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Self-powered photodetectors (PD) have great potential applications in visible light communication (VLC) systems
due to their unique advantages such as energy saving and low cost, where color shift keying (CSK) is widely
utilized to meet the requirements of non-negative light intensity modulation. However, at least two PDs with
filters are needed to decode the optical signals, greatly increasing the device cost and complicating the
communication system. Here, we report a new type of dual-polarity response PD with an adjustable polarity
switching wavelength, where the output signals are positive and negative in long and short wavelength regions,
respectively. The dual-polarity response is a consequence of the competition between photovoltaic (PV) effect of
ZnO NWs/Sb2Se3 film p-n junction and pohtothermoelectric (PTE) effect of Sb2Se3 thin film. As compared with
current PDs in CSK systems, our PD can work without any filter and one PD can realize the function of two
traditional PDs. This new PDs have the potential applications in optical communication systems and filterless
color discrimination.

1. Introduction
Ultraviolet (UV) Self-powered photodetectors (PDs) have attracted
broad attention due to its wide-range application scenarios such as
communication, imaging and environmental monitoring [1–4]. Current
researches on self-powered PD mainly focus on improving the respon
sivity [3,5,6], response speed [7,8], detectivity [9,10] and fabricating
wearable device [11–13]. However, with the development of technol
ogy, those traditional PDs may not satisfy the request of some special
application scenarios because of the simple detection function. For
instance, the development of solid-state lighting has given rise to visible
light communication (VLC), where light from LEDs can be both used for
illumination and data transmission [14–16]. In VLC systems, color shift
keying (CSK) was widely used as the modulation scheme to address the
issues such as low data rate, limited dimming support and non-negative
optical intensity [14,17]. In CSK modulation systems, signals are

modulated on light through LEDs with different color wavelength. Thus,
at least two PDs with filters are needed to decode the signals from
different LEDs, which greatly add cost to the fabrication of PD and
complicate the communication system [17–19]. Besides, those receivers
such as camera sensors can only provide very low data rate [14]. Thus, it
is of great significance to design new type of PDs with special functions.
Photovoltaic (PV) and Photothermoelectric (PTE) effect are two
dominant mechanisms to design self-powered PDs [3,6,7,20–23].
Generally, PV-type self-powered PDs are mainly based on p-n junction,
where the built-in electric field near the interface of p-n junction serves
as the driving force of the photocurrent [24,25]. Thus, it is of great
importance for the PV-type PDs that the incident photons can reach the
depletion region near the interface of p-n junction. For PTE-type self-
powered PDs, the output current signals depend on the Seebeck coeffi
cient of the materials and the temperature gradient across the device
induced by the incident light [26,27]. Hence, illumination region should
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be controlled to establish a temperature gradient across the device; laser
with a small spot size (about hundreds of nanometers) was usually used
as the light source to realize a local illumination of the nano device with
an effective length about several microns [23,26–28]. Antimony sele
nide (Sb2Se3) have been proven to be an excellent optoelectronic ma
terial due its larger absorption coefficient and excellent carrier mobility
[29–31]. Besides, the thermoelectric properties of Sb2Se3 is also
attractive for its large Seebeck coefficient [32–34]. In addition, due to its
large absorption coefficient, energy from short wavelength light illu
mination will be constrained in a small region (as low as dozens of
nanometers in thickness); thus, a temperature gradient can be estab
lished in Sb2Se3 thin film (about 500 nm in thickness). By adopting
Sb2Se3 as the p-type absorber material of a p-n junction, we can integrate
PV and PTE effects in one device and finally acquire a multifunction PD.
Here we present a new type of dual-polarity response self-powered
PD based on ZnO NWs/Sb2Se3 film heterojunction, where the polarity
of the output signal is determined by the wavelength of the incident
light. As the wavelength of the incident light increases from 405 nm to
880 nm, the output current gradually switches from negative to positive.
The dual-polarity response is a consequence of the competition between
PV effect of ZnO NWs/Sb2Se3 p-n junction and PTE effect of Sb2Se3 thin
film. Moreover, the PD was successfully used as a receiver in a bipolar
CSK system and the application of photodetector array (4 � 4) shows
potential in accurate indoor positioning [16]. As compared with current
receivers in CSK systems, our receiver can work without any filter and
one receiver can realize the function of two traditional receivers [17].
This new type of PD can reduce the costs of device fabrication and
simply the communication system, which shows a great application
potential in VLC system. Besides, it can also be used for filterless color
discrimination [2,35].

