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One of the most important factors governing the photovoltaic eﬃciency and environmental stability of
Perovskite Solar Cells (PSCs) is the quality of their perovskite ﬁlms. However, the present study demonstrates
that CH3NH3PbI3 perovskite ﬁlms after anti-solvent washing are far from perfect on the surface, where the
crystallization degree is quite low with complex multi-phases associated with numerous defects and notable
chemical inhomogeneity. Herein, we report a novel anti-solvent washing treatment simply using Hydrogen
Iodide (HI) additive in chlorobenzene (CB) which can enormously improve CH3NH3PbI3 ﬁlms surface with high
crystallization phase purity and chemical homogeneity, leading to excellent structural stability under humidity,
heat and even tensile force. Based on such high quality ﬁlms with defect-less surface, fabricated planar PSCs with
an architecture of ITO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/MoOx/Au present a champion PCE of 19.94% and
improved stability under humidity. Moreover, fabricated ﬂexible planar PSCs on PET/ITO substrates with a
champion PCE of 17.32% are shown to be more robust under tensile force than their control devices. The present
study thus not only provides more insight into the facile defects passivation process on the surface achieved via
balancing halide ions, but also provides a practical but eﬃcient treatment which can be widely used to fabricate
high quality CH3NH3PbI3 ﬁlms for environmentally stable high performance device applications.

1. Introduction
Organ-inorganic hybrid lead halide perovskite MAPbX3
(MA=CH3NH3, X = Cl, Br and I) have caught tremendous attentions
due to their outstanding properties including high absorption coeﬃcient, extreme long carrier diﬀusion length and lifetimes, low exciton
binding energy, as well as an adjustable bandgap [1–3]. All these merits
make them promising materials able to rival multicrystalline silicon for
photovoltaic applications, as demonstrated by over 22% power conversion eﬃciency (PCE) achieved in perovskite solar cells (PSCs) [4,5].
Besides world-wide eﬀorts to further improve their PCE, the environmental stability of PSCs remain as one bottleneck to be overcome before
their commercialization which needs the stability of perovskite ﬁlms to
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be improved against humidity, heat, light, and oxygen [3,6].
One of the most important factors governing the photovoltaic eﬃciency and environmental stability of PSCs is the quality of their perovskite ﬁlms [7–12]. To assist various deposition techniques, as a
consequence, lots of processing treatments including anti-solvent
washing, vacuum ﬂash annealing, gradient thermal annealing, gas
blowing, and vapor-assisted annealing have been developed to improve
the quality and structural stability of the fabricated perovskite ﬁlms
[8,11,12]. Among them, anti-solvent washing is one of the widely
practiced processing treatments in fabricating extremely uniform and
dense solution processed perovskite ﬁlms. As reported by Jeon et al.
[13], the anti-solvent droplets cause the precursor constituents frozen
immediately upon spinning via the quick removal of the excess solvent
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Fig. 1. (a) A schematic illustrating the fabrication procedure for the CH3NH3PbI3 perovskite thin ﬁlms in this work. The anti-solvent washing using HI CB solution was performed during
spin-coating of perovskite precursor solution, followed by thermal annealing. (b-c) The evolutions of the PCE, FF, Voc, and Jsc of the fabricated PSCs as functions of the HI concentration.
(d) The J−V curves of the champion PSC based on the CH3NH3PbI3 ﬁlms washed only by CB and that by 1.25 vol% HI CB solution. (e) The corresponding incident photon-to-current
eﬃciency (IPCE) spectra with integrated current density of the two champion PSCs. (f) The steady-state output of the champion device based on the CH3NH3PbI3 ﬁlms washed by HI CB
solution at a given constant bias related to the maximal power point. (g) A cross-sectional SEM image of a typical PSC based on the HI-washed perovskite ﬁlm.

methyl ester (PCBM) in the anti-solvent, which enhances PSC eﬃciency
and stability simultaneously. However, the formation of PbI2 in the
MAPbI3 perovskite layer cannot be avoided due to the decomposition of
MAI into MA in the precursor solution even before the ﬁlm preparation
starts [22]. According to the coordination chemistry, a variety of iodoplumbate coordination complexes including PbI3−, PbI42−, PbI53−,
and PbI64− exist in the precursor solution, but most of them could lead
to structural defects in the ﬁnal lead halide perovskites except fully
coordinated PbI64− which is desirable to facilitate defect-free perovskite ﬁlms [16]. Thus, Hydriodic acid (HI) additive has been employed in the perovskite precursor solution to increase the composition
of PbI64− and eﬀectively passivate defects by recovering methylamine
(decomposed product of MAI) into MAI thereby signiﬁcantly suppressing the decomposition reaction of MAPbI3 [23,24], which open a new
route for defect passivation based on coordination chemistry. However,
the formation of I2 impurities may take place and reside on the resultant
perovskite ﬁlm surface due to decomposition of unstable HI during the
long-time stirring process of the precursor solution especially under
light exposure, leading to more unwanted surface traps [5,23,24].
Therefore, it still remains nowadays a challenge to develop a simple and
universal processing protocol for fabricating defect-free perovskite
ﬁlms with high crystallization degree for stable high performance PSCs.
To take advantages of both anti-solvent washing and HI passivation
without involving their drawbacks, a modiﬁed anti-solvent washing

