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SUMMARY

Photoelectric devices converting information carried by light into
useful electrical signals are widely studied. To date, many mecha-
nisms are applied to the design of photoelectric devices, such as
the photovoltaic (PV) effect, photothermoelectric (PTE) effect, and
photoelectrochemical (PEC) effect. When designing photoelectric
devices that take advantage of these mechanisms, the polarity of
the photocurrent is sensitive not only to light intensity but also to
other parameters, including the wavelength of the incident light,
pressure, and solutes. Here, development of these devices is sum-
marized with a focus on working mechanisms, strategies to control
the polarity of photocurrents, general performance, and potential
applications, especially PEC effect-based devices for biosensing
and PV effect-based devices for wavelength discrimination. The po-
larity switching phenomenon endows photoelectric devices with
multi-functional characteristics that may offer new solutions to
address traditional issues and meet the requirements of future
technologies.

INTRODUCTION

Terms such as sensor network, internet of things, and artificial intelligence are

commonly associated with major breakthroughs in the development of high-perfor-

mance and multi-functional sensors.1–6 Because light is one of the most important

information carriers in daily life, photoelectric devices with the ability to convert light

into useful electrical signals are explored widely.7–9 Researchers mostly focus on

enhancing the general performance of the devices and tend to neglect the actual

functionality.10–13 Until now, various mechanisms have been introduced regarding

the design of photoelectric devices, such as the photovoltaic (PV) effect,14–17 photo-

thermoelectric (PTE) effect,18–20 photoelectrochemical (PEC) effect,21,22 pyroelectric

effect,23–25 and photoconductive effect.26,27 To design a multi-functional device

with these mechanisms, the polarity of the photocurrent should be considered to

sense the wavelength of the incident light, bias/gate voltage, illumination position,

pressure, and solute, whereas the intensity of the incident light can be used to eval-

uate the magnitude.

In recent years, photocurrent polarity has gained more attention from researchers

aiming to design photoelectric devices with special and attractive functions.28,29

These devices, whose photocurrent can switch between positive and negative

when subjected to outside stimulation, are classified into dual-polarity response

photoelectric devices, which are summarized here using various perspectives. First,

the device structures and their working mechanisms are discussed. Then parameters

to control the polarity of photocurrent, such as wavelength, bias/gate voltage,

illumination position, pressure, and solute, are demonstrated. The general
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performance of these devices, like stability, response speed, and responsivity, are

also presented. Finally, the potential applications of these devices are discussed

in detail.
DEVICE STRUCTURES AND WORKING MECHANISMS

PEC effect-based devices

Photoelectric devices basedon the PECeffect consist of aworking electrode, counter

electrode, and electrolyte solution. The working electrode mostly consists of semi-

conductors with proper band gaps. However, electron-hole pairs are generated un-

der proper illumination, and the electron-hole pairs drift toward the interface, which

is between the working electrode and counter electrode, where they are captured by

hydrogen ions (hydroxyl ions). Hence, this process generates hydrogen and elec-

tricity. Studies of the PEC effect mainly emphasize the production efficiency of

hydrogen or light-to-electricity conversion efficiency.30 Little work has been reported

concerning the polarity of the photocurrent, which can change between positive and

negative and can be useful for various applications. By utilizing the a-Ga2O3/Cu2O

(gallium oxide/copper oxide) heterojunction as the working electrode, He et al.31

found that there exists opposite polarity of the photocurrent under 254-nm and

365-nm illumination at zero bias voltage. The working mechanism of a-Ga2O3/

Cu2O heterojunction-based devices is demonstrated in Figures 1A–1D. A schematic

of the electrochemical system is shown in Figure 1A. a-Ga2O3/Cu2O was used as the

working electrode, platinum as the counter electrode, and saturated calomel as the

reference electrode, which also enhances stability. An aqueous solution of sodium

sulfate (Na2SO4) with a concentration of 0.5 M was used as the electrolyte. Figure 1B

shows an energy band diagram of a control group that has the working electrode of

Cu2O layer. The redox couple in the electrolyte causes bending of the Cu2O energy

band near the interface between Cu2O and the electrolyte, forming a built-in electric

field that serves as the driving force for the photocurrent.32,33 Under excitation of the

incident light, electrons tend to flow toward the electrolyte and are trapped by H+,

whereas the holes diffuse toward the fluorine-doped tin oxide (FTO)electrode.31,34

The polarity of the photocurrent of the control group under 254- and 365-nm light is

the same (Figure 1B). As demonstrated in Figures 1C and 1D, the polarity of the

photocurrent under 365- and 254-nm light is opposite when the working electrode

is replaced by a-Ga2O3/Cu2O heterojunction.31 Under 365-nm light, photogener-

ated carriers can only be produced in Cu2O for its narrow band gap, whereas

most of the electrons flow toward the electrolyte for the larger contact area between

Cu2O and the electrolyte, and only a few electrons drift toward a-Ga2O3 for the

smaller contact area between a-Ga2O3 and Cu2O (Figure 1C). Although, under

254-nm light, photogenerated carriers can be produced in a-Ga2O3 and Cu2O

and electrons, driven by the built-in electric field, electrons flow toward the FTO

electrode, whereas holes flow toward the electrolyte (Figure 1D).35

However, by utilizing a working electrode consisting of ferric oxide (a-Fe2O3) and

cuprous ferrite (CuFeO2), Bourée et al.36 found that the polarity of the photocurrent

can be controlled by the photon energy (Figure 1E). The energy band diagrams of

the device with different applied voltages are illustrated in Figures 1F–1H; different

bias voltages result in diverse bending of the n-type a-Fe2O3 and p-type CuFeO2 en-

ergy bands. A bias voltage of 0.4 V leads to downward bending (Figure 1F), 1.2 V

leads to upward bending (Figure 1G), and 0.8 V leads to upward and downward

bending (Figure 1H). The band gaps of a-Fe2O3 and CuFeO2 are 2.1 and 1.5 eV;

hence, the polarity of the photocurrent can only be controlled by the light
2 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 1. Structure and working mechanism of a PEC effect-based photoelectric device

(A–D) Structure diagram (A), energy band diagram, and transportation of carriers (B–D) under

different working conditions of a PEC device based on a-Ga2O3 and Cu2O. Reprinted from He

et al.31 with permission from the American Chemical Society.

