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Abstract 

PVDF-based perovskite solar cells have led to continuous improvements in efficiency of 

up to 24.23% [1]. This type of polarization enhanced solar cells offers a simpler strategy to 

achieve stable polarization to increase efficiency. We review the fundamental research progress 

in polarization-enhanced built-in field in PVDF-based perovskite solar cells. We discuss how 

polarization can be induced by piezo-phototronic effect, spontaneous and external electric field 

poling. Finally, we outline directions for high-efficiency perovskite solar cells based on PVDF. 

Keywords: piezo-phototronics; perovskite solar cell; polarization; surface potential. 
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1. Introduction 

Perovskite solar cells (PSCs) have shown promising in photovoltaic power generation due 

to their excellent optoelectronic and material properties such as high absorption coefficient [2-

4], low exciton binding energy [5-7], and long carrier diffusion lengths [8-10], which represent 

a highly efficient alternative to fossil fuels. The low-cost fabrication steps and impressive 

performance of PSC demonstrate the potential for rapid industrial realization [11-13]. The rapid 

efficiency breakthrough to over 25.7% in just over a decade rivals the progress of traditional 

silicon solar cells over several decades [14]. Based on the Shockley-Queisser or radiative limit, 

theoretical maximum efficiency of ~33% for single-junction perovskite solar cells [15]. There 

are still significant room for further increasing the power conversion efficiency (PCE) of cells 

by reducing energy loss during the photoelectric conversion [16-19]. 

Many methods have been developed to improve device performance by decreasing energy 

loss [20-26], which can be divided into two categories: One category is to increase efficiency 

by tuning the physical functionalities of the device, which change the potential internal device 

for improving PCE through physical stimuli such as applied strain, and electric fields [20, 21, 

27, 28]. Wang's group constructed a piezo-phototronic solar cell with a metal-semiconductor 

junction structure based on Cu2S/CdS coaxial nanowires, which improved the device efficiency 

by utilizing piezo-potential induced by external strain [29]. Based on the piezo-phototronic 

effect, strain-induced polarization in flexible perovskite solar cells increase built-in field of 

perovskite solar cells, improving the PCE of flexible PSCs by 40% [20]. Yang et al. have 

reported an applied electric field induced a 

ferroelectric polymers, which can enhance the built-in field (BIF) in organic solar cells, 

achieves an improvement of 10% - 20% in the efficiency of organic solar cell devices compared 

to other methods [30]. Due to polarization of PVDF-based materials by electric poling, 

molecular dipole orientations can be turned by external electric fields. This ordered polarization 

-in field of 

the cell to form a stronger driving force, increasing photocurrent generation by reducing 

recombination and raising the device OCV  by maintaining high quasi-Fermi levels of electrons 

[30]. The polarization of PVDF-based materials can increase carrier drift length, prolong carrier 
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lifetime before recombination, and enhance carrier collection efficiency. The other category is 

to minimize energy loss by adjusting the chemical reactions during perovskite formation or 

device operation, including solvent engineering [31], compositional engineering [32], defect 

engineering [33]. PVDF-based materials can be used as dopants in photoactive perovskite 

layers to modulate perovskite crystallization kinetics [34]. By establishing stable hydrogen 

bonds with perovskites, PVDF-based materials strengthen the tension force of grains, 

promoting the formation of larger grains and a more compact morphology in the films. The 

polarization of PVDF-based materials can also guide the ordered growth of perovskites, 

reducing nucleation sites and defects in the perovskite films. PVDF-based materials facilitate 

high-quality perovskite film formation, effectively reducing recombination losses induced by 

defects and trap states in the films, enhancing the optoelectronic properties of the films, and 

thereby improving device efficiency. 

Energy loss is induced by internal nonradiative recombination at the absorption layer or 

interface [35]. The energy loss is expressed as loss g ocE E eV , where gE  is the optical 

bandgap of perovskite, OCV  is the open-circuit voltage [36-38]. There are most of energy loss 

related to defect trapping, charge accumulation, interface matching or crystallization of 

perovskite, limit efficiency of PSCs [39-42]. In this manuscript, we reviewed the impacts of 

strain, external electric fields or strain on the built-in fields of solar cells, then analyzed the 

mechanisms of polarization effects on built-in fields, and finally looked ahead to the influences 

of polarization on interfacial barriers in the cells. We then summarize the prospects and 

challenges for large-scale application of polarization-enhanced perovskite solar cells, and 

provide several possible approaches for developing strategies to polarization enhancement of 

perovskite solar cells. 

