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ABSTRACT Structure control in solution-processed hybrid perovskites is crucial

to design and fabricate highly efficient solar cells. Here, we utilize in situ grazing
incidence wide-angle X-ray scattering and scanning electron microscopy to
investigate the structural evolution and film morphologies of methylammonium
lead tri-iodide/chloride (CH;NH3Pbl;_,Cl,) in mesoporous block copolymer derived
alumina superstructures during thermal annealing. We show the CH;NH;Pbl;_,Cl,
material evolution to be characterized by three distinct structures: a crystalline
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mixture of compounds resulting from degradation. Finally, we demonstrate how understanding the processing parameters provides the foundation needed

for optimal perovskite film morphology and coverage, leading to enhanced block copolymer-directed perovskite solar cell performance.
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thin film solar cells

arnessing sunlight to generate

photovoltaic electricity based on

thin film solar cell technologies is
desirable to deliver green, sustainable en-
ergy at reduced materials and fabrication
cost."? Thin film hybrid solar cells using
solution-processable materials®> such as
semiconductor nanocrystals>*  organic
polymers,>® or dye-sensitized solar cells”®
have achieved 7—12% power conversion
efficiencies (PCEs). Recently, a new class of
highly efficient solid-state hybrid perovskite
solar cells has been reported pushing PCEs
above 15%.'073*

Organic—inorganic hybrid materials en-
able the combination of both organic and
inorganic qualities into a single molecular
composite. These hybrid materials have
been studied extensively for their electrical,
mechanical, and optical functional proper-
ties and have been applied, for example,
in field-effect transistors, optoelectronic
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devices, and hybrid solar cells.3>=38 Another
area of intense scientific research and com-
mercial interest is utilizing the methylam-
monium lead trihalide (CH3NH5PbX5; X =1,
Br, Cl) semiconducting perovskite in thin
film photovoltaics.’”®>* The CH;NH;PbXs
perovskite semiconductor material is highly
attractive because of the ease of solution
processing and excellent absorption prop-
erties in the near-infrared spectrum to gen-
erate charge carriers.'®'>'3'® Moreover,
ambipolar charge transport properties and
long carrier lifetimes enable the direct trans-
port of both photogenerated electron and
hole charge carriers to the respective col-
lecting electrodes.'* 11819282934

The photovoltaic device architecture pro-
vides an alternative approach to enhance
device performance3**' In particular,
block copolymer (BCP) self-assembly direc-
ted materials have improved charge trans-
port and light management of mesoscopic
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Figure 1. 2D GIWAXS profiles of CH3NHsPbls_,Cl, perovskite films on flat substrates prepared from (a) 5, (b) 10, (c) 20, and (d)
40 wt % precursor solutions and annealed at 100 °C for 45 min. (e) Azimuthally integrated intensity plots of the GIWAXS
patterns. The bottom black curve is the XRD spectrum of the CH3NH3Pbls_,Cl, perovskite measured in powdered form.

solar cells via control of morphology,”3841 =46 porosity

and pore size,**>° material crystallinity,’>? elec-
tronic>”>? and optical*’~® properties. For example, well-
ordered bicontinuous BCP gyroid morphologies en-
able easy backfilling of the hole transport materials
and complete mesopore interconnectivity in solid-
state dye-sensitized solar cells.>”*® Moreover, porous
BCP nanostructures provide control over single crystal
epitaxial nanostructures®’ and may enable tuning
the feature size and morphology of well-defined
CH3NH;5PbX3 nanocrystallites within the BCP mesopo-
rous heterojunction electrode to achieve excellent
photovoltaic device performance.'®?*3273% Combin-
ing BCP structure control with the organic—inorganic
hybrid perovskite, observation of structural evolution
at multiple length scales is expected to be key to
establishing structure—property correlations. To the
best of our knowledge, such evolution of thermally
annealed hybrid perovskites obtained via a single-step
spin coating process has not been reported.

In this work we employed in situ time-resolved
grazing incidence wide-angle X-ray scattering
(GIWAXS) to probe the structure of methylammonium
lead tri-iodide/chloride (CHsNHsPbl;_,Cl,) perovskites
in mesoporous block copolymer-directed alumina
(MBCP-AI,O3) during thermal annealing. Optimized
structure and film morphology of the organic—
inorganic hybrid perovskites resulted in enhanced
meso-superstructured solar cell performance.

