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Various
synthetic
techniques have been developed to obtain
high-quality perovskite films.[1,6,7,17–19]
Among them, the method involving the
formation of intermediate adduct (IA)
phases is extremely effective in fabricating
highly uniform and dense perovskite
films that deliver high-efficiency PSC
devices.[5,6] In this method, all solutes are
first dissolved in a mixed organic solvent
system, such as N,N-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO),
then the mixture is spin-casted onto a
substrate, and subsequently washed with
an antisolvent to create IAs, and finally
thermally annealed to form perovskite
films. It is plausible that the intermediate phase retards the rapid formation
of perovskite species and thus effectively
regulates perovskite crystal growth.[5,20]
So far, this method is regarded as one of
the most successful ways to fabricate the
state-of-the-art PSC devices.[19,21] In spite
of its apparent simplicity and success,
the exact mechanism for the formation of
perovskite films from IA phases is yet ambiguous and warrants
further investigations.
In addition, the solvent vapor atmospheres (SVAs) during/
post the annealing process could also greatly affect the quality of
the resultant perovskite films.[18,22–24] The interactions between
perovskite films and various volatile solvents have been investigated, where the effects on film compositions and morphologies
are observed. The formation of an IA phase is also highly possible
in this process.[22–24] These impacts on perovskite films could profoundly affect the performance of the final devices. Notably, the
SVAs in gloveboxes where perovskite films are usually fabricated
could be quite complex due to multiple spin-coating steps in the
fussy device fabrication process. It is thus of vital importance to
understand the interaction mechanism between different SVAs
and perovskite films during/post the film-annealing process.
The in situ X-ray technique has emerged as an effective
approach to follow the formation and degradation processes of
perovskite materials.[25,26] The formations of perovskites in the
one-step spin-coating process from various precursor solutions
and in the vapor deposition process have been monitored
through the in situ X-ray diffraction technique.[27–33] The degradation of perovskite materials under high temperatures and
water vapor atmospheres has also been investigated to tackle the
stability issue.[34–37] Nevertheless, there is no direct observation

Metal halide perovskite solar cells (PSCs) have advanced to the forefront of
solution-processed photovoltaic techniques and made stunning progress in
power conversion efficiency (PCE). Further improvements in device performances rely on perfecting the structure and morphology of perovskite films.
However, undesirable defects such as pinholes and grain boundaries are often
created in film preparations due to lack of knowledge of the precise reaction
mechanism. Here, in situ grazing-incidence X-ray diffraction (GI-XRD) investigations are performed, facilitated by other techniques, on the formation of the
widely adopted MAPbI3 (MA = methylammonium) perovskite films from their
intermediate adduct (IA) phases. The influences of solvent vapor atmospheres
on MAPbI3 films are also systematically investigated, where the dynamic conversion processes between different phases are visualized in real time. Further
in situ GI-XRD and infrared spectroscopy measurements reveal that the IA
phases contain both N,N-dimethylformamide and dimethyl sulfoxide (DMSO)
as coordinating molecules. By tuning the DMSO concentration in perovskite
precursors, the ideal perovskite film is formed and the best PCE is achieved
for the planar MAPbI3-based PSCs. These findings highlight the role of IA
phases and the effect of solvent atmospheres on the quality of perovskite
films, providing direct insights into their growth mechanism.
Metal halide perovskite materials show great potential in realizing the next generation of highly efficient and cost-effective
solar cells.[1–9] The power conversion efficiency (PCE) of perov
skite solar cells (PSCs) has rocketed from 9% to 22.1% within
the last 5 years, shocking the photovoltaic community.[9,10] Due
to their excellent optical and electrical properties, perovskite
materials have also attracted tremendous attentions in the
fields of light-emitting diodes, photodetectors, and lasers.[11–16]
In their most important implementation for solar cells, perov
skite films are usually prepared via facile solution-processing
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of the formation of perovskite films from IA phases and their
transformation under various SVAs in the scenario that it could
give a complete picture of the dynamic conversion processes
and provide clues for further enhancing device performances.
Herein, we perform a systematic in situ study on the
dynamic formation and conversion processes of the popular
MAPbI3 (MA = methylammonium) perovskite films under
various reaction conditions. By introducing synchrotronbased grazing-incidence X-ray diffraction (GI-XRD) technique,
combined with scanning electron microscopy (SEM), UV–vis
absorption spectroscopy, and thermal gravity (TG)-integrated
Fourier transform infrared spectroscopy (FTIR) techniques,
the formation of perovskites from IA phases is comprehensively investigated. The same set of techniques is further
employed to trace the dynamic conversion processes of perovskite films under various SVAs during/post the annealing
process. In situ GI-XRD and FTIR measurements reveal the
coexistence of DMF and DMSO in the IAs as coordinating
molecules and more stable IAs formed by DMSO than DMF.