 

2. Strain-induced polarization enhanced perovskite solar cells by piezo-phototronic effect  

Piezotronic and piezo-phototronic effect use strain-induced polarization to improve the 

efficiency of solar cells, which provide a simple and effective approach for high-performance 

solar cells. The piezo-phototronic effect utilizes polarization to increase built-in electric field 

and control carrier transport, coupling of semiconductors, photo-excitation, and polarization 
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[43-45]. It has wide applications in areas including transistors, photodetectors, solar cells, and 

LEDs [46-52]. Piezotronic and piezo-phototronic effect can be effective strategy to minimize 

energy loss of perovskite solar cells.  

Zhu et al. designed a silicon-based solar cell with a heterojunction structure of ZnO and 

Si, which utilizes the piezoelectric polarization generated in ZnO nanowires under strain to 

enhance the transport of photogenerated carriers in the device, increasing the efficiency to 9.51% 

[53]. The piezo-phototronic effect utilizes the polarization induced by strain to modulate the 

band structure at the interface between ZnO and PbS-quantum dots, as well as control the 

depletion width in the quantum dot layer, enabling efficient carrier extraction [54]. Under -0.25% 

compressive strain, the efficiency was significantly enhanced by about 30%. The enhancement 

of built-in fields and modulation of carrier separation and transport by the piezo-phototronic 

effect are important for engineering the design of perovskite solar cell structures to further 

improve efficiency. Understanding the mechanism of how the polarization induced by the 

piezo-phototronic effect influences perovskite solar cell devices, and guiding the design for 

highly efficient and stable PSCs, are crucial for the further large-scale application of perovskite 

solar cells. 

Sun et al. presented a strategy to improve the efficiency of flexible perovskite solar cell 

devices through strain, by growing a layer of ZnO nanowire array as the electron transport layer 

of the solar cell, forming a heterojunction with the perovskite, as shown in Fig. 1 [20]. When 

strain is applied on the ZnO nanowires, the piezoelectric potential generated at the two ends of 

the ZnO nanowires can modulate the built-in field and energy band structure of the 

heterojunction interface in the device. When the solar cell is bent upward, strain-induced 

positive piezoelectric potential is generated at the heterojunction interface, increasing the built-

in field and decreasing interface barriers. When the device is bent downward, negative 

piezoelectric potential is generated at the heterojunction interface, decreasing the built-in field 

and increasing interface barriers.  

Hu et al. fabricated flexible ZnO/perovskite solar cells based on single ZnO microwires 

and investigated the influence of strain-induced polarity in ZnO on device performance, as 

shown in Fig. 2 [55]. The influence of strain-induced polarization on device performance was 

experimentally and systematically studied by applying continuously adjustable strain. The 
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results demonstrated that -0.8% compressive strain increased the OCV  of the device from 0.59 

V to 0.74 V, while 0.71% tensile strain decreased the OCV  of the device from 0.73 V to 0.7 V.  

 

3. Polarization improves built-in field by external electric field poling 

Energy loss in perovskite solar cells originates from recombination, including non-

radiative recombination at interfaces and within the perovskite layer [56-58]. Doping or 

incorporating ferroelectric polymers internally or as interfacial layers enhances the built-in field, 

reducing non-radiative recombination in devices [30, 34, 59]. Perovskite films doped with 

ferroelectric polymers exhibited ordered alignment of organic cations, reduced trap states 

during film formation, and facilitated high quality film growth. The polarization of ferroelectric 

polymers induced by the external electric field broadens the depletion region, playing a critical 

role in enhancing the built-in field. 

