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ABSTRACT

© Higher Education Press 2024

Two-dimensional (2D) transition metal dichalcogenides have been exten-
sively studied due to their fascinating physical properties for constructing
high-performance photodetectors. However, their relatively low respon-
sivities, current on/off ratios and response speeds have hindered their
widespread application. Herein, we fabricated a high-performance
photodetector based on few-layer MoTe; and CdSy42Seqss flake hetero-
junctions. The photodetector exhibited a high responsivity of 7221 A/W, a
large current on/off ratio of 1.73x10% a fast response speed of 90/120 ps,
external quantum efficiency (EQE) reaching up to 1.52x10% % and detec-
tivity (D°) reaching up to 1.67x10'5 Jones. The excellent performance of
the heterojunction photodetector was analyzed by a photocurrent
mapping test and first-principle calculations. Notably, the visible light
imaging function was successfully attained on the MoTe,/CdS¢42Sep 53
photodetectors, indicating that the device had practical imaging application
prospects. Our findings provide a reference for the design of ultrahigh-
performance MoTe,-based photodetectors.

Keywords photodetector, MoTe,, heterojunction, visible light imaging,
first-principles calculations
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1 Introduction

2D layered materials have facilitated a new era in funda-
mental research and exploration of their potential appli-
cations [1]. Numerous 2D layered materials, including
graphene, hexagonal boron nitride, black phosphorus,
transition metal dichalcogenides (TMDs), and post-tran-
sition metal dichalcogenides, have garnered significant
attention due to their exceptional structures and intriguing
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physical and chemical properties [2—-6]. Importantly, 2D
materials have potential applications in a wide range of
research fields, such as catalysis [7—11], batteries [12-16],
phototransistors [17-21], and photodetectors [22-26].

As a member of TMDs, MoTe, is a layer-dependent
band gap (1.0-1.1 ¢V) semiconductor and is an attractive
candidate for high-performance photodetectors because
of its stability and outstanding electrical and optical
performances; for example, MoTe; has strong light
absorption and high carrier mobility. However, the

single MoTes photodetector exhibits a relatively low
[=;
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ratio of photocurrent to dark current, response speed
(millisecond level) and low responsivity (mA/W level)
[27]; these aspects hinder its further application in light
detection. Based on this situation, many researchers
have carried out numerous studies to improve the photo-
electric performance by applying a gate voltage or
constructing heterostructures. Wright et al. [28] fabricated
four-layer MoTe; field effect transistors (FETSs) with a
photoresponse time of ~160 ps under 685 nm laser illu-
mination, and the photoresponsivity was only 6 A/W
even when a large gate voltage of 40 V was applied. He
et al. [29] also reported a MoTe, phototransistor, which
exhibited a responsivity of ~10> A/W at zero gate voltage
with an increase reaching up to 2560 A/W at 80 V gate
voltage under 473 nm laser illumination. Chu et al. [30]
developed a few-layer MoTes; photodetector, which
demonstrated a photoresponsivity of 50 mA/W and a
detectivity of 3.1 x 109 cm-HzY/2W for 637 nm light
at a back gate voltage of 10 V. Then, they designed a
self-powered ~ MoTes/MoSy  vertical — heterojunction
photodetector, which possessed a high on/off ratio (>10°)
and a fast response time of 60 us. However, the photore-
sponsivity remained relatively low at 46 mA/W [31]. Lu
et al. [32] fabricated a 1D Ga-doped CdS nanowire/2D
MoTe, flake heterojunction device, achieving a self-
driven photodetector with a response time of less than
50 ms and a photoresponsivity of less than 60 mA/W.
Chen et al. [33] fabricated a MoTes/WSe; heterojunction
photodetector, achieving a high on/off ratio of ~10* and
a low response time of 72 ps under illumination with a
633 nm laser; however, the responsivity was only
1.8 mA/W. Jie et al. [34] reported a few-layer MoTey/Si
2D-3D vertical heterojunction photodetector. Their
device possessed an ultrahigh response speed up to
150 ns and a large on/off ratio of 3.2 x 105 under
980 nm light illumination; however, the responsivity and
the EQE were only 0.19 A/W and 24%, respectively.
Although much work has been carried out in MoTes-
based photodetectors, some key parameters (such as
responsivity) still need significant improvement. More-
over, numerous research has been performed on visible
light imaging of MoTes-based photodetectors. Therefore,
more efforts need to be made to improve the photodetection
performance of the MoTes-based photodetectors.
Constructing heterojunctions is considered an effective
method to improve the photoelectric performance of
photodetectors via energy band engineering; this engi-
neering can enhance the photocurrent, suppress the dark
current and promote the effective separation of the
photogenerated carriers. Loutfy et al. [35] reported that
CdSp5Sep5 had the highest photoelectrochemical conver-
sion efficiency, achieved by optimizing the composition
in CdS; ,Se, thin films. Additionally, we successfully
fabricated high-quality CdSy42Seg5s flakes, in which the
composition was similar to that of CdSysSeys. To the
best of our knowledge, few-layer MoTey and CdSy 405€q 55