These studies present an in-depth view of the effects of reaction conditions on the quality of perovskite films and provide
direct insights into their growth mechanism. Inspired by the
results of the in situ studies, we find that the DMSO concentration in perovskite precursors profoundly affects the quality
of perovskite films and the resultant device performances. By
carefully tuning the DMSO ratio, the PCE of up to 19.13% is
obtained for the planar MAPbI3-based devices, one of the best
in its class.[38,39]
The previously reported solvent-engineering method, capable
of producing pinhole-free high-quality perovskite films,[5] is
employed to form the IA films. Specifically, the precursor solution containing 1:1:1 molar ratio of lead iodide (PbI2), methylammonium iodide (MAI), and DMSO in DMF is spin-casted
onto a dense-layer TiO2 (dl-TiO2)-coated fluorine-doped tin
oxide (FTO) substrate. During spinning, diethyl ether (DE) is
dropped onto the substrate to form the as-prepared IA (denoted
as APA) film. To investigate the formation of the perovskite
(PVSK) film from the APA, synchrotron-based in situ GI-XRD
technique is introduced, aiming at mapping the structural evolution in the entire process. To conduct the in situ GI-XRD
experiments, the APA films are quickly transferred from the
N2-filled glovebox onto a programmable heating stage in a specially designed sealed cell filled with N2, as shown in Figure 1a
(see the Experimental Section for details). To mimic the normal
perovskite film preparation process, the time–temperature (t–T)
profile is set to compose of a ramp process of 2 min from room
temperature (RT) to 100 °C, an annealing process at 100 °C for
10 min, and then a cooling down process back to RT. A continuous series of 2D GI-XRD images following the crystallization
process is recorded and selectively presented in Figure S1 (Supporting Information). By integrating each of the 2D GI-XRD
images and plotting along the time domain, the 2D intensity–
time color mapping is obtained, revealing the structural evolution of the sample through the t–T profile (Figure 1b). Figure 1c
shows the typical horizontal line cuts taken at the specific temperature points of RT, 80, 100, 50 °C, and RT, corresponding to
points from I to V as denoted in Figure 1b. Following the t–T
profile, different phase states of the sample are encountered
and registered. Initially, the APA film shows a low degree of
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crystallinity with broad diffraction peak widths and low intensities, and the major peaks at the lower diffraction angles are
centered ≈7.0° and 9.2°. As the temperature elevates, diffraction peaks centered at 14.2°, 29.7°, and 33.6° emerge, indicating the formation of MAPbI3 crystals in the film.[40] No peak
of PbI2 and only the pure cubic phase of perovskites is observed
at 100 °C. When the film is subsequently cooled down, no new
peak arises except a peak centered at 24.3° starts to appear
at ≈55 °C. The emergence of this peak indicates the phase transition of the perovskite crystal from cubic to tetragonal.[40] The
perovskite formation process is further depicted by plotting
the time evolution of the areal intensity, the peak position, and
the full width at half maximum (FWHM) of the main diffraction peak of the MAPbI3 perovskite centered ≈14.2° (Figure 1d).
During the temperature-elevating process, the areal intensity
of the MAPbI3 peak dramatically increases while its FWHM
decreases, indicating the readily crystallization and grain
growth of perovskites. The crystal growth continues for the first
2 min of the annealing process at 100 °C (indicated by the red
dash line in Figure 1d), as revealed by the slight increase of the
areal intensity and the decrease of FWHM. No apparent change
in the peak parameters is observed in the remaining annealing
process, indicating ceasing of the perovskite crystallization. The
fast crystallization of perovskite from the IA phase uncovered
here provides direct support to the empirical practice of quick
annealing used in the previous study.[5] During the sample
cooling down process, the increase of the areal intensity and
the shift of the peak position toward higher diffraction angles
are observed, which are ascribed to reduced thermal vibration
and volume contraction, respectively.
Ex situ SEM and UV–vis spectroscopy measurements are
conducted to take a broader view of the perovskite formation
process from APA to PVSK. Figures S2 and S3 (Supporting
Information) present the SEM images and UV–vis spectra of
the samples acquired at the points denoted as I–V in Figure 1b.