RESULTS AND DISCUSSION

GIWAXS of CH;NH;Pbl;_,(l, Perovskites. One of the key
advantages of the CH3NH3;PbX; hybrid perovskite
photovoltaic devices is the ease of solution-processing.
The organic (CHsNHsl) and inorganic precursors
(PbCl,) are dissolved in a common solvent (N,N-
dimethylformamide), deposited on a substrate by spin
coating, and annealed at relatively low temperatures
of 90—100 °C for 5—120 min to induce perovskite
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crystallization.">"2>2°~%”  However, crystallographic

data obtained from one-dimensional (1D) powder
X-ray diffraction provides only limited structural infor-
mation, in particular for the highly oriented perovskite
thin films.'2#13181922726 T4 this end, we employed
GIWAXS with 2D detection capability to probe the crys-
tallographic orientations of planar CHsNHsPbl;_,Cl,
perovskite thin films.

Figure 1 shows GIWAXS profiles of crystalline per-
ovskite thin films on flat glass coverslips prepared from
precursor solutions of different concentrations and
annealed at 100 °C for 45 min in nitrogen atmosphere.
We observe that the 5 and 10 wt % perovskite films
exhibit a mixture of scattered secondary spots and
rings (Figure 1a,b), indicating that crystalline domains
are highly oriented in the in-plane direction. Similar
GIWAXS profiles were observed for the thicker 20 and
40 wt % perovskite films. The presence of strongly
scattered rings in Figure 1c,d indicates that crystalline
domains are predominantly polycrystalline (i.e., ran-
domly oriented relative to the plane of the substrate).
The azimuthally integrated scattering intensity of the
different GIWAXS patterns is plotted against the scat-
tering vector g in Figure 1e, where q = 4t sin 6/4, 0 is
half of the total scattering angle, and A is the X-ray
wavelength (0.1161 nm). The 2D GIWAXS integrated
intensity curves correspond well to the crystallo-
graphic peaks of the 1D X-ray diffraction pattern of a
CH3NH;5Pbl;_,Cl, powdered sample (black curve)?®
and are distinctly different from those of the CH;NH;l
(PDF 00-10-0737) and PbCl, (PDF 00-050-0536) pre-
cursors (see bottom of Figure 1e). The lattice param-
eters for the tetragonal /4/mcm CHsNHsPbls_,Cl,
powdered sample are a = 8.868(1) A and ¢ =
12.659(2) A232473¢ We note that while the broad
GIWAXS scattering peaks do not allow precise structur-
al assignments, distinct peaks observed for different
species enable us to determine the predominant
sample structure in real time. The scattering peak at
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Figure 2. (a) Plan view and (b) cross-sectional SEM micrographs, and (c) 2D GISAXS profile at incidence angle of 0.16° of

MBCP-AI,O; film after calcination.

g = 10 nm~" was assigned to the (110) plane of

CH;3NH5Pbl;_,Cl, perovskite structure.'®? The scatter-
ing peak at g = 9 nm ™ assigned to the (001) plane of
Pbl, (PDF 00-007-0235) was present only in the 5 wt %
perovskite film, suggesting thinner films underwent
a more rapid degradation into Pbl,.'**

Characterization of Mesoporous Block Copolymer-Directed
Alumina Thin Films. In a solvent mixture of nonpolar
toluene and polar n-butanol, the structure directing
poly(isoprene)-block-poly(styrene)-block-poly-
(ethylene oxide) (PI-b-PS-b-PEO) triblock terpolymer
forms micelles with the hydrophobic Pl and PS in the
core, and a hydrophilic PEO corona.**™*° The added
Al,O3 sol is selectively attracted to the PEO corona
by hydrogen bonds.*> Upon solvent evaporation, the
organic—inorganic micelles self-assemble into a
randomly packed arrangement. Mesoporous block
copolymer-directed alumina (MBCP-AI,Os) thin films
with interconnected porosity are generated when the
organic components are removed by calcination as
evidenced by the scanning electron microscopy (SEM)
and atomic force microscopy (AFM) images in Figures 2
and S1 (Supporting Information), respectively. The
MBCP-AI,Os pores are interconnected in both in-plane
and out-of-plane directions. From SEM and AFM, the
pore diameter is ~36 nm and the film thickness is
70—80 nm after calcination. In 2D grazing incidence
small-angle X-ray scattering (GISAXS) patterns, we
observe two intense diffraction peaks at g,, = *
0.157 nm~" (Figure 2c) consistent with a disordered
mesoporous material with a macroscopically homoge-
neous in-plane d-spacing of 271/g,, ~ 40 nm.*® The
oscillations at the diffraction peaks are attributed to
the form factor of the film thickness.>” In contrast,
the porosity of Al,O; nanoparticulate films is macro-
scopically inhomogeneous as shown in Figure S2
(Supporting Information).'8~2°

