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Lead halide perovskites have attracted much attention in photodetector fabrication. Up to now, several strategies
have been used to modulate the device performance. Here, P3HT-CsPbBrs monocrystalline microwires based
photodetectors are demonstrated by coupling LSPR and piezo-phototronic effects. The photocurrent, response
speed and recovery speed under 532 nm laser illumination were increased to nearly 3.5, 70 and 8.4 times when
decorated with Au NCs and applied with a compressive strain of —0.29%, respectively. The enhancement of

performances can be attributed to the increased light absorption caused by LSPR effect and the enhanced sep-
aration of photo-generated holes at the heterojunction interface caused by piezo-phototronic effect. This work
suggests that all-inorganic perovskites CsPbBr3 based photodetectors can be significantly enhanced by coupling
plasmonic and piezo-phototronic effects. This strategy can be used to modulate the performance of optoelec-
tronic devices based on other piezoelectric materials.

1. Introduction

Photodetectors have comprehensive applications in military and
civilian fields such as environmental sensing, missile guidance, optical
communications, optical imaging and biological analysis [1-7].
Recently, lead halide perovskites have attracted great attentions in op-
toelectronics such as solar cells, light emitting diodes and photodetec-
tors [8-14]. Their excellent photoelectric properties such as large
absorption coefficient, high carrier mobility, long carrier lifetime and
diffusion length, low defect density and tunable direct band gap [15-18]
make them ideal candidates for photodetector applications. To develop
perovskite based photodetectors with high performance, different
techniques such as controlled growth of low dimensional single crystals
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[19-21], fabrication of heterojunctions [22-24], and optimization of
devices structure [25,26] have been used. Recently, localized surface
plasmon resonance (LSPR) effect based photodetectors have demon-
strated excellent plasmon-enhanced performance due to the enhanced
local electric field on the surface of plasmonic nanoparticles (NPs) [27,
28].. Plasmonic modulation can also be applied to the perovskite-based
photodetectors [29,30]. For example, Li and co-workers constructed a
high performance flexible UV photodetector by employing CsPbCls/A-
g/0PCs hybrids [31]. Compared with bare CsPbCls photodetector, the
performance was significantly enhanced through the plasmon and
photonic crystals effects.

In addition, the piezo-phototronic effect is another powerful weapon
to boost the performance of devices like light emitting diodes [32],
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strain sensors [33-35], solar cells [36], photodetectors and pressure
mapping sensors [37-39] based on semiconductors with non-
centrosymmetric crystal structures, superior to other traditional
methods [39]. The piezopotential formed at the junction or Schottky
interface can change the localized band structure, thus modulating the
photon-generated carriers generation, separation, transport, and
recombination processes [40-44]. By utilizing the piezo-phototronic
effect, the photocurrent, response and recovery speed of a photode-
tector based on CH3NH3PbI; single crystal were effectively enhanced
[45]. Compared with the hybrid ones, all-inorganic perovskites such as
CsPbBrs have shown much higher stability. Utilizing the piezoelectric
properties, CsPbBrs perovskites have shown potential applications as
strain-gated photodetectors [46] and wavelength tunable lasers [47].
Besides, one-dimensional CsPbBr3 can be easily synthesized, which is
beneficial for piezoelectric device fabrication. Based on the above
analysis, the synergistic effects of LSPR and piezo-phototronic effects
should be a promising way to boost the performance of 1D CsPbBr3
based photodetectors.

Here, a photodetector with high performance based on single
CsPbBr3 monocrystalline microwire (MW) is demonstrated by coupling
plasmonic and piezo-phototronic effects. First, 10 nm SiOy layer was
deposited onto the CsPbBrg MWs, after which Au nanoparticles (NPs)
were decorated. The experimental results proved that the sensitivity and
response speed were largely improved via the plasmonic effect of Au
NPs, coincident with the theoretical simulations. Then, the influence of
piezo-phototronic effect on the performances of photodetectors was
investigated by applying different tensile and compressive strains. When
illuminated with a 532 nm laser (0.318 rnW/cmz), the photocurrent
further increased by ~145% with a compressive strain of —0.29%. This
enhancement is due to the piezopotential induced adjustment of band
alignment at heterojunction interface. Our results suggest that the LSPR
and piezo-phototronic coupling effect can be a promising strategy for
building optoelectronic devices with high performance.

