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Abstract

One of the key factors for the remarkable improvements of halide perovskites solar cells over
the last few years is the increased control over perovskite crystallinity and its thin film
morphology. Among various processing methods, solvent vapor assisted annealing (SVAA)
has proven to be promising in achieving high quality perovskite films. However, a
comprehensive understanding of the perovskite crystallization process during SVAA is still
lacking. In this work, we use a home-built setup to precisely control the SVAA conditions to
investigate in detail the perovskite crystallization Kinetics. By changing the solvent vapor
concentration during annealing, the perovskite grain size can be tuned from 200 nm to several
micrometers. We monitor the crystallization kinetics during solvent-free annealing and SVAA
using in-situ grazing incidence wide-angle X-ray scattering, where we find a diminished
perovskite growth rate and the formation of low dimensional perovskite at the top of the
perovskite layer during SVAA. Scanning electron microscopy of the final films further suggest
that the perovskite growth follows an Ostwald ripening process at higher solvent concentrations.
Thus, our results will contribute to achieve a more targeted processing of perovskite films.



Introduction

Since their first demonstration in 2012, metal halide perovskites have shown an unprecedented
development in solid-state solar cells in terms of both, efficiency and stability.>? It is widely
accepted that these properties are closely associated with the crystallinity of the perovskite.
Thus, improving perovskite processing to realize highly crystalline thin films is in the current
focus of interest. Different approaches such as precursor modulations, solvent treatments, or
additive incorporation were used to optimize the solution processing step.>® Another promising
approach to improve the perovskite film quality is to optimize the subsequent annealing step,
which typically follows after the solution processing step. Besides controlling temperature and
ambient conditions,”® the addition of solvent vapor during annealing, often referred to as
solvent vapor assisted annealing (SVAA), has been reported to be particularly helpful.1%12

Using N,N-dimethylformamide (DMF) vapor during the annealing step, perovskite grain sizes
of more than 1.5 um,*** improved crystallinity, and reduced defects could be achieved.'*
This also lead to an enhancement of perovskite solar cell efficiency when methylammonium
lead iodide (MAPDI3) films were exposed to DMF or dimethyl sulfoxide (DMSO) vapor,
reaching efficiencies up to 19.2%.1” Furthermore, SVAA is also a well-established method in
the field of organic semiconductors to optimize film morphology,'®2® underlining its high
versatility.?#2 However, even though studies focusing on the SVAA method for perovskite
processing exist, more fundamental investigations clarifying in detail the effect of solvent
atmosphere on the perovskite structure formation are still lacking.

When it comes to investigating the perovskite crystallization in-situ, grazing incidence wide-
angle X-ray scattering (GIWAXS) has emerged as a powerful tool.?6-3 For example, GIWAXS
measurements performed during the solution processing and subsequent annealing step,
revealed that the perovskite crystallization in the course of annealing proceeds in three steps,
namely (i) precursor solution stage, (ii) from solution to an intermediate, (iii) from the
intermediate to the perovskite crystal.>*¢-%8Also based on GIWAXS investigations, Meng et al
found that DMF and DMSO can serve as coordinating molecules, forming intermediate adducts
during SVAA.*

SVAA of perovskite films is often realized by simply putting few droplets of solvent next to an
as-spun perovskite film, covering it with a petri dish, followed by heating.1%® This approach in
principle is well suitable to impact the perovskite crystallization and hence to investigate SVAA
in a qualitative way. However, it does not allow to precisely control and tune the solvent
concentration quantitatively, limiting gaining a more fundamental understanding of the SVAA
process and holding up an industrial prospect.

Here we use a home-built setup to precisely control the solvent vapor concentration during
SVAA of spin coated films of the model halide perovskite MAPbI3 and associate it to the final
film morphology. Furthermore, we use in situ GIWAXS measurements during SVAA to
investigate in detail the perovskite crystallization dynamics and compare them to an annealing
procedure that only uses elevated temperature without additional solvent vapor. As this method
is most widely used for perovskite film fabrication, we refer to this method as standard
annealing. Comparing SVAA and standard annealing allows to systematically identify the
evolution of perovskite formation, and reveal the presence of a low dimensional perovskite
phase in case of SVAA. Based on our results it is possible to draw a complete picture of the



perovskite formation process in the course of SVAA, which will help to augment the processing
of high-quality perovskite films to its optimum in the future.

