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ABSTRACT Van der Waals p-n heterojunctions, consist of atomically thin two-dimensional (2D) layer
semiconductors, have opened a promising avenue for the realization of ultrathin and ultralight photovoltaic
solar cells. This feature enables them particularly be suitable as the micro/nanoscale solar energy-conversion
units integrated in wireless power supply micro/nano-systems. However, solar energy harvest in these
heterojunctions is hindered by inherent weak interlayer interaction at such ultrathin thickness. Herein, a novel
integrated strategy by embedding metallic plasmonic pentamers optical nano-antenna array (ONAA) onto
overlap region of black phosphorus-molybdenum disulfide (BP-MoS2 ) p-n heterojunction is firstly exploited
under both a near-infrared laser (λ = 830 nm) and standardized AM1.5G solar irradiation. Results show
that profiting from plasmon-induced “hot” electrons and thermal field generating from gigantic near-field
enhancement in 15 nm-ultrashort nanogap ONAAs and high intrinsic build-in field in atomically overlap
region, this integrated configuration displays enhanced photovoltaic properties. Maximum short-circuits
current (Isc = 0.53 μA) and open circuit voltage (Voc = 0.2 V) had been attained. Additional fill factor
of 14% and double power conversion efficiencies amplification are measured via comparison of device without/with ONAAs. These findings strongly demonstrate this reliable enhancement strategy with integration of
plasmonic physics into 2D heterojunctions for realizing energy harvesting unit in the wireless power supply
micro/nano-systems.
INDEX TERMS Optical nano-antenna array (ONAA), plasmon, photovoltaic effect, black phosphorus-

molybdenum disulfide (BP-MoS2 ) heterojunction.

I. INTRODUCTION

As the discovery of photovoltaic (PV) effects, converting sunlight into an electron current in a semiconductor material [1],
PV cells (commonly known as solar cell) have already become
an impactful power system in practical aspects [2]. Compared
with the traditionally commercial solar cell [3]–[15], van der
Waals p-n heterojunctions based on atomically thin 2D layered semiconductors, as a novel solar cell configuration, have
opened a promising avenue for the realization of ultrathin

