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Highly stable inverted methylammonium lead tri-iodide 

perovskite solar cells achieved by surface re-crystallization

Hyungcheol Backa,b�, Geunjin Kima,c�, Heejoo Kima,d*, Chang-Yong Name, Jinhyun Kimf, Yong Ryun 
Kima, Taejin Kimg, Byoungwook Parkh, James R. Durrantf, Kwanghee Leea,h* 

Despite the promise of a simple manufacturing via entire solution 

process at low temperature (< 100 °C), the planar-type inverted 

perovskite solar cells (PeSCs) based on methylammonium lead tri-

iodide (MAPbI3) still suffer from a notorious instability problem 

under operational conditions. Here, we found that the 

operational stability of PeSCs with MAPbI3 is significantly related 

with a high density of ionic defects and correlated amorphous 

regions at the interface between the electron transport layer and 

the MAPbI3 film. By recrystailizing the surface of the MAPbI3 layer, 

we fabricate a defect-free stoichiometric MAPbI3 crystals and 

demonstrated burn-in loss-free and intrisically stable inverted 

MAPbI3 PeSCs. The inverted MAPbI3 PeSCs exhibited a power 

conversion efficiency (PCE) of 18.8% that was maintained over 

80% and 90% of their initial PCEs even after 1000 hours of real 

operation (under AM 1.5G irradiation) and continuous heating 

conditions (at 85 °C in the dark), respectively. Our work 

demonstrates that the MAPbI3 layer in an ionic defect-free 

condition is �intrinsically� stable under operational condition.

The development of organic-inorganic lead halide perovskite 
semiconductors has sparked tremendous research on solution-
processed thin-film solar cells because of their superior 
optoelectronic properties, such as a large exciton diffusion length, 

a long carrier lifetime, and a high absorption coefficient.1-6 
Therefore, the power conversion efficiency (PCE) of the perovskite 
solar cells (PeSCs) continues to increase, exceeding 25.2%.7-9 
Because this value is comparable to that of multicrystalline Si solar 
cells, the real commercialization of PeSCs is expected to be 
achieved soon. However, the lack of reliable operational stability of 
PeSCs under continuous photoirradiation or thermal stress has 
been a crucial barrier to this purpose.

As a consequence of huge efforts to improve the operational 
stability of PeSCs last few years, their stability has been widely 
accepted to be significantly related to the decomposition of organic 
parts of the perovskite, such as methylammonium halide (MAX); 
this inevitably causes the generation of defects in thin perovskite 
films, resulting in the degradation of PeSCs under continuous 
photoirradiation, thermal stress, oxygen, and moisture.8-11 One 
considers that the MAX-based PeSCs are �intrinsically� unstable 
even with proper encapsulation or under dry inert conditions, so 
that PeSCs undergo �self-degradation�.12-15 Therefore, to overcome 
the instability problem in the MAX-based PeSCs, two strategies 
have been adapted. The first approach is interfacial engineering of 
PeSCs by introducing perfect interfacial layers with a superior 
smoothness, a hydrophobic nature, and a pinhole-free 
morphology.16, 17 Among these layers, graphene or a combination 
of graphene and copper (I) thiocyanate (CuSCN) exhibited 
successful protection from external and/or internal contaminants 
such as moisture, oxygen, and iodide ions, thus resulting in 
excellent stability for the mesoporous-type PeSCs.17

The other approach is compositional engineering of the 
photoactive materials, which introduces new or mixed cation 
systems, such as through replacement of MA with formamidinium 
(FA), cesium (Cs), and other cations or their mixture system in a 
formula of ABX3. Because this approach results in many 
improvements in the material quality of the perovskite layers, 
including a decrease of defects, an increase of the crystal grain size, 
fewer pinholes on the surface, and an increase in the vertical 
transport in the films, a substantial enhancement in the device 
stability has been demonstrated.18-20 The use of a two-dimensional 
(2-D)/three-dimensional (3-D) heterostructure in the perovskite 
material has also led to improved stability of PeSCs by passivating 
defect sites in the crystalline perovskite.21-23

Despite these successes, some issue still remains that need to be 
understood: the fundamental questions for the origin of the 

aHeeger Center for Advanced Materials & Research Institute for Solar and 

Sustainable Energies, Gwangju Institute of Science and Technology, Gwangju 61005, 

