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With the rapid development of hybrid metal halide perovskites, control-
ling and understanding their growth processes have become an important 
but challenging task. In this paper, alternating electric field as an effective 
modulation method that acts on the intermediate state in perovskite forma-
tion under ambient conditions is introduced. The morphology and micro-
structure of the as-formed perovskites can be effectively controlled by tuning 
simple physical parameters such as the frequency and amplitude, which have 
shown strong impact on the motion of ionic species and thus influences the 
formation of materials. Furthermore, the optic and electronic properties of 
the perovskite (such as the band position) can also be easily tuned by the 
field parameters. Finally, a conversion efficiency of 19.08% can be achieved in 
MAPbI3 device without any doping or additional treatment, with impressive 
ambient and thermal stability without encapsulation. This result has not only 
illustrated a new physical approach for material fabrication, but also facili-
tates deeper understanding of the formation mechanism and generally shed 
light to the development of more devices and materials.
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the unprecedented 25.2% in 2019,[7] on 
the way approaching theoretical limit of 
31%.[8] However, severe challenges have 
yet remained with regard of their stability, 
scalability, building cost, and integration 
capability with other applicable devices 
(e.g., Si heterojunction solar cells[9]). To 
resolve that, tremendous efforts have been 
paid to the promotion of perovskites, such 
as interface engineering,[10] doping,[11] 
composition change,[12] additives,[13] and 
solvent engineering,[14] mostly chem-
ical modifications mainly controlled by 
thermal diffusions and mechanical forces.

Nevertheless, significant obstacles 
are still standing in front of real appli-
cations. For the mainstream chemical 
approaching, more complexity, less 
reproducibility and higher costs could be 
brought by doping processes,[15–17] inter-
facial engineering,[18,19] alternation of 
contents, uncertainties during the fabrica-

tion (such as centrifugal force in spin-coating and motion of 
molecules in gaseous mediums in evaporation methods) and 
so forth. To resolve that, approaches by physical methods such 
as electromagnetic fields have been performed on the perov-
skite fabrication which have been reported to induce signifi-
cant change in the structural and opto-electronic properties of 
materials.[20–22] Recently, some groups have found that some 
reversible morphological and structural responses (normally 
described as electrostrictive and electroelastic properties[23]) 
could be induced by certain external electric fields. Moreover, 
unlike classical perovskites and semiconductors, hybrid metal 
halide perovskites have shown excellent ion transport ability 
which has played an important part in their performance[24,25] 
and induced some unique behaviors in devices, e.g., significant 
hysteresis in J–V characteristics of PSCs.[26] Regarding those 
phenomena, they cannot be simply treated as classical ferroelec-
tric or semiconducting materials in experimental and theoret-
ical studies. What’s more, it has been also found out that certain 
intermediate states (for example, [PbI6]4−) had existed as an 
important content in the sample during the formation of perov-
skite before the thermal annealing.[27] Therefore, more detailed 
studies on the consequence of external fields at different stages 
or under various ambient conditions would hopefully lead to 
better understanding of the perovskite formation and as well  
facilitate establishment of new methods for material manipula-
tion. Especially, the alternating electric field with characteristic 

1. Introduction

In recent years, hybrid metal halide perovskites have become 
more and more important for many advanced opto-electronic 
devices, profited by their advantages in optic absorption, car-
rier mobility, defect tolerance, and bandgap modulation with 
impressively low fabrication criteria.[1–5] The power conver-
sion efficiency (PCE) of perovskite solar cells (PSCs) has 
surged from 3.8% by Miyasaka and co-workers[6] in 2009 to 
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time scale close to the ion transport (10−1 to 101 s) would be an 
interesting condition that could induce significant influence on 
the ionic systems in solid bulks.[28]

In this work, we will introduce a novel and facile modula-
tion method of perovskites that applies alternating electric field 
(AEF) on the intermediate state during their formation pro-
cesses, which can effectively induce significant morphological 
and structural reformation in tens of seconds in the atmos-
phere. The size of grains and crystal domains can be effectively 
influenced by variation of the field amplitude and frequency. 
Moreover, study of microstructures has indicated significant 
evolution of textures and lattice constant in the crystallites 
versus the filed parameters. These morphological and structural 
change have been evidently induced by the motion of some key 
ionic species under the influence of alternating electric field 
and thus lead to less defects, higher purity and controllable 
change of the band structure in the products. Consequently, the 
band positions can be well aligned to facilitate the injection of 
carriers to the adjacent charge transport layers and in the same 
time keep high intrinsic absorption with controlled bandgap. 
As a result, high performance p–i–n configuration MAPbI3 
PSCs could be realized with significantly higher efficiency 
(19.08%), JSC (22.09 mA cm−2) and VOC (1.09 V) than the control 
sample without any doping or additional treatments. Moreover, 
the AEF perovskites have shown impressively higher ambient 

stability after long time exposure to the air without encapsula-
tion and high thermal stability under high temperature com-
pared to basic devices.[29] Further theoretical and experimental 
studies have shown that the enhancement of light absorption 
in the AEF samples has been aided by their higher roughness, 
while their stability enhancement could be at least partly due to 
their stronger hydrophobicity. On the whole, this work has indi-
cated the importance of field-assisted motion of ionic species in 
the formation of perovskites and hopefully suggested a general 
way of facilitating novel fabrication methods for these materials 
via simple physical aspects.