and ultralight solar cells. The demonstration of nanoscale
solar energy conversion and realization of sensing and energy
harvesting in these solar cell configurations make them hold
tremendous application potential in specific wireless power
supply micro/nano-systems [11], [12]. Particularly, van der
Waals heterostructures devices with ultrathin and ultralight
features are much suitable for the application where the
weight and dimension consideration are essential in the future
integrated micro/nano systems [13]–[15]. Currently, driven by
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the advances in mature deposition methods for defect-free
materials [16] and reliable assembly technology for latticemismatch interfaces [17], atomically thin van der Waals heterostructures offer a versatile platform for the exploration
of high-performance optoelectrical devices [18]–[19]. Benefiting from their no-dangling bonds surface characteristics,
strong optical absorption in the solar spectrum region, high
internal radiative efficiencies, and favorable band gaps [11],
2D van der Waals p-n heterojunction have been attained via
MoS2 /WS2 [20], [21], MoS2 /WSe2 [22], MoTe2 /MoS2 [23],
MoSe2 /WSe2 [24], GaTe/MoS2 [25], MoS2 /black phosphorus [26], [27], MoS2 /carbon nanotubes [28], MoS2 /pentacene
[29], [30], MoS2 /silicon [31], WS2 /graphene [32] and many
more. In these heterojunctions, the basic PV operations originate from the formation of either a Schottky barrier or a
p-n heterojunction [33]–[34], at which the efficient separation and collection of photocarriers happen. It was very recently demonstrated that the theoretical estimates of power
conversion efficiencies in such photovoltaic devices exceeding
25% is feasible [11], enabling the 2D semiconductor photovoltaics opens a new direction for micro/nanoscale solar energy conversion. Therefore, the advances in light-absorption
and efficient-collection make 2D van der Waals heterojunctions to be appealing as nanometer thick solar cell active
layers for achieving high-performance sensing and energy
harvesting functional units in wireless power supply
micro/nano-systems.
Among 2D van der Waals heterojunction, black phosphorous (BP)-molybdenum disulfide (MoS2 ) heterojunctions
have spark intensive interest for a huge potential of optoelectronic devices due to their intriguing optoelectronic properties. In the case of MoS2 , they exhibit significantly higher absorption per unit thickness as compared to Si, GaAs, and even
the perovskites owing to their high refractive indices [11]. It
has been demonstrated that the absorptivity of monolayer 2D
transition metal disulfide (TMD) materials under incident sunlight can achieve up to 5–10% [31], larger than that of monolayer graphene (2.3%) [35] and has one order of magnitude
higher than the commercial sunlight absorbers (e.g., GaAs
and Si) [36]. In the case of BP, BP is well known its gigantic
advantages in the infrared and even mid-infrared region [37],
[38], allowing to give a perfect remedy of the fatal drawbacks
of TMD’s narrow photo-response range in visible region [39].
Thus, the combination of different photo-response ranges
from both BP and MoS2 may lead to a realization of full band
absorption from sunlight. Additionally, the intrinsic electrical
properties of BP and MoS2 also play important roles in more
efficient light-harvest. The high carrier mobility of MoS2 with
the value of 200 cm2 /(V·s) [40] and up to 10000 cm2 /(V·s)
[41] in BP coupled into solar cell can make devices with
lower series resistance, enabling smaller power dissipation
and excellent output characteristics. The complementary intrinsic semiconductor properties between MoS2 (n-type) [42]
and BP (p-type) [43] suggests that BP/MoS2 heterostructure
is an optimal p-n junction configuration.
However, to the best of our knowledge, the optical interaction length and cross-section is limited by the atomically
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inherent thickness in Van der Waals heterojunctions, resulting
a huge hindrance to achieve more efficient solar energy harvest within such heterostructures. The power conversion efficiencies in 2D photovoltaic devices have yet remained below
5%, much lower than the Shockley-Queisser limit based on
their band gaps [12]. To address this issue, it is very urgent
need to explore novel strategy to maximize light trapping
absorption and efficient extraction of photoexcited carriers in
Van der Waals heterojunctions. Herein, in consideration of the
power conversion efficiency is dominated by light trapping
designs in the photoactive layers and device architectures in
solar cell, enhancing light-harvesting ability of Van der Waals
heterojunctions is key for the solar cell’s metrics. Recently,
optical antenna based on a variety of plasmonic nanostructures are designed for enhancing light-harvesting efficiency in
many aspects, including photodetectors [44]–[45], solar cells
[46], spectroscopy [47], [48] and photochemical reactions
[49], [50]. In general, the incident optical field can be concentrated into sub diffraction-limit dimensions by optical antenna
with nanoscale-gap, leading to convert the energy of free
propagating radiation into localized energy at the nanoscale,
finally realizing a dramatically enhanced light-matter interaction. Thus, marrying optical antennas and 2D layered materials had been demonstrated as a novel strategy to modify
and enhance characteristics of solid-state devices [51], [52].
In such configuration, plasmon-induced “hot” carrier injection
and thermal field excitation in plasmonic structures can be as
a valid method to modulate the concentrations of electronhole pairs (EHPs) for additional generation of photocurrent.
Therefore, inspired by the huge potential of plasmonic energy
conversion at interfaces [53]–[55], a promising approach is
proposed by the integration of van der Waals hybrid p-n heterojunctions and metallic optical nano-antenna arrays for the
first time in this letter.
On this hybrid platform, the advantages of both near-field
enhancement of plasmonic nanogap and effective photocarrier
separation of high build-in field in atomic van der Waals
hybrid heterostructure can be combined, enabling to light
trapping absorption and efficient extraction of photoexcited
carriers for more effective energy collection. Specifically, we
present a novel hybrid architecture by placing 15 nm-gap plasmonic pentamers optical nano-antennas arrays (ONAAs) upon
few layer MoS2 nanoflake at the overlap region of BP/MoS2
heterojunctions to construct integrated optoelectronic device.
To demonstrate the plasmon-induced enhancement performance, this integrated optoelectronic device is measured either under near-infrared laser (λ = 830 nm) or under AM1.5G
solar irradiation. The significant performance enhancement of
our hybrid heterostructure devices have been demonstrated
both in the photodiode mode and in photodetection mode.
More important, the enhancement mechanisms under different
bias voltages are investigated based on band engineering and
the fundamental principle of p-n junction. Therefore, it is expected that such vertical van der Waals heterostructures coupled with optical antenna could be a promising approach for
high-performance sensing and energy harvesting functional
units in future wireless power supply micro/nano-systems.
VOLUME 2, 2021

FIGURE 1. Fabrication procedure and characterization of BP/MoS2 heterostructures with ONAAs. (a) Schematic illustration of fabrication procedure of a
typical BP/MoS2 heterostructures with ONAAs. (b) Optical microscope images showing a representative BP/MoS2 heterostructures after all dry
transferring process. The scale bar represents 10.0 μm. (c) Optical microscope images showing a representative BP/MoS2 hybrid device with ONAAs. The
scale bar represents 10.0 μm. (d) The enlarged SEM top view of device in the Fig. 1(c). (e) SEM image of the same BP/MoS2 heterojunction with placing
optical antennas on it. (f) The enlarged SEM top view of optical antenna arrays. and (h) AFM characterization of MoS2 flake and BP flake, respectively.