The SEM image of the APA film (Figure S2I, Supporting Information) shows no distinguishable crystal grains. As the temperature increases, small perovskite crystals emerge (Figure S2II,
Supporting Information), leading to a broad X-ray diffraction
peak, in accordance with the results in Figure 1d. When the
temperature is further elevated to 100 °C and kept for 5 min,
the compact and pinhole-free perovskite film forms with an
average grain size of ≈400 nm (Figure S2III, Supporting Information). No further morphological transformation occurs
during the subsequent annealing and cooling processes. As
shown in Figure S3 (Supporting Information), the variation
of the UV–vis spectra for the related samples (APA or PVSK
coated on FTO/dl-TiO2) is well consistent with their GI-XRD
and SEM results. The APA sample has limited absorption in
the visible region while the interference fringes reveal its flatness. As the temperature increases, the sample gains absorbance at the lower wavelengths at 80 °C and then exhibits strong
absorption in the entire visible range with an onset around
780 nm at 100 °C, indicating the nucleation and crystal growth
of the PVSK film. The ensuing cooling process does not change
the sample absorption profile.
SVAs have been reported to affect the quality of perovskite
films. Previous studies demonstrated that solvents like DMF
and DMSO could partially dissolve perovskite films and create
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Figure 1. Experimental setup and in situ GI-XRD measurements of the perovskite formation from IAs. a) Schematic illustration of the in situ GI-XRD
experimental setup. b) 2D intensity–time color mapping following the APA to PVSK transition through the t–T profile. c) XRD patterns extracted at
points I–V marked on the t–T profile in b. d) Time evolutions of the characteristic peak parameters (denoted by the red star in c) along the t–T profile.

defects.[22,41] However, fine tuning of SVA treatment conditions including solvent quantity and exposure time could produce higher quality perovskite films with larger grain sizes and
better crystallinity.[18,24] We choose DMF, DMSO and their mixture with the volume ratio of 1:1 (denoted as DMSO&DMF),
the good solvents for MAPbI3, and chlorobenzene (CB) and DE,
the poor solvents, for in situ studies of perovskite film transformations under SVAs. The solvent vapors are generated by
placing a solvent-filled container in the in situ characterization
cell. Sufficient amount of solvent is filled in the container to
ensure that the saturated vapor pressure is generated following
the same t–T profile as described in the previous text.
In Figure 2a and Figure S4 (Supporting Information), we
present the 2D intensity–time color mappings and the representative 2D GI-XRD images to show the phase evolutions of
the samples through the t–T profile under the DMSO, DMF,
and DMSO&DMF SVAs. For each SVA, there are three-phase
regions through the entire process. According to their underlying structural and chemical properties, these phases can
be categorized as the APA phase, the PVSK phase, and the
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regenerated adduct (RGA) phase. Horizontal line cuts are taken
at the structurally distinct points denoted as I–V (representing
RT, 80 °C, 100 °C, 50 °C and RT, respectively) in Figure 2a and
presented in Figure 2b to directly compare each phase for each
SVA. At point I, the state of the APA films, there is no difference in their XRD patterns with the low-angle diffraction peaks
centered around 7.0o and 9.2°. As the temperature elevates at
point II, the diffraction peak centered at 14.2° emerges under
the DMF atmosphere, revealing the formation of the PVSK
phase. However, under the DMSO and DMSO&DMF atmospheres at point II, no such PVSK peak is observed, demonstrating that the presence of the DMSO vapor could restrain the
PVSK formation. At point III where the temperature is further
elevated and maintained at 100 °C, intense peaks centered at
14.2o, 29.7o, and 33.6° are observed under all vapor conditions,
confirming the PVSK formation regardless of the type of SVAs.
During the cooling down process at point IV, the intensities
of the PVSK peaks decrease while the low-angle peaks at 6.6o,
7.3o, and 9.3°, assigned to the RGA phase, increase for the samples under DMSO and DMSO&DMF; under DMF, no other
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Figure 2. In situ GI-XRD and ex situ SEM measurements of perovskite films under various SVAs. a) 2D intensity–time color mappings following the
t–T profile under different SVAs. b) Typical XRD patterns of the samples at points I–V marked in the t–T profile for various SVAs. c) Areal intensity
evolution of characteristic peaks (denoted as A, B, and C in b) under different SVAs. d) SEM images of perovskite films formed at point III under different SVAs (all the scale bars represent 1 µm).