2. Results and Discussion

2.1. Evolution of MAPbI3 with AEF under Varied Field Amplitude

Firstly, the pristine samples have been fabricated by spin-
coating method. The external electric field has been then 
applied on the spin-coated samples in air while thermal 
annealing was simultaneously conducted. The configuration of 
the setup is illustrated in Figure 1a,b (as well in Figure S1 in the 
Supporting Information). The thermal annealing of the control 
samples has also been carried out in air. The influence of the 
field intensity has been studied under varied applied voltage 

Figure 1. Illustration of the AEF method and morphological effect: a,b) Configuration of MAPbI3 samples: a) without and b) with AEF, respectively;  
c,d) SEM top view of MAPbI3 samples: c) without and d) with AEF (20 V, 20 Hz), respectively, insets showing corresponding cross-sectional view;  
e) Average horizontal grain size SH and vertical size SV versus the signal amplitude (UPP), f = 20 Hz; f) in- and out-of-plane size of crystal domains 
versus field amplitude; g) lattice constants under different amplitudes; h) angular distribution of (110) domains (qr near 0.99 Å−1) and corresponding 
orientation order factor S; i,j) EDS cross-sectional scanning of MAPbI3 samples: i) without and j) with AEF.
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with fixed electrode spacing and frequency (kept at 20  Hz, 
according to the characteristic time scale of ion transport in 
perovskite (≈10−1 to 10 s)).[28] As shown in Figure 1c,d, the AEF 
samples have shown significantly larger grain size than the 
control ones. The average horizontal size has been calculated 
using equivalent diameter of round shaped grain with the same 
area that has been statistically counted with large number of 
sampling, while the vertical size is estimated from the maximal 
height of a grain as it is similar to the film thickness (more 
details can be found in Figures S2 and S3 in the Supporting 
Information). The average horizontal and vertical sizes increase 
from about 295 and 240 nm at 1 V to 370 and 280 nm at 20 V, 
respectively (Figure  1e), showing a generally positive depend-
ence on the field intensity. Meanwhile, the horizontal size is 
generally than the vertical size, and the rate of its increase is 
also faster versus the increase of voltage.

For a simplified explanation, this behavior could be pos-
sibly determined by two factors. First, increase of Gibbs free 
energy of nucleation ∆GE could be additionally strengthened 
by the external electric field so that the growth process will be 
enhanced. The energy per unit volume given by the external 
electric field is proportional to the electrical conductivity and 
square of the field amplitude, so ∆GE will be positively related 
to the increase of field intensity.[30–32] Therefore higher field 
intensity can accelerate the growth of existing nuclei. Second, 
the electric field could also increase the mobility of the reactive 
ionic species that can raise the reaction rate and enhance the 
formation of larger grains.[33] Consequently, larger grain size 
will lead to fewer grain boundaries, weaker recombination and 
better overall conductivity (Figure S4 in the Supporting Infor-
mation), which is beneficial for higher device performance.[34] 
Nevertheless, too high voltage (>20  V) will lead to significant 
drop of absorption intensity at short wavelength that could 
be induced by larger pinholes under too high field amplitude 
(Figure S5 in the Supporting Information).

Moreover, as well-known, the grains of hybrid perovskites 
normally do not consist of uniform crystalline structures, but 
contain sub-grain crystallites called “crystal domains” with 
boundaries that cannot be displayed by SEM but detectable 
via other ways such as TEM (included in Figure S2 in the Sup-
porting Information) and photoluminescence (PL).[35–37] The 
properties of crystal domains (size, microstructure) have played 
an important role in the opto-electric and ferroelectric proper-
ties of perovskites.[38–41] As shown in Figure 1f, the size of (110) 
crystal domains (main content in the MAPbI3) has shown a 
generally positive dependence on the signal amplitude, with the 
in- and out-of-plane domain sizes increasing respectively from 
15.1 and 15.8 nm for control sample to 17.1 and 18.8 nm for AEF 
sample at 20  V. These values have been calculated from the 
integrated intensity of (110) direction[42] in the grazing incidence 
X-ray diffraction (GIXRD) patterns (details can be referred from 
Figures S6 and S7 in the Supporting Information). The out-of-
plane size is larger than the in-plane size but follows the similar 
trend of the latter. This is similar to the behavior of the grains 
and could have originated from similar mechanism.

Furthermore, the microstructural studies from GIXRD have 
shown a non-monotonic change of lattice constants versus the 
field intensity, with in general smaller a, b and c of the AEF sam-
ples than that of the control sample. The values of a, b, and c 

firstly change from 9.040, 9.058, and 12.878 Å (control sample) to 
9.048, 9.065, and 12.865 Å (1 V), respectively. Then they decrease 
to 9.009, 9.023, and 12.803 Å (15 V) and then again increase to 
9.028, 9.048, and 12.843 Å at 20  V, respectively (Figure  1g and 
Figure S8 in the Supporting Information). This phenomenon 
has indicated certain kind of field induced contraction in the 
perovskite lattices that has also be previously found in the elec-
trochemical systems.[43] In the meantime, the microstructural 
studies also indicate that certain texture of the crystal domains 
has widely existed in the AEF sample. As for the (110) domains, 
measurements of the angular distribution of GIXRD have been 
taken and shown in Figure 1h, together with the calculated ori-
entation order parameter S (S  =  −0.5, 0, 1 stand for edge-on, 
isotropic and face-on orientations, respectively. Details can be 
found in Figure S8 in the Supporting Information). It shows 
that as the voltage increased from 1  V, the orientation of (110) 
domains has changed from more like an edge-on situation to an 
almost isotropic arrangement at about 10 V, and then becomes 
edge-on again. Appearance of texture under AEF can be under-
stood as the effect of electric force on the crystallites. However, 
the reason of the non-monotonic evolution versus field inten-
sity change is still unknown. Probably a more detailed study on 
single crystals could be helpful for more information.

