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A B S T R A C T   

The quality of the photoactive film is a significant factor in determining the power conversion efficiency (PCE) 
and the stability of perovskite solar cells (PSCs). We report a simple upgraded antisolvent washing treatment 
using iodine modulation, which significantly improves the MAPbI3 films with high crystallinity and chemical 
uniformity. A detailed model for improving the mechanism is proposed to describe how the upgraded antisolvent 
enhances both the perovskite crystallization and passivates the under-coordinated Pb2þ dangling bond. PSCs 
fabricated with the FTO/TiO2/MAPbI3/Spiro-OMeTAD/Ag architecture used high quality films with less 
defective surfaces, present a PCE of 21.33%, retaining 91% of its initial value in ambient without any encap-
sulation after 30 days. These results provide insight into the surface defect passivation process achieved by halide 
ions balance while providing a simple and efficient process that can be extensively used to fabricate high-quality 
perovskite films.   

1. Introduction 

Perovskite solar cells (PSCs) have been widely studied for their 
excellent photoelectric properties and high power conversion efficiency 
(PCE) and low-cost for large-scale production. Less than ten years since 
the first report, the current record value of PCE exceeds 23% [1–4], 
demonstrating their promising suitability for future photovoltaic tech-
nologies. Besides harvesting solar radiation, the perovskite-based pho-
toactive layer plays a crucial role in determining device performance, as 
it simultaneously exhibits ambipolar charge transport, which facilitating 
the collection of photogenerated charge carriers [5]. However, the 
inability to exactly control the crystallization process typically lead to 
limited control of the perovskite films morphology, grain boundaries 
and trap states, resulting in lower device performance [6,7]. Major 

works have focused on addressing the aforementioned issues, leading to 
encouraging progress. This includes operating solution casting condi-
tions such as solvent engineering [8], vapor-assisted solution deposition 
[9], hot-substrate casting [10], some post-treatments, including anti-
solvent rinses [8,11,12], and solvent annealing of as-cast films [13,14]. 
Among these methods, antisolvent washing is a widely used in the 
production of dense and uniform solution-processed perovskite films 
because of its efficiency and simplicity [15]. Jeon et al. [16] reported 
that add antisolvent to freeze the precursor component immediately 
after spinning by rapidly removing surfeit solvent and quickly forming 
an intermediate phase (MAI-PbI2-DMSO), yielding a uniformly trans-
parent thin layer. Although antisolvent washing is almost essential in the 
manufacture of smooth and dense perovskite films, it is known to cause 
defects, especially on the film’s surface. As shown by Mathews et al. 
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[17], antisolvent washing increased the density of defect state due to the 
formation of MAþ vacancies in the perovskite thin film. Mhaisalkar et al. 
[18] showed that constituents such as low boiling points MAI excess and 
residual solvent during annealing easily evaporate from the perovskite 
film, leading to a significant large number of defects, specifically on the 
surface of the film. Since these defects (especially surface defects) are 
related to poor morphology and crystallization, typically act as charge 
traps and non-radiative recombination centers, which are used to 
limiting the short-circuit current density (Jsc) and open-circuit voltage 
(Voc), to reduce the fill factor (FF), and even hysteresis effects, these are 
issues to be addressed to obtain the PSCs with high performance 
[18–21]. 

Lately, many improved antisolvent washing treatments have been 
shown to favorably reduce the surface defects in perovskite films, such 
as conjugated polymer-doping and solvent-engineering [16,22–25]. For 
instance, Zhang et al. [22] and Gr€atzel et al. [23] revealed an effective 
technique for controlling the nucleation and crystal growth of perovskite 
films by adding compounds like [6,6]-phenyl-C61-butyric acid methyl 
ester and poly (methyl methacrylate) in the antisolvent. This approach 
was found to enhance the efficiency and stability of the PSCs synchro-
nously. However, the formation of PbI2 in the perovskite film is un-
avoidable because the MAI is decomposed into MAþ in the precursor 
solution, even before the onset of the film growth [26]. Thus, intro-
duction of an iodine ion (I� ) additives into the precursor solution can 
recover methylamine into MAI to effectively passivate the defects and 
increase the composition of PbI64� , therefrom outstandingly inhibiting 
the decomposition of MAPbI3 perovskite film [27,28]. This concept 
defines a special opportunity for defect passivation based on coordina-
tion chemistry. 

