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Ultra-high photo responsivity and
self-powered photodetector In
broad spectral range based on
non-layered MnSe/WSe,
heterojunction

Shuting Zhao, Xiurong Ma, Xuanhao Cao, Zehong Lei, Yibin Yang?*,
Lili Tao, Zhaoqiang Zheng, Xing Feng and Yu Zhao*

Guangdong Provincial Key Laboratory of Information Photonics Technology, Guangdong Provincial Key
Laboratory of Functional Soft Condensed Matter, School of Materials and Energy, Guangdong University
of Technology, Guangzhou, China

Due to its good p-type semiconductor characteristics, MnSe has a great
application prospect in high-performance electronic and optoelectronic
devices. However, heterojunctions of MnSe still need to be deeply studied to
improve its electrical and photoelectric properties. Here, it is reported that the
two-dimensional (2D) MnSe/WSe, heterojunction is structured by the non-
layered MnSe nanosheets synthesized by chemical vapor deposition (CVD)
method and the mechanically exfoliated layered WSe,. The heterojunction
device exhibits a rectification effect and a current on/off ratio of 6,557.
Meanwhile, it has a broad spectral range response from ultraviolet (UV) to
short-wave infrared radiation (SWIR) (300-2,200 nm), and achieves an ultra-
high responsivity of 156 A/W, along with an excellent detectivity of 2.21 x 10%
jones, and an outstanding external quantum efficiency (EQE) of 36,400%.
Moreover, the type Il band alignment and the built-in potential in the MnSe/
WSe, heterojunction can facilitate the separation of the photoexcited electron-
hole pairs, which enables the significant photovoltaic characteristics and self-
powered photoswitching response. This work reveals the novel performance of
the 2D MnSe/WSe, heterojunction and a great potential in photoswitching,
photodetector, and photovoltaic applications.

KEYWORDS

2D non-layered MnSe, MnSe/WSe, heterojunction, photodetector, self-powered
photoswitching, rectification

Introduction

Since monolayer graphene was successfully stripped and proved to have extraordinary
electrical transmission properties in 2004 (Novoselov et al., 2004), ultrathin two-dimensional
(2D) materials have ushered in a research boom. So far, 2D layered materials have developed
into a large family, including black phosphorus (BP) (Li et al., 2014; Guo et al., 2016; Guo
et al,, 2017), hexagonal boronnitride (h-BN) (Gorbachev et al,, 2011), and transition metal
dichalcogenides (TMDs) (Matte et al., 2010; Radisavljevic et al., 2011; Jariwala et al., 2014;
Tan and Zhang, 2015; Ouyang et al., 2021). Their unique structural characteristics make
them have tunable electronics, novel optical properties and good mechanical properties, thus
attracting a lot of research (Hafeez et al., 2016; Manzeli et al., 2017; Cao et al., 2022a). In

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmats.2023.1162166/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1162166/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1162166/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1162166/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1162166/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2023.1162166&domain=pdf&date_stamp=2023-04-14
mailto:yangyibin@gdut.edu.cn
mailto:yangyibin@gdut.edu.cn
mailto:zhaoyu@gdut.edu.cn
mailto:zhaoyu@gdut.edu.cn
https://doi.org/10.3389/fmats.2023.1162166
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2023.1162166

Zhao et al.

addition, the synthesis and applications of 2D non-layered materials
have also received extensive attention, which possess different
properties compared with 2D layered materials. 2D non-layered
materials are connected by strengthened chemical bonds of atoms,
with a large number of unsaturated dangling bonds on the surface,
which induces a high-activity and high-energy surface. Meanwhile,
they have the characteristics of both bulk structures and 2D
structures (Zhou et al., 2019; Cao et al., 2022b). Therefore, The
in-depth study of 2D non-layered materials will deepen our
understanding and promote their applications in electronics,
optoelectronics, catalysis and other fields.

