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Polarization induced by electric field poling or strain can be used for achieving high-performance 
piezophototronic solar cell by tuning spatial surface potential distribution. Recent experiments presented 
that performance of perovskite solar cells (PSCs) can be enhanced with poling process due to surface 
state modification. Here, we characterize the effect of polarization on surface potential distribution of 
perovskite film, highlighting that piezophototronic effect provides a promising approach for enhancing 
the performance of PSCs. This method not only paves a new way to develop highly efficient perovskite 
photovoltaic devices but also designs highly stable PSCs.

Introduction

Many strategies are used to improve the performance of their 
PSC devices, including compositional engineering, solvent engi-
neering, structural engineering, and interface engineering [1–5]. 
These strategies aim at optimizing their carrier generation and 
transportation processes, or constructing an efficient transport 
path of carriers, to suppress the recombination in the solar cell. 
Sargent and colleagues [6] found that a more uniform surface 
potential distribution of perovskite film, by modifying surface 
states, can maximize voltage in all-perovskite tandems, reduce 
effectively open-circuit voltage (VOC) deficit, and achieve over 
power conversion efficiency (PCE) of 27% and VOC of 2.19 V. 
The VOC deficit of perovskite stems from VOC-limiting recom-
bination between the carrier transport layer and the perovskite 
layer [7,8]. This recombination is related to trap density of the 
perovskite surface [9]. Treating the perovskite surface energetics 
with dipoles of doped short-chain diammonium ligands con-
tributes to the reduced interfacial recombination and surface 
homogeneity and promotes to improve PCE of the solar cell [6].

Polarization induced by electric field poling can achieve a uni-
form spatial surface potential distribution of perovskite film. Yang 
and colleagues [10] reported that an effective strategy for reducing 
trap states and regulating the surface potential by poling process 
after doping polarized ferroelectric polymers P(VDF-TrFE) leads 
to a significant decrease in voltage loss of 0.14 V. Previous work 
fabricated a piezophototronic perovskite solar cell (PSC) and 
found that the uniform surface potential distribution promoted 
by high polarization of ferroelectric polymers enables PCE of 
PSCs from 20.3% to 22.1% [11]. Polarization induced by strain 
also regulates the interface barrier by affecting perovskite surface 
states [12]. Li and colleagues [13] fabricated a PSC by doping 
ferroelectric material (PVDF:DH) with high polarizability, and 

the polarization of PVDF:DH suppresses the nonradiative recom-
bination and increases the PCE to 24.2%. Zou and colleagues [14] 
doped a homochiral molecular ferroelectric in fabricated per-
ovskite film to tune surface potential for facilitating effective 
charge transportation.

The piezophototronic effect is that polarization significantly 
tunes the generation, separation and transportation, and recom-
bination processes of carriers at the semiconductor interface or 
contact [15,16], which shows strong vitality in the solar cell [17,18], 
photodetector [19,20], photocatalysts [21,22], and light-emitting 
diode (LED) [23,24]. The piezophototronic effect on perovskite 
materials can effectively modulate the separation, transportation, 
and recombination process of carriers in solar cell devices. Thus, 
the efficiency of piezophototronic PSCs can reach up to 22.1% 
from 20.3% by polarization [11]. The polarization induced by 
electric field poling process is used to promote the performance 
of PSCs. The positive or negative electric field poling process can 
lead to giant switchable photovoltaic effect, causing significant 
changes in the efficiency of PSCs [25]. In the case of external 
electric field poling or strain, a strong polarization field induced 
inside the cells changes the electric field behavior inside the light 
absorption layer or interface and drives the movement of carriers. 
Sun et al. [26] fabricated p-i-n structured hybrid PSCs using strain- 
enhancing device performance. Based on the piezophototronic 
effect, the piezoelectric potential induced by 1.88% strain effectively 
facilitated the carrier transport process, increasing the efficiency to 
12.8%, an enhancement of about 40%. Additionally, Sun et al. [27] 
found that perovskite and polarization polymer thin films have 
sensitive ultraviolet responsiveness, which can be utilized for ultra-
violet light detection and visualization. These films were used to fab-
ricate multicolored fluorescent anti-counterfeiting tags, not only 
increasing the security dimensions of anti-counterfeiting but also 
having better stability compared to perovskite thin films [28].
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In this work, the surface contact potential distribution of 
organic–inorganic halide perovskite composite films by doping 
P(VDF-TrFE) was investigated. We performed kelvin probe 
force microscopy (KPFM) measurement to study the surface 
potential map on perovskite composite films and to analyze 
the effect of spontaneous polarization on surface potential of 
composite films and found that adding an appropriate concen-
tration of ferroelectric polymer helps to promote the uniform 
spatial distribution of surface potential. Piezophototronic PSCs 
decrease the volume of polarization. The spontaneous polari-
zation generally occurs during the preparation of the device 
and is difficult to be well controlled. Moreover, the influence 
of spontaneous polarization on perovskite surface potential 
lacks enough understanding. Further analysis of the effect of 
polarization on the perovskite surface can provide guidance 
to further enhance the performance of PSCs. Our research 
presents the effect of spontaneous polarization on the surface 
potential, indicating that the polarization process is a key step 
for improving PCE in PSCs. Strain or electric field poling can 
help to form a highly ordered polarization by promoting uni-
form surface potential distribution and decreasing barrier height, 
efficiently enhancing the carrier transport process in PSCs.