computer was used to recorded the electrical signals. An optical chopper
(SR540, Stanford) was used to periodically cut off the light source. The
temperature information was obtained by an IR thermographic camera
(PI400, Optris). The light intensity was acquired by a laser power meter
(Nova II, OPHIR) equipped with a thermal sensor (3A-ROHS, OPHIR).
3. Results and discussion
Fig. 1a illustrates the schematic structure diagram of the selfpowered ZnO NWs/Sb2Se3 film heterojunction photodetector (PD)
array and the light direction. As shown in Fig. 1a, a transparent indium
tin oxide (ITO) glass is used as the bottom electrode and substrate, a
layer of p-type Sb2Se3 thin film works as the absorber material, a layer of
n-type ZnO serves as the buffer layer, a layer of Kapton tape is used as
the insulation layer, and a thin layer of silver (Ag) works as the top
electrode. It is worth noticing that, different from traditional designa
tion, the absorber layer works as the window layer. An optical image of
the fabricated photodetector array is demonstrated in Fig. 1b, in which
the dimension of the substrate is 2 cm � 2 cm and the active area of each
pixel is 3 mm � 3 mm. The device structure is confirmed by the crosssectional scanning electron microscopy (SEM) image illustrated in
Fig. 1c and the effective thickness of the device is approximately 3 μm.
As depicted in Fig. 1d, the top-view SEM image of the annealed Sb2Se3
thin film indicates that Sb2Se3 with large size in grains and compactly
grown on the ITO substrate. The inset in Fig. 1d is a topography of the
annealed Sb2Se3 thin film, which illustrates that the surface of the
Sb2Se3 thin film is ultra-flat with a root-mean-square roughness (Rq) of
13.2 nm; the flat surface is crucial to the growth of uniform ZnO NWs. As
demonstrated in Fig. 1e, the top-view SEM image of the as-grown ZnO
NWs illustrates that the ZnO NWs are uniformly and densely grown on
the surface of Sb2Se3 thin film with diameters about 500 nm; the inset
shows the flat surface of the ZnO NWs (Rq ¼ 33.3 nm) which is beneficial
for the deposition of Ag electrode. The rectifying characteristics of the
current-voltage (I–V) curves presented in Fig. 1f indicate the formation
of p-n junction; I–V curves of those 16 channels are demonstrated in
Fig. S3b (Supporting Information), showing the good uniformity of the
photodetector array. When the transmittance of the ITO glass is taken
into consideration (Fig. S3d in the supporting information), it is obvious
that the photoresponse of the device in the longer wavelength region
outperforms the shorter wavelength region’s at the same light intensity
(25 mW/cm2) for the output current increases gradually with the
wavelength at a forward bias voltage of 1V. In other words, the photo
response of the device shows a light wavelength dependence, which is
significant for the realization of dual-polarity response.
As illustrated in Fig. 2a, the photoresponse performance of the selfpowered PD under different wavelengths of light illumination with the
same light intensity (25 mW/cm2) was systematically investigated. I-t
curves of the self-powered PD under periodical light illuminations show
good stability and repeatability. Besides, the definition of forward
connection (reversed connection) is when the ITO (Ag) and Ag (ITO)
electrode is connected the positive and negative pole of the current
meter, respectively. Under forward connection, as demonstrated in
Fig. 2a (left half part), the photocurrent in the short (405 nm–690 nm)
and long (760 nm–880 nm) wavelength region shows opposite polarity.
However, it is well known that a positive photocurrent will be generated
when such kind of p-n junction based PDs are at forward connection due
to the photovoltaic effect. So it can be inferred that the output current in
the longer wavelength region (760 nm–880 nm) is generated by the
photovoltaic effect of the p-n junction. The negative output current in
the shorter wavelength region (405 nm–690 nm) hints that PTE effect
may play its part which will be discussed thoroughly later. To further
confirm that the signals are from the device, the output signals under
different wavelengths of light illumination were systematically
measured when the device was at reversed connection to the measure
system (right half part of Fig. 2a); reversed output signals are obtained
which imply that previous signals are generated by the device.

