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ABSTRACT: Solution-processed organic—inorganic halide per
ovskite (OIHP) thin films typically contain fine, randesly
oriented grains and a high-density grain-boundary network, !
which are unfavorable for key film functions including charge
transport and environmental stability. Here, we report a new
chemical route for achieving CH;NH;PbI; (MAPhI;) OTL{P thin
films comprising large, uniaxially oriented grains and an ultralow-
density grain-boundary network. This route starts with a new
metastable liquid-state precursor phase, MAPhI;-MACI-
xCH;NH,, which converts to metastible MAFPLY,'MACI and
then to MAPbI; OIHP upon stepwise release ol volatile CH;NH,
a this route show high

and MACI. Perovskite solar cells made

MAPbI,*MACI+xCH,NH,

CH,NH,

KC‘:‘J MACI
/{\)\

@ o

power conversion efficiency of wp to 19.4%, with significantly

enhanced environmental stability.

rganic—inorganic halide perovskites (OIHPs) have
O emerged as a new family of semiconductors that hold

unprecedented promise as light-absorber materials in
solution-processed thin-film solar cells.' ™ Owing to the
outstanding optoelectronic properties of OIHPs, the rise in
the power conversion efficiency (PCE) of perovskite solar cells
(PSCs) has been swift. Generally, solution-processed thin films
of CH;NH,Pbl; (MAPbL,), the most widely studied OHIP for
PSCs," are polycrystalline in nature. Thus, the crystalline grains
and the associated grain-boundary (GB) network are the most
prominent microstructural features that determine OIHP thin-
film properties and consequently the performance of PSCs.*” It
has been recognized that the key characteristics of both, grains
(e.g, size, orientation) and GB-network (e.g., density), in the
MAPDI; thin films have profound effect on the charge-carrier
transport properties.” "' It has also been revealed that the GB-
network density in the MAPbI; film determines the environ-
mental-degradation kinetics of MAPbI,,"* because GBs are the
“weakest” regions where dangling or wrong bonds proliferate."
Because it is extremely challenging to fabricate GB-free, single-
crystal MAPbI; thin films using solution-based methods,"
there is a pressing need to engineer the grains and the GB-
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network in MAPbI; thin films in order to achieve desired
properties that can approach those of single-crystal thin films.
To that end, popular methods such as solvent engineering and
annealing, gas-blowing, and additive engineering have been
highly successful in achieving uniform MAPbI; films with
micrometer-sized grains.M_18 However, these methods invar-
iably result in grains with random orientations. There have
been a few studies involving the control of grain orientation, i.e.
texture, in MAPbI, films.*”'”'” However, this usually results in
compromising either the film uniformity or the coarseness of
the grains. In this context, previously we have reported a highly
scalable deposition method which entails rapid crystallization of
highly uniform and textured, but fine-grained MAPbI; thin
films using an unconventional liquid-phase precursor: MAPbI;-
xCH;NH,.”’"** This precursor phase is metastable, and it
converts to MAPbI; OIHP at room temperature (RT) upon
rapid CH;NH, self-degassing.”’>* This chemical conversion is
coupled with high MAPbI; nucleation rate, which invariably
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Figure 1. (A) In situ optical microscopy observations showing the forniatios of metastable MAPbI,;"MACl-xCH;NH, liquid precursor phase by
exposing a MAPbI;*"MACI solid particle to CH;NH, gas at RT and the crystallization of a smooth MAPbI;"MACI solid particle after the
CH,;NH, gas is removed at RT. Parallel control experiments with phase-pure solid particles of (B) MAPbI; and (C) MACL

leads to fine grains and high-density GB-network in the hnal
thin film.

In this study, we take advantage of the unique combination
of high uniformity and strong texture in MAPbHI; OLHIP. thin
films produced using this method and introduce a new
precursor phase, MAPbI;-MACI-xCH3NH,, whose inetastabil-
ity can be engineered. The rational addition of MACI is based
on the consideration that MACI exists in the solid state at RT
but decomposes/sublimes upon annealing at elevated temper-
atures (>100 °C)."®*® This new metastable precursor allows
stepwise, well-controlled evolution of ultralarge grains (up to
ten times the film thickness) with a uniaxial 110 “mosaic”
texture and ultralow-density GB-network consisting of only
vertical GBs in the final MAPbI; OIHP thin films. This
exceptional combination of large, textured grains and low-
density GB-network leads to enhanced thin-film properties and
results in PSCs that have high efficiencies and enhanced
environmental stability.