Results

We spin coated perovskite thin films following a two-step method as illustrated in Figure 1a.
In the first step a Pbl> layer is spin coated from a Pbl2/DMF solution, followed by spin coating
MAI solution (dissolved in isopropanol) on the Pbl. layer in the second processing step. The
subsequent annealing was then performed in a sample chamber, situated in a home-built setup
which allows to control and adjust the atmosphere within the sample chamber (see Figure 1b
and Figure S1). Such a setup has already been successfully utilized to control the film formation
and thus the morphology of semiconducting polymer thin films.?>4%42 The inlet of the chamber
is connected to two controlled gas flows. Flow 1 supplies pure N2 gas and flow 2 provides N
gas saturated with the solvent vapor, as it passes through a solvent bubbler at temperature Tj.
For the following experiments we used T1 =75 °C, corresponding to a flow 2 vapor pressure of
77.78 hPa. All the pipes and the solvent bubbler were placed in a convection oven, which was
set to T to ensure an equilibrated temperature within the entire setup, allowing temperatures
significantly above room temperature. By mixing the dry nitrogen (flow 1) and the saturated
gas (flow 2), it is possible to adjust the solvent vapor concentration in a wide range. Using the
Clausius-Clapeyron relation and the ideal gas law allows to estimate the solvent vapor
concentration (see Sl for more details). The annealing temperature T is controlled by a hot
plate, on which the sample chamber is placed.
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Figure 1: (a) Illustration of the two-step method used to prepare MAPbI; films in this study; (b) Schematic



illustration of the solvent annealing setup. T is the temperature of the solvent bubbler and of the oven. T» is
the temperature of the hot plate which controls the temperature of the sample chamber.

In the sample chamber, the films were annealed at T> = 110 °C, where within the first 30 min
of annealing DMF vapor was present at a certain constant concentration cpwmr, followed by 15
min of annealing with pure N2 flow. Throughout the entire duration of annealing (45 minutes)
the total gas flow (flow 1 + flow 2) was kept at 10 cm?®/min. We chose DMF due to its good
solubility of perovskite and Pbl2. To reduce the flow turbulence on the film surface, a low flow
rate (flow 1 + flow 2) of 10 cm3/min was used. Following the approach outlined above we
prepared MAPbI; thin films which were annealed with DMF vapor concentrations Cowmr
between 0.5x10® mol/cm?® and 2.2x10® mol/cm?® during the SVAA process (Figure S2).

After the annealing procedure the films were characterized by scanning electron microscopy
(SEM), as shown in Figure 2a-g. It becomes clear that in general the grain size increases upon
annealing in DMF vapor, however, the surface coverage is reduced for DMF concentrations
above 1.1x10° mol/cm®. The XRD patterns of the films annealed under high DMF
concentrations (1.3x10®, 1.6x10¢, 2.2x10® mol/cm?®) indicate a full conversion from Pbl, and
MAI to MAPDI3 (Figure S3).
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Figure 2: (a)-(f) SEM images of the MAPDI; films annealed with different DMF concentrations as indicated
on top of each image. (g) The SEM image of a standard-annealed perovskite film, i.e., under 0 mol/cm® DMF
concentration. (h) The average physical grain sizes extracted from the SEM images as a function of different
DMF concentrations present during annealing.