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peaks except the PVSK peaks are distinguishable at this point,
meaning the PVSK film stays stable at this temperature in the
DMF vapor. When the samples are further cooled down to RT
at point V, the PVSK diffraction peaks completely disappear
under all SVAs and only the RGA peaks are visible in the XRD
patterns. Under the DMSO and DMSO&DMF vapors, the RGA
films show the identical peaks centered at 6.6°, 7.3°, and 9.3°.
Under the DMF vapor, the RGA film exhibits XRD peaks centered at 6.9°, 8.0°, and 9.6°. The degradation of perovskites in
solvent vapors could turn them into different IA phases.[22] Guo
et al. found that DMSO and DMF molecules could diffuse into
perovskite lattices to form polymeric plumbate (II) fibers, where
the solvent molecule acted as a base to remove acidic ammonium iodide from the perovskite crystal.[41] The resultant films
possess the chemical structures of (MA+)2[(PbI3−)2PbI2]∙DMSO2
and (MA+)2(PbI3−)2∙DMF2 for the DMSO- and DMF-based IAs,
respectively.[20,41] The reported XRD patterns of these two IAs
are identical with the RGA films we obtained under the DMSO
and DMF vapors, separately. Notably, in our study, the XRD
evolution of the sample in the DMSO&DMF vapor is exactly
the same as that in the DMSO vapor. The DMSO molecule
dominates the perovskite formation and conversion processes
in the competition between DMSO and DMF, since more
stable adduct with stronger interaction is expected for DMSO
due to its stronger polarity (relative polarity of 0.444 for DMSO
vs. 0.386 for DMF).[5] This could also explain the fact that, in
the DMSO vapor the PVSK phase forms and degrades at higher
temperatures as compared to the case for DMF. Interestingly,
the diffraction peaks of the regenerated DMSO-based adduct
are observed even at point III at 100 °C, considering the instability of DMSO adducts at higher temperatures (Figure S5, Supporting Information). We propose that a dynamic equilibrium
process between the formation and dissolution of perovskites
exists during the sample-annealing process in the DMSO and
DMSO&DMF vapors. Moreover, it is unprecedented to find that
there are significant differences in the XRD patterns between
the APA and RGA films obtained under the DMSO vapor,
considering the fact that both of these films were assigned to
MAI∙PbI2∙DMSO in the previous studies.[5,6] This will be clarified in the following text.
The 2D intensity–time color mappings enable exclusive
visualizations of the perovskite formation and conversion processes. The areal intensities of three peaks (labeled as A, B, and
C in Figure 2b) representing three different phases are traced
along the vertical directions of the 2D intensity–time color
mappings under different SVAs and the results are presented
in Figure 2c. For all three SVA conditions, there are apparently three phases, namely, the APA, PVSK, and RGA phases,
and two phase transitions (APA to PVSK and PVSK to RGA)
during the t–T process. The APA to PVSK transition occurs
fast during the temperature-elevating process, indicated by the
sharp decrease of the peak A intensity and the emergence of
peak B. The intensity of the representative PVSK peak B gradually decreases during the annealing process at 100 °C, accompanied by the intensity rise of the PbI2 peaks. The decrease in the
PVSK peak intensity is not observed in the absence of solvent
vapors (Figure 1). The emergence of PbI2 during annealing of
perovskites was observed elsewhere and could be attributed
to the complex dynamic equilibrium process discussed above
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in the presence of solvent molecules.[24] During the PVSK to
RGA transformation process, the intensity of peak B (C) starts
to decrease (increase) at ≈50 °C in the DMSO vapor and ≈40 °C
in DMF. The curves acquired in the DMSO&DMF vapor are
identical with those for the pure DMSO vapor, confirming that
DMSO dominates in the entire process in the mixed vapor.
The higher transition temperature for perovskite films in the
DMSO vapor and the dominance of DMSO in the mixed solvent, as discussed above, are due to the stronger bonding of
DMSO in an adduct film.
The morphology of perovskite films could profoundly affect
their optoelectronic properties. The flatness and compactness are regarded as key features determining the quality of
perovskite films.[42] The morphology evolution of the samples
is demonstrated by their typical SEM images taken at points
I–V under different SVAs (Figure S6, Supporting Information).
Consistent with the results obtained from the in situ GI-XRD
studies, under each SVA condition, perovskite crystals emerge
as the temperature increases, then films with larger crystal
grains form during the annealing process, followed by the degradation of PVSK to RGA during the cooling down process. In
the PVSK to RGA conversion process, the solvent molecule acts
as a base to remove the MAI molecule from the PVSK crystal.