Republic of Korea,

 bHanwha Q Cells & Advanced Materials, 305 Pangyo-ro, Bundanggu, Seongnam, 

Gyeonggi 13488, Republic of Korea

 cDivision of Advanced Materials, Korea Research Institute of Chemical Technology, 

141 Gajeong-Ro, Yuseong-Gu, Daejeon 34114, Republic of Korea

 dInstitute of Integrated Technology, Gwangju Institute of Science and Technology, 

Gwangju 61005, Republic of Korea, E-mail:heejook@gist.ac.kr

 eCenter for Functional Nanomaterials, Brookhaven National Laboratory, Upton, 

New York 11973, USA

 fDepartment of Chemistry and Centre for Plastic Electronics, Imperial College 

London, London SW7 2AZ, United Kingdom

 gDepartment of Materials Science and Chemical Engineering, Stony Brook 

University, Stony Brook, New York 11794, USA

 hSchool of Materials Science and Engineering, Gwangju Institute of Science and 

Technology, Gwangju 61005, Republic of Korea, E-mail:klee@gist.ac.kr

� H. Back and G. Kim contributed equally to this work.
Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x



Please do not adjust margins 

COMMUNICATION 

instability of MAX based PeSCs under operational condition. 

Because aforementioned approaches could overcome the stability 

issues by using the circumvent ways such as interfacial engineering, 

compositional engineering and, an introduction of new hetero

materials systems, a rigorous study on the intrinsic property for the 

degradation in MAX layer has not been fully explored. In general, 

the doped interlayer in the device structure, such as hole transport 

layer {HTL) and electron transport layer (ETL), could affect the 

stability of MAX layer significantly.24 Thus, to rule out extrinsic 

effect from these layers, the planar-type inverted (p-i-n) PeSCs, 

which have undoped organic layers for HTL and ETL, would be 

useful (for example, Poly[bis{4-phenyl){2,4,6-

trimethylphenyl)amine] {PTAA) for HTL and a fullerene derivative, 

[6,6]-phenyl-C61 butyric acid methyl ester {PCBM) for ETL). 

Here, we demonstrate that the operational stability of PeSCs 

based on MAPbl3, which is the simplest mixture of 

methylammonium iodide {MAI) and lead {II) iodide {Pbl2), is 

significantly related with the surface stoichiometry of the 

perovskite layers by systematically exploring the degradation 

process of p-i-n planar-type inverted MAPbl3 PeSCs under 

operational conditions; their off-stoichiometry at the surface leads 

to the generation of a high density of ionic defects and amorphous 

regions, deteriorating the operational stability of the PeSCs. Then, 

by applying a vacuum-assisted solid-phase recrystallization process 

to the MAPbl3 layer with the PCBM, we were able to successfully 

remove the amorphous region at the surface of the MAPbl3 layer, 

resulting in a reconstructed surface stoichiometry, approaching to 

an ideal stoichiometry for the MAPbl3 layer. The PCBM layer holds 

the ionic defects extracted from the MAPbl3 layer during the 

vacuum process and facilitates stoichiometric recrystallization of 

MAPbl3 . After subsequent removal and redeposition of the PCBM 

layer on the vacuum-processed MAPbl3 layer, we demonstrated a 

long-term operational and thermal stability in the p-i-n planar-type 

inverted PeSCs, which maintain over 80% of their initial PCEs even 

after '1000 hours' of operation at their maximum power point {MPP) 

under full air mass 1.5 global {AM 1.5G) irradiation (Xe lamp without 

a UV cutoff filter) and retain 90% of their initial PCEs after '1000 

hours' of storage at 85 °C under inert nitrogen {N2) gas conditions. 

Therefore, we demonstrate that the MAPbl3 perovskite layer in an 

ionic defect-free condition has 'intrinsically' excellent operational 

stability and thermal stability. 
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Figure 1 I The fabrication process of VCRP perovskite solar cells. 
Device Structure and Vacuum Curing and Redeposition of PCBM 

