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The piezoelectricity and pyroelectricity of third-generation semiconductor materials (such as ZnO,
GaN, and CdS) distinguish them from traditional semiconductors and give rise to two novel effects: the
piezo-phototronic effect and the pyro-phototronic effect. The piezo-phototronic effect is to use the
piezoelectric polarization charges at the heterointerface to tune the electron-hole separation or
recombination in optoelectronic processes. For the pulsed incident light, local generated heating
results in a strong pyroelectric effect, which gives a high output voltage and current. This is the pyro-
phototronic effect. In this review, we give a systematic introduction to the two effects. Following that,
recent advances in piezo-phototronic and pyro-phototronic effects enhanced broadband photosensing,
including applications of the piezo-phototronic and pyro-phototronic effects in broadband photode-
tectors and their synergy effect, are thoroughly summarized. Finally, a perspective is given regarding
their future impacts.
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Introduction Based on piezoelectric semiconductor materials, such as ZnO
Over the past three decades, the fabrication and creation of  [16-18], GaN [19,20], InN [21] and CdS [22-25] known as
nanomaterials, as well as research in related fields of technology,  third-generation semiconductor materials [26], two whole new
have advanced quickly. This has made them a hot topic in inter- fields of research, namely piezo-phototronics and pyro-
national science and technology fields, with numerous potential ~ Phototronics by coupling piezoelectricity/pyroelectricity, semi-
applications in the fields of communications, environment,  conductor property, and photoexcitation, have been proposed
energy, materials, chemistry, microelectronics, biology, medi- by Z. L. Wang in 2010 [27-29] and 2015 [13,30,31], respectively.
cine, and other fields [1-7]. It is worth noting that the hetero- The piezoelectric polarization charges (piezocharges) or pyroelec-

junction interface possesses important physical properties and  tric polarization charges (pyrocharges) arising from the strain or
plays a significant role in the performance of nano-(opto) temperature change can modulate the energy band structure at
electronic devices [8-12]. Therefore, the modulation of interface ~ the interface of the heterojunction, thereby effectively control-
properties is crucial for the construction of new functional nan-  ling the generation, separation, transport, and recombination

odevices and the optimization of device performance [13-15]. behavior of photogenerated carriers at the interface [3,13]. The
piezo-phototronic and pyro-phototronic effects, which have

been applied to various types of heterojunction devices, have

- ned new avenues for optimizing devi rforman
* Corresponding authors at: Beijing Institute of Nanoenergy and Nanosystems, Chinese OPe ed up € enues for op g device perto ce
Academy of Sciences, Beijing 100083, PR China (Z.L. Wang). (Flg 1) [32,33].
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FIG. 1

Piezo/Pyro-
phototronics

Schematic illustrations of the piezo-phototronic and pyro-phototronic effects enhanced broadband photosensing for different device structures.

In recent years, it has been demonstrated that the piezo-
phototronic and pyro-phototronic effects play an important role
in solar cells, light-emitting diodes (LEDs), photocatalysis, and,
most notably, photodetectors [34-37]. Although there is a grow-
ing demand for photodetectors, it remains difficult to achieve
broadband response with high sensitivity, fast response times,
and good stability, which is conducive to optical communica-
tion, modern multispectral detection, and environmental
surveillance [38-41]. The piezo-phototronics and pyro-
phototronics have been confirmed to improve these aspects sig-
nificantly by directly modulating the energy band structure at
the interface through strain or temperature changes, which is dif-
ficult to achieve for photodetectors with traditional technology.
Here, we provide a comprehensive review of state-of-the-art
research on the piezo-phototronic and pyro-phototronic effects
enhanced broadband photosensing with various device struc-
tures. Then, coupling the pyro-phototronic effect with other
effects is also summarized and discussed here. Finally, the future
research challenges and outlook are discussed. This review pro-
vides an in-depth understanding of the piezo-phototronic and
pyro-phototronic effects, as well as an insightful outlook on
them.

Fundamentals of the piezo/pyro-phototronic effect
Piezoelectric potential and pyroelectric potential

The core of the piezo-phototronic and pyro-phototronic effects is
the piezoelectric potential and pyroelectric potential generated
in piezoelectric semiconductor materials, thereby possessing
simultaneously piezoelectricity/pyroelectricity, semiconductor,
and photoexcitation property [33,42|. Compared with conven-
tional semiconductors, the most notable feature of third-

generation semiconductor materials, such as ZnO, GaN, and
CdS with wurtzite structure [29,43-45], is their piezoelectricity
and pyroelectricity [46]. Wurtzite structural crystals with a
hexagonal structure have a significant anisotropy along and per-
pendicular to the c-axis. Taking ZnO as an example [3], it has a
non-centrosymmetric crystal structure and exhibits a piezoelec-
tric effect when deformed under applied stress (Fig. 2a). The
Zn** cation and the adjacent O™ anions form a regular tetrahe-
dron structure with the cation as the center. As shown in
Fig. 2b, in the absence of external stress, the charge centers of
cation and anions overlap with each other and are macroscopi-
cally uncharged. When stress is applied to the apex of the regular
tetrahedron, the charge centers of the cation and anions are dis-
placed relative to each other, resulting in a dipole moment. The
superposition of the dipole moments generated by all the cells in
the crystal produces a macroscopic potential distribution along
the stress direction, which is the piezoelectric potential [47,48]
(Fig. 2c). When the stress is applied, the piezoelectric potential
generated in the piezoelectric material can drive electrons to flow
into the external circuit load, forming the piezoelectric current
[3]. Similarly, the pyroelectric potential along a specific direction
in the crystal can be generated as a result of the charge center dis-
placement of the cation and anions caused by the change in tem-
perature [49]. The pyroelectric current can be expressed as I, = pA
(dT/dt), where p and A are the pyroelectric coefficient and the
electrode area, respectively. It is clear that the pyroelectric cur-
rent can be increased by increasing the temperature variation
rate [50]. Based on this, detectors based on the pyroelectric effect
are capable of detecting a wide range of wavelengths, from the
visible (Vis) to the infrared region, which is conducive to broad-
band and fast photosensing. Actually, the piezoelectric potential
and the pyroelectric potential are essentially the same, that is, a
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Piezoelectric and pyroelectric potential in ZnO wurtzite crystal and the energy band diagram for illustrating the piezo-phototronic and pyro-phototronic
effects. (a, b) Atomic model of wurtzite-structured ZnO. (c) Piezoelectric and pyroelectric potential distributed along the c-axis in a ZnO nanowire under the
strain or temperature change. (d, e) Band diagrams of the metal-semiconductor contact for the piezo-phototronic and pyro-phototronic effects. (f, g) Band
diagrams of the p-n junction for the piezo-phototronic and pyro-phototronic effects. Reproduced with permission [3]. Copyright 2012, Wiley-VCH.

change in volume due to stress or temperature causes a change in
the dipole moment. The piezoelectric and pyroelectric potentials
in semiconductor materials are the basis of the piezo/pyro-
phototronic effect.

Effect of piezo/pyroelectric potential on metal-semiconductor
(M—S) contact

The metal-semiconductor contact is a representative heterojunc-
tion for the electronic devices. When a metal is in contact with
an n-type semiconductor, a Schottky barrier (SB) is formed at
the metal-semiconductor junction interface if the work function
of the metal material is higher than the electron affinity poten-
tial of the semiconductor material [51-53]. When under laser
illumination, a built-in electric field generated by the Schottky
contact can separate and collect electrons and holes, resulting
in a photocurrent. Thus, the photocurrent can be tuned by mod-

ulating the Schottky barrier height (SBH) in the junction region
[54-59].