2. Experimental section
2.1. Growth of CsPbBrs MWs

The CsPbBr3 monocrystalline MWs with width of 3 um and length of
300 um were grown by a PDMS templated antisolvent growth method
[46] with some modifications. Brief, a DMSO solution with equal mole of
CsBr and PbBr; (0.25 M) was prepared via magnetic stirring. Then,
CH30H was dropwise added into DMSO solution at room temperature
under vigorous stirring until yellow precipitates no longer disappeared.
Then the solution was stirred overnight at 70 °C and finally cooled to 40
°C. 20 pL as-prepared solution was dripped onto a 2 x 2 cm PEN sub-
strate (thickness: 125 pm) with 200 nm SiO; layer on it. Then a PDMS
template with groove arrays (length: 300 um; width 20 um; depth: 80
um) was covered onto PEN substrate and a mild pressure was applied
using a clip. Finally, the growth system was transferred into sealed
vessel full of CH3OH vapors. After 36 h, the CsPbBrs were obtained.

2.2. Device fabrication

Au NPs were prepared following a previously reported solution
method. [48] After synthesis centrifugation and washing, Au NPs were
dispersed into hexane and the concentration is 1 mg/mL. 10 nm SiO,
was deposited onto CsPbBrg MWs before Au NPs decoration. Then, the
Au NPs on the glass substrate were prepared by the self-assembly
method reported elsewhere [31]. With slow evaporating of hexane, Au
NPs were deposited directly onto CsPbBrg MWs. Then, chlorobenzene
solution containing P3HT (30 mg/mL) was dropped onto one end of the
CsPbBrs MW and heated at 70 °C to form heterojunction. Then silver
paste was used as the electrodes for the P3HT and the free end of MW.
Finally, the device was packaged with 1 mm (polydimethylsiloxane)
PDMS layer to prevent chemical damage. Since the c-axis directions of
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MWs were unknown before tests, the response among different devices
were different.

2.3. Characterization and measurements

The XRD pattern, absorption spectra, and PL spectra were obtained
with an X’ Pert3 powder X-ray diffractometer, a UV-vis-NIR spectro-
photometer (Shimadzu UV3600) and a confocal microprobe Raman
spectroscope (HORIBA/LabRAM HR Evolution), respectively. The TEM
sample was obtained by FIB (focused ion beam) method. The SEM im-
ages and TEM images were obtained with a HITACHI SU8020 FE-SEM
and a JEOL JEM-2100Plus HRTEM, respectively. The deflection-
voltage curves were measured using an Asylum Research/MFP-3D AFM.
For photoelectric tests, a 532 nm diode laser was used as light source. An
attenuator and a chopper were connected to change the light intensity
and turn on/off the light. All the I-V curves were measured with a
Keithley 4200-SCS semiconductor parameter analyzer. The I-t charac-
teristic were measured using a signal generator (Stanford Research
DS345) and an electrometer (Stanford Research SR570).

3. Results and discussion

The CsPbBr3 monocrystalline MWs were synthesized following our
previously reported PDMS templated antisolvent growth method [37]
with some modifications, which can be seen in the experimental section.
Fig. 1a shows a typical low magnification SEM image (up) and optical
image of a single monocrystalline CsPbBr; MW grown on flexible
polyethylene naphthalate (PEN) substrate. The microwire is uniform
and straight with good crystallinity. The HRTEM and SAED image of a
single CsPbBrg MW in Fig. 1b indicates that the monocrystalline MW
belongs to orthorhombic phase with preferred growth direction parallel
to the [010] orientation. To demonstrate the LSPR effect on the per-
formance of photodetectors, we tried to incorporate Au NPs onto the
MWs via self-assembly method after the growth of MWs. Au NPs were
synthesized according to the method reported elsewhere [38]. The
prepared Au NPs show narrow-size distributions (Fig. 1d and S1) with an
average diameter of 7.9 nm. Fig. S2 shows the clear lattice fringes of Au
NPs, proving the successful synthesis. To suppress the charge and energy
transfers between CsPbBrs MWs and Au NPs, a 10 nm layer of SiO was
deposited onto MWs through thermal evaporation before Au decoration
[29]. Then Au NPs were further self-assembled on the surface of CsPbBrs
MWs. Fig. S3 and S4 show the enlarged part of SEM image of CsPbBrs
MW/Au hybrid and the corresponding EDX elemental mapping showing
that the compositional distributions of the four elements (Cs, Pb, Br and
Au), respectively, from which one can find that the Au NPs disperse
uniformly on the CsPbBrg MW.