Figure 2h shows the average physical grain size extracted from SEM images for the different
DMF vapor concentrations used during SVAA. While the film annealed in pure N2 atmosphere
exhibits an average grain size of 60 == 1 nm, the average grain size increases with DMF



concentration, reaching a value of 19044 nm for the sample annealed with comr = 1.1x107°
mol/cm3. When the DMF concentration further increases, the average grain size increases
further, reaching 4.5 um at come = 2.2x10°° mol/cm®. Furthermore, the shape of the perovskite
grains changes to a smoother appearance. If we increase the DMF concentration to 3.8x10°
mol/cm?, the films become transparent after several minutes of SVAA (Figure S4). Instead of
exhibiting granule-like crystals, the resulting morphology appears needle-like on a millimeter
scale (Figure S4), which is a sign of dissolution and recrystallization of perovskite-solvent-
complex structures.*® These observations already indicate that while SVAA is an effective
method to impact the grain size of the perovskite film, the solvent concentration needs to be
carefully controlled.

To investigate the structural evolution of the perovskite film in detail, we use another home-
built sample chamber that allows measuring GIWAXS during standard annealing or SVAA in
situ. To do so, after spin coating MAI solution on the Pbl> layer, the sample was immediately
transferred into the self-designed chamber at the beamline (Figure 3a). The transfer time from
the spin coater to the chamber took around 3 min and no obvious change was observed during
the transfer.
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Figure 3: (a) lllustration of the sample chamber used for the in-situ GIWAXS measurements. (b) Evolution
of the applied stage temperature (black) and DMF vapor concentration (blue) used in this study. The start of
the GIWAXS measurements after the warm-up phase to 120°C is also indicated. (c) Azimuthally integrated
intensity of the GIWAXS patterns of an as-spun sample, i.e., prior to the annealing process. The asterisks
indicate the characteristic peaks of MAI (red), Pbl; (green), MAPbI3 (grey) and perovskite dihydrate (dark
blue).



A semi-cylindric chamber made of Kapton film transmits X-rays while keeping the atmosphere
around the sample. The flow inlet of this small chamber is connected to a pure N2 flow and a
N> flow saturated with DMF vapor, similar to the setup of Figure 1b (also see Figure S1). The
setup restrictions for the X-ray scattering measurement do not allow to control the temperature
of the chamber environment as easily as in the oven, hence, the highest achievable DMF
concentration was limited to 1x107" mol/cm?3. The GIWAXS measurements were conducted on
two as-spun samples. One was post-processed with annealing at T> = 120°C under pure N2 flow
for 45 minutes and the second one was annealed at the same temperature, but applying DMF
vapor (comr = 1x107 mol/cm?®) for 30 minutes followed by 15 minutes of pure N2 flow (see
Figure 3b). Figure 3c shows the azimuthally integrated scattering intensity of a GIWAXS
measurement of the film immediately after spin coating. The scattering result is in accordance
with the results of our previous study, suggesting that the perovskite crystal starts to form as
soon as MAI diffuses into the Pbl, layer during spin coating.** Besides the strong perovskite
signal at 9.94+0.1 nm?, additional peaks at 7.0+0.1 nm™ and 9.04+0.1 nm* indicate the
presence of unreacted MAI and Pbl, within the film. The peaks at 8.2+0.1 nm™ and 8.4+0.1
nmt are attributed to the perovskite dihydrate (MA)sPblg-2H20.%-* This perovskite dihydrate
is likely to form when transferring the as spun-film from the glovebox to the sample chamber.
The perovskite dihydrate also contributes to the weak scattering peaks between 12.0 nm™ and
13.8 nmtand 17.5 nm*to 18.5 nm™,

Figure 4a,b show azimuthally integrated intensities of 2D GIWAXS patterns for different
annealing times (see Figure S5 for corresponding 2D GIWAXS patterns). The first 2D
GIWAXS pattern was recorded immediately when the temperature of the chamber reached 120
°C (corresponding to t = 0 min). During the warm-up phase, the gas flow (either pure N2 gas or
N2 gas saturated with DMF) was already applied. At t = 0 min, both samples exhibit the
dihydrate peak, but its relative intensity is diminished for the standard annealed sample
compared to the SVAA sample. After the post processing, i.e. after 45 min, both standard
annealed and SVAA samples show a weak Pbl> signal, which indicates the degradation of
MAPDIs. In a control sample where we measured the annealed perovskite film prepared with
the same deposition protocol but without continuous X-ray scattering characterization, no Pbl;
peak was present (Figure S6). This indicates that exposure to X-rays leads to the degradation
of MAPbDI; at an elevated temperature, which is in line with literature reports.*®4° Even though
we minimized the X-ray exposure by maximizing the time interval between each measurement
and by using short exposure times, we could not avoid the formation of Pbl. in our in-situ