flake heterojunctions have not yet been reported.

In this work, we fabricated a MoTes/CdSy.42S€q5s
flake heterojunction to achieve a high-performance
photodetector, with high responsivity (7221 A/W), large
current on/off ratio (1.73 x 10%), fast response speed
(90/120 ps), large EQE (1.52 x 105 %) and detectivity
(1.67 x 10% Jones). In view of the high performance, we
investigated the visible light imaging of heterojunction
devices, which indicated the great potential of MoTey/
CdSy.425e9.58 photodetectors for room-temperature visible
imaging. The microphysical mechanism of the excellent
performance of the MoTey/CdSg.42Sep58 photodetectors
was determined based on DFT calculations. Our study
has shown that the MoTey/CdSy.42Sep5s heterojunction
has potential applications in high-performance photode-
tectors due to its excellent optical properties and imaging
capabilities.

2 Experimental section

2.1 Preparation of CdSg425€eg 53 and MoTes flakes

The CdSp40Sepss material was synthesized within a
tubular furnace outfitted with a quartz tube measuring
25 mm in diameter. Initially, high-purity CdS and CdSe
powders with a purity of 99.99% were combined in a
ceramic boat in a 1:1 molar ratio. Subsequently, the
mixture was placed in the central evaporation zone
within the quartz tube. Next, silicon wafers were cut
into slices measuring 1.5 cm x 1.0 cm and immersed in
a beaker containing acetone. After undergoing ultrasonic
cleaning for 10 minutes in the acetone solution, the silicon
substrates were further rinsed for 10 minutes with deionized
water. Following the cleaning process, the silicon
substrates were coated with a layer of gold particles and
positioned at the upstream and downstream ends of the
quartz tube. Finally, the quartz tube was introduced
into the tubular furnace, and the temperature was grad-
ually increased to 835 °C at a rate of 5.6 °C/min. The
system was maintained at this temperature for 150
minutes under a flow of 17 sccm Ar:Hy gas mixture with
a ratio of 95:5. Subsequently, the furnace was allowed to
naturally cool to room temperature, and the
CdSgp.425eg 58 flake was obtained. The few-layer MoTe,
flake was obtained by a mechanical exfoliation method.

2.2 Preparation of the MoTes/CdSy 42Seg 58 heterojunction

photodetector

First, Cr and Au were sequentially deposited on a clean
silicon substrate by using electron beam evaporation
equipment to form electrodes with a channel length of
5 pm. Second, the MoTey flake was transferred to the
gold electrodes by a 2D material transfer system. Subse-
quently, the fabricated CdSp425€eg5s flakes were soaked
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Fig. 1 (a) XRD pattern, (b) PL, (c) EDS and (d) elemental mapping of CdSy42Seqss flake. (€) Raman spectroscopy and

(f) EDS of few-layer MoTe; flake.

in an ethanol solution and then added dropwise onto
another clean silicon substrate. The CdSg42Seqss flake
remained on the substrate following the evaporation of
ethanol. Finally, the CdSg42Sepss flake was detached
from the initial substrate and placed above the MoTes
flake using a PDMS film, thus completing the construction
of the heterojunction device.