Apparently, certain ionic processes could have played impor-
tant roles in those behaviors with so significant responses of 
material to the electric field in the low frequency range (similar 
characteristic time scale has been also reported in perovskite 
systems and claimed to be related to the motion of ionic spe-
cies).[25,44] Hence the elemental distribution in the samples has 
also been investigated using energy-dispersive X-ray spectros-
copy (EDS, Figure  1i,j, as well in Figure S9 in the Supporting 
Information). Compared to the control sample, the AEF perov-
skite has contained relatively more iodine content at the bottom 
of perovskite layer (near the substrate). Moreover, despite of 
different polarities, I− and Pb2+ have an overall migration to 
the same direction under the electric field and finally accumu-
late at the same position (close to perovskite/HTL interface). 
This interesting phenomenon is consistent with some pre-
vious reports about the different transport mechanisms of ions 
in hybrid perovskite. According to that, the motion of Pb2+ is 
mainly in interstitial mode[45] and that of I− is vacancy mediated, 
while the interstitial Pb2+ anions and I− vacancies are both posi-
tively charged.[45–47] This will lead to migration of Pb2+ and I− 
ions to the same direction in the perovskite bulk under electric 
field. What’s more, the energy barriers in the sample[48,49] can 
induce a certain rectification effect that induces a one-directional 
motion of the ions/charged vacancies despite of the alternation 
of field direction. Generally, these factors will eventually lead 
to the overall redistribution of Pb2+ and I− to the same direc-
tion under AEF conditions. These locally enriched ions could 
reduce the defect states in the perovskites and improve the opto- 
electronic performance of the materials (more detailed discus-
sion can be found in Figure S10 in the Supporting Information).

2.2. Evolution of MAPbI3 versus Frequency

Furthermore, when the frequency is varied, no significant change 
of the grain size can be observed (Figure 2, 0 Hz representing 
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the grain size of control sample), whereas the size of crystal 
domains exhibit non-monotonic variation versus the frequency 
(details can be found in Figures S11–S13 in the Supporting 
Information). For the control sample (indicated as the point 
at “0 Hz” in Figure  2a), the in- and out-of-plane (110) domain 
sizes are about 15.1 and 15.8  nm, respectively. Under AEF, the 
in- and out-of-plane domain size firstly increase with increasing 
frequency (<20  Hz), become largest (17.1 and 18.8  nm, respec-
tively) at 20 Hz and then begin to decrease at frequency higher 
than 20 Hz. Moreover, with increasing frequency, the PbI2 con-
tent firstly has a drastic increase and decrease near 1 Hz, reaches 
minimum at 20 Hz and then slowly increases again (Figure S13 
in the Supporting Information). The PbI2/perovskite ratio has 
shown the same trend. This indicates better purity of perovskite 
at 20 Hz, together with the largest grain and domain size.

To explain that, a possible model can be proposed as fol-
lowing. First, intermediate species exist in the as-formed sample 
mainly in the form of [PbI6]4− after the deposition of precursors 
onto the substrate, according to preliminary research.[27] Their 
collision with MA+ ions will contribute to formation of the 
MAPbI3 octahedral structure ruled by Goldschmidt tolerance 
factor t  = (rA+ rI)/21/2(rPb+ rI),[50] and afterward the formation 
of perovskite domains. Since the mobility of [PbI6]4− is much 
lower than the MA+ cations, the motion of MA+ will more likely 
play the main role in this process.[24,44] Second, the kinetic 
energy of the ions (Pb2+, I−, MA+, [PbI6]4−) in the intermediate 
state is mainly from the thermal Brownian motion and the elec-
tric field. As being previously reported, the collisions require a 
minimum formation energy of 6  eV for MAPbI3.[51] When no 
electric field is applied (Figure  2d), the movement of ions is 

Figure 2. Perovskite under alternating electric field with frequency modulation: a) in- and out-of- plane size of crystal domain versus frequency, inset 
showing corresponding variation of the grain size; b) lattice constants versus the field frequency; c) angular distribution of (110) domains under dif-
ferent AEF frequency with corresponding orientation order parameter; d–f)Theoretical model of perovskite crystal domain expansion d) without AEF 
treatment; e) in low frequency region (<20 Hz) at 20 V and f) in high frequency region (30–50 Hz) at 20 V; g–i) SIMS results of different ionic species, 
all intensities are normalized: g) Pb2+, h) I−, i) MA+.
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mainly in the form of Brownian motion (marked by red dashed 
arrows) from the volatilization of the solvent during the heating 
process. When an electric field is applied, more energy is trans-
ferred to the ions as the increment of their kinetic energy so 
that the formation of perovskite domains and grains will be 
further enhanced. The motion of ions in the intermediate state 
will be determined by the electric field and the damping force 
from the viscosity of the solution, which will accelerate and 
decelerate the ions, respectively. Because of the high damping 
effect in the intermediate mixtures, the field-induced increment 
of kinetic energy will be dissipated at the end of each acceler-
ating period and therefore its maximum value is only deter-
mined by field induced acceleration in one single period.