Materials and Methods

Materials
Formamidinium iodide (FAI), methylammonium chloride 
(MACl), methylammonium bromide (MABr), and lead iodide 
(PbI2) were purchased from Xi’an P-OLED Corp. (China). 
Dimethyl sulfoxide (DMSO) and N,N-dimethylformamide 
(DMF) were obtained from Sigma-Aldrich.

Film fabrication
The glass was cleaned ultrasonically by ultrapure water, acetone, 
and isopropanol after using detergent. The time for each clean-
ing is 20 min. Then, the substrate was treated with oxygen 
plasma to increase substrate wettability. Perovskite composite 
film was fabricated by two-step methods in the glove box filled 
with nitrogen gas. Perovskite precursor solution was prepared 
by dissolving PbI2 and P(VDF-TrFE) powders in mixed solvent 
of DMF and DMSO, and the precursor solution temperature 
was kept at 60 °C for 8 h. After filtering, the glass substrate was 
spin-coated with perovskite precursor, followed by drying at 
70 °C. Then, the mixed ammonium salt solution was used to 
form perovskite film by spin coating and annealing process, 
prepared by dissolving FAI, MACl, and MABr in isopropanol.

Thin-film characterization
A Rigaku-2500 x-ray diffractometer with x-ray tube (Cu Kα, λ = 
1.5406 Å) was used for XRD patterns of perovskite composite 
film. Scanning electron microscopy (SEM) was performed on 
S-4800, Japan. The surface potential map is collected by KPFM 
(Dimension ICON, Bruker).

Results and Discussion
To achieve a more uniform spatial distribution of surface poten-
tial, Sargent and colleagues [6] introduced short-chain diammo-
nium ligands to fabricate the perovskite films and modify 
perovskite surface states. Because surface dipoles induced by 
diammonium molecules can change energetics on the surface of 
perovskite films, they contributed to better energetic alignment 

at the interface of the perovskite layer and the carrier transport 
layer. Ferroelectric materials, with their asymmetric dipolar mol-
ecules and low processing temperature, are also ideal candidates 
for modifying the surface potential of perovskite [29]. P(VDF-
TrFE) owns excellent ferroelectric properties, and orientation 
of the internal dipoles affects the local electric field. We fabricated 
the perovskite composite films by a two-step deposition strat-
egy to observe the effect of polarization in P(VDF-TrFE) on 
perovskite films. The effect of P(VDF-TrFE) spontaneous polar-
ization on morphology of composite films is observed by SEM. 
Figure 1A and B shows the surface morphology of untreated 
perovskite film and perovskite composite films at a scale of 1 μm. 
Although the two films both show relatively uniform and smooth 
morphology, compared with the untreated perovskite film, the 
perovskite composite film shows the large grain without damage. 
Figure S1 shows the SEM data of composite film doped with 0, 
1, 2, and 4 mg of P(VDF-TrFE).