(E–H) Schematic of the structure (E) and energy band diagrams (F–H) under different bias voltages

of the PEC system based on Fe2O3 and CuFeO2. Reprinted from Bourée et al.36 with permission

from Wiley-VCH.
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wavelength at a moderate bias voltage; i.e., 0.8 V. For instance, the photocurrents

under 600- and 850-nm wavelengths of light show opposite polarity.36

Podborska et al.37 fabricated a device based on the PEC effect whose polarity of

photocurrent is determined by light intensity, and this switching phenomenon of po-

larity can be associated with the charge carrier traps. Chen et al.38 reported a PEC

effect-based device by utilizing FTO/TiO2/Au (fluorine-doped tin oxide/titanium di-

oxide/gold) as the working electrode. The device possesses a dual-polarity photo-

current and can be used as a biosensor or phototransistor. Yang et al.39 prepared

a biosensor by utilizing ITO/CdS-chitosan (indium tin oxide/cadmium sulfide-chito-

san) as the working electrode, and the polarity of the photocurrent was changed by

the hemin trapped from the electrolyte. The polarity change was determined by the

energy level between CdS and hemin. Meng et al.40 also fabricated a biosensor
Cell Reports Physical Science 2, 100418, May 19, 2021 3



Figure 2. Structure and working mechanism of a ZnO NW-based photoelectric device

(A–C) Structure diagram (A) and energy band diagrams for long- (B) and short-wavelength (C) illumination of the device based on SnS/ZnO NWs

heterojunctions. Reprinted from Ouyang et al.42 with permission from Elsevier.

(D–F) Schematic of the structure (D) and energy band diagrams for long- (E) and short-wavelength (F) illumination of the photodetector based on

Sb2Se3/ZnO NW heterojunctions. Reprinted from Ouyang et al.45 with permission from Elsevier.
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based on the PEC effect, and the polarity of the photocurrent was determined by mi-

croRNA. Switching of polarity is associated with an energy level between cadmium

selenide (CdSe) and nitrogen-doped porous carbon-ZnO polyhedra (NPC-ZnO

polyhedral). Chen et al.41 utilized BiVO4/FTO (bismuth vanadate/fluorine-doped

tin oxide) as the photoelectrode of a biosensor; bias voltage-induced energy

band bending may play an important role in changing the polarity of the photocur-

rent. Therefore, it is essential to consider the energy level and bending of the energy

bands for devices based on the PEC effect to control the polarity of the

photocurrent.
PV effect-based devices

In general, p-n junctions and Schottky junctions are preferred structures to introduce

the PV effect. Photoelectric devices based on these junctions can realize high light-

to-electricity conversion efficiency, good robustness, fast response, and so forth.

Thus, these devices are used widely as solar cells and photodetectors. Ouyang

et al.42 fabricated a wavelength-distinguishable photodetector using p-type SnS

(tin sulfide) and n-type ZnONWs (zinc oxide nanowires) as illustrated in the structural

diagram in Figure 2A. While schematic diagram in Figure 2B shows the energy band

of the heterojunction under light illumination with a longer wavelength. The output

signal represents the PV effect of the heterojunction and the pyroelectric effect in

ZnO NWs.43,44 The electrons flow toward the silver (Ag) electrode, whereas holes

move to ITO electrode (Figure 2B). Though, in the case of the shorter wavelength

light illumination, the output current is correlated to the PTE effect of SnS thin film
4 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 3. Structures and working mechanisms of other NW-based photoelectric devices

(A–C) Schematic of the structure (A) and energy band diagrams for 365-nm (B) and 400-nm (C) wavelength illuminations of the photodetector based on

SnSx/TiO2 heterojunctions. Reprinted from Chen et al.48 with permission from the American Chemical Society.

(D–F) Structure diagram (D) and energy band diagrams before (E) and after (F) PbSe contacting CsPbBr3 of the photodetector based on PbSe/CsPbBr3
heterojunctions. Reprinted from Fan et al.50 with permission from Wiley-VCH.
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in which the net holes rush toward Ag electrode (Figure 2C). A dual-polarity

response photodetector with an Sb2Se3 (antimony selenide)/ZnO NW heterojunc-

tion has been reported by Ouyang et al.45 The device structure, with growth of an

Sb2Se3 thin film on an ITO glass substrate via magnetron sputtering, ZnO NWs via

the hydrothermal method, and Ag electrode via magnetron sputtering, is illustrated

schematically in Figure 2D. When the device is illuminated by a light-emitting diode

(LED) with a longer wavelength, the electrons tend to drift toward the Ag electrode

and the holes toward the ITO electrode (Figure 2E). However, when the same device

is illuminated by an LED with a shorter wavelength, most of the holes are inclined to

flow toward the Ag electrode and only a few electrons toward the Ag electrode (Fig-

ure 2F). These two carrier transportation behaviors depend on the PV or PTE

effect.46,47

In ultraviolet (UV) photodetectors with SnSx/TiO2 heterojunctions, the photocurrent

changes from positive to negative when the light wavelength increases from about

300 nm to 800 nm, as reported by Chen et al.48 The structure of an UV photodetector

is illustrated schematically in Figure 3A. In that UV photodetector, TiO2 NRs (nano-

rods) are grown on the FTO glass via the hydrothermal method, and a layer of SnSx is

coated on it via chemical bath deposition. Finally, the surface of SnSx is covered with

an Au electrode. The results described that the holes in SnSx and electrons in TiO2

recombine because of the potential well at the SnSx/TiO2 interface under 365-nm

light (Figure 3B), whereas, the electrons in SnSx and holes in TiO2 are captured by