For the piezo-phototronic effect, when a strain is applied
along the c-axis direction of the piezoelectric semiconductor,
the resulting negative piezoelectric charges at the semiconductor
side of the interface can repel the electrons away from the M—S
interface, leading to a wider depleted interface and an enhanced
local SBH (Fig. 2d), while the resulting positive piezoelectric
charges can attract the electrons toward the M—S interface, lead-
ing to a narrower depleted interface and a lower local SBH
(Fig. 2e) [3]. Similarly, for the pyro-phototronic effect, the nega-
tive or positive piezoelectric charges can be regulated through
the change in temperature of the pyroelectric material by turning
on or off the laser. As we know, the polarity and magnitude of
the piezoelectric potential and pyroelectric potential can be
changed by changing the type (compression or tension) and
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magnitude of strain or the type (warming or cooling) and speed
of the temperature change, and thus the SBH can be modulated
by the strain and temperature. Consequently, the piezoelectric or
pyroelectric effect, which can efficiently control the separation
and transport process of charge carriers near the metal-semicon-
ductor interface, can be used to vary the local band structure at
the interface of a Schottky contact [30,31,60-62]. Such modula-
tion is the fundamental mechanism of piezo/pyro-phototronics
in a Schottky contact.

Effect of piezo/pyroelectric potential on p-n junction

The p-n junction is another representative heterostructure for
current electronic devices. When a p-type semiconductor and
an n-type semiconductor contact to form a p-n junction, the
mutual diffusion and recombination processes of electrons and
holes lead to the formation of a charge depletion region at the
interface [63-65]. The photogenerated electrons and holes trans-
port through the depletion region, leading to a photocurrent.
Similarly, the piezoelectric and pyroelectric charges induced at
the p-n junction interface also have an effect on the band struc-
ture [3].

Taking an n-type piezoelectric semiconductor material as an
example, when a tensile strain is applied along the c-axis direc-
tion of the piezoelectric semiconductor, negative piezoelectric
charges will be formed on the n-type side at the interface. Conse-
quently, the negative piezoelectric charges would attract the
holes toward the interface and repel the electrons away from
the interface of the heterojunction, leading to an upward bend-
ing of the energy band based on Anderson’s model and a shifting
of the depletion region toward the n-type side (Fig. 2f) [66]. On
the contrary, if compressive stress is applied to the piezoelectric
semiconductor, positive charges will be formed on the n-type
side at the interface. The positive piezoelectric charges would
attract the electrons toward the interface and repel the holes
away from the interface of the heterojunction, leading to a
downward bending of the energy band and a shifting of the
depletion region toward the p-type side (Fig. 2g). Similar discus-
sions can also be easily deduced in other heterojunction cases.
Therefore, both the strain and temperature can be utilized to
effectively control the band structure, thus adjusting the genera-
tion, transport, separation, and recombination of photogener-
ated carriers near the p-n junction interface. This is the basic
working mechanism of the piezo/pyro-phototronics based on
the p-n junction.

Broadband photodetectors based on the piezo-

phototronic effect

Single semiconductor nanowire structure

With a direct bandgap of 1.44 eV at room temperature, CdTe, a
group II-VI semiconductor, is prominent for many optoelec-
tronic applications in the visible spectrum [67,68]. Introducing
the piezo-phototronic effect to the photodetector can improve
its photoresponse behavior [69]. CdTe nanowires (NWs) are
transferred from the silicon wafer onto the polyethylene tereph-
thalate (PET) substrate with two Ag electrodes at the ends of the
NWs. The CdTe layer is encapsulated in polymethyl methacry-
late (PMMA), and the electrodes are led out with wires, as shown

in Fig. 3a. Fig. 3b is the X-ray diffraction (XRD) pattern of CdTe.
It can be seen that CdTe is successfully synthesized with a high-
crystalline structure. Fig. 3c1-c3 shows the I-V curves of the pho-
todetector illuminated at different wavelengths and power densi-
ties of light, indicating the broadband photosensing ability. The
photoresponse under different strains is further investigated to
demonstrate the influence of the piezo-phototronic effect
(Fig. 3d). With increasing compresive strain, the photocurrent
increases significantly. However, the photocurrent decreases
with increasing threshold voltage when the strain exceeds
0.66%. This is due to the fact that the photocurrent and the per-
formance of the photodetector are both impacted by two com-
peting processes when the compressive strain is applied to the
NW. The reduction in the SBH induced by piezo-phototronics
will make it easier for photogenerated carriers to be transported,
which will increase the photocurrent. The drop in SBH causes a
shortening of the interface depletion layer as the compressive
strain increases, which weakens the built-in electric field and
reduces the photocurrent. The two processes compete with each
other, thus when the compressive strain increases, an optimized
value rather than a monotonous change of the photocurrent is
generated.

Nanorod array/conductive films structure

Broadband photodetection from the ultraviolet (UV) to infrared
bands is still a great challenge. Semiconductors with a narrow
band gap are promising for photodetection in the infrared band.
However, there are two major limitations for conventional
narrow-bandgap semiconductors in the infrared band: one is
that there are few type-II heterojunctions to match them, and
the other is that the large dark current deteriorates their photore-
sponse ability [70,71]. In recent years, researchers have found
that the Schottky junctions between reduced graphene oxide
(rGO) and semiconductors have good photoresponse under
high-frequency illumination [72,73]. Besides, the band gap and
work function of rGO can be controlled by the degree of reduc-
tion, and the light absorption degree can be easily controlled
by the thickness of the film [72]. Thus, a narrow bandgap rGO
compounded with a wide bandgap semiconductor can form a
broadband heterojunction [74]. Fig. 4a shows the fabrication
process of the CdS nanorod (NR) array/rGO film Schottky junc-
tion photodetector. Firstly, CdS NR arrays are grown on a
fluorine-doped tin oxide (FTO) substrate using the hydrothermal
method, and a layer of graphene oxide is spin-coated on top to
form a heterojunction. Then, the graphene layer is reduced to
reduced graphene oxide in a hydrogen atmosphere, and finally,
silver paste and carbon paste are coated on both sides as top
and bottom electrodes. Fig. 4b shows a comparison of the pho-
todetector under dark and UV illuminations, indicating the pres-
ence of the photovoltaic effect. In Fig. 4c, the photocurrent of
the photodetector increases with the light intensity at zero bias
voltage, demonstrating its excellent self-powered photoresponse.
The photodetector has a fast response time with a rise time (T}) of
1.3 ms and a decay time (Ty4) of 1.7 ms (Fig. 4d). When the device
is illuminated at different wavelengths, it displays excellent pho-
toresponse characteristics (Fig. 4e), indicating its promising
application in the field of broadband photosensing. Fig. 4f shows
the photocurrent of the photodetector under different strains.
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FIG. 3

Single CdTe nanowire. (a) Schematic diagram of the single CdTe nanowire photodetector. (b) XRD pattern of CdTe. /-V characteristics with various power
densities at (c1) 325 nm, (c2) 442 nm, and (c3) 808 nm laser illuminations. (d) /-V characteristics under different compressive strains at 808 nm laser
illumination. Reproduced with permission [69]. Copyright 2018, American Institute of Physics.

The maximum current reaches 780 nA as the strain increases
from 0% to —0.4%. Fig. 4g reveals the effect of compressive strain
on the Schottky junction using an energy band diagram. The
negative piezoelectric potential at the interface raises the local
energy band height of CdS, and the increase in the SBH and
the width of the depletion region on the CdS side promote the
separation and extraction of photogenerated carriers, which
improve the photocurrent and photoresponse.