X-ray diffraction (XRD) profiles were used to offer an insight 
about crystal structure formation, degradation, and phase trans-
formation. Figure 1C shows XRD data of perovskite composite 
materials. The diffraction peaks of perovskites occur at 14.1°, 
24.5°, and 28.4°. The remaining PbI2 produced by the two-step 
method has a peak at 12.8°. The β phase of P(VDF-TrFE) has a 
peak near 20°, which is shown in partial view of the XRD pattern. 
Compared to untreated perovskite films, the XRD data of per-
ovskite composite film doped with 2 mg of P(VDF-TrFE) contain 
less PbI2 and more perovskite. Based on XRD result of perovskite 
composite film, the doped P(VDF-TrFE) dipoles promote the 
crystallization of perovskite. Figure S2 shows the XRD data of 
composite film doped with 0, 1, 2, and 4 mg of P(VDF-TrFE). 
The composition of perovskite is (FAPbI3)1−y(MAPbBr3−xClx)y, 
with the general formula of ABX3, is shown in Fig. 1D, and the 
structure of β phase of P(VDF-TrFE) is shown in Fig. 1E. Figure 
1F to H shows a schematic diagram of the piezophototronic effect 
on perovskite device performance [26]. The barrier height with-
out polarization is shown in Fig. 1F. Strain or electric field pol-
ing-induced polarization can reduce negative carrier (electron) 
barrier height and increase positive carrier (hole) barrier height, 
as shown in Fig. 1G. PCE decreases under applied strain or elec-
tric field poling in this case. Alternatively, Fig. 1H shows that 
strain or electric field poling-induced polarization can reduce 
positive carrier (hole) barrier height and increase negative carrier 
(electron) barrier height; thus, PCE increases under applied 
strain or electric field poling.

In our previous works, we fabricated piezophototronic PSCs 
based on electric field poling process [11]. We experimentally 
characterized the key parameters for quantifying the performance 
enhancement of solar cells induced by polarization, including JSC 
(short-circuit current density), VOC, FF (fill factor), and PCE. The 
polarization induced by electric field poling can increase JSC from 
23.6 to 24.2 mA/cm2, increase VOC from 1.17 to 1.18 V, increase 
FF from 72.1 to 78.0, and improve PCE from 20.3% to 22.1%.

KPFM is used to characterize contact potential map and sur-
face photovoltage of grain. KPFM characterizes the potential 
distribution from grain interior to grain boundaries (GBs) on 
the top surface of the films in the condition of dark or light [30]. 
Figure 2 shows the distribution of surface potential and topog-
raphy map at grain and GB with a scale of 1 μm. Figure 2A shows 
the topography map probed by KPFM, and Fig. 2C shows the 
corresponding potential distribution map. Figure 2B presents 
the height and potential distribution along the white dotted line 
in Fig. 2A. Figure 2D shows the corresponding fitting curve. The 
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switchable ferroelectric domains of organic–inorganic hybrid 
perovskite observed by piezo-response force microscopy (PFM) 
are equal to the grain in size [31]. As we have seen in Fig. 2, 

surface potential in grain is higher compared with that at the 
GBs. The separation process of carriers occurs in the grain, and 
then electrons and holes are transferred to the GB. A stable elec-
tric field induced by the spontaneous polarization behavior of 
perovskite in the grain locally promotes the separation and 
transportation process carriers.

To semiquantitatively describe the effect of polarization 
on surface characteristics of films, we used KPFM measure-
ment to scan the surface potential distribution image of pe 
rovskite film. The experimental samples were fabricated by 
the same process and experimental conditions, and the only 
difference is the P(VDF-TrFE) content. We studied the polar-
ization characteristics of composite film by characterizing 
the interfacial potential distribution of perovskite thin films. 
Figure 3 shows surface potential images and statistical data. 
The perovskite films doped with 0 mg of ferroelectric pol-
ymer own the potential with a distribution range of about 
210 to 325 mV, as shown in Fig. 3A. The perovskite com-
posite film doped with 2 mg of polarization polymer has the 
highest efficiency in the previous experiment [11]. Figure 
3C presents the surface potential distribution image of com-
posite film doped with 2 mg of polymer with a range of 400 
to 500 mV. Figure 3B and D shows the statistical results of 
surface potential distribution, doped with 0 and 2 mg of 
ferroelectric polymer.

