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A B S T R A C T   

Surface electrical properties is of great significance for developing high-performance organic-inorganic hybrid 
perovskite based electronic devices. The photovoltage-induced ions transport and redistribution at the surface 
region have been well studied, but their contributions to the surface electrical properties are still lack of 
experimental evidences. In this article, a self-powered polymer-based contact electrification probe (PCE-probe) is 
proposed to investigate the photovoltage- or applied bias-induced ion transport polarization (PI) and ferroelectric 
polarization (PF) inside the methylammonium lead iodide films (MAPI). Results show that both the PI- and PF- 
induced ion transport and redistribution create a similar local ion-doping region near the surface. Positive or 
negative ion-doping produces a n-type or p-type layer, which enhances the interficial junction inside MAPI-based 
solar cells and benefits the seperation and transfer of photogenerated carriers or excitons. The PI and PF effects 
can be added up or subtracted from each other depending on the polarization configuration. A qualitative 
relationship between the PCE-probe output and CE-effect, PI- and PF-induced transferred surface charges is 
investigated. These results can help to understand the polarization nature inside and the high power conversion 
efficiency of MAPI-based photovoltaic devices, and provide a feasible analysis method of PCE-probe for detecting 
surface electrical properties.   

1. Introduction 

Organic-inorganic hybrid perovskite (short as PVK) materials have 
been commonly recognized to be the promising materials for the 
development of high performance solar cells [1], photodetectors [2], 
transistors [3], light-emitting diodes [4], memristors [5], energy har-
vesters [6], 2D devices [7] et al., especially the solution-processed 
methylammonium lead iodide (CH3NH3PbI3, MAPI). The MAPI films 
possess many merits, such as low-cost, simple solution-fabrication pro-
cesses [1], and most importantly their high absorption coefficients and 
long carrier diffusion lengths. The high absorption coefficient means 
that more photogenerated carriers [8] or excitons [9] can be produced, 

while the long diffusion length implies that the photogenerated carriers 
have high probability to be transported within the MAPI film to the 
electrodes without being recombined. Generally speaking, surface 
properties of semiconductor materials are far more important and 
essential for electronic devices as the active regions are normally within 
a narrow surface region. For MAPI thin film-based devices, the densities 
of defect traps and surface states are about one to two orders of 
magnitude higher than those in the bulk, that lead to an increase in 
probability of carriers being trapped and recombined on the surface, and 
the diffusion length of carriers is greatly reduced [10]. Many approaches 
have been explored to solve these issues, such as surface annealing and 
solution treatment to improve the surface crystallization quality, 
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element doping to fill the defect states, etc [11–13]. Nevertheless, the 
most recombination is still caused by the interfacial defects and traps 
between the MAPI and absorption layer. To reduce the surface recom-
bination, the hole transport layer (HTL) and the electron transport layer 
(ETL) have been introduced to improve performance of the MAPI-based 
devices [14]. For these devices, the junctions between the HTL/MAPI 
and MAPI/ETL play the key roles in efficient separation of the photo-
generated carriers and transport of them to the electrodes [14]. The 
surface electrical properties of ETL, HTL and MAPI, therefore, have 
significant effects on the properties of junctions, and determine the 
performance of MAPI-based devices [14,15]. 

Since the organic sites (CH3NH3I, short as MAI) and inorganic sites 
(PbI2) inside MAPI are weakly-bonded by hydrogen bonds [16], signif-
icant ion migration and ferroelectric effect may occur under applied 
electric field, which have been proven experimentally [17–23], i.e. 
electric field will influence surface electrical properties of the MAPI 
films. The ion migration refers to the continuous movement of positive 
and negative ions in opposite directions under an electric field within a 
medium with relatively long distance, which is generally known as the 
ion transport polarization (short as PI). For the ferroelectric effect, it 
refers to the electric dipoles formed from positive and negative charge 
pairs in a medium, reorient and redistribute along the direction of the 
electric field applied, and the movement distance of dipoles is usually 
very short, which is generally known as the ferroelectric polarization 
(short as PF). Furthermore, during operation of a solar cell, a photo-
voltage is induced by light which can not only assist the separation of 
carriers, but also drive ions to move and dipoles to reorient, generate PI 
and PF [17,24,25]. The phenomena indicate that electric field, ion 
migration and redistribution, polarization and surface states or defects 
all will affect the surface electrical properties of the MAPI films and 
relevant devices. Thus, the investigation of surface electrical properties 
of MAPI films is of great significance for understanding the junction 
formation and charge transfer mechanism, and for the fabrication of 
high-performance MAPI-based devices. However, surface electrical 
properties of the MAPI films have not been clearly and systematically 
investigated even though they are very important for MAPI-based 
devices. 

Although many characterization methods have been developed to 
characterize surface electrical properties of electronic materials, such as 
atom force microscopy (AFM), Kelvin probe force microscopy (KPFM), 
X-ray photoelectron spectroscopy (XPS) etc., most of them are used to 
characterize microscopic structures, and electrical and electronic prop-
erties of the materials in small scale. These methods are very effective in 
identifying and clarifying the micromechanisms of operation and failure 
of devices, but it is difficult to characterize macroscopic structures and 
properties of the materials that are more relevant to large-scale devices, 
such as solar cells [1,2,15], energy harvestors [26,27], etc. Here, we 
propose a facile self-powered polymer-based contact electrification 
(PCE)-probe to investigate the combined influences of PI and PF on the 
surface electrical properties of MAPI films systematically. The contact 
electrification (CE) effect is utilized to fabricate triboelectric nano-
generators (TENGs), which can convert abundant vibration mechanical 
energy to electric energy and is widely explored for energy harvesting 
and self-driven sensing applications, but the outputs of TENGs are 
extremely sensitive to the surface properties of the tribo-materials. 
These imply that PCE-probe may be one suitable self-driven method 
for assessing surface electrical property of materials. Besides, MAPI 
materials have three types of phases: orthorhobic phase, tetragonal 
phase and cubic phase. Generally, only PF exists in the orthorhobic phase 
and only PI exists in cubic phase, but both PI and PF coexist in the 
tetragonal phase, thus, the tetragonal phase MAPI films are used in this 
work. Detailed experimental results confirm that the PCE-probe can be 
used to investigate surface electrical properties of MAPI films, multi-
mode polarizations and charge transfer mechanism occurred inside the 
MAPI films. Both the PI and PF induce local ion-doping, which can 
modulate the band structure and, in-turn, enhance the interfacial 

