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As portable devices and wireless sensors become more ubiquitous and power hungry, new methods are required
to power them to avoid an overreliance on batteries. Materials that combine multiple functionalities, such as
semiconducting and piezoelectric properties, offer an excellent opportunity to harvest energy from multiple
sources in a single device. As such, we report a hybrid energy harvester (HEH) combining a piezoelectric
nanogenerator and a perovskite solar cell to simultaneously harvest mechanical and solar energy. The HEH
exhibited the piezo-phototronic effect, where strain-induced shifts in the energy bands of ZnO nanorods
modulated the photovoltaic (PV) output under mechanical deformation. The output of the HEH under light and
oscillation conditions combined PV variations driven by the piezo-phototronic effect and piezoelectric signals
generated by the ZnO nanorods. Furthermore, the piezoelectric output showed distinct variations between dark
and illuminated conditions, attributed to differences in the electrical conductivity of ZnO and perovskite, which
influenced charge screening. Additionally, morphological variations in ZnO nanorods were found to significantly
impact performance. Overall, these findings provide guidance for optimizing nanostructures and device designs

to enhance multi-source energy harvesting efficiency and further explore the piezo-phototronic effect.

1. Introduction

Mechanical energy is the one of the most abundant and accessible
energy sources, and has been widely harvested by large-scale technol-
ogies such as wind power or tidal stream generators. Piezoelectric
nanogenerators (PENGs) provide a potential way to convert small me-
chanical energy such as body motion or vibration into electricity, which
can be used to power small portable electronics, medical bio implants,
remote wireless sensors etc. [1-3]. At the same time, solar energy offers
the potential to provide much higher power levels than motion since the
sun delivers more energy to the earth in 1 h than the entire planet
consumes in one year [4]. However, light is not always available, nor is
movement, therefore a hybrid energy harvester (HEH) combining
PENGsS and solar cells (SCs) that can make use of both sources provide a
more reliable and high-level of power for small, portable or self-powered
devices.

Zinc oxide (ZnO) has become a key material in HEH that combines
PENG with photovoltaic (PV) solar cells [5]. Its wide bandgap, high
electron mobility, excellent chemical stability, and tunable
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nanostructures enable ZnO to function as both a piezoelectric potential
source in the PENG unit [6,7] and an electron transport layer (ETL) in
the PV unit [8-10]. Hybrid systems integrating ZnO-based PENGs with
solar cells have been widely explored to harvest both mechanical and
solar energy [11-18]. The first ZnO PENG/SC HEH was reported by Xu
etal [11]. in 2009, composed of a serially integrated ‘zigzag” ZnO PENG
and dye-sensitized solar cell (DSSC), achieving the piezoelectric output
of 9 mV and a PV power conversion efficiency (PCE) of 0.76 %. Such
designs utilized stacked layer structures, with the PENG and SC com-
ponents operating independently on a shared silicon substrate as an
electrode, but they faced challenges including complex assembly,
short-circuit risks, and limited flexibility [11,12]. Subsequently,
single-volume layer HEHs were reported by Choi et al. that combined
ZnO PENG with organic solar cell (OSC), allowing more integrated
operation and improving performance [14,15]. Among such OSC-PENG
HEH designs, the maximum achieved piezoelectric output was 0.8 V and
maximum PV PCE was 1.5 % [15,16]. The highest-performing HEH to
date was reported by Liu et al [18]. that combined the ZnO PENG with
amorphous-Si:H single junction solar cell, achieving the piezoelectric
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output of 3 V and a PV PCE of 2.96 %. Additionally, the strain-induced
piezo potential can modulate the band structure of ZnO, which promotes
the separation and transport of charge carriers generated in the light
absorption layer [19,20]. Such synergistic effects between PENG and SC
units, named the piezo-phototronic effect [21], have been shown to
enhance solar cell efficiency under mechanical strain and widely studied
in photodetectors [22], light-emitting diodes [23], and photocatalysis
[24].