Here, we successfully introduced a facile method to achieve a high 
quality MAPbI3 perovskite films consisting of increased particle size and 
reduced trap density via an iodine-assisted antisolvent engineering. 
When dripping the iodine-assisted antisolvent on the precursor films, the 
I� within the antisolvent soaks the precursor films and then passivates 
the Pb2þ dangling bonds by forming high coordination of iodoplumbate 
complexes PbIx(x� 2)- (x ¼ 3,4,5) in the precursor [29]. In addition, the 
interactions between I� and precursors during solution casting enhance 
the heterogeneous nucleation of the crystalline solvate, facilitating the 
formation of dense films with large particle size. PSCs fabricated using 
this method with an FTO/TiO2/MAPbI3/Spiro-OMeTAD/Ag device ar-
chitecture exhibit enhanced output performances and significantly 
improved stability at ~45% humidity. 

2. Experimental section 

Fabrication of PSCs: FTO glass substrates were sonicated for 20 min 
with deionized water, ethyl alcohol, acetone, and ethyl alcohol then 
washed under UV-ozone for 20 min. The compact TiO2 was deposited on 
the FTO-coated glass by spin coating the solution at 2000 revolutions per 
minute (RPM) for 30 s and then annealed at 135 �C for 10 min. The 
mesoporous TiO2 colloid was diluted with ethyl alcohol at a weight ratio 
of 1:7, and then spin-coated on the compact TiO2 film to prepare a 
mesoporous TiO2 substrate. The latter layers were first dried at 135 �C 
for 10 min and then sintered at 500 �C for 30 min in ambient atmo-
sphere. Subsequently 462 mg of PbI2 and 163 mg of MAI were dissolved 
in a mixed solvent of Dimethyl sulfoxide (DMSO) and Dimethylforma-
mide (DMF) (v: v ¼ 3:7) and stirred. The iodine (I2) in the upgraded 
antisolvent was ball milled at low temperature before mixing. The pre-
cursor solution was spin coated onto the mesoporous TiO2 layer at 
4000 rpm, and an antisolvent solution with different concentrations of 
I2/CB was dripped at the tenth second. Then, the obtained precursor film 
was annealed at 60 �C for 5 min and 100 �C for 10 min to grow the 
perovskite film. The entire perovskite film is manufactured in a nitrogen 
glove box. Hole transport layers were then prepared by mixing 72.3 mg 
of Spiro-OMeTAD, 28.5 μL with a solution of 500 mg mL� 1 Li-TFSI in 
acetonitrile and 18.5 μL of 4-tert-butylpyridine in 1 mL of 

chlorobenzene. The 80 μL of the mixture solution was spin-coated on the 
prepared MAPbI3 films at 3000 RPM for 30 s. Finally, the silver counter 
electrode was vacuum evaporated at the top. 

More details about the corresponding materials and characterization 
were provided in the supporting information as Supplementary Notes 1 
and 2, respectively. 