junctions inside MAPI-based solar cells, and then benefit the carriers 
seperation or the exciton ionization processes. Besides, the PI and PF can 
be added up or subtracted from each other depending on the combina-
tion of poling electric field (EP) and temperature. These results provide 
more experimental evidences for the polarization nature inside the 
MAPI films, new insight into the roles of multimode polarizations in the 
MAPI-based devices and facile PCE-probe for surface electrical proper-
ties sensing and characterization. 

2. Methods 

2.1. Precursors and device fabrication 

PbI2 and MAI powders were purchased from Tokyo Chemical In-
dustry Co. LTD and Xi’an Polymer Light Technology Crop., respectively. 
The perovskite precursor solution was prepared by dissolving PbI2 and 
MAI in a dimethylformamide (DMF, 640 μl) and dimethyl sulfoxide 
(DMSO, 80 μl) mixed solvent, the mass of PbI2 and MAI are 461 mg and 
320 mg, respectively, the molar ratio of them is 1:1. Fluorinated tin 
oxide (FTO) glass substrates were cleaned by ultrasonication with 
acetone, ethanol and deionized water for 10 min, sequentially, and then 
they were dried and treated with ultraviolet-ozone for 10 min. The 
substrates were transferred into a glovebox, followed by the precursor 
solution spin-coating at 4000 rpm with anisole as the anti-solvent, and 
the samples were then baked at 70 ◦C for 10 min and then 100 ◦C for 10 
min, respectively. The PTFE films with a thickness of 100 µm were 
purchased from Jiangsu ESONE New Material Co. Ltd., and were pasted 
onto a piece of aluminum foil on one side as the conductive electrode. 

2.2. P-E loop measurement 

For the polarization-electric field (P-E) loop measurements, an ul-
trathin alumina film (~5 nm) deposited by atomic layer deposition 
(ALD) method was used as the blocking layer (see the insert in Fig. 1c) to 
prevent migration/diffusion of the active Ag elements into the MAPI 
film, which, otherwise, would produce conductive filaments and lead to 
a memristor effect [5,28,29]. 

2.3. Polarization process 

The freshly made MAPI films were polarized by EP using an 
aluminum/air-gap/MAPI/FTO capacitor structure (see Section S1 in 
Supporting Information for details). The air-gap used here was to pre-
vent the MAPI film from scratching and charge injection from the 
aluminum electrode. The aluminum and FTO were connected to the 
terminals of a high voltage DC power supply. When the FTO and 
aluminum are connected to the positive and negative terminals of a 
voltage supplier, respectively, it is defined as forward polarization. 
Otherwise, it is defined as reverse polarization. The strength of EP was 
calculated from the electric field distribution of a capacitor model as 
reported before [26]. 

2.4. Measurement configurations 

To evaluate the performance of PCE-probe, a dynamic fatigue testing 
system (Popwil Model YPS-1) was used for controlling the periodic 
contact-separation motion between the probe and samples with a con-
tacting frequency of 5 Hz, a force of 50 N and a separation distance of 
4 mm. Output voltage and short-circuit current were measured by an 
oscilloscope (Tektronix MDO3022) with an input resistance of 100 MΩ 
and a picoammeter (Keysight B2981A), respectively. KPFM measure-
ments were carried out by an AFM system (Cypher ES, Asylum Research) 
with a Pt-coated Si probe. The surface monology of films were carried 
out by an AFM system (Cypher ES, Asylum Research) and a high reso-
lution SEM system (Hitachi SU-8010). 
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3. Results and discussions 

Fig. 1a shows the experimental setup of the PCE-probe measurement 
system. The solution processed MAPI films with high quality were syn-
thesized on FTO coated glass substrates with a size of 5 × 5 cm2. All the 
MAPI films consist of CH3NH3I and PbI2 at a ratio of 1:1, a stoichiometric 
material as reported in our previous work [26]. A commercial uniform 
PTFE plate with a size of 2 × 2 cm2 and an aluminum (Al) sheet adhered 
to its back was selected as the PCE-probe (see Section S2 in Supporting 
Information for the surface morphology properties of MAPI and PTFE). 
The FTO and Al were used as the two electrodes and were connected to 
the positive and negative terminals of a voltage and current meter, 
respectively, and this connection configuration was used for all the ex-
periments. During measurements, a MAPI sample was fixed on a stable 
and flat stage while the PCE-probe was moved up and down periodically 
to contact the surface of MAPI film and then release, the typical voltage 
output (Vout) is shown in Fig. 1b. According to the CE-theory [30] and 
our previous work [26], the electron affinity of PTFE is larger than that 
of MAPI, electrons transfer from MAPI surface to PTFE surface when 
they are contacted and separated, the surfaces of MAPI and PTFE are 
then positively or negatively charged (inset of Fig. 1b), respectively. An 
electric potential difference between the two surfaces is then estab-
lished, which drives the charges on the electrodes to flow through the 

external circuit according to the electrostatic induction theory [30]. A 
positive pulse voltage is generated with a typical peak value of ~566 V 
(peak #1 in Fig. 1b) for this material system. The amount of charge 
transferred (QT) can be calculated by integrating the current waveform 
over time [31], and the corresponding charge density (σDT) can be 
calculated to be ~165 μC/m2 by σDT = QT/S, where S is the effective 
contact area. The Vout and σDT were used as the performance metrics for 
the PCE-probe, and for accurate measurement, cyclic contacts up to 50 
cycles were conducted and the averaged results were used for the figures 
and discussion. 

