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Interfacial Pyro-Phototronic Effect: A Universal Approach for
Enhancement of Self-Powered Photodetection Based on
Perovskites with Centrosymmetry

Linjuan Guo, Huan Wang, Ziging Xu, Ridong Cong, Lei Zhao, Suheng Zhang, Kai Zhang,
Linjie Gao, Shufang Wang,* Caofeng Pan,* and Zheng Yang*

Utilizing the pyro-phototronic effect presents a potent approach to augment
the efficacy of self-powered photodetectors (PDs) that rely on metal halide
perovskites (MHPs). Nevertheless, the pyro-phototronic effect has thus far
been restricted to perovskites possessing a non-centrosymmetric crystal
structure, limiting their scope of application. This study introduces a universal
interfacial pyro-phototronic effect (IPPE) strategy to MHP single crystals with
centrosymmetry. The utilization of heterojunctions or Schottky junctions has
resulted in the observation of typical four-stage photoresponses with rapid
speed, thereby significantly enhancing the performance of self-powered PDs
and expanding the spectral response range. The contact conditions, such as
the choice of metals and surface smoothness, have an important impact on
IPPE. The IPPE approach is a versatile technique that can be employed to
fabricate self-powered PDs based on diverse 3D and 2D perovskites. This
study broadens the utilization of the pyro-phototronic phenomenon in
centrosymmetric perovskites, which offer advantages in producing

optoelectronic devices with superior performance.

1. Introduction

Self-powered photodetectors (PDs) possess a straightforward de-
vice structure, reduced device weight, and significantly lower en-
ergy consumption, enabling them to operate without external
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energy sources. Furthermore, their ability
to harness light energy from the surround-
ing environment renders them highly suit-
able for wireless photodetection, chemical
sensing, in situ medical therapy monitor-
ing, and integration into advanced sensor
networks.l'3] To realize high-performance
and self-powered photodetection, it is com-
mon practice to fabricate heterojunctions
or Schottky junctions that possess robust
built-in electric fields. Additionally, the
modulation of the energy band structure
at the interface through physical phenom-
ena, such as the piezo-phototronic effect!*”!
and pyro-phototronic effect,®* 1l can sig-
nificantly enhance photodetection capabili-
ties. And the pyro-phototronic effect is par-
ticularly potent, as the light-induced py-
roelectric charges can effectively manipu-
late the built-in electric field. Thus, mod-
ifying the optoelectronic processes of the
photo-generated charge carriers.[?l The py-
roelectric effect has been utilized in various
applications such as thermal imaging, infrared sensing, and
energy harvesting due to its ultra-fast response time down
to picoseconds.!'3] Consequently, it is possible to achieve self-
powered photodetection with improved responsivity, reduced re-
sponse time, and expanded response spectrum. Moreover, the
pyro-phototronic effect can be combined with ferroelectricity, ']
piezoelectricity,* or flexoelectricity!”®! to further enhance the
PDs’ performance.

Metal halide perovskites (MHPs) have recently garnered con-
siderable attention for their diverse optoelectronic applications,
including solar cells, lasers, light-emitting diodes, and PDs.
This is attributed to their great light absorption coefficient,
high carrier mobility, long carrier diffusion length, low trap
density, and adjustable bandgap.l'*?!l Additionally, similar to
their oxide counterparts, several MHPs exhibit piezoelectric or
ferroelectric polarizations.[?22%] Furthermore, halide perovskite-
based PDs currently utilize the pyro-phototronic effect. Our re-
search group has successfully demonstrated the efficacy of sev-
eral high-performance perovskite-based PDs utilizing the pyro-
phototronic effect, as evidenced by previous studies.**?% Luo’s
research group has presented a series of 2D cesium-based per-
ovskite ferroelectrics that exhibit unique ferro-pyro-phototronic
properties.[?]

© 2023 Wiley-VCH GmbH
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However, the application range of the pyro-phototronic ef-
fect is often limited by crystal symmetry, particularly in non-
centrosymmetric perovskites, which significantly restricts its po-
tential. As a result, effective methods to enhance the perfor-
mance of self-powered PDs in perovskites with a cubic struc-
ture, such as MAPDBr; and MAPDCI,, are currently scarce. Marin
Alexe’s group recently presented evidence that the band bend-
ing at Schottky junction interfaces can induce polar symmetry,
leading to piezoelectricity and pyroelectricity in centrosymmet-
ric materials.*%l The coefficients of the induced piezoelectric and
pyroelectric effects are highly dependent on the electrostriction
coefficient of the materials. Notably, MHP single crystals (SCs)
exhibited a high electrostriction coefficient.?!l Theoretically, in-
terfacial piezoelectric effect can also be generated in halide per-
ovskites with a cubic structure, which requires further investi-
gation. Besides, as a similar polarization property, the interfacial
piezoelectric effect in MHPs is also expected. Also, the influence
of Schottky junction conditions on interfacial pyroelectric effect,
has not been deeply studied. Furthermore, it is anticipated that
the interfacial pyro-phototronic effect (IPPE) will be present in
perovskite-based heterojunctions with band bending at the inter-
face, in conjunction with the construction of Schottky junctions,
necessitating comprehensive investigation.

This study showcases a universal IPPE approach for self-
powered photodetection utilizing various centrosymmetric MHP
semiconductors, including 3D perovskites such as MAPbBr; and
MAPDCL,, as well as 2D perovskites like (PEA), Pbl,. The observa-
tion of pyro-phototronic effect-enhanced photoresponses can be
achieved by fabricating heterojunctions or Schottky junctions uti-
lizing MHP SCs with centrosymmetry. Additionally, the spectral
response wavelength range can be extended beyond the absorp-
tion limit of the material. The pertinent operational mechanisms
were subjected to meticulous analysis. It is found that the con-
tact conditions, such as the choice of metals and surface smooth-
ness, have an important impact on IPPE. This study broadens
the utilization of the pyro-phototronic effect in diverse MHPs-
based PDs, without limitations imposed by crystal symmetry,
thereby offering an efficacious avenue for photodetection and op-
tical communication applications with superior performance.