measurement. However-as-tHustrated-in-Figure-4a;b-the-amountof Pbl.islow-compared-to-the

is present already at the start of annealing in abundance, we propose that Pbl, from degradation
has no significant impact on the crystallization behaving similarly to the initial Pbl. In general,
in the two-step method, the perovskite is formed by MAI diffusing into the Pbl> layer and
simultaneously reacting with Pbl..°*%! Due to the limited amount of Pbl, from possible
degradation, the effective rate for perovskite formation may only marginally get affected.

To investigate the GIWAXS results in more detail, we consider the temporal evolution of the



integrated areas of scattering peaks associated to the perovskite dihydrate at 8.2 + 0.1 nm, Pbl,
at 9.0 + 0.1 nm’*, MAI at 7.0 + 0.1 nm™ and MAPbI; at 9.9 + 0.1 nm™* (Figure 4c,d). After 4
minutes of SVAA, a new scattering peak at 8.1 + 0.1 nm™ appears, subsequently gaining
intensity. Scattering signal at this Q-value was shown in literature to stem from low dimensional
perovskite (LDP) phase, forming when MA® intercalates into Pbl, layers.®>* In our
measurements, the LDP peak appears and gains intensity after the disappearance of the
perovskite dihydrate peak. It needs to be mentioned that the scattering background at 0 min is
obviously higher than that after 5 min, indicating possible disordered compounds existing in
the film at the beginning.
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Figure 4: Azimuthally integrated intensity of the GIWAXS patterns of perovskite film during (a) standard
annealing and (b) SVAA, together with the temporal evolution of the peak areas corresponding to MAI at
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To elucidate where in the film the LDP forms, we used an as-spun MAPbI; film and performed
SVAA with the same processing settings than before. After 10 minutes of SVAA we measured
angle-dependent GIWAXS using a higher intensity of the X-ray source compared to the
measurements in Figure 4. This allowed for a faster detection of the scattering patterns, so that
within two minutes, three patterns with different incident angles of the X-ray beam (0.15°,
followed by 0.3° and 0.6°) could be measured (Figure 5a). With increasing angle, the
penetration depth of the 15 keV X-ray beam into the perovskite film increases. An increase
from 0.15° to 0.6° corresponds to an increase of the penetration depth from about 27 nm to 352
nm (see Figure S7 for details). Thus, from the decreasing intensity of the scattering peak
associated to the LDP for increasing incident X-ray beam angles in Figure 5a, we conclude that
the LDP preferably forms at the top of the film. In the standard annealed sample, we could not
detect any scattering signal of LDP, even after the signal of the perovskite dihydrate vanished.

Figure 5b shows the evolution of normalized peak area of MAPDI3 for the standard annealing
as well as for the SVAA sample, normalized to the value after 4 minutes. It becomes clear that
within the first 5 minutes of annealing, the MAPDI3 peak area steeply increases, similarly for
both samples. For longer annealing times, the area intensity of the MAPDbIz peak shows a
saturation behavior for the standard annealed sample, whereas for the SVAA sample, the area
intensity of the MAPDbIs peak increases more continuously without exhibiting a clear saturation
behavior. This suggests that upon annealing longer than 4 minutes, the formation kinetics of
MAPDI3 are reduced for standard annealing, compared to the SVAA case. We continue our
analysis and consider the MAPDIs peak widths, as they reflect the coherence length of the
measured lattice plane, giving information on the crystalline domain size.>* This is different
from the physical grain size obtained from the SEM measurements which can contain several
crystalline domains within a single physical grain. As presented in Figure 5c, for both post-
processing methods the coherence length increases significantly at the beginning of the
annealing process. For standard annealing, the average coherence length of MAPbI; crystal
starts to decrease after 7 minutes, while for SVAA the average coherence length of MAPbI;
crystalline domains reaches higher values and remains more or less unchanged after 7 minutes
(also see Figure S8).
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Figure 5: (a) Azimuthally integrated intensity of the GIWAXS patterns with different incident angles of the
X-ray beam. The penetration depths corresponding to 0.15°, 0.3° and 0.6° are 82 nm, 223 nm and 471 nm,
respectively. (b) The evolution MAPbI; peak area at 9.9+0.1 nm™ in the first 30 min, normalized to the value
after 5 minutes. (c) The evolution of average coherence length of MAPDI; during standard annealing (black)
and SVAA (blue), without correction for constant peak broadening by the set-up.