2D MnSe is a non-layered p-type semiconductor, which has
been successfully prepared in recent years (Zheng et al., 2019). Due
to its unique properties in magnetism and photoelectric detection,
MnSe has a broad application prospect in spintronic devices and
photodetectors, which has attracted the strong interest of many
researchers. For example, Li et al. (2021) synthesized a-MnSe
nanosheets on mica substrates by the APCVD method. Zhou
et al. (2022) prepared MnSe flakes by space-limited CVD
method. Zhang et al. (2021) successfully synthesized ultrathin a-
MnSe nanosheets by a salt-assisted vd WE growth method. However,
devices made of one single material usually have disadvantages such
as low light absorption, large dark current and low detection rate.
Fortunately, These problems can be effectively solved by 2D van der
Waals (vdW) heterojunctions. For instance, a-MnSe/WS, 2D
heterojunctions were synthesized, which showed an excellent
photo detectivity of 1.00 x 10" Jones and photo responsivity of
49.1 A/W (Zhang et al., 2021). On the other hand, WSe, is a bipolar
semiconductor with an indirect band gap of 0.9-1.6eV
(Nourbakhsh et al., 2016; Zhou et al., 2018; Gao et al., 2019; Xu
et al., 2021). The field-effect transistors (FETs) with a small number
of layers of WSe, achieved a carrier mobility of up to 70.1 cm® V-'s™
and open-light ratio of over 10°, using AlL,O3 as the top gate (Liu
et al,, 2013). Therefore, heterojunctions formed by stacking WSe,
and other 2D materials will help to improve the electronic and
optoelectronic performance (Feng et al., 2022; Luo et al., 2022).

In this work, the 2D MnSe/W Se, heterojunction is structured by
the non-layered MnSe nanosheets synthesized by CVD method and
the mechanically exfoliated layered WSe,. The heterojunction device
exhibits a rectification effect and a current on/off ratio of 6,557.
Meanwhile, it has a broad spectral range response from UV to SWIR
(300-2,200 nm), and achieves an ultra-high responsivity of 156 A/
W, along with an excellent detectivity of 2.21 x 10'* jones, and an
outstanding EQE of 36,400%. Furthermore, due to the type II band
in the MnSe/WSe,
heterojunction, photogenerated carriers (electron-hole pairs) are
effectively separated when the light radiates the p-n junction,

alignment and the built-in potential

which enables the significant photovoltaic characteristics and self-
driven photoswitching response.

Experimental
Materials
A certain amount of Se powder (99.99%, Alfa) was weighed and

placed in a quartz boat and then placed in the upstream of a single
temperature zone vacuum tube furnace. A small amount of MnCl,
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(99.99%, Alfa), a trace of NaCl and clean fluorine gold mica flakes
were placed in the center of the quartz tube at a constant
temperature zone (640°C). After blowing away the air in the
quartz tube of the CVD furnace by 100 sccm argon for 1 hour,
the gas flow rate was maintained at 60 sccm. The heating program
was set to heat the central heating zone from room temperature to
640°C at a rate of 30°C/min, followed by holding for 10-15 min and
cooling naturally to room temperature. WSe, nanosheets were
prepared by mechanical exfoliation method using the blue tape
(UST, America), and transferred to the Si/SiO, substrate.

Device fabrications

The PS solution (polystyrene dissolved in toluene) was spin-
coated on the WSe, on Si/SiO, substrate. After drying at 90°C for
15 min, the PS film with WSe, nanosheets (PS film/WSe,) was
peeled off the Si/SiO, attached to the
polydimethylsiloxane (PDMS) film and transferred to MnSe on

substrate,

mica substrate to form the MnSe/WSe, heterojunction. The
sample was immersed in toluene to dissolve the PS film. 50-nm-
thick Au as
photolithography process and thermal evaporation. The above

electrodes were deposited by a standard
manufacturing process is shown in Supplementary Figure S1. For
the fabrication of top gate device, the h-BN was transferred to cover
the MnSe/WSe, heterojunction, followed by the deposition of Au

electrodes.