The X-ray diffraction (XRD) patterns (Fig. 1c) of the CsPbBrs MWs
and Au NPs belong to orthorhombic phase (ICSD: 97851) and cubic
phase (JCPDS: No.04-0784), respectively. The XRD pattern of CsPbBr3/
Au hybrids shows the diffraction peaks of both CsPbBrs MWs and Au
NPs, indicating the successful decoration of Au NPs onto CsPbBrg MWs.
Au NPs were hexagonally packed tightly on the CsPbBrs MW, beneficial
to generating the amplified local electric field. As shown in Fig. 1e, the
strong absorption band centered at ~530 nm (black one) caused by
LSPR of Au NPs matches well with the absorption spectrum of CsPbBr;
MWs (red one), indicating that Au plasmonic enhancement will be
available in CsPbBrs/Au hybrids-based devices. Besides, the absorption
spectra of CsPbBrs with and without Au NPs demonstrate that the ab-
sorption waveband dose not change after depositing the Au NPs, while
the absorbance is enhanced, indicating the LSPR effect enhanced light
absorption.

The PL spectra of a single CsPbBrs; MW before and after Au NPs
decoration are shown in Fig. 2a. PL intensity of CsPbBr; MW was
enhanced by a factor of ~2 after incorporating with Au NPs. This
enhancement value is much smaller than the perovskite films due to that
the influence range of LSPR effect is much smaller than size of CsPbBrs
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Fig. 1. (a) The SEM image (up) and optical image (down) of a single CsPbBrs MW grown on flexible PEN substrate. (b) High resolution TEM and SAED pattern (inset)
showing the [010] zone axis of CsPbBrs MW. (c) XRD patterns of CsPbBr; MWs, and CsPbBrs3 MWs/Au NPs hybrids. (d) TEM image of monodisperse Au NPs. (e)
Absorption spectra of CsPbBr; MWs (red), Au nanofilm (black) and CsPbBr; MWs/Au NPs hybrids (f). Magnified SEM image of one end of CsPbBrz MW/Au

NPs hybrid.

MWs. Then, the Finite-Difference Time-Domain (FDTD) simulation was
used to calculate the electric field distributions around Au NPs under
light illumination. The schematic diagram of simulated device is shown
in Fig. S5. A 532 nm incident light is coming along the z-axis and illu-
minates on the hybrids. Au NPs with a diameter of 8 nm were closely
packed on the surface of CsPbBrg MW wrapping with 10 nm SiO5, and
the distance between each NP is 2 nm. Fig. 2b and ¢ demonstrate the

field distributions in the xy and xz planes, respectively. The dark red
color and dark blue color represent the strongest and weakest local
electric field, respectively. A periodic distribution of electric field is
generated and the intensity of electric field in the vicinity of Au NPs is
significantly enhanced. The simulation results prove that Au LSPR can
significantly enhance light absorption and radiation rate of CsPbBrg
MWs. Therefore, the LSPR effect is anticipated to boost the performance
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Fig. 2. (a) Comparison between PL spectra of a single CsPbBrs MW before (black) and after (red) Au NPs decoration. FDTD simulations of electric field density
distribution at a resonant wavelength of 532 nm in (b) x-y and (c) xz plane. (d) The photograph of the measurement device (up) and schematic diagram (down) of
CsPbBrs/Au hybrids-based photodetector. (e) I-V characteristics and (f) I-t characteristic (2 V forward bias) of the P3HT-CsPbBr3 photodetectors with and without Au

NPs under 532 nm laser illumination (0.318 mW/cm?).

of CsPbBr3 based photodetectors.