Initially, some “model” experiments were performed on solid
particles, where the metastable MAPbI;-MACI-xCH;NH,
precursor was synthesized by exposing MAPbI;-MACI solid
particles to CH;NH, gas at RT. The MAPbI;-MACI-xCH;NH,
precursor formation process is revealed using in situ optical
microscopy (OM). As seen in Figure 1A (OM images A1—A3),
when CH;NH, is introduced, the MAPbI;-MACI solid particle
begins to be bleached heterogeneously, resulting in a colorless
particle with embedded black specks. With further CH;NH,
exposure, a clear, smooth liquid drop of MAPbI;-MACI
xCH;NH, is finally formed. The overall formation reaction of
MAPbL;-MACIL-xCH;NH, is described as reaction 1, and the
liquid state of the MAPbI;MACl-xCH;NH, precursor is
confirmed in Figure SI in the Supporting Information.
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The MAPDI;-MACI solid contains two distinct phases,
MAPDBI; and MACI, as well as some other minor phases
(MAPDBCL,, Pbl,, etc.) due to the facile solid-state ion-exchange
in OIHPs, as determined using energy-dispersive spectroscopy
(EDS), X-ray diffraction (XRD), and Raman spectroscopy (see
Figures S2—S4). Therefore, to gain further insight into the
MAPbI;-MACI-CH;NH, “fusing” process, the interactions of
phase-pure MAPbI; and MACI solid particles with CH;NH,
gas were studied separately, and the results are presented in
panels B and C of Figure 1, respectively. It is observed that both
the MAPbI; and MACI solid particles also “melt” at the surface
in the beginning and then transform to clear liquid drops with
prolonged CH;NH,—gas exposure at RT. It appears that the
solid-to-liquid transformation occurs faster in the MACI case,
which is consistent with the deliquescent nature of MACL**
This difference in the ingression kinetics of CH;NH, into
MAPDBI; and MACI, as well as other coexisting phases, is
responsible for the observed heterogeneous transformation
behavior of the mixed-phase MAPbI;-MACI solid to the
MAPDI;-MACI-xCH;NH, liquid in Figure 1A.

Thin films of MAPbI;-MACI-«CH;NH, liquid precursor
were synthesized by exposing spin-coated MAPbI;-MACI thin
films (random morphology) to CH;NH, gas at RT. The as-
synthesized MAPbI;-MACI-xCH;NH, liquid-precursor thin
films do not show any noticeable XRD peaks or absorption
features in the visible-light region in panels B and C of Figure 2,
respectively. While CH;NH, in this liquid precursor can be
released at RT when the CH;NH, gas atmosphere is removed,
the MACI component decomposes/sublimes only at an
elevated temperature (e.g, 150 °C). In this context, as
illustrated schematically in Figure 2A, two steps are involved
in the completion of the conversion of MAPbI;-MACI
xCH;NH, precursor to phase-pure MAPDI; thin films. The
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Figure 2. (A) Schematic illustration depicting the thin-filii conversion process of MAPbI,;"MACl-xCH;NH, liquid to MAPbI; OIHP. (B) XRD
patterns and (C) UV-vis spectra of the thin film at diff¢ cent stages. Characteristic XRD peaks for MAPbI, are highlighted in panel B. (D) SEM
images showing the surface morphologies of the thin fiin ¢ differcnt stages. (E) Plots of the average grain size and Cl/Pb atomic ratio in the

thin film as a function of annealing time.

first step is the CH3;NH, self-degassing process at RT that
results in the formation of MAPbI;-MACI (rcaction 2). The
MAPDI;-MACI thin film at this stige is expected to be textured
and fine-grained, which is similar to what was reported earlier in
the MAPbI;-xCH;NH, case.”” In the next step, the MACI
component in MAPbI;-MACI gradually decomposes or releases
upon annealing at 150 °C, forming MAPbL;-(1 — y)MACI (y >
0) (reaction 3), and finally phase-pure MAPbI; OIHP forms
(reaction 4), which is driven by MACI decomposition (reaction
5). Coupled with the chemical conversion, the small, uniaxially
oriented MAPbI; grains coalesce and grow, forming a smooth
compact MAPbI; OIHP thin film with large, uniaxially oriented
grains and an ultralow-density GB-network.