At low frequency (Figure 2e), on the one hand, the increment 
of kinetic energy of ions will be higher in one longer accelera-
tion period than that at high frequency. On the other hand, the 
number of collision events among MA+ and [PbI6]4− will increase 
with the frequency. Hence the formation of perovskite will be 
enhanced with increasing frequency under this condition. How-
ever, when frequency is too high (Figure 2f), the increment of 
kinetic energy of MA+ cations will not be high enough to over-
come the formation energy of 6 eV for perovskite by one much 
shorter acceleration period. Therefore, even if more collision 
events can take place under this condition, they would be futile 
for the formation of perovskite. The increment of kinetic energy 
will continue to decrease with shorter acceleration time (or in 
another word, higher frequency). Hence the total reaction prob-
ability decreases with the increasing frequency and so will be the 
domain size. As a result, the largest perovskite crystal domains 
are most easily formed in the moderate frequency range.

The results of microstructures have shown more compli-
cate behavior than under the amplitude modulation (Figure 2b 
and Figure S14 in the Supporting Information). The values of 
a, b, and c first drop from 9.042, 9.059, and 12.873 Å (control 
sample) to 9.025, 9.050, and 12.870 Å (1 Hz), and then increase 
to 9.056, 9.069, and 12.895 Å at 10 Hz, respectively. Then those 
values decrease again to 9.030, 9.048, and 12.840 Å at 20 Hz and 
slowly increase with frequency to 9.033, 9.049, and 12.863 Å at 
50  Hz, respectively. Except 10  Hz, most AEF conditions have 
appeared to result in smaller lattices than the case without elec-
tric field. The explanation for such complicate behaviors may 
require more precise control of crystallization and as well theo-
retical simulations. As for the texture (110) of crystal domains, 
no significant reorientation can be found versus the change of 
frequency, as shown in Figure 2c (other details can be found in 
Figure S14 in the Supporting Information). Different from the 
variation of domain size, it appears that the orientation of the 
crystal domains is dominantly influenced by the field ampli-
tude, but almost insensitive to the frequency.

As shown above, significant structural change can be 
detected in the sub-grain level of the perovskite. To further study 
the change in the content, secondary ion mass spectroscopy 
(SIMS) has been carried out, as shown in Figure 2g–i. There’s 
been significant redistribution of Pb2+, MA+ and I− toward the 
perovskite/ITO interface in the AEF perovskites compared to 
the control sample (Specially, Pb2+ and I− ions have more even 
distribution under 20  Hz than under other conditions). Such 
redistribution appears consistent with the EDX results shown 
in Figure  1f,g (as well in Figure S9, Supporting Information). 

What’s more, the similar redistribution of MA+ compared to 
Pb2+ has indicated that its motion is also mainly in interstitial 
mode like Pb2+.[24,52] Noticeably, certain artifact of MA signal[53] 
can be observed in the region near the perovskite/ITO interface 
that could be induced by MA oxidation by O2

+ sputtering, as 
has also been reported by some recent studies.[54] However, this 
will not influence the overall result that the general redistribu-
tion of MA+ ions is toward perovskite/ITO interface since all 
measurements have been performed on samples with identical 
thickness and contents.

2.3. Optic and Electronic Properties of AEF MAPbI3

As illustrated by previous sections, significant morphological 
and microstructural changes can be induced by AEF treated 
perovskites. Naturally, a question that follows would be their 
correlation with the opto-electronic properties of the materials. 
Steady PL and time-resolved photoluminescence (TRPL) have 
been carried out to survey the charge separation and collection 
in the interfaces and perovskite layer. Measurements have been 
first taken from top of perovskite with and without PCBM as 
the bottom layer to distinguish the influence of radiative recom-
bination and charge transportation on the luminescence inten-
sity.[55,56] In the case without PCBM, as shown in Figure  3a, 
the PL intensity of the AEF perovskite is at first (1 Hz) higher 
than the control sample, increases with increasing frequency 
until 20  Hz, and then decreases again to a value lower than 
the control sample. The high PL intensity at lower frequency 
(≤20  Hz) indicates weaker defect recombination and smaller 
trap density, as can be supported by the trap density space 
charge limited current measurements (Figures S15 and S16 
in the Supporting Information). The decrease of PL at higher 
frequency (>20  Hz) could be due to more frequent MA+ col-
lisions under this condition, which have appeared not ener-
getically effective to facilitate the formation of perovskite but 
enough to create more point defects according to previous dis-
cussion. Besides, the peak position has shown a slight red shift 
from 761 to 770 nm with increasing frequency (Figure 3a and 
Figure S17 in the Supporting Information), suggesting slight 
shrinking of bandgaps.

Furthermore, as being illustrated in Figure  3b, the AEF 
samples have shown much longer lifetime than that of the 
control sample (13.51  ns) at low frequency (≤20  Hz, reaching 
maximum of 36.77 ns at 20 Hz), which turns to be lower at fre-
quency >20 Hz. This has indicated significant passivation effect 
of the defects inside perovskite layer. Like the PL, the decrease 
of lifetime at higher frequency (>20 Hz) could also be induced 
by enhanced collisions of the ionic species. All TRPL traces 
have been fitted using biexponential function as followed

τ τ
= − −






+ − −
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where t0 is the start time of decay process, y0 is the background 
constant (neglectable in this work), and τ1 and τ2 are the fast 
and slow components derived from the fitting results, respec-
tively. The first and second terms in Equation  (1) correspond 
to the charge transfer and radiative decay, respectively.[57] The 
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mean carrier lifetime τavg can be obtained as following (details 
can be found in Table S1 in the Supporting Information)

τ τ
τ

= ∑
∑

A

A
avg

n n
2

n n

 (2)

For case with PCBM, as shown in Figure 3c,d, the PL inten-
sity of the AEF perovskites has been generally weaker than the 
control sample, while the TRPL has shown faster decay in the 
AEF samples. Such phenomena significantly indicate better 
carrier extraction and transport abilities of the AEF perovskites 
than the control sample. Especially, the shortest lifetime of 
≈3.06 ns has been achieved at 20 Hz, which is much less than 
≈14.12  ns of the control sample (details are listed in Table S2 
in the Supporting Information). Therefore, the moderate fre-
quency of 20 Hz has appeared to be the optimal condition for 
the improvement of electronic properties.