The built-in field, as a main driving force, make the carriers to drift to corresponding 

electrodes, avoiding recombination. A weak BIF cannot provide insufficient driving force, and 

makes holes and electrons be either captured by charged defect or accumulate at the interface 

[30, 60]. Although applying an external electric field to the perovskite layer can enhance BIF of 

device and reduce carrier recombination at charged defect [61, 62]. The polarization by only 

external electric field is easily screened by the ion migration or accumulation after storing for some 

time. ferroelectric polymers as a group of polar materials can offer stable and controllable additional 

electric field in PSCs, by maintain a permanent electric polarization [63-67]. 

P(VDF-TrFE), P(VDF-TrFE-CFE), P(VDF-TrFE-CTFE), as typical ferroelectric polymers, 

owning different remnant polarization and coercive electric fields is PVDF-based organic 

ferroelectric polymers, can be doped in perovskite layers to enhance BIF, due to its solution 

processability. Yang et al. developed a strategy to remain stable polarization via the combination of 

doping these three ferroelectric polymers and poling by external electric field [21], as shown in Fig. 

3. The external electronic field is applied on the ferroelectric polymer doped films at bottom FTO 

substrate and an additional top FTO conductive glass. The built-in potential ( biV ) in the PSCs, is 

measured by Mott Schottky analysis and visualized by Kelvin probe force microscopy (KPFM), to 

explain how the ferroelectric polymers have an influence on cell performance. Mott Schottky and 
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KPFM characteristic shows an additional potential of about 0.2 V after doping P(VDF-TrFE). 

Introducing ferroelectric polymer did provide an additional electric field to enhance the biV . Figure 

3(b) shows the PCE in the condition of ferroelectric polymer doping, only external electric field 

treatment and the ferroelectric polymer polarization. Because of synergistic effects, the ferroelectric 

polymer-based PSCs after electric field poling show a high PCE of 21.38% with a OCV  of 1.14 V. 

 

4. Spontaneous polarization improves built-in field  

Although selective doping can easily enhance the BIF in silicon-based solar cells to obtain high 

performance [68-70], it is difficult to achieve controllable doping to readily boost the BIF in 

perovskite solar cells [1]. The polarization of a high polarization organic polymer PVDF:DH can be 

driven by BIF of the device, forming a permanently sustained electric field inside the device to 

enhance the built-in field, effectively driving carrier transport and extraction, reducing internal 

recombination. Meanwhile, PVDF:DH enables the PbI2 precursor solution to form a mesoporous 

film, facilitating effective incorporation with the ammonium salt solution, improving film 

crystallinity, and reducing in-layer defects. 

When the external electric field is lower than the coercive electric field of the ferroelectric 

polymers, it is difficult to maintain the polarization orientation without the external electric field  

[71-73]. However excessively high electric field intensity will damage the device [74]. To form a 

stable polarization, it is important to tune the external electric field intensities below dielectric 

breakdown strengths of PSC devices and above the coercive electric field. There is a big difficulty 

to exactly calculate the applied external voltage of the per-unit-thickness and achieve such a small 

repeatable field.  

Chen et al. carried out a feasible strategy to keep permanently contribution of ferroelectric 

polymers to BIF, by doping PVDF-DH polymer with high polarizability without external electric 

field poling [75]. Polarization of ferroelectric polymer can be driven by the BIF of the PSC itself. 

An additional electric field induced by polarized ferroelectric polymer is permanent [71, 76]. Due 

to the direction of this field is consistent with that of BIF of PSC itself, polarization of doped PVDF-

DH enhances the BIF in the device. It is easy to polarize PVDF:DH using electric field poling, 

because the hydrogen bonding interaction between the F atom of PVDF and the N-H bond in DH 
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induce the all-trans arrangement of CH2CF2 in PVDF [77-81]. The polarization of PVDF:DH can 

be driven by BIF, showing a consistent vector direction to that of external electric field poling. 

Figure 4(a) shows increased potential of perovskite layer measured by KPFM, by depositing the 

perovskite film on the ETL for simulate a real PSC, indicating that biV  increase after doping 

ferroelectric polymer [82]. Mott Schottky fitting further shows the biV  increase from 1.01 V 

without PVDF:DH dopant to 1.07 V with PVDF:DH dopant. Figure 4(b) shows plausible 

mechanism of polarization of PVDF:DH driven by BIF itself instead of external electric field 

enhancing BIF. The DH in the PVDF:DH drives PVDF molecules into an all-trans arrangement, due 

to the existence of hydrogen bonding between PVDF and DH. The oriented PVDF:DH is polarized 

by BIF toward the upward, produce an additional electric field with the direction consistent with 

that of the BIF of device. So, the BIF is enhanced by the electric field superposition, facilitates 

charge-carrier transport and extraction, and increase the OCV  of PSCs. Compared to PSCs without 

doping ferroelectric polymers (1-control devices), The target device doped ferroelectric polymers 

remain the almost same OCV  after external electric field poling for 12 h, as shown in Fig. 4(c). 