Despite these advancements, current HEHS still struggle with limited
output power and energy conversion efficiency, primarily because the
photovoltaic unit remains relatively inefficient. The three solar cell
types mentioned earlier not only have inherently limited efficiency
ceilings but also struggle to reach high PCE in practical applications
(with record PCE of 13.0 % for DSSC, 19.2 % for OSC, and 14.0 % for
a-Si:H) [16]. This highlights the need for more efficient photovoltaic
materials and optimized device architectures to improve overall energy
harvesting performance. Perovskites are an ideal photovoltaic compo-
nent in such configurations due to their high PCE, solution-processed
fabrication method, and compatibility with flexible substrates. After
the first report by Miyasaka’s group in 2009, the PCE for a single
junction perovskite solar cell devices has increased from 3.8 % to 26.7 %
[25,26], making it the fastest advancing PV technology to date. Addi-
tionally, PSCs are highly compatible with a flexible device architecture
and show good durability under continuous bending, makes it an
excellent candidate for hybrid devices to collect the mechanical energy
[27]. However, no study has yet explored the use of perovskite as the
photovoltaic component in HEH systems, and our work effectively fills
this gap. Furthermore, the working mechanism of HEH during operation
under illumination and strain are not yet fully understood, necessitating
further investigation.

Therefore, here we combine a ZnO nanorod based PENG with a
perovskite solar cell to create a HEH capable of simultaneously or
separately harvesting dual mechanical and solar energy, achieving the
highest reported PV PCE and piezoelectric power output among HEH
devices to date. Through the systematic study of working mechanism of
HEH, it was found that the piezoelectric output of HEH differs between
dark and illuminated conditions mainly due to the varying conductivity
of the perovskite layer under these conditions, altering the screening
mechanism within the device. The output of the HEH under light and
oscillation conditions consisted of a combination of the PV output
variation due to the piezo-phototronic effect and the piezoelectric
output arising from ZnO nanorods. ZnO nanorods with different aspect
ratio were also employed to investigate the effect of morphology on both
PV and piezoelectric output.

2. Method
2.1. Synthesis of ZnO nanorod

Substrates were first coated with a ZnO seed layer using a precursor
solution consisting of 0.1 M zinc acetate (Zn(CH3COO),-2H>0, > 98 %,
Sigma-Aldrich) and 0.1 M 2-amino ethanol (NH2CH;CH20H, 99 %,
Sigma-Aldrich) in 2-methoxyethanol (CH3OCH2CH5OH, 99 %, Sigma-
Aldrich). The solution was stirred overnight and filtered with a 0.45
pm PTEFE filter before deposition. 1.5 x 2.5 cm? PET/ITO (poly ethylene
terephthalate/indium tin oxide) substrates were washed with water,
acetone and 2-propanol, then treated with an oxygen plasma. 100 pl of
precursor solution was drop casted on the PET/ITO substrate and spin
coated at 500 RPM for 10 s followed by 3000 RPM for 30 s. Afterwards,
the films were annealed at 140 °C for 30 mins and cooled down to finish
one cycle. The same cycle was repeated five times. For the second, third
and fourth cycle, the final annealing condition was 140 °C for 15 min.
Four substrates were attached to a microscope slide using polyimide
(Kapton) high temperature tape. The slide was immersed face down in
an aqueous solution of zinc nitrate (Zn(NOs)2-6 Ho0, 99 %, Alfa Aesar)
and hexamethylenetetramine (C¢H12N4, 99 %, Alfa Aesar, HMT) and
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was sealed in a jar. Two different growth methods were operated to get
different ZnO morphology. Method ‘0.06’ used the precursor solution
with the concentration of 0.06 M of zinc nitrate and HMT, and grew at
85C for 1.5 h. Method ‘0.025’ using the precursor solution with the
concentration of 0.025 M, and grew at 90C for 2.5 h. After growth the
substrate was washed with DI water and dried at 50 °C for 15 min.