MAPbL,-MACI(s) + xCH,NH,(g)

— MAPbL,-MACl-xCH,NH, (1) (1)
MAPbL, MACI-*CH,NH, (1)
— MAPbBL-MACI(s) + xCH;NH,(g) (2)
MAPbL,MACI(s) — MAPbL:(1 — y)MACI(s)
+ yMACI(s) (3)
MAPbL-(1 — y)MACI(s)
— MAPbL(s) + (1 — y)MACI(s) (4)
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MACI(s) - CH;NH,(g) + HCl(g) (s)

The first step (reaction 2) in this new route is extremely
facile. As seen in Figure 1A (images A3-AS), once the CH;NH,
gas atmosphere is removed, the MAPbI;-MACIl-xCH;NH,
precursor begins to convert to solid MAPbI;-MACI, confirming
that the release of CH;NH, in MAPbI;-MACl-«CH;NH,
occurs at RT without the need of any additional heating.
This is consistent with the phase-pure MAPbI; and MACI cases
shown in Figure 1B (images B3—BS) and Figure 1C (images
C3—CS), respectively. In the case of nanoscale thin films,
reaction 2 occurs in only a couple of seconds, as recorded in
Figure S5. The as-formed MAPbI;-MACI thin film retains the
ultrasmooth morphology of the MAPbI;-MACIl-xCH;NH,
liquid and full-coverage, as confirmed in Figure 2D. For
comparison, Figure S6 shows that MAPbI;-MACI thin film
deposited using the conventional one-step method has
incomplete coverage. In Figure 2B, the XRD pattern of the
as-formed MAPDbI;*MACI thin film indicates the presence of
other phases, which is consistent with that of the MAPDI;-
MACI bulk sample (see Figure S3). A strong 110 texture is
observed in the MAPbI; phase in Figure 2B, which implies that
the as-crystallized MAPDI; grains in the thin film at this stage
are preferentially oriented. The combination of the uniformity
and the texture in the MAPbI;-MACI thin film is the result of
using the metastable MAPbI;-MACI-xCH;NH, precursor
phase. This is key to the success in obtaining MAPbI; OIHP
thin films with the target microstructures.

DOI: 10.1021/acsenergylett.7b00980
ACS Energy Lett. 2017, 2, 27272733


http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00980/suppl_file/nz7b00980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00980/suppl_file/nz7b00980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00980/suppl_file/nz7b00980_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.7b00980

ACS Energy Letters

o
c
K
o
:
f=
=

Gxy (Nnm)

15 10
q:(nm?)

Figure 3. MAPbI,"MACI'xCH;NH,-derived MAPbI; thin film: (A) bright-field TEM image, (B) indexed SAEDP (B = zone axis; T =
transmitted beam), (C) HRTEM image of grain interior, (D) HRTEM irniage of GB, and (E) 2D XRD pattern.

For the next step, the thermal annealing drives the
progression of reactions 3, 4, and S. To elucidate the phase
and microstructure evolution during this step, XRD patteriis of
the films annealed at 150 °C for different durations werc
collected, and the results are presented in Figure S7. 1t is found
that a 120-s annealing duration is sufficient for achieving phase-
pure MAPbI; OIHP thin films. A MAPbI,-(1-¥)MACI thin film
was also prepared by interrupting the annesling at 30 s. Figure
2B compares the XRD patterns of the MATDI;-MACI, the
MAPbI;-(1-y)MAC], and the final MAPLY, OLHP thin films. It
is found that the intensity of the characteristic 110 XRD peak
associated with MAPbI; OIHP iiicreases, while the full width at
half-maximum (fwhm) decreases with aniiealing duration (see
Figure S8). This suggests that both the ciystallinity and the size
of the MAPbI; grains in the film have increased. Meanwhile,
those XRD peaks that are associated with non-MAPbI; phases
gradually disappear upon annealing, which reflects the
progression of reactions 3, 4, and 5. Figure 2C shows
ultraviolet—visible (UV—vis) spectra of the MAPbI;-MAC],
the MAPbL;-(1-y)MAC, and the final MAPbI; OIHP thin
films. The observed monotonic increase in the optical
absorption upon annealing is in good agreement with the
enhancement in the phase-purity, the crystallinity, and the grain
size of the MAPDI, in the thin films.