3. Results and discussion 

Initially, to examine the quality of the perovskite absorber layer, we 
used a scanning electron microscopy (SEM) image the film morphology 
to identify the shape and measure the coverage of the MAPbI3 grains and 
thin films. Different weights of I2 were dissolved in CB to obtain a mixed 
solution (0, 0.01, 0.05 and 0.12 mg mL� 1) as an antisolvent for the 
MAPbI3 film. For simplicity, the corresponding samples of different 
concentrations of I2/CB mixed antisolvent were named Control, M � 1, 
M � 5 and M � 12, respectively. Fig. 1a–d displays top-view SEM images 
of the perovskite films prepared using various antisolvents. And Fig. S1 
clearly compares the statistical particle size distribution made according 
to Fig. 1a–d. A typical pinhole-free perovskite film with a particle size of 
~260 nm was obtained by using pure CB as antisolvent (Fig. 1a). When 
increasing the concentration of I2 to M � 5, the particle size grows up to 
~450 nm and the grain boundary density is reduced. As shown in the 
atomic force microscopy (AFM) images of Fig. 1e–g, the roughness is 
also reduced from 23.7 nm of the control sample to 11.2 nm of the M � 5 
sample. Large grains with low grain boundary density result in a lower 
defect density and charge leakage between the hole transport layers and 
the electron transport layers. However, further increasing the I2 con-
centration to M � 12 is detrimental to the crystallization of the perov-
skite films. During the following heating treatment, the excess I2 in the 
precursor films will be precipitated or forms deep level defects such as 
interstitial iodine, thereby affecting the defect density and the stability 
of the device [30,31]. We speculate that the residual I2 may act as a 
nonradiative recombination center [32] in the perovskite films during 
the annealing treatment, which induces pinholes and increases the 
roughness of the perovskite surface to 25.8 nm (Fig. 1h and i). In order to 
indicate the effect of upgraded antisolvent on the morphology of the 
perovskite films, we first researched the effect of changing the compo-
sition of the antisolvent. The absorption spectra of the upgraded anti-
solvent with different levels of I2 concentration are shown in Fig. 1j. We 
found that the absorbance peak at 500 nm increases with rising I2 con-
centration. As reported by Benesi et al. this peak is not attributed to 
halogens nor CB, but only to the charge transfer complex I2⋅C6H5Cl 
(inset of Fig. 1j) [33]. Moreover, when dripping DMSO/DMF into the 
upgraded antisolvent, the absorbance peak at 500 nm dramatically 
decreased, while a characteristic peak at 350 nm appeared (Fig. 1k). The 
absorbance peak at 350 nm is attributed to the presence of I3� in the 
solution (Fig. S2), which means that the I2⋅C6H5Cl in the upgraded 
antisolvent can be further decomposed into CB and I3� by DMSO/DMF 
[34–36]. Therefore, in the growth of the perovskite films, when the 
upgraded antisolvent was dripped onto the precursor surface, the 
DMSO/DMF in the perovskite precursor first decomposed I2⋅C6H5Cl to 
CB and I3� . 

With this information at hand, we monitored the intermediate-phase 
conversion of the control and M � 5 samples by acquiring in situ XRD 
patterns under variable temperature. As shown in Fig. 2a, the pre- 
perovskite intermediates (MAI-PbI2-DMSO) can be observed at room 
temperature by XRD peaks at low angles (6.55�, 7.21� and 9.17�) [20]. 
When the solvent is extracted from the intermediate solvate, the 
MAI-PbI2-DMSO complexes provide a template that serves as framework 
for further growth of MAPbI3 [23]. We found that the XRD intensity of 
the M � 5 sample is higher than the control sample at room temperature, 
which implies that the negative I3� in M � 5 triggers heterogeneous 
nucleation of the perovskite precursor [22,23]. When the temperature 
was raised to 60 �C, the low-angle diffraction peak related to the 
pre-perovskite intermediates disappears and the diffraction peak of the 
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MAPbI3 perovskite appears (~14�). The diffraction intensity of the 
control sample was higher than the case of the M � 5 sample in this 
initial stage, demonstrating that the crystallization of the latter is 
delayed. After heating at 100 �C for 10 min, all solvents evaporated from 
the precursors (Fig. S3). The XRD peak intensity of the M � 5 sample 
becomes much higher than the control sample (the detailed comparison 
is shown in Fig. S4), which indicates improved crystallization. The 
above results indicate that the M � 5 antisolvent could accelerate 
nucleation and delay crystallization in the perovskite film growth. The 
slower crystallization may result from the I2⋅C6H5Cl in the antisolvent 
extending the solvent extraction process. As reported by Gr€atzel et al. 
fast nucleation could temperate crystal growth and the delayed crys-
tallization could minimize the total Gibbs free energy, thus making the 
crystals grow in the thermodynamically preferred orientation [23]. In 
this case, iodine-assisted antisolvent engineering allows both of these 
objectives to be achieved simultaneously, and the cooperation of these 
two effects results in smooth perovskite films with larger grains. 