2. Experimental section
2.1. Device fabrication
The commercial ITO glass substrates (<7 Ω/sq) were ultrasonically
cleaned by glass lotion, deionized water and ethanol. Then, a layer of
Sb2Se3 film was deposited on the dried substrates by radio frequency
(RF) magnetron sputtering (Ar, 100 W, 2700 s) at room temperature. To
obtain p-type Sb2Se3, the as-deposited thin films were annealed at 300
�
C for 1 h in a horizontal quartz tube furnace under N2 atmosphere [38].
Subsequently, the ZnO seeds layer was deposited on the surface of
Sb2Se3 films by RF magnetron sputtering (Ar, 100 W, 3600 s) at room
temperature. The seeded substrates were immersed into the mixed
nutrient solutions (100 mM ZnO∙6H2O and 100 mM HMTA) face down
for the growth of ZnO NWs via hydrothermal method at 85 � C for 4 h.
Afterwards, the ZnO NWs was rinsed with deionized water and dried in a
mechanical convection oven. To get photodetector array, double layer
Kapton tapes with 16 square holes (4 � 4 array) were struck to the
surface of ZnO NWs as masks. A thin layer of silver (Ag) was deposited
on the surface of ZnO NWs by direct current magnetron sputtering (Ar,
100 W, 300 s). After the top layer of Kapton tapes were peeled off, the
left Kapton tapes were used to glue the copper wires and improve the
robustness of the devices.
2.2. Characterization and measurements
The thickness of the device and the morphologies of the Sb2Se3 thin
film (ZnO NWs) were characterized by field emission scanning electron
microscopy (SU8020, Hitachi). A commercial atomic force microscope
(ICON, Bruker) was used to acquire the topography of the Sb2Se3 film
and ZnO NWs. The crystal crystallographic structure of ZnO NWs was
obtained by X-ray diffraction with Cu Kα radiation (X’Pert3 Powder,
PANalytical). Transmission spectra were measured by UV-VIS-NIR
spectrophotometer (UV-3600, SHIMADZU).
A system source meter (2611B, Keithely) in conjunction with a
2
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Fig. 1. Structure and I–V curves of the photodetector. (a,b) Schematic diagram (a) and optical image (b) of the ZnO NWs/Sb2Se3 heterojunction photodetector array.
(c) Cross-sectional SEM image of the fabricated device. (d,e) SEM image of the annealed Sb2Se3 thin film (d) and ZnO NWs (e); the insets are the corresponding AFM
images. (f) I–V characteristics of the photodetector under dark and different wavelengths of light illumination (25 mW/cm2).

To better compare the output current under different wavelengths of
light illumination, I-t curves in Fig. 2a (left half part) were normalized by
light intensity and concisely illustrated in Fig. 2b. It can be easily seen
that the polarity of the normalized current shows a dependence on light
wavelength, where the current signals are negative when the wave
lengths of the light illumination are shorter than or equal to 690 nm;
however, when the wavelengths are longer or equal to 760 nm, the
output current signals are positive. The output current signals demon
strated in Fig. 2a (left half part) are further summarized in Fig. 2c. The
output current increases from about 8 nA to 69 nA, as the light
wavelengths increase from 405 nm to 880 nm. Besides, between 690 nm
and 760 nm may exist a polarity switching wavelength, where the cur
rent signal generated by the photovoltaic effect of p-n junction is exactly
counteracted by PTE signal that is equal in magnitude but opposite in
polarity. According to the photocurrent and corresponding light in
tensity, the responsivity (R) of the photodetector can be calculated out.
The responsivity of self-powered PDs is defined as the following formula
[7,36,37].
R¼

Iph Id
PS

device. As demonstrated in Fig. 2c the obtained responsivity was
depicted as a function of light wavelength. The responsivity increase
from about 3.7 μA/W to 30.6 μA/W, as the light wavelengths increase
from 405 nm to 880 nm. Although the responsivity of the self-powered
PD is relatively low in comparison with some existing self-powered PDs,
the dual-polarity responsivity behavior make it totally different from
those traditional self-powered PDs based p-n junction [3,6,33,38].
According to the responsivity and corresponding wavelength, the
external quantum efficiency (EQE) of the photodetector can be obtained.
The EQE of the self-powered PD is obtained according the following
equation [7,36,37].
EQE ¼

hc
R
qλ

(2)

where h is the Planck constant, c is the light speed, and λ denotes the
light wavelength. As shown in Fig. S4b (Supporting Information), the
EQE of the self-powered PD is displayed as a function of light wave
length. The EQE increase monotonically with light wavelength; more
importantly, the negative EQE in the short wavelength region hints that
this device is completely different from conventional photovoltaic de
vice based on p-n junction [29–33].
As demonstrated in Fig. 3, the working mechanism of the dualpolarity response in the self-powered PD is revealed from the aspect of