2.2. Fabrication of hybrid energy harvester

Perovskite (CH3NH3Pbl3: MAPbI3) precursor solution was prepared
by dissolution of CH3NHsl with Pbl, in DMF:DMSO mixed solvent
(9:1.1, volume ratio) stirring for 15 min. The 1.5 M MAPbI3 precursor
solution was filtered with 0.45um PTFE filter before use. Before the
deposition, the ZnO nanorod films were annealed for 1 hour at 150 °C
and treated with oxygen plasma treatment for 30 minutes to remove the
residual hydroxyl group and reduce the surface defects. 50 pl of
perovskite precursor solution was dripped on the ZnO nanorods film and
spin coated at 4000 RPM for 20 s. Diethyl ether, as the anti-solvent, was
dripped during the sixth and seventh second during the spin-coating
process. Afterwards, the films were annealed at 100 °C for 20 mins.
Solution of hole transport material was prepared by dissolving 10 mg of
Poly(triaryl amine) (PTAA, Mw = 14,000, Ossila) in 1 ml toluene and
was stirred for 1 h at 65C. The solution was then doped with additives of
3.8 pL bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI)/acetoni-
trile (340 mg ml~!, TCI) and 3.8 pL of 4-tert-butylpyridine (tBP, TCI).
The doped PTAA was filtered through a 0.45 pm PTFE filter before use
and spin-coated onto the perovskite films at 3000 rpm for 30 s. PMMA in
anisole solution was painted on the left corner of substrate, as the
insulating layer. Au electrode of 150 nm thickness was deposited by high
vacuum thermal evaporation. Copper tapes were stuck to the ITO and Au
layer as the electrodes. Silver epoxy was painted on the connection to
improve the conductivity. The device was encapsulated in a laminating
pouch by hot press. The deposition of perovskite film and HTL layer
were conducted in a glovebox and all other steps were conducted in
ambient conditions. The fabrication process is displayed in Figure Sla-g.

2.3. Characterizations and measurements

The piezoelectric performance (output voltage and power resulting
from mechanical bending of the device) was tested using a bespoke
setup consisting of a frequency generator, magnetic shaker (Briiel &
Kjer, LDS V406), variable resistance box (100 Q to 10 MQ) and data
acquisition system. The vibration from the magnetic shaker was used to
induce bending in the device by utilizing a resonant mass-spring system,
formed by a spring steel cantilever with a tip mass (30 g), on which HEH
was attached, as shown in Figure S1i. By changing the frequency and
amplitude of the shaker and the cantilever length, the spring steel can
reach its resonance frequency and the device can obtain maximum
output. All devices were tested using an identical cantilever and tip mass
arrangement to maintain consistent bending conditions between sam-
ples. The corresponding voltage output was monitored by a Tektronix
TDS2012C oscilloscope in trigger mode. The HEH was connected to a 3.3
uF capacitor to demonstrate its energy harvesting and storage capabil-
ities under light and oscillation. A bridge rectifier was used to convert
the alternating current (AC) generated from the ZnO piezoelectric effect
into direct current (DC) for efficient storage. The voltage during the
charging of capacitor and the PV performance was measured by a
Kiethley 2400 SMU with LabVIEW 8.0 software and tested under 1 sun
(100 mW/cm?) provided by a Newport solar simulator apparatus. Fixed
strain was introduced to HEH device by attaching the device to tem-
plates with different bending radii. ZnO nanorod and perovskite films
were characterized using scanning electron microscopy (SEM) (FEI
Inspect-F). The surface morphology of films was characterized at 5 kV
and the cross-section was measured at 20 kV. The working distance used
was 10 mm. Impedance analysis was measured using a potentiostat
(Interface 1000, Gamry instrument) from 1 to 10° Hz under different
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condition (dark, room light and 1 sun illumination), where the intensity
of office lighting for the room light condition was measured as 380 lux.
UV-Vis spectroscopy was recorded on a UV-vis-NIR spectrometer
(Lambda 950), and diffuse reflectance spectra and transmittance spectra
were measured with an integrating sphere. Grazing Incidence X-ray
diffraction (GIXRD) was measured by an Xpert-Pro diffractometer with
Cu/Ka radiation (PANalytical, Netherlands), and the data were collected
from 5° to 70° with the incidence angle of 0.5. Photoluminescence
spectroscopy was measured with a FLS 1000 from Edinburgh in-
struments, illuminated by a Xenon lamp at the excitation wavelength of
405 nm, with step-size of 1 nm. Time-resolved photoluminescence
spectroscopy measured using a picosecond pulsed diode laser at the
excitation wavelength of 375 nm.