the Au electrode and FTO electrode, respectively. As detailed in Figure 3C, the

holes in the TiO2 will accumulate near the interface under 400-nm light so that

they can transport to TiO2 and finally be collected by the Au electrode. The electrons

transport from SnSx to TiO2, and most of them are captured by the FTO

electrode.48,49
Cell Reports Physical Science 2, 100418, May 19, 2021 5
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A micron wire of lead selenide (PbSe) and cesium lead bromide (CsPbBr3) with a

core-shell structure has been proposed by Fan et al.50 to construct a photodetector

via chemical vapor deposition (CVD), as shown in Figure 3D. According to the energy

band alignment of CsPbBr3 and PbSe (Figure 3E), the EC and EV of PbSe are�4.83 eV

and �5.11 eV, and those of CsPbBr3 are �3.3 eV and �5.7 eV, respectively. How-

ever, the Fermi level of CsPbBr3 is lower than that of PbSe, which proves that the

built-in electric field moves from PbSe to CsPbBr3 when PbSe comes in contact

with CsPbBr3. Moreover, under 3,500-nm light, driven by the built-in electric field,

the holes are injected into CsPbBr3 from PbSe, which causes an increase in the num-

ber of holes in CsPbBr3 and the electrons limit in PbSe for the low energy of the inci-

dent photons.51 However, under 1,550- and 1,064-nm light, photogenerated elec-

trons may be injected into CsPbBr3 because of the large energy of the incident

photons, which can decrease the number of holes in CsPbBr3 (Figure 3F). The photo-

current of the device shown in Figure 3D increases under 3,500-nm and decreases

between 1,550- to 1,064-nm wavelength light.

Furthermore, Bercha et al.52 prepared a photoelectric device based on indium gal-

lium nitride (InGaN), where the polarity of the photocurrent can be modified by the

photon energy. Reissig et al.53 prepared a photodetector based on P3HT (poly(3-

hexylthiophene) and PCBM ([6,6]-phenyl-C61butyric acid methyl ester) whose

photocurrent polarity can be modulated by the energy band alignment of the

device. Perovskites have great potential for photoelectric applications.54 A photo-

detector comprising layered perovskites with graded band gaps was fabricated by

Ganesh et al.,55 in which the polarity of the photocurrent depends on the absorption

depth of the incident light.

The Schottky junction is one of the common structures used to design photoelectric de-

vices.56 These devices possess a simple structure, so the cost is relatively low. Ikuno

et al.57 designed a photodetector with bipolar photocurrent response based on tung-

sten disulfide (WS2). The device contains a layer of transparent electrodes, a WS2 film,

and a back electrode, as illustrated in Figure 4A. In the case of shorter-wavelength light,

a large part of the photons is absorbed near the transparent electrode, where the holes

are extractedby the transparent electrode andelectrons flow toward the backward elec-

trode. Hence, the net current flows from the ground to the backward electrode (Fig-

ure 4B). Nevertheless, photogenerated electron-hole pairs will exist in the whole device

under longer-wavelength light. On the other hand, the current density of the hole is

larger than that of the electron near the backward electrode. Hence, the net current

will flow from the backward electrode to the ground (Figure 4C).57,58

A UV photodetector with a Schottky junction structure using wide band-gap ZnO

NWswas fabricated byWang et al.59 The light-induced secondary pyroelectric effect

can be used to modulate the Schottky barrier and control the polarity of the photo-

current. A layer of ZnO NWs was grown on the flexible PTE substrate covered by a

thin layer of ITO via the hydrothermal method, and the Ag electrode was fabricated

on the ZnO NWs as a top layer (Figure 4D). The positive polarization charges

induced by incident light will decrease the Schottky barrier height under weak light

illumination, but the energy band at the interface still bends in the upward

direction. In this case, the photogenerated holes flow toward the Ag electrode,

whereas the photogenerated electrons flow in the opposite direction (Figure 4E).

However, under strong light, more positive polarization charges are induced,

which results in downward bending of the energy band at the interface. This results

in flow of the electrons toward the Ag electrode and holes in the opposite direction

(Figure 4F).59–61
6 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 4. Structure and working mechanism of a Schottky junction-based photoelectric device

(A–C) Structure diagram (A) and energy band diagrams for short- (B) and long-wavelength (C) illuminations of the device based on WS2. Reprinted from

Ikuno et al.57 with permission from the Japan Society of Applied Physics.

(D–F) Schematic of the structure (D) and energy band diagram under weak (E) and strong (F) illuminations of the device based on ZnO NWs. Reprinted

from Wang et al.59 with permission from Wiley-VCH.

(G–I) Structure diagram (G) and energy band diagrams of positive (H) and negative (I) Vg of the device based on ReS2. Reprinted from Xiang et al.62 with

permission from Wiley-VCH.
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Photodetectors based on two-dimensional (2D) materials have various advantages,

such as high responsivity and specific detectivity. A photodetector based on n-type

rhenium disulfide (ReS2) flakes with a thickness of 7.9 nm with a field-effect-transistor

configuration was fabricated (Figure 4G).62 ReS2 flakes were prepared using the me-

chanical exfoliation method. A p-type silicon wafer with ReS2 flakes was coated with

a layer of SiO2, and then Ti and Au were vaporized on the two ends as electrodes. At

positive gate voltage (Vg), the photocurrent (Iph) of the transistor is negative and is

dominated by the bolometric effect (Ibol); Ibol is the resistivity change of a material

caused by light-induced heating (Figure 4H).63 At a negative Vg, the increase of

the Schottky barrier between ReS2 and the electrodes can enhance the PV effect,

and Ipv (the current induced by the PV effect) and Ibol (the current induced by the

bolometric effect) are positive (Figure 4I).
Cell Reports Physical Science 2, 100418, May 19, 2021 7
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Najarian et al.64 fabricated a photoelectric device centered with the molecular junc-

tions in which the polarity of the Iph can be controlled by the energy levels of the mo-

lecular layer and Fermi level of the electrodes. In another work reported by Gao

et al.,65 a Schottky junction photodetector was manufactured using SnS2 and PbS

quantum dots. In their research, it was observed that illumination can modify the