II. MATERIALS AND METHODS

The fabrication procedures of the proposed hybrid BP/MoS2
heterostructure architecture with ONAAs are illustrated conceptually in Fig. 1(a). In brief, the BP/MoS2 heterostructure was prepared via mechanical exfoliation and all-dry
transfer-restacking techniques [56]. Few-layer MoS2 and
BP nanosheets were prepared on polydimethylsiloxane films
(PDMS) via mechanical exfoliation from pristine bulk MoS2
and BP crystals using Scotch tape. To obtain uniform largearea nanoflakes, nanosheets adhered to tape were baked on a
hotplate for approximately 2 min at a temperature of 100°C
before exfoliation. Then, the BP nanoflakes were firstly transferred onto p+ Si/SiO2 (300 nm) substrates using a threedimensional manipulator under a high-resolution digital microscope. After that, the MoS2 nanoflakes was transferred on
the BP nanoflakes using same methods, enable the formation
of a reliable overlapped region due to the van der Waals interactions (as shown in Fig. 1(b)). More important, the upper
MoS2 nanoflakes automatically provide a self-encapsulated
protection [72] of BP for a long working cycle to match the
measurement requirements before the degradation. Prior to
device fabrication, all samples were soaked in acetone for
approximately 1 hour to remove contaminants. The thickness of selected MoS2 and BP are confirmed by the atomic
force microscope (AFM), as shown in the Fig. 1(g) and 1(h),
VOLUME 2, 2021

respectively. It can be seen that the thickness of MoS2 is
7.054 nm and BP is 20.71 nm. Noted that the thickness of
selected MoS2 nanoflake should be less than 10 nm, guaranteeing that plasmon-enhanced effect can vertically penetrate through the entire BP/MoS2 interfaces. Meanwhile, BP
nanoflake is the selected with such relative thick dimension,
attributed to the absorption of light in the infrared region and
its small band gap around 0.3eV. Additionally, such stacking
sequence can guarantee to prevent the ambient degradation
of black phosphorus in the air. Fig. 1(b) depicts the optical
microscope image of a representative BP/MoS2 heterostructures after transferring process. In this representative sample,
the area of MoS2 is 657.45 μm2 and BP is 212.72 μm2 . To
ensure reliable contact quality, the overlapped region locates
at the center of the device and the area is about 85.64 μm2 .
Noted that the surface morphology of overlapped region is
smooth and no impurities, leading to reliable interface contact
morphology. Afterwards, three groups of golden electrodes
were patterned onto BP/MoS2 heterostructures for the formation of Au-MoS2 -Au, Au-BP-Au, and Au-BP/MoS2 -Au channels using e-beam lithography (EBL) for the characterization
of the intrinsic properties of MoS2 , BP and BP/MoS2 heterojunction, respectively. To realize more efficient collection
of photocarriers at the interface of BP/MoS2 heterojunction,
the terminal is fabricated surrounding the overlapped region.
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FIGURE 2. Comparisons of Raman spectra of a representative as-fabricated BP/MoS2 heterojunction measured at the overlap region with/without
ONAAs. (a) The comparisons of Raman spectrum of MoS2 nanoflake with/without ONAAs. (b) The comparisons of Raman spectrum of BP nanoflake
with/without ONAAs.

The width of all electrodes designed is 3 μm. With the thermal evaporation and lift off processes, a 100 nm-thick Au
film was deposited to build the source and drain terminals
(Fig. 1(c)). For the fabrication of ONNAs, the second lithography and metallization steps were executed leading to 30 nmthickness cylindrical nano-disks. To eliminate the plasmoninduced Schottky junction effect at the metal-semiconductor
interfaces, the ONAAs are only placed on the overlap region,
as shown in Fig. 1(d) and 1(e). The total number of ONAAs
in the overlapped region is 209. Fig. 1(f) exhibits the enlarged
scanning electron microscopy (SEM) images of ONAAs. One
can see that our designed a single plasmonic pentamers optical nano-antennas is made up a larger center nano-disk (Diameter: 150 nm) with four surrounding nano-disks (Diameter: 100 nm). To guarantee the high near-field enhancement,
the nanogap of approximately 15 nm between the adjacent
nano-disks in every single optical antenna was fabricated for
light-trapping. The density of the ONAAs prepared on the
MoS2 nanosheets was approximately 5 groups/ μm2 , and the
spacing between two neighboring ONAs was approximately
100 nm. An Agilent B1500A (from National Test Equipment,
Inc.) semiconductor parameter analyzer was used for the performance characterization of BP/MoS2 heterojunctions. The
laser diode used was a UH series infrared laser diode module
(Part No: UH5-100G-830). The laser beam was rectangular in
shape and had a minimum spot size of less than ∼100 μm.
A global standard spectrum (AM1.5G solar simulation) is
characterized in air using a Newport solar simulator under
100 mW cm−2 illumination measured with an NREL calibrated mc-Si detector with a KG5 filter. Filters are applied
to adjust the light intensities from 0.0092 to 1 sun at varied
light intensities.

