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1. Introduction

Global warming/climate change and envi-
ronmental pollution caused by primary 
fossil fuel consumption have been dis-
cussed as a vital issue of our time world-
wide. Renewable energies as alternative 
energy sources to traditional fossil fuels 
have been exploited due to their eco-
friendliness and sustainability. Among the 
sustainable energy such as heat and wind, 
sunlight is the most feasible and available 
in the ambient environment. Over the past 
few decades, extensive research has been 
devoted to elevating the power conversion 
efficiency (PCE) of solar cells, resulting in 
the commercialization of Si solar cells,[1–5] 
cadmium telluride (CdTe),[6–9] and copper 
indium gallium selenide (CIGS).[10,11] 
However, the cost and the complex fabri-
cation processes of these technologies are 
still the biggest obstacles to the widespread 

Metal halide perovskite solar cells (PSCs) have been considered to be one of 
the most promising next-generation energy harvesters over the past dec-
ades due to remarkably rapid improvement of power conversion efficiency in 
photovoltaics. However, energy harvesters based on the solar energy source 
have an intrinsic environment limitation for indoor applications. A feasible 
solution to the limitation is to add non-solar energy harvesting functions to 
the solar energy harvesters. Here, the piezoelectric properties of two types 
of metal halide PSCs are investigated, the 3D only and the 3D/2D struc-
ture, showing PCEs of 21.3% and 23.2%, respectively. Piezo-response force 
microscopy and synchrotron-based X-ray diffraction demonstrate that both 
types of PSC sample have piezoelectricity. Remarkably, the 3D/2D structure 
has considerably higher piezoelectric amplitude than the 3D-only. The deep 
level transient spectroscopy results reveal that the enhancement in the piezo-
electricity of the 3D/2D structure originates from PbBr defects. This study 
unravels the role of defects in the piezoelectricity of metal halide PSCs and 
provides a direction to develop the multi-function energy harvesters based on 
the PSCs.
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commercialization of solar cells. The strong demands for solar 
cells with simple and low-cost fabrication processes have led 
to the invention of organic metal halide perovskite solar cells 
(PSCs), which are prepared by simple and inexpensive solution-
processed fabrication.[12–14] The metal halide PSCs pioneered by 
Kojima et al.[15] have achieved remarkable improvement in the 
PCE from 3.8%[15] to 25.7%[16] and have been anticipated to sur-
pass the conventional solar cells once some critical issues such 
as stability and scale-up are dealt with. Despite the splendid 
performance of PSCs, they have the environmental limit as 
indoor electronic devices because they require daylight, i.e., 
sunlight. Thus, the limit would be removed if the electricity 
is to be acquired from two energy sources. In the meantime, 
there have been efforts to integrate multi-source energy har-
vesters on a single device,[17–19] but most of them were only 
serial connections of energy harvesters. Therefore, it is crucial 
for the commercialization to develop energy harvesters that 
possess multiple energy harvesting functions in a straightfor-
ward structure.[20]

Piezoelectricity allows obtaining clean and sustainable 
energy through the conversion of mechanical energy into elec-
trical energy. Many energy harvesters based on piezoelectricity 
have been developed over the last decade.[21–24]Recently, the 
piezoelectric PSCs have attracted research attention because 
the perovskite materials are reported to hold piezoelectric and 
ferroelectric properties,[25–33]making it highly feasible to realize 
the PSCs with dual-energy harvesting functions by obtaining 
electricity from the solar/mechanical energy simultaneously 
without changing the original PSC structure optimized for the 
high PCE. Here, we report that deep-level defects play a cru-
cial role in enhancing piezoelectric properties for the 3D/2D 
samples. The piezo-response force microscopy (PFM) and 
the synchrotron-based X-ray diffraction (XRD) measurements 
reveal that both types of samples have piezoelectric properties 

and the 3D/2D sample has considerably higher piezoelectric 
intensity than the 3D-only. Deep level transient spectroscopy 
(DLTS) results unveil that the anomalous piezoelectric effect in 
the 3D/2D sample is due to the PbBr defects.