Figure 2D compares surface morphologies of the MAPDI;-
MACI, the MAPbI;-(1-y)MAC], and the final MAPbI, thin
films as viewed by scanning electron microscopy (SEM). The
MAPDI;-MACI thin film is composed of fine grains, but the
GBs are not immediately distinguishable, which could be
associated with the mixed-phase nature of MAPbI;-MACI. The
GBs, as well as GB grooves, in the MAPbIL;-(1-y)MACI thin
film become more clear, and the grain size increases up to ~4
pum in the final MAPbI; OIHP thin film, which is an order-of-
magnitude greater than the thickness of the thin film (~400
nm). Figure 2E plots the average grain size and the Cl:Pb
atomic ratio in the film as a function of annealing time. The
average grain sizes in these thin films were estimated using

2730

irnage analyscs of the SEM images (see Figure S9), and the
atontic ratio Cl:Pb was monitored using EDS. It is clear that the
increase in the average grain size is coupled with the decrease in
the relative Cl content. The MAPbI; grain growth stagnates
once Cl is fully depleted in the film. This indicates that the
MACI-decomposition (reaction S) is key to driving reactions 3
and 4 forward, as well as facilitating the coarsening of MAPDI;
grains from an average grain size of 200 nm to 2.1 um. In
comparison, a reference-MAPDI; thin film made from the
previously reported MAPbI;-xCH;NH, liquid precursor
(MACI-free) shows a mean grain size of ~280 nm, which is
an order-of-magnitude smaller (see Figure S10). This highlights
the exceptional role played by the MACI component in the
metastable liquid precursor phase in determining the final
microstructure of the MAPbI; OIHP thin films.

To confirm the characteristics of the grains and GB-network
in the final MAPbI; OIHP thin films, transmission electron
microscopy (TEM) characterization was performed. The TEM
specimens were prepared by depositing thin films directly on
holey-carbon-coated grids using the same procedure as above.
Note that the grain size and coverage of the thin film on the
TEM grid can be somewhat different because of the different
wetting behavior of the MAPbI;MACI-xCH;NH, liquid on
different substrates. However, this TEM specimen preparation
method precludes unintended damage to MAPDI; grains during
TEM specimen preparation using other methods such as
focused ion beam (FIB), allowing us to unravel the real grain
structure. The efficacy of this TEM specimen preparation
method has been confirmed in previous studies by us and
others.”>”° Figure 3A is a bright-field TEM image that shows
micrometer-sized MAPbI; grains and associated GBs. The
selected-area electron diffraction pattern (SAEDP; Figure 3B)
and the high-resolution (HR) TEM image (Figure 3C) of the
grain interior confirm the single-crystal nature of the MAPbI;
grains in Figure 3A. Figure 3D shows the GB region, where the
two grains show the same vertical orientation with 004 facets
(B-MAPbL,, space group I4/mcm) exposed to the surface, ie.,
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Figure 4. (A) Cross-sectional SEM image and schematic illustration of the grain orientations in the MAPbI;-MACl-xCH;NH,-derived MAPbI,
thin film. Higher-magnification cross-sectional SEM images and comparison of the GB-network density: (B) MAPbI,"MACl-«CH;NH,-
derived MAPbI, thin film and (C) reference MAPbI, thin film. GB-density is defined as the total GB length divided by the relevant cross-

sectional area.
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Figure 5. MAPbI;"MACI-xCH;NH,-derived MAPbI, (red) and reference MAPbI; (gray) thin films: (A) time-resolved PL decay, (B) dark I-V
response in a capacitor-like device, (C) XRD patterns after 24 h of storage in the ambient, (D) J—V curves of PSCs made using the respective
thin films, and (E) PCE evolution of the respective PSCs as a function of storage time in the ambient. The extracted property—performance

parameters are summarized in Table 1.

110-oriented. For comparison, the reference MAPbI; OIHP
thin film that is also directly deposited on the TEM grid from
the MAPbL;-«CH;NH, precursor liquid (MACI-free) has a
much smaller grain size and shows multiple layers of grains (see
Figure S11). Figure 3E presents a two-dimensional (2D) XRD
pattern of the MAPbI;-MACIl-xCH;NH,-derived MAPbI; thin
film. Intense diffraction spots (indexed) with negligible spread
along the Debye—Scherrer ring are observed, further
confirming the strong uniaxial 110-orientation of the MAPbI;
grains.