The resulting devices show an efficiency of 24.23% (0.062 cm2 device) with OCV  of 1.16 V. 

and an efficiency of 22.69% with a larger area of 1 cm2. 

The efficiency of perovskite solar cells still is far behind the theoretical limit, mainly due to 

open-circuit voltage losses caused by grain boundary defects in solution-processed perovskite solar 

cells acting as recombination centers. The ferroelectric polymer PVDF can form strong hydrogen 

bonding interactions with perovskites, optimizing the grain growth process, effectively passivating 

defects, significantly decreasing non-radiative recombination losses, and minimizing open-circuit 

voltage losses. 

Because of high energy loss in OCV , there is much room to maximize the efficiency of 

perovskite solar cells. Most of the energy loss in PSCs are still remained in the range of 0.33 to 0.40 

eV, though enhancing device performance by optimizing additives [83-85], deposition methods [86-

89], or tuning composition [41, 85]. Increasing OCV  can further promote PCE of device. There are 

abundant structural defects at the grain boundaries of the polycrystalline perovskite films deposited 
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by solution processes [90]. The defect states of films can lead to energy loss and reductions in OCV . 

And charged defects inducing the deep-level traps, can serve as non-radiative recombination centers, 

limiting the final efficiency of PSCs [91, 92]. Among the PSCs parameters, non-radiative 

recombination has most influence on OCV  [93, 94]. Doping ferroelectric polymers can form 

continuously perovskite polymer composite ordering by establishing stable interactions, for 

reducing recombination. 

It is essential to reduce energy loss induced by non-radiative channels and increase OCV  for 

further improving device PCE. Sun et al. introducing PVDF polymers in perovskite material to form 

high-quality perovskite layer for decreasing energy loss of OCV  [95]. Hydrogen-bonds are formed 

by the F atoms of PVDF reacting with organic cation (MA+ or FA+
) and coordinate bonds of Pb2+ in 

perovskite, during the fabrication process, reducing charged defect of film. PVDF also act as 

connecting bridge grain boundaries to passivate vacancies of organic cation and halide anion, for 

inhibiting non-radiative recombination and decrease loss of OCV . Figure 5 shows PVDF-doped 

PSCs with an attractive high OCV  of 1.22 V, achieving 96% of the S Q limit OCV  (1.27 V) at the 

absorption threshold of 1.55 eV. It is one of the highest OCV  values in FAMAPb(I/Br)3 solar cells. 

The increase of OCV  induced by the better crystallization of perovskite and effective passivation 

effect of the F-atoms of PVDF in perovskite. The biV  of PVDF-based PSCs measured by Mott

Schottky characteristic, achieve to 1.04 V higher than 0.94 V of PSCs without doping PVDF. The 

enhcanced biV  can increase OCV  of PSCs, facilitate carrier transport and reduce carrier 

recombination. The strong interaction between perovskite and PVDF minimize Losses of OCV , 

makes FAMAPb(I/Br)3-based PSCs achieve a PCE of 24.21 % with OCV  of 1.22 V. 

 

5. Polarized molecular improves built-in field by external field poling 

Non-radiative recombination of carriers is an important cause of energy loss in perovskite solar 

cells [96, 97]. Enhancing the built-in field or passivating defects can facilitate effective carrier 

separation, minimizing energy loss [98-100]. Homochiral ferroelectrics with ionic structures similar 
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to perovskites can effectively reduce the density of electronic trap states in the perovskite layer, 

decreasing open-circuit voltage losses [101]. 