Examining the MAI peak, both samples show an enhancement of the peak area in the first 7
min followed by a reduction. However, the absolute MAI peak area intensity in SVAA is
significantly higher (20-fold after 7 min) than that of standard annealing. The presence of
solvent molecules seems to facilitate MAI crystallization.®® Towards the end of the post-
processing, MALI is hardly detected in both samples. Given the error bars of the weak Pbl, peak
at 8.2 + 0.1 nm, the systematic changes of the peak area are not so evident. The low intensity
of Pbl> during annealing is due to the conjoined Pbl, crystal structure which becomes fractal
when MAI diffuses into the Pbl, layer during spin coating.** During annealing, the fractured
Pbl transforms into perovskite. Compared with the Pbl, content after annealing, the standard
annealed sample shows a more pronounced Pbl, peak signal than the SVAA sample. The
presence of more Pbl; in the standard-annealed perovskite film is due to its fast formation of
MAPbI3. The perovskite film with standard-annealing saturates after 45 minutes of annealing.
After its saturation further annealing will lead to potential degradation of MAPDI3, generating
Pblo. For SVAA, the process of MAPbI; formation is prolonged and thus there is less
degradation in this sample.

Discussion

Based on our results, it is possible to draw several conclusions regarding the structure formation
occurring during the standard annealing, as well as during the SVAA. According to the phases
identified after spin coating (Figure 3c), the as-spun films contain MAPbIs, Pblz, MAI and
perovskite dihydrate (Figure 6a). The MAPbI3 formation during standard annealing and SVAA
in principle proceeds in two stages. In stage I, the perovskite dihydrate decomposes and
converts into MAPbIs within the first 4 minutes at 120 °C, as indicated by the decrease of
dihydrate scattering signal and concomitant growth of the MAPDI3 scattering signal for both,
standard annealing and SVAA. Furthermore, the increase of the MAI scattering signal in the
first 4 min can also originate from the decomposition of the perovskite dihydrate, as suggested
in the literature, following the reaction,*t

A
(MA),Pbl,- 2H,0 & MAPbI, + 3MAI + 2H,0.

At the beginning of stage Il (i.e. after 5 minutes of standard annealing or SVAA) no more
perovskite dihydrate is present (Figure 6b). Considering the decrease of scattering background
from 0 min to 5min, another possible source of MAPbIs in stage | is that disordered compound,
e.g. perovskite solvate, transfer into ordered perovskite structure upon heating. In contrast, the
conversion of MAI and Pbl> to MAPDIs takes place throughout both stage | and stage II,
independent of the type of annealing. In case of standard annealing, from 5 min to 23 min, the
MAPDI3 scattering signal continues to increase and stagnates thereafter, implying that the
MAPDI3 formation is completed (Figure 6c¢).
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Figure 6: Schematics of MAPbI; formation during standard annealing and SVAA. The formation process can
be divided into two stages. Stage | includes the decomposition of perovskite dihydrate and the reaction
between MAI and Pbl,. In stage I, the perovskite formation from MAI and Pbl; is the main transition. (a)
The film before annealing with prevalence of MAPbI3, Pblz, MAI and perovskite dihydrate. (b) At the end
of stage I, when the perovskite dihydrate decomposition is finished. (c) The final state of perovskite film
during standard annealing. (d) During SVAA, MA* ions intercalate into Pbl, layer and create a low
dimensional perovskite (LDP). The green arrow indicates the Ostwald ripening process. (€) The final state
of perovskite film with the SVAA process.