Schottky junction and change the polarity of the Iph. Conversely, in a photoelectric

device constructed with strontium titanate (SrTiO3), the polarity of Iph can be

controlled by Vg.
66 Briefly, modification of the energy band and introduction of other

effects into the device can be effective ways to control the polarity of the Iph for PV

effect-based devices.
PTE effect-based devices

Photodetectors with the PTE effect are suitable for broadband photodetection

because their photoresponses are not limited by band gaps. The photovoltages

of these photodetectors are determined by the Seebeck coefficient of the material

and temperature difference across these devices.67 Hence, the polarity of the pho-

toelectric signal is associated with the illumination position and conduction type of

the material. An ultra-broadband photodetector with reduced SrTiO3 was fabricated

by Lu et al.,68 and the device structure is shown in Figure 5A. A SrTiO3 chip is fixed on

the glass slide from one side through double-sided Kapton tape, and the rest of the

SrTiO3 chip is suspended horizontally. Copper wires are attached with silver paint to

measure the output signals and temperature. Lasers with different wavelengths of

light are used to establish temperature differences. The output voltages under

various temperature differences and the Seebeck coefficient of the device near

room temperature (�1037 mV/K) are described in Figure 5B. The polarity of the Iph
of the device can be controlled by the position of the light because the majority car-

rier of SrTiO3 will flow toward the left side when the right side of the SrTiO3 chip is

under illumination.18,68

Limpert et al.69 fabricated a photodetector based on the PTE effect of an InAs/InP

(indium arsenide/indium phosphide) heterostructure (Figure 5C). The polarity of

the photoelectric signals shows dependence on the wavelength of incident light,

which can be attributed to position shifting of light-induced hotspots. The InAs/

InP nanowire was grown by chemical beam epitaxy, and then the nanowire was

conveyed to a silicon dioxide (SiO2) substrate. Finally, Au electrodes were grown

via thermal evaporation. A transmission electron microscopy image of the as-grown

nanowire is shown in Figure 5D. The InAs/InP heterojunctions are energy filters to

improve PTE performance. The polarity of the Iph can bemodified by the wavelength

of incident light because of the shift of light-induced hotspots.69,70 COMSOL Multi-

physics was used to analyze the normalized absorption rate (G), and the simulated

results are shown in Figure 5D. It can be seen that the absorption is nonuniform,

and, most importantly, the strong absorption spot (hotspot) shifts when the wave-

length is changed. Ultimately, the absorption percentage is defined by

Absorption% = GR=ðGL +GRÞ;
whereGR andGL are the absorption rate densities on right and left side of the device,

respectively (Figures 5D and 5E). It is obvious that the strong absorption part within

the nanowire shifts alternately between the two sides when the wavelength increases

from 0.5 mm to 1.5 mm. Carbon-based materials (i.e., carbon nanotubes) have also

been used to prepare photodetectors as reported by He et al.71 The photovoltage

of the prepared device can switch between positive and negative as the light sweeps

from one end to the other. For PTE effect-based photoelectric devices, changing the

temperature gradient across the device can effectively control the polarity of the Iph.
8 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 5. Structure and working mechanism of a PTE effect-based photoelectric device

(A and B) Diagram (A) and photovoltage and Seebeck coefficient (B) of a SrTiO3-based photodetector. Reprinted from Lu et al.68 with permission from

Springer Nature.

(C–E) Schematic of the structure (C), normalized absorption rate density along the nanowire (D), and percentage of light absorption on the right side of a

device based on an InAs/InP heterostructure (E). Reprinted from Lu et al.69 with permission from the American Chemical Society.
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Plasmonic effect-based devices

When light-to-electricity conversion is required, this is where plasmonic effect-based

photoelectric devices play an important role. Usually, the plasmonic effect is used to

boost the efficiency of solar cells, and few studies care about the polarity of the pho-

toelectric signals. Devices with a structure of NiO (nickel oxide)/Au nanoparticles/

TiO2 can be fabricated by synthesizing NiO and TiO2 on a lanthanum aluminum ox-

ide (LaAlO3) substrate through pulsed laser deposition (PLD) (Figure 6A).72 However,

Au nanoparticles are usually prepared in two steps: (1) deposition of an Au thin film

via helicon sputtering and (2) annealing of the thin film under a nitrogen atmosphere.

Furthermore, the plasmonic effect can be induced under 650-nm light, which can

result in a positive Iph (Figure 6B). The TiO2/NiO p-n junction can turn into an ohmic

junction under 350-nm light, which can result in a negative current at a bias voltage

of 0.3 mV (Figure 6C).

Other photoelectric devices based on the plasmonic effect were fabricated by Na-

kamura et al.72 and Hoang et al.,73 and the device consists of Au film, TiO2, and
Cell Reports Physical Science 2, 100418, May 19, 2021 9



Figure 6. Structure and working mechanism of a plasmonic effect-based photoelectric device

(A–C) Structure diagram (A) and working mechanism under 650-nm (B) and 350-nm (C) illumination of a NiO2/TiO2 heterojunction-based device.

Reprinted from Nakamura et al.72 with permission from the American Chemical Society.