Core-Shell structure

Photodetectors with core-shell structures have many advantages,
such as large contact areas, multi-channel charge transport, and
enhanced light absorption by light trapping and scattering [75—
78]. The core-shell nanowire structure also can enhance the car-
rier lifetime by separating electrons and holes in different con-
ducting channels [79,80], inhibit their recombination and
scatter losses, and improve quantum efficiency [81-85], which
significantly enhances the broadband photodetection response
[86]. In addition, the core-shell structure of the photodetector
can be processed into various shapes, even making the device
flexible [87]. Since CdSe and ZnTe are ideal core-shell structure
constituents due to the small lattice mismatch, similar thermal
expansion coefficients, and type-II band alignment [88], they
achieved good photoresponse in the UV-visible wavelength
range in combination with the piezo-phototronic effect [89]. Fur-
ther, if ZnTe is replaced by CdTe as the shell layer, the response
band can be extended to the near-infrared (NIR) range [90].
Fig. 5a shows the fabrication process of the CdSe/CdTe core-shell
nanowire array. A 100-nm-thick CdSe film is first deposited on
mica, and a 3-nm-thick layer of gold is coated as a catalyst for
nanowire growth. The CdSe nanowire arrays are then grown by
chemical vapor deposition (CVD). Epitaxial growth of the CdTe
layer on the surface of CdSe is achieved using pulsed laser depo-

sition (PLD) to form a core-shell structure, and silver paste is
applied on top as the top electrode. Fig. Sb shows the perfor-
mance of the photodetector under different compressive loads
and bias voltages with different light illuminations. The pho-
todetector presents a good response to different wavelengths of
laser, and the peak current increases gradually with increased
compressive strain. Due to the indirect type-II transition of elec-
trons between the valence band maximum of the CdTe (shell)
and the conduction band minimum of the CdSe (core) in a
core-shell nanowire, even in the NIR band, the photocurrent
remains at the milliamp level. Fig. 5c shows the variation of pho-
tocurrent under different compressive loads, showing a gradual
increase, which demonstrates the positive impact of the piezo-
phototronic effect in broadband photoresponse. The band dia-
gram of the CdSe/CdTe interface under a compressive strain is
illustrated in Fig. 5d. The local negative polarization charges
caused by the compression strain in the CdSe side make the
edges of valence band and conduction band bend upward, result-
ing in a rapid separation of holes and electrons and an increase in
peak photocurrent.

p-intrinsic-n junction structure

In recent years, it has been found that carrier separation and col-
lection efficiency can be greatly improved if an insulating layer is
added between the p-type and n-type materials, compared to the
conventional p-n junction structure [91]. Instead of the conven-
tional p-insulation-n strategy, a 15-nm-thick alumina insulator
layer was added between p-type Si and n-type ZnO [92]. A dual
inversion layer in the depletion zone is successfully established,
and the photogenerated carriers can pass through the alumina
insulator layer in a controlled manner through the quantum
mechanical Fowler-Nordheim tunneling mechanism, resulting
in a significant increase in photoresponse and sensitivity. How-
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CdS NR array/rGO film photodetector. (a) Fabrication process of the photodetector. (b) /-V curves of the CdS NR array/rGO photodetector under dark and
365 nm light illuminations. (c) Photocurrent of the photodetector versus the light intensity under UV illumination at zero bias. (d) Response time of the
photodetector in one cycle. (e1-e3) /-t curves of the photodetector under different light illuminations. (f) Photocurrent at a power density of 3.2 mW cm?
under different compressive strains. (g) Band diagram of the CdS/rGO interface under a compressive strain. Reproduced with permission [74]. Copyright 2018,

Royal Society of Chemistry.

ever, the indirect energy band and large surface reflection limit
the light absorption of silicon-based optoelectronic devices, espe-
cially for near-infrared light with wavelengths greater than
900 nm. Thus, a textured top ceiling electrode is designed to
enhance the absorption of NIR light. Fig. 6a is a schematic dia-
gram of the three-dimensional structure of the device. First, a
15-nm-thick AlO, layer is coated to the Si substrate using atomic
layer deposition (ALD), and then a uniform array with a thick-
ness of 70-80 nm and a length of 2 pm ZnO NWs is grown on
the insulator layer. Indium tin oxide (ITO) and aluminum are
used as the top and bottom electrodes of the device, respectively.
Fig. 6b shows the absorption of p-Si/AlO,/n-ZnO, p-Si, and n-
ZnO for different wavelengths. As mentioned above, the absorp-
tion of p-Si for wavelengths greater than 900 nm decreases, but
the p-Si/AlO,/n-ZnO can still maintain a high absorption for
the spectrum above 900 nm, which benefits from the specially

designed textured top ceiling electrode. The variation of pho-
tocurrent with different power densities at 442 nm and
1060 nm wavelengths is shown in Fig. 6¢, d. The addition of
the AlO, layer results in a significant increase in photocurrent,
and there is no saturation of the photocurrent with increasing
power density compared to that without the AlO, layer. The sen-
sitivity of the p-Si/AlO,/n-ZnO diode is 12.4 and 8.9 times larger
than that of the device without an AlO, layer under illumina-
tions of 442 nm (Fig. 6e) and 1060 nm (Fig. 6f), respectively,
which indicates that the insulator layer can effectively enhance
the carrier separation. The responsivity increases with the power
density without reaching saturation (Fig. 6g). When the power
density increases, the shift in the Fermi energy level and energy
band causes more carriers to appear in the dual inversion layer at
the interface, resulting in enhanced current collection capability
in this region. A systematic investigation of the piezo-
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phototronic effect was carried out. Interestingly, for 442 nm and
1060 nm wavelengths, there is an opposite phenomenon, as
shown in Fig. 6h. This phenomenon is clearly explained in
Fig. 6i. For the 442 nm spectrum, the positive piezoelectric
potential in the inversion layer on the ZnO side will lead to a
local increase in charge density, resulting in a strong built-in
electric field and an increase in charge separation and collection.
When the strain is further increased, the piezoelectric potential
will bend the energy bands of ZnO and AlO, downward, and
the charge will accumulate on the side of AlO,, suppressing the
charge separation and collection efficiency. For the 1060 nm
spectrum, the piezoelectric potential also shortens the tunnel
distance for tunneling. The charge density on the Si side is low-
ered, and the effect of the inversion layer is weakened, making
the photocurrent drop. However, when the strain further
increases, the shortened tunneling distance will be small enough
to make the carriers pass through the insulator layer directly
without an effective inversion layer. The screening effect cannot
compete with the piezo-phototronic effect, resulting in a boost
in photocurrent.