Except for the improved crystallization, Pb2þ is coordinated to six I�

ligands in both the PbI2 rhombus structure and the methylammonium 
lead iodide structure. Depending on the coordination chemistry, various 
iodoplumbate coordination complexes such as PbI3� , PbI42� , PbI53� , and 
PbI64� may be present in the precursor solution, but in addition to the 
highly coordinated PbI64� favored to formation defect-free perovskite 
films, great majority of the iodoplumbate coordination complexes may 

result in the perovskite structural defects [20]. Here, we performed 
numerical simulation by density functional theory to analyze the trap 
states evaluation in the MAPbI3 films with different iodine vacancies 
(Iv). Fig. 3 shows the density of states and model electron density of the 
MAPbI3 films with 0-, 1-, and 2- Iv. Apparently, for the MAPbI3 films 
with Iv, there is a trap level within the bandgap which is mainly ascribed 
to Pb orbits, due to the fact that the localized charge distribution of the 
low coordinated Pb. The depth and the intensity of the trap states in-
crease as the Iv increases. On the other hand, this also indicates the 
defect level can be eliminated when gradually delocalized the charge 
distribution by passivating the Pb dangling bonds. 

The uncoordinated I� has four lone electron pairs which enable it to 
be shared simultaneously with multiple Pb2þ ion. In the iodine-assisted 
antisolvent engineering, the induced I� will penetrate into the MAI-PbI2- 
DMSO colloids during solvent extraction, and coordinate with Pb2þ to 
form a highly coordinated lead acid species (Fig. 4a) and terminate the 
Pb2þ dangling bonds at grain boundaries. To further interpret this 
mechanism, we examined the evolution of iodoplumbate coordination 
complexes as a function of increasing I2 concentration. When elevating 
the I2 concentration from 0 to 0.05 mg mL� 1 (Fig. 4b–e), different 
iodide-coordinated plumbate ions were obviously observed, and their 
absorption peaks were consistent with previous reports [37]. We found 
that the high I2 concentration will trim high-coordinated lead acid 
species from PbI3� to PbI53� , which indicates that I� work with the lead 

Fig. 1. Analysis of the crystallization enhancement induced by upgraded antisolvent. SEM images of perovskite films fabricated from (a) control, (b) M � 1, (c) 
M � 5, and (d) M � 12 antisolvent, respectively. The dash circles highlight the pinholes in the perovskite films. AFM images of perovskite films fabricated from (e) 
control, (f) M � 1, (g) M � 5, and (h) M � 12 antisolvent, respectively. (i) The corresponding RMS roughness of the samples. (j) The absorbance of the different 
antisolvent. Inset: scheme of the atomic structure for charge transfer complex I2⋅C6H5Cl. (k) The absorbance of CB, M � 5, and M-5þDMSO/DMF solution. Inset: 
scheme of I2⋅C6H5Cl decomposition. 
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acid species to form a high-coordination state. In addition, we performed 
FTIR tests on precursor solutions with and without I2⋅CB, further 
demonstrating that I� work with the lead acid species to form a 
high-coordination state. As shown in Fig. S5, in the precursor solution 
without I2⋅CB, the stretching vibration of C––O is at 1646 cm� 1 due to 
the weak C––O bond strength interaction with PbI2. After the addition of 
I2⋅CB to the precursor solution, the stretching vibration was red-shifted 
to 1665 cm� 1 due to the strong coordination of I� and PbIx(x� 2)-. This also 
indicates that the I� ions coordinate with the Lewis acid PbIx(x� 2)- and 
thereby passivate the traps at the grain boundaries or at perovskite 
surface. 