3. Result and discussion

The HEH device was fabricated with the structure of PET/ITO/ZnO
nanorod/MAPbI3/PTAA/Au as shown in Fig. 1a. The ZnO seed layer was
deposited on the PET/ITO substrate by spin coating and ZnO nanorods
were grown at 85C for 1.5 h in a precursor solution with a concentration
of 0.06 M of zinc nitrate and HMT. The perovskite and hole transport
layer (PTAA) were deposited by spin coating afterward and the Au layer
was deposited by thermal evaporation as the contact electrode. The vi-
bration from the magnetic shaker induced bending in the device through
a resonant mass-spring system, consisting of a spring steel cantilever
with a 30 g tip mass supporting the attached HEH. The output signal was
recorded by connecting HEH to an oscilloscope, while adjusting the
shaker’s frequency allowed the system to reach its resonance frequency
for maximum output. (Figure S2) The HEH device can simultaneously
and separately harvest both mechanical and solar energy, as proved by
the output voltage signal of HEH under dark and light condition shown
in Fig. 1b. The HEH provided a stable photovoltaic output (Vpy) under 1
sun illumination, and voltage spikes corresponding to the maximum
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amplitude of bending of the cantilever at resonant frequency. Vi« refers
to the maximum voltage point under the oscillation condition while
peak voltage (Vpeak), which is the piezoelectric voltage output of HEH,
referred to as the nanogenerator (NG) output, is obtained from the peak
difference between the baseline and V.. For dark oscillation condition,
Vpeak = Vmax = 1.36 V. For light oscillation condition, Vpeak is calculated
by subtracting the PV output from the voltage peak under combined
light and mechanical excitation, which give 1.84-0.9 = 0.94 V. The
performance of HEH was also proved by charging a capacitor of 3.3 uF
under light or/and oscillation condition. (Figure S3). For comparison,
equivalent devices using SnO, and ZnO as ETL instead of ZnO nanorod
shows PV output, but no signal under oscillation. (Figure S6a and c) This
confirmed that the NG output arose from the piezoelectric property of
the ZnO nanorods.

There is no obvious degradation in the output piezoelectric voltage
during durability testing shown in Figure S4a and b. However, the PV
output does decrease steadily after around 10,000 cycles, reaching
around 40 % of its original performance after 50,000 cycles
(Figure S4c). Such degradation of PV performance does not occur under
illumination only, without bending (Figure S4d). This suggests that
some mechanical failure of the device may be occurring, potentially at
the ZnO/perovskite interface, which is not sufficiently severe to affect
the piezoelectric voltage output but does impact the PV performance
[28]. Thus further investigation and optimisation of the mechanical
stability of such HEH devices would be an important avenue for future
research.

The PV performance of HEH device was tested under 1 sun illumi-
nation and summarised in Table 1. Compared with performance of solar
cell device using SnO; and ZnO as ETL (Figure S6 and Table S1), the
relatively low PCE may result from surface defects on ZnO nano-
structures, which induced non-radiative charge carrier recombination.
The structural requirements for test wire integration of the HEH,
diverging from the direct electrode contact typical in traditional
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Fig. 1. (a) Schematic of the structure of hybrid energy harvester. (b) The output signal of hybrid energy harvester under 1 sun illumination and oscillation. (c-d) The
power density-load resistance-Voltage (P-R-V) plot of hybrid energy harvester device tested under (c) dark condition and (d) 1 sun illumination.



Y. Zhang et al.

Table 1

The photovoltaic performance of hybrid energy harvester.
Scan PCE (%) FF (%) Jsc (mA/cm?) Voc (V)
Forward 3.60 48.25 8.29 0.90
Reverse 4.20 53.61 8.65 0.91

perovskite solar cells, also diminished efficiency. Additionally, the large
electrode area and relatively high sheet resistivity can be detrimental to
performance. However, despite these challenges, the device clearly
functions as a working solar cell, with output that is sufficient to
investigate the operating mechanisms, as well as clearly providing
additional power output compared to a NG operating on its own.

To investigate the power output of the device under different oper-
ating conditions, the nanogenerator performance of HEH device was
first assessed by connecting it in parallel to the resistors and simulta-
neously recording the voltage output. The output power, P, was calcu-