Ferroelectric polymers can present a switched polarization orientation to keep permanent 

electric field with external electric field poling, is considered to be one of the most important 

materials to increase OCV  [102-104]. Molecular ferroelectric polymers emerged as an attractive 

ferroelectric family, present a remarkable ferroelectric response comparable to ferroelectric 

polymers, and the properties of easy and environment-friendly fabrication, low preparation 

temperature and flexibility [105-109]. Introducing this homochiral molecular ferroelectric polymers 

can enlarge the BIF of solar cells and passivate charge defect due to the similarities in ionic structure. 

Xu et al chosen molecular FE material as dopant to construct PSCs with high OCV  [110]. The 

electron hole nonradiative recombination deceases by chemical tailoring of the ionic structures with 

filling iodide vacancies and cation exchange.[111]. Molecular ferroelectric polymers shows high 

spontaneous polarization intensity of 2 at 293 K, superior to some inorganic perovskite 

ferroelectrics [112]. Figure 6(a) shows the device structures of PSCs and schematic of ideal carriers 

separation process after electric field poling. Employing molecular ferroelectric polymers enlarge 

BIF as transporting driving force to suppress deep level defects and achieve more efficient charge 

separation after external electric field poling. AFM morphology and the corresponding surface 

contact potential difference (CPD) at the interfaces of TiO2 and perovskite layers is shown in Fig. 

6(b). CPD value of molecular ferroelectric polymers doped perovskite/TiO2 is higher than that of 

control film/TiO2. Polarization of molecular ferroelectric polymers increase the BIF of perovskite 

solar cells. Figure 6(c) characterizes the performance of molecular ferroelectric polymers doped 

PSCs in the condition of different electric field poling conditions. The average PCEs of PSCs under 

the electric fields increasing from 0 to 1 V/  increase, while the electric fields above 1 

 decrease the PCE of device by burning the structure of PSCs. Compared to device without 

electric field poling. applying positive electric field poling improves performance of the PSCs and 

applying negative electric field poling reduces performance of the PSCs. The performance 

measurement of PSCs also improves with poling time, and achieve to maximun at the poling time 

of 5 minutes, due to the polarization reaches saturation state. The photovoltaic molecular 

ferroelectric polymers PSCs achieves a power conv  
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6. High orderly polarizated ferroelectric polymer improves built-in field of perovskite 

solar cells 

Pure organic-inorganic hybrid perovskite films showed no significant piezoresponse, while 

perovskite films doped with ferroelectric polymers exhibited ferroelectricity [1]. The polarization 

of the ferroelectric thin films induced by applied bias can effectively facilitate charge extraction, 

reduce recombination losses, and prolong minority carrier lifetimes [113-115]. Regulating the 

orderly polarization of the ferroelectric polymers allows tunable photovoltaic performance of the 

devices [116]. 

The ferroelectric polymer not only has proven to increase the carriers separation, transfer, 

extraction and collection efficiency in ferroelectric photovoltaic devices [30, 65, 66, 117, 118], but 

also promote the crystallinity of films and the passivation at the grain boundary[119, 120]. 

Furthermore, high orderly polarization induced by external electric field can turn OCV  and 

performance of PSCs by form permanent electric field [21, 30, 75]. 

Jia et al. fabricated perovskite solar cells of enhanced performance, by incorporating permanent 

electric field induced by poling and ferroelectric copolymer dopant P(VDF-TrFE) [81]. Figure 7(a) 

shows the influence of the electric field poling process on cell efficiency with 2 wt% P(VDF-TrFE). 

The ferroelectric films are applied by external bias of 5 V and 10 V for 10 mins. The performance 

characteristics device is measured after depositing HTL and Au electrodes. Applying a positive 

electric field poling will active P(VDF-TrFE) doped perovskite layer, make polarization orientation 

of P(VDF-TrFE) have the same direction as BIF of the p i n junction. The positive electric field 

poling increases the OCV  from about 1.05 V to about 1.15 V. To maximize efficiency of MAPbI3 

PSCs also need to optimize concentration of P(VDF-TrFE), for the trade-off among the enhancing 

build-in field, increasing series resistance, and decreasing pinholes induced by extra roughness. The 

optimized doping concentration of P(VDF-  0.5 wt%, and can increase the OCV  by 

about 0.11 V, due to the partial spontaneous polarization of the P(VDF-TrFE). The average OCV of 

the PSCs with ferroelectric polymer achieved a value of over 1.17 V, by further applying electric 

field poling. And the highest OCV  value reached 1.174 V compared to 1.05 V without poling 
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process. The mechanism of influence of electric field poling on OCV  was drawn in Fig. 7(c). When 

Appling positive poling, an additional electric induced by high orderly polarization of P(VDF-TrFE) 

is calculated to be 20 V/µm, much higher than BIF of cells calculated to less than 1.5 V/µm. 