In addition, beside the measurements taken from the top-
side, PL has also been performed on backside (glass side) of 
the sample (Figure  3e). The PL spectra follow similar trend 

with the topside ones, indicating that the whole sample con-
tains lowest defect density at 20 Hz. The ratio of the back/front 
excitation intensity of the AEF samples is generally larger than 
that of the control sample (point 0 Hz in Figure 3f). A possible 
reason is that certain accumulation of Pb and I species can take 
place at the bottom of perovskite bulk under AEF conditions 
(Figure 2 and Figure S9 in the Supporting Information), which 
can reduce the local bulk defect density and enhance the PL 
intensity with glass substrates.[58]

As commonly known, the electronic structure can also be 
influenced by changes in the morphology, microstructure, and 
composition of materials.[59] To verify that, the band structures 
of the samples have been investigated using UV–vis spectro-
scopy, as shown in Figure 4. In 500–650 nm, the absorbance first 
increases with the frequency, reaches maximum at 20 Hz and 
then decreases again (Figure  4a). In 650–850  nm, the absorp-
tion curves are quite close to each other. For the AEF sample 
at 20  Hz, its absorption is almost the same with the control 
sample at 500–650 nm but higher at 750–780 nm because of the  
shift of absorption edge. As being derived from the absorption 

Figure 3. Photoluminescence property of perovskite under frequency modulation: a) PL and b) TRPL spectra of MAPbI3 deposited on glass at 0, 1, 10, 
20, 30, and 50 Hz (taken from the front excitation of MAPbI3), dots and solid lines indicating original data and fitted curves, respectively; c) PL and  
d) TRPL spectra (intensity is normalized) of MAPbI3 with PCBM at different frequencies; e) PL spectra of MAPbI3 on glass, taken from the back excita-
tion (the glass side); f) PL intensity versus frequency from the top and back side and their ratio, respectively.
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edge from Figure 4b, the bandgap of the optimized AEF perov-
skite film is about 1.594  eV, smaller than that of the control 
sample (1.619 eV), which could have been induced by more con-
tent of MAPbI3 and less PbI2 (with Eg ≈ 2.36 eV)[60] in the AEF 
sample (Figure S13c, Supporting Information).

For more quantitative information, we have further analyzed 
the UPS spectra and calculated the band positions. As shown 
in Figure 4c, the change of bandgap appears to be quite slight 
versus different conditions (details are listed in Table S3 in 
the Supporting Information). In Figure 4d, the band positions 
under three representative conditions (without electric field, 
20 Hz, 50 Hz) are displayed together with the typical energy dia-
gram of a p–i–n structure cell, which indicate a general down-
ward shift of the conduction and valence bands with increasing 
frequency. It can be noticed that the conduction band of AEF 
perovskite at 20 Hz is almost at the same level of the conduc-
tion band of the PCBM layer, while the valence band at 20 Hz is 
significantly lower than the hole transport layer but just slightly 
higher than the valence band at 50 Hz. First, lower position of 
the valence band of perovskite against the HTL will inhibit the 
reverse injection of holes from the HTL back to perovskite layer. 
Second, the conduction band of the perovskite layer should 
not be too low or its electron injection to the PCBM layer will 
drastically decrease even if it becomes just slightly lower than 
the conduction band of PCBM layer.[48,49] Finally, as discussed 
before, the change of the bandgap of perovskite is quite small 
under different conditions, so any shift of the valence band is 
accompanied with similar shift of the conduction band. There-
fore 20  Hz has appeared to be the optimal frequency with 
balanced positions of the conduction and valence bands that 
lead to high performances[61] in corresponding solar cells. In 
general, the slight change of the absorption edge is possibly 
attributed to more MAPbI3 content in the AEF samples com-
pared the control ones.[60] The shift of the energy band could be 

originated from redistribution of ions in the perovskite bulk, as 
have been detected by previous elemental analysis by EDS and 
SIMS.[24,62] However, a more quantitative picture can be estab-
lished aided by further theoretical investigation (e.g., calcula-
tion based on the first principle), while the correlation of the 
above optic-electronic properties with the morphological and 
structural evolution remains interesting topics to be explored.