comparison of Raman-active modes of MoS2 and BP at the
overlap region with and without ONAAs. Raman spectra were
measured using a LabRAM ARAMIS Raman spectrometer.
Fig. 2(a) and 2(b) show the Raman spectra of MoS2 and
BP measured at overlap region with/without ONAAs, respectively. In the case of MoS2 , the A1g mode represents the S
atoms oscillating in antiphase out-of-plane and E1 2g mode
represents both S and Mo atoms in antiphase parallel to
the crystal plane. We observe that two prominent vibrational
modes (locate at 386 cm−1 for E1 2g mode and 410 cm−1
for A1g mode) of MoS2 are obviously soften in Fig. 2(a).
Furthermore, it was demonstrated that the A1g peak shift can
be utilized for estimating the doping level in the few-layer
MoS2 [58], [59]. Thus, the slight A1g peak shift demonstrated
strongly suggested that plasmon-induced hot electrons can
stride over the energy barrier at the metal-MoS2 interface and
finally were injected into MoS2 nanoflake. This injection behavior will play an importance role in the changing of efficient
photocarriers’ concentrations in MoS2 , yielding a noticeable
modification of optoelectronic properties of MoS2 . On the
other hands, both slight shifts of A1g peak and E1 2g peak
are in good agreement with the effect of bending on phonon
behavior of MoS2 [60]. In addition, it was noted that the shifts
of three Raman-active peaks of BP are also observed, strongly
confirming that plasmon-induced near-field enhancement effect had an adequate penetration depth than the our selected
MoS2 thickness. Thus, plasmon-induced near-field enhancement effect have obvious effect on interface’s characteristic
between MoS2 and BP nanoflake. All these variations suggest
that the shift of vibrational modes is related to the ONAAs
placed onto the overlap region of BP/MoS2 heterostructure,
which plays a crucial role in noticeably modifying the performance of BP/MoS2 heterostructures.

III. RESULTS AND DISCUSSION
A. RAMAN CHARACTERIZATION OF BP/MOS2
HETEROJUNCTION WITH/WITHOUT ONAAs

B. THE INTRINSIC ELECTRONIC PROPERTY OF BP/MOS2
HETEROSTRUCTURES

Raman spectroscopy has been demonstrated as a reliable tool
to characterize the phonon behaviors or interlayer interaction
among heterostructures [57]. Here, we carried out a detailed

To confirming the formation of ideal p-n junctions by our
BP/MoS2 heterostructures, the intrinsic electrical measurements with different channel materials (including MoS2 , BP
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C. PENTAMER OPTICAL NANO-ANTENNAS ENHANCED
BP/MOS2 HETEROSTRUCTURES

FIGURE 3. The electrical performance of BP/MoS2 heterojunction without
ONAAs in the dark. (a) The output characteristics of single MoS2 channel.
(b) The output characteristics of single BP channel. (c) The transfer
performance of BP/MoS2 heterostructures. (d)The gate-tunable output
performance of BP/MoS2 heterostructures. (e) The rectify ratio as the
function of back gate voltage was calculated via the ratio of forward
(Vds = 1 V)/reverse (Vds = −1 V) current.

and BP/MoS2 heterostructures without ONAAs) were first
performed at room temperature and under ambient conditions.
The detailed measurement results were shown in Fig. 3. It
was shown that the transfer characteristics in our sample
(Fig. 3(c)) looks like degenerate p-type semiconductor, but
it is not degenerated semiconductor, attributing to a slightly
n-type transfer reduction modulation under Vgs = 20–30 V
compared with previous 36 nm-thichness BP transistor [68].
Thus, we believe that the Fermi level still located between
the conduction band and valence band and is very close to
the valence band. Based on such band energy, the BP device
exhibits a large current value with the around 150 μA at
Vds = −1 V. However, MoS2 displays a normal n-type property with the transport current value at 0.8 μA at same voltage.
Such large difference in current amplitude is attributed to the
huge difference of carrier mobility between BP and MoS2 .
More important, this integrated device exhibits a 107 on/off
ratio. Owing to the on-off ratio of MoS2 is up to 107 and
BP with on-off ratio of 102 , the on/off ratio of our BP/MoS2
heterojunction is dominated by the transfer characteristics
from MoS2 nanoflake. Additionally, gate-tunable rectifying
characteristics in our sample is also demonstrated, enabling
a rectify ratio (η = Ids , Vds = 1 V / Ids, Vds = −1 V ) increase from
1.142 to 205 with the gate voltage swept from Vgs = −15 V
to Vgs = 15 V. Therefore, together with high on/off ratio and
gate-tunable rectifying characteristics, it is strongly convinced
that perfect p-n junction was formed at BP/MoS2 interface.
VOLUME 2, 2021