2. Results and Discussion

This study utilized three representative MHPs possessing sym-
metrical crystal structures, specifically MAPbBr;, MAPbCI;, and
(PEA),Pbl,, as models for the development of IPPE-based self-
powered PDs. The MAPbBr; and MAPbCI, single crystals were
grown with and without substrates using an inversed temper-
ature crystallization method, while the (PEA),PbI, single crys-
tals were prepared via a solution temperature-lowering method.
The experimental procedures for the growth of these SCs are de-
scribed in detail in the Experimental Section. Figure Sla,d, Sup-
porting Information depict the MAPbBr; SC and MAPDbCI; SC,
respectively, exhibiting a uniform shape without any discernible
flaws. From the absorption spectra in Figure S1b,e, Supporting
Information, the corresponding bandgap of 2.21 eV for MAPbBr,
SC and 2.94 eV for MAPbLCI, SC can be deduced. At the same
time, the peaks of the photoluminescence (PL) spectra are located
at 571 and 410 nm, respectively. Then, the cubic crystal struc-
tures of the MAPbBr; SC and MAPDCI, SC were confirmed via
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the X-ray diffraction (XRD) spectra. As shown in Figure S1c, Sup-
porting Information, the XRD pattern of MAPbBr; SC measured
on the maximal facet of the SC shows only (100), (200), and (300)
diffraction peaks, with the corresponding 26 located at 15.02°,
30.22°, and 46.01°, respectively. For MAPbLCl, SC, the results
are similar, with the corresponding 26 located at 16.04°, 31.78",
and 48.4°, respectively (Figure S1f, Supporting Information). The
XRD patterns demonstrate the single-crystalline nature of the
aforementioned crystals, which exhibit exposed crystal faces of
(100). The aforementioned characterizations collectively indicate
the successful growth of high-quality MAPbBr; and MAPDCI,
SCs possessing a symmetrical crystal structure. However, resid-
ual liquids may adhere to the crystals during extraction from the
stock solution, resulting in additional crystallization and rough
surfaces. To ensure optimal contact between the MHP SCs and
the electrodes, the bulk SCs were meticulously polished with
abrasive papers and abrasive pastes before electrode deposition.
To assess the impact of SC thickness or device structure on pho-
todetection performance, we conducted an experiment involving
the growth of MAPbBr; and MAPbLCI, monocrystalline films on
ITO or SiO, /Si substrates. The resulting characterization data, as
depicted in Figure S2, Supporting Information, aligns with that
of the bulk samples. Additionally, SEM images in Figure S2cf,
Supporting Information indicate that both films possess smooth
surfaces and uniform shapes. To further characterize (PEA),Pbl,
monocrystalline films, optical images, SEM images, XRD, PL,
and absorption spectra were measured. Figure S3a,b, Supporting
Information shows a photograph, a SEM image (inset in Figure
S3a, Supporting Information), and an optical image of a typical
(PEA),Pbl, thin film on a glass substrate. The corresponding PL
and absorption spectra are shown in Figure S3c, Supporting In-
formation, with a corresponding bandgap of 2.28 eV. The XRD
patterns in Figure S3d, Supporting Information show a series
of sharp, intense, and well-defined diffraction peaks repeating
periodically, belonging to (00 h) (h = 1, 2, 3...) crystal planes of
(PEA),PbI,, consistent with reported results.[32!

Nine types of photodetectors were fabricated based on
the monocrystalline and centrosymmetric properties of the
aforementioned three MHP SCs. The photodetectors were
structured as follows: ITO/MAPbLBr;/Au Schottky junc-
tion, MAPDBr,/Bi Schottky junction, MAPbCl,/Bi Schottky
junction, MAPDBr,/Si (n-type) heterojunction, MAPbCI,/Si
(n-type) heterojunction, MAPDbBr;/PC61BM heterojunction,
MAPbBCL,/P3HT heterojunction, (PEA),PbI,/Bi Schottky junc-
tion, and (PEA),Pbl,/PC61BM heterojunction. Given the
demonstrated p-type conducting behavior of MAPbBr; and
MAPDCI, SCs,1**34 The Schottky-contacted PDs with a vertical
structure were fabricated by growth of MAPbBr; SCs on ITO
glass (4.5 eV), followed by thermal evaporation of 50 nm Au
top electrode (a circle with a diameter of one millimeter). For
the Schottky-contacted PDs with a lateral structure, the ther-
mally evaporated Bi/Ag electrode with a low work function was
deemed appropriate for the formation of Schottky junctions, as
Bi avoids the potential issue of corrosion by perovskite.**] For
heterojunctions, the ITO electrode was magnetron sputtered
onto MHP SCs directly, to form an ohmic contact. Since the
band bending and the depletion region at the junction interface
result in the interfacial polarization, polar structures are gener-
ated in the depletion region of the centrosymmetric MHPs.
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Figure 1. Working principle of interfacial pyroelectric effect enhanced PD based on MHP SC. a) Schematic diagram of the pyroelectric responses of
MAPbBr; SC/ITO Schottky contact and MAPbCl; SC/Si heterojunction-based PDs with band bending-induced interfacial polarization. b) Current-voltage
(I-V) curves of the ITO/MAPbBr; /Au Schottky junction (red one) and MAPbCl; SC/Si heterojunction (blue one). c) The capacitance-voltage curve of the
ITO/MAPbBr; /Au Schottky junction. The inset shows the C™2 as a function of bias voltage (Mott-Schottky curves), showing a Vg; of 0.71 V. Schematic
energy band diagrams of the d—f) MAPbBr; SC/ITO Schottky contact and g—i) MAPbCl; SC/Si heterojunction-based PD at d,g) equilibrium state, at the

beginning of the e,h) turning on, and f,i) turning off the laser.