These characterization results confirm that the MAPbL;-
MACIL-¥*CH;NH,-derived MAPbI; thin film comprises ultra-
large grains spanning the film thickness that have the same
vertical 110-orientation but different horizontal orientations
(“mosaic” texture). Only vertical GBs are present in the film,
which is illustrated schematically in Figure 4A. The density of
the GB-network in the film cross section is estimated at only
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~417 nm-um™* (Figure 4B). For comparison, Figure 4C shows
the cross section of the reference MAPDI; thin film, where
random GB-network with significantly higher density (~20
times) is observed.

The simultaneous evolution of large, uniaxially oriented
grains and an ultralow-density GB-network is found to have
profound effect in enhancing the optoelectronic properties of
the MAPbI; OIHP thin films, as well as their environmental
stability. Figure SA compares the time-resolved photo-
luminescence (PL) decay of the MAPbI;MACI-xCH;NH,-
derived MAPbDI; and the reference MAPDI; thin films. The
amplitude-weighted average lifetime (7) is estimated at 24.2 ns
for the MAPbI;-MACI-xCH;NH,-derived MAPDI; thin film,
which is much longer than that for the reference MAPDI; thin
film (3.8 ns). The defect density (N) in both films is also
estimated by monitoring the evolution of the space-charge-
limited currents (in the dark) as a function of the bias voltage in
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Table 1. Summary of the Property—Performance Parameters Extracted from the Data in Figure 5%

7 (ns) Vg, (V) D (%) Jsc (mA Cm_z)
I 24.2 0.169 S forward 22.5
reverse 22.3
11 3.8 0.219 28 forward 22.4
reverse 22.4

Voc (V) FF PCE (%) avg. PCE (%) R (%)
1.12 0.770 194 189 87
1.11 0.733 18.1
1.04 0.758 17.6 17.1 60
1.02 0.728 16.6

“I and II indicate MAPbI;-MACl-xCH;NH,-derived MAPbI; and reference MAPbI; thin films, respectively. 7 is the amplitude-weighted average
lifetime based on biexponential fitting of the time-resolved PL decay. Vi is the trap-filling limited voltage. D is the ratio of the XRD peak intensities
of Pbl, to MAPDI; in Figure SC. Jsc, Voc, FF, and PCE are short-circuit density, open-circuit voltage, fill factor, and power conversion efficiency of
the PSC, respectively. Reported avg PCEs are the average of the PCE values for forward and reserve scans. R is the retention of PCE after the PSC is

stored for 336 h in the ambient.

capacitor-like devices (see the Supporting Information for
details). As shown in Figure SB, the trap-filling limited voltage
(Vrp) is determined by the kink point where the current
increase becomes nonlinear.”” The relationship between Vg
and N is given by the equation, Vg = ‘;NLZ
EE

, where e is the
0

elementary charge, L the film thickness, ¢ relative dielectric
constant, and &, the vacuum permittivity.”” The values of N in
the MAPbI;-MACI-xCH;NH,-derived MAPbI; and the refer-
ence-MAPbI, thin film are calculated to be 8.85 X 10" cm™
and 1.15 X 10" cm™, respectively. The reduced N in the
MAPDI;-MACI-xCH;NH,-derived MAPDI; thin film is in good
agreement with the prolonged PL lifetime. The ambient
stability of both films was also evaluated. Figure SC shows XRD
patterns from both films after 24 h of storage in the ambient.
Negligible decomposition to Pbl, is observed in the MAPbI;-
MACI-«CH;NH,-derived MAPbI; thin film, whereas a large
amount of Pbl, is found in the reference MAPbI; thin film. It is
recognized that the main cause of the MAPDI, thin film
degradation in the ambient is the ingression of moisture intG
the MAPbI; crystalline structure, where Wang et ai.'” lave
recently shown that the GB regions in MAPbl, filiiis allow fast
ingression of moisture.