The rod-like texture of the resultant RGA films is the reflection of the elongated crystal structures of the RGA species.[43]
Figure 2d shows the SEM images of the samples at point III (as
denoted in Figure 2a) under each SVA employed. It is remarkable that the grain sizes of the PVSK films vary under different
SVAs as summarized in Figure S7 (Supporting Information).
The average grain size under DMF (377 nm) is similar to that
prepared in the absence of solvent vapor (400 nm). Meanwhile,
the PVSK films prepared in DMSO and DMSO&DMF have
significantly larger grains, with the average grain sizes of 1.8
and 2.9 µm, respectively. The largest grain size obtained under
DMSO&DMF reaches ≈6 µm, which is about 15-fold of that
retained in the absence of solvent vapors. By extracting the
GI-XRD data of the Bragg peak at 14.2° along the azimuthal
directions (Figure S8, Supporting Information), we find that the
PVSK grains become more oriented for the films annealed in
SVAs than those in N2. The crystal sizes obtained by applying
the Scherrer equation (see Table S1, Supporting Information)
are smaller than the grain sizes shown in the SEM images;
therefore, the PVSK grains are polycrystals. The grain size of
perovskites has been intensively manipulated for better film
qualities.[42–46] Perovskite films with larger crystal grains possess less grain boundaries and thus eliminate unfavorable nonradiative recombination.[16,47,48] In the annealing process under
SVAs, solvent vapor molecules may diffuse into areas of the
lower chemical potentials such as surfaces and grain boundaries of perovskite films and likely form IAs. The IAs could act
as binders to bind the adjacent grains and eliminate a large
fraction of grain boundaries when recrystallized into the PVSK
phase. Such a dynamic equilibrium process between the formation and dissolution of perovskite crystals, also evident in
the GI-XRD study, could eventually reform the perovskite film
with overall larger grain sizes. The morphological modification
effect on the perovskite film largely depends on the intrinsic
properties of the SVA applied such as its coordinating capability
and vapor pressure. In the DMF vapor, the PVSK film retains
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its morphology, highly possible due to the lower coordinating
capability of DMF. While in the DMSO and DMSO&DMF
vapors, discontinuous perovskite films are obtained (Figure S7,
Supporting Information), which could be attributed to the high
solvent vapor concentration employed that causes wide range
of dissolution of perovskites and thus irreparable damages.
The voids shown in these perovskite films would cause direct
contact between the electron and hole transport layers (HTLs)
in PSC devices and affect their performances (Figure S9, Supporting Information). Fine tuning of the solvent conditions
could realize the formation of high-quality perovskite films
with large grains. Indeed, compact perovskite films with grain
size exceeding 1 µm were successfully obtained in the previous
studies using similar “solvent annealing” method, where the
amount of the solvent applied was in the µL scale.[18,24] The
high solvent concentration used in this study is helpful to
observe the dynamic structure transformation of perovskite
films in SVAs.
The UV–vis spectroscopy measurements are shown in
Figure S10 (Supporting Information). Under each SVA, the APA
films (point I) are transformed into PVSK with the absorption
onsets at around 780 nm (point III) upon annealing at 100 °C,
followed by transformations into the RGA films with strong
scattering due to their textured morphologies. Moreover, under
the DMSO and DMF&DMSO vapors, the samples at points II
and IV show the identical absorption features with those at
points I and III, respectively; while in the DMF vapors, the formation and dissolution of the perovskite films could be observed
at points II and IV correspondingly. These findings are in high
accordance with the GI-XRD and SEM results discussed above.
The typical poor solvents of MAPbI3, CB and DE (the solvents involved in the perovskite film preparation process) are
also employed to investigate their influences on perovskite
films. The evolutions of the GI-XRD patterns, SEM images,
and UV–vis spectra of the samples acquired under these SVAs
(Figure S11, Supporting Information) are nearly identical with
those obtained under N2, confirming that the poor solvents
have negligible effects on perovskite films.
Since its successful application in the preparation of perovskite films, the composition of the IA film has been intensively
investigated. Ahn et al. and Jeon et al. independently define the
IA film as PbI2–MAI–DMSO where the adducts of the Lewis
acid of PbI2 and the Lewis base of DMSO and MAI are proposed.[5,6] According to these studies, the intermediate phase
could not be identified by the X-ray diffraction technique.[5] Subsequent investigations including the single-crystal diffraction
studies and the theoretical calculations find that the IA films
contain a polymeric plumbate (MA+)2[(PbI3−)2PbI2]∙DMSO2
(denoted as Pb3I8).[41] However, Pb3I8 is an I-deficient structure and needs to further react with MAI to form perovskites.