{VCRP) Process 

The structure of the p-i-n planar-type inverted PeSCs based on 

MAPbl3 for this work is illustrated in Fig. 1 (a). PTAA is used as the 

I • I 

HTL, while the ETL is a PCBM/titanium suboxide (TiOx) bilayer. To 

increase the wettability of the MAPbl3 solution on the PTAA layer, 

poly[{9,9-bis{3' -{N, N-dimethyla mino) propyl)-2, 7-fl uorene )-a lt-2, 7-

(9,9-dioctylfl uorene )] {PFN) is used as an interfacial 

compatibilizer.2s As previously reported, during the PeSC aging 

process, the excess defects inside the MAPbl3 layer inevitably 

migrate to the top electrode, leading to the deterioration of the 

PeSC interface and gradually reduced device performance even 

under dark and inert N2 gas storage conditions.14• 26 Furthermore, 

this migration of ionic defects in the PeSCs can be accelerated by an 

external electrical and/or light bias, which causes extremely fast 

degradation of the device performance within several hours, a 

phenomenon typically referred to as, burn-in loss.27• 28 To simulate 

the burn-in loss process, we degraded the performance of PeSCs by 

using maximum power point tracking {MPPT) measurements under 

continuous AM 1.5G irradiation for 20 hours in the inert N2 gas 

condition (see Fig. 51). As shown in Table 51, the parameters of 

PeSCs that are mainly degraded under continuous irradiation are 

the short-circuit current density Use) and the fill factor {FF), in which 

their degradation can be originated from damages of the perovskite 

layer and/or interfaces with iodide ion diffused from the degraded 

perovskite layer within 100 hours {Fig 52). Therefore, to clarify the 

origin of the degradation of PeSCs, we removed the upper layers 

(i.e., the PCBM/TiOx bilayer and metal electrode) and redeposited 

them {Fig. 53). Surprisingly, in the redeposited devices, we found 

that the performance of the aged device was recovered after this 

reconstruction process and that the decay rate (%/hour) was 

dramatically reduced as the redeposition process was repeated. 

This observation implies a reduction of the burn-in process as the 

number of reconstruction processes increases (see the normalized 

MPPT curve in the inset of Fig. 51 and Table 51). In other words, the 

origin of the burn-in process in PeSCs is effectively suppressed by 

replacing the upper interfacial layers, and the interface of the 

perovskite layer is stabilized by reducing the defects at the interface. 

To clarify the redeposition effect of the devices, we tested MPPT 

on the redeposition-only PeSC (a redeposition of a fresh PCBM on 

the pristine MAPbl3/PCBM layer). Comparing to the pristine device, 

the operational stability of the redeposition-only device was slightly 

improved despite fast burn-in process with large decay rates (an 

operation time to 80% of the initial PCEs) of 10%/h {13%/h for 

pristine device) {Fig. 54). However, a case with a vacuum-only 

processed device (depositing PCBM on vacuum processed MAPbl3 

layer) exhibits delayed burn-in degradation with the rate of 

0.33%/h. To investigate this different behaviour in the stability for 

above devices, we conducted X-ray photoelectron spectroscopy 

{XPS) on the surfaces of the MAPbl3 and we found that nitrogen {N) 

and lead {Pb) atom at the surface of pristine MAPbl3 and the 

redeposition processed MAPbl3 are mismatched with N/Pb = 0.84 

for the pristine and 0.88 for the redeposition only MAPbl3 layer, 

respectively. In contrast, as we expected, the vacuum-only 

processed case shows a matched ratio of 0.99 {Fig. 55). Despite the 

improvement of the operational stability with vacuum process of 

MAPbl3 layer, the devices still exhibit burn-in degradation within a 

hundred hour. 

The significant improvement in the operational stability is 

observed in the device with vacuum processed film of 

MAPbl3/PCBM. As shown in Fig. 56, this device exhibited the 

significant decrease of decay rate {0.20%/h). In contrast to the 

above cases, this additional improvement cannot be interpreted 

with the relation between the fast decay rate and the atomic ratio 

as shown in Fig. 56 b. However, this result indicates that the vacuum 

process with PCBM can be a key to solve the burn-in loss problem 
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of the MAPbI3 based PeSCs. Therefore, we assumed that the 
operational stability of PeSCs is significantly related with matching 
stoichiometry of MAPbI3 layer and removing defects inside the 
active layer; the halide defects inside the stoichiometrically and 
structurally imperfect perovskite layer migrate to the interlayers, 
which can subsequently capture defects. Furthermore, it also 
means that a certain environment for stabilizing the perovskite 
layer and a refreshing process by removing the damaged interface 
between PeSCs and interlayer can overcome the fast burn-in loss of 
the PeSCs. 