According to our previous report [41], the solution grown CsPbBr3
perovskites show little p-doped conducting behavior. To facilitate
studying the piezo-phototronic effect discussed in the following part, a
typical p-type semiconductor P3HT with good semiconductivity, sta-
bility and a matched band structure with CsPbBr3 was introduced and
P3HT-CsPbBr3 MW heterojunction-based photodetectors were fabri-
cated. Fig. 2d shows the photograph experimental setup (up) and
schematic diagram (down) of the photodetector. The I-V curve of
heterojunction-based device shows a rectifying behavior while the
symmetrical linear I-V curve of MW with two Ag electrodes indicates the
ohmic contacts (Fig. S6). The fabrication procedure of the photodetec-
tors can be seen in experimental section. Fig. 2e and f show the per-
formance of photodetectors with and without Au NPs under 532 nm
illumination. From the I-V curves (Fig. 2e) of the photodetectors with
and without Au NPs recorded in dark and under light illumination at
0.318 mW/cm?, one can see that both dark current and photocurrent are
enhanced with the decoration of Au NPs. The I-t characteristic in Fig. S6
and Fig. 2f show that at 2 V forward bias, the photocurrent is increased
from 0.9 nA to 2.2 nA with an improvement of 2.4 times due to LSPR
effect. Fig. S7 shows the photocurrents and dark currents with and
without Au NPs at different light intensity. The enhancement factor
gradually decreases with the increase of light intensity. Here,
enhancement factor is defined as I,,/ILy,, where I, and I, are photo-
currents with and without Au NPs at same light intensity, respectively. A
comparison of the rise time and fall time of the devices is shown in
Fig. S8 with different incident light power. One can see that the rise time
and fall time are dramatically shortened. For example, when the light
intensity is 0.318 mW/cm?, the rise time and fall time decrease from
420 ms to 6 ms and from 210 ms to 25 ms, respectively (Fig. 2f). The
response and recovery speed are 70 and 8.4 times faster than those
without Au NPs, respectively. These results may due to that the plas-
monic enhanced electric fields make the radiative rate of CsPbBrg MWs
much higher.

The above results prove that Au LSPR can significantly enhance the
performance of P3HT-CsPbBrg MW heterojunction-based photodetec-
tors. Then the performance of the photodetector was tested under light

illumination at different light intensity. Fig. 3a shows the typical I-V
curves measured in the dark and under 532 nm light illumination with 5
different light intensity ranging from 0.318 mW/cm? to 6.366 mW/cm?.
The asymmetric shape and rectification characteristic of the curves
prove the formation of heterojunction. The current at 2 V forward bias
increases significantly with the light intensity increasing from 0 to
6.366 mW/cm? (Fi g. 3b). And the rise and fall times at different light
intensity can be seen in Fig. SO with all the rise times less than 8 ms and
fall times less than 20 ms. The photocurrents, responsivities and current
on/off ratios of the photodetector as a function of intensity are illus-
trated in Fig. 3c, d. The responsivity is defined asR = %, where P is
the illumination light intensity, and S is the effective illuminated area. In
this article, the effective illuminated area is measured to be 9.5 x 10”7
cm?. One can see clearly that there is a nearly linear relationship be-
tween photocurrent (Iigh—Idark) and light intensity. While with the in-
crease of light intensity, the responsivity gradually decreases. The
responsivity at 0.318 mW/cm? is ~4.2 A/W. The on/off current ratio is
as high as 2400 under illumination of 6.366 mW/cm?. As another two
parameters to characterize the performance of a photodetector, external
quantum efficiency (EQE) and specific detectivity (D*) are also calcu-

. R;h * R;
lated according to EQE =< and D™ = it

S
sivity, A is the light wavelength, 14 is dark current. Here the 14 is about

0.07 nA (Fig. S10). The comparison of the responsivity and EQE of
photodetector as a function of wavelength with and without Au NPs is
shown in Fig. S11. Both R; and EQE of the photodetector is greatly
enhanced via LSPR effect and the maximum EQE is 11.5%. From
Fig. S12 we can find that the maximum D* is 9.9 x 108 jones. In addition
to forward bias, as shown in Fig. S13, the performances of photodetector
ata 2 V reverse bias were also evaluated, with the largest responsivity of
0.8 A/W. Fig. S14 shows the stability of photocurrent and dark current
versus time. After 1000 times light on-off cycles, both the photocurrent
and dark current remain stable with no obviously deterioration and
fluctuation, indicating that the photodetectors have good stability.
Then, the piezo-phototronic effect on photodetector performance
was investigated by applying different tensile and compressive strains
under 532 nm laser illumination. The strains were applied by bending

where R), is the respon-
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Fig. 3. (a) I-V curves of the photodetector under 532 nm light illumination with different intensities. (b) I-t characteristic, (c) photocurrent (red), responsivity (black)
and (d) on/off ratio the photodetector under 532 nm light illumination at different light intensity and 2 V forward bias.