Figure 1a depicts the schematic structures of the
ITO/MAPbBr;/Au  Schottky junction and MAPbCI,/Si
heterojunction-based self-powered PDs. The heterostructure in-
terfaces induce interface polar symmetry through band bending,
which generates local polarization and an interfacial pyroelectric
effect. First, electrical properties under dark condition have
been demonstrated by conducting current-voltage (I-V) and
capacitance-voltage measurements (Figure 1b,c and Figure S4,
Supporting Information). Both two devices show rectification be-
havior, with a current ratio of 12 for ITO/MAPbBr;/Au Schottky
junction and 35 for MAPDbCI, /Si heterojunction. The capacitance
of ITO/MAPbBr;/Au Schottky junction at zero bias was about
11 nF cm~2. By performing linear fitting of C(V)~? versus the bias
voltage (the Mott-Schottky curve), a V;; (built-in potential) of
0.71 V was obtained (inset of Figure 1c). For MAPbCl,/Si hetero-
junction, the Vi; is 0.796 V (Figure S4, Supporting Information).
These electric fields are situated at the interfaces of Schottky
junctions or heterojunctions, generating interfacial polarization
that serves as the basis for the pyroelectric effect. Consequently,
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interface polar symmetry-induced pyroelectricity is expected
in centrosymmetric perovskite-based optoelectronics. To verify
the pyro-phototronic effect-based photoresponse of the PDs,
we conducted a systematic measurement of the self-powered
photoresponses of nine types of PDs and analyzed the enhance-
ment mechanism of the IPPE. Based on the absorption spectra
of MAPDBr; and (PEA),Pbl,, the 532 nm laser was chosen as
the primary light source, while the primary laser wavelength
for MAPbCI; SC-based PDs was 405 nm. Figure S5, Support-
ing Information displays the time-dependent photoresponses
of four typical PDs, namely MAPbBr;/Bi Schottky junction,
MAPbBr,; /PC61BM heterojunction, MAPbCl, /Bi Schottky junc-
tion, and MAPDCIL,/Si heterojunction, under laser illuminations
(zero bias). These PDs exhibit distinct and stable four-stage
response behaviors, which are repeatable and similar to those
reported for pyro-phototronic effect-based PDs. The energy band
diagrams depicted in Figure 1d-i serve to elucidate the IPPE
phenomenon. To illustrate, we consider the ITO/MAPDbBr,/Au
Schottky junction as an example. In the state of equilibrium
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(Figure 1c), a Schottky junction is established at the interface of
p-type MAPDBr; and ITO. The depletion layer at this interface
functions as a slender electric polarization layer, wherein the
positive polar charges are situated on the MAPbBr, side and the
negative charges on the metal side, with the polarization direc-
tion oriented from ITO to the MAPbBr;. To preserve the electric
neutrality of the device, the holes present in the ITO and the
electrons in the MAPDbBr; serve as compensating charges. The
Schottky junction functions as a barrier to impede the recombi-
nation of these compensating charges. During the initial stage,
only a dark current can be observed when an external circuit is
established. Upon exposure to light, as depicted in Figure 1le, the
absorption of light generates electron-hole pairs which are pro-
pelled by the built-in electric field, resulting in the production of
photocurrent (I,;,,,)- Meanwhile, the photo-thermal effect leads
to the temperature rise of the Schottky junction. According to the
literature, the interface polarizations of the Schottky junctions
arise from the work function difference between the metal and
semiconductor, namely the built-in electric field.?%) MHPs-based
devices with temperature-dependent electrical properties and
built-in field, may exhibit a temperature-dependent alteration
of interfacial polarization intensity. Consequently, the Schottky
junction between MAPbBr; and ITO experiences a reduction in
polarization intensity due to the temperature increase induced
by light. This results in a redistribution of charges, leading to
the generation of a positive pyroelectric current (I,,,) flowing
from the ITO interface to the MAPbBr; semiconductor through
the external circuit (stage II). Upon stabilization of tempera-
ture, the I, ceases, leaving behind a photocurrent platform
(stage III). Finally, when the light is off, the cooling increases
interfacial electric polarization (Figure le). Additionally, a neg-
ative pyroelectric current (I,,) is generated in the external
circuit to facilitate charge redistribution during stage IV. The
aforementioned mechanism is also applicable to PDs based on
MAPbDCI, /Si heterojunctions, where interfacial pyroelectricity is
induced by band bending at the p-n junction interface, leading
to the generation of pyroelectric currents upon light switching.
Then, the detailed photoresponses performances of the nine
PDs toward the laser illumination were systematically measured.
First of all, the performances of ITO/MAPbBr,;/Au Schottky
junction-based PD were studied thoroughly. The optical image
of the device is shown in Figure S6, Supporting Information.
Figure 2a shows the on-off photoresponses of the
ITO/MAPDLBr;/Au Schottky junction-based PD at 0 bias un-
der 532 nm illumination with power density ranging from 1.27
to 254.7 uW cm2, all exhibiting obvious transient pyroelectric
responses. Figure 2b shows the -V curves of the PD under
532 nm laser illumination with different power intensities.
Evident rectification characteristics and photoresponses can be
found. The currents extracted from Figure 2a are plotted in
Figure 2c as a function of the power density. The peak-to-peak
current I, onoo—Ipro @nd photocurrent I, monotonously
increase with the power density increase. Besides, the pyroelec-
tric effect significantly increases the output currents, compared
with the photocurrent plateau. To obtain the specific detectivity
(D*), the noise current was first obtained by doing a Fourier
transform of the dark current® in Figure S7a, Supporting
Information, which is about 1.96 X 1071° A at 0 V bias. As shown
in Figure S7b, Supporting Information, the noise current of the
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PD at a bandwidth of 1 Hz is ~2 x 107* A Hz"'/2. Within the
frequency range of 1-500 Hz, the noise current is uncorrelated
with frequency. Subsequently, the values for responsivity (R) and
D* were computed and graphed as a function of power density,
utilizing the equations presented below.