2.3 First-principles calculations

All first-principles calculations were performed within
the framework of the DFT-LCAO method as implemented
in the QuantumATK T-2022.03-SP1 software package
[36]. To simulate the trilayer MoTey/CdSy495€e0 .58
heterojunction, a slab model consisting of 336 atoms was
built. The vacuum layer thickness was ~22 A, and the

atomic ratios of Cd, S and Se agreed with the experimental
values of 1:0.42:0.58 in CdSp425ep58 NB. The Grimme
DFT-D2 method [37] was adopted in the structure opti-
mization to consider the van der Waals correction. The
total energy and force converged to ~10* eV and
0.05 eV/A, respectively. The cutoff energy and k-point
grid were set to 105 Hartrees and 4 x 4 x 1, respec-
tively. The HSE hybrid functional was used to more
accurately calculate the projected density of states of the
heterostructure.

3 Results and discussion

Figure 1(a) shows the X-ray diffraction (XRD) pattern
of the CdSg 405ep58 flake. Evidently, the diffraction peak
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Fig. 2 HRTEM images of (a) MoTe; and (b) CdSp42Sepss. Insets are the corresponding FFT patterns. (¢) AFM profile
along the red line in the inset. The inset is the 2D AFM of the isolated MoTe; region in the heterojunction device. (d) 3D
AFM topographies of isolated MoTe; and CdSp 425ep 55 regions in the heterojunction device.

is consistent with the JCPDS No: 50-0720 standard card
[38], in which the ratio of S to Se is 0.42:0.58. A small
peak emerged at approximately 260 = 37.8°, which corr-
elates to the (203) diffraction peak of the SiOy substrate
by comparison with the JCPDS No: 47-1300 card.
Figure 1(b) shows the photoluminescence (PL) spectra
for the CdSg42Seqss flake. A peak is observed at a wave-
length of 630 nm; from this peak, the band gap of
CdSg.425ep 58 is calculated to be approximately 1.9 eV.
Figure 1(c) shows the energy-dispersive X-ray spectroscopy
(EDS) of the CdSy42Seqss flake. Si, O, Cd, Se, and S are
present in the CdSy 42Seq 55 flake, in which Siand O originate
from the SiO; substrate. Figure 1(d) shows the elemental
mapping image of the CdSg 425€ 55 flake. These elements
are evenly distributed in the CdSg42Seqss flake. The
magnified SEM showed exceptionally smooth surfaces of
the CdSg425€5s flake, demonstrating the excellent crys-
talline quality of the CdSp42Sepss flakes. Figure 1(e)
shows the Raman spectrum of the few-layer MoTes
flake; the layer number of MoTes obtained by mechanical
exfoliation is 3 layers according to the positions and
intensities of the Ay, E}, and B, vibration modes in the
Raman spectrum [32]. Figure 1(f) shows the EDS

diagram of the few-layer MoTe, flake. The EDS diagram
clearly shows the presence of Mo, Te, O, and Si, providing
conclusive evidence that the few-layer MoTes flake
consists of Mo and Te, while elements O and Si can be
attributed to the SiOs substrate. The relatively low
detected values of Te and Mo can be attributed to the
thin MoTey layer and the abundant distribution of the
SiOy substrate.

To further investigate the morphology, crystal struc-
ture, and surface roughness of the fabricated MoTe, and
CdS.405e.58 flakes, we carried out high-resolution trans-
mission electron microscopy (HRTEM) and atomic force
microscopy (AFM) measurements. Figures 2(a) and (b)
show the HRTEM images of the MoTe,; and CdSy 425€q.5s
flakes, respectively; the lattice spacings of 0.29 and 0.31
nm corresponded to the (101) and (002) planes of MoTe;
and CdSg 42Seq 55, respectively. The fast Fourier transform
(FFT) images (insets) of the two materials indicated
their high-quality single-crystalline nanostructure. The
step height of 2.4 nm at the edge of the flake indicated
that the exfoliated MoTe, flake was trilayer [see
Fig. 2(c)]; this result effectively agreed with the Raman
spectral analysis. The 3D AFM topographies [see
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Fig. 3 (a) -Vcurves of the single few-layer MoTe, flake, single CdSy 425eq 55 flake and MoTes/CdSy 425€p 55 flake heterojunction
devices under white light of 1.5 mW /cm?. The inset is an optical image of the device, in which the black arrows point to the
selected test electrodes. (b) Responsivity as a function of the illumination wavelength. (c) I~V curves of the device with
different light power densities. (d) Photocurrent as a function of light intensity. (e) Dependence of R, EQE and (f) D* with
respect to power density under 560 nm light irradiation at a 5 V bias.