In this context, additional experiments were performed to
study the beneficial role of ultralow-density GB-network in the
MAPbDI;-MACl-xCH;NH,-derived MAPDI; film on their
moisture tolerance. Because th¢ MAPbl; OIHP thin film is
sandwiched between a TiO, electroi-transporting layer (ETL)
and a Spiro-OMeTAD hole-transporting layer (HTL) in a
typical PSC, the following experiment was designed to simulate
to some extent the MAPbI; degradation behavior in a real PSC.
As shown in Figure S12A,B, identical Spiro-OMeTAD HTL
layers were drop-coated on the centers of the MAPbI;-MACI-
xCH;NH,-derived MAPDbI; and the reference-MAPbDI; thin
films (on TiO,-coated FTO substrates). The film structures
were then stored in the ambient for 96 h, and the Spiro-
OMeTAD layers were then washed away. Figure S12C,D shows
the morphologies of the MAPDI; thin films at different
locations in the previously Spiro-OMeTAD-covered region
for both samples. It is clear that the moisture-induced
degradation propagates from the Spiro-OMeTAD edge to the
center along the GB network. In this context, the highly
reduced GB density in the MAPbI;-MACI-xCH;NH,-derived
MAPDI; thin film effectively slows down the degradation
kinetics, as illustrated in Figure S12E.

PSCs were fabricated to evaluate the performance of the
MAPbBI;-MACI-xCH;NH,-derived MAPbDI; film. PSCs based
on the reference MAPDI; thin film were also fabricated for
comparison. Figure SD shows the current density—voltage (J—
V) curves from the PSCs that exhibit very small J—V hysteresis.
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The overall PCE for the PSC made using the MAPbI;-MACI-
xCH,;NH,-derived MAPbIL; thin film is 19.4% (reverse scan),
which is higher than that (17.6%) for the PSC using the
reference MAPDI; thin film. A more detailed comparison in
PCE values for both PSCs is shown in Table 1. Figure S13
shows PCE statistics of the PSCs made using the MAPbI;-
MACI-xCH;NH -derived MAPbI; thin films, which attests to
the excellent rcproducibility of the thin-film processing method
described herc. It can be seen from the performance parameters
of both PSCs in Table 1 that the PCE increase for the MAPbI;-
MACI-«CH;NH,-acrived MAPDL; thin film can be attributed
mostly to the enhancement of the Vi¢. This is consistent with
the reduced nonradiative recombination™® due to lower defect
lensity in the MAPbI;-MACI-xCH;NH,-derived MAPDI; thin
filin), as revedled in Figure SA,B. Finally, the PCE evolution as a
function of storage time in the ambient for both PSCs are
shown in Figure SE. Compared with the 60% retention in the
PSC using the reference MAPDI; film, the PSC made using the
MAPbBI;-MACL-xCH;NH,-derived MAPDI; thin film retains
87% of its initial PCE after 336 h of storage in the ambient.
This is closely related to the inherently higher moisture
tolerance observed in the MAPbI;-MACI-»*CH;NH,-derived
MAPDI; thin film in Figures S12 and SC. Once again, all these
enhanced performance parameters in the PSC using the
MAPbI;- MACI-xCH;NH,-derived MAPbI; thin film highlight
the benefits of their unique thin-film microstructures.

In closing, we have demonstrated the use of a new liquid
precursor, MAPbI;-MACI-xCH;NH,, with engineered meta-
stability, for the processing of MAPbI; OIHP thin films. The
resulting MAPbI; thin film exhibit a unique combination of
microstructural features: large, uniaxially oriented (“mosaic”
texture) grains spanning the film thickness and ultralow-density
GB-network with only vertical GBs. This near-ideal micro-
structure of the MAPbI; OIHP thin film contributes to their
superior optoelectronic and environmental-stability properties
and results in the enhanced performance of the PSCs made
using these thin films. This study points to a new direction in
the tailoring of the chemistry and the metastability of the
precursor phase for achieving targeted microstructures in OIHP
thin films and more efficient and durable PSCs.
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Experimental Section

