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a b s t r a c t

In this work, piezoelectric ZnO microwire was utilized to form heterojunctions with perovskite as flexible
photovoltaic devices, and has a power conversion efficiency of 0.0216%. By employing the piezo-pho-
totronic effect, the strain-induced piezoelectric polarization charges at the vicinity of ZnO/perovskite
interface can modulate the transport and separation processes of photo-generated carriers within the
photovoltaic device and enhance the performances of ZnO/perovskite solar cells. The corresponding
open-circuit voltage (Voc), short-circuit current (Isc) and efficiency of the solar cells were improved by
25.42%, 629.47% and 1280% (from 0.0216% to 0.298%) through piezo-phototronic effect, respectively.
Physical working mechanism behind the observed results was carefully investigated by using energy
band diagram. This study provides a promising approach to effectively enhance the overall performances
of flexible solar cells for various applications.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Compared with conventional fossil fuels, solar energy is a re-
liable and green energy and therefore become a promising solu-
tion to the threat of global energy crises. The recent emergence of
efficient solar cells based on organic/inorganic lead halide per-
ovskite have been recognized as one of the prospective next-
generation photovoltaics due to their high absorption coefficients,
excellent charge transport properties and long exciton diffusion
lengths [1–5]. Motivated by the goal of fabricating stable, high-
efficiency and cost-effective perovskite solar cells, tremendous
efforts have been devoted to improve the performance. To date,
different strategies have been adopted for performance improve-
ment, including the compositional engineering of perovskite ma-
terials, interfacial engineering of active layers, and configuration
engineering of cell devices [6–12]. Although over 19% power
conversion efficiency (PCE) has been attained within several years
since its birth, there is still plenty of room for further improve-
ment in efficiency [2,13,14]. Among these efforts, piezo-photo-
tronic effect is a new but effective one, which has been demon-
strated very effective for improving the performance of piezo-
electric semiconductor nanowires solar cells [18–22]. For
piezoelectric semiconductor NWs, such as ZnO, CdS and GaN,
which possesses semiconducting and piezoelectric properties si-
multaneously, a piezoelectric potential is created inside the NW by
applying a strain/pressure/force owing to the non-central sym-
metric crystal structure. Piezo-phototronic effect is to use this inner-
crystal piezopotential as a “gate” voltage to tune/control the
charge generation, separation, transport and/or recombination in
optoelectronic processes. This effect has been utilized to enhance
the performance of a photocell [14–16], sensitivity of a photo-
detector [17–19], and the external efficiency of an LED [20,23].

In this work, ZnO/perovskite solar cells (ZPSC) were fabricated
by employing single ZnO microwire (MW) as the electron trans-
porter on a flexible substrate, and the piezo-phototronic effect was
investigated on these ZPSCs by introducing externally strains to
the devices. When the c-axis of the ZnO NW pointed towards
perovskite, the corresponding open-circuit voltage (Voc) and short-
circuit current (Isc) of the solar cells were improved by 25.42% and
629.47%, respectively; while the power conversion efficiency was
enhanced by 1280% (from 0.0216% to 0.298%) under a compressive
strain of 0.8%. A theoretical model is proposed to explain the en-
hancement of the performance of the PV devices by the piezo-
phototronic effect using energy band diagrams, in which the ZnO/
perovskite solar cells were treated as a p–n junction. The effect of
the polarity of the ZnO MW on the piezo-phototronic effect was
first time experimentally proved. This work offers a good method
for improving solar energy conversation efficiency by designing
the orientation of the nanowires and the strain to be purposely
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introduced in the packaging of the solar cells, and also is sig-
nificant for fully understanding the operational mechanisms of
perovskite solar cells and provides a promising way to enhance the
overall performance of a perovskite solar cell.
2. Experimental sections

The ZnO MWs used for ZPSCs were synthesized via a vapor-
liquid-solid (VLS) process [23]. The structure and fabrication pro-
cess of the ZPSCs are schematically illustrated in Fig. 1a and b,
respectively. First, a long ZnO MW was attached on a flexible
polystyrene (PS) substrate with one end of the MW fixed by silver
paste, serving as the photoanode. Second, a layer of epoxy was
coated on the photoanode to protect it from contaminations in the
following processes. Third, a thin layer of perovskite film was
coated on the other end of the ZnO MW, followed by heating at
70 °C for 15 min to obtain a good crystallinity CH3NH3PbI3. Forth, a
thin layer of 2,2′,7,7′-tetrakis (N,N-pdimethoxyphenylamino) -9,9′-
spirobifluorene (spiro-MeOTAD) film and silver paste were con-
secutively deposited on the perovskite as a hole transport material
(HTM) and a counter electrode, respectively. The precursor solu-
tion of CH3NH3PbI3 and spiro-MeOTAD were prepared following
the previously reported procedures [5,24]. Finally, a layer of epoxy
was applied to pack the whole device for better stability and
performances. An optical microscope and a digital image of the as-
fabricated device are shown in Fig. 1c and d, respectively.