lated as [29]:
2
p_
Req

R. — Rexternal'Roscilloscope
eq —
Rextemal + Roscilloscope

where Rexternal iS the external load resistance, which varied from 100 Q
to 10 MQ; Rogcilloscope iS the input resistance of oscilloscope, which is 10
MQ; Req is the equivalent resistance which is calculated based on the
parallel connection of Rogcifloscope ad Rexternat; V is the measured Vpeay at
the set resistance. For the measurement conducted under light, Vpeax is
calculated by subtracting the stable PV output from the voltage peak as
discussed before (and shown in Fig. 1b) in order to isolate only the peak
associated with the NG output. Then, the maximum output power (Pp,ax)
can be obtained by varying the external resistance. As shown in Fig. 1c,
under dark condition, HEH obtained a piezoelectric output of 0.60 uyW/
cm? when connected with an equivalent resistance of 4.1 MQ. However,
under the 1 sun illumination shown in Fig. 1d, two maxima are observed
in the P-R curve, located at 1 kQ and 3.3 MQ, achieving 5.52 and
0.38 uW/cm?, respectively. Py obtained at 3.3 MQ was assumed to
arise from the piezoelectric output of ZnO nanorod due to the similar
external resistance to that of P,y in the dark. Therefore, compared with
the output under dark condition, under 1 sun illumination the piezo-
electric contribution to the HEH device achieved a lower Py, (0.38
compared to 0.60 pW/cmZ) at the lower external resistance (3.3
compared to 4.1 MQ).

The lower piezoelectric output under light was attributed to photo-
excitation of the ZnO and perovskite layer under light, which increases
the carrier density and therefore conductivity, thus increasing the
screening effect. The screening effect refers to the reduction of output
due to the transfer of free charge carriers that neutralize the generated
piezoelectric potential internal electric field [30,31]. As the ZnO nano-
rods deform, a polarization-related electric field arises between the two
ends of the ZnO nanorods, which induces the movement of free charges
within the ZnO nanorod (internal screening effect) as well as in adjacent
materials (external screening effect). Such screening charges moves
simultaneously with the build-up of polarization during the deformation
of ZnO nanorods, which then neutralise the polarization-related electric
field. It was reported that the carrier density of ZnO can be increased by
2-3 orders of magnitude under light illumination [32]. This was
attributed to the semiconducting nature of ZnO, whose wide bandgap of
3.29 eV, (Figure S9a) enabled UV light absorption [33], electron-hole
pair generation, and a substantial increase in conductivity. The perov-
skite MAPbI3 with a bandgap of 1.59 eV (Figure S9b) enables broad
absorption in the visible range [34-36], leading to a reported 5-6 orders
of magnitude increase in carrier density under illumination [37].
Therefore, the increase of conductivity of ZnO and perovskite enhanced
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the internal and external screening, respectively, resulting in the
reduction of piezoelectric output. To test this hypothesis, a PENG with
structure of PET/ITO/ZnO nanorod/PEDOT:PSS/Au was fabricated to
compare with the HEH and the impedance analysis was conducted on
the HEH and ZnO PENG to study the internal resistance of the devices
without and with illumination. In Figure S7, the output of PENG was
slightly reduced from 0.248 pW/cm? (in the dark) to 0.225 pW/cm?
(under illumination), due to the improved conductivity of ZnO under
illumination as proved by the reduced internal resistance of PENG under
illumination (Figure S8b). The improved conductivity of ZnO nanorods
induced an internal screening effect and resulted in the voltage loss
during oscillation. The internal resistance of HEH dramatically
decreased from 30.38 to 2.94 kQ when exposed to room light condition,
and further decreased to 159 Q under 1 sun illumination (Figure S8c).
The greater reduction in internal resistance of HEH compared to ZnO
PENG further confirmed the significantly higher carrier density increase
in perovskite, which was primarily attributed to its lower bandgap. The
increased photoconductivity increased the external screening effect,
resulting in reduced piezoelectric voltage and power output. Therefore,
the reduction in the piezoelectric voltage and power output of HEH
under illumination was attributed to the photoexcitation of ZnO and
perovskite layer, which largely increased the conductivity and enhanced
the internal and external screening effects.