Huo et al. used Al,O3 as an insulator layer to enhance the pho-
toresponse performance of a p-ZnO NW-based UV-Vis-NIR pho-
todetector, which achieved a fast response time [93]. The
fabrication process is similar to p-Si/AlO,/n-ZnO. The structure
and fabrication process of n-Si/Al,O3/p-ZnO are shown in
Fig. 7a. The difference is that ZnO is doped by Sb to form a p-
type semiconductor. ZnO is generally an n-type semiconductor,

and it is usually difficult to prepare reliable p-type ZnO for prac-
tical applications. Fig. 7b shows the absorption of n-Si/Al,O3/p-
ZnO, n-Si/p-ZnO, n-Si, and p-ZnO for different wavelengths,
which indicates that the intervention of the insulating Al,O;
layer makes the photodetector maintain excellent absorption
above 900 nm. Fig. 7c illustrates the I-V curves of the photodetec-
tor in the dark environment and under various wavelengths of
the spectrum. Excellent response in the UV, visible, and NIR
bands means that the n-Si/Al,O3/p-ZnO photodetector has
broadband photoresponse characteristics and shows better
response at reverse bias than at forward bias. The sensitivity of
the photodetector with and without an Al,O3 layer at different
power densities from UV to NIR is plotted in Fig. 7d. By introduc-
ing the insulator layer, the sensitivity of the photodetector is
greatly enhanced. The sensitivity of the photodetector with an
8 nm Al,Oj3 layer reaches 50000% under 325 nm illumination,
22000% under 633 nm illumination, and 31000% under
1064 nm illumination, respectively. It is worth mentioning that
this photodetector has a fast photoresponse (Fig. 7e), and the rise
time and fall time under UV, visible, and NIR are 180/230,
130/70, and 140/180 s, respectively, which demonstrates excel-
lent photoresponse performance in the UV-Vis-NIR broadband.
The responsivity R and specific detectivity D* with the piezo-
phototronic effect are systematically analyzed, and the results
under visible light are shown in Fig. 7f. Under UV illumination,
the R and D* reach 13.80 A W~ ! and 3.12 x 10'2 Jones under
0.69 mW cm™2 of illumination and a —0.79%c compressive
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A p-ZnO/Al,03/n-Si heterojunction device. (a) Schematic illustration and fabrication process of the heterojunction. (b) Absorption spectra of p-ZnO, n-Si, p-
Zn0O/n-Si, and the p-ZnO/Al,03/n-Si device. (c) I-V curves of the heterojunction under dark and various wavelengths of illumination with power densities of 2
mW cm 2. (d) Sensitivity of the photodetector with or without the Al,Os layer under 365 nm, 633 nm and 1064 nm light illuminations. (e) Response time of
the photodetector under UV, visible, and NIR lights. (f) The responsivity and specific detectivity of the photodetector with different power densities and
strains under visible light. Reproduced with permission [93]. Copyright 2021, Elsevier Ltd.
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strain. Under visible illumination, the two values reach 10.60 A
W and 3.55 x 10'2 Jones under —0.79%o strain with 0.08
mW cm™?, respectively. The R and D* reach 16.30 A W~! and
2.70 x 10'? Jones under NIR illumination, respectively. These
results reveal that the introduction of the insulator layer and
the piezo-phototronic effect can significantly enhance the broad-
band photoresponse properties of p-n heterojunctions.

Organic/inorganic structure

Compared to inorganic photodetectors, organic/inorganic pho-
todetectors are low-cost, flexible, and exhibit excellent adhesion,
which have attracted wide attention [94-96]. 3-hexyl-substituted
polythiophene (P3HT) is a typical p-type semiconductor with
excellent stability, low cost, and easy chemical modification
[97-99], and a CdS-P3HT organic/inorganic self-powered pho-
todetector is fabricated [100]. Due to the good adhesion between
P3HT and CdS microwire and the type-II band alignment, the
photodetector exhibits excellent optoelectronic properties.
Fig. 8a shows the structure of the device and measurement plat-
form, and different tensile strains are controlled by different dis-
placement distances at the free end. Fig. 8b shows the I-V curves
of the device under different wavelengths of laser illumination
with different intensities. The photodetector responds well to
different wavelengths of laser illumination and displays a broad-
band photoresponse capability. The effect of positive and nega-
tive piezopotentials on the on-off current response at zero bias
voltage is then investigated by applying compressive and tensile
strains to the CdS-P3HT photodetector, as shown in Fig. 8c, d.
When the CdS side at the interface possesses positive pizeopoten-
tial, the photocurrent gradually increases with increasing strain.
However, when the pizeopotential at the interface is negative,

the photocurrent is suppressed. This is because the positive
pizeopotential at the interface raises the barrier height, while
the negative pizeopotential lifts the local conduction band
energy level and thus lowers the barrier height. Therefore, by
introducing the piezo-phototronic effect into the CdS-P3HT
self-powered photodetector, the photodetection performance of
the devices can be modulated.

Broadband photodetectors based on the pyro-
phototronic effect

p-Si/n-CdS nanowires heterostructure

CdS has been confirmed to be an excellent optoelectronic mate-
rial due to extraordinary thermal and chemical stability [101-
103]. However, a weak light absorption capacity limits the appli-
cations, which can be solved by combining it with other materi-
als [104]. A p-Si/n-CdS NWs heterostructure with a broadband
photoresponse from 325 nm to 1550 nm is fabricated, which is
beyond the limitation of the intrinsic bandgap of Si and CdS.
Fig. 9a demonstrates the schematic structure of the p-Si/n-CdS
heterostructure photodetector. The silicon wafer substrate is first
etched with KOH to make it flexible (Fig. 9bl). Tetrahedral-
shaped microstructures are then etched onto the surface of the
flexible wafer to enhance the light absorption efficiency (Fig. 9-
b2-4). The on—off current responses at zero bias voltage under dif-
ferent wavelengths are illustrated in Fig. 9c. The p-Si/n-CdS
heterostructure photodetector shows a good photoresponse from
the UV to NIR wavelengths. The photocurrent of the device is in
the microampere range at 325, 442, and 1060 nm wavelengths.
However, under 1550 nm laser irradiation, the photocurrent is
only in the nanoampere range due to the lack of photogenerated
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FIG. 8

CdS-P3HT organic/inorganic heterojunction photodetector. (a) Schematic of the measurement setup. I-V characteristics with various power densities under
(b1) 365 nm and (b2) 780 nm laser illuminations. The effect of positive piezoelectric potential on the photoresponse under (c1) 365 nm, and (c2) 780 nm laser
illuminations. (d) The effect of negative piezoelectric potential on the photoresponse under 530 nm laser illumination. Reproduced with permission [100].
Copyright 2017, Elsevier Ltd.
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A p-Si/n-CdS nanowires heterostructure photodetector. (a) Schematic structure of the photodetector. (b) Characterizations of the heterostructure: (b1) flexible
Si wafer etched in the KOH solution, (b2) SEM image of the etched Si wafer surface, (b3) top view, and (b4) side view of the CdS NW array. (c) /-t curves of the
photodetector under 325, 442, 1060, and 1550 nm laser illuminations at zero bias. (d) Photo-responsivity R and (e) specific detectivity D* of photocurrent
(Iohoto), Photocurrent + pyroelectric current ([pyro+photo), and relative peak-to-peak current (oyrorphotolpyror) Under different power densities at 1060 nm laser
illumination. (f) Response time of the photodetector as a function of power density at 1060 nm laser illumination. (g) Schematic band diagrams of the
photodetector under different wavelengths of laser illumination. Reproduced with permission [22]. Copyright 2018, Wiley-VCH.