For SVAA at DMF concentrations < 1.1x10° mol/cm?, the MAPDIs thin film formation during
stage 11, e.g. from 5 min to 30 min, showed a continuous growth, but with a lower crystallization
rate compared to the standard annealing case. From 30 min to 45 min, when the DMF vapor is
switched off, MAPbIs continues to form, even with an increased growth rate. This indicates
that the MAPbI3 formation in stage Il during SVAA does not complete (Figure 6d). This is in
line with the results from Guo et al., who found that DMF molecules can be absorbed by MAI,
creating a hydrogen bonded DMF-MA* complex,®® also retarding the formation of MAPDI3
from MALI and Pbl..
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Another main difference between the standard annealing and SVAA is the appearance of LDP
on top of the film during stage 1l in case of SVAA (Figure 6d). The formation of LDP has also
been detected by Z. Song et al. in standard annealed samples with an excess amount of MAI.5?
LDP was found to emerge when a MA*® monolayer intercalates into a Pbl, layered 2D
structure.>>°3 Consequently, the spacing between the two [Pbls]* octahedral layers is expanded
to 0.77 nm, manifested as a scattering peak at 8.1+0.1 nm™, as observed in our GIWAXS
measurements. The formation of LDP during SVAA thus indicates that DMF molecules can
assist the intercalation of MA™ into Pbl,. This appears reasonable, since DMF is able to diffuse
into Pbl, weakening the interaction between the stacked Pbl, layers.>” Consequently, the
formation of a MA* monolayer between Pbl; sheets is preferred. In a study by Z. Song et al.,
this LDP is not stable at elevated temperatures and belongs to the & phase perovskite.>? Here,
the impact of the LDP on the perovskite solar cell properties will be an interesting future aspect
to address. Meanwhile, the SVAA results for a low DMF concentration reflect the importance
of control of the annealing atmosphere. The annealing of perovskite film in a glovebox with the
residual spin-coated solvent inside the glovebox is also a concern for the film formation.

We propose that DMF vapor in SVAA process also mobilizes the grain boundary areas by a
dissolution-recrystallization process, resulting in the coarsening of perovskite crystals. (Figure
6d and €). Two aspects support this explanation. On the one hand, the average coherence length
of MAPDI3 crystallites during SVAA increases more significantly after 5 minutes with DMF
vapor present, compared to the increase for standard annealing (Figure 5c). On the other hand,
the SEM images (Figure 2) show that the final morphologies of the MAPbI3 thin films exhibit
significantly larger average grain sizes in case of SVAA than for standard annealing. Especially
in the case of a high DMF vapor concentration (DMF concentration > 1.1x10° mol/cm?3), the
pinholes in the final perovskite film imply the formation of a liquid phase when DMF vapor is
continuously provided and further liquefied on the film surface. This is well explainable by an
Ostwald ripening process.>® The Ostwald Freundlich equation describes that the equilibrium
concentration at the solid-liquid interface of smaller crystals is higher.5>®° Therefore, smaller
crystals keep dissolving to raise the solute concentration for reaching the equilibrium
concentration. Thus, during the perovskite film formation, smaller perovskites dissolve in the
liqguefied DMF and the liquid phase adhere on the larger crystals due to the surface tension. The
solute comes to the liquid/crystal interface of the large crystals and further grows, similar to the
perovskite single crystal growth from a supersaturated solvent. Moreover, annealing with a
higher DMF vapor concentration allows to dissolve more small sized crystals. Thus, with
increasing DMF vapor concentration, the average grain size increases and its coverage of the
film decreases, as observed in Figure 2.