To further study the mechanism of operation of the HEH and uncover
the underlying origin of the peak in P,y achieved at 1 kQ in Fig. 1d, the
behaviour of HEH devices under light, bending and fast flicking/oscil-
lating conditions was analysed step-by-step with reference to the asso-
ciated changes in the energy band diagrams. The HEH device went
through five processes during this test: (i) steady state (SS); (ii) slow
bending (SB); (iii) holding (HD); (iv) fast release (FR) and (v) back to
steady state under room light illumination. To describe the direction of
bending, the PET side was considered as the front side of device, as the
PET side needs to face up to harvest light. Fig. 2 displays the voltage and
current signal and the corresponding energy band diagrams during the
downward bending and release test. A heterojunction is formed between
ZnO and perovskite, and under illumination, electrons are excited from
the valence band to the conduction band of perovskite. The photo-
generated electron-hole pairs are separated by the internal electric
field at the depletion region, with electrons transferring to ZnO (blue
curve arrow at the ZnO/perovskite interface in Fig. 2¢) and holes to the
hole transport layer. Therefore, during the steady state process (i) in
Fig. 2¢, the HEH produced a stable PV output (Vpy). When the HEH
device was slowly bent (ii), the voltage and current output of HEH under
light slowly increased to an elevated level (Vgpy, elevated PV output)
when held at downward bending (iii). This enhancement can be
attributed to the piezo-phototronic effect of the ZnO nanorods/perov-
skite structure. Under the downward bending condition, the ZnO
nanorods experience tensile strain and the electrons accumulate at the
bottom of nanorods, which induced a positive piezoelectric potential at
the interface between ZnO nanorods and perovskite layer. The positive
potential lowers the energy level of ZnO and reduces the barrier height
for electron transfer from the perovskite to ZnO as shown in blue curve
arrow in Fig. 2d, which can expedite the separation of the electron-hole
pairs and suppress recombination, resulting in the enhanced PV output.
To support the hypothesis of the contribution from the piezo-
phototronic effect, the J-V curve for HEH under varied fixed tensile
strain is displayed in Figure S10. Similarly, the ZnO nanorods experience
compressive strain when upward bent, the negative piezoelectric po-
tential raised the energy level of ZnO as shown Figure S11d, which
increased the barrier height and resulted in a reduced PV output. During
the slow bending process (ii), the NG signal was not observed because
slow bending allows plenty of time for internal screening and therefore
the potential difference is effectively neutralized by mobile charges. In
contrast, during the fast bending and release process, a pulsed NG signal
can be observed, as displayed Fig. 1b. The rapid deformation does not
provide sufficient time for the electrons to fully redistribute and
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neutralize the piezoelectric potential. During the fast release process
(iv), the HEH device vibrated several rounds and returned to the un-
strained state. The piezoelectric potential disappeared due to fast
disappearance of deformation, and the electrons that had not yet been
transferred formed an electric potential as shown in Fig. 2f, which
produced a piezoelectric signal shown in fast release process (iv) of
Fig. 2a. When the electrons were fully transferred back to the bottom of
ZnO nanorod, the potential vanished and HEH system returns to the
stable state (v). However, such signal was not observed in the current.
(Fig. 2b) This could be because the current output of the PENG is
approximately two orders of magnitude lower than that of the solar cell.
(Figure S12b and d) Based on these systematic tests, we can explain that
the voltage signal from the HEH under light and oscillation conditions
shown in Fig. 1b consisted of a combination of the PV output variation
due to the piezo-phototronic effect during bending, and the piezoelectric
output arising from the ZnO nanorods. This also explains the peak Ppax
observed at 1 kQ for the HEH under illumination, which could be
attributed mainly to the piezo-phototronic enhancement of the PV
response under oscillation, as considered in the following discussion. For
the HEH oscillated in the dark condition (Fig. 1c), as the connected
resistance decreased, Vpeax rapidly decreased to 0.024 V at 0.5 MQ. For
the HEH oscillated under 1 sun illumination (Fig. 1c), Vpeak similarly
decreased as resistance fell from 5 MQ to 1 MQ, but remained at around

0.1V from 1 MQ to 1 kQ (Figure S13). The voltage baseline corre-
sponded to the output voltage of the PV component. When the external
resistance exceeded 1 kQ, it closely approached the open-circuit voltage
of the PV. As the external resistance was reduced to 200 Q, the PV
voltage output decreased, as shown in the J-V curve. Thus, we propose
that the Vpeax observed in the 1 MQ to 1 kQ range, staying around 0.1 V,
results from PV output variation during oscillation due to the piezo-
phototronic effect. As the external resistance is decreased further
below 1 kQ, the PV voltage variation decreased with the decrease of PV
output voltage, and therefore the second Pp,,x of 5.52 pW/cm2 was ob-
tained at 1 kQ. In summary, at resistances above 1 MQ, the piezoelectric
output dominates Vpek, whereas below 1 MQ, the PV output variation
under oscillation due to the piezo-phototronic effect becomes more
significant.