Fig. 2(d)] indicated a smooth surface of the fabricated
MoTey and CdSg.495¢€ 55 flakes.

Figure 3(a) plots the current—voltage (I-V) curve of
the few-layer MoTey/CdSg42Senss flake heterojunction
photodetector under dark and white-light illumination.
For comparison, the I~V characteristics of the single
MoTes and CdSg495€ep 58 devices were also plotted under
the same conditions. The photocurrent drastically
increased with increasing bias voltage. At a bias of 5 V|,
the MoTe, device showed a low on/off current ratio (~24)
due to its high dark current. For the CdSg 42Se .58 device,
the on/off current ratio reached up to 1.87 x 103

because of its high photocurrent and low dark current.
When the two materials were coupled to form a hetero-
junction, the photocurrent slightly increased (1.66 x
107 A), while the dark current decreased by almost one
order of magnitude (9.62 x 10 1> A) compared to that of
the CdSgy425eps8 device. This significant dark current
suppression resulted in the on/off current ratio of the
device reaching a high value of 1.73 x 10* Therefore,
the MoTey/CdSy 425€e 55 flake heterojunction photodetec-
tor exhibited enhanced photoelectric performance.
Figure 3(b) shows the spectral response of the hetero-
junction photodetector ranging from 300 to 1600 nm.

Ran Ma, et al., Front. Phys. 19(4), 43204 (2024)
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Fig. 4 (a) Long-cycle stability measurement of the few-layer

(b) Response speeds under a switching frequency of 1 kHz.

Evidently, the heterojunction device showed a strong
response to visible (400-600 nm) and near-infrared
(1100-1400 nm) wavelengths, corresponding to the
bandgap of CdSy425€e958 and MoTes, respectively. These
results indicated that excitons in both blocks
contributed to the photocurrent. Figure 3(c) shows the
IV curves of the few-layer MoTey/CdSg425ep5s flake
heterojunction photodetector under different light inten-
sities at 560 nm light illumination. Clearly, the
photocurrent increased with increasing light power
density at the same bias voltage, indicating that the
number of photogenerated carriers was proportional to
the absorbed photon flux. When the light power density
was 0.413 mW/cm?, the photocurrent reached 1.11 x
107 A at 5 V bias, and the switching ratio of the device
was calculated to be 1.15 x 10* under monochromatic
light. Compared with white light illumination, the on/
off ratio was reduced but still remained on the same
order of magnitude. Figure 3(d) shows the relationship
between the photocurrent and light intensity of the few-
layer MoTes/CdSy 425e0.58 photodetector at a bias of 1 V.
The power law formula is as follows: I, = AP* [39],
where I, is the photocurrent, A is the proportional coef-
ficient, P is the light power density, and exponent « is
the fitting coefficient and reflects the trapping and
recombination activity of photocarriers. The a value was
determined to be 0.54 using the above fitting formula;
this result indicated the existence of trap states in the
contact interface, which affected the capture and recom-
bination of photogenerated carriers [40].

To further investigate the performance of the few-
layer MoTez/CdSy.425€e05s flake heterojunction photode-
tector, some key parameters of the photodetector were
calculated. As is well known, R [41], EQE [42] and D"
[43] are three important parameters for the study of the
photoelectric performance of the device, and these
parameters can be calculated using the following formu-
lae:

MoTey/CdSp.425€058 heterojunction photodetector.