To validate the plasmon-enhanced optoelectronic performance of BP/MoS2 heterojunction, photo response measurements with and without ONAAs were firstly carried out under
near-infrared laser (λ = 830 nm) and atmospheric environment. The reason for adopting this laser wavelength is that the
surface plasmon resonance of our plasmonic pentamers ONAAs located at 850 nm, as shown the detailed electric field distributions and electric field enhancement factor (Emax /Einput )
in our previous paper [45]. Under the irradiation at the resonance wavelength, the maximum near-field enhancement factor with a value up to 30 can be attained for realizing the
enhancement of light-matter interaction.
The schematic illustration of ONAAs on BP/MoS2 heterostructures under light irradiation was shown in Fig. 4(a).
In this part, MoS2 nanoflake was connected with the source
electrode as the ground terminal and applied bias voltage was
swept upon drain electrode connected with BP nanoflake. Due
to the difference of intrinsic majority carrier’s concentration
between MoS2 (Majority carriers are electrons) and BP (Majority carriers are holes), the carrier’s drift at the interface
occurred. Upon the equilibrium state, it is apparent that a
vertically intrinsic built-in electronic field directing from nMoS2 to p-BP will form in the overlap region. More importantly, the electrons in the pink region (as shown in Fig. 4(a))
represents the generation of plasmon-induced hot electrons
will take participate into the transport of carriers under light
irradiation. Fig. 4(b) and 4(c) show the comparison of output
performance of BP/MoS2 heterostructures without and with
ONAAs under near-infrared laser (λ = 830 nm). The results
show that the current amplitude of in BP/MoS2 heterostructures with ONAAs is clearly larger than that without ONAAs
either at forward bias or at reverse bias, indicating that the
plasmon-induced enhancement of photocurrents occurs in our
device.
To further provide a detailed description of enhancement
of photocurrent under the sample with/without ONAAs, we
divide the output chrematistics into three regions according to
the operation modes of device, including first, third and fourth
quadrant of Ids –Vds curve. Both first (Vds > Voc ) and third
(Vds < 0 V) quadrant region belong photodetection mode, and
fourth quadrant region (0 V ≤ Vds ≤ Voc ) belongs photodiode
mode, where Voc is the open circuit voltage. Firstly, we focus
on the photo response of device worked under photodetection mode. From the comparison of output characteristic in
the third quadrant with/without ONAAs, it can be seen that
the current amplitude (0.47 μA) extracted from the under
negative Vds = −1 V and Pin = 7.2 mW is 3 times higher
than that without ONAAs (0.13 μA) under same condition.
Furthermore, the current amplitude with ONAAs (1.75 μA)
under positive Vds = 0.5 V and Pin = 7.2 mW is 3.18 times as
high as that without ONAAs (0.55 μA) in the first quadrant.
Thus, all above results demonstrate that the photo detective
ability of BP/MoS2 heterostructures can be truly enhanced via
the injection of ONAAs into overlapped region. Moreover,
45
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FIGURE 4. (a) Schematic illustration of ONAAs on BP/MoS2
heterostructures under light irradiation. The output performance of
BP/MoS2 heterostructures under near-infrared laser (λ = 830 nm) with
different optical power (b) without ONAAs and (c) with ONAAs. The output
performance of BP/MoS2 heterostructures under AM1.5G solar simulation
with different light intensity. (d) without ONAAs and (e) with ONAAs.(f) The
comparison of responsivity as function of different optical laser power
under light excitation at 830 nm.

the responsivity (R = Iphoto /Pin ), as one of the key optical
performance metrics, is extracted to evaluate the enhancement
of device performance, where Iphoto is extracted by calculating
Iilumination - Idark and Pin is the efficient absorption optical
power in the channel. The maximum responsivity with ONAAs (27.43 mA/W) at Vds = −1 V and Pin = 7.2 mW is
1.66 times larger than that without ONAAs (7.5 mA/W) under
same measurement conditions, as shown in the Fig. 4. In
addition, the detailed comparison of responsivity as function
of different optical laser power was also presented in Fig. 4(f).
It is clear that the responsivity is improved under each optical
power irradiation and the slope of curve between R and Pin in
the logarithmic coordinate is nearly same. In general, according to the power law (RPin α−1 ) [61] between responsivity R
and incident optical power Pin , the exponent α−1 represents
46