Having identified that there are PV, NG and piezo-phototronic effects
contributing to the output from the HEH, it is then interesting to
investigate the effect of morphology of ZnO nanorod on the performance
of HEH. Thus, ZnO nanorods with higher aspect ratio were employed in
the HEH to compare to those of lower aspect ratio used in the studies
above. To obtain the longer and thinner ZnO nanorod, a lower con-
centration growth solution (0.025 M) was used at a higher temperature
for longer growth time [38,39]. As shown in Fig. 3b and f, ZnO nanorod
fabricated with 0.025 M method (named as 0.025 ZnO nanorods)
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Fig. 3. (a-d) Top view SEM micrographs of (a) ZnO nanorods film grown with 0.06 M method; (b) ZnO nanorods film grown with 0.025 M method; (c) perovskite/
ZnO nanorods film grown with 0.06 M method; (d) perovskite/ZnO nanorods film grown with 0.025 M method. (e-h) Cross-section SEM micrographs of (e) ZnO
nanorods film grown with 0.06 M method; (f) ZnO nanorods film grown with 0.025 M method; (g) perovskite/ZnO nanorods film grown with 0.06 M method; (h)

perovskite/ZnO nanorods film grown with 0.025 M method.

achieve a higher aspect ratio of 8.36 compared with 2.73 of 0.06 M
method (named as 0.06 ZnO nanorod, used in the studies above). The
diameter distribution of ZnO nanorod is displayed in Figure S14. When
using the 0.025 nanorods, some pinholes can be observed between the
grain boundaries of the perovskite crystal (Fig. 3d), because the ZnO
nanorods film was highly rough, offering a less ideal surface for
perovskite film growth. The 0.06 perovskite film showed much fewer
pin holes (Fig. 3c), mainly due to the denser 0.06 ZnO nanorod film
shown in Fig. 3a. From the cross-section SEMs in Fig. 3h, it can be seen
that the perovskite layer was fully immersed into the 0.025 ZnO nano-
rods. However, in the case of 0.06 nanorods, the perovskite layer was
just deposited on the top of nanorods (Fig. 3g), because of the denser
0.06 ZnO nanorods. The parameters of ZnO nanorods and perovskite are
summarized in Table S3. The GIXRD pattern (Figure S15) confirmed the
successful growth of ZnO nanorod and deposition of perovskite layer.
Specifically, for 0.06 ZnO nanorod, (002) is stronger than (100) and
(101), whereas for 0.025 ZnO nanorod, (002) is weaker than (100) and
(101) due to a relatively lower degree of alignment along the c-axis of
the 0.025 ZnO nanorod. A small Pbl; peak which indicate the degra-
dation of perovskite can be observed in both films.

The 0.025 HEH achieved a PCE of 7.37 %, which represents the
highest efficiency reported to date for PENG/SC HEH. (Table S4 and
Table S5) Compared with 0.06 HEH, the higher PCE of 0.025 HEH was
mainly due to higher Jg¢ (Fig. 4a, and Figure S16). From the UV-Vis
spectra (Figure S17), there was no significant difference in the trans-
mittance and reflectance of PET/ZnO nanorod made from different
method, indicating that the both ZnO did not affect the transmission of
light. Additionally, the light absorbance of perovskite/0.025 nanorods is
comparable to that of the 0.06 nanorods, suggesting similar light ab-
sorption capabilities. Therefore, the enhancement in Jgc primarily
resulted from the improved connection between the perovskite film and
0.025 ZnO nanorods, due to the complete immersion of perovskite
within the ZnO nanorods shown in Fig. 3h. Impedance analysis was
performed on HEH devices fabricated using both 0.025 and 0.06 ZnO
nanorods to investigate charge transport across the ZnO/perovskite
interface. As shown in Fig. 4b, the HEH device made from 0.025 nanorod
obtained a lower internal resistance of 15.47 kQ compared with the 0.06
nanorod device which has an internal resistance of 30.37 kQ. This
indicated the better charge transport for 0.025 ZnO nanorod/perovskite