It is well known that the three types of phases of MAPI materials are 
temperature-dependent; with the increase of temperature, the MAPI 
films undergo an orthorhobic-tetragonal-cubic phase transition in 
sequence, with the corresponding phase transition temperatures of 
~165 and ~327 K, respectively [23,32]. There are a plenty of evidences 
showing that PI and PF coexist in the most-studied tetragonal phase 
MAPI films [16,23,32–35], and they are both temperature-dependent. 
For PI, an elevated temperature will enhance the ion transport effect 
as the average energy of ions is higher. But for the PF, it is always 
observed at very low temperature and can be omitted at room temper-
ature [29,32,36,37]. Generally speaking, when temperature goes down 
to <274 K, the PI is almost frozen out [29,38] and the PF becomes 
dominant; while the PI dominates at room temperature. Thus, for a 

Fig. 1. Electrical characterization of MAPI by PCE-probe under various EP and temperatures. (a) Experimental setup of the PCE-probe measurement system. (b) A 
typical Vout measured by the PCE-probe, the inset is the schematic of the surface charge distribution of PTFE and MAPI films after contact. (c) The P-E loop test results 
of a MAPI film under RT and LT, the inset is the device structure used for polarization. (d) Definition of polarization directions. The Vout measured by PCE-probe with 
MAPI subjected to various EP at RT under (e) for.-polar. and (f) rev.-polar. The Vout measured by PCE-probe with MAPI subjected to various EP at LT under (g) for.- 
polar. and (h) rev.-polar. (i) A summary of VP measured by PCE-probe obtained at RT and LT as functions of EP. 
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proper comparsion of PI and PF, we investigated the MAPI films for the 
same tetragonal phase. To do so, the experimental temperatures were 
fixed at the room temperature (RT, 299 K, which is higher than 274 K) 
and low temperature (LT, 239 K, which is lower than 274 K), respec-
tively. It should be noted that all the measurements were conducted in a 
nitrogen atmosphere at LT to eliminate the effects of moisture conden-
sation. Moreover, except phase transition temperature, the material 
structure also varies with the crystallization quality and defects density 
of the MAPI films [39], therefore, the polarization-electric field (P-E) 
loop measurements were carried out at RT and LT to make sure the 
ferroelectric effect, with the results shown in Fig. 1c. Here, an ultrathin 
alumina film (~5 nm) was used during the P-E loop measurements as 
the blocking layer in order to suppress leakage and avoid the memristor 
phenomenon [5,40] with the structure shown in the inset of Fig. 1c. The 
P-E loops show that the ferroelectric response at RT are quite small with 
a remnant polarization (Pr ~0.18 μC/m2), and it is enhanced at LT (Pr 
~1.24 μC/m2), consistent with the previous reports but with a smaller 
remnant polarization value (Pr ~8 μC/m2 in Ref. [23]) [23,32]. The low 
density of ferroelectric charge is attributed to the 
temperature-dependency (generally lower temperature benefits stron-
ger ferroelectric response) and polycrystalline films used in this work 
(single-crystal MAPI was used in Ref. [23], and the boundary-dependent 
ion transport [41] and defects inside the polycrystalline film [42,43] can 
influence the ferroelectric response). Nevertheless, the ferroelectric 
response at LT has been confirmed and it is ignorable at RT. 

The MAPI films were then polarized at various EP at RT or LT before 
being characterized by the PCE-probe. The time required for ion 
migration and ferroelectric polarization occurring in MAPI material are 
typically from a few seconds to several minutes [26,44], therefore the 
poling time for all the polarization processes was fixed at 5 min to ensure 
stable and saturated polarization states (see Section S3 in Supporting 
Information for poling time-dependent results at RT and LT). And the 
same sample was used for further polarization at different temperatures 
and the subsequent PCE-probe based characterization. For clarity, the EP 
applied with the direction from FTO to MAPI is defined as the 
forward-polarization (short as for.-polar. and the strength is marked by 
sign ‘+’, e.g., +4 V/μm), while the opposite one is defined as the 
reverse-polarization (short as rev.-polar. and the strength is marked by 
sign ‘-’, e.g., − 4 V/μm) as shown in Fig. 1d. 

At RT, Vout after poling at various EP is shown in Fig. 1e and f. For the 
for.-polar. (Fig. 1e), the peak value of Vout (VP) gradually increases from 
566 V to 789 V when EP increases from 0 V/μm to +3 V/μm with a step 
of +1 V/μm, while the σDT increases from 165 μC/m2 to 197 μC/m2, and 
they both become saturated at EP = +4 V/μm. For the rev.-polar. 
(Fig. 1f), VP decreases from 566 V to 384 V when EP decreases from 
0 V/μm to − 3 V/μm with a step of − 1 V/μm, the corresponding σDT 
decreases down to 135 μC/m2. Again, at EP = − 4 V/μm, both the VP and 
σDT become saturated. At LT, Fig. 1g shows that VP increases from 548 V 
up to 652 V after for.-polar. with EP increases from 0 V/μm to +3 V/μm, 
the corresponding σDT also increases from 161 μC/m2 to 172 μC/m2, and 
Fig. 1h shows that VP decreases from 548 V down to 471 V after rev.- 
polar. with EP decreased from 0 V/μm to − 3 V/μm, the corresponding 
σDT also decreases down to 146 μC/m2. The same saturation behaviors 
with those observed at RT were obtained at EP = ± 4 V/μm, further 
indicating that EP = ± 4 V/μm is the optimum EP for the MAPI that can 
induce ion transport and ferroelectric effect completely, which is 
consistent with the coercive voltage of single-crystal tetragonal MAPI 
[23,32]. Besides, the corresponding short circuit current output results 
and the fatigue behaviors of MAPI films under the optimum EP are 
summarized in Section S4 and Section S5, respectively, in Supporting 
Information. From these results, one can conclude that the for.-polar. 
(rev.-polar.) can increase (reduce) Vout and σDT regardless of polarization 
temperature; the variation trends at LT under for.-polar. (the outputs 
increase with |EP| increasing) and rev.-polar. (the outputs decrease with 
|EP| increasing) are opposite, which satisfies the critical requirement for 
ferroelectricity: polarization must be reorientable along two directions 