the slope of power law in the logarithmic coordinate and can
be used to characteristics of recombination kinetics of photocarriers involves both trap states and interactions between the
photogenerated carriers. Owing to the same slope in the sample with/without ONAAs, it is reasonable to eliminate the effect of plasmon-induced trap states on the photocurrent. This
phenomenon is mainly attributed to the increasement of actual photocarrier’s concentration in the sample with ONAAs.
Thus, all above results demonstrated that the performance of
device with ONAAs worked in the photodetection mode is
enhanced than that without ONAAs, indicating that the enhanced photodetection ability of plasmon-induced BP/MoS2
heterostructures.
Then we turn our attention to comparison of the photodiode
mode of BP/MoS2 heterostructures with/without ONAAs in
the fourth quadrant. Generally, short-circuit current (Isc ) and
open-circuit voltage (Voc ) are two key performance parameters to characteristics of power conversion efficiencies under photodiode mode. It can be seen that the Isc of device
with ONAAs increase from 0.10 μA to 0.53 μA as shown
in Fig. 4(c). By contrast, the Isc increment from 0.05 μA
to 0.25 μA of device without ONAAs is much smaller under same conditions as exhibit in Fig. 4(b). Such high Isc is
also much larger than the previous reported heterojunctions,
including WS2 /MoS2 (5.7pA) [21], WSe2 /MoS2 (7.7 pA)
[22], WSe2 /WS2 (1.2 nA) [62]. Furthermore, the open circuit voltage (Voc ) have an increment from 0.14 V to 0.2 V,
which is considerable than that of WS2 /MoS2 (0.12 V) [21],
WSe2 /MoS2 (0.22 V) [22], graphene-MoS2 -metal (0.16 V)
[63], graphene -WS2 - graphene (0.15 V) [64] and Au-MoS2 ITO (0.2 V) [65]. In fact, in an ideal solar cell, the Voc is limited by the equilibrium contact potential V0 . In our samples,
we attribute the little increment of Voc to temperature increase
of device, owing to that Voc is proportional to temperature of
device [66]. More importantly, fill factor (FF%), defined as
the ratio of Im Vm /Isc Voc (where Im and Vm are the current
and voltage work in the maximum product both Ids and Vds
in the output characteristics), was calculated from the fourthquadrant portion of output performance. The results show
that 14% enhancement of FF% had been obtained under the
Vds = 0.1 V and Pin = 64 mW by comparing the device with
ONAAs (38.09%) and the device without ONAAs (24.36%).
Finally, the power conversion efficiencies (PCE = Im Vm /Pin )
are extracted for verify the plasmon-enhanced properties. The
results show that the PCE (0.195%) of device with ONAAs
is 2.19 times as large as that (0.089%) without ONAAs under
the Vds = 0.1 V and Pin = 35.9 mW. The PCE attained in
this sample with ONAAs is larger than that of WSe2 /MoSe2
(0.12%) [24] and is nearly equivalent to WSe2 /MoS2 (0.2%)
[67]. Thus, it is strongly convinced that the photodiode mode
of heterojunctions also can be improved by introducing the
ONAAs into BP/MoS2 heterostructures.
Furthermore, the comparisons of output characteristic of
BP/MoS2 heterostructures without and with ONAAs are also
carried out under a global standard spectrum (AM1.5G solar
simulation) by varying the excitation light intensity as given
VOLUME 2, 2021

FIGURE 5. a The energy band diagrams before the formation of the MoS2 -BP junction. The energy band diagrams comparison of device b without ONAAs
and c with ONAAs at equilibrium state under light irradiation. d The distribution of thermal field of a single antenna under the applied optical power at
64 mW on the device. e The lateral view (xz plane) of a single antenna under the applied optical power at 64 mW on the device. The blue line represents
the z coordinate at 50 nm.

in Fig. 4(d) and 4(e), respectively. By using forward voltage
at 1 V and light power intensity at 1 mW/mm2 , a photocurrent
with ONAAs of 3 μA is obtained, which is twice larger than
that without ones (1 μA). Meanwhile, the photocurrent with
optical antenna arrays at −1 V reverse voltage (60.22 nA)
is increased by a factor of 2.5 than that (17.22 nA) without
optical antenna arrays under the same condition. However, it
is difficult for obtain the change of Isc and Voc , resulting from
the small absorption device area compared with large diameter of AM1.5G solar simulation. Thus, small light intensity
of solar spectra at surface plasmon resonance of ONAAs is
absorbed in the channel, leading to a very small Voc and Isc .
In the future, the large-scale monolayer materials should be
applied for improving the effective absorption area.
D. ENHANCEMENT MECHANISM OF BP/MOS2
HETEROJUNCTION WITH ONAAS

To further reveal the enhancement mechanism with our designed ONAAs, we carried out the comparisons of the energy band diagrams between an ideal p-n junction and a
p-n junction with ONAAs. The energy band diagrams of
BP/MoS2 heterojunction before band alignment were depicted in Fig. 5(a). The electron affinity χ and work function
 of MoS2 and BP with similar thickness are referred from
the Liu’s results [68]. It can be seen that the majority carriers
of MoS2 nanoflake is electrons, resulting to the position of
Fermi level EF locates nearly the bottom of conduction band
Ec . By contrast, the BP’s Fermi level EF locates nearly the top
of conduction band Ev , owing to the p-type intrinsic property.
In our sample, the band gap Eg of MoS2 is 1.2eV, electron
affinity χ is 4.2eV, work function n is 4.4eV. Corresponding, the band gap Eg of BP is 0.4eV, electron affinity χ is
4.12eV, work function n is 4.42eV. Based on above data and
Anderson’s rule in semiconductor physics, the energy band
VOLUME 2, 2021