(Iphoto - Id) /S

R = (1)

P
b (B R(BS) ,
- NEP 2 @
12
where I, is the photocurrent, I, is the dark current, Sis the ac-

tive area, P is the light power density, B is the bandwidth, NEP is
2

the noise equivalent power, %1/ is the root mean square value of
the noise current. As shown in Figure 2c (blue one) and Figure
S8, Supporting Information, both the R and D* behave with a
decreasing tendency upon the increase of the power density. The
maximum R and D* are obtained with 190 mA W~ and 8.4 x 10'°
Jones at the lowest intensity of 1.27 uW cm™2, respectively. Fur-
ther, we systematically investigate the thickness-dependent per-
formance of the ITO/MAPbBr, /Au Schottky junction-based PDs.
Figure 2d compares dark [-V curves of two ITO/MAPbBr;/Au
Schottky junction-based PDs based on bulk crystal (0.5 mm) and
thin film (25 um), respectively. The PD based on thin SC behaves
with a higher dark current and rectification ratio. Also, the thin-
ner devices have much better performance than the thicker de-
vices, since a larger thickness will lead to the more carrier recom-
bination rate. For thicker SCs, 532 nm photons can only pen-
etrate a fraction of the film thickness, not enough to heat the
entire film.

Except for vertical structure, the PDs based on Schottky junc-
tion with a lateral structure were also fabricated to the testify the
universal working mechanism of IPPE. For ITO/MAPDbBr,/Au
Schottky-based PDs, the MAPbBr, SCs directly grew on the
ITO, forming a good contact. Therefore, good pyroelectric pho-
toresponses can be obtained. However, for perovskite/Bi-based
Schottky junctions, the electrodes were vacuum evaporated onto
the SCs surfaces. Since residual liquids may adhere to the crys-
tals during extraction from the stock solution, resulting in ad-
ditional crystallization and rough surfaces. Besides, interface
charge pinning effects can also affect the Schottky junction.
First, we investigated the contact type between the metal elec-
trodes and the MAPbBr; MHPs. To ensure uniform chemical and
physical conditions between two electrodes, a set of electrodes
(15 nm Bi/100 nm Ag) was deposited onto a (001) crystal sur-
face using a shadow mask. The resulting metal-semiconductor-
metal (M-S-M) devices were spaced 20, 50, and 100 pm apart,
respectively. Before conducting photoresponse measurements,
the dark I-V characteristics of the devices were measured to as-
sess the interface contact condition. The observed trend of the
dark current exhibits nonlinearity with increasing voltage, sug-
gesting that the interface between perovskite and Bi displays
Schottky behavior instead of Ohmic contact, with a turn-on volt-
age of 0.3 V (as depicted in Figure S9a, Supporting Informa-
tion). Subsequently, the Schottky barrier height (SBH) was ascer-
tained through temperature-dependent -V measurements (as il-
lustrated in Figure S8b, Supporting Information, ranging from
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Figure 2. Self-powered performance of the ITO/MAPbBr; /Au Schottky contact-based PD toward 532 nm laser. a) Photoresponses of the PD with different
power densities from 1.27 to 254.7 uyW cm~2. b) -V curves under 532 nm laser illumination with different power densities from 0 to 1019 uW cm™2
under a 1V bias. c) The output current extracted from a) (red one), the corresponding responsivities (blue one) as a function of the power density.
d) Dark I-V curves of the ITO/MAPbBr; /Au Schottky junction based on one thick SC (blue one) and thin SC (red one). e) Averaged maximum R of

ITO/MAPbBr; /Au Schottky contact-based PDs in two thickness ranges.

303 to 373 K). The current density at saturation in the reverse-
biased Schottky junction can be mathematically expressed as
follows:34

] = A" Trexp <%";E) (3)

B

where A* is the equivalent Richardson constant, g is the electron
charge, @y is the effective SBH, K is the Boltzmann constant,
and T is the kelvin temperature. Therefore, the @ can be de-
duced by plotting In (J/T?) as a function of 1/T. At a bias of 1V,
the @y between MAPDBr,; and Bi was calculated to be 0.39 eV
(Figure S9¢, Supporting Information). Thus, band bending gen-
erates the built-in field at the MAPbBr, /Bi interface.
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The photographic representations of PD founded on the
MAPDBr, /Bi Schottky junction are depicted in Figure S10a, Sup-
porting Information. The optical images of the effective area of
the lateral Schottky junction-based devices, with a spacing of
50 pm, are displayed in the insets of Figure S10a, Supporting In-
formation. Figure S10b, Supporting Information illustrates the
I-V characteristics of the PD under both dark and light illumi-
nation with varying power intensities, all of which exhibit recti-
fying characteristics. Additionally, the temporal photoresponses
of the PD under laser illumination with different power densi-
ties (zero bias) demonstrate stable and reproducible photocur-
rent generation, exhibiting four-stage photoresponse behaviors.
The negative pyroelectric current peaks are not prominent, es-
pecially under laser illumination with large power densities
(Figure S10c, Supporting Information). This phenomenon may
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be due to the non-ideal contact induced by image forces and inter-
face pinning effects, leading to the carrier transmission directly
across the interface rather than the external circuit. Figure S11,
Supporting Information shows the overall self-powered perfor-
mance of the MAPbBr,/Bi Schottky junction-based PD toward
532 nm laser. The pyroelectric effect significantly increases the
output currents, with a maximum enhancement of ~3.8, com-
pared with the photocurrent plateau (Figure S11c, Supporting In-
formation). The maximum R and D* are obtained with 138 mA
W-! and 2.5 x 10'° Jones at the lowest intensity of 0.014 mW
cm~2, respectively. The photoresponses of the self-powered PD
toward 360, 405, and 785 nm lasers are shown in Figure S12a—
¢, Supporting Information, which were also greatly enhanced by
the IPPE. Moreover, the PDs also demonstrated pyroelectric re-
sponse toward near-infrared light (1064 nm), which far exceeds
the absorption spectrum of the MAPbBr,; SC. The four-stage re-
sponse behavior of the I-t curves for three power densities under
1064 nm laser illumination is evident in Figure S12d, Support-
ing Information. This behavior indicates a significantly expanded
range of wavelength response to near-infrared wavelength, in
contrast to conventional PDs based on MAPbLBr,.*] As shown
in Figure S13, Supporting Information, the PD shows a fast re-
sponse speed with rise time and fall time of 60 and 410 ps, respec-
tively. Also, the performances of MAPbCl; bulk SC/Bi Schottky
junction-based PD were systematically evaluated in Figure S14—
S17, Supporting Information. A peak Ry, horo Of 20 mA W'
was obtained under 405 nm laser illumination. The rise and fall
times are 200 and 300 s, respectively, as illustrated in Figure S17,
Supporting Information. Subsequently, we systematically inves-
tigate the thickness-dependent performance of the MAPDX, /Bi
Schottky junction-based PDs.