EQE = R hc) : (2)

A
D* =R/
B\ oor (3)

where I, represents the photocurrent, Iy represents the
dark current, P represents the light power density, A is
the device area, h is Planck’s constant, ¢ is the speed of
light, ¢is the electron charge, and 4 represents the incident
wavelength. Figures 3(e) and (f) show the R, EQE and
D" of the few-layer MoTes/CdSy425€e0 58 heterojunction
photodetector at a 5 V bias. From Figs. 3(e) and (f), R,
EQE and D" decreased with increasing light power
density, which was mainly attributed to the trap states
being fully occupied by the excited photocarriers under
high power density; this resulted in a reduced density of
the available states and a decreased gain [44]. This
phenomenon could also be observed in other researchers’
works [45]. R, EQE and D" had maximum values of 7221
A/W, 1.52 x 10° % and 1.67 x 10! Jones when the
power density was 0.054 mW /cm? at a 5 V bias, respec-
tively. These key parameters are much better than those
of most reported MoTes-based photodetectors, indicating
that our device possesses excellent photoelectric perfor-
mance.

Periodic stability and fast response speed are important
parameters of photodetectors. Figure 4 shows the I-t
test diagram of the few-layer MoTey/CdSy42Senss
heterojunction photodetector. Figure 4(a) is the -t test
of the MoTey/CdSp42Sep58 device under continuous
switching cycles. Evidently, the on and off states show
minimal change after 2000 s periodic illumination, indi-
cating excellent stability and repeatability. Figure 4(b)
shows the response speed diagram of the MoTey/
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Table 1 Comparison of the key parameters of the CdS,Se;—, and MoTes-based photodetectors.

Device structure Bias voltage (V) R (A/W) EQE (%) D" (Jones)  hig/liac Rise/Decay time (ms) Ref.
MoTe; nanosheet 0 4 x 10 - 1.07 x 108 - 0.043/0.043 [46]
MoTe;/GeSe sheet -5 28.4 73.5 6.0 x 10° - 0.003/0.012 [47]
MoTe;/Graphene -1 853 1.4 x 10*  1.59 x 1010 - 0.012/0.005 (48]
CdSp.495e0.51/CdS NW 1 118 3.1 x 10* - 10° 0.068/0.137 [49]
MoTey/Ge flake -2 12460 - 3.3 x 10'? - 5/5 [50]
CdSy.145eg 56 flakes 703 1.94 x 10° 3.41 x 10%0 - 39/39 [51]
MoTey/CdSp.425€q.55 flake 7221 1.52 x 10 1.67 x 10 1.73 x 10* 0.09/0.12 This work

CdSp.425€e058 photodetector in single on and off states
under a 5 V bias. The rise time is defined as the time
needed for the photocurrent to increase from 10% to 90%
of the maximum value during the rising process, while
the fall time is defined as the time needed for the
photocurrent to decrease from 90% to 10% during the
falling process in a single switch periodicity. The rise
and fall times of the MoTes/CdSy.42Sep58 photodetector
are as short as 90/120 ps, respectively. The rapid
response speed of the MoTes/CdSy 42Seq 55 photodetector
can be attributed to the good crystal quality of the few-
layer MoTes and CdSp425€ep58 materials, as well as the
effective interface charge separation between them.
Many studies have reported millisecond or even longer
response times, which limits the practical applications of
photodetectors. In our study, the response time of the
MoTey/CdS 42S€958 photodetector was reduced to just
90 ps, which was significantly lower than the reported
values in many photodetector fields; thus, our MoTey/
CdSp.425€e95s photodetector has great application
prospects.

To facilitate comparison with other reported studies,
we summarized the key parameters of our MoTey/
CdSp.425eg58 devices and the reported MoTe; and
CdS,;Se; ; based photodetectors; these are provided in
Table 1. Compared with other MoTes and CdS,Se;
devices [46-51], the MoTes/CdSp42Sep5s devices have
superior optoelectronic performance, such as high R,
EQE and D", with a faster response speed.