diagrams comparison of device without ONAAs and with ONAAs at equilibrium state under light irradiation were shown
in Fig. 5(b) and 5(c). To provide a clear category distinction
of carriers in the device, the carriers are represented by dots
with different colors. Herein, the dark blue dots and deep
pink dots represent intrinsic majority carriers of MoS2 and BP,
respectively. The light blue dots represent extra photocarriers
excited by light irradiation. The dark red dots represent extra
thermal excited carriers by plasmon-induce thermal field. The
green dots represent plasmon-induce “hot” electrons from our
pentamers optical nano-antennas.
To make a better comparison of the device’s energy band
diagram with/without ONAAs, two significant changes need
to be considered, as shown in Fig. 5(b) and 5(c). On the one
hand, it is confirmed that the shift of A1g peak from MoS2 ’s
Raman spectra in Fig. 2(a) represents the clear movement of
Fermi level near the minimal conduction band in the device
with ONAAs under light irradiation (n-doping happens in
good agreement with the effect of bending on phonon behavior of MoS2 [60]), represented by the downward green
arrow in Fig. 5(c). Consequently, compared with the sample
without ONAAs (in Fig. 5(b)), the contact potential barriers
increase, leading to an additional electric field Edope must be
considered in the device with ONAAs under light irradiation,
stemming from the injection of plasmon-induced “hot” electrons. Thus, the total build-in electronic field (EONAAs = E0
+ Edope ) at BP/MoS2 interface in the device with ONAAs
is entirely larger than that without ONAAs (E0 ), regardless
of forward or reverse bias. On the other hand, the carrier
concentration transported in heterojunction is one of the key
factors to determine the photo response of the device. For the
device with ONAAs, a part of plasmon-induced “hot” electrons with higher energy can be injected into MoS2 nanoflake
as the effective photo carriers. More importantly, resonance
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energy transfer from a donor to an acceptor is unavoidable
near a plasmonic nanostructure. Generally, the energy of the
excited donor can either be radiated, dissipated, or absorbed
by the acceptor and each of these channels is affected by the
nearby metal, following by Förster’s expression [69]. In our
configuration, the plasmon energy in optical antenna is donor
group and the absorption power in MoS2 is an acceptor group.
Thus, plasmon-assisted resonance energy originates from
localized surface plasmon resonance at the nanogap under
light irradiation will be transferred into MoS2 nanoflake via
a nonradiative transfer mechanism, leading to thermal atomic
vibration of MoS2 . In addition, another of plasmon-induced
“hot” electrons with lower energy can not stride over the
barrier of Au-MoS2 interface. Then, the thermal dissipation
also occurs via undergoing Landau damping and carrier relaxation [54]. Because of above two sources of thermal field, the
effect of the heat phenomenon on the BP/MoS2 heterojunction should be analyzed by following two aspects. Firstly, the
effective extra carrier concentrations (nthermal ) resulted from
thermal excited carriers are also need to be taken into account.
Secondly, efficient photocarriers separation at the interlayer is
the prerequisite for optoelectronics and solar energy conversion. According to the recent findings, it had been demonstrated that phonon-assisted ultrafast charge transfer existed
at van der Waals heterostructure interface, which is valuable
for the design of novel photovoltaic devices. Thus, the thermal field at the interfaces also benefits to the separation of
photocarriers.
To verify the plasmon-induced heating phenomenon at the
BP/MoS2 heterojunction, the thermal field of BP/MoS2 heterojunction with ONAAs was performed by Device module
based on the absorption power attained from 3D FDTD simulation. The simulation results of thermal field distribution
in a single antenna is exhibited in Fig. 5(d). It can be seen
that the maximum temperature of single antenna increases up
to 308K. This phenomenon also confirmed in previous plasmonic structure, such as bow-tie and diabolo structures [70].
Meanwhile, experimental results demonstrated that temperature of plasmon-induced thermal field in the MoS2 device can
be increased up to 120°C [71]. Thus, it is strongly convinced
that the plasmon-induced heating phenomenon of our hybrid
heterostructure really exist in the devices. More importantly,
the range of this thermal field along z direction was extracted
in lateral view (xz plane) of structure (Fig. 5(e)). We can
see that the temperature of thermal field is about 305 K at
z = 50 nm, indicating that both MoS2 and BP can be heated
due to the depth of thermal field is larger than the thickness of
this hybrid heterostructure. Therefore, such high thermal field
at the interfaces of our MoS2 /BP heterostructure is sufficient
to generate extra electron-holes pairs in the overlap region, resulting in the increase of actual carrier concertation and more
efficient photocarriers’ separation at the interfaces. Based on
above discussion, the fact is that the total carrier concentration (ntotal ) in the device with ONAAs is included by four
parts: intrinsic carrier concentrations (ni ), extra photocarriers
concentrations (np ), plasmon-induced “hot” electron concentrations (nh ) and extra thermal excited carrier concentrations
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(nt ). By contrast, only ni and np consist of the total carrier
concentrations in the device without ONAAs. Therefore, all
above changes provide a key role in optoelectronic properties
of BP/MoS2 heterojunction with ONAAs.
To gain the in-depth insight of the enhancement mechanisms based on the variation of applied bias voltage Vds relative to Voc either in the dark and under light irradiation, the
comparisons of the energy band diagrams between an ideal
BP-MoS2 heterojunction and a BP-MoS2 heterojunction with
ONAAs under different bias voltages and illumination conditions are carried out, as illustrated in Fig. 6. The situations in
the dark of both the BP-MoS2 heterojunction with or without
ONAAs are similar (as shown in Fig. 6(a)–6(d)), owing to
the same intrinsic carrier concentrations. Under the zero bias
(Fig. 6(b)), the coupling effects of the diffusion of majority
carriers (electrons for MoS2 and holes for BP) and generation
of build-in electric field E0 (direction from MoS2 to BP)
lead to the device in equilibrium state. Upon the reverse bias
(Fig. 6(a)), the electric filed at MoS2 /BP interface increases
owing to the same direction between the applied electric field
E and E0 . Thus, only small current is maintained from the drift
of minority carriers (holes for MoS2 and electrons for BP).
By contrast, the contact potential barriers decrease (Fig. 6(c))
with gradually increment of Vds and eventually vanish under
large forward Vds . Once the applied bias voltage larger than
contact potential barriers, more majority of carriers diffuse at
the interface, resulting into the exponential forward current
(Fig. 6(d)). More importantly, the comparisons of device with
and without ONAAs under illumination are investigated based
on upon principle of p-n junction, as depicts in the Fig. 6(e)–
6(l). Based on above rational analysis, the discussion of
the enhancement mechanism in the MoS2 /BP heterostructure
with/without ONAAs is as follows. Under the reverse bias,
both intrinsic ni and plasmon-induced “hot” carriers nh can
not transit the wider space charge region at the interface regardless of with or without ONAAs, stemming from a large
reverse built-in electronic field. Consequently, compared with
the only separation of extra photocarriers np in the device
without ONAAs (Fig. 6(e)), the generation of larger reverse
current in the device with ONAAs is attributed to the separation of both extra photocarriers np and extra thermal excited
carriers nt in the space charge region (Fig. 6(i)). In addition,
the negative current formed in the device (from n-MoS2 to
p-BP) is caused by the electrons drift into MoS2 and holes
drift into BP under large built-in electronic field. Moreover,
even though the reduction of build-in electronic field with the
gradually increase of applied bias less than Voc , there exists
a barrier impede the diffusion of more intrinsic and “hot”
electrons from n-MoS2 to p-BP. Thus, the separation of extra
photocarriers and extra thermal excited carrier in the space
charge region still dominate the generation of negative current, as shown in Fig. 6(f) and 6(j) (under zero bias), Fig. 6(g)
and 6(k) (forward bias (0 V < Vds ≤ Voc )). Therefore, the
larger build-in electronic field and more extra thermal excited
carriers made the enhancement of photodetection mode under
reverse bias and photodiode mode in the fourth quadrant. By
contrast, under the forward bias voltage, we note that the
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FIGURE 6. The comparisons of the energy band diagrams between an ideal p-n junction and a p-n junction with ONAAs at the BP-MoS2 interface under
different bias voltages. a-d without or with ONAAs in the dark. e-h without ONAAs under light illumination. i-l with ONAAs under light illumination.