In Situ X-ray Characterization of MBCP-Al,0; Perovskite
Structural Evolution. The mesoporous support in solution-
processed nanostructured CH3;NHsPbX; perovskite solar
cells fulfills multiple roles. For example, mesoporous
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TiO, acts as the distributed heterojunction with
large surface areas for the generation of charges by
the CH3;NHsPbl; perovskite absorber, and collects
and transports the electrons to the collecting elec-
trode.'®~ 172432734 Moreover, mesoporous superstruc-
tures improve the coating of perovskite material to
enhance coverage and light harvesting efficiency,'
and act as a physical barrier to prevent the formation
of “shunt paths” by direct contact of the hole transport
material and electron selective layer.'® %2 We applied
in situ GIWAXS to study the structural evolution of
solution-processed CHsNHsPbls_,Cl, perovskite on
MBCP-AI,0; thin films during annealing in real time.

As mentioned earlier, we observed similar GIWAXS
patterns for the 20 and 40 wt % perovskite thin films
(Figure 1c,d). Here we chose to deposit a 20 wt %
perovskite precursor solution on the MBCP-AI,Os thin
film for isothermal-time-dependent (ITD) annealing in
air and nitrogen, respectively. The precursor solution
filled the interconnected mesopores and formed a
“wet capping layer” on the superstructure scaffold with
incomplete solvent removal. After deposition the sam-
ple was immediately loaded on a sample-stage held
at 100 °C. It should be noted that in this way the ITD
MBCP-AI,O; perovskite samples underwent an im-
mediate jump from ambient temperature to 100 °C.
GIWAXS measurements were collected in real time
over a dwell of 50 min. In the employed beam config-
uration, GIWAXS measured the perovskite material
within the MBCP-AI,O; scaffold and capping layer, as
the incidence angle of the incoming X-ray beam was
above the critical angle of the silicon substrate. In situ
2D GIWAXS profiles and azimuthally integrated inten-
sity plots of the ITD MBCP-Al,O3 perovskite structural
evolution in nitrogen and air, respectively, are shown in
Figure 3.

For the study of the ITD MBCP-AIl,O3 perovskite
behavior in nitrogen, the wet sample was loaded into
a custom-made environmental chamber on the heated
stage at 100 °C under flowing nitrogen.>® Under these
conditions, the wet sample exhibits multiple orders of
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Figure 3. 2D GIWAXS profiles for ITD annealing of MBCP-Al,O3 perovskite films at 100 °C in (a,b) nitrogen and (d,e) air
for different time points as indicated, together with (c,f) respective azimuthally integrated intensity plots. The dotted line at

g~ 11 nm~, dashed lineatg=10 nm™"

, and dash-dotted line at g = 9 nm~" denote the signature scattering peaks for the

crystalline precursor, perovskite, and Pbl, structures, respectively.