We also fabricated lateral Schottky contacts based on MAPbBr;
and MAPDCl; monocrystalline films. The photoresponse be-
haviors of film-based PDs were observed to be consistent with
those of bulk PDs, as illustrated in Figure S18, Supporting In-
formation. The overall photoresponses of the MAPbBr; and
MAPDCI, SC film/Bi Schottky junction-based PD are depicted in
Figures S19 and S20, Supporting Information, respectively. The
observed current peaks in these PDs can be attributed to IPPE,
which significantly enhances their overall performance. A total
of thirty-eight devices with thicknesses ranging from 3 pym to
2 mm were measured, and the averaged maximum R, o, fOT
each device in the six thickness ranges was calculated and plot-
ted. Generally, the carrier transport distance is determined by the
thickness of the MHP, with thinner devices exhibiting superior
performance. As depicted in Figure S21a,b, Supporting Informa-
tion, the performance of the PDs in both MAPbBr; and MAPbLCI,
SCs was found to be unaffected by the thickness of the crystal.
This observation further substantiates that the lateral Schottky
junction-based PDs rely on the devices’ interface rather than the
bulk light absorption. Also, MAPbBr;/Bi Schottky junction-based
PDs with different electrode gaps (20, 50, and 100 um) were fab-
ricated to determine and electrode gap-dependent performance
of the MAPDBr,/Bi Schottky junction-based PDs (all based on
bulk SCs). The dark currents decrease with the increase of the
electrode gap (Figure S21c, Supporting Information). However,
as shown in Figure S21d, Supporting Information, this factor has
no obvious influence on the performances of PDs based on lateral
structure, which is quite different from the results in Figure 2e.
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The reasons behind these phenomena will be discussed
later.

The utilization of the IPPE approach facilitates a broad
spectrum of self-powered photodetection applications through
the mere construction of heterojunctions or Schottky contacts
utilizing MHPs possessing centrosymmetry, irrespective of
the perovskite type and device structure. Therefore, a series
MAPbBr; SCs-based heterojunctions were fabricated. The pho-
tographic representations of PDs founded on the MAPDBr, /Si
heterojunction, MAPbCl,/P3HT heterojunction, MAPbCL,/Si
heterojunction, and MAPbBr,/PC61BM heterojunction are de-
picted in Figure 3a,d,g,j, respectively. Figure 3b,e bk illustrates
the I-V characteristics of the four PDs under both dark and
light illumination with varying power intensities, all of which
exhibit rectifying characteristics. The I-t curves under zero
bias of PDs based on the above four heterojunctions are de-
picted in Figure 3¢}, all exhibiting four-stage photoresponse
behaviors. For heterojunction-based PDs, both the positive
and negative pyroelectric current peaks are significant, with
Lyrotphoto uch larger than I, ,. To validate the widespread
applicability of IPPE in MHP-based photodetectors, we fabri-
cated Schottky contact and heterojunction-based photodetectors
using a typical 2D perovskite (PEA),Pbl, with a cubic structure.
The photodetectors based on (PEA),Pbl, exhibited similar
photoresponse behaviors, as shown in Figure S22, Supporting
Information. These findings suggest that IPPE represents a
universal approach for improving self-powered photodetection
using MHPs. The IPPE-based photoresponse performances of
various heterojunctions, including MAPbBr,/Si, MAPbCl,/Si,
MAPbBr,/PC61BM, MAPbCL,/P3HT, (PEA),Pbl,/Bi Schot-
tky junction, and (PEA),Pbl,/PC61BM heterojunction, are
presented in Figures S23-S32, Supporting Information.
The maximum Ry,qiphotopyre ©f MAPDBI;/Si heterojunction,
MAPbBCL,;/Si heterojunction, MAPbBr;/PC61BM heterojunc-
tion, MAPbCI,/P3HT heterojunction, (PEA),Pbl,/Bi Schottky
junction, and (PEA),PbI,/PC61BM heterojunction are obtained
as 15, 0.5, 3.4, 0.4, 13 and 85 mA W1, respectively. Furthermore,
the implementation of the IPPE is feasible irrespective of the
heterojunction composition. Various perovskite compositions
and structures can be chosen for the MHP component, while
diverse inorganic or organic semiconductors are available for
the non-perovskite components. These findings underscore
the importance and versatility of incorporating the IPPE into
centrosymmetric-structured MHPs.

To provide further evidence for the pyro-phototronic effect
as the cause of the output current peaks observed in the PDs
when light is turned on/off, experiments were conducted in-
volving the illumination of MAPbBr, and MAPDCI, bulk SCs
with various lasers. The resulting real-time temperature changes
were recorded using an infrared camera. The data presented in
Figure 4a,d and Figure S33a,b, Supporting Information demon-
strate that laser illumination of the SCs caused an increase in
temperature compared to dark conditions. Moreover, as laser
power density increased, the magnitude of the light-induced
temperature rise also increased significantly. Figure 4b,e illus-
trate that the highest temperature changes were observed for
the wavelengths of 532 nm (for MAPbBr; SCs) and 405 nm
(for MAPDCI, SCs). Notably, the temperature increase resulting
from 532 nm laser illumination with a power of 120 uW onto
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Figure 3. Photographs of a) MAPbBr;/Si heterojunction, d) MAPbCl; /P3HT heterojunction, g) MAPbCl; /Si heterojunction, and j) MAPbBr;/PC61BM
heterojunction-based PDs. The corresponding |-V curves of the b) MAPbBr;/Si heterojunction, €) MAPbCl; /P3HT heterojunction, h) MAPbCl;/Si het-
erojunction, and k) MAPbBr; /PC61BM heterojunction-based PDs in the dark and under laser illuminations with different power densities. The /-t curves
of ¢) MAPbBr; /Si heterojunction, f) MAPbCl; /P3HT heterojunction, i) MAPbCl; /Si heterojunction, and |) MAPbBr; /PC61BM heterojunction-based PDs.

under laser illuminations with different power densities.