We then performed a systematic characterization to study the defects 
in the control and M � 5 samples. Steady-state photoluminescence (PL) 
spectroscopy is a valid technique for detecting trap states in the perov-
skite films. Here, the signal responses based on the glass/perovskite 
structure were recorded (Fig. 5a). We found a significant increase in PL 
intensity by M � 5 antisolvent washing, which is attributed to a reduc-
tion of the non-radiative recombination by passivated deep-level energy 
defects. In addition, a slight blue shift of the PL peak was observed for 
the M � 5 sample, indicating that the spontaneous radiative recombi-
nation between band tail states is reduced (as illustrated in Fig. S6) [38]. 
Time-resolved photoluminescence (TRPL) spectroscopy was performed 
to further investigate carrier recombination (Fig. 5b). By fitting the 
TRPL, the control sample exhibits an average carrier lifetime of 
313.48 ns, while in the M � 5 the average lifetime increases to 687.38 
ns. The trap density variations of the devices were also studied from dark 
J-V curves of the electron-only devices FTO/TiO2/MAPbI3/PCBM/Ag. 
Fig. 5c and d shows the dark J-V curves, which is quantitatively 

measured by the trap-filling limit voltage (VTFL) obtained by space 
charge limited current (SCLC) [32]. The trap density can be determined 
from VTFL by referring to the relationship VTFL ¼ eNtL2/2εε0, where the 
relative dielectric constant ε of MAPbI3 is 32, the vacuum dielectric 
constant ε0 is 8.854 � 10� 12 F m� 1, and L is the thickness of the perov-
skite film of 350 nm [39,40]. We estimated the calculated trap density 
(Nt) to be 5.6 � 1015 cm� 3 and 8.35 � 1016 cm� 3 for the M � 5 sample 
and the control sample, respectively. We further examined the Urbach 
energy (Eu) of the films, which provide important information about the 
disorder of shallow energy levels by detecting the sharp onset of ab-
sorption (Fig. S7) at the direct bandgap [41]. We found that the Eu value 
of the M � 5 sample was reduced (Fig. 5e). The smaller Eu value obtained 
in the M � 5 sample is consistent with the longer non-radiative recom-
bination lifetime and blue-shift as observed in TRPL and PL measure-
ments, indicating a lower trap density. 

We then examined the photovoltaic performance of the PSCs with 
traditional antisolvent (CB) and iodine-assisted antisolvent treatment, 
respectively. Fig. 6a shows the scheme and cross sectional SEM images 
of the PSC device fabricated using the FTO/TiO2/perovskite/spiro- 
OMeTAD/Ag architecture. The J-V characteristics (under AM 1.5 G 
illumination with light intensity of 100 mW cm� 2) of the control and 
M � 5 PSCs are shown in Fig. 6b. The control device exhibits a hysteresis 
of 0.89% (reverse scan: Voc ~1.11 V, Jsc ~21.32 mA cm� 2, FF ~77.1%, 
PCE ~18.22%; forward scan: Voc ~1.11 V, Jsc ~20.49 mA cm� 2, FF 
~76.2%, PCE ~17.33%). In contrast, M � 5 devices have shown sig-
nificant improvements in Voc, Jsc, and FF. M � 5 solar cells presented the 
best performance with lower value of hysteresis of 0.44% (reverse scan: 
Voc ~1.17 V, Jsc ~22.77 mA cm� 2, FF ~80.1%, PCE ~21.33%; forward 