and the rapid formation of the intermediate phase (such as MAI–PbI2–DMSO), leaving a uniform and transparent thin layer. Even though
anti-solvent washing nowadays often become indispensable in the
fabrication of dense and smooth perovskite ﬁlms, they are reported to
bring on defects, in particular, on the surface of the resultant perovskite
ﬁlms. For example, Lim et al. [14] showed that anti-solvent washing
increases trap densities because of the formation of MA vacancies in the
perovskite ﬁlms; Han et al. [7] reported that components such as residual solvent and excess MAI with low boiling points vaporize easily
from the perovskite ﬁlm upon annealing with signiﬁcantly amount of
defects formed especially on the ﬁlm's surface. As these defects (especially those on the surface), associated with poor crystallization and
morphology, usually serve as carrier trapping and non-radiative recombination centers, they are responsible for low open-circuit voltage
(Voc) and short-circuit current density (Jsc), reduced ﬁll factor (FF), and
even hysteresis eﬀects, which must be taken care of to achieve high
performance PSCs [7,15–17].
Recently, a series of modiﬁed anti-solvent washing treatments have
been explored to successfully minimize surface defects in perovskite
ﬁlms including solvent-engineering and conjugated polymer-doping
[13,18–21]. For example, Bi et al. [19] and Zhang et al. [18] independently proposed an eﬀective technique to control nucleation and
crystal growth of perovskite ﬁlms by dissolving compounds such as poly
(methyl methacrylate) (PMMA) and [6,6]-phenyl-C61-butyric acid
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overestimate of device performance [15,24], J-V curves of the both
champion PSCs in the forward scanning direction are also displayed in
Fig. 1d. The control PSC yields ~15.0% PCE diﬀerence coming from a
PCE of 15.07% and 17.38% in the forward and reverse directions, respectively. Obviously, the hysteresis is much reduced for the HI-washed
PSC, as its PCE of 19.14% and 19.94% in the forward and reverse scans
lead to ~4.18% diﬀerence. The present hysteresis in both PSCs must be
associated with their TiO2 layer as worse electron conductor than for
example PCBM, leading to unbalanced electron and hole ﬂux [17].
Comparing the incident photon-to-current eﬃciency (IPCE) spectra
with integrated current density of the two champion PSCs in Fig. 1e, it
is clear that the HI-washed PSC presents an obviously improved external quantum eﬃciency in nearly entire visible light wavelength
range with an integrated Jsc up to 22.53 mA cm−2, in good accordance
with the Jsc obtained from its J-V curve. Meanwhile, as shown in Fig. 1f,
its steady-state output can reach a PCE of 19.65% with a steady-state
output photocurrent density of 22.60 mA cm−2, close to those corresponding values from its J-V curve. Thus, the excellent performances
with reduced hysteresis achieved in the HI-treated PSCs must be attributed solely to their perovskite layer with improved ﬁlm quality in
comparison with that in the control PSCs [15,25–27], which will be
demonstrated in details in the following. To illustrate the thicknesses of
each layer in the fabricated PSCs, Fig. 1g shows the cross-section SEM
image of a typical PSC based on the HI-washed perovskite ﬁlm, which
also clearly shows its smooth perovskite layer without any notable
pinholes.
To verify how the ﬁlm quality was improved by the HI-washing as
well as to ﬁnd out the reasons for the PSC performance enhancement,
synchrotron-based 2D-GIXRD measurements were performed to investigate the processed perovskite ﬁlms. Fig. 2a-d show 2D-GIXRD
patterns of a perovskite ﬁlm washed only by CB and another by 1.25 vol
% HI solution on TiO2/ITO/glass at X-ray incident angles of 0.05°
(surface sensitive) and 0.30° (bulk sensitive), respectively. The diffraction proﬁles in all the four ﬁgures as well as those obtained at other
incidence angles are similar to those reported from highly textured
crystallized perovskite ﬁlms [26,28]. To compare preferential orientation of diﬀerent ﬁlms quantitatively, the radially integrated intensity
plots along the ring at q ~ 10 nm−1 assigned to the (110) plane of
CH3NH3PbI3 perovskite crystalline were derived from Fig. 2a-d for the
two ﬁlms at the two incident angles and plotted in Figs. S1a-b. The
dominant peaks at the azimuth angle of 90° for both ﬁlms at both angles
prove clearly a preferential in-plane orientation in the two ﬁlms promoting interfacial carriers transporting [15,20].
To obtain direct information about the crystallinity, the evolution of
1D-GIXRD spectra as function of q around the perovskite (110) peak
derived from 2D-GIXRD patterns recorded at four diﬀerent incidence
angles for the control ﬁlm washed by only CB and that for the HI-washed ﬁlm are reported in Figs. 2e and 2f, respectively. It is noticed that
all the (110) diﬀraction peaks at q ~ 10.00 nm−1 exhibit asymmetrical
intensity proﬁles consisting of two or even more overlapped components indicating their complicated multiple phases [26,29]. Nevertheless, the diﬀraction peaks for both ﬁlms at 0.30° look almost identically sharp, which implies they are highly crystallized with a
relatively pure phase in their interior [26,29,30]. When the probing
depth decreased with decreasing angle from 0.20° to 0.05°, it is noticed
for both ﬁlms that the diﬀraction peaks become more broadened and
lower, which imply the ﬁlm crystallinity as well as its phase purity
become worse and worse closing to the surface. However, the proﬁle
change for the control ﬁlm is much more dramatic than that for the HIwashed ﬁlm, which is most vivid at the most surface sensitive incident
angle of 0.05°: (1) the diﬀraction peak for the control ﬁlm at this angle
is not only several times lower than all those from the same ﬁlm at
other angles but also several times lower than that at the same angle for
the HI-washed ﬁlm; (2) it consists of at least three separated components leading to a plateau-like proﬁle, whereas that for the HI-washed
ﬁlm is only slightly lower and ﬂatter than those at other angles. The