along with the poling field [32]. In addition, as shown in Fig. 1i, both the 
VP vs. EP at RT and LT show linear relationships with slopes of 67.9 
(V2/m) and 30.1 (V2/m) respectively, with EP in the range of − 3 V/μm 
to +3 V/μm. It should be noted that (1) the initial VP (EP = 0) at RT 
(~566 V) is larger than that at LT (~548 V); (2) the change of VP at RT: 
ΔVout (RT) = 398 V is much larger than that at LT (ΔVP (LT) = 184 V) 
when EP changes from − 3 V/μm to 3 V/μm. 

According to the CE-theory [45], the CE-induced charge transfer 
processes are determined by the surface properties of the two contact 
materials. Since the surface properties of PTFE probe were not modified 
in this work, thus the observed variations of Vout and σDT directly reflect 
changes of the surface properties of the MAPI films. After poling, there is 
almost no change in surface morphology (see Section S6 in Supporting 
Information for details), consistent with the previous work [10,17], 
therefore, it is believed that the PI- and PF-induced ion variations are 
responsible for the changes of surface electrical properties of the MAPI 
films. A model is then proposed as shown in Fig. 2a(I): the MAPI is 
treated as a dielectric material with mobile and bounded ions; where the 
circles represent the positive (yellow ones) or negative (blue ones) ions. 
According to our previous work [34], under PI, the mobile ions with 
opposite polarities are driven toward the corresponding surfaces by EP, 
thus the upper or lower surfaces are positive or negative ion-doped 
(Fig. 2a(II)), that are responsible for the changes of Vout and σDT at RT. 
As the variation trends of PCE-probe output at LT are similar to those at 
RT under the same EP, the field-induced ion effects must be the same but 
with less significance. When considering the pure PF, it is well known 
that the ions with opposite polarities form dipoles that tend to orient 
along the direction of EP [46], resulting in positive (or negative) ions on 
the upper (or lower) surface as shown in Fig. 2a(III). In short, both the 
PI-induced ion migration and PF-induced ion redistribution produce 
local ion doping regions on the surface of MAPI, which are responsible 
for the changes of Vout and σDT at RT or LT, meanwhile, under the same 
EP, both the PI and PF contribute ions with the same polarity to the 
contact surfaces, therefore, the variation trends of Vout and σDT with EP 
should be the similar. 

It is well known that the local ion doping can modulate the local 
energy band structure [47]. According to the electron affinity series 
(PTFE > MAPI) and surface state model [48,49], the neutral energy 
level (EN) of surface states of a freshly-made MAPI is higher than that of 
PTFE (Fig. 2b). The charges that can transfer from MAPI to PTFE should 
satisfy two conditions: (1) its surface energy state should be higher than 
the highest filled surface energy states of PTFE; (2) it should be able to 
overcome the energy barrier. When MAPI and PTFE contact with each 
other, partial charges located at higher surface energy states in the MAPI 
will overcome the energy barrier ∆W and transfer to the lower unfilled 
surface energy states of PTFE (Fig. 2c). When they are separated, the 
vacuum barrier blocks the transferred charges to flow back [50], 
therefore EN of MAPI (PTFE) decreases (increases) correspondingly as 
compared to the initial states. As a result, the surface of MAPI (PTFE) is 
positively (negatively) charged by the charges generated by the 
CE-effect (Fig. 2d). 

Under forward (or reverse) polarization (Fig. 2e and f), the PI at RT or 
PF at LT induces extra positive (negative) charges, that fill the higher 
(lower) energy states of MAPI with EN increased (decreased), and 
meanwhile, the ∆W value is decreased (increased), leading to easier 
(harder) charge transfer process from MAPI to PTFE. As a result, the 
outputs Vout and σDT are increased (reduced) correspondingly. Since 
higher temperature would benefit the energy of charges and the trans-
port processes between surfaces remarkably [49], the changes of VP and 
σDT at RT are much higher than those at LT. 

These results are consistent with the photovoltage-induced ion 
transport and ion doping behaviors on the surface [27,51], which in-
dicates that these results can help understanding the contributions of ion 
dynamic behaviors to the surface electrical properties and interface 
junctions under illumination. In other words, the PI- and PF-induced 
local ion-doping will adjust the surface energy band structure of MAPI, 
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Fig. 2. Surface states model and analysis of charge transfer. (a) A simplified model of MAPI film (I) and the distribution of ions induced by PI (II) and PF (III), 
respectively. (b-d) Charge transfer before contact, in contact, and after contact between MAPI and PTFE. Surface energy states changes of MAPI under (e) for-polar 
and (f) rev.-polar. EC, conduction band; EV, valence band; EN, neutral level of surface states. 