carriers. The photoresponsivity R and specific detectivity D* of
photocurrent (Iphoto), Photocurrent + pyroelectric current (Ipyro.-
photo), and relative peak-to-peak current (Ipyro+photo-Ipyro’) under
different power densities are further calculated and plotted in
Fig. 9d, e. The photoresponsivity R increases with power density
due to an increase in photogenerated carrier separation effi-
ciency. The maximum values of Ryhoto, Rpyro+photor Rpyro+photo-pyro’
are 0.34, 3.1, and 5.9 mA W_., under 1060 nm laser illumination,
respectively. The maximum detectivity D* reaches 1.3 x 10'* and
6.9 x 10" Jones according to the Lyyrosphoto-Ipyro’ aNd Ipyrosphoto-
Moreover, a fast response time is obtained for the self-powered
photodetector (Fig. 9f). As the power density increases, the
response becomes faster, which can be explained by the fact that
the pyroelectric current is determined by the rate of change in
temperature (d7/dt). The greater the incident power density,
the faster the temperature change rate, inducing a larger Iy
and shorter response times. The photodetector has a fast
response speed, and the rise time and fall time are 245 ps and
277 ps under 325 nm laser illumination, respectively, which

are faster than most reported CdS detectors [22]. To illustrate
the mechanism of the broadband photoresponse of the p-Si/n-
CdS heterostructure, the energy band diagrams under different
wavelength illuminations are shown in Fig. 9g. For UV light at
325 nm, the photons are mainly absorbed by CdS NWs, leading
to a photocurrent, and the upward bending of the energy band
and pyroelectric potential facilitates the transport of carriers.
For visible light at 442 nm, the photons are absorbed by both
p-Si and CdS NWs, resulting in a larger photocurrent, which also
indicates that the photocurrent is mainly generated by the pho-
togenerated carriers of the Si substrate. Since photons in the NIR
can also be absorbed by p-Si, the photocurrent intensity contin-
ues to increase under 1060 nm laser illumination. For 1550 nm
laser illumination, since this wavelength is beyond the bandgap
limitation of the p-Si and CdS NWs, photogenerated carriers
could not be produced. However, the pyroelectric effect could
still lead to the formation of pyrocharges, form the Ey,, and
thus induce an instantaneous rise or drop in the output current
with a low value of current.

10

Please cite this article in press as: S. Tian et al., Materials Today, (2023), https://doi.org/10.1016/j.mattod.2023.07.001



https://doi.org/10.1016/j.mattod.2023.07.001

Materials Today ® Volume xxx, Number xxx ® xxxx 2023

RESEARCH

Tri-layers structure

Numerous studies have demonstrated the application of the
pyro-phototronic effect to enhance the broadband photore-
sponse of photodetectors [33,105,106]. In addition, an introduc-
tion of an insulating layer in the middle of the p-n junction will
facilitate the separation and collection of carriers [91]. A ZnO/
NiO/Si heterojunction photodetector is fabricated by introduc-
ing a NiO layer between the p-Si and n-ZnO, and thus the leakage
current is decreased to improve the pyro-phototronic effect.
Moreover, selective response to UV or visible light is achieved
by taking advantage of the different current characteristics mod-
ulated by bias voltage [107]. Fig. 10a is a schematic representa-
tion of the structure of a ZnO/NiO/Si heterojunction
photodetector. A Ni layer is first deposited on a Si substrate,
and then Ni is oxidized to NiO by thermal oxidation, followed
by the growth of ZnO nanorods on the NiO layer by a simple
hydrothermal reaction, using Al and Cu as the top and bottom
electrodes, respectively. The I-V curves of the ZnO/NiO/Si hetero-
junction photodetector in the dark and under 367, 448, and
609 nm illuminations are demonstrated in Fig. 10b. Both UV
and visible light illuminations produce excellent photore-
sponses. The photocurrent responses of the photodetector under
367 and 609 nm illuminations at forward, zero, and negative bias
voltages are shown in Fig. 10c, which exhibit the typical four-
stage photocurrent response behavior. Fig. 10d demonstrates
the selective photoresponse of the ZnO/NiO/Si heterojunction
photodetector under 367, 448, and 609 nm illuminations. Inter-
estingly, at a small forward bias, the ZnO/NiO/Si heterojunction
photodetector displays different responses to UV and visible
light. When under visible continuous illumination, the local

electric field intensity is not sufficient to separate the electron-
hole pairs, resulting in little change in the current. However,
under continuous UV illumination, the photocurrent gradually
increases due to the photoconduction effect of ZnO nanorods,
indicating the broadband photoresponse characteristic and
wavelength selectivity for UV and visible light.

ZnO/CuO/Au heterojunction photodetector coupled with the
localized surface plasmon resonance (LSPR)

To further improve the performance of photodetectors or gain
more functionality, lots of studies have been conducted to com-
bine the pyro-phototronic effect with other physical effects to
achieve synergistic action [108-111]. The pyroelectric current
relies on the temperature variation, but the weak temperature
variation at low power density illumination makes it difficult
to detect this kind of photons for the pyro-phototronic effect
modulated photodetectors [112]. However, the localized surface
plasmon resonance (LSPR) can produce instantaneous and rapid
temperature change, which 1is beneficial for the pyro-
phototronics based photodetectors [113-116]. LSPR is the phe-
nomenon of local surface plasmon resonance, accompanied by
a rapid rise in temperature, that occurs when light is incident
on nanoparticles made of precious metals and if the frequency
of the incident photons matches the overall vibrational fre-
quency of the conduction electrons of the precious metal
nanoparticles or metal, the nanoparticles or metal will have a
strong absorption of the photon energy [117]. The response
speed of a ZnO/CuO/Au heterojunction photodetector has been
greatly improved due to the rapid temperature change by cou-
pling the pyro-phototronic effect with the LSPR [118]. Fig. 11a

a b
0.41— Dark ;
—367nm 1
0.2 448nm :
3 — 609nm
2 :
£ 00T~~~ —oomrrFos—m - -
[
t 1
302 :
1
0.4 . .
W Si" NiO"" ZnO Seed [l ZnO Nanorods ™ Al Cu s Ak mgge v
——367nm - 448nm — 609nm
cl c2 d os
0.61— ov 367nm 0.41— OV 609nm
| — 0.05v 03— 005V |
0.41 -0.05V - -0.05V 0.4
a Z 0.2 | <
% 0.2 % 0.1 ' l % 0.2]
[ =
$ 0.01 _r: g; 2 0.01 == g
5 || 5 ] | 5 0.01
O.0.21 I O-0.1 | ‘ | | o
-0.27 §
-0.47 a3 . 0.2
10 20 30 40 50 60 % 10 20 40 50 60 10 20 30 40 50 60
Time (s) Time (s) Time (s)

FIG. 10

A ZnO/NiO/Si heterojunction photodetector. (a) Schematic representation of the structure of the photodetector. (b) /-V characteristic of the ZnO/NiO/Si
heterojunction photodetector in the dark and under 367 nm, 448 nm, and 609 nm illuminations. Photocurrent responses of the photodetector under (c1)
367 nm, and (c2) 609 nm illuminations at forward, zero, and negative bias. (d) Photoresponse of the photodetector under 367 nm, 448 nm, and 609 nm
illuminations at 0.001 V bias voltage. Reproduced with permission [107]. Copyright 2017, Royal Society of Chemistry.
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A ZnO/CuO/Au heterojunction photodetector. (a) The flow chart for the fabrication of the ZnO/CuO/Au heterojunction photodetector. (b) Energy band
diagram of the ZnO/CuO/Au heterojunction. /-t curves of the photodetector under (c) 325 nm and (d) 532 nm illuminations with various power densities. (e) /-
t characteristics of the photodetector with different Au loadings. (f) I-t characteristics of the photodetector with or without the Au NPs. (g) Responsivity and
detectivity of the photodetector with various Au loadings. Response times of the photodetectors under (h) 325 nm illumination and (i) 532 nm illumination.
Photoresponse behavior (j) with and (k) without Au NPs under 325 nm laser illumination. Reproduced with permission [118]. Copyright 2022, Wiley-VCH.