Enhanced BIF can not only extend width of depletion layer to increase OCV  of PSCs, but also 

decrease the probability of recombination and increase carrier lifetime to reduce recombination. 

Appling negative poling can weaken the influence of BIF, increase carrier recombination, and lead 

to lower OCV . High orderly polarization induced by external field poling increase PCF by 30% for 

MAPbI3 perovskite solar cell. 

 

7. Mechanism of built-in field enhanced by polarization 

Due to Auger recombination, band tail recombination, or interface recombination, the 

OCV  of solar cells is evidenced to be below the S-Q limiting value [121-123]. A sufficient built-

in field strength can effectively suppress recombination losses and increase the OCV  of the 

device [124-126]. The electric field generated by polarization induced through applied electric 

fields or strain can enhance the built-in field of the cells. To investigate the physical 

mechanisms of the polarization enhanced cells performance after electric fields poling or strain, 

the energy band diagrams tuned by polarization were shown in Fig. 8. 

Figure 8(a) shows the potential distribution map of the cross-section of the p-i-n structured 

perovskite solar cells under dark and light illumination conditions. After light illumination, an 

obvious unbalanced potential is generated internally in the device, leading to the formation of 

a built-in field. Figure 8(b) displays the band alignment of the solar cells before contact, under 

dark conditions, and under light illumination. Under illumination, the conduction and valence 

bands shift, and a built-in field is generated in the device. Figure 8(c) shows the overall energy 

band diagram of a PSCs under different polarization. The positive polarization formed an 

additional electric field aligned with the built-in field, causing holes to drift rapidly to the 

interface between the perovskite layer and the hole transport layer, and electrons to drift to the 

interface between the perovskite layer and electron transport layer. The charge accumulation at 

the interfaces induced band bending in the p-i-n structure, enhancing the OCV  of the device. 
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In contrast, negative polarization induced an electric field in opposite direction, which can lead 

to insufficient driving force for internal carriers to reach the interface, resulting in extensive 

recombination internally. Meanwhile, the reduced interfacial charge affects band bending, 

decreasing OCV  of cells. The local electric field induced by polarization provide a stable field 

for enhancing built-in field, and provide a sufficient electric field force to promote more carrier 

separation, transport process, reducing recombination loss of carriers. Polarization induced by 

piezo-phototronic effect provide a promising approach for further improving cells performance, 

by increasing energy collection efficiency.  

 

8. Challenges for future perovskite solar cells enhanced by polarization 

In this review, external electric fields poling used for increasing OCV  and enhancing 

efficiency and polarization enhanced mechanism are reviewed. The polarization of the 

ferroelectric polymer induced by strain or external electric field allows an additional electric 

field to add on the built-in field. Thus, the methods of external field poling allow the further 

performance enhancement without destroying device, after device preparation. Although 

polarization induced by external field poling increase PCE of devices, there are still some 

challenges that need to be addressed in this research area. 

1. KPFM can characterize the internal potential distribution of devices, and has been 

utilized to observe increased interfacial potentials by doping with ferroelectric polymers. The 

cross-sectional potential distribution of perovskite devices after polarization under an applied 

electric field can be directly examined using KPFM, elucidating the impacts of positive and 

negative polarization on the interfacial potentials of perovskite solar cells. 

2. The polarization of ferroelectric polymers results in high quality perovskite thin films, 

due to the strong hydrogen bonding interactions during the fabrication process. The polarization 

can potentially influence the electrochemical reactions associated with perovskite formation by 

modulating the charge transfer process, for promoting the generation of larger perovskite 

crystals. 