To stabilize the perovskite layer and minimize the interaction 
between the two layers, we developed a vacuum curing and 
redeposition of PCBM (VCRP) method. Our VCRP process consists 
of (1) preparing PCBM-deposited perovskite film on an indium-tin 
oxide (ITO)/PTAA/PFN substrate, (2) maintaining this film under 
high vacuum conditions (< 10-6 torr) for over 100 hours, (3) 
removing the PCBM layer using an organic solvent, and (4) 
completing device fabrication with a redeposited PCBM layer, as 
illustrated in Fig. 1a. 

Photovoltaic Performance of the VCRP Devices

Our VCRP devices exhibit a reasonable device performance 
without significant degradation compared to the reference device 
(Fig. S7 and Table S2), and hysteresis behaviours were negligible 
(Figs. S7 and S8) within 7%. After confirming the performance of our 
VCRP devices, we measured the long-term operational 
photostability of VCRP PeSCs under operational conditions using 
the MPPT method (Figs. S9-S11) as well as their thermal stability 
under storage at 85 °C in the dark for 1000 hours. In addition, to 
exclude any undesirable effect, the MPPT method and the storage 
test at 85 °C were carried out in a N2-filled glove box without a UV 
filter and any encapsulation.

Fig. 2a exhibits the long-term stabilities of VCRP PeSCs under 
operational (Fig. 2a top) conditions and under continuous thermal 
exposure (Fig. 2a bottom) conditions, respectively. After 1000 
hours, the PCEs of VCRP PeSCs are maintained at 80% (continuous 
operation under AM 1.5 illumination, as directly determined by 
MPPT) and 90% (continuous heating condition at 85 °C) of their 
pristine performances. Compared with the pristine devices, a burn-
in loss-free behaviour can be observed for VCRP PeSCs in their initial 
stage with negligible degradation of Jsc and an open-circuit voltage 
(Voc) (Fig. S11 and S12). Surprisingly, we observed that the aged 
VCRP PeSC (i.e., 2nd VCRP PeSC) with reconstructed PCBM layer and 
electrode exhibited a recovered Jsc value of 20.31 mA cm-2 (the Jsc 
values for the initial device and 1000-hour aged VCRP PeSC are 
19.78 mA cm-2 and 17.82 mA cm-2, respectively, as shown in Fig. S12 
and Table S3). These results indicate that the bulk properties of the 
perovskite layer (such as, absorption and charge generation) are 
reversible even after the real operation condition under light and 
electrical bias. 

To date, although several reports have shown excellent long-
term operational stability (> 1000 hours) the mixed cation/halide 
based PeSCs,17, 23, 29 they also stated fast burn-in degradation 
process even for the operation in an inert condition or encapsulated 
cases; only after introducing additional passivation methods, such 
as adding 2D materials or inorganic passivating interlayer, their 
operational stabilities have been improved. Moreover, under 
thermal stress, despite the decrease of the FF (from 0.77 to 0.65 
after continuous thermal exposure for 1000 hours) of the VCRP 
PeSCs, unchanged values for both Jsc and Voc are observed, as shown 
in Fig. 2c.

Crystalline Structure of VCRP PeSCs 

Figure 2 | J-V, Operational and Thermal stability measurements. (a) Continuous maximum power point (MPP) tracking for 1000 
hours of unencapsulated VCRP perovskite solar cells in N2-filled glove box under continuous full-sun illumination without cutoff UV 
filter (top). thermal stability for 1000 hours at 85 °C of VCRP perovskite solar cells in N2-filled glove box, PCE values taken from J-V 
scans every 24 hours (down). (b) J-V curve of VCRP perovskite solar cells before and after operational aging. (c) J-V curve of VCRP 
perovskite solar cells before and after thermal aging.
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To clarify the effect of the VCRP process on the crystalline 
structure at the surface of the MAPb13 layer, we carried out grazing
incidence wide-angle X-ray scattering {GIWAXS) measurements at 
each step of the PeSC VCRP process: on pristine MAPbl3 films, 
MAPbl3/PCBM films, vacuum-cured MAPbl3/PCBM films, and a 
processed MAPbl3 film, which was prepared by removing the PCBM 
layer from the vacuum-cured MAPbl3/PCBM film. GIWAXS 
measurements were performed at the Complex Materials 
Scattering {CMS, 11-BM) beamline of the National Synchrotron 
Light Source II at Brookhaven National Laboratory {Figs. 513 and 
514). To assess the difference between the surface and bulk 
crystallinities of the MAPbl3 layer obtained with the VCRP method, 
the samples were analysed at two different X-ray incidence angles, 
each probing surface and entire bulk of films, respectively: 0.1 
degrees (surface) and 0.3 degrees (bulk) as shown in Note 52 and 
Fig 515. Fig. 3 presents 2-D GIWAXS pattern images (a, c) and 
corresponding circular averages (b, d) for the samples. The neat 
MAPbl3 film exhibits a strong crystalline nature with several 
noticeable peaks at approximately 1.0 A.-1 {110 peak of the MAPbl3 