the PEN substrates using the manual moving stage shown in Fig. 2d.
Since the MWs are fixed onto the substrate, bending of the substrate will
lead to the deformation of MWs. Since the length of MW is much smaller
than the substrate size, the deformation of MWs can be seen as uniform.
The strains can be changed by bending into different angles and calcu-
lated according to the our early reports [46]. Since the piezopotential is
related to the c-axis ([010] crystal orientation) direction of the CsPbBr3
MWs, two different devices with opposite c-axis directions were fabri-
cated. Fig. 4a and b show the I-V curves of the device with [010] di-
rection pointing to P3HT with three different compressive and tensile
strains, respectively (0.318 mW/cm?). It can be clearly seen that the
photocurrent at forward bias increases remarkably with the increase of
compressive strain (minus sign) while decreases with the increase of
tensile strain (positive sign). While at the reverse bias, the photocurrent
decreases with the increase of compressive strain while increases with
the increase of tensile strains, showing an opposite phenomenon. I-V
curves with different strains (6.366 mW/cmz) from — 2to 2 V are shown
in Fig. S15, which demonstrate the same change trend. The asymmet-
rical results confirm the piezoelectric effect modulation rather than
piezoresistive effect on P3HT-CsPbBrs MW heterojunction-based pho-
todetectors. The photocurrent as a function of strain at different light
intensity at forward bias and reverse bias is shown in Fig. 4c and
Fig. S16, respectively. The photocurrent increases with the increase of
light intensity when the strain keeps the same. For forward bias, when
illuminated under laser with same light intensity, the photocurrent
gradually decreases with the strain increasing from —0.29-0.31%. For

example, when light intensity is 6.366 mW/cm?, photocurrents for
strain of —0.29%, 0% and 0.31% are 54, 25.3 and 8.8 nA, respectively.
On the contrary, the photocurrent at reverse bias continuously increases
when the strain increases from —0.29-0.31%. As shown in Fig. 4d, e and
Fig. S17a, b, the responsivity R and its relative change AR/R were
calculated and plotted as a function of strain, where AR = Rgyain — Ro
(Rstrain and Ry are responsivities at same light intensity with and without
strains). The relation between responsivity and strain shows a similar
trend with the photocurrent. With a compressive strain of —0.29%
(0.318 mW/crnz), the maximum AR/R is about 145%. When the tensile
strain is 0.31%, AR/R is as low as —64.7% (0.636 mW/cm?). To avoid
breakage of CsPbBrs MWs, tests with stronger strains were not done. The
AR/R at a —2 V reverse bias were also calculated and shown in Fig. S18.
The maximum value of AR/R for reverse bias is 91% when tensile strain
is 0.31%. Fig. 4f depicts the transient response of the photodetector with
different strains. It is worth noting that the response and recovery speeds
almost have no change with and without strains. When the c-axis di-
rection of MW is reversed, the experimental phenomena are quite
different. As shown in Fig. S19, when applied with tensile strains, the
photocurrent at forward bias increases, compared with no strain case.
While for compressive conditions, the photocurrent decreases. The
piezo-phototropic effect induced modulation of photodetectors’ perfor-
mance is also repeatable and stable. During our 50 cycles’ tests, for each
bending cycle, once the bending angle is decided, the photocurrent
fluctuation is less than 5%. Once the strain is vanished, the photocurrent
can always return to the initial value.
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Fig. 4. The performance of photodetector with the [010] direction of CsPbBrs microwire points to P3HT modulated by the piezo-phototronic effect. I-V charac-
teristics of the device with different (a) compressive strains and (b) tensile strains (0.318 mW/cm?). (c) Relationship between the photocurrent and strain at different
light intensity and 2 V forward bias. The responsivity as a function of (d) compressive and (e) tensile strain at different light intensity and 2 V forward bias. f) I-t
curves of the photodetector under 7 different strains at 2 V forward bias with 0.316 mW/cm? light intensity.