2. Results and Discussion

Figure 1a shows a device structure investigated in this work, 
which consists of fluorine-doped SnO2 (FTO)/compact-TiO2 
(c-TiO2)/mesoporous-TiO2(mp-TiO2)/3D(/2D)/spiro-OMeTAD/
gold layers.[34,35]It appears that the 2D layer uniformly covers 
the 3D layer on the scanning electron microscopy (SEM) top-
view images without visible change of thickness according to 
the SEM cross-sectional images shown in Figure 1b. Although 
a thin 2D layer is formed on top of the 3D layer, the influence 
of the 2D interlayer on the device performance seems quite 
huge, as seen in the J–V curve measurement (Figure  1c). The 
devices without and with the 2D layer show the PCE of 21.3% 
and 23.2%, respectively, due to an increase of open-circuit 
voltage (Voc) and fill factor (FF). Small J–V curve hysteresis is 
still observed from both cells.

Considering that the 2D layer has a certain thickness, the 
3D/2D structure can cause a decrease in the relative dielectric 
constant of the entire perovskite film due to the serial connec-
tion, resulting in a change of dielectric properties related to an 
electrical polarization. To verify the dielectric change, the film 
surfaces were characterized by PF Min vertical mode. The sche-
matic of the setup is depicted in Figure 2a. Typically, two types 
of data, amplitude and phase, are acquired with PFM They indi-
cate the piezoelectric intensity and the polarization direction, 
respectively. Figure  2b,c illustrates the piezo-response curves 
of the 3D-only and the 3D/2D samples. The curves specify that 
both types of PSC samples have piezoelectricity. In comparing 

Figure 1.  Perovskite solar cells with and without the 2D interlayer. a) Device structure. b) SEM top-view (top) and cross-sectional (bottom) images.  
c) J–V curves change with and without the 2D layer.
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the piezoelectric intensities (amplitude values) in Figure  2b,c, 
the 3D/2D sample remarkably shows ≈1.5 times higher ampli-
tude than that of the 3D-only one, i.e., the piezoelectric inten-
sity of the 3D/2D sample increases more than the 3D-only 
device despite the serially connected capacitor structure. To cor-
roborate this finding, the 2D maps were made by measuring 
256 piezoelectric curves (16 pixels   ×  16 pixels) on an area of 
1 μm   × 1  μm. Figure  2d,e displays the amplitude and phase 
maps biased at voltages of +5 and −5  V. The amplitude maps 
at ±5  V for both the 3D-only and the 3D/2D samples show 
almost homogeneous contrast within the acquisition areas of 
1 μm × 1  μm, and the 3D/2D sample has a higher intensity 
than the 3D-only. The mean values of piezoelectric amplitude, 
averaged over the amplitude maps in Figure 2c, are plotted in 
Figure  2f. The amplitude mean values for the 3D/2D sample 
(1.207  mV at +5  V and 1.043  mV at −5  V) are approximately 

higher than those for the 3D-only sample (0.906  mV at +5  V, 
0.830 mV at −5 V). This coincides with the result discussed in 
Figure 2b,c, confirming that the 3D/2D structure has stronger 
piezoelectric properties than the 3D-only device. Grazing inci-
dence X-ray diffraction (GIXD) patterns of the perovskite sam-
ples in Figure  2g,h display Debye–Scherrer diffraction rings, 
indicating that both samples have polycrystalline phases with 
randomly oriented grains. The GIXD patterns of the samples 
were also acquired by applying bias voltages between the top 
electrode and the bottom electrode of the samples. The lattice 
parameters of the samples along the (001) direction are illus-
trated in Figure 2i. The lattice parameters vary with the applied 
bias voltage. This phenomenon, the dependence of the lattice 
parameter on the external electrical field, is called an inverse 
piezoelectric effect. The inverse piezoelectric effect appears in 
both samples, but the percentage of the change in the lattice 

Figure 2.  Piezoelectric property of the perovskite device. a) Schematic of vertical PFM mode: in-phase and out-of-phase. b) Piezoresponses curves 
of the 3D-only. c) Piezoresponses curves of the 3D/2D sample. d) Amplitude and phase maps of the 3D-only. e) Amplitude and phase maps of the 
3D/2D sample. f) Mean values of piezoelectric amplitude averaged over the maps in Figure 2d,e. g) GIXD patterns of the perovskite layers the 3D-only.  
h) GIXD patterns of the perovskite layers 3D/2D. i) Lattice parameters along the (001) direction vs bias voltages.
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parameter is higher in the 3D/2D than the 3D-only; in other 
words, the intensity of the piezoelectricity in the 3D/2D is 
stronger than that in the 3D-only.