2.4. Performance of AEF Perovskite in Photovoltaic Devices

Eventually, the as-fabricated materials have been integrated 
into typical p–i–n configuration PSCs (ITO/PTAA/MAPbI3/
PC60BM/Al) to test their impact with common application, as 
shown in Figure 5. A comparison of the champion devices is 
illustrated in Figure  5a with J–V tests under standard AM 1.5 
condition (detailed statistics can be found in Figures S18 and S19  
in the Supporting Information). Compared to the control  
device (η  = 16.53%, JSC  = 19.85  mA cm−2, FF = 0.79, VOC  = 
1.05  V), the AEF devices can achieve efficiency so long up to 
19.08% (with JSC  = 22.09  mA cm−2, FF = 0.79, VOC  = 1.09  V), 
which yields a 15.43% enhancement of efficiency. The JSC 
values have matched well with the integrated EQE spectra 
shown in Figure  5b. Moreover, significantly higher and more 
stable output of PSCs with AEF perovskite has also been 
shown by the stabilized power output (SPO) measurement in 
Figure 5c compared to the control device. The higher VOC and 
larger JSC should be attributed to less carrier recombination and 
more effective charge transport at grain boundaries with larger 
grain size and less defects under alternating field. The statis-
tical results are plotted in Figure 5d–f, with sample number of 
50. These key parameters have shown much narrower distri-
butions than the control samples, indicating quite satisfactory 
reproducibility and controllability of the AEF method.

Figure 4. Electronic properties of MAPbI3 under AEF with frequency modulation: a) Absorption spectra and b) Tauc plots of the fabricated MAPbI3 
films with different frequencies; c) UPS scans of cutoff edge spectra in the left panels and close-up of valence band onset shown the right hand side; 
d) energy band alignment for the MAPbI3 device modulated by AEF at different frequencies (0, 20, and 50 Hz).
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Furthermore, the dark J–V measurement has also been 
applied to evaluate the charge recombination and transport pro-
cesses.[63,64] As displayed in Figure 5g, the AEF PSC has shown 
lower dark current densities at negative bias than the control 
device. This difference suggests significant suppression of the 
leakage current in the AEF samples with fewer defects that 
could result in higher VOC in the devices.[65,66] This is consistent 
with the observed PL results and the J–V characteristics shown 
in Figures 3 and 5d. At voltages from 1.3 to 2 V, the dark cur-
rent of the AEF devices has a drastic increase, indicating more 
efficient electron injection capability.[67] For more quantitative 
description, the ideality factor n can be introduced as following

= ∂
∂

n
q

kT

V

Jln
OC

SC

 (3)

where q is the elementary charge, k is the Boltzmann con-
stant, and T is the absolute temperature. Smaller n indicates 
less carrier recombination.[67] Corresponding evaluated n values 
are 1.76 and 2.26 for the AEF and control sample, respectively 
(Figure S20 in the Supporting Information). Therefore, the 
former has shown apparently higher device quality.

Furthermore, as an intensively concerned property, the sta-
bility of the products has been verified via two different routes in 
this experiment. Firstly, the long term stability (with normalized 
PCE) of PSCs has been tested by the dark storage experiment 
(ISOS-D-1) based on recently proposed ISOS stability protocols 
(JV-3-5), which has been carried out in an air-filled (atmosphere 
with volume ratio of N2/O2 of 78:21) glovebox.[29] The PSC based 
on AEF treatment has maintained over 70% of the initial PCE 
after storage for 30 days at room temperature without encapsu-
lation, whereas the one without AEF treatment has only retained 
below 20% of its initial efficiency. This result is comparable with 
the previous stability achievement on much more complicate 
systems.[68,69] The enhancement of stability could be induced by 
less defects/larger grains[34] and also the field induced contrac-
tion of lattices under AEF conditions, which could effectively 
inhibit the transport of external ionic species in the perovskite 
and therefore increase its intrinsic stability.[70]

Secondly, the thermal stability of the samples has been tested 
by heating process at temperature from 100 to 180 °C for 10 min 
in a nitrogen-filled chamber and then characterization by X-ray 
diffraction (XRD) measurements. The normalized (110) peak 
intensity has been used to identify the amount of perovskite in 

Figure 5. Characterization of device performance and stability test: a) J–V curves (reverse scanning) of the champion solar cells based on MAPbI3 
films fabricated without and with AEF (20 Hz, 20 V), the inset showing the cross-sectional SEM of corresponding PSC; b) Comparison of EQE and 
corresponding integrated JSC; c) Comparison of steady-state power output (SPO); d–f) statistical histograms of d) VOC; e) JSC and f) efficiency of dif-
ferent devices; g) Dark J–V curves of the champion devices; h) Long-term stability of normalized PCE of unencapsulated MAPbI3 devices stored in air 
(RH 70%, RT 25 °C); i) Content of perovskite under high temperature in the samples with and without AEF manipulation, with heating time 10 min.
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the sample (details can be found in Figure S21 in the Supporting 
Information). As plotted in Figure 5i, the perovskite content in 
both samples will increase as the temperature increases from 
100 to 130 °C, which could be regarded as facilitation on contin-
uous crystallization process by low temperature annealing.[71,72] 
However, the amplitude of increase of the PEROVSKITE (110) 
composition in the AEF sample has been more significant than 
the control sample. This could be induced by more residual 
intermediate products in the AEF perovskites that can be con-
verted into perovskite phase at elevated temperatures com-
pared to the control samples (can be referred from GIXRD in 
Figure S10 in the Supporting Information).[27] At higher tem-
peratures (140  °C for AEF treated one and 130  °C for control 
sample), the perovskite content begins to decrease versus the 
temperature, which could be most possibly related to the tran-
sition from MAPbI3 to PbI2. The higher turning point of the 
AEF sample has apparently shown its higher thermal stability, 
which could be induced by the larger grain size under alter-
nating electric field. Overall, the AEF treated sample has shown 
significantly higher stability, which would be important for the 
application of PSCs under extreme conditions and could hope-
fully facilitate other systems (e.g., LEDs and sensors) as well.