Figure 5(a) shows an optical image of the few-layer
MoTey/CdSg 42S€q.55 heterojunction device, in which the
golden yellow part is the interdigital electrode. The
width of the device channel is 5 pm, and the device area
of the MoTey/CdSy.4sSeqss device is ~1.65 x 107 cm?.
To determine the generation and transmission mechanism
of the photocurrent in the MoTey/CdSp425eq5s device,
we first investigated the photocurrent imaging of the
device corresponding to 560 nm laser excitation at a bias
of 5V, as shown in Fig. 5(b), which corresponds to the
green area in Fig. 5(a). From the photocurrent imaging
results, the photocurrent is mainly distributed in the
overlapping region of the MoTe, and CdSy.425€ 55 flakes,
indicating that photogenerated electron-hole pairs are
effectively separated at the interface. This result indicates

that the heterojunction photodetector exhibits the same
capability to separate photogenerated carriers as other
vertical heterojunction devices. Next, we investigated
the band alignment at the interface between MoTey and
CdSp.425€e958 based on first-principles calculations.
Figure 5(c) shows the calculated projected local density
of states (PLDOS) of the MoTes/CdS425€055 hetero-
junction by using the Quantum ATK package. The
calculated band gaps of CdSg42Seps3 and MoTey are
2.18 eV and 0.96 eV, respectively; these are in good
agreement with the experimental results. Under dark
conditions, the electrons in CdSp42Sepss diffuse to
MoTe, driven by the band offset, while the holes in
MoTey cannot move to CdSp40Segss due to the large
energy barrier at the valence band and accumulate at
the interface. Due to the small band gap of MoTe; and
the presence of a minority of electrons in MoTes under
dark conditions, there is a higher probability of recombi-
nation with the accumulated holes, consequently resulting
in a lower dark current. Under illumination, CdSy 42Seq.5s
and MoTey absorb photons of different energies, producing
a large number of photogenerated carriers. The electrons
in CdSp.425ep.53 move to MoTe; and the holes in MoTe,
can also easily transfer to CdSy.425€(.58 because the accu-
mulation of a large number of holes in the valence band
leads to a decrease in the energy barrier height. There-
fore, photogenerated carriers were effectively separated
[see Fig. 5(c)]. The co-absorption and efficient separation
of photogenerated carriers results in a higher photocurrent
and responsivity of the CdSp42Seqss/MoTes detector.
Therefore, the device exhibits a higher I/l ratio,
higher responsivity, faster response speed, higher EQE
and detectivity compared with the other reported
MoTes-based detectors.

The imaging capability of photodetectors plays a
significant role in both civilian and military fields. To
explore the actual potential of the few-layer MoTey/
CdSy.425eg.58 photodetector, the imaging capability of the
device was investigated by an imaging system [see
Fig. 6(a)]. The laser passed through the U-shaped mask
and illuminated the device. After the semiconductor
analyzer test and imaging computer control, the U-
shaped pattern on the mask plate was finally successfully
reproduced, as shown in Fig. 6(b). The uniform

Ran Ma, et al., Front. Phys. 19(4), 43204 (2024)
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Fig. 5 (a) Optical microscope image and (b) photocurrent mapping image of MoTey/CdSy425e05s heterojunction device.
(c) Calculated energy band diagram of the MoTey/CdSy 425€q.55 heterojunction.
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Fig. 6 (a) Schematic diagram of the imaging measurement system. (b) Imaging results of the “U” letter under visible light.

photocurrent was distributed in the U-shaped pattern, 4 Conclusion

indicating that the fabricated photodetector had excellent

visible light imaging capability and confirming that the In summary, a few-layer MoTey/CdSy42Seqss flake
few-layer MoTey/CdSp.425€0 58 photodetector had unique heterojunction photodetector was first fabricated by
advantages in the imaging field. mechanical exfoliated and CVD methods combined with

43204-8 Ran Ma, et al., Front. Phys. 19(4), 43204 (2024)
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a typical dry transfer technique. The MoTey/
CdSy.425e0.58 photodetector exhibited excellent photoelec-
tric performance, with a higher switching ratio of 1.73 X
10%, a higher responsivity of 7221 A/W, a higher EQE of
1.52 x 10% %, a larger detectivity of 1.67 x 10' Jones
and a faster response speed (rise/fall time of 90/120 ps);
based on these results, our photodetector was superior to
other MoTes-based photodetectors. The first-principles
calculations indicated that the excellent performance of
our heterojunction photodetector was attributed to the
unique band arrangement at the interface. Finally, the
visible light imaging function was successfully achieved
on the MoTey/CdSg.425€0.58 photodetector devices. Based
on these results, our few-layer MoTes/CdSy 425€0.55 flake
photodetectors have excellent application prospects in
optoelectronic devices.
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