Fig. 3. Effect of local ion-doping on MAPI-based solar cells. Schematic diagram of the HTL/MAPI/ETL structured solar cell and junction variations (a) before, (c) 
during, and (d) after illumination. Surface energy states changes of MAPI (b) before, and (e) after illumination. 
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and the positive (negative) ions create a n-type (p-type) doping area, 
which is in agreement with the previous reports [47,52–54]. These 
changes have a great impact on MAPI-based devices, especially for the 
solar cells, photodetectors, transistors, memristors, etc., as they are 
extremely sensitive to the surface and interface properties. Taking the 
HTL/MAPI/ETL structure solar cell (or photodetector) as an example, as 
shown in Fig. 3a. Because of the difference in energy band structure, p-n 
like and n-p like junctions are formed at the HTL/MAPI and MAPI/ETL 
interfaces [33,55,56] with the depletion layer widths of W1 and W2, 
respectively, with the schematic energy band structure shown in Fig. 3b. 
When the device is exposed to light (Fig. 3c), the photovoltage-induced 
electric field, pointing from HTL to ETL [33], is strong enough to drive 
ions to move (process (1) at RT in Fig. 3c) or align the electric dipoles 
with the field (process (2) at LT in Fig. 3c) [47], resulting in a n-type 
doping area near the HTL/MAPI interface and a p-type doping area near 
the MAPI/ETL interface (Fig. 3d). As a result, the local EN of MAPI film 
near the HTL/MAPI interface (or MAPI/ETL interface) decreases (in-
creases), both the energy barriers between the HTL/MAPI and 
MAPI/ETL interfaces increase (Fig. 3e), thus the depletion layer widths 
increase (W3 > W1 and W4 > W2) and the local built-in electric field is 
enhanced for better separation of photogenerated carriers and excitons, 
and their transport to HTL or ETL. In short, the photogenerated electric 
field-induced PI and PF are beneficial to enhanced separation and 
transport of photogenerated carriers. This explains that the power con-
version efficiency of the MAPI-based solar cells increases after exposing 
to light [47] or electrical bias [57] for a while and the increased response 
speed of the MAPI-based photodetector after poling by applied bias [38]. 

The PCE-probe was then used to investigate the combination effects 
of PI and PF on surface electrical properties of the MAPI films. For clarity, 
we assign M0 for the non-polar. at RT, M1 and M2 for the for.- and the 
rev.-polar. at RT, M3 and M4 for the for.- and the rev.-polar. at LT, 
respectively; and all of these were polarized at the fixed EP of +4 V/μm 
for for.-polar. or − 4 V/μm for rev.-polar. For example, for the polari-
zation sequence of M0-M1-M3, Vout was firstly obtained without polar-
ization at RT, MAPI film was for.-polarized at +4 V/μm and RT for 
10 min, and Vout was measured at RT. Then the sample was further 
polarized at +4 V/μm and LT for 10 min, and again Vout was measured. 
The Vout results for the polarization sequence M0-M1-M3 are shown in  
Fig. 4a. Vout and σDT after M1 have the same values as those shown in 
Fig. 1e. M3 process leads to VP = 869 V and σDT = 201.3 μC/m2, that are 

significantly higher than VP = 652 V and σDT = 172 μC/m2 obtained 
from the sample with a single M3 process (see Fig. 1g). For the polari-
zation sequence of M0-M1-M4 (Fig. 4b), VP decreases from 789 V of M1 
to 716 V after M4, though the VP is still higher than the unpolarized one 
(566 V at M0), and the corresponding σDT is 186.5 μC/m2 after M4. For 
the polarization sequence M0-M2-M3, VP decreases firstly from 566 V to 
384 V after M2, then increases to 466 V after M3, and the corresponding 
σDT after M3 is 143.75 μC/m2. For the polarization sequence M0-M2- 
M4, VP decreases to 384 V after M2, and further decreases to 322 V 
after M4, and the corresponding σDT after M4 is 131.25 μC/m2. 

The changes of VP and σDT under polarization with various combi-
nations of EP and temperature are summarized in Fig. 4e and f, which 
show that the PI and PF effects can be enhanced or subtracted from each 
other depending on the combinations of them. This can be explained 
schematically as shown in Fig. 4g: taking the polarization sequence M0- 
M1-M3 as an example, after M1, positive mobile charges induced by PI 
migrate to and accumulate on surface #1, and surface #1 is positively 
charged with an amount of +QI (Fig. 4g(II)). After M3 at LT, additional 
positive bond charges are produced by PF with an amount of +QF on 
surface #1. The total amount of charges becomes +QI+QF (Fig. 4g(III)), 
thus results in an enhanced polarization effect. Similarly, for the M0-M1- 
M4 polarization sequence, negative charges are produced by PF upon the 
existing positive charges after M4 with an amount of -QF. Therefore, the 
total amount of charges decreases (+QI-QF, Fig. 4g(IV)), resulting in a 
suppressed polarization effect. Other polarization sequences are similar, 
and they won’t be repeatedly discussed here. 

The effects of local doped ions on surface electrical properties of 
MAPI can be verified by the surface potential changes of MAPI films 
[26]. For this, the KPFM method [58,59] was used to measure the sur-
face potential of freshly-made MAPI films (short as ψMP) and PTFE (short 
as ψPT) films. It should be noted that due to the limitation of experi-
mental instrument, the KPFM measurements could only be carried out at 
RT in this work. According to the working principle of KPFM, it detects 
the potential difference between the sample surface and probe tip. The 
relative surface potential of a sample to the probe is represented by the 
voltage of VCPD applied to the tip to nullify the contact potential dif-
ference (CPD) between the sample surface and the probe tip, i.e. the 
VCPD values measured by KPFM are not the exact values of the surface 
potential of the samples (short as ψ sample), but the relative values to the 
surface potential of the KPFM tip (short as ψ tip) with a coefficient e (the 