treatment simply using HI additive in chlorobenzene (CB) solvent with
a small amount of isopropanol (IPA) was developed in this study which
avoids the decomposition of HI during the quick washing yet still successfully passivates most defects in CH3NH3PbI3 ﬁlms prepared by onestep spin coating. The resultant planar PSCs with an ITO/TiO2/
CH3NH3PbI3 /Spiro-OMeTAD/MoOx/Au architecture exhibit enhanced
device performances depending on the HI additive concentration with
signiﬁcantly improved stability against humidity in comparison with
the control device based on the ﬁlms only washed by CB. A champion
PCE of 19.94%, which is over 15% higher than that of the control device (17.38%), is achieved for the PSCs based on the perovskite ﬁlms
washed by 1.25 vol% HI CB solution. In addition, fabricated ﬂexible
planar PSCs on PET/ITO substrates also shows higher stability under
tensile force or thermal annealing than their control devices. Scanning
Electron Microscopic (SEM), Electron Probe Microanalysis (EPMA),
synchrotron-based Grazing Incidence X-ray Diﬀraction (GIXRD),
Atomic Force Microscope (AFM), Scanning Kelvin Probe Microscopy
(SKPM), in-situ stretched synchrotron-based X-ray Diﬀraction and synchrotron-based photoelectron spectroscopy (PES) were employed to
characterize the fabricated perovskite ﬁlms in the search for the clues
responsible for the device enhancements and improved environmental
stability. It was shown that HI additive improved signiﬁcantly the
surface crystallization with purer phase especially on the surface and
much fewer defects as revealed by GIXRD, SEM, and SKPM. While PES
indicates that the HI-washing did not alter the average ﬁlm chemical
composition, EPMA results verify that Pb and I distributed more uniformly contributing to the improved ﬁlm phase purity. Consequently, it
was also demonstrated that these perovskite ﬁlms became more robust
under humidity and even tensile force owing to the formed defect-less
highly ordered crystallized ﬁlm. Therefore, the present study provides
more insight into the facile defect passivation process achieved via
balancing halide ions, which could be optimized further to explore
environmentally more stable PSCs with even higher eﬃciency and
manufacturing capability.
2. Results and discussion
Fig. 1a schematically presents the fabrication procedure for the
CH3NH3PbI3 ﬁlms via a one-step deposition including the anti-solvent
washing and annealing treatments in this work. Diﬀerent from antisolvent washing employing only CB [12,20], the HI additive was introduced into CB anti-solvent ﬁrst and then dropped onto the perovskite
ﬁlms during spin-coating. Subsequently, the ﬁlms were annealed at
100 °C for 10 min to remove the residual CB and HI. To give a better
view of the HI-washing inﬂuences on the device performance, Figs. 1b
and 1c present average PCE, FF, Voc, and Jsc extracted from their corresponding J-V curves as functions of the HI concentration applied
during the preparation of the perovskite ﬁlms for the present PSCs. It is
clear that PCE, Voc, and FF increase with the HI concentration till their
maxima at a concentration of 1.25 vol% and then decrease upon further
increasing the HI concentration. Slightly diﬀerently, Jsc increases by
~9% upon the introduction of 1 vol% HI and varies little with the increasing HI concentration. Thus, it becomes clear that ~1.25 vol% is
the optimal amount for HI applied in CB for anti-solvent washing
leading to best PSC performance which must be related to the improved
perovskite ﬁlm quality.
Fig. 1d reports J-V characteristics of the champion PSC using the
ﬁlms washed by 1.25 vol% HI CB solution (refer as the HI-washed ﬁlm/
PSC later on) collected under 100 mW/cm2 AM 1.5 illuminations,
which dramatically outperform the best control PSC based on the ﬁlms
washed by only CB. While the best control PSC exhibits a PCE of
17.38% with a Voc of 1.07 V, a Jsc of 21.95 mA cm−2, and an FF of 0.74,
the champion HI-washed PSC reached a PCE of 19.94% with a Voc of
1.11 V, a Jsc of 23.97 mA cm−2, and an FF of 0.75. Thus, the PCE of the
champion HI-washed PSC is ~15% higher than that of the best control
PSC. To further investigate the hysteresis eﬀect that may lead to
12
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Fig. 2. (a-d) 2D-GIXRD patterns collected at X-ray incident angles of 0.05 and 0.30° from a perovskite ﬁlm on TiO2/ITO/glass washed only by CB in (a)(b) and another washed by 1.25 vol
% HI CB solution in (c)(d), respectively. (e-f) GIXRD spectra around the perovskite (110) diﬀraction peaks collected at incident angles of 0.05°, 0.10°, 0.20, and 0.30° for the two
perovskite ﬁlms in (e) and (f), respectively. The perovskite (110) diﬀraction peak FWHM and peak area for these two ﬁlms are plotted as functions of X-ray incident angle in (g) and (h),
respectively. (i) The ratio between the perovskite (110) diﬀraction peak FWHM and that between its peak area for the two ﬁlms as functions of X-ray incident angle.