MAPDBr; SC was 4.5 °C, which was considerably higher than
those observed for 320, 405, and 785 nm. Similarly, the temper-
ature rise for MAPbCI, SC illuminated with 405 nm laser (120
uW) was 6 °C, indicating a significant disparity with other wave-
lengths. Subsequently, we evaluated the spectral photoresponse
of the MAPDbBr, /Bi Schottky junction and MAPDCI, /Bi Schottky
junction-based PDs (Figure 4b,e). All of the photoresponses ex-
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hibit the characteristic four-stage photoresponse behaviors, sur-
passing the bandgap restriction of both MAPbBr, and MAPDbCI,
SCs. The marginal photocurrents observed at 785 and 1064 nm
for MAPbBr; and 532 nm for MAPbCl; may be attributed to
two-photon absorption, which was also found in FAPbBr,[3¥] and
CsPDbBr,.1*! Furthermore, it is noteworthy that the maximum re-
sponse for PDs based on MAPbBT;, is observed at 532 nm, which
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Figure 4. Demonstration of pyroelectric responses. Thermograms of a) the MAPbBr; SC illuminated with 532 nm laser and d) the MAPbCl; SC illumi-
nated with 405 nm laser. The temperature of the b) MAPbBr; SC and e) MAPbCl; SC when illuminated with different lasers with increased output power.
Spectral responses of the ) MAPbBr; SC/Bi Schottky contact and f) MAPbCl; SC/Bi Schottky contact-based PDs under laser illumination with different
wavelengths at 0 V bias.
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Figure 5. Influence factors IPPE. a) Dark -V curves, b) time-dependent photoresponses, and c) Mott—Schottky curves of the MAPbBr; SC/Bi Schottky
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f) Vgi of ITO/MAPbBr; /Au Schottky junction as a function of temperature.

aligns with the absorption spectrum of MAPbBr;. Similar out-
comes were obtained for MAPbCI,. Additionally, the pyroelectric
current magnitude of PDs based on MAPbBr; and MAPbCL, as a
function of wavelength is in agreement with the temperature in-
crease depicted in Figure 4b,e, respectively. These findings sub-
stantiate that the current peaks are attributed to the interfacial
pyroelectric effect.

However, we also found that the temperature rise in-
duced by light illumination is independent of the contact
conditions. Therefore, more details of the junction proper-
ties that will influence the IPPE are investigated thoroughly.
The ITO/MAPDbBr;/Au Schottky junction (Figure 2) behaves
much better pyroelectric photoresponse performances than the
MAPbBr;/Bi Schottky junction (Figure S11, Supporting Infor-
mation). Also, for MAPbX,/Si heterojunction-based PDs, obvi-
ous four-stage photoresponses can be observed in all power den-
sity ranges. For perovskite SC/Si or ITO junctions, a layer of
halide terminated silane (3-bromopropyltrimethoxysilane or 3-
chloropropylrimethoxysilane) was modified before SCs’ growth.
The terminal halogen atoms can induce the nucleation and
growth of SCs, which increases the adhesion toughness at the
interface between perovskite and Si or ITO.[*l Therefore, a good
interface is formed. However, for perovskite/Bi-based Schottky
junctions, the electrodes were vacuum evaporated onto the SCs’
surface. The additional crystallization, rough surfaces, and pin-
ning effect will result in a non-ideal contact interface. To prove
this deduction, we prepared several SCs with different treat-
ments. Then, a pair of Bi/Ag electrodes was thermal evaporated
onto the SC with a gap of 50 um. The first batch of SCs was
only washed with anisole after being taken from the stock solu-
tion. The second batch of SCs was mechanically polished with
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an 80 000 mesh abrasive paste. The third batch of SCs was first
mechanically polished with the abrasive paste and then chem-
ically polished with tiny DMF. As shown in Figure S34, Sup-
porting Information, the mechanically polishing led to a much-
improved surface roughness than the untreated one. Further
chemically polishing could eliminate traces of mechanical pol-
ishing. Figure 5a compares the dark -V curves of the above three
devices. Since the same electrode pair was deposited, the cur-
rent rectification ratio cannot be determined. With the increase
of the surface smoothness, the dark currents decrease obviously.
As shown in Figure 5b, when directly used without polishing,
the weak photoresponses with no pyroelectric current peaks were
found. When only polished with an 80 000 mesh abrasive paste,
the enhanced photoresponses with feeblish negative pyroelec-
tric photoresponses can be observed. When SCs were further
chemical polished with DMF, the four stage photoresponses were
very obvious, just like the ITO/MAPbBr;/Au Schottky junction-
based PDs. Mott-Schottky analysis is then used to study the in-
terfaces of three devices with different surface smoothness. With
the improvement of the contact between MAPDbBr; and Bi/Ag
electrode, V,; obviously increases from 0.26 to 0.69 V. Therefore,
the chemically polished one demonstrates significantly improved
photoresponses compared with the other two devices. Theoreti-
cal research suggests that the depletion width scales with the Vi,
which can be caculated according to the following equation:[*!]

1/(d-1)
W (srd)bi/c) (4)
where ¢, is the relative permittivity of the semiconductor, ¢

is the doping level, and d = 3 for 3D heterojunctions. There-
fore, better contact conditions can lead to higher Vi; and wider
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depletion width, with enhanced interfacial polarization and en-
hanced separation efficiency. Also, the SBH also influences the
PDs’ performances. We further fabricated PDs based on mechan-
ically polished MAPDbBr; SCs using thermal evaporated Au as
the electrodes (Figure S35, Supporting Information). Also, the
PDs behave the typical four-stage photoresponses, especially at
low power densities. However, the performances of Au electrode-
based PDs are much weaker than the Bi/Ag electrode-based ones
(Figure S36c, Supporting Information), since MAPbBr,/Au con-
tacts have a smaller SBH.**l For Schottky contact-based PDs, the
IPPE originates the band bending and depletion region within
the semiconductor/metal interface. The more weakened bar-
riers (bad contact, pinning effect, or small SBH) will lead to
the weaker pyroelectric responses, since the redistribution of
charge carriers can happen by electron transmission directly
cross the interface rather than transport through the external
circuit.