(1)

where Iph is the photocurrent at a certain light intensity P, Id is the
corresponding dark current, and S denote the effective area of the
3
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Fig. 2. Dual-polarity response performance of the photodetector. (a) I-t curves of the photodetector under different wavelengths of cyclic light illuminations (25
mW/cm2) when it was at forward and reversed connection to the measure system. (b) Normalized photocurrent of the photodetector under different wavelengths of
light illumination. (c) Output current extracted from a and corresponding responsivity as a function of wavelength.

energy band. The electron affinity and band gap of Sb2Se3 is 4.15 eV and
1.2 eV [33], respectively; for the ZnO, the electron affinity and band gap
is 4.35 eV and 3.37 eV [39], respectively. Traditionally, the transparent
wide band gap layer (ZnO) will be designed as the window layer, so the
incident photons can successfully reach the interface of the p-n junction
[24,29,30,39]. Then, under the excitation of incident photons,

electron-hole pairs will be generated in the absorber material (Sb2Se3)
near the interface of p-n junction. Subsequently, the electron-hole pairs
will be effectively separated by the built-in electric field near the
interface of p-n junction, and finally collected by the electrodes [24].
However, in this work, the absorber material (Sb2Se3) is used as the
window layer (Fig. 3a,c). It is worth noticing that Sb2Se3 possess very
4
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thickness). As displayed in Fig. S5 (Supporting Information), the surface
temperature of the device rises about 2 K under light illumination. Ac
cording to the above analysis, the PTE effect should be taken into
consideration in this device. The PTE effect was experimentally
confirmed by an ITO/Sb2Se3/ITO ohmic-junction device with an effect
area of 3 mm � 3 mm (Figure S6a,b and S7a,b in the supporting infor
mation). Negative output signals are observed when the glass side of the
device is under 450 nm light illumination (Figs. S6c and e in the sup
porting information); the polarity of the PTE current is the same as the
polarity of the current demonstrated in Fig. 2a (450 nm). The PTE effect
is further confirmed by changing the light direction. As illustrated in
Figs. S7c and e (Supporting Information) positive output signals are
obtained when the opposite side of the device is under 450 nm light
illumination (reversed temperature gradient will be induced by the light
illumination). In addition, the shorter wavelength will induce stronger
PTE effect, for the absorption depth of the incident light decreases
monotonically as the wavelength varies from 880 nm to 450 nm. This
inference can be experimentally confirmed by the EQE-wavelength
curve in Fig. S4b (Supporting Information).
In the long wavelength region (760 nm–880 nm), the output current
flow from ITO electrode to Ag electrode in the external circuit (Fig. 3a),
which can be mainly attributed to the PV effect of the p-n junction
(Fig. 3b). In the short wavelength region (405 nm–690 nm), the output
currents flow from Ag electrode to ITO electrode (Fig. 3c), which can be
mainly attributed to the PTE effect of the Sb2Se3 thin film (Fig. 3d).
Apparently, the dual-polarity response in the self-powered PD is a
consequence of the competition between PV effect and PTE effect. In the
long wave length region, the PV effect outperforms the PTE effect; in the
short wavelength region, the PTE effect outperforms the PV effect. A
polarity switching wavelength exists between 690 nm and 760 nm,
where the PV effect and PTE effect cancel each other. Most importantly,
the polarity switching wavelength can be accurately controlled by
modulating the efficiency of the PV effect and PTE effect. For instance,
increasing (decreasing) the thickness of Sb2Se3 thin film will shift the
polarity switching point to a shorter (longer) wavelength. Moreover, the
polarity switching point can also be modulated by the absorption coef
ficient, carrier concentration, thermal conductivity, Seebeck coefficient,
band gap, barrier height at the interface, and so on.
The photodetection performance of the self-powered PD under 450
nm and 880 nm wavelengths light illumination was systematically
investigated and illustrated in Fig. 4. As illustrated in Fig. 4a, the output
current under cyclic light illumination exhibits good stability and
repeatability. Besides, under 450 nm wavelength light illumination
(140 mW/cm2), the output current is about 21.1 nA; under 880 nm
wavelength light illumination (25 mW/cm2), the output current is about
25.3 nA. I-t curves of the self-powered PD under 450 nm and 880 nm
wavelengths light illumination with different light intensities are shown
in Fig. 4b. To better demonstrate the variation trend of the output cur
rent, the information in Fig. 4b is further summarized in Fig. 4c and d.
The output current is about 3.8 nA under 450 nm wavelength light
illumination with a light intensity of 14 mW/cm2 and the absolute value
of the output current increases monotonically when the light intensity
increases from to 14 mW/cm2 to 140 mW/cm2 (Fig. 4c). The corre
sponding responsivity is also demonstrated in Fig. 4c, a maximum
responsivity ( 3.5 μA/W) is obtained at a light intensity of 14 mW/cm2
and the absolute value of the responsivity shows a decreasing trend as
the light intensity increases. As displayed in Fig. 4d, the output current is
about 14.9 nA under 880 nm wavelength light illumination with a light
intensity of 7 mW/cm2. Besides, the output current increases mono
tonically with light intensity. The corresponding responsivity shows a
decreasing trend when the light intensity increases from 4 mW/cm2 to
25 mW/cm2; a maximum responsivity of 40.8 μA/W is obtained at a
light intensity of 4 mW/cm2. Though the responsivity of the selfpowered PD is relatively low, it can be largely improved by opti
mizing the Sb2Se3 thin film [31]. In addition, the polarity of the output
current under different light intensities remains unchanged, which