increase of potential energy in the MoS2 region can make
more electrons diffuse from the MoS2 to BP and more holes
from diffuse from the BP to MoS2 . Therefore, in this scenery,
majority carriers with the concentrations of ntotal will cause
a large positive current in the device. Owing to both extra
plasmon-induced “hot” electrons participate in the generation
of current in the device with ONAAs, the enhancement of
photodetection mode under forward bias (Vds > Voc ) can be
attained in the device with ONAAs is much larger than that
without ONAAs. Thus, both plasmon-induced “hot” electrons
and thermal field are beneficial to the generation of photocurrent. From above analysis, it is strongly believed that this integrated scheme combined the advantages of plasmonic structure and 2D van der Waals p-n heterostructures is expected to
be valuable as a new method for the development of future
high-performance photodetectors and photovoltaic devices.
IV. CONCLUSION

In conclusions, for the first time, an integrated scheme combining 2D van der Waals BP-MoS2 heterostructure and a
pentamers optical-antennas arrays (ONAAs) with a small gap
down to 15 nm is proposed for enhancing photovoltaic characteristics in the novel hybrid heterostructures. The results
show that with this integration scheme, both photodetection
mode and photodiode mode exhibits a clear enhancement
under near-infrared laser (830 nm). In the case of photodiode
mode, the maximum short-circuits current (Isc = 0.53 μA)
and open circuit voltage (Voc = 0.2 V) had been attained.
More importantly, the improvement of fill factor (14%) and
the enhancement factor of power conversion efficiencies with
VOLUME 2, 2021

the value of 2.19 is testified by comparison between hybrid
heterostructure without ONAAs and with ONAAs, demonstrating the enhanced photovoltaic properties. In addition,
maximum photoresponsivity in BP-MoS2 heterojunction with
ONAAs is 2.66 times larger than that without ONAAs. These
surprising enhancement mechanisms under different bias voltage (relative to Voc ) are dependent on the different principles. In other words, the separation of extra plasmon-induced
thermal excited carriers in the space charge region dominates
the enhancement of extra photocurrent under the bias voltage
less than Voc . By contrast, the enhancement of photocurrent
under the bias voltage larger than Voc results from the diffusion of extra plasmon-induced “hot” electrons in the channel.
Both plasmon-induced “hot” electrons and thermal field are
beneficial to the generation of photocurrent. Therefore, the
integration of plasmon-induced technology and photovoltaic
performance of 2D van der Waals heterostructure is expected
to be more efficient light-harvesting schemes in future highperformance sensing and energy harvesting functional unit in
wireless power supply micro/nano-systems.
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