronic devices with
unique functionalities have been prepared, including high-
performance field effect transistors, tunneling transistors, photo-
detectors, solar cells, light-emitting diode devices, sensors and
storage devices.>"*'® The research studies of heterojunction
devices with different combinations of 2D materials are funda-
mental and necessary to advance the development of photodetec-
tion. With the development of layered semiconductor materials,
the study of mixed-dimensional heterojunctions is gradually
emerging.'”'® The effectiveness of vdW interactions between
semiconductors of different dimensions will undoubtedly further
expand the possibility of constituting heterojunctions.
Transition Metal Chalcogenides (TMDCs) were some of the
first 2D materials to come into the researchers’ view and are
currently the most widely studied new 2D material system.'®?
Among them, WSe, has attracted much attention due to its
tunable bandgap (1.20-1.63 eV), strong light-matter inter-
action, excellent photoconductivity, layer-dependent photoelec-
tronic and spintronic properties, unique phonon-exciton
interaction, and excellent flexibility.”"****> Besides, GeSe, as
the most representative semiconductor of group IV-VI, shows a
high absorption coefficient of 10> cm ™" in the visible region,> a
broad-spectrum optical response of 400-1400 nm,>” a tunable
effective electron mass of 0.03-0.61 m,,>® and a high electron
mobility of 2.93 x 10* em® V™' s7',*° which make it attractive
and valuable for applications in optoelectronic devices.
Chemical vapor deposition (CVD), as a highly controllable
and practical growth method for the preparation of 2D materi-
als, has the advantages of fast growth rate, high quality and
large deposition area, which is advantageous in the production
of high-performance and multifunctional 2D materials.>* The
preparation of monolayer WSe, materials with carrier mobility
greater than 100 cm® V~' S has been realized based on the
CVD method.?" In addition, the mechanical stripping method
has been widely used to prepare high-quality 2D materials. Due
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to the weak vdW forces in layered materials, the separation of
2D layered materials is easier to achieve by external forces. At
present, this method is still the main way to prepare high-
quality single-crystal 2D materials.

WSe, 2D materials are prepared on a 300 nm SiO,/Si sub-
strate using a double-temperature zone sliding tube furnace
based on CVD. Se powder is used as the precursor, and WO; is
used as the tungsten source. The Se powder and WO, are put
into the quartz tubes of the first and second temperature zones
of the dual-temperature zone slide tube furnace, respectively
(ESIY). To ensure the simultaneous optimization of both the size
and quality of the WSe,, we fine-tuned key growth parameters,
including reaction temperature, reaction time, carrier gas flow
rate, and the ratio of selenium and tungsten precursors (ESIT).
This resulted in large (up to 100 um), regular triangular crystals
with smooth surfaces and well-defined edges. A schematic
diagram of the CVD system, the temperature curves of the
growth process of WSe, materials, and a schematic diagram of
the optical microscope morphology and crystal structure are
shown in Fig. 1(a)-(d).

GeSe films in GeSe/WSe, p-n junctions were obtained from
single crystals of GeSe bulk materials (HQ graphene). By employ-
ing optimized polydimethylsiloxane (PDMS) with the precise
composition and viscosity as the transfer medium, and lever-
aging an optical microscope and a three-axis micrometer stage,
we achieved success in transferring the GeSe thin film, obtained
through mechanical exfoliation, onto the WSe, two-dimensional
material, through meticulous temperature control during the
microzone drying and transfer process (ESIt). Similar techniques
have been reported in the literature.®® The GeSe/WSe, p-n
heterojunction preparation process is shown in Fig. 2(a), the
Au electrodes are prepared by laser direct writing, magnetron
sputtering and stripping technology (ESIt). The heterojunction
devices are annealed under vacuum at 240 °C for 1 h to improve
the contact between the GeSe/WSe, interface and the electrodes.
Schematic diagrams and optical microscope images of a GeSe/
WSe, mixed-dimension p-n junction before and after GeSe
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Fig.1 (a) Schematic diagrams of the CVD system. (b) Growth process
temperature curve of WSe, material. (c) Optical microscope morphology
image of WSe, 2D material. (d) Crystal structure of WSe, 2D material
viewed from the top and side.
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Fig. 2 (a) Schematic diagram of the steps for manufacturing the GeSe/
WSe, vertical heterojunction by a micro-area dry transferring method.
Schematic diagram of the sample (b) before and (c) after GeSe transfer,
and optical microscope image of the sample (d) before and (e) after GeSe
transfer. AFM images of the (f) WSe, and (g) GeSe in the heterojunction.

transfer are shown in Fig. 2(b)-(e). The Atomic Force Microscope
(AFM) test results in Fig. 2(f) and (g) show the thicknesses of
representative areas of WSe, and GeSe within the dashed boxes
from Fig. 2(e). The thicknesses of WSe, and GeSe are 1.06 nm
and 365.59 nm, respectively, corresponding to the positions
indicated by the upper dashed lines in Fig. 2(f) and (g).