The presence of noncoordinated MAI in the IA film is deduced
from the fact that stoichiometric MAPbI3 films without PbI2
impurities form using this method.[20] Thus, it is highly possible that the IA film possesses quite complex compositions
involving both crystalline and amorphous structures.
The discrepancy between the XRD patterns of the APA and
DMSO-based RGA films in our study, as mentioned in the previous text, drives us to carefully revisit the transformation process from APA to PVSK. Figure S12 (Supporting Information)
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shows the zoomed-in XRD pattern of the APA film. The diffraction peaks centered at 7.0°, 7.6°, 9.1°, and 9.4°, with low
intensities and wide widths, could be indexed separately to the
DMSO- and DMF-based adducts or the results of their superposition. We further monitor the phase evolution from APA to
PVSK through a 30 min ramp from RT to 100 °C, followed by
a 10 min annealing process at 100 °C under N2 to attain more
detailed information. Figure 3a presents the XRD pattern evolution in the low-angle range. Initially, the APA film shows
two major peaks centered at 7.0° and 9.2°. As the temperature
elevates and reaches ≈60 °C, the broad peak at 7.0° splits into
two peaks and gradually shifts to opposite directions as the
temperature further increases. At ≈80 °C, three peaks centered
at 6.6°, 7.3°, and 9.3° are observed, identical with the diffraction peaks of Pb3I8. The intensities of these peaks gradually
decrease and disappear at higher temperatures indicating the
complete conversion of APA to PVSK. We further fit the peaks
and extract the peak areas of the major APA peak centered
≈7.0° and the crystalline MAPbI3 peak centered at 14.2° and
then plot their relative intensities as a function of temperature
(Figure 3b). The peak areal intensity of the APA (PVSK) starts
to decrease (increase) at ≈60 °C. We conduct similar experiments employing the samples of the DMSO- and DMF-based
RGAs and anneal them again through the same t–T profile. Our
results show that the DMF-based RGA film starts to degrade at
around 60 °C, while in the DMSO case, the peak intensity of
the adduct starts to decline above 75 °C (Figure S13, Supporting
Information). These findings suggest that PbI2 and MAI likely
interact with both DMSO and DMF in the APA film. To ascertain this, a TG-coupled FTIR measurement is conducted, where
the powder peeled off from the APA films is heated from RT to
100 °C in 30 min and annealed at 100 °C for 10 min under N2.
The vapor generated in the process is passed through an FTIR
spectrometer and the spectra are captured at an interval of 3 s.
Figure 3c presents the TG curves of the APA powder. Like the
case in the GI-XRD study, the weight loss of the APA power
starts at ≈ 60 °C, indicating the loss of solvent molecules. It
takes longer time for the full transformation of the APA power
to PVSK as compared to that for the sub-micrometer thick APA
film, which could be due to the geometric variations. The in
situ FTIR results are presented in Figure 3d, which follow the
same temperature profile as shown in Figure 3c. Two distinct
peaks are observed at the wavelengths of 1084 and 1724 nm,
which are attributed to the stretching vibrations of SO in
DMSO and CO in DMF, respectively. Four minor peaks at
the wavelengths of 3000, 2960, 2900, and 2870 nm are assigned
to the vibrations of CH and CH3 units in the DMF and
DMSO molecules. The CO (1724 nm) and CH3 (2960 and
2870 nm) vibration modes attributed to DMF emerge at ≈60 °C,
while the SO (1084 nm) and CH (3000 and 2900 nm) peaks
originated from DMSO start to appear at 70 °C. This confirms
that upon annealing, the APA films lose coordinated DMF molecules first, followed by the detachment of DMSO molecules.
The in situ GI-XRD and FTIR studies reveal that the APA film
possesses complex compositions with both DMSO and DMF as
coordinating molecules, and the subsequent perovskite crystallization process involves both of their IAs.
Inspired by the in situ study results, we try to tune the
DMSO concentration in the perovskite precursors and monitor

1706401 (6 of 10)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advmat.de

Figure 3. In situ GI-XRD and FTIR measurements. a) XRD pattern evolution of the APA to PVSK transition in the low-angle range. b) Areal intensity
evolution of the characteristic peaks of APA and PVSK. c) TG curve of the pealed-off APA powders. d) Real-time FTIR spectra of the vapors generated
during the TG measurements (the dashed lines mark the region exhibiting the DMF vibration peaks).