Materials Synthesis and Films Fabrication. All the raw chemicals wtre obtained commercially without
further purification. Typically, the methylamine (CH3;NH,) gas was generated using commercially
purchased CH;NH, gas (Sigma-Aldrich, USA) tank or a CH3;NH, ethanol solution (27-32 wt%, Sinopharm,
China). For typical synthesis of the MAPbI;*MACI powder and thin film samples, MAI (Dyesol, Austrilia),
Pbl, (Alfa Aesar, USA), and MACI (Sigma-Aldrich, USA) in molat ratio of 1:1:1 were co-dissolved in
dimethylformamide (DMF, Sigma-Aldrich, USA) to form a 40 wt% solution. The MAPbI;*MACI powders
were prepared by drop-casting the solution onto substrates and evaporating away the DMF at 100 °C. The
MAPDbBI;*MACI thin films were fabricated by spin-coating the solution on substrates at 4500 rpm for 40 s,
followed by thermal annealing at 100 °C for 3 muin. In order to form the MAPbl;*MACI*CH;NH, liquid
film, the MAPbI;*MACI films were exposed to the CH3NH, gas until the solids were completely liquefied
and bleached. The MAPbI;*MACI*CH;NL!, ligiiid film was then removed from the CH;NH, gas with the
formation of smooth dark-brown solid thin 1ilm, which was subsequently annealed at 150 °C for different
periods of time on a hotplate. The phase-purity and microstructures of the final MAPbI; films are dependent
of the annealing duration. Optimal MAPbI; thin films are prepared by annealing at 150 °C for 120 s.
Reference-MAPbI; thin fiims were deposited without addition of MACI.

Materials and Film Characterization. X-ray diffraction (XRD) patterns were obtained using an X-ray
diffractometer (D8 Advance, Bruker, Germany) using Cu K, radiation, with 0.02° step size. The 2D XRD
maps were collected using the same diffractometer equipped with a 2D detector (Vantec 500, Germany).
UV-vis absorption spectra of the films were recorded using a spectrometer (U-4100, Hitachi, Japan). UV-
vis measurements on the films under CH3;NH, gas were performed on samples sealed between quartz
windows. A field-emission scanning electron microscope (SEM; S-4800, Hitachi, Japan) was used to
observe the top surfaces and the cross-sections. High-resolution characterization was performed using a
transmission electron microscope (TEM; 2100F, JEOL, Japan) operated at 200 kV accelerating voltage.
Thin films for TEM studies were prepared using the same procedure as above, but were deposited directly
on TEM grids (SPI, USA). Raman spectroscopy was performed on a Raman microscope (DXR™2, Thermo
Fisher Scientific, USA) with a 532-nm laser excitation. /n situ optical microscopy observations were carried
out using a stereomicroscope (SZX16, Olympus, Japan). These experiments were conducted by placing the
MAPbBI;*MACI, MAPDbI; and MACI samples in a home-made gas chamber with transparent windows
(transmittance >95%). A gas nozzle was used to introduce CH3;NH, atmosphere around the sample. Time-
resolved photoluminescence (PL) measurements were performed on a commercial spectrophotometer
(FLS980, Edinburgh Instruments, UK) with a 441-nm laser excitation. In order to estimate the trap density
(N) in the MAPDI; film, the current-voltage (/-V) scan of the device with the MAPDI; film sandwiched by
two n-type contacts (FTO/TiO, and PCBM/Au) is performed on a 2400 sourcemeter (Keithley, USA) in



dark. The trap-filled limited voltage (¥rrp) is then determined by the kink point where the current increase

becomes non-linear in the /-7 curve. The relationship of V1, with N is defined by the equation Vg =

NL? . . . . . . . .
ez?, where e is the elementary charge, L is the film thickness, ¢ is relative dielectric constant, and ¢ is the
0
]

vacuum permittivity."'