is dramatically enhanced by the HI-washing on the ﬁlm surface. Thus,
the signiﬁcantly diﬀerent GIXRD results especially at 0.05° between
these two ﬁlms after diﬀerent anti-solvent treatments immediately indicates that the ﬁlms after being washed by CB presents a surface with
severely poorer crystallization degree and worse phase purity than the
ﬁlm interior and that the present HI-washing is most eﬃcient to substantially improve the ﬁlm quality on the surface, which explains well
the outstanding performance of PSCs after the HI-washing.
To further investigate the morphology change induced by HI,
scanning electron microscopic (SEM) image for a perovskite ﬁlm washed only by CB and that for a HI-washed ﬁlm are shown in Figs. 3a and
3b, respectively. All the ﬁlm surfaces are quite smooth, which is consistent with previous studies demonstrating CB anti-solvent washing as
an eﬃcient practice to improve the perovskite ﬁlm quality [8,20,31].
However, a close inspection of the SEM image of the control ﬁlm in
Fig. 3a reveals that there are large gaps and pin-holes separating irregular grains with quite diﬀerent sizes whereas the surface of the HIwashed ﬁlm in Fig. 3b is covered almost completely by closely-packed
smaller grains with relatively uniform sizes. Obviously, the HI-washing
is a more eﬃcient process to promote compact perovskite ﬁlms with
inter-connected grain boundaries leading to much fewer boundary defects, which tends to suppress charge carrier recombination as well as to

existence of complicated multiple phases on the surface of the control
ﬁlm should be partially caused by the strain induced by numerous
defects on its surface and partially caused by its surface chemical inhomogeneity as will evidenced latter.
To more quantitatively compare the diﬀerent (110) diﬀraction peak
proﬁles for the two ﬁlms at diﬀerent incidence angles, the evolutions of
their full width at half maxima (FWHM) and integrated peak areas as
functions of the incident angle are plotted in Figs. 2g and 2h, respectively. As the FWHM for both ﬁlms decreases from 0.30° (bulk sensitive)
to 0.05° (surface sensitive) monochromatically, the FWHM for the
control ﬁlm is always larger than that for the HI-washed ﬁlm at every
angle especially at 0.05°. In addition, the integrated peak area for the
control-ﬁlm is always lower than that for the HI-washed ﬁlm, particularly at 0.05°. To compare the diﬀraction peak proﬁles for the two ﬁlms
directly and to highlight their diﬀerence, Fig. 2i reports the ratio between their FWHM and that between their peak area as functions of
incidence angle. Notably, the FWHM ratio with values less than 1 decreases from 0.3° to 0.05° indicating that the HI-washing increases the
overall ﬁlm phase purity but more signiﬁcantly on the surface. In the
same time, the peak area ratio with values larger than 1 increases
slightly from 0.3° to 0.1° and then jumps to over 3.9 at 0.05° proving the
ﬁlm crystallization degree is slightly improved in the interior whereas it
13
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Fig. 3. SEM image, EPMA elemental mapping for I and Pb, scanning kelvin probe microscopy image for a control ﬁlm washed only by CB in (a), (c), (e), and (g), respectively; SEM image,
EPMA elemental mapping for I and Pb, scanning kelvin probe microscopy image for a HI-washed ﬁlm in (b), (d), (f), and (h), respectively.