the XRD pattern evolution of the resultant APA films. Besides
the stoichiometric precursor containing 1:1:1 (1 MR DMSO)
molar ratio of PbI2, MAI, and DMSO, the nonstoichiometric
precursors with PbI2, MAI, and DMSO ratios of 1:1:0.8 (0.8 MR
DMSO), 1:1:1.2 (1.2 MR DMSO), and 1:1:1.4 (1.4 MR DMSO)
are also prepared. Figure 4a presents the XRD patterns of the
APA films fabricated using the precursors containing different
DMSO molar ratios. The shifts of main diffraction peaks can be
identified as the DMSO molar ratio increases from 0.8 to 1 and
then to 1.2 MR, while the APA films prepared from the precursors containing 1.2 and 1.4 MR DMSO show the identical diffraction peaks with the DMSO-based RGA film. This could be
due to the dominance of the excess DMSO in the formation of
the APA film. Moreover, as the DMSO concentration increases,
the APA diffraction peaks exhibit gradually narrower peak
widths and stronger intensities, indicating enlarged crystal
grains and enhanced crystallinity of the APA film. The SEM
images and XRD patterns of the corresponding perovskite films
fabricated using different DMSO molar ratios are shown in
Figure 4b and Figure S14 (Supporting Information). Identical
XRD patterns are obtained using different precursors, which
can be indexed to the tetragonal MAPbI3. However, the molar
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ratio of DMSO in the precursors brings enormous influences
to the morphology of the resultant perovskite films. The perov
skite film fabricated using 0.8 MR DMSO possesses smaller
average grain size and wider size distribution, while the precursors containing 1 and 1.2 MR DMSO show larger grains with
narrower distributions. The lower concentrations of DMSO
would cause the lower level of crystallinity and the residual of
DMF in the APA film. As a result, a longer perovskite nucleation window is opened and more nucleation sites are created,
so smaller perovskite grains with wider size distributions form
during the APA to PVSK transition. When increasing DMSO
to 1.4 MR, a large number of pinholes are created in the perovskite film even though much larger grains are formed. The
unfavorable pinholes may origin from the larger crystal grains
in the APA film. Proper tuning of the APA film composition
and crystallinity could allow the random formation of perovskite nuclei and adjust crystal grain orientations.[49,50]
To evaluate the influence of the precursor DMSO molar ratio
on the final device performance, we employ the corresponding
perovskite films to fabricate PSC devices in the architecture
of FTO/dl-TiO2/MAPbI3/spiro-MeOTAD/Ag. Figure 4c presents the J–V characteristics of the best cells using different
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Figure 4. Tuning the DMSO ratio in precursors for high-efficiency PSCs. a) XRD patterns of the APA films prepared by precursors containing 0.8, 1.0,
1.2, and 1.4 MR molar ratios of DMSO. b) SEM images of the corresponding perovskite films (all the scale bars represent 1 µm). c) J–V curves of the
best cells fabricated from the same set of precursors.

DMSO molar ratios, and the corresponding device parameters
are listed in Table S2 (Supporting Information). The PCEs
increase from 16.68% to 17.93% and further to 19.13% for
cells employing precursors containing increasing molar ratio of
DMSO from 0.8 to 1 MR and then to 1.2 MR, respectively. The
increase of PCE origins from the synergistic effect of the Jsc,
Voc, and FF improvements, which could be rationalized by the
larger crystal grains in the relative perovskite films. The PCE
of the 1.4 MR DMSO-based device declines to 15.99% mainly
due to the lower Voc of around 900 mV, which is attributed to
charge carrier recombination caused by the pinholes found in
the corresponding perovskite film.[41] The optimized DMSO
ratio of 1.2 MR provides the best device performance of 19.13%
with Voc of 1.046 V, Jsc of 23.96 mA cm−2, and FF of 76.3%,
which is among the best for the planar-structure PSCs based
on MAPbI3 films. Figure S15 (Supporting Information) shows
the external quantum efficiency (EQE) spectrum and the integrated Jsc for the PSC employing the 1.2 MR DMSO precursor.
The high EQE of the device is mainly due to the good charge
extraction property of the optimized perovskite film. Its stability
test result and hysteresis behavior are given in Figure S16 (Supporting Information). The device shows considerable hysteresis
in the reverse and forward scans, which could be attributed to
the planar device architecture employing TiO2 as electron transport layer.[51] The overall good performance of the devices based
on the 1.2 MR DMSO precursor is also demonstrated by the
statistical analysis of photovoltaic data shown in Figure S17
(Supporting Information).