To elucidate the origin of the piezoelectric properties of the 
3D and 3D/2D PSCs, the transient photoluminescence (P.L.) 
spectroscopy measurements were carried out with the applied 
bias voltage. Figure 3a,b illustrates the emission characteristics 
of the 3D/2D. The excitation wavelength was 488 nm, and the 
emission lines were collected with the bias voltage. The lumi-
nescence at 796 nm of the 3D/2D shows a blue shift, and the 
intensity diminishes as the bias voltage increases (Table S1, Sup
porting Information), while the peak at 527 nm shrinks without 
a shift in the peak position (Table S2, Supporting Information). 
As for the 3D-only (Figure 3c), the peak at 790 nm shows a blue 
shift and the intensity decreases as the bias voltage increases 
(Table S3, Supporting Information). The electric field between 
the electrodes causes the structural change of the PSCs, leading 
to the change of band structure. As a result, the PL intensity 
decreases as the bias voltage increases. In the 3D layers in both 
samples, the PL intensity decreases dramatically with the bias 
voltage, while that on the 2D layer gradually becomes smaller 
with the bias voltage. This reveals that the bandgaps of the 3D 
layers in both samples are more influenced by the external field 
than that of the 2D layer. There is also a remarkable differ-
ence between the decay curves of the 3D/2D and the 3D-only 
in Figure  3d–f. The PL intensity at 797  nm of the 3D/2D in 
Figure 3d decays obviously slower as the bias voltage increases 
from 0V  to 1.5 V, while the decay becomes faster above 1.5 V. 
Generally, the charge recombination at defects leads to a 
short lifetime, i.e., the defect density of the 3D/2D initially 
decreases with the bias voltage while it increases again above 

1.5  V. The decay  curves of the 3D/2D at 527  nm in Figure  3e 
seem to be independent of the bias voltage, while the PL curves 
of the 3D-only at 797  nm in Figure  3f becomes faster as the 
bias voltage increases. The anomalous PL decay of the 3D/2D 
at 797 nm in Figure 3d is likely to be caused by the migration 
of iodine atoms from the 2D side to the 3D side because the 
3D/2D sample might have a relatively higher ratio of I/Br than 
the 3D-only. I-rich perovskites have a longer PL lifetime than Br-
rich perovskite.[36–39]The decay curves were also fitted using a bi-
exponential function, and the lifetimes (τfast, τslow) are displayed 
in Figure 3g,h. The lifetimes (τfast and τslow) of the 3D/2D show 
asymmetric behavior with the bias voltage, while they seem to 
be rather symmetric in the 3D-only. The lifetimes of the fast 
decay (τfast) in the 3D-only are shorter than those of the 3D/2D, 
indicating that there are more trap sites such as shallow level 
states which lead to the fast relaxation.

Deep-level defects have a strong influence on the perfor-
mances of devices, including solar cells.[36–40]DLTS measure-
ments were carried out to unveil the role of defects in piezo-
electricity. Figure 4 exhibits the DLTS results for the samples. 
In Figure 4a, two peaks are distinct at 370 K (E1) and 440 K (E3). 
As the bias voltage increases from the negative to the positive, 
the 400  K (E2) peak grows much bigger than the 370  K (E1) 
peak and becomes dominant. In our previous study, the E1, 
E2, and E3 were ascribed to IPb, IMa, and PbBr, respectively.[39–41] 
The DLTS spectra of the 3D/2D display three peaks at 370  K, 
400 K, and 440 K. As the bias voltage increases from the nega-
tive to the positive, the peaks of E2 and E3 grow bigger, and 
only the peak of E1 becomes negligible. The deep level defects 
in the 3D-only and the 3D/2D show different trends, i.e., the E2 
becomes dominant in the 3D-only, while the E3 is prevailing 