scattering rings in the GIWAXS profile (Figure 3a),
indicating the formation of crystalline material. Inter-
estingly, from the integrated intensity plots in
Figure 3¢, at short times (3 min time point) we observe
a distinct set of scattering peaks at lower g values
(<9 nm™") that are neither characteristic for CHsNHs|,
PbCl,, Pbl,, nor for the CHsNH3Pbls_,Cl, perovskite
structure. After 10 min the expected peaks for the
mixed halide perovskite are observed (compare
Figure 3c with Figure 1e). This observation suggests
the formation of a distinct crystalline structure, which
in the following discussion we will refer to as the
“crystalline precursor structure”. We assigned the peak
atg~ 11 nm™" as the signature scattering peak for this
crystalline precursor structure. Further investigation is
currently underway to identify the structure of this
crystalline precursor material. Somewhere between
3 and 10 min of annealing in nitrogen under the set
conditions, the film underwent a transition to form the
mixed halide perovskite structure, at which point the
intensity of the peak at g &~ 11 nm™" for the crystalline
precursor in Figure 3c vanishes. The film started to
degrade into Pbl, after about 20—30 min of annealing,
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as indicated by the appearance of a scattering peak at
g =9 nm~". The degradation may be attributed to the
presence of moisture in the chamber,'32%235%6 pyt
at this point X-ray beam induced damage cannot be
excluded either. For comparison, Figure 3b shows the
GIWAXS profile of the MBCP-Al, O3 perovskite film after
50 min annealing in nitrogen at 100 °C.

From the beginning of ITD annealing at 100 °Cin air,
we observe multiple orders of scattering rings in the
GIWAXS profile (Figure 3d), consistent with the rapid
formation of a polycrystalline perovskite phase in the
presence of MBCP-AI,Os. Figure 3f shows the azimuth-
ally integrated intensity plot of the ITD experiments in
air with the perovskite signature peak at g =10 nm™".
Within 10 min at 100 °C, the perovskite started to
degrade to Pbl, as signified by the new peak formed
atg=9nm™". The degradation is likely to initiate from
the perovskite film surface®® and may be attributed to
moisture in the air'>?>?>>* and X-ray beam induced
damage. Over the dwell of 50 min at 100 °C, the
scattering peaks remained in the same positions as
shown in Figure 3e,f, suggesting minimal reorientation
changes to the perovskite structure. Under air the
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Figure 4. 2D GIWAXS profiles for TTD annealing of MBCP-Al,O3 perovskite films in nitrogen after (a) 3, (b) 50, (c) 60, and (d)

120 min, together with (e) azimuthally integrated intensity plots. The dotted lineat g ~ 11 nm~', dashed lineatg=10nm~",

1

and dash-dotted line at g = 9 nm ' denote the signature scattering peaks for the crystalline precursor, perovskite, and Pbl,
structures, respectively. The difference in background brightness of the GIWAXS patterns is a shadow artifact of the

experimental setup.

perovskite structure already showed first indications
of degradation via the peak at g=9 nm ™' by the 10 min
time point. We suspect that the absence of the crystal-
line precursor structure may be due to a more rapid
transition in air as compared to nitrogen. We observe
similar behavior, ie., the absence of the crystall-
ine precursor for CHsNHsPbl;_,Cl, on a MBCP-TiO,
superstructure annealed in air, albeit with more
severe degradation into Pbl, (Figure S3, Supporting
Information).

To delineate how individual parameters contrib-
ute to the structural evolution of CH3NHsPbls_,Cl,
on MBCP-AI,O;, we conducted time—temperature-
dependent (TTD) GIWAXS measurements with a slow
temperature ramp applied to the wet MBCP-Al,O3
perovskite sample in nitrogen. To that end, 20 wt %

TAN ET AL.

precursor solution was deposited on the MBCP-Al,O5
thin film and loaded into the environmental chamber
held at 30 °C under flowing nitrogen. The temperature
of the heating stage was raised by 10 °Cat every 10 min
time interval. It took approximately 2—3 min for the
heated stage to reach the set temperature. Figure 4
displays four representative 2D GIWAXS profiles
(Figure 4a—d), while the integrated intensity plots
(Figure 4e) reveal the TTD structural evolution of the
MBCP-AI,O5 perovskite sample from 30 to 100 °C over
the dwell of 120 min.

At the beginning of the experiment, the crystalline
precursor was detected in the GIWAXS profile via
the peak at g & 11 nm™; see also GIWAXS pattern in
Figure 4a showing results for the 3 min (30 °C) time
point. At the 50 min time point (80 °C) a scattering ring
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Figure 5. Plan view SEM micrographs of perovskite crystallization in MBCP-Al,03 annealed under (a,b) ITD and (c,d) TTD
conditions in nitrogen. (e) Current density/voltage curves of best performing MBCP-AI,O; perovskite solar cells measured
under stimulated AM1.5 sunlight of 100 mW/cm? irradiation for different annealing conditions (ITD versus TTD).