Fig. 4. Combination effect of PI and PF on Vout. The Vout measured by the PCE-probe with polarization sequences of (a) M0-M1-M3, (b) M0-M1-M4, (c) M0-M2-M3 and 
(d) M0-M2-M4, respectively. M0 represents non-polarization at RT, M1 the for-polar at RT, M2 the rev.-polar. at RT, M3 the for.-polar. at LT and M4 the rev.-polar. at 
LT. (e-f) A summary of changes of the VP and σDT with the polarization sequences in (a-d). (g) A schematic of the amount of ion-induced surface charge changes with 
polarization sequences M0-M1-M3 and M0-M1-M4. 
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elementary charge) [26], which can be expressed as [28]: 

ψsample = ψtip − eVCPD (1) 

For the MAPI films being exposed to various EP, the VCPD-MP depen-
dence on EP is measured and is shown in Fig. 5a with EP in the range of 
− 4 V/μm to 4 V/μm (see Section S7 in Supporting Information for de-
tails). The VCPD-MP increases positively from ~− 0.70 V up to ~− 0.12 V 
when EP increases from − 3 V/μm to +3 V/μm and it remains almost 
unchanged at EP = +4 V/μm (~− 0.15 V) and − 4 V/μm (~− 0.72 V), 
consistent with the optimal EP = ±4 V/μm mentioned above. 

Based on the above analysis, we are able to establish a semi- 
quantitative relationship between the PCE-probe output (like VP) and 
CE-effect, PI- and PF-induced transferred charges (σDT). Before PCE- 
probe test and poling, it is assumed that the initial surfaces of PTFE 
and MAPI are neutral (σD = 0). The average VCPD of PTFE (short as VCPD- 

PT) is about − 3 V (see Fig. 5b(I)), and VCPD-MP before and after contact 
with PTFE are about − 0.44 V and − 0.41 V (Fig. 5b(II) and 5b(III)), the 
difference is caused by the accumulation of positive surface charges 
induced by the CE-effect with a density of σDT (Fig. 5c(I), surface #1), 
correspondingly for the surface of PTFE (Fig. 5c(I), surface #2), the 
charge density is − σDT. Further, since the scale of the contact area 
(2 × 2 cm2) is much larger than the thicknesses of MAPI (~500 nm) and 
PTFE (100 µm) membranes, the surface potential changes of MAPI 
(short as ΔψMP) and PTFE (short as ΔψPT) induced by σDT could be 
written as [58], 

ΔψPT = ψPT − ψ0
PT = −

ε0εPT

tPT
σDT (2)  

ΔψMP = ψMP − ψ0
MP =

ε0εMP

tMP
(σDT) (3)  

where ε0, εMP, and tMP are the vacuum dielectric constant, the relative 

dielectric constant and the thickness of MAPI, respectively. εPT and tPT 

are the relative dielectric constant and the thickness of PTFE, ψ0
PT and 

ψ0
MP are the initial surface potential of PTFE and MAPI. Then, we can 

express the surface potential difference between the two contacted 
materials (short as φdiff (PT − MP)) by: 

ψdiff (PT − MP) = ψMP − ψPT = AσDT +C (4)  

A =
1
ε0

(
tPT

εPT
+

tMP

εMP

)

C = ψ0
MP − ψ0

PT (5) 

Based on previous work [26], the ψdiff (PT − MP)) can also be written 
as: 

ψdiff (PT − MP) = e∆VCPD(PT − MP) = e(VCPD− MP − VCPD− PT) (6)  

Where the ∆VCPD(PT − MP) is the difference of VCPD-PT and VCPD-MP. At 
the initial state, we can obtain the constant C in Eq. 5 which is 2.56/e. 
When for.-polar. is applied to a freshly-made MAPI at RT (Fig. 5c(II)), 
surface #1 is positively charged by PI-induced charge with a density of 
+σI, and it becomes +σI +σDT after contact with PTFE. Similar processes 
can be done for the other cases as shown in Fig. 5c(III)-(V). As the PI and 
PF effects can be enhanced or subtracted from each other, thus the total 
surface charges of MAPI (σD) can be written as: 

σD = + σDT ± σI ± σF (7) 

The symbol of “±” are determined by the polarization direction used, 
e.g., for for.-polar. or rev.-polar., they are “+” or “-” respectively. Similar 
to Eq. 2 to Eq. 5, we can obtain the ψdiff – σ relationship as: 

ψdiff = AσDT +B(±σI ± σF)+C (8)  

Fig. 5. Qualitative analysis of the PCE-probe method. (a) The VCPD− MP as a function of EP. (b) The surface potential mapping of freshly-made (I) PTFE and (II) MAPI 
films and (III) MAPI film after friction with PTFE. (c) A schematic of σD on the surfaces of PTFE and MAPI after contact (I) and polarization (II-V). (d) The VP 
measured by PCE-probe as a function of ∆VCPD(PT − MP). 
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where A = 1
ε0

(
tPT
εPT

+ tMP
εMP

)

, B = tMP
ε0εMP

, and C = 2.56/e. 

Fig. 4d shows the VP as a function of ∆VCPD(PT − MP) for EP in the 
range of − 3 V/μm to +3 V/μm, and a linear relationship can be obtained 
as follows, 

VP ≈ 682.6∆VCPD(PT − MP) − 1176.3 (9) 

Combining Eq. 6 and Eq. 9, we have 

VP ≈
682.6

e
×ψdiff (PT − MP) − 1176.3 (10) 

Eq. 10 indicates that the output of PCE-probe (VP) changes linearly 
with ψdiff (PT − MP) for EP in the range of − 3 V/μm to +3 V/μm, which is 
consistent with the previous works [26,58,59]. Furthermore, from Eq. 8 
and Eq. 10, we can conclude that the output of PCE-probe (VP) is also 
linearly determined by the CE-effect-, PI- and PF-induced transferred 
surface charges. In order to demonstrate general implication and prac-
ticality of the proposed PCE-probe, another common polymer, Nylon-6, 
which has different electron affinity from that of PTFE material, was 
used as the PCE-probe and the same conclusions with those obtained by 
the PTFE-probe were obtained (see Section S8 in Supporting Information 
for details). There exists a linear relationship between the PA6-probe 
output and the CE-effect-, PI- and PF-induced transferred charges, and 
the output of PCE-probe (VP) changes linearly with ψdiff (PA − MP). All 
these results provide more experimental evidences that reveal the po-
larization nature inside MAPI films and provide a semi-quantitative 
analysis method for PCE-probe when they are used to detect changes 
of surface electrical properties. 