Fig.  1.  SEM and XRD characterization of perovskite composite films, and molecule structures of perovskite and ferroelectric polymer. SEM image of perovskite films (A) 
and perovskite composite film (B). (C) XRD pattern of perovskite films and perovskite composite film. (D) Molecule structure of the perovskite adopting the ABX3 form. (E) 
Molecule structures of P(VDF-TrFE). Schematic diagram of the piezophototronic effect modulating perovskite device performance without strain (F), with tensile strain (G), 
and with compressive strain (H).

Fig. 2. The distribution of surface potential and topography map at grain and grain 
boundary. (A) Topography map with perovskite and P(VDF-TrFE) composite film. (B) 
Corresponding distribution of surface potential. (C) Height and potential distribution 
along the white dotted line. (D) Corresponding fitting curves.
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Figure 4 provides diagram of energy band between the pe 
rovskite layer and indium tin oxide (ITO) [32]. The energy band 
state before polarization is shown in Fig. 4A. The energy band 
bending of the interface that stemmed from polarization is shown 
in Fig. 4B. Polarization induced by external field can reconfigure 
interfacial energy band structure to selectively conduct holes while 
blocking the electron transportation, promoting an enhanced hole 
collection. This controllable polarization tuning surface poten-
tial or interfacial energy band can effectively manage the trans-
portation process of carriers to promote PCE of cells.

The sample films produce spontaneous polarization behavior 
after fabrication. The samples for the experiment were divided 
into three groups, marked as group 1, group 2, and group 3. Each 
group contains four samples of perovskite composite film doped 
with 0, 1, 2, and 4 mg of polymer. Figure 5 shows surface poten-
tial distribution characteristics of films. Figure 5A to C shows 
the statistical data of surface potential with groups 1 to 3. The 
median surface potential of the composite film doped with 0, 1, 
2, and 4 mg of P(VDF-TrFE) of groups 1 to 3 is shown in Fig. 
5D. Due to the randomness of spontaneous polarization of com-
posite films, the increase of polymer content is not positively or 
negatively correlated with the increase of surface potential, show-
ing a random characteristic.

On the basis of the statistical data of surface potential from 
KPFM results in this work, the spontaneous polarization behavior 
of ferroelectric polymer can markedly affect surface potential of 
perovskite composite films. The random spontaneous polariza-
tion of perovskite composite films can lead to changes of potential 
distribution on the surface. In PSCs, uniform spatial potential 
distribution of the perovskite surface promotes less voltage loss, 
deeply affecting the carrier transport characteristics and the 
interface injection barrier. Therefore, controlling the polarization 
behavior of perovskite films can provide an effective way to reg-
ulate surface potential to enhance the carrier transport inside the 
solar cell. Based on piezophototronics, the highly ordered polar-
ization formed by an applied electric field or strain can provide 
a reliable means to enhance the performance of PSCs.

Highly ordered polarization induced by strain or electric 
field poling can induce electric field aligned with the built-in 

electric field, leading to a noticeable drop in interfacial poten-
tial between the perovskite layer and the electron transport 
layer and inducing a significant band bending at the interface 
[33]. The polarization induced by electric field poling or strain 
can decrease interface carrier (hole) barrier height, promoting 
hole transport. Strain or electric field poling provides a new and 
simple approach to decrease interfacial barriers and enhance 
device performance, based on piezophototronic effect.

Polarization induced by electric field poling or strain can be 
used to tune surface potential and barrier height. When apply-
ing external electric field poling or strain, polarization generated 
within the device tunes the surface potential. Highly ordered 
polarization improves a more uniform surface potential distri-
bution of cells by forming an additional electric field. The pos-
itive polarization can reduce hole barrier height at the interface 
and increase the PCE. The negative polarization can increase 
hole barrier height, reducing the PCE.