The experimental set-up was shown in Fig. 1e. One end of the
device was fixed tightly on a sample holder, the piezo-phototronic
effect was introduced by bending the other end of the device
through moving a positioner, which was attached to a 3D me-
chanical stage (with a displacement resolution of 1 μm) to
Fig. 1. (a) Schematic of a fabricated device. (b) Schematic of the fabrication process. (c
measurement set-up.
produce compressive/tensile strains. The external strains applied
to the device can be calculated according to the work reported by
Yang and Zhou [25,26]. Light illuminations were provided by an
AM 1.5 solar simulator (300 W model 91260, Newport). Under
simulated air mass (AM) 1.5 solar illuminations of 100 mW cm�2

light intensity, the performances of the device under different
strains were measured by a computer-controlled measurement
system. The light intensities ranging from 8.71 to100 mW cm�2

were obtained by using a set of filters during the experiment.
3. Results and discussion

The morphology of ZnO MWs is characterized by SEM as shown
in Fig. 2a, with length and diameter of several hundred micro-
meters and hundreds of nanometers, respectively.

An over-focused image of the ZnO NW is presented in Fig. 2b,
together with a dual beam selected area electron diffraction pat-
tern of the ZnO MWs, which clearly indicates that the ZnO MWs
have a growth direction along c-axis, that is (0001) or (000-1).

The polarity of the ZnO MWs has been investigated by electron
energy loss spectroscopy (EELS) [27]. In our experiments, a zero
loss spectrum and the corresponding core–shell ionization edge
EELS spectrum was obtained consecutively from the same region
and dealt with using EL/P 3.0 software. The ZnO NW was tilted to
the Bragg position of either (0002) or (000-2), and away from any
zone axis but satisfying two-beam condition. The EELS spectra
(Fig. 2c) were acquired from the reflection pattern A (the red curve
in Fig. 2c) and the reflection pattern B (the black curve in Fig. 2c),
respectively. The EELS spectra are with background subtracted
according to the power law, and the multiple-inelastic-scattering
effect removed using the Fourier ratio (for deconvolution)
, d) Optical microscopy and digital image of a typical device. (e) Schematic of the



Fig. 2. (a) Scanning electron microscopy (SEM) image of the as-grown ZnO NWs; Inset: enlarged SEM image of an individual ZnO NW, showing a perfect hexagonal cross-
section. (b) The shadow image of the ZnO MW in the over-focused SAED pattern of ZnO NW; Inset: corresponding electron diffraction pattern. (c) Comparison of the
normalized O K -edges acquired at (0002) and Bragg conditions.
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technique. The Zn L2,3-edge spectra are normalized to compare the
two O K-edge intensities. It is obvious that a stronger O K-edge
intensity observed in red curve indicates the (0002) Bragg or-
ientation. Then, According to the two-beam theory for acentric
crystals which is employed to clarify the EELS result and de-
termine the polarity of the ZnO film, the O-K edge taken at the
(0002) Bragg condition should be higher than that at the (000-2)
Bragg condition when the spectra are normalized using the Zn
L-edges [27]. As a result, reflection pattern A can be indexed as
(0002), while the reflection pattern B can be indexed as (000-2).
Together with the shadow image of ZnO MW in the over-focused
Fig. 3. (a, b) I–V curves of the device under different illuminations in the condition of 0
short circuit current (c), efficiency (d) under compressive strain in condition of differen
selected area electron diffraction (SAED) pattern, we can conclude
that the growth direction of the ZnO MW is þc axis.

Typical I–V Characteristics of ZPSCs were investigated under
different light intensities as applying no strain (Fig. 3a) and a 0.47%
tensile strain (Fig. 3b). It is obvious that the general performances
of ZPSCs were significantly improved by applying an external
strain under different light illumination conditions. The corre-
sponding photovoltaic parameters, such as open-circuit voltage
(Voc), short-circuit current density (Isc), and conversion efficiency
(η) versus light intensities are analyzed and summarized in Fig. 3c
and d. It can be observed that with increasing the light intensities,
% strain (a), 0.47% strain (b). (c, d) Dependence of the open circuit voltage and the
t strains.