Fig. 3. Working mechanism of the photodetector. (a,b) Schematic working
state (a) and energy band diagram (b) of the photodetector when it was under
880 nm light illumination. (c,d) Schematic working state (c) and energy band
diagram (d) of the photodetector when it was under 880 nm light illumination.

high absorption coefficient, and the absorption coefficient (α) increases
monotonically from about 0.7 � 105 cm 1 to 5.3 � 105 cm 1 as the
photon energy increases from 1.4 eV (880 nm) to 2.8 eV (450 nm) [34].
Through the following equation we can estimate the absorption depth of
the incident light, which is significant for the photovoltaic device based
on p-n junction [27].
Iν ðxÞ ¼ Iν0 e
x¼

αx

ln½Iν0 =Iν ðxÞ�

α

(3)
(4)

where Iᵥ (x) is the light intensity at a certain penetration depth x, Iᵥ0
denotes the light intensity of the incident light, α represents the ab
sorption coefficient. According to equation (3) and the absorption co
efficient obtained from the references, for the 880 nm wavelength
incident light, about 3% of the incident photons can penetrate the
Sb2Se3 thin film (thickness: ~500 nm), which is in general agreement
with the experiment data (Fig. S3d in the supporting information). Thus,
the absorption depth can be properly estimated by equation (4). For 880
nm and 450 nm wavelength incident lights, 90% of the incident photons
will be absorbed within a depth about 329 nm and 43 nm, respectively.
Besides, since x is reversely proportional to α and α increases mono
tonically with photon energy, absorption depth decreases monotonically
with photo energy. In other words, as the wavelength of the incident
light increases from 405 nm to 880 nm, the absorption depth increases
monotonically from about 43 nm to 329 nm. Thus, the longer wave
length will induce stronger photovoltaic effect for the incident photons
can get closer to the interface of the p-n junction (the photo-generated
electron-hole pairs can be more effectively separated by the built-in
electric field). Experimentally, this inference can be confirmed by the
EQE-wavelength curve in Fig. S4b (Supporting Information).
On the other hand, it is noteworthy that Sb2Se3 possess good ther
moelectric performance, large Seebeck coefficient (~661 μV/K) had
been found in Sb2Se3 nano materials [32,33]. Besides, Strong PTE effect
had been confirmed in MoS2 and graphene nano flakes, where the PTE
current can be attributed the temperature gradient caused by the local
illumination of the laser and the large Seebeck coefficient of the material
[26,27]. Moreover, the output current of the nano device shows an
illumination position-dependence (the output current increases mono
tonically as the laser spot swept from one end to the middle of the de
vice). In this work, since 90% of the incident photons (450 nm) will be
absorbed within a depth about 43 nm, a considerable temperature
gradient may be established across the Sb2Se3 thin film (~500 nm in
5
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Fig. 4. General performance of the photodetector. (a) I-t curves of the photodetector under periodical 450 nm (140 mW/cm2) and 880 nm (25 mW/cm2) wavelength
light illumination. (b) I-t curves of the photodetector under 450 nm and 880 nm wavelength light illumination with different light intensities. (c, d) Output current
extracted from b and corresponding responsivity as a function of light intensity. (e) Responsivity of the photodetector under 405 nm and 880 nm wavelength light
illumination. (f) Response speed of the photodetector as a function of the frequency optical chopper.
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imply that the polarity is independent of light intensity (Fig. 4c and d).
The corresponding temperature information under different light in
tensities can be found in Fig. S8 (Supporting Information).
To character the response speed of the self-powered PD under 450
nm and 880 nm light illuminations, a commercial optical chopper was
used to produce cyclic light illuminations. I-t curves of the self-powered
PD under different on-off frequencies are shown in Fig. S10b (Support
ing Information). To better illustrate the response speed of the selfpowered PD, part of the I-t curves are enlarged and shown in Fig. 4e
(chopper frequency: 2 Hz). Under 450 nm wavelength light illumination
(140 mW/cm2), the rise and fall time is shorter than 65 ms and 87 ms,
respectively. The self-powered PD exhibits a faster response speed under
880 nm wavelength illumination (7 mW/cm2), the rise and fall time is
shorter than 43 ms and 44 ms, respectively. The response speed of the