Characterizations

Optical microscopy (Motic, BA310Met), atomic force
microscopy (AFM) (Bruker, Dimension FastScan), Raman
(NOST, FEX, 532nm excitation laser), high-resolution

transmission electron microscopy (HRTEM) (FEI, Thermo, Talos
F200S), X-ray diffraction (XRD) (Bruker, D8 VENTURE) and X-ray
photoelectron spectroscopy (XPS) (Thermo Fisher, Escalab 250Xi)
were used to characterize the morphology, thickness, surface
potential and microstructure of the materials. The electric and
photoelectric properties were characterized by the source meter
(Keithley, 2636B). The photo response was measured in air at room
temperature, under 300, 405, 532, 635, 808, 1,060, 1,310, 1,550, and
2,200 nm lasers, respectively.

Results and Discussion

Figure 1A shows that the 20 peaks of the XRD plot of MnSe
appear at 28.3%, 32.8°, 47.0°, 58.5" and 68.7", respectively. The two
main diffraction peaks are 28.3° and 58.5°, corresponding to the
cubic (111) and (222) crystallographic planes of a-MnSe in
comparison of the PDF no.11-0683, which reveals that the MnSe
was grown along the <111> direction. The surface elemental
composition and chemical state of the synthesized samples were
further investigated by XPS, as shown in Figure 1B. The peaks at
653.53 and 641.8eV in the XPS pattern belong to Mn 2p;/, and Mn
2psya, respectively. A binding energy separation value of 11.73 eV
can be determined as Mn*" (Li et al., 2021). While the peaks at
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Material characterizations of the synthesized MnSe nanosheets. (A) XRD pattern. (B) XPS patterns. (C) HRTEM image and (D) SAED pattern. (E) TEM
image. EDS patterns of (F) Mn and (G) Se in the synthesized MnSe nanosheets.
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(A) The optical microscope image and (B) the schematic diagram of the MnSe/WSe, heterostructure. (C) The Raman spectra of MnSe, WSe, and
MnSe/WSe, heterostructure, respectively. (D) AFM image of MnSe/WSe, interface with insets of their height profiles.

656.84 eV and 646.05 come from the weak surface oxidization (Hu
et al,, 2020). In addition, the peaks at 55.05 and 54.2 eV binding
energies are attributed to Se 3d;/, and 3ds,, indicating the existence
of Se* (Li et al., 2021), while the peaks at 56 and 53.4 eV are due to
the weak oxidation of the surface layer (Zhou et al, 2022). The
HRTEM image in Figure 1C clearly shows two planar spacings of
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0.11 and 0.19 nm, which are in good agreement with the (4 22) and
(2 2 0) planar spacings (PDF no.11-0683) and reconfirms that the
preferred growth plane of the MnSe nanosheets is [111]. The
selected area electron diffraction (SAED) pattern in Figure 1D
clearly displays the hexagonal pattern of electron diffraction
spots, which reveals that the CVD grown MnSe is single
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(A) Calculated band structures of 2D MnSe and WSe,, respectively. (B) Band alignments of MnSe and WSe, before contact. (C) The lgs—Vgs
characteristic curve at Vg = 0 V and (D) the transfer curve at Vg5 = 5V of the MnSe/WSe, heterojunction FET with h-BN top gate.

crystalline and of high quality. Low magnification TEM micrograph
and energy dispersive X-ray spectra (EDS) patterns of MnSe
nanosheets are shown in Figures 1E-G, which illuminates the
uniform distribution of Mn and Se elements in the sample.
Similarly, the characterization of WSe, material properties also
proves that the mechanically exfoliated WSe, has excellent crystal
quality, as shown in Supplementary Figure S2.

Figures 2A, B exhibit the optical microscopy and structure
diagram of MnSe/WSe, heterojunction, with an effective channel
area of 67.9 um”. Information on the lattice vibrational modes and
phase structure can be learned from the Raman spectra. The Raman
spectra of MnSe nanosheets, WSe, nanosheets and the MnSe/W Se,
heterostructure of the same device are shown in Figure 2C. It is
clearly seen that there is only one significant Raman peak at
2533 cm™ for MnSe. Two main Raman peaks of WSe, are
located at 246.6 and 254.9 cm™, which are attributed to the E',,
and A', modes, respectively (Hu et al., 2017; Sun et al., 2020). The
Raman peaks of the heterojunction are consistent with those of the
two constituent materials, which indicates the effective combination
of phonon vibration modes of two constituent materials. The AFM
image of the MnSe/WSe, heterojunction in Figure 2D displays the
thicknesses of MnSe and WSe, nanosheets are 90 and 102 nm,
respectively.