Fig. 4. The performance for the ZPSC-I device. (a, b) I–V curves of the device under compressive strain (a), and under stretch strain (b). (c, d) Dependence of the open circuit
voltage and the short circuit current under compressive strain (c), and under stretch strain (d). (e, f) Dependence of the fill factor (e), and relative efficiency change (f) on the
strains.
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the Voc increased from 0.65 to 0.73 V under strain-free condition
(Fig. 3c), while increased from 0.71 to 0.83 V under 0.47% tensile
strain (Fig. 3c). Similarly, the Isc increased from 0.97 to 5.20 nA
without applying tensile strain, while increased from 2.00 to
20.94 nA under a 0.47% tensile strain. Moreover, the power con-
version efficiency η, which is defined as η¼FF*Voc*Isc/(Pin*A),
where Pin is the incident light density, A is the effective illumina-
tion area (Fig. S1), FF is the fill factor, is higher under each light
intensity after applying 0.47% tensile strain, as shown in Fig. 3d. It
can be found that η increased from 0.0338% to 0.139% (0.47%
Fig. 5. The performance for the ZPSC-II device. (a, b) I–V curves of the device under comp
voltage and the short circuit current under compressive strain (c), and under stretch stra
strains.
strain) under a full-sun intensity (100 mW cm�2). These results
clearly indicate the enhancements on performances of ZPSCs by
piezo-phototronic effect.

To systematically investigate the piezo-phototronic effect en-
hancements on the performances of ZPSCs, continuous and vari-
able external strains were applied on the devices and the corre-
sponding results are presented in Fig. 4 and 5. The measured ZPSCs
devices were divided into two categories based on the c-axis di-
rection of the ZnO MWs with respect to perovskite [15,28]: devices
with the c-axis of ZnO pointing away from perovskite are marked
ressive strain (a), and under stretch strain (b). (c, d) Dependence of the open circuit
in (d). (e, f) Dependence of the fill factor (e), and relative efficiency change (f) on the



G. Hu et al. / Nano Energy 23 (2016) 27–33 31
as ZPSC-I; devices with the c-axis of ZnO pointing towards per-
ovskite are ZPSC-II. The piezo-phototronic effect on the perfor-
mances of ZPSC-I device is illustrated in Fig. 4. The I–V curves of
the ZPSCs subjected to compressive and tensile strains are pre-
sented in Fig. 4a and b, respectively. It is obvious that both the Voc

and Isc increased as increasing compressive strains, and decreased
as increasing tensile strains. The values of Voc and Isc under dif-
ferent strains were extracted and plotted in Fig. 4c and d, re-
spectively. As shown in Fig. 4c, the Voc increased from 0.59 to
0.74 V and the Isc increased from 2.07 to 15.10 nA as increasing
compressive strain from 0% to �0.8%. On the contrary, the Voc

decreased from 0.73 to 0.70 V and the Isc decreased from 5.93 to
4.19 nA as increasing tensile strains from 0% to 0.71% (Fig. 4d).
Opposite performances of ZPSCs were obtained from opposite
strain conditions. Similar fill factors (FF) were derived under both
compressive and tensile strains as shown in Fig. 4e. The power
conversion efficiency increased from 0.0216% to 0.298% as in-
creasing the compressive strain from 0% to �0.8%, corresponding
to a relative enhancement of 1280% in efficiency by piezo-photo-
tronic effect.
Fig. 6. Schematics and energy band diagrams demonstrate the piezo-phototronic effec
tributions for a strain-free device, and (b) the corresponding energy band diagram. (c) T
stretched device of [000-1] (ZPSC-II), and (d) the corresponding energy band diagram. (e
compressed device of [000-1] (ZPSC-II), and (f) the corresponding energy band diagram
The piezo-phototronic effect on the performances of ZPSC-II is
presented in Fig. 5. Different from ZPSC-I, opposite optoelectronic
behavior were observed for ZPSC-II devices, since the direction of
c-axis was reversed. Both the Voc and Isc decreased as increasing
compressive strains, and increased as increasing tensile strain, as
shown in Fig. 5a and b. The Voc decrease from 0.86 to 0.81 V, and
the Isc decreased from 77.60 to 59.50 nA under a �0.42% com-
pressive strain, as shown in Fig. 5c. As shown in Fig. 5d, the Voc

increased from 0.72 to 0.86 V, and Isc increased from 14.80 to
87.20 nA under a 0.30% tensile strain. The fill factors of ZPSC-II
increased as increasing compressive strains, while presented no
obvious trend under tensile strains as shown in Fig. 5e. The power
conversion efficiency increased from 0.068% to 0.352% as a tensile
strain increasing from 0% to 0.30%, corresponding to a relative
enhancement of 417.650% in efficiency as shown in Fig. 5f. The
opposite modifications on ZPSCs' performances by external strains
observed from both types of devices confirm the dominance of
piezo-phototronic effect, instead of piezo-resistive effect, which is
a nonpolar volume effect.