meanwhile, synchrotron-based PES using diﬀerent photon energies
shows that I 4d and Pb 4f photoemission intensity ratio for both ﬁlms at
diﬀerent probing depths are almost identical, which prove that the
overall chemical composition on the ﬁlm surface is not altered by the
HI-washing. Thus, it can be concluded that the HI-washing is eﬀective
to improve the ﬁlm chemical homogeneity with uniformly distributed I
and Pb. In fact, this ﬁnding is also consistent with the GIXRD results. As
found by Thomas et al. [10], tetragonal β-phase MAPbI3 (002) diﬀraction peak is observed at q ~ 9.90 nm−1 close to the perovskite (110)
peak at q ~ 10.00 nm−1 in I-poor perovskite ﬁlms; On the other hand,
cubic α-phase MAPbI3 (100) diﬀraction peak is known to appear at q ~

enhance charge extraction and collection from perovskite to charge
transport layers necessary for high performance PSCs [15,16,31].
Electron probe microanalysis (EPMA) was further employed to map
the distribution of I and Pb as important elements in the perovskite
ﬁlms. As shown in Fig. 3c-f, a distinct diﬀerence between these two
diﬀerent ﬁlms becomes clear, which is the most evident in the case of I.
In the HI-washed ﬁlm, both elements distribute quite uniformly. In
contrast, it is seen for the control ﬁlm in Fig. 3c that I turns to segregate
randomly at diﬀerent places leading to a few micron wide irregular Ipoor and I-rich zones formed side by side. This phenomenon is also
observed for Pb but its segregation is less severe in Fig. 3e. In the
14
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10.10 nm−1 with some presence of the tetragonal β-phase when the
ﬁlm is I-rich [26]. Thus, the presence of both I-rich and I-poor zones in
the control ﬁlm thus could help to explain the complicated multicomponent diﬀraction (100) peak proﬁle observed in the surface region.
To further exam local electronic properties on the surfaces to reveal
diﬀerent band bending around the grain boundaries, scanning kelvin
probe microscopy (SKPM) was performed to map the surface potential
of a control and a HI-washed perovskite ﬁlm as reported in Figs. 3g and
3h, respectively. In Fig. 3g, the control ﬁlm are covered by several
bright valley-like stripes everywhere and its surface potential varies
from −18 mV to 28 mV. In contrast, the surface potential on the HIwashed ﬁlm looks more uniform and varies only from −20 mV to
10 mV. As the AFM images shown in Fig. S2, the control ﬁlm roughness
is much larger with a RMS of 23.9 nm than that of 6.2 nm in the HIwashed ﬁlm. Moreover, there are fewer large pin-holes or big voids in
the HI-washed ﬁlm than in the control ﬁlm, where there are more and
larger pin-holes or bigger voids demonstrating the existence of much
more defects. Thus, as its ﬁlm roughness is smaller with fewer pin-holes
or voids, there must be fewer boundary defects in the HI-treated ﬁlm
even though there are more interconnected grain boundaries. The different surface potential distribution between these two ﬁlms must be
attributed to the signiﬁcantly more defects on the control ﬁlm surface
than on the HI-washed ﬁlm [32], which would become the energy
barriers for the charge transport and increase trap-assisted recombination [6,33].
It is well-known that the quality of perovskite ﬁlms is also crucial to
determine the environmental stability of their resultant PSCs [5,18,34].
To ﬁnd out how the HI-washing could improve the ﬁlm environmental
stability, a perovskite ﬁlm on ITO/TiO2 substrates washed only by CB
and another by 1.25 vol% HI solution were stored for a series of time
periods under identical condition (at room temperature under ambient
atmosphere with a 40–60% humidity) and then examined by synchrotron-based GIXRD collected at 0.30°. To highlight the perovskite (110)
and PbI2 (001) diﬀraction peaks, Figs. 4a and 4b report the same selected area from the GIXRD patterns of the two ﬁlms after being stored
for 180 h, where signiﬁcant diﬀerence between them can be observed.
For the perovskite (110) feature, it is much weaker in Fig. 4a for the
control ﬁlm than in Fig. 4b for the HI-washed ﬁlm. In the meanwhile,
the PbI2 (001) feature is clearly visible in Fig. 4a for the control ﬁlm but
no sign of this feature can be found in Fig. 4b for the HI-washed ﬁlm. To
quantitatively compare the diﬀerent structural stability between these
two ﬁlms, Fig. 4c-d summarize the evolutions of the perovskite (110)
and PbI2 (001) diﬀraction peak area with increasing exposure time,
respectively. With the increasing exposure time, the perovskite (110)
peak area for the control ﬁlm decreases much faster than that for the
HI-washed ﬁlm, indicating its quickly reduced crystallinity degree due
to humidity. In addition, for the control ﬁlm, the PbI2 (001) peak located at q = 9.0 nm−1 [25] appears just after 30 h exposure and its
peak area increase quickly with exposure time, undoubtedly indicating
the degradation of CH3NH3PbI3 perovskite into PbI2. In contrast, no
sign of PbI2 can be observed at all in the whole exposure time in the
case of the HI-washed ﬁlm. The diﬀerent structural stability of these
two ﬁlms can also be proven by their SEM images after 180 h ambient
exposure in Fig. 4e-f, where the control ﬁlm presents a large number of
voids and bright islands whereas the HI-washed ﬁlm remains quite
smooth and featureless. All these ﬁndings from Fig. 4a-f support that
the HI-washing makes the perovskite ﬁlms much more stable under
ambient condition than the standard CB anti-solvent washing. It is
understandable that the improved stability by the HI-washing must be
mainly attributed to the enhanced crystallization degree with much
fewer defects in the surface region [32]. In the ﬁlms treated by only the
traditional anti-solvent washing, water/O2 can easily adsorb at the
defects on the surface and enter the ﬁlms via pinholes or voids to react
with the whole ﬁlms. While the interaction between water and perovskite leads to the formation of hydrate intermediate phases [35,36],