is a flow chart of the fabrication of this ZnO/CuO/Au heterojunc-
tion photodetector. The ZnO nanorods are hydrothermally
grown on the ZnO seed layer before being coated with a CuO
layer in a Cu(NO3) solution. Finally, Au nanoparticles (NPs) are
decorated on the nanorods to provide the LSPR effect. Ag and
FTO are the top and bottom electrodes, respectively. The vacuum
energy level of materials indicates that the photodetector has a
good energy band match (Fig. 11b). The I-t curves of photodetec-
tors under 325 and 532 nm illuminations from 68 nW cm™? to
6.8 uW cm 2 are plotted in Fig. 11c, d. The photocurrent
increases with increasing power density due to the increase in
photogenerated electron-hole pairs. Meanwhile, all the curves
exhibit typical four-stage photoresponse dynamic behavior due
to the pyro-phototronic effect. Compared with the ZnO/CuO
heterojunction, the photodetector with the Au loading has a bet-
ter signal-to-noise ratio. Besides, the photocurrent gradually
increases with the loading of Au NPs (Fig. 11e). The same results
are also obtained at 532 nm illumination (Fig. 11f). The respon-

sivity R and detectivity D* of the ZnO/CuO/Au heterojunction
photodetector are also investigated. As shown in Fig. 11g, the
maximum of R and D* are 5.07 x 10° A W' and 4.53 x 10°
Jones under the illumination of a 325 nm laser at the loading
of 287 nmol, respectively. In addition, attributed to the fast tem-
perature variation induced by the LSPR effect, the response time
is dramatically reduced. For 325 nm laser illumination, the rise
and fall times are decreased from 329.6 ms to 6.3 ms, and
403.7 ms to 6.9 ms (Fig. 11h). For 532 nm laser illumination,
the response time has also been significantly reduced (Fig. 11i).
Furthermore, to demonstrate the ability of the ZnO/CuO/Au
heterojunction photodetector to detect ultralow power density
laser, the photoresponse with and without Au NPs under
325 nm laser illumination are shown in Fig. 11j, k, respectively.
The ZnO/CuO/Au heterojunction photodetector exhibits an
excellent photoresponse under a power density of 68 nW
cm 2, but the ZnO/CuO photodetector cannot obtain a regular
photocurrent curve even under a 360 nW cm ™2 power density.
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BiFeOs/Au/ZnO heterostructure photodetector coupled with
the ferroelectricity and LSPR

Materials used in the pyro-phototronic effect are often accompa-
nied by piezoelectric and ferroelectric properties [13,119], and
thus coupling the pyro-phototronic effect with the ferroelectric
effect is a common approach [120,121]. BiFeO3 (BFO) is a typical
ferroelectric material with a small band gap (2.2-2.8 eV) and
excellent light absorption [122,123], and the large coercive field
of BFO facilitates the separation of photogenerated carriers
[124,125]. However, ferroelectric-semiconductor heterojunctions
usually absorb high-frequency light well, but the absorption of
NIR light is negligible [126-128]. The LSPR effect achieved by
introducing noble metal nanoparticles into the ferroelectric layer
is found to be effective in broadening the spectral response range
[129,130]. A BiFeO3/Au/ZnO heterostructure photodetector is
fabricated [131]. With the help of the modulation of the Schot-
tky barrier and the band alignment at the heterostructure inter-
face by Au NPs, the response range is successfully broadened
from 360 nm to 1060 nm light wavelengths, which is beyond
the bandgap limitation.

Fig. 12a shows the XRD pattern of the BFO, indicating the suc-
cessful fabrication of the BFO. The interface of the heterojunc-
tion can be seen clearly in the scanning electron microscope
(SEM) image in Fig. 12b. A comparison of the light absorption
of different materials in the UV-Vis spectrum is shown in
Fig. 12c. The BFO/Au/ZnO shows the strongest absorption inten-
sity accompanied by a broadband response. Fig. 12d shows the
variation of current density at zero bias voltage for the BFO/
Au/ZnO heterostructure under different illumination wave-
lengths, indicating large photocurrent density in the UV-Vis-
NIR band, which is beyond the bandgap limitation. Fig. 12e
shows the J-T curves of the BFO/Au/ZnO device under the 360,
405, 532, and 635 nm illuminations at zero bias voltage. All
curves exhibit a two-step waveform, that is, a sharp current peak
followed by a flat plateau. The sharp current peaks are caused by
the pyro-phototronic effect, while the plateau is caused by the
photovoltaic effect.

The energy band diagram in Fig. 12f illustrates the mechanism
for the enhanced photosensing of the BFO/Au/ZnO heterostruc-
ture. When Au nano-particles (AuNPs) are introduced, two inter-
faces, BFO/Au and Au/ZnO, are formed in the contact region. The
Schottky contact and energy band bending are formed at the
BFO/Au interface (Fig. 12f1). Since AuNPs can facilitate the trans-
fer of hot electrons through the LSPR effect, the BFO/Au interface
has a similar interface characteristic to the Au/ZnO interface. The
built-in electric field at the Au/ZnO interface and the depolariza-
tion field (Eqp) of BFO become the main factors influencing the
separation of photogenerated carriers. When illuminated with
360 nm and 405 nm lasers (Fig. 12f2, £3), the temperature of
the illuminated area rises, and negative pyroelectric charges are
generated at the Au/ZnO interface, which will repel the electrons
away from the interface and bend the energy band upward. In
addition, the rise in temperature decreases the Eq, of the BFO,
again promoting the upward bending of the energy band. These
promote the separation of photogenerated carriers, which leads
to instantaneous pyroelectric currents (sharp current peaks in
the first step). As the wavelength of the laser continues to
increase until it is beyond the absorption band range of the

BFO and ZnO, the hot electrons can gain enough energy to trans-
fer from AuNPs to the two Schottky contact interfaces, and the
energy band at the interface still can bend upwards (Fig. 12f4).
With the help of the LSPR effect, the self-polarization of BFO
films, and the band bending of the heterostructures, the BFO/
Au/ZnO heterostructure photodetector successfully achieves the
broadband photoresponse from 360 nm to 1060 nm.

Anodic aluminum oxide/CdS heterostructure photodetector
coupled with photothermoelectric effect

CdS is widely used not only in the pyro-phototronic effect-
enhanced photodetectors, but it also has a thermoelectric effect
[132]. Coupling the photo-pyroelectric effect and photo-
thermoelectric effect can further enhance the photoresponse of
the CdS-based photodetector [133]. A polar bear-inspired (PBI)
PD based anodic aluminum oxide (AAO) and CdS with an asym-
metric pair of Ag (PBI_AAO/CdS_asy-Ag PD) is fabricated to
achieve broadband photosensing by the synergy between the
pyroelectric effect and the thermoelectric effect [134]. Fig. 13a
shows the fabrication procedure for this PBI_AAO/CdS_asy-Ag
photodetector. The PBI_AAO is first anodized on the aluminum
foil to reduce the light reflection and enhance the absorption.
The CdS NWs are then grown on the previous structure using a
hydrothermal method. Finally, a pair of asymmetric Ag elec-
trodes are coated on both ends of the device.