3. Experiments have studied the impacts of positive and negative polarization of 

ferroelectric (FE) polymers on device performance. Further research needs to investigate the 
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mechanisms of how the angle between the polarization orientation and built-in field direction 

affects device performance. In addition to the role of built-in fields, the influence of interfacial 

barriers on device performance is also very important. 

4. The permanent polarization of ferroelectric polymers induced by the external electric 

field can potentially modulate interfacial barriers by influencing the interfacial potential 

distribution, promoting effective carrier injection, and impacting device performance. 

Experiments can investigate the effects of polarization on the uniformity of perovskite thin film 

surface potential by comparing the surface energy states before and after polarization. 

PVDF-based materials can be used as dopants in the perovskite layer owing to their 

chemical stability and solution processability, improving the nucleation and growth of 

perovskite crystals, modulating defect states and crystallization kinetics in the films to enhance 

the quality of perovskite films. The abundant F atoms in PVDF-based materials can react with 

H atoms to form F-H bonds, guiding crystal orientation and phase structure formation during 

the perovskite formation process. As organic ferroelectric materials, PVDF-based materials 

possess strong polarization characteristics. The polarization induced by external electric fields 

or spontaneous polarization of the materials themselves can enhance the internal electric field 

in perovskite solar cells, improving carrier transport efficiency. The dipoles in the materials can 

also tune the energy levels on the perovskite surface, modulate interfacial energy levels, and 

facilitate carrier injection. The hydrophobicity of PVDF-based materials can effectively prevent 

perovskite decomposition caused by water molecule ingress, enhancing device stability. The 

synergistic effects of PVDF-based materials are remarkable in optimizing perovskite quality, 

tuning interfacial energetics, and preventing device degradation. This provides a promising 

strategy to minimize non-radiative recombination losses of perovskites layer or interfaces, and 

to prevent perovskite decomposition, thereby enhancing device efficiency and stability. 

Meanwhile, this strategy paves new way for large-scale fabrication and tuning of perovskite 

solar cells, and also promote the development of other advanced thin-film optoelectronic 

devices. 
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Figure caption

Fig. 1: (a) Structure and Schematic fabrication process of the flexible ZnO-based 

perovskite solar cell. (b) Schematics and energy-band diagrams of piezo-phototronic effect on 

the ZnO-based perovskite solar cell. (c) The performance of device under continuous static 

tensile strains. 

Fig. 2: (a) Schematic of perovskite/ZnO single micro/nanowire solar cells, measurement 

set-up of cells, energy band diagrams of piezo-phototronic effect on cells. (b) Dependence of 

performance, the open circuit voltage and the short circuit current of device under compressive 

strain. 

Fig. 3: (a) The external electric field poling process of PSCs. (b) The PCE in the condition 

of ferroelectric polymer doping, only external electric field treatment and the ferroelectric 

polymer polarization. (c) The photovoltaic performance under different external electric field 

poling, and the surface potential patterns at the interface of perovskite and TiO2 layers. 

Fig. 4: (a) The potential of perovskite layer measured by KPFM. (b) The mechanism of 

polarization of PVDF:DH enhancing built-in field. (c) The change of PCE and OCV  of device 

induced by polarization of PVDF:DH. 

Fig. 5: Photovoltaic performance of PSCs based on PSCs and PVDF-based PSCs. 

Fig. 6: (a) The device structures of PSCs and schematic of ideal exciton dissociation 

process after electric field poling. (b) AFM morphology and the corresponding surface CPD at 

the interfaces of TiO2 and perovskite layers. (c) The performance of molecular ferroelectric 

polymers doped PSCs with different electric field poling. 

Fig. 7: (a) The influence of the electric field poling process on performance of device with 

2 wt% P(VDF-TrFE). (b) The statistic parameters of the solar cell performance. (c) Schematic 

and band diagram in P(VDF-TrFE) doped solar cells under different poling conditions. 

Fig. 8: (a) The potential distribution map of the cross-section of the p-i-n structured 

perovskite solar cells under dark and light illumination conditions. (b) The band alignment of 

the solar cells before contact, under dark conditions, and under light illumination. (c) The 

schematic diagram of energy bands for solar cells under the conditions of positive poling and 

negative poling. 
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Fig. 2
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



Fig. 8

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65