Figure 3.  Photoluminescence characteristics under bias. a,b) Emission characteristics of the 3D/2D perovskite layer under applied bias voltages.  
c) Emission characteristics of the 3D-only perovskite layer under applied bias voltages. d,e) Decay curves of the 3D and 2D region emissions of the 
3D/2D layer with the applied bias voltages. f) Decay curves of the 3D-only with the applied bias voltages. g,h) Decay curves of 3D/2D and 3D-only 
perovskite films fitted using a bi-exponential function and the lifetimes.
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in the 3D/2D. The peak intensities of the E2 and E3 in the 
3D/2D are much higher than those of the 3D-only, implying 
that the 3D/2D is rich in E2 and E3 defects. Although the two 
peaks increase as the bias voltage increases in the 3D-only, the 
peak from E3 in the 3D/2D rapidly grows further as the bias 
increases from −1 V to 0.4 V. Since the 2D layer is on the 3D 
layer in the sample, the E3 defects in the 2D layer are more sus-
ceptible to the increase of the bias voltage. Figure 4a,b reveals 
that E1 and E3 defects are abundant in the 3D layer, while 2D 
has many E3 defects. In connecting the DLTS results with the 
piezo-responses in Figure  2, the increase of the peak is asso-
ciated with the piezo-responses (See Table 1). Compared with 
the 3D-only, the 3D/2D has a higher density of the E3 defect. 
Because the E3 (PbBr) defects are so electrically positive, they 
are more likely to be strongly polarized. As the density of the 
E3 increases, the contribution to the polarization by the defects 
becomes dominant, leading to the enhancement of the piezo-
responses because charged defects often boost the dielectric 
polarization in various materials.[42–44]

3. Conclusion

Scheme 1 illustrates the electrical polarization in the samples. 
The 3D-only has no built-up charges without external stress (or 
pressure), although there is dielectric polarization caused by 

electronic, ionic, dipolar, and space-charge polarization, which 
are ignored in Scheme  1. Upon the stress, the spontaneously 
polarized charges appear at the surfaces, resultantly increasing 
the polarization. E2 and E3 defects inside the 3D-only increase 
the polarization. However, their contribution to the polarization 
depends on the alignments of the charges inside the defects. 
Without proper alignment, most of the locally induced polari-
zation by the defects would be canceled out or cause a slight 
change in piezoelectricity because the E2 and E3 defects have 
different signs. According to the previous study,[40] the 3D/2D 
sample has a 2D hole gas (2-DHG, positive 2D electron gas 
(2-DEG)) structure at the interface without external stress, in 
other words, quantum well structure for holes is formed in the 
3D/2D perovskite heterojunction, and holes are more likely to 
stay at the interface.

Consequently, more positive and negative charges stay near 
the 2D and the 3D interface. Upon stress, extra charges are 
built up, and the 2-DHG enhances the polarization. Addition-
ally, the intensity of the polarization increases in the 2D region 
due to the deep level defects, especially E3 defects, which are 
electrically positive and rich in the 2D region, while the nega-
tive polarization increases in the 3D region owing to the E2 
defects. Instead of developing long-range polarization between 
the E2 and E3 defects, they develop local polarization in each 
region, like dopants or vacancies in oxides.[45–48]As a result, 
the 2-DHG and the alignment of the deep-level defects in the 

Figure 4.  Deep level traps in the perovskite films. a) DLTS spectra of the 3D film with the applied bias voltages. b) DLTS spectra of the 3D/2D film 
with the applied bias voltages.

Table 1.  Defect parameters: activation energy, defect density, and cross section calculated from the DLTS spectra.