In summary, the dynamic formation and conversion processes of perovskite films under the inert N2 atmosphere, the
good solvents of MAPbI3 (DMSO, DMF, and DMSO&DMF) and
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the poor solvents (CB and DE) are all mapped out with good time
resolution. The SVAs have profound influences on the structure and morphology of perovskite films, where the dynamic
equilibrium between the formation and dissolution of perovskites in DMSO and DMSO&DMF causes dramatic increase in
perovskite grain sizes. The chemical composition of the RGA
film depends on the SVA employed. Further in situ GI-XRD and
FTIR measurements find that the APA film contains both DMF
and DMSO as coordinating molecules. The coexistence of DMF
and DMSO in the APA film leads to a longer crystallization time
and more nucleation sites for perovskites, affecting the final film
quality. By changing the DMSO concentration in perovskite precursors, the crystal structure of the IA films varies accordingly,
which enables the structural and morphological optimizations of
perovskite films. The best PCE of 19.13% for the planar MAPbI3based devices is obtained using the ideal precursors. This work
provides important information for the growth mechanism of
perovskite films and sheds light on effective strategies to improve
the performance of PSCs and other optoelectronic devices.

Experimental Section
Film Preparation and Device Fabrication: The APA films were prepared
using the “solvent engineering” spin-coating method. Briefly, the
mixture of 461 mg of PbI2, 159 mg of MAI, 78 mg of DMSO (molar
ratio: 1:1:1), and 600 mg of DMF was prepared at RT and stirred for
1 h. The completely dissolved precursor solution was spin-coated on
the substrate at 4000 rpm for 25 s, when 0.5 mL of DE was dripped on
the rotating substrate 6 s before the film gets turbid. APA films with 0.8,
1.2, and 1.4 MR DMSO were obtained employing the corresponding
precursors following the same procedure. For device fabrication, FTO
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glasses (Nippon Sheet Glass) were cleaned by alternatively sonicating in
detergent solution, acetone, and ethanol. A dl-TiO2 layer was deposited
by spray pyrolysis of precursor solution of 0.6 mL titanium diisopropoxide
bis (acetylacetonate) (75 wt% in IPA) in 50 mL ethanol, with oxygen as
carrier gas at 450 °C. The TiO2-coated substrate was then transferred
into a glovebox, where 50 μL of perovskite precursor was spread on the
FTO/dl-TiO2 substrate to obtain the APA film as described earlier. After
spinning, the substrate was heated at 100 °C for 10 min to obtain the
perovskite film. 40 µL of HTL solution was then spread on the perovskitecoated substrate by spinning at 3000 rpm for 20 s. The HTL solution was
prepared by adding 72.3 mg spiro-OMeTAD, 22.8-µL tert-butylpyridine,
and 17.5 µL solution of lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI
520 mg mL−1 in acetonitrile) in 1 mL chlorobenzene. Finally, 80 nm Ag
was thermally evaporated on the spiro-MeOTAD-coated film. All the
chemicals and reagents were bought from Sigma-Aldrich, except that
ethanol and DE were purchased from Adamas-beta.
Characterizations: The sealed cell for the GI-XRD characterization
contained a Kapton window allowing the transmission of X-rays, a gascirculating system to provide and maintain inert atmosphere and a
programmable heating stage. The sealed cell was always purged with
N2 before each of the experiments. The GI-XRD data were recorded at
the BL14B1 beamline of Shanghai Synchrotron Radiation Facility (SSRF).
The incident photon energy was 10 keV (wavelength = 1.2398 Å) at an
incident angle of 0.4° and the diffracted X-rays were collected at an interval
of 10 s using the 2D Mar225 CCD detector. All the GI-XRD patterns were
converted to Cu Kα XRD patterns for easy comparison. SEM images were
taken by a Joel SEM. Absorption spectra were recorded using an Agilent
Technologies Cary Series UV–vis–NIR Spectrophotometer. The solar cells
were measured under the illumination of a 450 W xenon light source
with an irradiance of 100 mW cm−2. Photocurrent density–voltage ( J–V)
characteristics of the devices were obtained by measuring the photocurrent
response under a voltage bias with a source meter (Keithley 2400). Reverse
scan (scanning from open-circuit to short-circuit) was conducted in the
J–V measurements with a step voltage of 20 mV. The cells were covered
with a shadow mask having an aperture area of 5.2 mm2.

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