O2 preferred to react with iodine vacancies to generate the superoxide
(O2-) species in the presence of light which mediates the further degradation reaction [32]. Both reactions contribute to the decomposition
of the perovskites into ﬁnal products of PbI2 and CH3NH2. Moreover, it
is worth noting that ionic defects, in particular I vacancies, serve as
reaction mediators, which in turn will inﬂuence the degradation process of perovskite ﬁlms [35]. Thus, the high chemical inhomogeneity in
the control ﬁlm naturally means more ionic defects especially more I
vacancies contributing to its structural instability. Fig. S3 reports a
series of XRD patterns from the control and HI-washed ﬁlms after different annealing times at 80 °C and 100 °C, where the decomposition of
perovskite into PbI2 occurs much quicker in the control ﬁlm than in the
HI-washed ﬁlm. These results proves the improved thermal stability of
the HI-based perovskite ﬁlms owing to the fact that the HI-washing
successfully passivates most defects on the perovskite ﬁlm surface
leading to its robust structural stability [29].
To directly prove that the enhanced structural stability of the fabricated
perovskite ﬁlms indeed promote the environmental stability of their resultant
PSCs, Fig. 4g reports the normalized PCE of a PSC based on a HI-washed
perovskite ﬁlm and that of a control PSC change as functions of exposure
time in an ambient environment with 40–60% relative humidity at 25 °C
without encapsulation. Notably, the normalized PCE of the HI-washed PSC
only drops slightly to 96% even after 312 h whereas that of the control PSC
has only 20% left. Obviously, the dramatically enhanced PSC stability against
humidity must be contributed to the fact that the HI-washing successfully
passivates most defects on the perovskite ﬁlm surface leading to its robust
structural stability under humid atmosphere.
Flexible devices are especially attractive for a variety of applications,
such as power-generating fabrics, clothing and textiles [37,38]. To demonstrate that the present anti-solvent treatment can be well applied for the
fabrication of high performance ﬂexible PSCs, devices based on HI-washed
perovskite ﬁlms and control ﬁlms with a structure of TiO2/CH3NH3PbI3
/Spiro-OMeTAD/MoOx/Au were fabricated on PET/ITO substrates. As
shown in Fig. 5a, the HI-washed ﬂexible PSC yields a higher champion PCE
of 17.32% than that of the control device of only 15.65%, which can similarly be explained by their high quality perovskite ﬁlms after HI-washing.
More notably, under a tensile force of 5 N to stretch these PSCs along the
horizontal direction, the HI-washed PSC still presents a PCE of 16.70%
whereas that of the control PSC drops largely to only 13.40% showing that
the performance of the HI-washed ﬂexible PSCs are more stable under
mechanical force. To highlight this point, Fig. 5b reports the normalized
PCE of the HI-washed ﬂexible PSC and that of the control PSC as functions
of tensile force applied in an ambient environment with ~20% RH at 25 °C.
Even though the normalized PCE of both PSCs drops with increasing tensile
force applied in Fig. 5b, it is obvious that HI-washed ﬂexible PSC is much
more robust, as its normalized PCE remains over 90% even under a tensile
force up to 10 N whereas that of the control PSC drops quickly to 70%.
Thus, it is clear that the present anti-solvent treatment can be widely applied in the fabricating high performance ﬂexible PSCs insensitive to mechanical force, which are ideal for their applications such as wearable devices [37,38].
To further reveal the reasons of the ﬂexible PSC performance decreases
induced by the applied tensile force and to ﬁnd out the diﬀerence between
these two PSCs after diﬀerent anti-solvent treatments, a series of in-situ
stretching synchrotron-based XRD experiments were carried out on these
PSCs with a photo of the experimental setup shown in Fig. 5c. The measurements were performed at room temperature under ambient atmosphere
with ~20% RH, which took about 15 min to ﬁnish one sample. The insert of
Fig. 5c is the photo of the fabricated ﬂexible PSCs which would be stretched
along the horizontal direction during the GIXRD measurements. Figs. 5d-5e
report the perovskite (110) diﬀraction peak proﬁles measured from these two
PSCs under diﬀerent tensile forces applied. In Fig. 5d, the (110) peak from the
control PSC presents an obvious shift to lower q and a gradually decreased
peak intensity, indicating a gradually reduced crystallinity and increased
tensile stain in the horizontal direction in its polycrystalline CH3NH3PbI3 ﬁlm,
which would lead to the structural instability reducing the activation energy
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Fig. 4. (a-b) A selected area with both the perovskite (110) and
PbI2 (001) diﬀraction peaks from the recorded GIXRD patterns of
a perovskite ﬁlm washed only by CB and another by 1.25 vol% HI
solution which were stored for 180 h at 30 °C under 40–60% RH
in (a) and (b), respectively. (c-d) The perovskite (110) and PbI2
(001) integrated peak area as functions of exposure time for the
two ﬁlms in (c) and (d), respectively. (e-f) After 180 h exposure,
SEM images for the control ﬁlm in (e) and that after HI-washing in
(f). (g) The normalized PCE of two PSCs (one based on a HI-washed perovskite ﬁlm and another on a control ﬁlm) without encapsulation as functions of exposure time in an ambient environment with 40–60% RH at 25 °C.