3D 3D/2D

Parameters E1 E2 E3 E1 E2 E3

Forward region Et [eV] 0.76 0.83 0.65 0.75 0.81

Nt [cm–3] 5.2 × 1015 6.2 × 1015 1.2 × 1015 3 × 1015 8.5 × 1015

Cross-section  
[σ, cm2]

1.1 × 10–15 0.5 × 10–15 2 × 10–15 1 × 10–15 6 × 10–16

Reverse region Et [eV] 0.66 0.76 0.83 0.65 0.75 0.83

Nt [cm–3] 3.1 × 1016 5.2 × 1016 1.2 × 1016 1.0 × 1016 8.5 × 1015 3.2 × 1015

Cross section  
[σ, cm2]

4.1 × 10–15 1.1 × 10–15 0.5 × 10–15 2 × 10–15 1 × 10–15 6 × 10–16

Carrier concentration 9.1 × 1017 1.3 × 1018

I/Pb (=E1 defect) I/C (=E2 defect) Pb/Br (=E3 defect)
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3D/2D cooperate to yield strong piezoelectricity. Resultantly, 
the 2-DHG structure and deep-level defects work out together 
to yield the piezoelectricity with the help of electron blocking 
stability. Nevertheless, they are not the main components in the 
piezoelectricity that fundamentally relies on the electrical polar-
ization of materials, although the 3D/2D structure is best for 
energy harvest and multi-functional energy collection.
Scheme 2 illustrates the solar cell PCE and π phase change 

voltage of different multi-functional devices. The 3D/2D dealt 
with in this work displays improved solar cell PCE and π phase 
change voltage compared to other multi-functional devices.[49–51] 
The 3D/2D shows excellent performance properties, unlike the 

other devices exhibiting only one auspicious characteristic: PCE 
or π phase change voltage.In this study, we investigated the 
piezoelectricity of two types of FAPbI3-MAPbBr3 PSC samples, 
the 3D-only and the 3D/2D structure, with the outstanding PCE 
performance of 21.3% and 23.2%, respectively. The results of 
the PFM and the synchrotron-based XRD measurements dem-
onstrate that the two types of samples hold piezoelectric proper-
ties, and the 3D/2D has much stronger piezoelectric properties 
than the 3D-only. Moreover, the DLTS measurements indicate 
that the PbBr defects play a crucial role in improving piezo-
electric properties for the PSCs of the 3D/2D heterostructure.

4. Experimental Section
Device Fabrication: A dense blocking layer of TiO2 (≈30  nm in 

thickness, bl-TiO2) was deposited onto an FTO substrate by spray 
pyrolysis using titanium diisopropoxidebis(acetylacetonate) in ethanol 
(1/10, v/v) at 450 °C. A 150-nm-thick layer of mesoporous TiO2 was spin-
coated at 1500  rpm onto the FTO/c-TiO2 substrate using a TiO2 paste 
diluted with 2-methoxyethanol, and then annealed at 500  °C for 1 h to 
remove the organic components.

A 1.26  m precursor of NH2CHNH2( = F.A.)PbI3(FAPbI3) with 
10  mol.% PbI2, 10  mol.% MABr, and 40  mol.% MACl in N,N-
dimethylformamide (DMF) and dimethylsulfoxide (DMSO) = (8:1 v/v) 
was prepared. And the precursor solution was coated onto the substrate 
at 1000 for 30  s and 5000  rpm at 10  s with dripping by diethyl 
ether. The coated films were annealed onto the hotplate at 150  °C 
for 10  min. To form a hole transporting layer, spiro-MeOTAD of 
86  mg  mL–1 in chlorobenzene solution with additives of 20  µL Li 
bis(trifluoromethanesulfonyl)imide (Li-TFSI)/acetonitrile (500 mg mL–1),  
FK 209 Co(III) TFSI/acetonitrile (230  mg mL–1) and 35  µL of 4-tert-
butylpyridine (TBP) was spin-coated on the perovskite coated film at 
3000 rpm for 30 s. Finally, the Au counter electrode has been deposited 
by thermal evaporation. A metal mask with an active area of 0.094 cm2 
was used to get reliable J–V curves.

Scheme 2.  Comparison of Solar cell PCE and π phase change voltage of 
multi-functional devices. Data for multi-functional devices are adopted 
from various references.

Scheme 1.  Schematic band diagram for the 3D-only and the 3D/2D and the induced charges under stress due to the 2-DHG and the deep level defects.
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