The Raman spectra of GeSe and WSe, in the GeSe/WSe,
heterojunction, depicted in Fig. 3(a) and (b) respectively, are
sharp and well-defined, indicating minimal broadening due to
lattice defects or disorder. Among them, the three Raman peaks
of GeSe located near 80 cm™?*, 149 cm ™! and 181 cm™* corre-
spond to Ag, B, and Az, modes,*” respectively. WSe, Raman

spectra contain two first-order modes All, E’, one phonon mode
LA(M) and a series of second-order modes, such as LAM) +
TA(M), which are in agreement with literature reports.>' The
mode in the WSe, Raman spectra comes from the transverse
vibration of Se-Se atoms and the E’ mode comes from the
longitudinal vibration of W-Se atoms (Fig. 3(c)).** The LA(M)
mode, a longitudinal phonon at the M symmetry point, typi-
cally activated by lattice structure disorder,>® is present but
relatively weak, suggesting limited disorder and good lattice
quality. Fig. 3(d) shows the photoluminescence (PL) spectra of
the WSe, 2D material under 532 nm laser irradiation at room
temperature (RT) and its Gauss-Lorentz curve fitting results.
The PL spectra of WSe, show peaks for the neutral exciton
X and negatively charged exciton X—, indicating clear energy
levels and band structure with minimal broadening,®®

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Raman spectra of (a) GeSe and (b) WSe, under the 532 nm laser,
(c) first-order Raman vibration modes of WSe,, and (d) PL spectra of WSe,
2D material under 532 nm laser illumination at room temperature.

reflecting good crystal quality. Despite unintentional n-type
doping in monolayer WSe,,*” two fitted PL peaks reveal funda-
mental exciton transitions and provide insights into the elec-
tronic structure. Specifically, short-wavelength peaks are from
X, while long-wavelength peaks are from X—, with X— electrons
originating from shallow donor ionization.?® As WSe, is a direct
bandgap semiconductor with K-point transitions, both X and
X— exciton peaks arise from direct K — K transitions.

In order to explore the photoelectric properties of the GeSe/
WSe, mixed dimensional p-n heterojunction, photoelectricity
tests of the heterojunction are performed under 635 nm laser
irradiation with an excitation power density in the range of
4.1-28.4 mW cm™?; the spot size of the laser is about 25 mm®.
Fig. 4(a) shows the I-V characteristic curves of the GeSe/WSe,
p-n heterojunction under different power densities. The non-
smoothness of the I-V curves under a high voltage may be due
to small currents in 2D/layered materials, voltage source
instability, and amplified noise/electromagnetic interference.
The inset shows the I-V curves of the heterojunction in the
dark, which exhibit obvious rectification characteristics. The
current I,g is about 7.5 nA at 3 V and only about 0.5 nA at —3 V.
The Is of the heterojunction device increases from 7.5 nA to
13.1 nA at 3 V with increasing excitation power density.
According to eqn (1):

Ry, = Iu/P-S 1)

(P is the laser power density and S is the effective area under
laser illumination), the evolution of photoresponsivity (R;) with
laser power density is obtained, as shown in Fig. 4(b). The
decrease of R, with laser power is a phenomenon common to
many photodetectors. It can be attributed to the absorption
saturation of the heterojunction and the increase of surface
composite processes.

To further explore the stability of the GeSe/WSe, heterojunc-
tion devices, photo-switch characteristics of the GeSe/WSe,
heterojunction photodetectors under 635 nm laser irradiation
are examined.
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Fig. 4 (a) -V characteristic curves of a GeSe/WSe, heterojunction under
different laser power densities of 635 nm; the inset shows an -V
characteristic curve of the device in the dark. (b) The evolution of R, of a
GeSe/WSe, heterojunction with laser excitation power density.

Fig. 5 shows the time dependence of the Ins under a power
density of 28.4 mW cm ™2 at 3 V. It can be seen that the Ipg of the
GeSe/WSe, heterojunction varies rapidly and consistently over
cycles, reflecting a good stability. Fig. 5 shows the time depen-
dence of the Ipg under different power densities of a 635 nm
laser at 3 V. It is apparent that the Ipg varies rapidly and
consistently at any power densities by repetitive laser switching.
The specific detectivity (D*) and external quantum efficiency
(EQE) are obtained from the following equations:

D — Ry -V/S @)
Vv 2elgark
h-c- R,{

EQE = I (3)

where S is the effective area irradiated by the laser, e is the
electron charge, % is the Planck constant, and c is the light
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Fig. 5 Optical switching behavior of a GeSe/WSe, heterojunction vs.
different laser power densities with a fixed bias of 3 V.
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Table 1 Comparison of important performances of this work to those of
other reported heterojunction photodetectors

Wavelength R; EQE
Materials (nm) (mAaw™) (%)
p-WSe,/n-MoS,° 532 10 2.4
p-GaSe/n-InSe® 410 21 9.3
p-GeSe/n-MoS,’ 532 105 24.2
p-BP/n-ReS,"’ 1550 1.8 0.14
p-MoTe,/n-MoS, 800 38 6
p-GeSe/n-WSe, (our work) 635 33.73 65.98

velocity. Based on the photoelectric test results of GeSe/WSe,
heterojunction devices, the R;, D* and EQE are calculated to be
33.73 mA W, 2.39 x 10 jones and 65.98%, respectively, at a
laser power density of 4.1 mW cm ™2 and a bias voltage of 3 V.
A comparison between the parameters in this work and the
results reported in the literature is presented in Table 1.

In summary, p-GeSe/n-WSe, mixed dimensional vertical vdW
p—n heterojunction devices are prepared by transferring exfo-
liated GeSe films onto CVD-grown WSe, 2D materials. Several
critical parameters reflecting the photoelectric properties of
GeSe/WSe, heterojunctions are obtained, including: photo-
responsivity (33.73 mA W), specific detectivity (2.39 x 10 jones)
and external quantum efficiency (65.98%). The results have
expanded the scope of material combinations and selections for
two-dimensional/layered heterojunction devices, while offering
material parameters for the advancement of optoelectronic
devices and demonstrating their high potential in fields such as
photodetectors.
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