4. Conclusions 

In this article, a self-powered PCE method is proposed to investigate 
surface electrical properties changes caused by PI and PF inside MAPI 
films under photovoltage induced built-in or applied field EP. The PI, PF 
and their combination effects were investigated in tetragonal phase at 
RT and LT, respectively, where PI dominates and PF is ignorable at RT, 
while PF is enhanced at LT. Whether it is PI or PF, the PCE-probe outputs 
increase under for.-polar. but decrease under rev.-polar., because they 
contribute ions of the same polarity to the contact surface under the 
same polarization configuration. Polarization saturation phenomena 
were observed at both RT and LT with EP = ± 4 V/μm, which shows the 
ability of the EP to drive ion migration and is consistent with the coercive 
field of MAPI films. The local ion doping on the surface caused by CE- 
effect, PI and PF modulate the surface energy band structure; the posi-
tive (or negative) ion doping results in the n-type (or p-type) doping 
effect and the corresponding neutral level of surface state decreases 
(increases). Combining with HTL/ETL and under light, the photovoltage 
induced ion redistribution enhances the interfacial junction, which is 
beneficial to the separation and transport processes of light-generated 
carriers or excitons. Besides, the PI and PF can be enhanced or sub-
tracted from each other depending on the combination of EP and tem-
perature. A qualitative relationship between the PCE-probe output (like 
VP) and the CE-effect-, PI- and PF-induced transferred charges is devel-
oped. The findings provide more experimental evidences for under-
standing the polarization nature inside MAPI materials and feasible 
analysis method of the PCE-probe for surface electrical properties. 

CRediT authorship contribution statement 

Shuyi Huang: Conceptualization, Methodology, Investigation, 
Formal analysis, Writing Original Draft. Haoze Kuang: Methodology, 
Investigation. Taoyu Zou: Methodology, Investigation, Materials. Lin 
Shi: Methodology, Investigation. Hongsheng Xu: Validation, Materials. 
Jinkai Chen: Resources, Materials. Weipeng Xuan: Resources, Mate-
rials. Shijie Zhan: Validation. Yubo Li: Resources. Hao Jin: Resources. 
Xiaozhi Wang: Resources, Funding acquisition. Shurong Dong: 

Resources, Funding acquisition. Hang Zhou: Methodology, Materials. 
Luigi G. Occhipinti: Resources, Methodology, Materials. Jong Min 
Kim: Resources, Methodology, Materials. Jikui Luo: Methodology, 
Writing - Review & Editing, Supervision. 

Declaration of Competing Interest 

The authors declare no conflict of interest. 

Acknowledgments 

This work was funded by Key R&D Program of China (No. 
2018YFB2002500, 2018YFC0810200), NSFC (National Science Foun-
dation of China 61974037), NSFC-Zhejiang Joint Fund for the Integra-
tion of Industrialization and Information (No. U1909212), Zhejiang 
Province Key R&D Programs (No. 2018C01037, 2020C03039, 
2018C01048) and Zhejiang Lab (No. 2018EB0ZX01, 2018EB0ZX01), 
Zhejiang University Education Foundation Global Partnership Fund, 
Zhejiang University Global Partnership Fund (No. 100000-11320). The 
authors gratefully acknowledge the support of the Zhejiang University 
Micro-nano Fabrication Center. 

Supporting information 

Supporting Information is available from the Wiley Online Library or 
from the author. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.nanoen.2021.106318. 

References 

[1] J.Y. Kim, J.W. Lee, H.S. Jung, H. Shin, N.G. Park, High-efficiency perovskite solar 
cells, Chem. Rev. 120 (2020) 7867–7918. 

[2] M. Ahmadi, T. Wu, B. Hu, A review on organic-inorganic halide perovskite 
photodetectors: device engineering and fundamental physics, Adv. Mater. 29 
(2017). 

[3] W. Yu, F. Li, L. Yu, M.R. Niazi, Y. Zou, D. Corzo, A. Basu, C. Ma, S. Dey, M.L. Tietze, 
U. Buttner, X. Wang, Z. Wang, M.N. Hedhili, C. Guo, T. Wu, A. Amassian, Single 
crystal hybrid perovskite field-effect transistors, Nat. Commun. 9 (2018) 5354. 

[4] J. Byun, H. Cho, C. Wolf, M. Jang, A. Sadhanala, R.H. Friend, H. Yang, T.W. Lee, 
Efficient visible quasi-2D perovskite light-emitting diodes, Adv. Mater. 28 (2016) 
7515–7520. 

[5] E.J. Yoo, M. Lyu, J.H. Yun, C.J. Kang, Y.J. Choi, L. Wang, Resistive switching 
behavior in organic-inorganic hybrid CH3NH3PbI3-xClx perovskite for resistive 
random access memory devices, Adv. Mater. 27 (2015) 6170–6175. 

[6] R. Ding, H. Liu, X. Zhang, J. Xiao, R. Kishor, H. Sun, B. Zhu, G. Chen, F. Gao, 
X. Feng, J. Chen, X. Chen, X. Sun, Y. Zheng, Flexible piezoelectric nanocomposite 
generators based on formamidinium lead halide perovskite nanoparticles, Adv. 
Funct. Mater. 26 (2016) 7708–7716. 