(D and E) Schematic of the structure and working mechanism of a TiO2-based device under short- (D) and long-wavelength (E) illumination. Reprinted

from Hoang et al.73 with permission from Springer Nature.

ll
OPEN ACCESS Review
Au nanoparticles (Figure 6D). When the incident light is not resonant with Au nano-

particles, Rayleigh scattering of the incident light is induced, resulting in surface

plasmon polarity (SPP) at the interface of the Au film and TiO2. Thereafter, hot elec-

trons are emitted toward TiO2 from the Au film, and only a few electrons move from

Au nanoparticles. Hence, a negative net Iph is obtained. However, when the incident

light resonant with Au nanoparticles (Figure 6E), Au nanoparticles emit a lot of hot

electrons toward TiO2. Random SPP induced by the light also enables emission of

electrons from the Au film to TiO2, resulting in a positive Iph.
73 Furthermore, the po-

larity of the photovoltage can also be determined by the localized plasmon reso-

nance in a plasmonic effect-based photoelectric device.74 Therefore, resonance is
10 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 7. Pressure-induced polarity switching of the Iph
(A and B) Schematic of the measurement setup (A) and Hall coefficient (B) of device based on

CuFeS2. Reprinted from Wen et al.75 with permission from the American Chemical Society (A) and

from Wen et al.76 with permission from the American Chemical Society (B).
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one of the key factors for changing the polarity of the photoelectric signals of the

photoelectric device.
Other types

Other photoelectric devices with the ability to change the polarity of the Iph will be

discussed in this section. When pressure is applied to chalcopyrite (CuFeS2) crystals,

the conduction type of the crystals can alternate between n type and p type.75 To

measure the Iph of a CuFeS2 single crystal under different pressures, the prepared

sample is placed between two diamonds, and pressure is applied (Figure 7A).76

The Hall coefficient is a physical quantity that can be used to characterize the carrier

type and concentration of a semiconductor;77,78 the Hall coefficients of CuFeS2 sin-

gle crystals are positive under low pressure and negative under high pressure (Fig-

ure 7B), which confirms the change of the conduction type. However, another pho-

toelectric device with a special membrane has been reported by Xie et al.79 In that

device, the wavelength of the incident light can influence the chemical reactions and

further affect the polarity of the Iph. The polarity of the Iph can also be modulated by

the electronic structure in a molecule photodiode.80 Sabeth et al.81 reported an Iph
switching effect in a silver iodide (AgI)-based device where the polarity of the Iph de-

pended on the position of the incident light.

A detailed analysis of the progress in recent years regarding polarity change of Iph
was performed. The results indicate that the function of dual-polarity response has

been predominantly realized by PEC and PV effect-based photoelectric devices as

illustrated in Figure 8; this outcome may result in low cost, high stability, and

good robustness of these devices.40,42
STRATEGIES TO CONTROL THE POLARITY OF THE IPH
Wavelength of light

Various techniques to modulate the polarity of photoelectric signals were discussed

in the last section. In this section, we discuss the detailed parameters that influence

polarity. Figure 9 shows the polarity dependence of the photoelectric signal on light

wavelength. To understand this, a Ga2O3/Cu2O heterojunction was used as the
Cell Reports Physical Science 2, 100418, May 19, 2021 11



Figure 8. Statistical distribution of the mechanisms

Shown are the respective weights of PEC, PV, PTE, plasmonic, and other effect-based photoelectric

devices with dual-polarity output response reported in recent years.
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working electrode of a PEC system (Figure 9A), and the Iph under 254- and 365-nm

wavelength of light were positive and negative, respectively.31

The normalized Iph of an SnS/ZnO heterojunction photodetector (Figure 9B) is nega-

tive when illuminated by 365-nm or 450-nm LEDs and turns positive when the wave-

length of the incident light is 550 nm or greater.31,42 As illustrated in Figure 9C,

Ouyang et al.45 fabricated a photodetector with an Sb2Se3/ZnO heterojunction,

and the polarity switching wavelength was pushed to a longer wavelength (between

690 and 760 nm). Chen et al. prepared a photodetector with an SnSx/TiO2 hetero-

junction and recorded the Iph as the wavelength increased from 280 to 800 nm.

The Iph changed abruptly from positive to negative when the wavelength increased

from 375 to 400 nm (Figure 9D).48

Furthermore, the Iph of a Schottky junction photodetector containing a WS2 thin film

is influenced by wavelength, and the polarity switching wavelength is about 680 nm

(Figure 9E).57 However, the IPCE (incident photon-to-current efficiency)-wavelength

curve of a plasmonic effect-based photoelectric device is illustrated in Figure 9F,

where the polarity switching wavelength of the device is around 370 nm.72 Because

the polarity of the Iph s of these devices is determined by the wavelength of light,

these devices can be used for detection of light intensity and color discrimination.

Compared with traditional photoelectric devices used for color discrimination, these

devices can work without any filter. This strategy will reduce the cost of the device

and simplify the device structure.

Other parameters

As we discussed earlier, Iph polarity can mostly be modulated by light wavelength,

but that is not the only factor to consider. There are some uncommon parameters,

such as light intensity, the position of the light, and pressure, that need to be

considered.

Different light intensities can change the Iph from negative to positive or vice versa. For

example, the Iph is positive with light intensities of 1 W/cm2 and 0.5 W/cm2 and nega-

tive when the light intensity decreases to 0.1 W/cm2, as shown in an Current-time (I-t)

curve of a PEC effect-based photoelectric device (Figure 10A).37 However, the steady

Iph gradually becomes negative as the light intensity increases from 1.22 3 10�5 to

7.48 3 10�4 W/cm2 in an Ag/ZnO Schottky junction photodetector (Figure 10B).
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Figure 9. Polarity of the Iph controlled by the wavelength of incident light

(A) I-t curves of a photodetector based on a-Ga2O3 and Cu2O under 254-nm and 365-nm illumination. Reprinted from He et al.73 with permission from

the American Chemical Society.

(B and C) I-t curves of photodetectors based on SnS/ZnO NW (B) and Sb2Se3/ZnO NW (C) heterojunctions under different wavelengths of light.

Reprinted from Ouyang et al.42 with permission from Elsevier (B) and from Ouyang et al.45 with permission from Elsevier.

(D) Photocurrent of a photodetector based on SnSx/TiO2 heterojunctions as a function of light wavelength. Reprinted from Chen et al.48 with permission

from the American Chemical Society.