Fig. 13b shows the I-t on-off test of the PBI_AAO/CdS_asy-Ag
photodetector under different wavelengths of laser illumination,
which exhibits the typical four-stage photoresponse dynamic
behavior. For 405 nm spectrum illumination, due to the weak
photo-thermoelectric effect, the steady current plateau is mainly
caused by the photovoltaic effect (Fig. 13b1). However, when the
wavelength increases to 532 nm (Fig. 13b2), an obvious four-
stage photoresponse behavior appears. In the first stage, a sharp
peak of current is induced by the instantaneous temperature
change, which is contributed by the pyro-phototronic effect
and the photogenerated carriers produced by the CdS. In the
meantime, a spatial temperature gradient formed between the
asymmetric Ag electrode pair. Therefore, the current is caused
by the photovoltaic effect, the photo-pyroelectric effect, and
the photo-thermoelectric effect. When the temperature is stable,
the pyroelectric effect disappears, and a stable current plateau is
contributed by the thermoelectric effect and photovoltaic effect
(the second stage). In the third stage, the laser is turned off,
resulting in a decreased temperature, a reversed pyroelectric
potential, and a temperature gradient between the asymmetric
electrodes. Therefore, the pyroelectric current is the opposite of
the thermoelectric and photovoltaic currents (the third stage).
When the wavelength of the spectrum reaches 660 nm and
808 nm (Fig. 13b3, b4), since the wavelengths are beyond the
bandgap of CdS, the photogenerated carriers disappear. In the
first stage, only pyroelectric and thermoelectric currents exist.
When the temperature is constant in the second stage, the pyro-
electric current disappears, resulting in a decreased peak current.
The steady current is formed by the thermoelectric effect caused
by the asymmetric Ag electrode pair. With the laser off, the
decreasing temperature causes a reversed pyroelectric current.
The reversed direction of the pyroelectric current and thermo-
electric current makes the current in the third stage less than
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A BiFeOs/Au/Zn0 heterostructure photodetector. (a) XRD patterns of BFO films. (b) A cross-section SEM image of BFO/ZnO heterostructures. (c) Absorption
spectra of BFO, ZnO, BFO/ZnO and BFO/20 s Au/ZnO. (d) Variation of current density of BFO/ Au/ZnO heterostructures under 360 nm, 405 nm, 532 nm, and
635 nm light illuminations with different power densities. (e) J-T curves at zero bias for the BFO/Au/ZnO heterostructure under 360 nm, 405 nm, 532 nm, and
635 nm light illuminations. (f) Schematic energy band diagrams of the BFO/Au/ZnO heterostructure under different wavelength illuminations. Reproduced
with permission [131]. Copyright 2021, Elsevier Ltd.

the first stage. As shown in Fig. 13c-f, under laser illumination,
the asymmetric Ag electrode pair causes the difference in shading
light, and the photodetector is warmed with a temperature gradi- is
ent between the asymmetric electrode pair, showing dT/
dx greater than O along the direction from the small Ag electrode

(warm side) to the large Ag electrode (cool side).

Ag,Se/Si heterostructure photodetector coupled with the

lateral photovoltaic effect (LPE)

Ag,Se is a typical thermoelectric material [135-137], which has
rarely been applied in the photoelectric field [138-140], espe-

cially in position-sensitive detectors (PSDs). Since the photovolt-
age is linear to the laser distance, the PSD based on the LPE effect
suitable for ultra-high accuracy displacement sensing
[141,142]. A self-powered Ag,Se/Si heterostructure PSD based
on the LPE is fabricated, with the merits of broadband and ultra-
fast photoresponse [143]. Fig. 14a shows the structural schematic
of the heterostructure. A layer of Ag,Se films is sputtered on p-Si
substrates using magnetron sputtering, and two indium pads are
coated on the film to act as the electrode. The photoabsorption
spectra of the Ag,Se films with different thicknesses are shown
in Fig. 14b. For all the films with different thicknesses, a broad
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absorption range from 300 to 1200 nm is obtained, which indi-
cates that the heterostructure PSD has broadband response char-
acteristics. Fig. 14c shows the lateral photovoltage (LPV) curves
under different laser wavelengths. The LPV increases with the
wavelengths from 405 to 1064 nm, but has no response under
1150 nm laser illumination, which can be explained by the band
gap of the Ag,Se. Although bulk Ag,Se is often accompanied by a
narrow band gap (0.15 eV), it is generally between 1.1 and 2.1 eV
for thin film materials. The LPV curves show a linear dependence
on the laser position for different wavelengths, revealing its
application in the fields of broadband photosensing and
position-sensitive detection. The sensitivity of the heterostruc-
ture is calculated and plotted in Fig. 14d. With the increment
in wavelength, the sensitivity of the heterojunction is also

enhanced with increasing laser power. The I-t curves of the
heterojunction under different wavelengths of laser illumination
are shown in Fig. 14e. All the curves exhibit the typical four-stage
LPV dynamic behavior induced by the pyro-phototronic effect,
which indicates the ability of a broadband response modulated
by the pyro-phototronic effect. The LPVy,pn-LPVyy, LPV,
LPV,,, and corresponding enhancement ratios of (LPVpy.pn-
LPV,y)/LPVp, and LPVyy, on/LPVpy, are calculated and plotted in
Fig. 14f, g. All the LPV responses exhibit a monotonic incremen-
tal tendency with the increment of wavelength. The maximal
enhancement ratios are 1643% and 1057%, respectively,
obtained at 1064 nm laser wavelength. Moreover, the response
time under different chopper frequencies is systematically inves-

tigated (Fig. 14h). With a frequency increasing from 10 to

y+phy
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Chemical Society.

2000 Hz, the rise time decreases from 2.5 ms to 3 ps, and the fall
time decreases from 1.8 ms to 5 ps, which demonstrates an ultra-
fast response characteristic.

Broadband photodetectors based on the synergy of
the piezo/pyro-phototronic effect

The piezo-phototronic and pyro-phototronic effects have
demonstrated the great potential for enhanced performance of
broadband photosensing. These works illustrated above are mod-
ulated by the piezo-phototronic effect or the pyro-phototronic
effect individually on the photodetectors. However, some mate-
rials usually possess both piezoelectric and pyroelectric effects
[144,145], so it is possible to enhance the performance of a pho-
todetector through the synergistic effect of the piezo-
phototronic and pyro-phototronic effects [13,146-148]. The
piezo-phototronic effect derived from piezo/pyroelectric semi-

conductors can be introduced and modify the photoresponse
performance of the heterojunction photodetectors when under
deformation. If the piezocharges produced by external strain
and the pyrocharges produced by the changed temperature are
both negative (or both positive) at the interface, the strain would
strengthen the pyroelectric potential and thus enhance the pyro-
phototronic effect-induced photocurrent; otherwise, it would
weaken the photocurrent. The piezocharges, work together with
the pyrocharges, can facilitate carrier separation and collection,
thus enhancing photocurrent [13,22]. Yang et al. successfully
fabricate a MAPDI; single-crystal film/n-Si heterojunction pho-
todetector, which enhances the performance of the broadband
photodetector through the synergistic effect [149].

Fig. 15a shows the structural schematic of the photodetector.
The MAPDI; single crystal films are grown on the n-Si substrate
directly through a space-confined slow heating method. The
top and bottom electrodes are ITO and Al, respectively.
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A MAPbI; single-crystal film/n-Si heterojunction photodetector. (a) Structural schematic of the heterojunction photodetector. (b) Photoresponse of the
photodetector under 360, 450, 671, 780, 1064, and 1550 nm laser illuminations at zero bias. (c) I-V curves of the photodetector under different laser
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under different pressures. (m) Energy band diagrams of the photodetector with or without a compressive strain. Reproduced with permission [149].
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Fig. 15b shows the photoresponse of the photodetector under
360, 450, 671, 780, 1064, and 1550 nm laser illuminations at
zero bias voltage, which exhibits a typical four-stage photore-
sponse dynamic behavior for all wavelengths, indicating the
existence of the pyro-phototronic effect. The I-V curves of the
photodetector under different laser illuminations are shown in
Fig. 15c. The photocurrent of the photodetector under 780 nm
illumination is much larger than other wavelengths. For
1064 nm, the NIR photons can pass through the MAPbI; single
crystal films and can be absorbed by the Si substrate. For
1550 nm, the wide bandgap of MAPbI; will limit the production
of photo-generated carriers. The response time for different
chopper frequencies and voltage are plotted in Fig. 15d, e. With
the increase in frequency, the rise time is reduced from 13 ms to
1.4 ms, and the fall time is reduced from 54 ms to 6.3 ms, which
is attributed to the faster temperature change under higher fre-
quency. With the increase in bias voltage, the rise time is reduced
from 12 ms to 4 ms, and the fall time is reduced from 54 ms to
13 ms.