film) and 2.0-2.5 A.-1 as shown in Figs. 3b, 516 and 517.30, 31 In 
addition, we can recognize a broad amorphous peak at 
approximately 1.5-2.5 A.-1 (even after the background subtraction 
and profile normalization) and a weak peak at approximately 0.6 A.-1, 
arising from an intermediate phase of MAPbl3 .30 Although GIWAXS 
cannot elucidate which part of the MAPbl3 film contributes 
amorphous region,32 this result implies that the surface of the 
pristine MAPbl3 film has a mixed state of well-crystalline perovskite 
crystals and amorphous regions, including decomposed states of 
MAPbl3 . The same feature is observed in the MAPbl3/PCBM layer, 
with a slightly decreased peak intensity at 0.6 A.-1 . However, after 
the vacuum curing process is applied to the MAPbl3/PCBM film, we 
found a dramatic change in the GIWAXS pattern: the disappearance 
of the intermediate and amorphous peaks (see Fig. 3b). In addition, 
a clearer peak was observed at approximately the 1.0 A.-1 position. 
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Figure 3 I GIWAXS. 2-D GIWAXS image and circular average of {a, b) 

surface crystallinity and (c, d) bulk crystallinity of perovskite films. 
After removing the PCBM layer from the vacuum-cured 
MAPbl3/PCBM film, the same GIWAXS pattern was observed. 

To clarify the vacuum curing effect on the MAPbl3/PCBM film, 
GIWAXS measurements were carried out on a vacuum-cured 

I • I 

MAPbl3 film without PCBM atop. Interestingly, as shown in Figs. 
518-20, the GIWAXS pattern for the vacuum-cured MAPbl3 film is 
almost same as that for the neat MAPbl3 film without the vacuum 
curing process. In addition, we observed two distinct features 
between neat MAPbl3 and the VCRP sample: {1) without the 
vacuum curing process, just a washing PCBM process does not 
reduce the amorphous phase in the MAPbl3 {Fig. 517). {2) in the 
case of a vacuum processed neat MAPbl3, the amorphous phase still 
remained {Figs. 519c and d and Figs. 520c and d), which is absent in 
the vacuum-cured MAPbl3/PCBM film {Fig. 3b). This result implies
that the surface of the MAPbl3 film is extremely unstable, thus 
causing a deterioration of the surface of the MAPbl3 film even 
under vacuum process. Furthermore, the vacuum curing process 
applied to the structure of the MAPbl3/PCBM film is effective in 
achieving a well-crystalline surface in the MAPbl3 film. Because 
Lewis acid materials such as PCBM are a good acceptor of negatively 
charged ionic defects, such as Pbl3· or 1·,8

• 
33• 34 the ionic defects 

extracted from the MAPbl3 film can be easily captured by the PCBM 
layer. Furthermore, this PCBM layer, including ionic defects, 
induces a surface reconstruction of the MAPbl3 film during the 
vacuum curing process, resulting in a well-crystalline surface in the
vacuum-cured MAPbl3/PCBM films, as shown in Fig. 3b. 

In contrast, the bulk crystalline structure of the MAPbl3/PCBM 
film exhibits no significant change in the GIWAXS patterns before 
and after the vacuum curing process {Figs. 3c and d). However, we 
observed slight changes in the peak position and the full width at 
half maximum {FWHM) of the circular averages for the GIWAXS 
patterns; the 110 peak at q = 1.0 A.-1 is slightly shifted to a lower 
angle at q = 0.98 A.-1, and the FWHM of the corresponding peak 
decreases from 0.050 A.-1 to 0.038 A.-1 after the VCRP process {Fig. 
3d and Table 55). These results imply that the vacuum curing 
process applied to the MAPbl3/PCBM film leads to a slight 
expansion of crystalline MAPbl3 and an increase in its mean size in 
the bulk film, respectively.3s 