According to the Shockley equivalent circuit [15,18], the I–V
t on perovskite/ZnO single micro/nanowire solar cells. (a) The piezo-potential dis-
he piezo-potential distributions in the compressed device of [0001] (ZPSC-I) and in
) The piezo-potential distributions in the stretched device of [0001] (ZPSC-I) and in
.
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characteristic of ZPSC are described as
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In Eq. (1), the G is the electron–hole pair generation rates, Ln
and Lp are the electron and hole diffusion lengths respectively. It
indicates that reduction of the possibility of recombination caused
by piezo-phototronic effect may result in an increase of Isc under a
fixed value of G. In Eq. (2), Ipn0 is a prefactor, r is the ideality factor,
and ΔE is the energy band difference between the conduction
band of a n-type inorganic material and the conduction band of a
p-type organic material. In our experiment, the change of ΔE at
the vicinity of ZnO/perovskite interface under different strains
may lead to the variety of Voc. And, the variety of Voc depends on
the changes of ΔE and Isc. The varieties of Isc and Voc are in
agreement with the result expected by piezo-phototronic effect.

To better understand the physical mechanism behind the ob-
served optoelectronic performances at the ZnO/perovskite inter-
face, a theoretical model was proposed to explain the piezo-pho-
totronic effect on the performance of ZPSCs using energy band
diagrams, as shown in Fig. 6. Under strain-free condition, a het-
erojunction is formed between ZnO and perovskite, as shown in
Fig. 6a and b, a strain-free device is presented in Fig. 6a and b. The
performance of ZPSC-I and ZPSC-II were equivalent in a ZPSC
under a strain-free condition [29]. For a typical device, the main
physical processes governing the cell behavior are shown in
Fig. 6b. The perovskite CH3NH3PbI3 has a direct bandgap about
1.5 eV, corresponding to an absorption onset of 800 nm [30]. In
this regard, the electron–hole pairs are mostly generated in the
CH3NH3PbI3 under illumination and then the generated electron–
hole pairs are separated under the built-in electric field across the
depletion region with electrons transferring to the ZnO MW, and
the holes transferring to the HTM layer.

When the ZnO MW is subjected to strain, the energy band at
the ZnO interface will change by piezoelectric effect. It was proved
by numerous studies about ZnO, GaN nanogenerators and piezo-
tronics [31,32]. As shown in Fig. 6c, a strain-induced positive
piezoelectric charge will occur at the perovskite/ZnO interface
when ZPSC-I is subjected to compressive strain or ZPSC-II is sub-
jected to tensile strain. As shown in Fig. 6d, the local piezoelectric
charges will lower both of the conduction and valence bands of
ZnO at the interface, leading to a decrease of the barrier height at
the perovskite/ZnO interface. It increases the depletion width and
strengthens the built-in electric field, increasing separation effi-
ciency of the electron–hole pair and decreasing the possibility of
recombination. Thus, the performance of the solar cell is
enhanced.

On the contrary, a strain-induced negative piezoelectric charge
will occur at the perovskite/ZnO interface when ZPSC-I is sub-
jected to tensile strain or ZPSC-II is subjected to compressive
strain, as shown in Fig. 6e. In Fig. 6f, the local piezoelectric charges
will lift up both the conduction and valence bands of ZnO at the
interface, leading in an increase of the barrier height at the per-
ovskite/ZnO interface. It reduces the depletion width and weakens
the strength of built-in electric field, decreasing separation effi-
ciency of the electron–hole pair and increasing the possibility of
recombination. Thus, the convention efficiency is decreased. This
is the basic mechanism to interpret how does the piezo-photo-
tronic effect tunes the performance of a solar cell.

The stability of these ZPSCs were investigated by monitoring
the performances of the device operated under 0% strains and AM
1.5 illuminations for over 1 h, as shown in Fig. S2. The output
current was stable at 13.5 nA throughout the whole measurement
with less than 10% deviation, indicating a reliable stability of our
ZPSCs. This stability tests revealed clearly that the devices were
stable enough to carry out investigation on strain-solar cell per-
formance, which cost about half an hour. It indicated that the
enhancement of the performance was induced by the piezo-pho-
totronic effect, and was not for instability or other electronic
condition disturbing [33].
4. Conclusions

In summary, a flexible ZPSC was designed and fabricated by
employing single ZnO microwire as the electron transporter. By
externally applying strains on the devices, piezo-phototronic effect
has been introduced to enhance the general performances of
ZPSCs. The corresponding open-circuit voltage (Voc) and short-
circuit current (Isc) of the solar cells were improved by 25.42% and
629.47%, respectively. The power conversion efficiency was en-
hanced from 0.0216% to 0.298% (by 1280%) through piezo-photo-
tronic effect. A theoretical model was carefully studied to explain
the performance of the solar cells using the energy band diagram.
This work is important for fully understanding the operational
mechanisms of perovskite solar cells and provides a promising
way to enhance the overall performance of a flexible solar cell.
Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.nanoen.2016.02.057.
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