Since the MAPbBr; SCs hardly absorption 1064 nm photon,
the 1064 nm laser was used as the heating source to evaluate the
pyroelectric coefficient of our PDs. The corresponding pyroelec-
tric coefficient can be expressed by the following equation:(*?!

JAt
P=37 ®)
where ] is the measured current density, AT/At is the tempera-
ture change rate. The charge density can be deduced from the I
photoresponses of the PDs toward 1064 nm laser. Accordingly,
the pyroelectric coefficient of the MAPDbBr, /Bi Schottky junction
(bulk SC, lateral structure, 50 um, mechanical polished) is 2.6 X
10~* Cm™=2 K~'. For MAPDbBr; /Au Schottky junction (bulk SC, lat-
eral structure, 50 pm gap, mechanical polished), the pyroelectric
coefficient is 1.7 X 10> C m~? K~!. For MAPDbBr,/ITO Schottky
junction (vertical structure, thickness of 23 um), the pyroelectric
coefficient is 1.2 X 1073 Cm~2 K. According to the reference,*”!
the interfacial pyroelectric effect originates from the tempera-
ture dependence of the dielectric constant, effective dopant den-
sity, and built-in potential in junctions. First, we measured the
temperature-dependent dielectric constant of the MAPbBr; SCs
(Figure 5d). With the increase of temperature from room tem-
perature to 100 °C, the change rate of dielectric constant is less
than 8%, with very small temperature dependence. Also, the
temperature-dependent carrier concentrations of the MAPbBr,
SCs were determined by Hall effect measurement. A two-time
enhancement from 2.4 x 10" cm™ to 4.88 x 10'! cm™ was
determined (Figure 5e). Furthermore, as shown in Figure 5f,
the temperature dependent Vj; of ITO/MAPbBr;/Au Schottky
junction was measured by Mott-Schottky measurements. With
temperature rising from room temperature, the Vy; declined
quickly from 0.736 to 0.27 V. According to the above results, since
the dielectric constant has a low temperature dependence, the
pyroelectric coefficients of our devices are mainly determined
by dependence of the carrier density and built-in potential in
junctions. Therefore, the selection of a semiconductor/electrode
with suitable energy levels and forming a relative ideal con-
tact is crucial for fabricating high-performance IPPE-based MHP
PDs.

Furthermore, we evaluated the influence of the frequency, bias,
and operating temperature on the IPPE. Figure S36a, Support-
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ing Information presents the frequency-influenced I-t curves of
the MAPbBr,/Bi Schottky contact-based PD under 532 nm laser
illumination with a power density of 0.132 mW cm 2. As the fre-
quency increases from 10 to 100 Hz, the photocurrent plateau re-
mains almost unchanged while the I, .., considerably rises,
with an enhancement of four times (the blue one in Figure 5b).
The response/recovery times extracted from Figure S36a, Sup-
porting Information were plotted as a function of frequency (the
red one in Figure S36b, Supporting Information), from which
one can see that the response time significantly decreases from
60 to 10 ps, and the recovery time decreases from 410 to 35 ps.
For pyroelectric materials based-PDs like ZnO,[*>*] CdS,[#44] and
MAPDI,,[?] the increasing bias severely harms the pyroelectric
response. In general, the pyroelectric current vanished within
2-3 V. However, as shown in Figure S36¢, Supporting Informa-
tion, for the MAPDbBr,/Bi Schottky contact-based PD, the pyro-
electric currents are still evident upon the bias reaching 9 V. Sim-
ilar results are observed for MAPDCl,/Bi Schottky contact-based
PDs and ITO/MAPDbBr;/Au Schottky junction, which are shown
in Figures S37 and S38, Supporting Information. Therefore,
IPPE can also enhance the performance of non-self-powered
PDs. However, for MAPDCL,/Si heterojunction, when the re-
versed bias reaches 3.5V, the pyroelectric currents vanish (Figure
S39¢, Supporting Information). In the beginning, we speculated
that the joule heat by voltage bias damages the IPPE. How-
ever, by performing the temperature-dependent photoresponses
measurements, one can see that with the increased operating
temperature, although the output currents undergo a contin-
uous declination, the pyroelectric currents never disappear for
both MAPDCI,/Si heterojunction-based PD (Figure S36e, Sup-
porting Information) and MAPbBr,/Bi Schottky contact-based
PD (Figure S39e, Supporting Information). Like Au/Nb: BSTO
junction,l?%] the interfacial pyroelectric effect for perovskite/Bi
Schottky junction behaves with a weaker temperature depen-
dence than the traditional bulk pyroelectric effect due to the per-
sistence of the depletion region. Then, the voltage-dependent
photoresponses of the MAPbBr,; /Au Schottky contact-based PD
were performed. As shown in Figure S40, Supporting Informa-
tion, the pyroelectric currents vanished just at a voltage of 0.5 V.
Further measurements prove that the voltage limit where pyro-
electric currents vanish relies on the SBH. Therefore, we infer
that the increasing bias voltage will impair the Vj; and the inter-
facial polarization. A higher Vy; has advantage in resisting the
impair of bias voltage.

3. Conclusions

In summary, a universal IPPE strategy has been introduced for
MHP SCs with centrosymmetry to achieve high-performance,
self-powered PDs. This strategy facilitates a broad spectrum
of applications in self-powered photodetection through the
fabrication of heterojunctions or Schottky junctions based
on MHPs with centrosymmetry, irrespective of perovskite
type and device structure. To verify the universality of the
IPPE strategy, nine types of PDs were fabricated with vari-
ous structures, including ITO/MAPbBr;/Au Schottky junc-
tion, MAPDBr,;/Bi Schottky junction, MAPbCL,/Bi Schottky
junction, MAPDbBr;/Si (n-type) heterojunction, MAPbCI,/Si
(n-type) heterojunction, MAPDbBr;/PC61BM heterojunction,
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MAPDCL, /P3HT heterojunction, (PEA),Pbl,/Bi Schottky junc-
tion, and (PEA),PbI,/PC61BM heterojunction. All of these PDs
exhibited typical pyroelectric photoresponses. By performing the
electrical measurements, it is found that the contact conditions
are dominant on the IPPE. Forming a heterojunction or Schottky
junction with ideal contact will facilitate the efficient separation
of charge carriers and the release of compensating charge
due to temperature changes. Utilizing the IPPE substantially
improves overall performance and a significant expansion of the
response spectral range. Furthermore, the IPPE approach can
be applied to a broader range of MHP material systems without
symmetry limitations. It can be advantageous for developing
novel optoelectronic devices.