2.5. Further Study on the Surface Situation and its Consequence

Beside the bulk properties, the surface situation of perovskite 
could have also played an important role in the device perfor-
mance, as have been reported by many works. First, we have 

applied the atomic force microscopy (AFM) on the perovskite 
films to study their surface morphology. The root mean square 
(RMS) roughness of the MAPbI3 interface increases from 10.5 
to 21.2 nm as the frequency increases from 0 to 30 Hz (0 Hz 
indicates the control sample), and becomes slightly lower 
(19.2 nm) at 50 Hz (Figure 6a). Furthermore, we have carried 
out theoretical simulations utilizing Lumerical finite difference 
time domain (FDTD) software and Lumerical DEVICE soft-
ware to calculate the field distributions in the bulk MAPbI3 
films and corresponding photovoltaic properties under illu-
mination of the whole solar spectrum. Detailed parameters 
(carrier mobility, bandgap, defect density, refractive index) of 
each layer have been set according to previous literatures[73–78] 
(listed in Table S4 in the Supporting Information). Figure 6b,c 
presents the electric field distributions in the control device and 
the champion AEF device (with the roughness set at 10.5 and 
13.5 nm, respectively) fabricated at 20 Hz under illumination, 
respectively. Apparently, the electric field intensity in the cham-
pion device is much stronger than the control sample. This 
could be due to enhanced Mie resonance scattering induced 
by larger perovskite grains in the AEF perovskites that can 
lead to more efficient coupling of the incident light with the 
photoactive layer and improvement of device performance.[79] 
Moreover, the detailed photovoltaic characteristics of simu-
lated devices have been calculated and displayed as a function 
of roughness in Figure 6d. It can be seen too high roughness 
would result in lower performance, which could be attributed 
to the inhibition of charge extraction from PEROVSKITE to the 
hole transport layer by some previous report.[80] Theoretically, 

Figure 6. Surface condition and its influence: a) Typical AFM images of upper surface of AEF processed MAPbI3, 20 V, f = 0–50 Hz; b,c) Calculated dis-
tributions of electric field in the samples: b) without and c) with AEF treatment on the interfaces of MAPbI3/PC60BM, with Wavy dashed lines represent 
the interface of MAPbI3/PC60BM; d) Simulation of photovoltaic parameters of PSCs as functions of film roughness.
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the ultimate efficiency of the device (RMS ≈ 13.5 nm at 20 Hz) 
can be 20.5% higher than the experimental results so far in this 
work (Figure 5a). Therefore, further improvement of this AEF 
method on perovskites are yet expectable with the improve-
ment of experimental details. Besides, the AEF films have also 
shown higher water contact angle than the control sample, 
indicating that they have more hydrophobic surfaces that could 
facilitate the long term stability of materials (Figure S22 in the 
Supporting Information).[81]

3. Conclusion

In this work, we have investigated a novel method using alter-
nating electric field that can induce irreversible evolution 
of perovskites toward significant improvement of its opto-
electronic properties. The morphology, microstructure and con-
tent in the perovskite can be effectively controlled by tuning the 
amplitude and frequency of the electric field. As a result, the 
band structure of the as-fabricated sample can be easily aligned 
by the field parameters. In the meantime, the alternating elec-
tric field processed samples have also shown higher purity 
and less defects. Finally, an impressive enhancement in the 
device performance could be achieved with η ≈ 19.08% (15.4% 
higher than the control sample, with VOC and JSC respectively 
increasing from 1.05 to 1.09  V and 19.85 to 22.09  mA cm−2) 
without additional materials and treatments. Furthermore, the 
as-fabricated samples have also shown significant enhance-
ment in their long term stability under ambient and high 
temperature conditions without encapsulation. In addition, 
experimental and theoretical studies on the variation of surface 
conditions have also indicated the possibility to even higher 
performance (η  >  20%) in the future. In general, this work 
could not only facilitate the fabrication of perovskite materials 
and application of PSCs, but also give light to development of 
more methods and materials.

4. Experimental Section
Materials: Poly[bis (4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, Mn =  

3200, Mw = 4900), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F4-TCNQ) and Lead iodide (PbI2, 99.5%) were obtained from Xi’an 
Polymer Light Technology Corp. (China). Methylammonium iodide 
(MAI) was purchased from Deysol. [6,6]-phenyl C61-butyric acid methyl 
ester (PC61BM, 99.5%) was purchased from Nano-C, Inc. (USA). All 
liquid reagents were purchased from Sigma-Aldrich, including N,N-
dimethylformamide (DMF, anhydrous, 99.8%), Dimethylsulfoxide 
(DMSO, anhydrous, 99.8%), and Chlorobenzene (CB, anhydrous, 99.8%).

Material and Device Fabrication: The patterned ITO-coated glass 
substrates (1.7 cm × 1.7 cm, Rs ≤ 10 Ω □−1, Tr ≥ 83%) were sequentially 
cleaned in an ultrasonic bath of diluted detergent, deionized water, 
acetone, and isopropanol (IPA) for 20 min in each step. After drying in a 
vacuum oven, they were treated with ultraviolet-ozone chamber (Jelight, 
USA) for 15 min and then transferred into an air-filled glovebox. For the 
hole transporting layer, 25% w/w F4-TCNQ doped PTAA was dissolved 
in CB to form a 1 mg mL−1 liquid precursor, which was then stirred and 
heated at 70  °C overnight. The mixture was spin-coated onto the ITO 
substrates at 5000 rpm for 30 s and subsequently annealed at 150 °C for 
10 min in an air-filled glovebox (RH ≈ 20%). To improve the wettability of 
the PTAA film on the perovskite precursor, 60 µL DMF was spin-coated 
onto the PTAA/ITO substrates at 4000  rpm for 10 s. The perovskite 