In order to explore the piezoelectric effect of CsPbBrs, piezoelectric
coefficient d33 were first measured. As a 1D material, it is hard to
directly measure the d33 of the CsPbBrg MWs in [010] direction (c-axis).
Therefore, CsPbBr3 microplates with normal direction of [010] crystal
orientation (Fig. S20) which is equivalent to the c-axis of CsPbBrg MWs

were synthesized according to our previously published literature [49].
As shown in Fig. 5a, the deflection-voltage characteristics of a CsPbBrg
microplate showing a butterfly shape were obtained via piezoresponse
force microscopy (PFM) and an average d33 value of 4.56 pm/V was
derived from five different curves, which is larger than that of CsPbBr3
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polycrystalline films [50]. To determine the mechanism of the
piezo-phototronic effect modulated photodetector performance, the
energy band diagrams at the heterojunction interface with no strain,
compressive strain and tensile strain were carefully analyzed. The
valence bands and conduction bands versus vacuum of the CsPbBr3 are
obtained from the literature [51] while the fermi level is calculated from
UPS spectrum in Fig. S21. The fermi level of 5.12 eV is closer to valence
band, proving a little p-type conducting behavior. Fig. S22 shows the
energy band diagram of the p-p heterojunction without strains, in which
the [010] direction of CsPbBrs microwire points to P3HT. When 532 nm
laser illuminates on the CsPbBrs, the photocurrent will be generated. By
the finite element method, we calculated a piezopotential distribution in
a typical CsPbBr3 microwire (Fig. 5b), which can be seen that inverse
potential drops will be induced along the length of the MW when applied
with tensile strain and compressive trains. When compressive strain is
applied, a negative piezopotential is created at the interface, which will
attract the holes in P3HT and CsPbBrs moving toward the hetero-
junction interface (Fig. 5¢). Thus, the localized energy band is shifted up,
which will be beneficial for hole transport. When forward bias is
applied, the confinement of photo-generated holes produced at CsPbBr3
is effectively weaken, resulting in the photocurrent increase. When at
reverse bias, the upward energy band bending will lead to the decrease
of built-in field, decreasing separation efficiency of photo-generated
electron-hole pairs. Thus, the reverse photocurrent is decreased. On
the contrary, as shown in Fig. 5d, when tensile strain is applied, a pos-
itive piezopotential is created at the interface, repelling the holes in
P3HT and CsPbBrs, leading to the lowered localized energy band. When
forward bias is applied, the confinement of photo-generated holes pro-
duced at CsPbBrs is effectively enhanced, resulting in the photocurrent
decrease. When at reverse bias, the downward energy band bending will
lead to the strengthening of built-in field, increasing separation effi-
ciency and decreasing the reverse photocurrent. When the [010]

direction of microwire is away from P3HT, compressive strains will lead
to the creation of positive piezopotential and tensile strains will lead to
the creation of negative piezopotential, resulting in the opposite
photocurrent change trend.

4. Conclusion

In conclusion, P3HT-CsPbBrs; MW heterojunction-based photode-
tectors were fabricated and plasmonic and piezo-phototronic coupling
effects were used to boost the performance of photodetectors. First, Au
NPs whose plasmonic peak matching with absorption wavelength of
CsPbBr3 were synthesized and decorated onto CsPbBrs. Field enhance-
ment was confirmed by FDTD simulation. P3HT-CsPbBrg MW hetero-
junction was fabricated using a standard solution method. After
introducing LSPR effect, the photocurrent, response speed and recovery
speed were significantly enhanced 2.4, 70 and 8.4 times, respectively.
Then, the photocurrents were further modulated by applying different
and compressive tensile strains, exhibiting an obvious responsivity
improvement of 145% (0.318 mW/cmz, 2V bias, —0.29% compressive
strain), due to the change of energy band at heterojunction interface
induced by piezopotential. A piezoelectric coefficient of 4.56 pm/V of
the CsPbBrs single crystal in [010] direction was also obtained via PFM
measurement. These results prove that coupling plasmonic and piezo-
phototronic effect is an effective strategy to boost the performance of
CsPbBr3 photodetectors, and it can be used in other lead halide
perovskite-based optoelectronics devices.
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