interface due to the full immersion of perovskite. Steady-state photo-
luminescence (PL) emission and time-resolved photoluminescence
(TRPL) analysis were conducted to further investigate the charge carrier
dynamics of MAPbI3 deposited on 0.025 and 0.06 ZnO nanorods. In
Fig. 4c, the lower steady-state PL intensity observed with the 0.025 ZnO
nanorod/perovskite film indicated a more significant PL quenching ef-
fect compared to the 0.06 ZnO nanorod, suggesting enhanced charge
collection at the interface. The TRPL spectra shown in Fig. 4d illustrated
that the decay dynamics of perovskite film on ZnO nanorod are bi-
exponential, including a fast-decay phase (t;) attributed to the mono-
molecular charge trapping, and a slow-decay phase (t5) attributed to the
bimolecular radiative recombination. (Table S6) The fast decay time (t1)
for perovskite film on 0.025 (11.41 ns) and 0.06 (12.17 ns) nanorods
was very similar, which indicated the similar perovskite film quality
made on these two methods. However, the slow decay time () for the
0.025 nanorod (106.71 ns) was significantly faster than that of the 0.06
nanorod (166.87 ns), indicating the faster electron transfer. The accel-
erated electron injection rate from the perovskite to the ZnO nanorod
ETL promoted charge separation and effectively mitigated charge
recombination at the perovskite/ETL interface. This phenomenon led to
higher Jsc, which is consistent with the J-V measurements.

The piezoelectric performance is summarized in Table 2, Figure S18
and Figure S19. The HEH made from 0.06 ZnO nanorod achieved higher
voltage output and power density. This could be attributed to the higher
ZnO nanorod layer density of the 0.06 nanorods compared with the
0.025 nanorods, and the improved vertical alignment of the 0.06
nanorods. The structural configuration at the ZnO-perovskite interface is
also a potential factor influencing variations in piezoelectric perfor-
mance. In Fig. 4e, where the perovskite layer is less immersed into 0.06
ZnO nanorod, the vertical orientation of the piezoelectric potential fa-
cilitates efficient charge separation, minimizing screening effects and
enhancing NG performance. In contrast, Fig. 4f shows a more immersed
perovskite layer, where the curved arrow suggests a stronger internal
screening effect, leading to increased charge recombination and a lower
NG output.

4. Conclusion

A ZnO nanorod/perovskite solar cell hybrid energy harvester device
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Fig. 4. (a) J-V curve of champion device of hybrid energy harvester fabricated with 0.025 and 0.06 ZnO nanorod; (b) Nyquist plots for hybrid energy harvester made
by 0.025 and 0.06 method. (c) Steady state photoluminescence emission and (d) time-resolved photoluminescence spectra of perovskite film deposited on ZnO
nanorods made by 0.025 and 0.06 method. (e) and (f) Schematics to show the potential charge transfer in hybrid energy harvester under bending.

Table 2
The champion device of HEH fabricated with 0.025 and 0.06 nanorod tested
under 1 sun illumination and dark condition.

Method Condition =~ Max Power Resistance at Piezoelectric
density (WW/ Pmax (Q) voltage output (V)
2:
cm®)
0.025 Light 0.20 41M 0.76
Dark 0.34 41M 1.20
0.06 Light 0.38 3.3 M 0.94
Dark 0.60 4.1M 1.36

was successfully fabricated that can simultaneously and separately
harvest both mechanical and solar energy. The device achieved piezo-
electric output of 1.36 V under dark and 0.94 V under 1 sun illumina-
tion. The reduced piezoelectric output under the light was attributed to
the improved (photo)conductivity of ZnO and perovskite increasing the

screening of the polarisation. The operational mechanisms of the HEH
were explored, emphasizing the synergistic effects between the perov-
skite and piezoelectric ZnO nanorods. The PV output can be altered by
mechanically bending the devices, because of the strain-induced shifting
of the band energy levels in ZnO. The output of the HEH under light and
oscillation conditions therefore consisted of a combination of the PV
output variation due to the piezo-phototronic effect and piezoelectric
output arising from the ZnO nanorods. Furthermore, ZnO nanorods with
different aspect ratio were compared in HEH devices. The HEH device
with lower aspect ratio, denser nanorods obtained higher piezoelectric
output due to the larger deformation space and better nanorod align-
ment. The HEH device with thinner, longer nanorods obtained higher
PCE (7.37 %) as a solar cell because of better interfacial connection
between nanorod and perovskite layer. Further work can be focused on
the enhancement of both piezoelectric and PV performance of HEH
devices. Potential methods involve: optimizing aspect ratio and align-
ment of ZnO nanorod to achieve higher piezoelectric potential; ZnO
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surface passivation and doping to supress the interface recombination
and optimize the energy level alignment; improving perovskite and
interfacial toughness to enhance stability under vibrations; and opti-
mizing encapsulation strategies with moisture-resistant and stretchable
materials to ensure long-term stability. Through these further studies it
is also hoped that the mechanisms underlying the device behavior can be
understood in more detail.
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