precursor solution consists of PbI2 (1.20 m), MAI (1 m, dissolved in 
mixed DMF/DMSO (9/1, v/v)), which was stirred at 60–70 °C overnight 
before the fabrication. Afterward, it was spin-coated onto the PTAA/ITO 
substrates at 4000 rpm for 30 s. 150 mL CB was quickly casted onto the 
product in the 5th second in the spin-coating process. Subsequently, 
the sample was transferred to a modulated electric field (device setup 
is shown in Figure S1 in the Supporting Information) with voltage from 
0–20  V and electrode distance of 30  µm. The alternating electric field 
was generated by a function generator with power amplifier (Shenzhen 
ATTEN Technology Co. Ltd., ATF20F), with the parameters such as the 
waveform, amplitude and frequency set before operations. The AEF 
treated samples and control samples were all thermally annealed at 
100 °C for 10 min. After cooling down to room temperature, 20 mg mL−1 
PC61BM solution (in CB) was deposited on top of the perovskite layer at 
1000  rpm for 60 s in the air-filled glovebox. All prepared solutions are 
filtered with poly(tetrafluoroethylene) filters (0.45  µm) before the spin 
coating. Finally, an Al (100  nm) electrode was thermally evaporated to 
the samples in vacuum (<6 × 10−4  Pa) through a shadow mask with 
active area of 0.05 cm2.

Characterization: The surface morphology of the perovskite film 
and prepared PSCs has been observed by field-emission scanning 
electron microscope (FESEM, Zeiss Ultra Plus Germany) of the center 
for advanced electronic materials and devices (AEMD) and atomic 
force microscopy (AFM, Nanoscope IIIa Multimode). The elemental 
analysis has been performed by EDX installed in the SEM system 
(Oxford Instruments, Aztec X-Max 20). The GIXRD measurements were 
carried out in advanced light source (ALS), Lawrence Berkeley national 
laboratory (LBNL). The X-ray wavelength was 1.24 Å and the scattering 
intensity was measured by a PILATUS 2M detector and the measurement 
was performed in a closed chamber purged with helium to suppress 
air scattering. The integrated peak area, peak intensity and crystal size 
were obtained using IGOR software. High-resolution TEM (HRTEM) 
imaging (device model: FEI Talos F200X G2, operated at 200  kV) of 
MAPbI3 are maintained at a low dose of ≈0.5 pA cm2. The FIB treated 
specimens have been prepared using focused ion beam (FIB; Helios 
600, FEI) equipped with C and Pt gas injectors and micromanipulator 
(Omniprobe). The 20  µm C layer has been deposited on the surface 
of the sample prior to the FIB cross-section preparation. The cross-
sections measured about 8 × 13 µm2 in area and 0.8  µm in thickness 
are cut off by 30 kV Ga+ ions with ion beam current of 23 nA, removed 
from the bulk sample, and then attached to the Omniprobe semiring. 
Final thinning is performed with 30  kV Ga+ ions (ion beam current  
3 nA) followed by cleaning with 2 keV Ga+ ions at beam current 10 pA. The 
time-of-flight secondary ion mass spectroscopy (SIMS, device model: 
TOF-SIMS 5, IONTOF, Germany) has been carried out with pulsed 
ion source from O2− (1  keV) and Bi+ (30  keV). The UV–vis absorption 
spectra were measured by UV–vis–NIR absorption spectrophotometer 
(LAMBDA750, Perkin Elmer, USA). The steady-state photoluminescence 
was measured by DAM302 (Horiba Jobin Yvon, FL, Japan) with excitation 
at 325 nm. The time-resolved photoluminescence spectra were collected 
with time-resolved fluorescence spectrofluorometer (Horiba Jobin 
Yvon, FL, Japan). A 400  nm pulsed laser with pulse width 1.3  ns was 
used to excite the samples from both front (perovskite film side) and 
back side (substrate side). Ultraviolet photoelectron spectroscopy (UPS) 
was carried out with an imaging photoelectron spectrometer (Thermo 
ESCALAB 250, USA) equipped with UV Light Source (He I = 21.2 eV) in 
an ultrahigh vacuum analysis chamber (<3 × 10−10 Torr), and the valence 
states of the prepared perovskite/ITO films were characterized by UPS 
He I measurements. The external quantum efficiency (EQE) spectra 
were acquired with Quantum Efficiency/IPCE system (PV Measurements 
Inc., QEX10) in the 300–900  nm wavelength range. No light soaking 
and bias voltage were applied during the measurement process. The 
photocurrent density–voltage (J–V) curves were measured by a Keithly 
2400 sourcemeter under simulated AM 1.5G sunlight at 100 mW cm−2 
irradiance by a 150 W class AAA solar simulator (XES-40S1, SAN-EI). 
Stabilized power output and stabilized photovoltage were also tested 
under standard 1 sun AM 1.5G in a N2-filled glovebox. The long term 
stability test has been carried out under ambient conditions (in air at  
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1 atm, RH 70%, 25 °C) for 30 days. For the thermal stability measurement, 
each perovskite film was annealed in air at 100 °C for 10 min, and then 
aged at 100, 120, 130, 140, 150, and 180  °C in nitrogen atmosphere  
(1 atm, RH 10%, 25 °C) for 10 min, respectively.

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