[7] J. Song, L. Xu, J. Li, J. Xue, Y. Dong, X. Li, H. Zeng, Monolayer and few-layer all- 
inorganic perovskites as a new family of two-dimensional semiconductors for 
printable optoelectronic devices, Adv. Mater. 28 (2016) 4861–4869. 

[8] M. Hu, C. Bi, Y. Yuan, Z. Xiao, Q. Dong, Y. Shao, Distinct exciton dissociation 
behavior of organolead trihalide perovskite and excitonic semiconductors studied 
in the same system, Small 11 (2015) 2164–2169. 

[9] H. He, Q. Yu, H. Li, J. Li, J. Si, Y. Jin, N. Wang, J. Wang, J. He, X. Wang, Y. Zhang, 
Z. Ye, Exciton localization in solution-processed organolead trihalide perovskites, 
Nat. Commun. 7 (2016) 10896. 

[10] B. Wu, H.T. Nguyen, Z. Ku, G. Han, D. Giovanni, N. Mathews, H.J. Fan, T.C. Sum, 
Liquid-like ionic conduction in solid lithium and sodium monocarba-closo- 
decaborates near or at room temperature, Adv. Energy Mater. 6 (2016). 

[11] L. Liang, H. Luo, J. Hu, H. Li, P. Gao, Efficient Perovskite Solar Cells by Reducing 
Interface-Mediated Recombination: a Bulky Amine Approach, Adv. Energy Mater. 
10 (14) (2020), 2000197. 

[12] H. Zhang, Y. Wu, C. Shen, E. Li, C. Yan, W. Zhang, H. Tian, L. Han, W.H. Zhu, 
Organic solar cells: sequentially deposited versus conventional nonfullerene 
organic solar cells: interfacial trap states, vertical stratification, and exciton 
dissociation, Adv. Energy Mater. 9 (47) (2019), 1970185. 

[13] H.J. Jung, C.C. Stompus, M.G. Kanatzidis, V.P. Dravid, Self-passivation of 2D 
Ruddlesden-Popper perovskite by polytypic surface PbI2 encapsulation, Nano Lett. 
19 (2019) 6109–6117. 

[14] S. Shao, M.A. Loi, The Role of the Interfaces in Perovskite Solar Cells, Adv. Mater. 
Interfaces 7 (1) (2019), 1901469. 

S. Huang et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.nanoen.2021.106318
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref1
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref1
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref2
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref2
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref2
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref3
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref3
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref3
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref4
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref4
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref4
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref5
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref5
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref5
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref6
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref6
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref6
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref6
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref7
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref7
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref7
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref8
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref8
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref8
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref9
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref9
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref9
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref10
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref10
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref10
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref11
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref11
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref11
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref12
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref12
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref12
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref12
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref13
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref13
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref13
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref14
http://refhub.elsevier.com/S2211-2855(21)00573-5/sbref14


Nano Energy 89 (2021) 106318

9

[15] K. Choi, H. Choi, J. Min, T. Kim, D. Kim, S.Y. Son, G.-W. Kim, J. Choi, T. Park, 
A Short Review on Interface Engineering of Perovskite Solar Cells: A Self- 
Assembled Monolayer and Its Roles, Sol. RRL 4 (2) (2019), 1900251. 

[16] Z. Li, C. Xiao, Y. Yang, S.P. Harvey, D.H. Kim, J.A. Christians, M. Yang, P. Schulz, S. 
U. Nanayakkara, C.-S. Jiang, J.M. Luther, J.J. Berry, M.C. Beard, M.M. Al-Jassim, 
K. Zhu, Efficacious engineering on charge extraction for realizing highly efficient 
perovskite solar cells, Energy Environ. Sci. 10 (2017) 2570–2578. 

[17] D.W. deQuilettes, W. Zhang, V.M. Burlakov, D.J. Graham, T. Leijtens, A. Osherov, 
V. Bulovic, H.J. Snaith, D.S. Ginger, S.D. Stranks, Photo-induced halide 
redistribution in organic-inorganic perovskite films, Nat. Commun. 7 (2016) 
11683. 

[18] M.U. Rothmann, W. Li, Y. Zhu, U. Bach, L. Spiccia, J. Etheridge, Y.B. Cheng, Direct 
observation of intrinsic twin domains in tetragonal CH3NH3PbI3, Nat. Commun. 8 
(2017) 14547. 

[19] B. Yang, C.C. Brown, J. Huang, L. Collins, X. Sang, R.R. Unocic, S. Jesse, S. 
V. Kalinin, A. Belianinov, J. Jakowski, D.B. Geohegan, B.G. Sumpter, K. Xiao, O. 
S. Ovchinnikova, Enhancing Ion Migration in Grain Boundaries of Hybrid Organic- 
Inorganic Perovskites by Chlorine, Adv. Funct. Mater. 27 (26) (2017), 1700749. 

[20] C. Li, A. Guerrero, S. Huettner, J. Bisquert, Unravelling the role of vacancies in lead 
halide perovskite through electrical switching of photoluminescence, Nat. 
Commun. 9 (2018) 5113. 

[21] L.M. Garten, D.T. Moore, S.U. Nanayakkara, S. Dwaraknath, P. Schulz, J. Wands, 
A. Rockett, B. Newell, K.A. Persson, S. Trolier-McKinstry, D.S. Ginley, The 
existence and impact of persistent ferroelectric domains in MAPbI3, Sci. Adv. 5 
(2019) 9311. 

[22] D. Di Girolamo, N. Phung, F.U. Kosasih, F. Di Giacomo, F. Matteocci, J.A. Smith, M. 
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