(E) Normalized EQE (external quantum efficiency) of a photoelectric device based on WS2. Reprinted from Ikuno et al.57 with permission from the Japan

Society of Applied Physics.

(F) Efficiency of a plasmonic effect-based device under different wavelengths of light. Reprinted from Nakamura et al.72 with permission from the

American Chemical Society.
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The polarity switching phenomenon is caused by energy band modulation induced by

the light intensity.59 The Iph of a ReS2-based transistor under different Vsd and Vg is

shown in Figure 10C. At a certain Vsd, the polarity of the Iph will switch between positive

and negative as Vg increases from about �70 V to 50 V.62

The polarity of the photoelectric signal can also be controlled by the position of light

illumination. This can be confirmed from the photovoltage of an SrTiO3 single crystal

under periodic illumination, as shown in Figure 10D. The photovoltage is negative

when the right side of the single crystal is illuminated by a laser and positive when

the left side is illuminated.68 A broadband photodetector consisting of doped sin-

gle-wall carbon nanotubes was fabricated by He et al.71 The illumination position

can change the polarity of the photovoltage, as illustrated in the diagram of the pho-

todetectors and their corresponding photovoltage-position curves in Figure 10E.

Pressure can also affect the Iph of a photoelectric device. This is shown using I-t

curves of a CuFeS2 single crystal-based photoelectric device (Figure 10F), where

the Iph is negative under relatively high pressure and positive with low pressure.75

These devices cannot only detect the intensity of incident light but can also detect

the illumination position and pressure. Thus, these devices can be used as multi-

functional sensors.
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Figure 10. Polarity of the Iph controlled by other parameters

(A and B) Polarity controlled by the power density of the light source. Reprinted from Podborska et al.37 with permission from Springer Nature (A) and

from Wang et al.59 with permission from Wiley-VCH.

(C) Polarity controlled by Vg. Reprinted from Xiang et al.62 with permission from Wiley-VCH.

(D and E) Polarity controlled by illumination position. Reprinted from Lu et al.68 with permission from Springer Nature (D) and from He et al.71 with

permission from the American Chemical Society.

(F) Polarity controlled by pressure. Reprinted from Wen et al.75 with permission from the American Chemical Society.
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GENERAL PERFORMANCE

Stability and repeatability

Stability and repeatability are key parameters for a photoelectric device.15 Voltage-

time (V-t) curves of the photodetector with an SnS/ZnO heterojunction (Figures 11A

and 11B) illustrate that the negative and positive photovoltages under periodic 365-

and 690-nm illumination have no visible difference after three cycles, which indicates

good repeatability and stability of the device.42 However, when an SnSx/TiO2 heter-

ojunction photodetector is illuminated cyclically by 365- and 400-nm LEDs, the Iph
has good stability and repeatability after 8 cycles, which can be seen in Figure 11C.48

The same phenomenon was observed with a Sb2Se3/ZnO heterojunction photode-

tector at 450- and 880-nm illuminations (Figure 11D).45 It is obvious that photoelec-

tric devices based on heterojunctions are suitable for sensing because of their good

stability and repeatability.

The photocurrent of a PsbSe/CsPbBr3 single-wire heterojunction under cyclic 405-

nm illuminations is illustrated in Figure 12A; although the device has a single micro-

wire, the Iph also shows good stability.50 A transistor constructed with ultrathin layers

of ReS2 also shows good current repeatability (Figures 12B and 12C).62 The photo-

voltage of a PTE effect-based photodetector has a very flat plateau under cyclic illu-

mination, which indicates high stability and good repeatability of the photodetector

after five cycles (Figure 12D).68 With plasmonic effect-based photoelectric devices,
14 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 11. Photoelectric signal of a thin film/NW heterojunction-based device under periodic illumination

I-t curves of the photodetector based on SnS/ZnO NWs (A and B), SnSx/TiO2 (C), and Sb2Se3/ZnO NWs (D) heterojunctions. Reprinted from Ouyang

et al.42 with permission from Elsevier (A and B), from Chen et al.48 with permission from the American Chemical Society (C), and fromOuyang et al.45 with

permission from Elsevier.
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improved repeatability of the Iph can be achieved under 600- and 700-nm cyclic illu-

mination (Figures 12E and 12F).73 Output signals of PV effect-, PTE effect-, and plas-

monic effect-based photoelectric devices show good repeatability.

Response speed

When a photoelectric device is used for sensing, imaging, and optical communica-

tion, a response speed can be observed. There is a huge difference in the

response speed of a PEC effect-based photodetector at 254- and 365-nm illumina-

tion, as shown in Figures 13A and 13B. The response time is about 10 s when illu-

minated by a 254-nm LED and decreased to 100 ms at 365-nm illumination.31

However, the response speed of an SnS/ZnO heterojunction photodetector (Fig-

ure 13C) is expressed by rise and fall times of about 0.4 s and 0.2 s, respectively.42

Furthermore, the response speed of an Sb2Se3/ZnO NWs heterojunction photode-

tector increases as the frequency varies from 2 Hz to 32 Hz (Figure 13D), which can

be associated with the pyroelectric effect in ZnO NWs.45 For a device with SnSx/

TiO2, the rise and fall times under 365 and 400 nm is about several microseconds

(Figure 13E).48

Usually, it is assumed that a Schottky junction device has a fast response speed de-

pending on the light intensity. The average rise and fall times of a ZnO/Ag Schottky

junction-based photodetector (Figure 13F) decrease simultaneously with light inten-

sity and are caused by the pyroelectric effect of ZnO NWs.59 The response and
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Figure 12. Photoelectric signal of devices with other structures under cyclic illumination

(A) I-t curves of a photodetector based on PbSe/CsPbBr3 heterojunctions. Reprinted from Fan et al.50 with permission from Wiley-VCH.

(B and C) I-t curves of a transistor based on ReS2 at negative (B) and positive (C) Vg. Reprinted from Xiang et al.62 with permission from Wiley-VCH.