Fig. 2. (a) In situ XRD patterns of the control (left) and M � 5 (right) samples as a function of increasing temperature. We chose four typical temperatures (1, 2, 3, and 
4) to finely compare the detailed evolution of crystallization. (b) Schematic diagram of the antisolvent process. 
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scan: Voc ~1.17 V, Jsc ~22.39 mA cm� 2, FF ~79.7%, PCE ~20.89%). We 
also analyzed the distributions of PCEs based on 20 individual devices 
for both control and M � 5 samples. A detailed parameter comparison of 
20 perovskite solar cells (10 control cells and 10 M � 5 cells) is shown in 
Fig. S8. The output parameters distribution of M � 5 cells is denser than 
the control ones, which means that the M � 5 cells have better repro-
ducibility. This can be expected from the sufficient passivation capa-
bility of the upgraded antisolvent engineering approach, which 
passivates the defects induced by manufacturing process and then 

eliminates the performance fluctuating. The stabilized PCE of the control 
and M � 5 cells were measured. The real power output of the device was 
extracted by monitoring the photocurrent under the bias of the 
maximum power point under AM 1.5G illumination. The M � 5 cell 
exhibited a stabilized efficiency of 20.05% at the maximum power point 
(0.995 V) for testing over 100 s, while the control cell showed only 
17.43% stability at the maximum power point (0.943 V) (Fig. S9). The 
plot of the external quantum efficiency (EQE) as a function of wave-
length of the PSCs is shown in Fig. 6c. As expected, the spectral response 

Fig. 3. The density of states (left) and the model electron density (right) of the MAPbI3 with 0-, 1- and 2 Iv. The Fermi level is set to zero. The total density of states, 
Pb, and I are assigned as gray, pink, and blue. The depth and intensity of the trap states increases as the Iv increase. 

Fig. 4. Passivation mechanism of the upgraded antisolvent. (a) The schematic of grain growth mechanism: Process (1), dissolution, mixing, and dripping process 
(PbI2, MAI, DMF, and DMSO fully dissolve and mix under continuous stirring); Process (2), interaction and grains growth process. The I� decomposed from I3� could 
be the ligands coordinating to Pb2þ defects. (b–e) The change in the UV absorption spectra of PbI2 in DMF/DMSO as the concentration of I2 increased. Overlaid on the 
spectra are example fit functions for the main complexes (including: PbI2, PbI3� , PbI42� , and PbI53� ). 
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of the M � 5 device in the 350–800 nm wavelength range is superior to 
that of the control device. All these results demonstrate that the iodine- 
assisted antisolvent engineering plays a key role in improving the 
quality of perovskite films with fewer grain boundaries and large grains, 
which enhances Voc, FF and spectral response. 

Electrochemical impedance spectroscopy (EIS) was used to further 
characterize the charge carrier transport and recombination properties 
of our PSC. The Nyquist plot of the device with the frequency range of 
100 Hz to 1 MHz measured in the dark is shown in Fig. 6d. The Nyquist 
plots were fitted using an equivalent circuit model (inset in Fig. 6d) with 
two semicircles corresponding to high frequency transfer resistance (Rtr) 
and low frequency recombination resistance (Rrec) [42–47]. The value of 

Rtr shows little variation for these two devices, indicating no significant 
effect on the charge transfer properties. The second arc is attributed to 
the recombination resistance (Rrec) [48–50]. The Rtr of both control and 
M � 5 cells are almost the same, indicating that the charge transfer at the 
hetero-interface is unlikely to be the cause of the performance differ-
ences. However, the curve of Rrec for the M � 5 sample has a larger value 
than the control sample, indicating that the M � 5 doped sample has 
smaller recombination. As mentioned above, compared with the tradi-
tional antisolvent strategy (control), better crystallization and lower 
defect density were achieved by using the upgraded technique (M � 5) 
for perovskite films, thereby reducing charge losses within the device. 