Surface Reconstruction of VCRP PeSCs 

To evaluate the morphological change of the MAPbl3 film that 
occurs during the VCRP method, we carried out atomic force 
microscopy {AFM) measurements on the MAPbl3 and VCRP MAPbl3 

films. As presented in Figs. 4a and b, we observed granules with 
smaller sizes in the VCRP MAPbl3 film compared to the MAPbl3 film. 
This result indicates that the surface of the VCRP MAPbl3 film is 
reconstructed; thus, a change in the stoichiometry of the Pb:N:I 
atomic ratio at the surface of the MAPbl3 film during the VCRP 
process is expected. To verify this expectation, we carried out X-ray 
photoelectron spectroscopy {XPS) on the surfaces of the MAPbl3 

and VCRP MAPbl3 films. For the VCRP MAPbl3 film, the PCBM layer 
was removed before performing XPS measurements. As shown in 
Fig. 521 and Table 56, the surface of the pristine MAPbl3 film shows 
an atomic ratio of 1.00:0.84:2.83 corresponding to Pb:N:I, which 
means the atomic ratio for Pb and N is inadequate compared to 
ideal ratio. 

However, rearrangement of the Pb:N:I atomic ratio is observed 
to occur at the interface of the VCRP MAPbl3 film; the stoichiometry 
of the Pb:N:I atomic ratio is 1.00:1.04:3.30, which approaches the 
ideal stoichiometry of crystalline MAPbl3 . Therefore, we infer that 
rearrangement of the stoichiometry at the surface of the VCRP 
MAPbl3 film can be achieved by reducing mobile iodide ions (I·) and 
stabilizing CH3NH/ {MN) ions through the recrystallization of the 
amorphous surface of the perovskite film during the VCRP process. 
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To obtain more detailed information on the reconstructed surface 
of the VCRP MAPbI3 film, we carried out time-of-flight secondary 
ion mass spectrometry (ToF-SIMS) and XPS depth profiling on the 
MAPbI3/PCBM and VCRP MAPbI3/PCBM films. As shown in the ToF-
SIMS depth profile for the MAPbI3/PCBM and VCRP MAPbI3 films 
(Figs. 4 c-d and Figs. S22 and S23), the iodide elements (I-) diffuse 
from MAPbI3 to PCBM even in the pristine MAPbI3/PCBM film. 
However, comparing the results in Fig. S22, different distributions 
of I- are observed; in the VCRP MAPbI3 film, the decay rate for I- 
from the MAPbI3 layer to the PCBM layer is slightly lower than that 
of the MAPbI3 film. Based on this result, we speculate that slow 
diffusion of iodide into the PCBM layer occurred in the VCRP 
MAPbI3 film during the vacuum curing process (Fig. S24). 
Furthermore, in contrast to the pristine MAPbI3 film, because the 
PCBM scavenging layer contains iodide ions, which are extracted 
from the grain boundaries in the MAPbI3 layer, these excess iodide 
ions may contribute to the rearrangement of the stoichiometry at 
the interface of the VCRP MAPbI3 film, as observed in the XPS data. 
Therefore, it can be hypothesized that the VCRP process applied to 
the MAPbI3/PCBM film leads to the evolution of a well-crystalline 
surface with significant reduction of amorphous regions through 
the extraction of ionic defects from the MAPbI3 film (GIWAXS and 
ToF-SIMS data). Additionally, because of the ionic defects extracted 
from grain boundaries and/or the large-size MAPbI3 crystals and 
excess iodide ions from the PCBM layer, large-size crystals are 
reduced, and amorphous regions may transform to crystals (Fig. 4e), 
resulting in small-size granules in the VCRP MAPbI3 film, as 
observed in the AFM images.