HI is largely suppressed. Therefore, the elimination of lower-order iodoplumbate complexes in the precursor especially on the surface will
favor the formation of highly crystallized, pinhole-free, and defects-less
perovskite ﬁlms. As demonstrated by the present study, this simple antisolvent washing treatment employing HI additive elegantly take advantages of both anti-solvent washing and HI additive which could be
widely applied in the preparation of high quality of CH3NH3PbI3 perovskite ﬁlms for high performance devices.

for ion migration and then even accelerate perovskite decomposition [37]. In
contrast, the (110) peak from the HI-washed PSC in Fig. 5e barely changes,
showing excellent structural stability of its perovskite ﬁlm. To reveal more
quantitatively the diﬀerent structural dependence of the perovskite ﬁlms on
tensile force in these two PSCs, Figs. 5f-5g reports the perovskite (110) dspacing calculated from the diﬀraction peak shift in Figs. 5d-5e and the diffraction peak intensity (peak area) from these two PSCs as functions of the
tensile force applied, which demonstrates more clearly that the HI-washed
ﬁlm present a higher structural stability most likely associated with its strain
already largely relaxed after the ﬁlm preparation [37]. Thus, the improved
structural stability could be explained by that the HI-washing is more eﬃcient to minimize the ﬁlm residual strain especially on the surface during the
fabrication process as shown before, which provides a practical solution to
enhance intrinsic PSC mechanical stability and would promote the large scale
fabrication of ﬂexible perovskite based devices [37,38].
Thus, both the HI-washed PSC performance enhancement and their
enhanced environmental stability can mainly be attributed to their
perovskite ﬁlm quality improvement especially in their surface region
with signiﬁcantly improved environmental structural stability, in
comparison with the ﬁlms after only the standard anti-solvent washing.
While the dripping solvent mixes and extracts the major solvent during
the present anti-solvent washing process, the HI addictive should soak
the casted perovskite (precursor) ﬁlms from the surface due to the
strong interactions between the I- ions and the iodoplumbate complexes
PbIn(n−2)− (n = 3,4,5), which lead to the formation of fully coordinated
PbI64− via the following reaction formula [16]:

3. Conclusion
In summary, highly crystallized defects-less CH3NH3PbI3 perovskite ﬁlms
were successfully fabricated by adopting anti-solvent washing using HI additive in CB solution. The device performances of the resultant planar PSCs
are sensitive to HI concentration and the optimal amount for the best device
performances achieved is 1.25 vol%. The champion PCE achieved is 19.94%
with reduced hysteresis, which is ~ 15% higher than 17.38% for the control
PSC adopting traditional anti-solvent washing only by CB. In comparison
with the control PSCs, the performance enhancements along with the improved stability against humidity can be mainly attributed to the improved
surface of their perovskite ﬁlms with higher degree of crystallization, purer
phase, more uniformly closely-packed microcrystalline grains, fewer defects,
and higher chemical homogeneity induced by the HI-washing. Consequently,
fabricated ﬂexible planar PSCs are also proven to be more robust under
mechanical force than their control devices due to higher structural stability
of their high quality perovskite ﬁlms. The present work thus proves that
defects passivation of perovskite ﬁlm using the HI-washing is a practical and
eﬀective practice which could be further improved towards defect-free
CH3NH3PbI3 ﬁlm for environmentally stable high performance PSCs.

(6 − n) I − + PbIn(n − 2) − → PbI64 −; (n = 3, 4, 5)
As the washing process is quite fast, the decomposition of unstable
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Fig. 5. (a) The J−V curves of a fabricated ﬂexible PSCs with a structure of PET/ITO/TiO2/CH3NH3PbI3 /Spiro-OMeTAD/MoOx/Au based on HI-washed perovskite ﬁlms and a control
PSC with and without a tensile force of 5 N applied; (b) The normalized PCE of the HI-washed ﬂexible PSC and the control PSC as functions of tensile force applied in an ambient
environment with ~20% RH at 25 °C; (c) A photograph of the setup for the in-situ stretching synchrotron-based GIXRD experiments, where the inset shows a ﬂexible PSC to be mounted
for the measurements; (d-e) The perovskite (110) diﬀraction peaks under diﬀerent tensile forces from the control PSC in (d) and the HI-washed PSC in (e); (f-g) The perovskite (110) dspacing and diﬀraction peak intensity obtained from these two PSCs as functions of the tensile force applied.