In addition to increasing the PCE, a major challenge in deploying 

Fig. 5. Study on the defects of the perovskite films based on traditional/upgraded antisolvent strategies. The (a) PL spectra and (b) TRPL for the control and 
M � 5 samples, respectively. A blue shift can be observed for the PL spectra. (c–d) The SCLC curves of the control and M � 5 samples, respectively. The architecture 
for measurement is FTO/TiO2/MAPbI3/PCBM/Ag and (e) Eu values for the control and M � 5 samples, respectively. 

Fig. 6. Device performance. (a) The schematic architecture and the cross-section of the PSCs. (b) The illuminated J-V curves of the solar cells under reverse- and 
forward-scan, respectively. (c) The EQE and (d) Nyquist plot of PSCs. The inset of d shows the equivalent circuit used for fitting the plots. The stability of corre-
sponding devices (e) in ambient environment and (f) in nitrogen atmosphere, respectively. Inset: The contact angle of the M � 5 and control perovskite films. 
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PSCs as a commercial technology consists in improving stability. Besides 
increasing photovoltaic efficiency, high quality films also enhance sta-
bility. We examined the stability of the PSCs over a period of 30 days 
under ambient conditions (Fig. 6e, ~45% humidity) and nitrogen at-
mosphere (Fig. 6f), respectively. In nitrogen atmosphere, both M � 5 
and control cells exhibit good stability (i.e. retaining >93% of the initial 
PCE) after 30-days measurement (under periodic illumination). A slight 
reduction in PCE for both PSCs may result from repeated testing, which 
may damage the electrode after repeated testing. However, in ambient 
conditions, M � 5 devices show much higher stability (~91% of the 
initial PCE) than the control cells (retaining ~70% of the initial PCE). 
We stored the control and M � 5 perovskite films in ambient conditions 
for 25 days (~30% humidity, in dark), then characterized them using 
XRD. No PbI2 peaks were observed before storing the samples. However, 
after 25 days, the XRD pattern showed a new diffraction peak attributed 
to PbI2 at 12.8� for the control perovskite film, which may result from 
the decomposition of MAPbI3 [37]. In contrast, still no PbI2 peaks are 
observed for the M � 5 film (Fig. S10). The enhanced stability of the 
MAPbI3 films is ascribed to the dense morphology and fewer defects that 
inhibit MAþ motion and desorption from grain boundaries. We also 
found that iodine-assisted antisolvent engineering yields a surface with 
superior hydrophobicity, which was further confirmed by the water 
contact angle measurement (inset of Fig. 6f). The derived contact angles 
are 45� and 58� for the control and M � 5 perovskite films, respectively. 
The increase in contact angle demonstrates a strongly hydrophobic of 
the perovskite layer that provides a theoretical basis for its enhanced 
stability in a humid environment. 

4. Conclusions 

In short, we developed an I2 modulated antisolvent strategy, which 
allows fabricating highly crystallized defect-less MAPbI3 perovskite 
films with high stability. The interactions between I� and precursors 
triggers the enhanced heterogeneous nucleation of the crystalline sol-
vate during solution casting, which facilitates the growth of dense films. 
Simultaneously, the I� make the Pb-I complexes to a high-coordinated 
lead acid species and terminate under-coordinated Pb2þ dangling 
bonds, yielding better passivation due to lower trap states. A PCE of 
21.33% was achieved with 0.44% hysteresis for the M � 5 samples, 
while for the control one, the hysteresis is 0.89%. The PCE of the M � 5 
sample is ~15.9% higher than the PCE of 18.22% obtained for the 
control PSC. Concerning the stability, a slight degradation of only ~9% 
was measured after 30 days of exposure to ~45% relative humidity at 
room temperature, without encapsulation. The enhanced performance 
and improved moisture stability of the M � 5 device compared to the 
control PSC can be primarily attributed to improved crystallization, 
fewer defects, and superior hydrophobicity. Our work therefore dem-
onstrates that defect passivation of perovskite films using halogen- 
doped antisolvent processing is a practical and effective method to-
wards defect-free MAPbI3 films for environmentally stable high perfor-
mance PSCs. 
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