(D) V-t curves of a photodetector based on the PTE effect of SrTiO3. Reprinted from Lu et al.68 with permission from Springer Nature.

(E and F) I-t curves of a device based on the plasmonic effect under 600-nm (E) and 700-nm (F) illumination. Reprinted from Hoang et al.73 with

permission from Springer Nature.
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recovery times of a phototransistor (Figure 13G) with multilayer ReS2 are shorter than

3 ms.62

Generally, the response and recovery times of PTE-based photoelectric devices are

relatively long. It is also assumed that the response speed is affected by the heat

transportation process.82 In a SrTiO3 photodetector based on the PTE effect (Fig-

ure 13H), the response and recovery time is around 1 s when the left or right side

of the SrTiO3 is illuminated by a laser.68 The thermal conductivity of a substrate

can also have a significant influence on the rise time of a carbon nanotube-based

photodetector, as demonstrated in Figure 13I. Hence, larger thermal conductivity

can lead to a shorter rise time.71 Obviously, the rise and fall times of these devices

vary from several seconds to milliseconds, which is relatively long compared with

some ultrafast response (approximately nanoseconds) photoelectric devices.83 A

fast response speed is highly desired for practical applications84, and the slow

response speed of these devices may not fulfill the requirements of some applica-

tions, such as for communication and imaging.

Responsivity

High responsivity results in high sensitivity of a photoelectric device, which is highly

desirable for practical applications. The maximum positive and negative responsivities

achieved with LED illumination are about �160 mA/W and 420 mA/W with an SnS/ZnO
16 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 13. Response speed

(A and B) The Response speed of a photodetector based on the PEC effect under 254-nm (A) and 365-nm (B) illuminations. Reprinted from He et al.31

with permission from the American Chemical Society.

(C–E) The response speeds of photodetectors based on SnS/ZnO NWs (C), Sb2Se3/ZnO NWs (D), and SnSx/TiO2 (E) heterojunctions. Reprinted from

Ouyang et al.42 with permission from Elsevier, from Ouyang et al.45 with permission from Elsevier, and from Chen et al.48 with permission from the

American Chemical Society.

(F) Response speed of a ZnO NWs/Ag Schottky junction photodetector under different power densities. Reprinted from Wang et al.59 with permission

from Wiley-VCH.

(G) The response speed of a transistor based on ReS2 to 1050-nm light. Reprinted from Xiang et al.62 with permission from Wiley-VCH.

(H) The response speed of a photodetector based on the PTE effect of SrTiO3. Reprinted from Lu et al.68 with permission from Springer Nature.

(I) Dependence of the rise time on the thermal conductivity of the substrate of a carbon nanotube-based photodetector. Reprinted from He et al.71 with

permission from the American Chemical Society.
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NWs heterojunction photodetector (Figure 14A)42 and about 30 mA/W and�4 mA/W for

a Sb2Se3/ZnO NWs heterojunction photodetector (Figure 14B).45 The maximum re-

sponsivity of an SnSx/TiO2 photodetector heterojunction under 365- and 400-nm light

is 5.9 mA/W and 6.5 mA/W, respectively (Figure 14C).48

However, with a core-shell structure consisting of PbSe and CsPbBr3, the highest re-

sponsivity of the photodetector reaches 4.73 104 A/W (Figure 14D).50 On the other

hand, the responsivity of a ZnO NW photodetector under different light intensities
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Figure 14. Responsivity

(A–D) Responsivity of photodetectors based on SnS/ZnO NWs (A), Sb2Se3/ZnO NWs (B), SnSx/TiO2 (C), and PbSe/CsPbBr3 (D) heterojunctions.

Reprinted from Ouyang et al.42 with permission from Elsevier, from Ouyang et al.45 with permission from Elsevier, from Chen et al.48 with permission

from the American Chemical Society, and from Fan et al.50 with permission from Wiley-VCH.

(E and F) The responsivity of a photodetector based on ZnO NW (E) and ReS2 (F) Schottky junctions. Reprinted from Wang et al.59 with permission from

Wiley-VCH and from Xiang et al.62 with permission from Wiley-VCH.

(G) The responsivity of a photodetector based on the PTE effect of SrTiO3. Reprinted from Lu et al.68 with permission from Springer Nature.

(H and I) Current (H) and voltage (I) responsivities of a photodetector based on the plasmonic effect. Reprinted from Hoang et al.73 with permission from

Springer Nature.
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decreases simultaneously with power density (Figure 14E), which is caused by mod-

ulation of the Schottky barrier at the interface.59 The highest responsivity of 300 A/W

can be achieved between 800- and 1,200-nm wavelength with a ReS2 flake-based

phototransistor at a Vsd of 0.1 V, as shown in Figure 14F.62

In the case of a PTE effect-based photodetector (Figure 14G), the responsivity in-

creases with the wavelength, which indicates phonon-enhanced absorption of the

SrTiO3 chip.68 With a plasmonic effect-based photoelectric device (Figures 14H

and 14I), the maximum absolute value of current responsivity is about 0.6 mA/W,
18 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 15. A PEC effect-based device as a biosensor