4. Experimental section

substrates were immersed into the TiOx precursor solution at 70 °C for 1 h,
and then heated for 1 h at 100 °C in a baking oven in ambient air environment [26,36]. Fig. 1a illustrates the present fabrication process for the perovskite ﬁlms. After the precursor solution was spin coated onto the TiO2 layer
at 4000 rpm for 20 s, the HI CB solution with diﬀerent volume ratios was
dripped on the precursor ﬁlms during the spin-coating process for another
20 s. Subsequently, the precursor ﬁlm are annealing at 100 °C for 10 min in
nitrogen glove box to obtain the perovskite layer. To fabricate the PSCs, the
solution of spiroOMeTAD was spin-coated onto the perovskite layer at
2000 rpm for 40 s in the glovebox. And then the spiroOMeTAD layer was
oxidated for about 8–10 h in ambient air environment. Finally, the device was
transferred to a vacuum chamber at 2 × 10−6 Torr for MnOx and Au electrode evaporation. The active area of each device is 0.09 cm2 as determined
by the shadow mask. For the preparation of the ﬂexible PSCs, all the procedures are the same to those for the planar PSCs described except on PET/
ITO substrates.

4.1. Materials
Methylammonium (CH3NH2), Lead chloride (PbI2, 99.99%), hydroiodic acid (HI, 57 wt% in water), Spiro-OMeTAD, Anhydrous dimethyl sulfoxide (DMSO), and γ-butyrolactone were purchased from
Sigma Aldrich.
4.2. Solution preparation
The TiOx precursor solution was prepared by adding dropwise pure
TiCl4 (4.5 mL) solution onto ice cubes (200 mL) in ambient air environment which melted naturally. MAI and PbI2 powder were mixed in
DMSO:GBL (7:3, v/v) blend with a molar ratio of 1:1 to make the
perovskite precursor solution. The resultant perovskite precursor solution was stirred at 70 °C overnight and then ﬁltered through PTFE ﬁlters
(0.22 µm) before usage in a glovebox. Spiro-OMeTAD solution was
prepared by mixing 17.5 µL lithiumbis (triﬂuoromethanesulfonyl)
imide (TFSI-Li) solution (520 mg Li-TFSI in 1 mL acetonitrile) and
28.5 µL 4-tertbutylpyridine with 80 mg Spiro-OMeTAD in 1 mL chlorobenzene (CB) solution. The HI CB solution was prepared by adding
0–3.33 vol% of HI into CB solution with a small amount of isopropanol
(10 µL IPA / 1 mL CB).

4.4. Characterization
The current density-voltage characteristics of the PSCs were measured by
using a programmable Keithley 2400 source meter under AM 1.5 G solar
irradiation at 100 mW/cm2 (Newport, Class AAA solar simulator, 94023A-U).
The ﬁeld-emission scanning electron microscope (SEM) images were obtained from a Quanta 200 FEG. The grazing incidence X-ray diﬀraction
(GIXRD) and in-situ tensile XRD were performed at the BL14B1 beamline of
the Shanghai Synchrotron Radiation Facility (SSRF) using X-ray with a wavelength of 0.6887 Å [25]. The in-situ tensile XRD experimental was measured by the Transmission mode, and the ﬂexible PSCs were sticked on the
lateral side of sample holder and placed at the vertical of X-ray incidence
direction. Two-dimensional XRD patterns were acquired by a MarCCD at a

4.3. Device Fabrication
Patterned ITO substrates were thoroughly cleaned in ultrasonic bath
using acetone, ethanol, and deionized water in sequence for 15 min, respectively. To prepare the nanocrystalline TiO2 hole-blocking layer, the
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distance ~271 mm vertically from the sample with an exposure time of 20 s.
The grazing incidence angles of 0.05°, 0.10°, 020° and 0.30° were adopted to
achieve depth-dependent information. The XRD patterns were analyzed using
the FIT2D software and displayed in scattering vector q coordinates. To map I
and Pb distribution, EPMA were carried out with an accelerating voltage of
10 kV by collecting characteristic X-rays. AFM and SKPM measurements were
obtained using a scanning probe microscope (Keysight 5500). In the thermal
stability test, the XRD spectra were recorded by a lab Bruker D4 diffractometer with a copper target X-ray tube. Photoemission spectroscopy
(PES) measurements were performed at the photoemission spectroscopy
(BL10B) beamline of National Synchrotron Radiation Laboratory (NSRL). For
the PES measurements, N2 protected samples were transferred into an ultrahigh vacuum (VHV) chamber with a base pressure of 5 × 10−10 mbar
after less than 20 min air exposure.
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