Solar Cell Fabrication and Testing. To fabricate perovskite solar cells (PSCs), a 30-nm compact-TiO,
layer was solution-deposited on top of the pre-patterned FTO-glass substrate using a reported procedure.”
A 250-nm mesoporous-TiO, layer was then deposited by spin-coating a dilute commercial TiO, paste at
4000 rpm, 45 s, followed by sintering at 550 °C for 30 min in air. The MAPDI; perovskite layer were then
deposited using the procedures described above. A solution of Spiro-MeOTAD (99%) hole-transporting
layer (HTL) coating was prepared by dissolving 72.3 mg of Spiro-MeOTAD in 1 mL of chlorobenzene
(99.8%), to which 28.8 uL of 4-tert-butyl pyridine and 17.5 pL of lithium bis(trifluoro-
methanesulfonyl)imide (LITSFI) solution (520 mg LITSFI (98%) in 1 mL acetonitrile (99.8%) were added.
The HTL was deposited by spin-coating (3000 rpm, 30 s). Finally, a 100-nm Ag electrode was thermally-
evaporated to complete the solar cells. The HTL and the Ag layers wre then deposited to complete the
PSC assembly. Current density-voltage (J-V) characteristics of the as-fabricated PSCs were measured using
a 2400 Sourcemeter (Keithley, USA) under simulated one-sun AM 1.5G 100 mW.cm™ intensity (Oriel
Sol3A Class AAA, Newport, USA), under both reverse (from open citcuit voltage, Voc, to short-circuit
current density, Jsc) and forward (from Jsc to Voc) scans. The step volitage was 50 mV with a 10 ms delay
time per step. The J-V output was converted to PCE output using the following relation: PCE = {J (mA.cm’
2) x V(V))/(100 (mW.cm'z)}. The external quantum cfticiency (EQE) spectra were recorded with an EQE
measurement system (PVE 300, Bentham, UK) comprised of a X¢non lamp, a monochromator, a chopper,
a lock-in amplifier, and a calibrated silicon photodetector. A shutter was used to switch on and off the one-
sun illumination on the PSC. Typical active aiea of the PSCs is 0.09 cm® defined using a non-reflective
metal mask. The intensity of the one-sun AM 1.5G (100 mW.cm?) illumination was calibrated using a Si-
reference cell certified by the National Kenewable Energy Laboratory.
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Supplementary Figures

Figure S1. Photograph of MAPbl;*MACIlexCH;NH,; precursor under CH3NH, gas in an inclined sample
bottle showing its liquid nature.
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Figure S2. EDS spectrum of the MAPbI;*MACI sample showing the piesence of CL

# FTO Substrate

Intensity (a.u.)

#

10 20 30 40
26 (°)
Figure S3. XRD pattern of the MAPbI;*MACI sample showing multiple phases. The peaks labeled by
yellow, red, and blue dashed lines are assigned to Pbl,, MAPbI;, and MAPDCIl;, respectively. Other
amorphous and low-crystallinity phases such as MACI, which do not show XRD signal, may also exist in
the sample.
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Figure S4. Raman spectra ot the MAPDbI;*MACI, MACI, and MAPDbI; samples showing the same
characteristic bands in M APbl;*MACI and MACI, but no bands in MAPbDIj; in the highlighted wavenumber
range.

Figure S5. Photographs showing a nominal, initial MAPbI;*MACI thin film (left), the formation of an
MAPDBI;*MACIexCH3NH, liquid thin film upon exposure to the CH;NH, gas at RT (middle), and RT-
recrystallization of a smooth MAPbI;*MACI thin film after removal of the CH;NH, gas at RT (right).
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Figure S7. XRD patterns of tiie recrystallized smooth MAPbI;*MACI thin film after annealing at 150 °C
for different durations. Characteristic ARD peaks for MAPDI; are highlighted.
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Figure S8. Variation of the intensity and full-width-at-half-maximum (FWHM) of the characteristic 110
XRD peaks of MAPDI; in the RT-recrystallized MAPbI;*MACI film after annealing for different durations.
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Figure S9. Grain size distributions of the RT-recrystallized MAPbI;*MACI thin film after thermal
annealing at 150 °C for different durations: (A) 15 s; (B) 30 s; (C) 60 s; (D) 90s; (E) 120 s; (F) 180 s; (G)
240 s; (H) 300 s, based on image analyses of more than 40 grains each from the SEM images. Typical SEM
images for the corresponding films are shown in the inset of each figures.
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Figure S10. (A) SEM image (top surface) of the reference-M/APbI; thin film that is derived from
MAPbI;xCH3;NH, (MACI-free). (B) Grain size distribution based o1 iriage analysis of SEM image in (A).
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Figure S11. TEM image of the reference-MAPbIj; thin film grown directly on a carbon-film-coated TEM
grid from MAPbI;*xCH;NH, showing multiple layers of small grains.
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Figure S12. Photographs showing (A) the MAPbI;*MACIxCIi;NH;-derived MAPDI; thin film (coarse-
grained) and (B) the reference-MAPbI; thin film (fine-grained) after Y6-h exposure to the ambient. The
dashed circle indicates the area where a layer of Spiro-OMeTAD was deposited. (C, D) SEM images of
regions marked in (A, B), respectively. (E) Schematic illustration of the beneficial role of the reduced GB

density in the MAPbI; film on the ambient stability.
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Figure S13. PCE statistics of PSCs made using the MAPbl;* M AClexCH;NH,-derived MAPbI; films.
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