The conductivity types of MnSe and WSe, were experimentally
measured as p-type and bipolar conductivity, respectively, shown in
Supplementary Figure S3. To obtain the built-in contact potential
difference at the interface between MnSe and WSe,, Kelvin probe

force microscopy (KPFM) measurements were performed.

Frontiers in Materials

Supplementary Figure S4 exhibits the surface potential
distribution (SPD) of WSe, and MnSe nanosheets in the tip
region of AFM, which can be expressed as the following equations:

eSP DWSe2 = Wtip - WWSez (1)
eSPDyse = Wtip = Wnse (2)

where e is the electron charge, Wiyse,» Wmnse> and W, are the work
functions of MnSe, WSe, nanosheets, and AFM tip, respectively.
The Fermi energy level difference AEg between MnSe and WSe, can
be obtained by the following equation

AEp = Wiinse = Wwse, = eSPDyyge, — eSPDyppse (3)

Thus, the difference of the work function between MnSe and
WSe, is about 130 mV, which is illustrated by the potential height
profile near the interface of the MnSe/WSe, heterojunction shown in
the inset of Supplementary Figure S4. To elucidate the band
of MnSe/WSe,
performed via using the projector-augmented plane-wave (PAW)

alignment heterojunction, calculations are
method within the work of density functional theory (DFT) in
VASP. 1 x 1x2 supercells of both MnSe and WSe, are constructed. A
vacuum of about 25 A is applied to eliminate the interaction between
adjacent images for the calculation of 2D structure. Due to the
existence of 3d orbitals of Mn atoms, magnetism is taken into
account in the DFT calculation. The calculated band structures of
2D MnSe and WSe, are shown in Figure 3A, with the Fermi level set
as zero. According to the calculated results, band alignments of
MnSe and WSe, before contact are displayed in Figure 3B, which
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FIGURE 4

The photo response of the MnSe/WSe, heterojunction at Vgs = 5V and Vg = 0 V under the irradiation of (A) 405 nm, (B) 532 nm, (C) 635 nm and (D)
808 nm laser, respectively, with different light power intensities. The light-power-dependent responsivity and detectivity under the irradiation of (E)
405 nm, (F) 532 nm, (G) 635 nm and (H) 808 nm laser, respectively.

indicates a type II heterostructure. Therefore, to further investigate
the electrical characteristics, the MnSe/WSe, FET with h-BN top
gate was fabricated, with MnSe as source and WSe, as drain
ov
(the semi-logarithmic form shown in Supplementary Figure

electrodes; Figure 3C shows the I4-Vgs curve under V, =

S5A), which demonstrates a clear current rectification effect and
the rectification ratio is 18 under V45 of 8 and -8 V. Figure 3D
displays the transfer characteristic curve of the MnSe/WSe, FET (the
semi-logarithmic form shown in Supplementary Figure S5B), which
suggests that this FET is a p-type conduction. Under the V4, 0f 5V,
the current on/off ratio can reach as high as 6,557.

To investigate the optical response performance of the MnSe/
WSe, heterojunction device, the photocurrents were measured at
Vgs = 5V and under 300-2,200 nm laser irradiation periodically,
respectively. The results for 405, 532, 635 and 808 nm are shown in
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Figures 4A-D, while 300, 1,060, 1,310, 1,550 and 2,200 nm are
shown in Supplementary Figures S6, S7. These results clearly
illuminate that the MnSe/WSe, heterojunction device has a broad
spectral range response from UV to SWIR. Moreover, the photo
response performance of the device is evaluated using three key
photodetector parameters: responsivity (R,), detectivity (D*), and
EQE. R, refers to the photocurrent generated per unit power of
incident light per unit area of the photoelectric device, and is used to
measure an important indicator of the photoelectric conversion
efficiency of the device, which is expressed by the following equation:

I

R, = -
Y7 psS

(4)

Tgaris Py is the
incident optical power density; and S is effective illuminating area of

where I, is the photocurrent defined as Ip, = Ijighe —
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zero bias and 405 nm laser irradiation.

the photodetector. The detectivity D* is used to evaluate the
sensitivity of the photodetector that reflects the ability of the
photodetector to detect weak light signals, which is expressed as:
D* = L\/g (5)
V2l

EQE is the number of electron-hole pairs excited by one incident

photon with expression as follows:
EQE = @ (6)
eA
where h is Planck’s constant; ¢ is the light velocity and A is the
wavelength of irradiation light.

The Ry and D* values are plotted in Figures 4E-H, which
indicates that the device can reach a maximum R, of 156 A/W,
D* of 2.21x10" jones and EQE of 36,400% under 532 nm laser
irradiation at a power density of 0.64 W/m®. In addition, the
dependence of the photocurrent on the light intensity can be well
fitted by a power law of I, = aP%7. Furthermore, Supplementary
Figures S8A, B exhibit the rise and fall times of the device are 84 and
still has a
300 consecutive irradiation cycles, shown in Supplementary
Figure S8C. the maintained  good
photoswitching behavior and the photocurrent attenuated by
only 23% after 2 months, shown in Supplementary Figure S9.
These results suggest that the MnSe/WSe, heterojunction can be
used as a high-performance photodetector.

The characteristics of the MnSe/WSe,
heterojunction are investigated, as shown in Figure 5A, which
the I45-Vys dark and 405nm laser
irradiation, respectively. The photocurrent generated at zero bias
as short-circuit current (I,.) and the photovoltage generated at zero
current is defined as open-circuit voltage (V,), respectively. It can

220 ms, respectively. It stable response after

Furthermore, device

photovoltaic

shows curves under
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be seen that the I, and V,, are 32.1 pA and 0.16 V, respectively,
under a laser power of 3.47 W/m? The electrical output power P, is
given by the equation

Py =Vl (7)

The point in the I4s-Vy, curve that has the maximum electrical
output power P, can be found in the rectangle in Figure 5A. The
fill factor (FF) is expressed as

FF = (8)

As a result, Py, and FF are calculated to be 0.81 pW and 0.158,
respectively.

When under the zero-bias state (V4, = 0V, Vg = 0V), the MnSe/
WSe, heterojunction operates in photovoltaic mode. Figures 5B-E
exhibit the optical response as a self-powered photodetector under
different optical power of 405, 532, 635 and 808 nm laser irradiation,
respectively, which illustrates an obvious self-driven photoswitching
effect. The rise and fall times are 500 and 750 ms, respectively, as
shown in Figure 5F. The photocurrent is 1 pA and the dark current is
0.03 pA under 405 nm laser irradiation with the intensity of 0.81 W/
m’. By calculation, R), D* and EQE are 148 mA/W, 2.74 x 10'° jones
and 45.4%, respectively. These results proves that the MnSe/WSe,
heterojunction is a high-performance self-powered photodetector,
compared with other
Supplementary Table S1).

reported 2D  heterojunctions (see

Conclusion

In summary, we synthesized 2D non-layered MnSe nanosheets
with high crystal quality by CVD method, mechanically exfoliated
layered WSe, nanosheets, MnSe/WSe,

and structured the
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heterojunction. The heterojunction device exhibits a rectification
effect and a current on/off ratio of 6,557. Meanwhile, it has a broad
spectral range response from UV to SWIR (300-2,200 nm), and
achieves an ultra-high responsivity of 156 A/W, along with an
excellent detectivity of 2.21 x 10" jones, and an outstanding
EQE of 36,400%. Moreover, the type II band alignment and the
built-in potential in the MnSe/W Se, heterojunction can facilitate the
separation of the photoexcited electron-hole pairs, which enables the
significant photovoltaic characteristics and sensitive self-powered
photoswitching response. This work reveals the novel performance
of the 2D MnSe/WSe, heterojunction and a great potential in
photoswitching, photodetector, and photovoltaic applications.
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