The device was fabricated by sequential deposition methods 
with a sandwich structure, consisting of Au, hole transport 
layer (HTL), perovskite layer, electron transport layer (ETL), 
and ITO. Electric field poling-induced polarization can provide 
external bias voltage between the two electrodes, and strain 
induces polarization by bending PSCs [10,11,26]. Strain or 
electric field poling-induced polarization can increase built-in 

Fig.  3.  The surface potential patterns with perovskite film (A) and P(VDF-TrFE) 
composite film (C). The statistical results of surface potential distribution with 0 
mg (B) and 2 mg (D).

Fig. 4. Diagram of energy band between the perovskite layer and ITO. (A) Energy band 
state before polarization. (B) Energy band state after polarization.

Fig 5. The surface potential statistical data of group 1 (A), group 2 (B), and group 
3 (C). (D) Median surface potential of the composite film of three groups in the 
concentration of 0, 1, 2, and 4 mg of P(VDF-TrFE).
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potential, modulate barrier height, and promote carrier trans-
port to improve PCE.

Modulating the surface potential of perovskite is an important 
step for enhancing device performance. Besides chemical meth-
ods, polarization can be used to control surface potential. The 
electric field poling or strain is performed on the entire device, 
and the electron and HTLs device is applied by the same polari-
zation [10,11,14,26]. The highly ordered polarization induced 
by electric field poling or strain can reduce variations of surface 
potential, decreasing carrier barrier height and suppressing VOC-
limiting recombination at the interface [6,7]. The electric field 
poling or strain tune perovskite surface states improve the uni-
formity of the surface potential to enhance device performance.

Polarization improves device stability by modifying the surface 
potential distribution of the perovskite layer to form a uniform 
potential distribution. Nonuniform surface potential distribution 
can make organic–inorganic perovskite decompose in the presence 
of small molecules like water and oxygen, resulting in degradation 
of devices [34,35]. Jiang et al. [36] improved the uniformity of sur-
face potential by controlling surface states, enabling stable device 
operation for over 2,400 h. Polarization induced by strain or elec-
tric field poling reducing potential gradients can prevent surface 
ion migration, maintain stable surface composition, and enhance 
device stability, based on piezotronic effect [6,35–37].

The piezophototronic effect utilizes the polarization induced 
by electric field poling or strain and modulates the interface 
barrier height and charge carrier transport properties. Sun et al. 
[26] modulated the carrier transport behaviors at the interface 
between the ZnO layer and the perovskite layer by strain to 
improve the efficiency by ~40%. Hu et al. [38] fabricated a PSC 
using a single ZnO nanowire and utilized polarization induced 
by strain at the two ends of the nanowire to regulate the photo-
electric processes inside the device, including charge generation, 
separation, transport, and recombination, increasing PCE of the 
device from 0.0216% to 0.298%. Piezophototronics can enhance 
device performance by applying electric field poling or strain on 
solar cells without complicated fabrication procedure. Although 
current experiments have considered polarization orientation 
to quantify the effect of polarization on device performance, 
there are some challenges addressed in the research of polariza-
tion enhancing cell performance. The next steps of investigation 
need to characterize the potential profile across the perovskite 
cross-section to study changes in the interface electric field and 
barriers of PSCs before and after polarization. Meanwhile, future 
experiments also need to consider the effect of different polari-
zation orientation angles on the surface potential of perovskite 
films, which impacts internal charge transport and device per-
formance. PSC was typically fabricated by using spin-coating 
processes, and the next steps should also consider the impact of 
polarization on the electrochemical reactions during the pe 
rovskite film deposition process to further study the enhance-
ment mechanism of polarization on PSCs.

Conclusion
In summary, the surface potential map of perovskite films was 
performed by KPFM device in this work. KPFM provides the 
potential distribution information by detecting the local contact 
potential of the perovskite surface. The statistical data of surface 
potential distribution indicate that controlling the uniformity of 
surface potential by optimizing polarization is a method for 
improving the PCE of PSC. The results show that polarization 

can change the surface potential distribution of the film, affecting 
the carrier transport process inside PSCs. Thus, the piezopho-
totronic effect can provide an effective means for the efficiency 
enhancement of PSCs, by forming a highly ordered polarization 
inside the solar cell induced by external electronic field.
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