4. Experimental Section

Materials: N, N-dimethylformamide (DMF, 99.9%), dimethyl sulfox-
ide (DMSO, 99.9%), chlorobenzene (CB, 99.5%), cyclohexane (99.5%),
and tert-amyl alcohol (99.5%) were purchased from Shanghai Macklin Bio-
chemical Co., Ltd. Lead chloride (PbCl,, 99.99%), methylammonium chlo-
ride (MACI, 99.99%), lead bromine (PbBr,, 99.99%), methylammonium
bromine (MABr, 99.99%), poly(3-hexylthiophene) (99%), and [6,6]-phenyl
C61 butyric acid methyl ester (99%) were purchased from Xian Polymer
light Technology Corp. All the chemicals were used as received without
further purification.

Growth of the SCs:  The MAPbBr; and MAPbCl; bulk SCs were pre-
pared using the typical inverse temperature crystallization (ITC) method.
For MAPbBr; SCs, equal molar MABr and PbBr, (1.5 m) were first dis-
solved in DMF solvent. For MAPbCl; SCs, equal molar MACI and PbCl,
(1.8 M) were first dissolved in a mixed solvent (DMSO: DMF = 7:3). To
assure complete dissolution, the solution was maintained at 25 °C under
active mixing for 24 h, followed by filtration with a 0.22 um PTFE filter. Af-
ter transferring 20 mL solution onto the temperature-programmed heating
stage, the setup was slowly heated from 25 to 70 °C (for MAPbBr; SCs) or
25 to 52 °C (for MAPbCl; SCs) with a slow ramp rate of 1°C/2 h. The crys-
tallization takes about 24 h after the temperature reaches 70 °C. Crystal
with a size larger than 1 cm was selected for device fabrication. For per-
ovskite SCs grown on Si slices or ITO glasses, before the growth of the SCs,
the Si (n-type, 1-10 Q cm) slices and[“°1 ITO glasses were first modified
with halide-terminated self-assembled monolayer according to the previ-
ous report.[**44] For MAPbCl; and MAPbBr; SCs grown on Si slices, the
modified Si slices were further treated with 3-chloropropyl trimethylsilane
and 3-bromopropyl trimethylsilane, respectively. For thin SCs grown on
Si/SiO, slices, a space-confined ITC method was used, according to the
early report.[?°]

Fabrication of the PDs:  For PDs based on ITO/MAPbBr; /Au Schottky
junctions, after the growth of SCs, Au top electrode with a thickness of
50 nm was thermal evaporated onto the SC using a shadow mask (a circle
with a diameter of 1 mm). For PDs based on SC/Bi Schottky junctions,
the Bi/Ag was selected as the metal electrodes. To form the ideal Schot-
tky junction, the (001) crystal face of the as-prepared bulk SCs was pol-
ished with sandpapers (2000 mesh, 5000 mesh, 10 000 mesh, and 80 000
mesh in sequence) before depositing the metal electrodes. No polish-
ing procedures were required for SCs grown on Si/SiO, slices. Then, the
SCs were thoroughly cleaned and healed according to the literature with
some modifications.[*’! Cleaning solutions were prepared by mixing cyclo-
hexane and tert-amyl alcohol in a volume ratio of 4:1. Healing solutions
were prepared by adding 0.2 mg mL~™" MACI (for MAPbCl;) or MABr (for
MAPbBr;) into the mixed solution. Finally, 20 nm Bi and 80 nm Ag were
successively deposited by a thermal evaporator (0.5 A s~1) using a shadow
mask with a gap of about 20 um between two electrodes. For PDs based
on perovskite/Si heterojunctions, 120 nm ITO and 100 nm Ag were de-
posited onto SCs and Si, respectively. For PDs based on perovskite/organic
semiconductor heterojunctions, P3HT solution in CB (10 mg mL~") and
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PC61BM solution in CB (10 mg mL™") were dipped on the top of the
MAPbCl; bulk SCs or MAPbBr; bulk SCs, respectively, then annealed at
60 °C for 10 min. After that, Ag and ITO were deposited onto organic lay-
ers and SCs, respectively.

Characterization: The XRD patterns were obtained by the Bruker D8
Advance X-ray diffractometer equipped with a Cu tube (A = 1.5406 A).
UV-vis absorbance spectrum was measured using a Hitachi U4100 UV-
vis-NIR spectrophotometer at room temperature, ranging from 250 to
800 nm. Steady-state and time-resolved PL measurements were taken us-
ing an FLS920 (Edinburgh Instruments) fluorescence spectrometer with
325 nm excitation wavelength. The surface temperatures of the SCs illumi-
nated with lasers with different wavelengths were recorded by an infrared
thermal imager (Fluke TiX1060). The dielectric properties were measured
by an LCR meter (TH2828S, Changzhou Tonghui Electronics Co., Ltd.). The
capacitance-voltage curves were measured by a semiconductor analyzer
(Keysight B1500A). The carrier concentration of the SCs was recorded with
a Hall effect test system (Lake Shore 8400).

Photodetection Performance Measurements: The |-V characteristics
and the /-t curves of the PDs were recorded by coupling a Stanford
SRS current preamplifier (SR570) and a Stanford SRS function genera-
tor (DS345). The temporal responses of the device were performed on
a digital oscilloscope (Tektronix, MDO3104). The laser was periodically
switched by transistor-transistor logic potential to generate pulsed laser
beams. The 320, 360, 405, 532, 785, and 1064 nm lasers (Changchun New
Industries Optoelectronics Technology Co., Ltd.) were used as the light
sources and shined onto the top of PDs. The light power intensity was
calibrated using a silicon photodiode (PM100D).
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