self-powered PD was further investigated by varying the frequency of
the optical chopper from 2 Hz to 32 Hz. As depicted in Fig. 4f, the rise
and fall time of the self-powered PD shows a decreasing trend. At a
frequency of 16 Hz, the average rise and fall time is shorter than 29 ms
and 31 ms for 450 nm wavelength light illumination; for 880 nm
wavelength light illumination, the average rise and fall time is shorter
than 33 ms and 28 ms, respectively. Due to the limitation of the measure
system, the actual response speed of the self-powered PD could even be
faster.
To better demonstrate the application prospect of the dual-polarity
response PD, a prototype of bipolar CSK system diagram is shown in
Fig. 5c. Unipolar or bipolar code can be transferred to LEDs through a
lighting controller. When 880 (450) nm wavelength LED is activated,
positive (negative) signal is modulated on the light. Then, the data

Fig. 5. Optical communication application based on the dual-polarity response photodetector. (a) The waveform of an unipolar input signal and the signal received
by the photodetector. (b) The waveform of an bipolar input signal and the signal received by the photodetector. (c,d) Schematic diagram of the optical commu
nication system. (e) Bipolar signals received by the photodetector at different transmitted rates. (f) Bipolar signals received by the photodetector array at a certain
transmitted rate.
7
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modulated on the light will be recovered by the receiver (PD) and finally
displayed on a computer. As illustrated in Fig. 5a, unipolar code can be
successfully transmitted through the 880 nm wavelength LED and
recovered by the receiver (traditional on-off keying modulation), for the
waveform of the photocurrent is the same as the input data. Most
importantly, as displayed in Fig. 5b, bipolar code from 450 nm to 880
nm wavelength LEDs can be successfully recovered by only one pixel
without the help of any filter (CSK modulation). To reveal the trans
mission rate of the CSK system, a commercial optical chopper was used
to enable the receiver alternately illuminated by 450 nm and 880 nm
wavelength LEDs, which means that data bits "1"and "-1" are alternately
transmitted (Fig. 5d). As illustrated in Fig. 5e, a maximum transmission
rate about 18 bps is obtained as the frequency of the optical chopper is
adjusted to 128 Hz. Due to the limitation of the current meter, the bit
rate could even be far higher than the experiment data. The application
of the photodetector array (4 � 4) is demonstrated in Fig. 5f, each pixel
can receive data from LEDs at bit rate about 18 bps, which may be useful
for accurate indoor positioning in VLC system [16].

2017ASKJ01), and the University of Chinese Academy of Sciences
(Grant No.Y8540XX2D2).

4. Conclusion
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Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nanoen.2019.104312.
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PD can reduce the costs of device fabrication and simply the commu
nication system, exhibiting a great application potential in VLC system.
Further improvements of the dual-polarity PD can be envisioned by
optimizing the absorber material or introducing more appropriate
n-type material to boost the responsivity [31].
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