Polarity switching of the Iph indicates the existence of hemin. Reproduced from Yang et al.39 Copyright 2019, Elsevier.
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whereas the maximum voltage responsivity is about 5.5 V/W.73 Obviously, photo-

electric devices based on a single microwire and atomic thin 2D material possess

high responsivities. However, an external bias voltage is needed to power these de-

vices. PV effect-, PTE effect-, and plasmonic effect-based photoelectric devices can

work without an external power source. Nevertheless, the responsivities of these

photoelectric devices are relatively low and need to be improved.
APPLICATIONS

Biochemical sensing

For biochemical sensing, a unique advantage can be achieved when a PEC-type

photoelectric device is used because the probe object can usually be dissolved

into the electrolyte. By utilizing CdS-chitosan (CdS-CS) as the absorber material of

the working electrode, Yang et al.39 fabricated a normal cellular form of prion

(PrPC) sensor with a low detectable limit, as illustrated in Figure 15. First, CdS-CS

was modified on the ITO-coated glass. On the other hand, the antibody (Ab1) of

PrPC was fixed on the substrate; otherwise Ab1 could simultaneously trap PrPC in

the solution, and PrPC could trap the hemin labeled by the antibody (Ab2). As shown

in Figure 15, the Iph is positive at stages I and II but negative at stage III; the polarity

change was caused by the energy level between CdS and hemin. However, intro-

ducing a similar phenomenon, a microRNA 155 (miRNA-155) sensor with the PEC ef-

fect was fabricated by Meng et al.,40 in which the polarity of the Iph changes when

miRNA is trapped by the photoelectrode.
Logical operation

Typically, silicon-based integrated circuits can content the logical operation. A new

type of device with Ti/TiO2 as the working electrode of a PEC effect-based system

that can be used for logical operation was fabricated by Ryzhkov et al.85 The oper-

ations of turning on and off can be represented by logical ‘‘1’’ and ‘‘0,’’ respectively.

Wavelengths of 365 and 405 nm with LEDs denote input ‘‘A’’ and input ‘‘B,’’
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Figure 16. A PEC effect-based device used for logical operations

(A and B) Outputs of the device under different inputs when the device is at negative (A) and positive (B) bias voltage. Reprinted from Ryzhkov et al.85

with permission from the Royal Society of Chemistry.

(C and D) Schematic of the logical system (C) and corresponding truth table (D). Reprinted from Ryzhkov et al.85 with permission from the Royal Society

of Chemistry.
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respectively. The output is ‘‘0’’ when there is no Iph, whereas the input is ‘‘1.’’ Fig-

ure 16A describes the output results with various inputs when a bias voltage of

�300 mV is applied. Hence, an ‘‘XOR’’ logical operation is observed. The output re-

sults under different inputs with a bias voltage of 300 mV are shown in Figure 16B,

where an ‘‘OR’’ logical operation is observed. The ‘‘XOR’’ or ‘‘OR’’ logical systems

can be analyzed by adjusting the bias voltage (programming input), as summarized

in Figures 16C and 16D with the truth table of the logical system.
Imaging and color discrimination

Traditionally, a layer of optical filter is required to discriminate the color of the inci-

dent light when a photodetector is used for imaging.86,87 A photodetector with an

SnS/ZnONWs heterojunction array is used for imaging and color discrimination (Fig-

ure 17).42 Figure 17A shows a diagram of the photodetector array and illumination,

and a photograph of the fabricated device array is shown in Figure 17B. Figures

17C1–17C3 show output images of the photodetector array when illuminated by

LEDs with different power densities. The output currents of those pixels are negative

when illuminated by 365-nm LEDs and decrease gradually as the power densities

decrease from 93.5 mW/cm2 to 0.8 mW/cm2. The output currents of the photode-

tector array in Figures 17D1–17D3 are positive when illuminated by 690-nm LEDs.
Visible light communication

Visible light communication technology is a newly emerging technology for illumina-

tion and communication using LEDs.88–90 A prototype of a visible light communica-

tion system was designed, as illustrated in Figure 18A. Turning on 880-nm and 450-

nm LEDs results in data bits ‘‘1’’ and ‘‘�1’’ being transmitted, respectively. The
20 Cell Reports Physical Science 2, 100418, May 19, 2021



Figure 17. Photodetector array for imaging and wavelength discrimination

(A) Schematic of the device structure. Reprinted from Ouyang et al.42 with permission from Elsevier.

(B) Image of the photodetector array. Reprinted from Ouyang et al.42 with permission from Elsevier.

(C) Output images showing illumination by 365-nm LEDs with different light intensities. Reprinted from Ouyang et al.42 with permission from Elsevier.

(D) Output images showing illumination by 690-nm LEDs with different light intensities. Reprinted from Ouyang et al.42 with permission from Elsevier.
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transmitted data are then received and recovered by the photodetector and finally

displayed on the computer.45 Figure 18B shows the input data and corresponding

output data when an 880-nm LED is used for data transmission. Figure 18C displays

the input data and data received from the photodetector when 880-nm and 450-nm

LEDs are used for data transmission.

CONCLUSIONS AND PROSPECTS

Considering light is the most common information carrier, photoelectric devices

with the capability of converting light into useful electrical signals are studied widely.
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Figure 18. Photodetector array for communication

(A) Prototype of the communication system. Reprinted from Ouyang et al.45 with permission from Elsevier.

(B and C) Input data and corresponding output data. Reprinted from Ouyang et al.45 with permission from Elsevier.
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To date, various techniques are used for light-to-electricity conversion, such as the

PV effect, PTE effect, PEC effect, pyroelectric effect, photoconductive effect, plas-

monic effect, and so on. Using these techniques to properly design a photoelectric

device, the Iph polarity of the device can switch between positive and negative. How-

ever, this switching phenomenon can be induced by wavelength, light intensity,

bias/Vg, illumination position, pressure, and solutes. The capability of a photoelec-

tric device to change between positive and negative is used to enrich the variety of

photoelectric devices. Hence, for these types of devices, the focus is mainly on the

mechanism and potential application.

In this review, development of these devices is discussed, including their work-

ing mechanisms, strategies to control the polarity of the Iph, general perfor-

mance, and potential applications. PEC effect-based devices for biosensing

and logical operation and PV effect-based devices for wavelength discrimination

and optical communication are described in detail. These devices are novel and

attractive because they can detect the intensity of incident light and also

discriminate the wavelength, variation of solutes, and pressure. The mechanisms

of these devices should be investigated further to more precisely control the

polarity of the Iph of these devices. The low responsivity and slow response

speed of these devices are also long-term challenges that need to be ad-

dressed. With further investigation and improvement, these devices can offer

new solutions to address traditional issues and to meet the requirements of

newly emerging applications.
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