The piezo-phototronic effect is utilized to further enhance the
performance of the photoresponse. Fig. 15f is the comparison of
the photoresponse under the pressure from O to 155 kPa in the
dark condition. When pressure is applied, there is a boost in pho-
tocurrent at forward bias voltage, indicating the enhancement of
photoresponse through the piezo-phototronic effect. The on-off
current response at zero bias voltage of the photodetector for
780 nm laser illumination under different pressures is shown
in Fig. 15g. Meanwhile, the peak current and the relative change
of Al/I, under different pressure is plotted in Fig. 15h, and the
response time is plotted in Fig. 15i. With the increase of pressure
from O to 155 kPa, the photocurrent increases from 6.75 nA to 16
nA, and the maximum relative current change is 120% obtained
at 155 kPa. Besides, the rise time is reduced from 17 ms to 9 ms,
and the fall time is reduced from 56 ms to 25 ms. Finally, the
Ipyro+photo - Ipyro’, and the relative change of Inyrosphoto-Ipyros @S @
function of pressure under different power densities are system-
atically investigated and plotted in Fig. 15j, k. For all the power
densities, the Inyro+photo-Ipyro and Al/I increase with the increas-
ing pressure, which indicates the enhancement by the introduc-
tion of the piezo-phototronic effect. The responsivity Rpyro+photo-
pyro’ decreases with the increasing power density under different
pressures (Fig. 151). The energy band diagram of the heterostruc-
ture is utilized to demonstrate the synergistic effect of the piezo-
phototronic and pyro-phototronic effects (Fig. 15m). The thick-
ness of the film will decrease with the applied pressure, which
introduces the positive piezoelectric charges at the interface to
work together with the positive pyroelectric charges. Two types
of charges bend the energy band further downwards to facilitate
the separation and collection of the carriers. Therefore, the
enhancement of the photoresponse is attributed to the synergis-
tic effect of the piezo-phototronic and pyro-phototronic effects.
With the help of the synergy between the two physical effects,
the response spectrum can be broadened to 360-1550 nm, which
is a significant enhancement compared to the two effects work-
ing separately [150,151].

Summary and outlook

In summary, this review presents some of the most advanced
broadband photoresponse devices based on the piezo-
phototronic or pyro-phototronic effects (Table 1). The piezoelec-
tric and pyroelectric potential due to the change in strain or tem-
perature have been proven to have a significant effect on the
enhancement of the broadband response of photodetectors.
The piezo-phototronic effect, the pyro-phototronic effect, and
the piezo/pyro-phototronic synergy effect to enhance photore-
sponse performance are presented, and the broadband photode-
tectors with various device structures are summarized in detail.
By introducing the piezo-phototronic and pyro-phototronic
effects, the photoresponse band, response speed, photorespon-
sivity, and specific detectivity of the optoelectronic devices are
greatly improved, and self-powered photosensing can be realized
without the need for an external power supply. This review offers
a comprehensive understanding of the piezo-phototronic and
pyro-phototronic effects, which are anticipated to improve wear-
able sensors, photothermal detection, ultra-fast optics, optical
communications, health monitoring, and other fields.

Despite significant progress in recent years in improving
broadband photosensing through the piezo- and pyro-
phototronic effects, some challenges and obstacles remain
(Fig. 16). Firstly, the current device structures are generally based
on one-dimensional materials like nanowires and nanorods, so
what about two-dimensional materials? How will it work? Two-
dimensional materials, which are currently the focus of research,
are more sensitive than one-dimensional materials, and thus
introducing the piezo-phototronic and pyro-phototronic effects
into two-dimensional piezoelectric materials may bring unex-
pectedly excellent results. Secondly, in order to bring this tech-
nology to market, durability is a key factor. Nanomaterials
possess good mechanical durability, but the deposited electrode
materials and the substrates tend to fail under repeated strain
and temperature stimulation. It is therefore particularly impor-
tant to improve the flexibility and durability of the electrode
and substrate materials, or to develop new materials (for exam-
ple, conducting polymers). Third, the current structure of the
photodetector device is relatively homogeneous, and more struc-
tures can be explored in future research to meet the functional
requirements. For example, intensity, response speed, responsiv-
ity, and detectivity all require further improvement by designing
more diverse structures. Last but not least, the piezo-phototronic
and pyro-phototronic effects have shown large potential in
broadband photosensing, and thus the wavelength response of
the photodetector can be further broadened, from far ultraviolet
to mid-infrared wavelengths, for more possible applications.
Overall, the piezo-phototronic and pyro-phototronic effects are
unique in the modulation of the energy band at the interface,
making them a significant improvement to the performance of
the photodetector, which is incomparable by conventional pho-
todetection techniques. With the controllable modulation of the
piezo-phototronic and pyro-phototronic effects, the optoelec-
tronic devices for broadband photosensing will perform much
better in the future.
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TABLE 1

Comparison of the characteristic parameters of piezo-phototronics and pyro-phototronics enhanced photodetectors.

Physical effect Photodetectors Wavelength Bias (V) Responsivity Detectivity Rise/fall Ref.
(nm) time
Piezo- Single CdTe NW  325-808 5 587 MAW ' @808 nm - 0.5/045 s [69]
phototronics CdS NR/rGO 530-1450 0 058 MAW ' @365nm 7.2 x 10" Jones @ 365 nm 1.3/1.7 ms [74]
CdSe/CdTe NW  385-850 25 433 A mW ' @ 850 nm - - [90]
Si/AlO,/ZnO NW  442-1060 -2 ~ 1AW @442 nm - 260/220 ps [92]
ZnO/Al,05/Si 365-1064 -2 138 AW @ 365 nm 7.2 x 10" Jones @ 633 nm < 100 ps [93]
CdS/P3HT 365-780 0 - - 02s [100]
Pyro-phototronics ~ Si/CdS 325-1550 0 034mAW '@ 1060 nm 6.9 x 10" Jones @ 1060 nm  245/277 ps [22]
ZnO/NiO/Si 367-609 0 - - - [107]
Zn0O/CuO/Au 325-532 0 0.14mAW ' @325 nm 33 x 10" Jones @ 325 nm ~ 10 ms [118] T
BiFeOs/Au/ZnO  360-1060 0 - - - [131] 'E"
Ag,Se/Si 405-1064 0 - - 3/5 s [143] w
w
Synergy effect MAPDbI5/Si 360-1550 0 1.5 mA W-1T @ 780 nm 34 x 107 Jones @ 780 nm 12/54 ms [149] =
Durability
Flexibility
§ 1,.%
)
Piezo/Pyro-
‘phototronics
Astronomy | aser distance
Eore shell measurement
Missile |
Broader spectrum quidante \
High Energy Low Energy
4x107 5x107 6x107 7x107
L
Gamma Rays X-Rays uw I| Infrared Radio Waves
CAX10M x10%  1x10° 1%10* 1104
Summarized future prospects of the piezo-phototronic and pyro-phototronic effects for broadband photosensing.
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