Charge Dynamics of VCRP PeSCs 

Because of the reduced structural defects in the VCRP MAPbI3 
film, different charge dynamics can be expected in the MAPbI3 and 
VCRP MAPbI3 films. Therefore, we conducted time-correlated 
single-photon counting (TCSPC) on the perovskite films and 
transient photovoltage (TPV) and impedance spectroscopy (IS) on 
the PeSCs. As shown in Figs. 5, the TCSPC data (Fig. 5a) clearly 
exhibit two phases typically assigned to fast trapping process (~ 1 
ns) and slower recombination/charge transfer processes (>10 
ns).36, 

37 It is apparent that the VCRP process results in a reduction in the 
amplitude of the fast phase relative to the slow phase, consistent 
with this process passivating trap states at grain boundaries as 
discussed above.36-38

The difference in charge recombination lifetime of real devices 
was confirmed using TPV decay measurements. As shown in Fig. 5b, 
the VCRP-processed device exhibits a longer charge recombination 
lifetime (27.8 W�; compared to the control device (17.5 W�;'39 The 
dependence of Voc on the light intensity shows a decreased Voc-light 
intensity slope from 1.64 (pristine PeSC) to 1.57 kBT/q (VCRP PeSC), 
where kB is the Boltzmann constant, T is the temperature, and q is 
the elementary charge, as shown in Fig. 5c; this result represents 
reduced trap-assisted recombination in the VCRP PeSC, which is 
consistent with the TCSPC measurement result.40 However, the 
energy disorder profiles of both devices obtained from light-
dependent IS exhibit similar values (~ 90 meV). Therefore, the 
difference in the energy disorder in the PCBM layer of the pristine 
PeSC and VCRP PeSC can be inferred to be negligible (Fig. S25).41 In 
contrast, because of the reduced ionic defects at the surface of the 
MAPbI3 layer due to the VCRP process, the deep-trap widths of the 
perovskite layer decrease from 190 meV to 145 meV, as derived 
from the linear slopes of the J-V characteristics of electron-only 
devices (from 8.59 to 6.80) shown in Fig. 5d.42 

Photovoltaic Performance of 1cm2 PeSCs 

Figures 6a and 6b show the J-V characteristics and incident 
photon-to-current efficiency (IPCE) spectrum of our optimized 
VCRP device (area of 0.0464 cm2) with Voc of 1.12 V, a Jsc of 21.63 
mA cm-2, and a FF of 77.9% (a corresponding PCE of 18.89% for both 
the reverse and forward biases). We also fabricated a larger (1 cm2) 
PeSC (Voc of 1.11 V, a Jsc of 21.41 mA cm-2, and a FF of 67.8%) and 
conducted MPPT test under the same full operation condition of 
AM 1.5G irradiation with the inert N2 condition. The device 
exhibited operational stability without burn-in process and 
maintained over than the 80% of the initial PCE during the 600-hour 
operation (Fig. 6c).
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Figure 4 | AFM image and depth-profile XPS of perovskite films. 
AFM images of (a) pristine perovskite and (b) VCRP processed 
perovskite. Time-of-flight secondary ion mass spectroscopy of (c) 
pristine perovskite/PCBM and (d) VCRP processed-redeposited 
perovskite/PCBM. 
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Figure 5 | Characterization of VCRP processed perovskite films and 

devices. (a) Time-correlated single-photon counting (TCSPC) of 
perovskite films. (b) Transient photovoltage of PeSCs (under 0.01 sun 
illumination). (c) Open-circuit voltage (Voc)-light intensity plot of 
PeSCs. (d) J-V characteristics of electron-only devices 
(ITO/PCBM/TiOx/pristine or VCRP processed MAPbI3/PCBM/TiOx/Al) 
and their characteristic energy (Ech).
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Conclusions

We found that a nonstoichiometric amorphous phase exists on 
the surface of the MAPbI3 film in its as-cast state and confirmed that 
such imperfections lead to the fast burn-in degradation of the 
performance of MA-based PeSCs under operational conditions. 
Based on these observations, we developed a new method to 
reconstruct a stoichiometric crystal structure at the surface of the 
MAPbI3 film and demonstrated burn-in loss-free planar-type 
inverted PeSCs with a long-term operational and thermal stability. 
Our reconstructed devices maintained over 80% of the initial PCEs 
even after �1000 hours� of operation at their maximum power point 
under 1 sun irradiation without a UV cutoff filter and 90% of the 
initial PCEs after �1000 hours� of storage at 85 °C under inert gas 
conditions. Finally, to evaluate the possible use of our VCRP process 
for large-area devices, we successfully fabricated large-area (1 cm2) 
VCRP PeSCs. Our results imply that �Stoichiometric MAPbI3 is 

intrinsically stable� and provide a fundamental importance and 
ground- breaking information to the perovskite research field, and 
also solve the critical lifetime issues of the PeSCs with a new defect 
self-healing concept.
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