Conclusion

In this work, we use a dedicated SVAA setup to study the crystallization Kinetics of perovskite
films. We find that the grain size of perovskite films significantly increases with DMF vapor
concentration during the annealing process. Based on in-situ GIWAXS measurements, the
MAPDI3 crystal growth is decelerated under DMF vapor and DMF molecules assist the
formation of low dimensional perovskite phase at the top of the film. For high DMF
concentrations, the resulting perovskite film coverage decreases, indicating that DMF dissolves
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small sized crystals to facilitate growth of large crystals via Ostwald ripening. Our work thus
provides insights about the perovskite crystallization kinetics during annealing and how these
change when a solvent atmosphere is present, helping to achieve more targeted perovskite film
processing in the future.
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Experimental Procedures

Pbl> beads, DMF (anhydrous 99.8%) and 2-propanol (anhydrous 99.5%) were from Sigma
Aldrich Company. MAI was from Dyesol Company. Pbl> beads were dissolved in DMF at 75
°C to get 1M solvent. MAI was dissolved in 2-Propanol to get 0.25M solvent. 80 puL Pblz solvent
was spin coated on the glass substrate, after the substrate was treated with ozone plasma. Then
the sample was annealed at 100°C for S5Smin and 400 pLL MAI solvent was spin coated on the
Pbl layer. After that, the sample was sealed in the sample chamber in the glovebox. The sample
chamber was transferred into the oven and connected to the solvent chamber and N> gas. Next,
the hotplate and gas flow were opened. The sample was annealed at 110 °C for 45 min with a
constant overall gas flow of 10 cm?/min. For SVAA, the sample was annealed using DMF
saturated N> gas in the first 30 min and then under pure N> flow for 15 min. Throughout the
entire duration of annealing (45 minutes) the total gas flow (flow 1 + flow 2) was kept at 10
cm’/min. DMF concentration is adjusted by altering the ratio of flow 1 to flow 2, indicated by
the triangles in Figure S2.

For in-situ GIWAXS measurements, samples were put in the chamber, which is shown in Figure
3(a). The chamber was placed on a holder, which could be heated. The annealed temperature
for GIWAXS measurement is 120 °C. The reason is that the chamber for GIWAXS measurement
is quite thick and the actual temperature in the chamber is below 120 °C, around 110 °C. In-situ
GIWAXS measurements were performed at SAXS/WAXS beamline at Australian synchrotron.
The substrates used for the in-sifu measurements were FTO glasses with compacted TiO layer.
The X-ray energy is 11 keV with an incident angle of 0.22°. The scattered X-rays were detected
by a 1M Pilatus detector positioned 36 cm behind the sample. Measurements started when the
holder reached 120 °C. A customized version of NIKA software based on Igor Pro from
WaveMetrics was used to analyze the data.! The angle-dependent GIWAX measurements were
employed using X-rays with an energy of 15 keV.

SEM images were taken by Zeiss Leo 1530 scanning electron microscope with a field emission
gun. The perovskite films were sputtered with a thin platinum layer before observation. The
accelerating voltage for electrons is 3 kV. The grain sizes of perovskite crystals were obtained
from the SEM images with the help of ImageJ.

SVAA Setup

Figure S1: (a) Photographs of the solvent annealing setup shown in Figure 1(b) (main text). In the green
circle, there are two flow controllers. In the blue circle is the solvent bubbler. In the red circle is the sample
chamber. (b) The SVAA setup for GIWAXS measurements.
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Estimation of Solvent Concentration in Chamber
The Clausius-Clapeyron relation shows the vapor pressure change along with temperature?
n Py _ M 1_ i)
Dx R T, Ty
Dy Or px is the saturated vapor pressure at a given temperature 7x or 7y. T is the temperature. R

is the gas constant (8.3145 J-mol-K™). AHy,p 1s the specific evaporation enthalpy. For DMF,
AHyap=46.7 kJ/mol. The vapor pressure at 293.15 K is 3.77 hPa.>*

The setup has exhibited that the saturated gas (flow 2) is diluted by the neat nitrogen (flow 1)
before entering the sample chamber. The fraction of the saturated gas used in the sample
chamber during the annealing is:

F

sat% = x 100% 1)

where, F1 and F; are the flow rate of flow 1 and flow 2, respectively.
The actual vapor pressure at temperature 7y with a specific fraction of the saturated gas is:
p = sat% * py.
. . |4 . .
Then based on ideal gas concentration: n = Z—T,z we can get DMF concentration in the chamber:

_n_P

~V RT

As an example, the DMF vapor concentration in the sample chamber as a function of sat% (the
fraction of flow 2) is illustrated in Figure S2. Each line stands for the condition of a different
solvent bubbler temperature Ty in our experiment.
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Figure S2: Calculated vapor concentration from Clausius-Clapeyron for different fractions of saturated gas
(flow 2) mixed with neat nitrogen (flow 1). Triangles stand for the DMF vapor concentrations used in the
experiment.
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XRD Patterns of Perovskite Films
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Figure S3: XRD patterns of the perovskite film annealed under different DMF vapor concentration. The data
show full conversion into MAPDbI; after annealing. The X-ray energy of the measurements is 8.04 keV.

Morphology of Perovskite Films Annealed under High DMF Vapor

(b)

Figure S4: Two Films annealed in parallel with the following condition: DMF concentration = 3.8x10
mol/cm?® (Temperature of oven = 90 °C, DMF saturation = 75%) (a) Photograph taken during the solvent
vapor annealing process (b) SEM image of the perovskite film after solvent vapor annealing.
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Time-Evolution of GIWAXS Pattern

(a) Simple annealing
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Figure S5: 2D GIWAXS scattering patterns of the sample during (a) standard annealing and (b) SVAA. The
arrow indicates that the figures from left to right change along with increasing annealing time.
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Figure S6: 2D-GIWAXS patterns of (a) Pbl, (b) MAI (c) MAPbI;. The annealed perovskite film in (c) was
standard annealed before the GIWAXS measurement in a glovebox and no Pbl, peak was detected in this
perovskite film. The peak at 4.0+£0.1 nm™' comes from the Kapton window.
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Penetration Depth Calculation

The estimation of X-ray penetration depth z is

() = %{\/(Qz —a2)2 4+ 4p2 — (az _ ag)}-llz’

where 1 is the wavelength of X-ray, « is the incident angle, oc is the critical angle of the
perovskite film, f is the imaginary part of refractive index. The critical angle ac is obtain by
ac=V28, where ¢ is the refractive index decrement. § and # are derived from the website
https://henke.lbl.gov/optical _constants/, with the MAPbIs density of 4.2 g/cm?. For X-ray with
the energy of 15 keV, ¢ and S are 3.15x10° and 1.9x107, respectively. Based on these data,
the calculated X-ray penetration depth is displayed in Figure S7.
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Figure S7: Graph of X-ray penetration depth in GIWAXS measurements as a function of the
angle of incidence. The blue intersects represent the penetration depth with the incident angles
of 0.15°, 0.30° and 0.60°.

Coherence Length

The coherence length describes the maximum distance between two points which interfere
within a grating. One way to extract the coherence length L is through Scherrer equation:>®

I = 2nK
c — Aq
Where K is the shape factor and Aq is the full width at half-maximum of a diffraction peak. In

contrast to the average physical grain size obtained from the SEM images, the coherence length
extracted from the scattering data is considered as the coherently scattering domain size.

K =0.93 is appropriate for spherical crystals with cubic symmetry and this value is used in the
calculation. The coherence length of MAPDI3 crystallites is derived from the scattering peak at
9.9+0.1 nm™* shown in Figure S8 (a) and (b).
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Figure S8: Azimuthally integrated intensity of the MAPbI; peak at 9.9+0.1 nm™!(a) standard annealing and
(b) SVAA.

Azimuthally integrated intensity of GIWAXS in-situ measurements
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Figure S9: (a) Azimuthally integrated intensity of GIWAXS from in-situ measurements shown in Figure S5
(at the 0 min). The hash signs indicate the characteristic peaks of MAI-DMF-Pbl, complex (yellow), low
dimensional phase (orange), (CH3NH3)sPbls.2H.O (purple), (MA)2(DMF)Pbls (blue), MAI (red). The
bottom part is the theoretical scattering patterns of Pbl, and MAPbIs.
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