appeared at g = 10 nm ™' (Figure 4b), indicating the
transition from the crystalline precursor to polycrystal-
line perovskite. This structural transition was com-
pleted at the 60 min time point (90 °C, Figure 4c),
similar to the 10 min time point for the ITD annealed
MBCP-AI,O5 perovskite at 100 °C in nitrogen (compare
with Figure 3c). Perovskite film degradation was ob-
served at the 70 min time point after the temperature
was raised to the final value of 100 °C, and progressed
until the final time point at 120 min (Figure 4d). Similar
to the ITD annealing in nitrogen, three distinct struc-
tures were identified during the TTD processing of
CHsNHsPbls_,Cl, in MBCP-AI,O5 superstructures: (1)
crystalline precursor, (2) perovskite, and (3) Pbl; as a
perovskite degradation product.

From the present and previous work, we conclude
that transitions between these different structures are
driven by a combination of annealing temperature,
environmental atmosphere and film thickness.?%2%2
A yet-to-be identified crystalline precursor structure
was observed upon spin coating the CHs;NH3Pbls_,Cl,
precursor solution on MBCP-AI,O3, and displayed
noteworthy thermal stability during the TTD ramp
annealing. We postulate that the crystalline precursor
undergoes a solid—solid phase transformation to the
3D perovskite structure at 80 °C. This transition occurs
relatively rapidly (<10 min) and is largely completed at
90 °C. To the best of our knowledge, this is the first
experimental observation of a transformation from a
crystalline precursor to the perovskite crystal structure
for methylammonium lead trihalide perovskite materi-
als, suggesting a phase transformation pathway con-
sistent with Ostwald's “Rule of Stages” in which a
metastable precursor is first formed, followed by trans-
formation into the more stable product.>>®°

We further note that macroscopic coverage of the
substrate with perovskite layers is largely affected by
the heat treatment profile. In plan view SEM images
(Figure S4a,b, Supporting Information) we observe
large (>2 um) perovskite crystallite islands and pores
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in the capping layer on MBCP-AIl,Os under ITD anneal-
ing conditions. In contrast, the discrete perovskite
islands and pores are on the submicrometer length
scale for the TTD annealed MBCP-AI,O5 perovskite film
shown in Figure S4d,e (Supporting Information). Since
the only difference in the heat treatment profile is
at the initial stage before perovskite formation, this
result suggests that the crystalline precursor coverage
and the subsequent phase transformation contributes
significantly to the final film coverage, which in turn
greatly affects device performance (vide infra).

MBCP-AI,0; Perovskite Solar Cell Performance. Figure 5
shows SEM images of MBCP-AI,O3 perovskite films
prepared from 40 wt % precursor solutions and an-
nealed either instantaneously at 100 °C (ITD), or with
a slow temperature ramp to 100 °C (TTD) in nitrogen.
While the crystallite domain sizes are very similar
for the ITD and TTD annealed films (Figure 5¢,d), the
capping film coverage is drastically different. Figure 5a
shows that large pores (>1 um) were formed in the
capping layer of the MBCP-AI,O; perovskite films
annealed instantly at 100 °C (ITD). In contrast, when
the MBCP-AI,O3 perovskite film was annealed with a
slow temperature ramp of 5 °C/5 min in nitrogen to
100 °C and held for 45 min at the final temperature
(TTD), significantly better perovskite film coverage was
achieved. The 40 wt % perovskite film morphology is
highly similar to the 20 wt % perovskite films (Figure 54,
Supporting Information). We hypothesize that the
crystalline precursor, which is present for a longer
dwell period during TTD annealing, promotes film
formation with fewer macroscopic defects than in ITD
annealed films.

We fabricated MBCP-AI,O; perovskite solar cells
annealed under ITD and TTD conditions (see Table S1,
Supporting Information). Comparing the best perform-
ing MBCP-AI,O3 perovskite solar cells in Figure 5e, the
values of short-circuit current density (Js¢), open-circuit
voltage (Voc), and fill factor (FF) of the TTD-N, device
increased by at least 15% relative to the ITD-air device.
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At the same time, the power conversion efficiency
increased from 5.2 to 8.3%. We attribute the device
performance improvement to the enhanced perovskite
film morphology and coverage, enabling more uniform
charge generation and collection, and reduced leakage
with fewer available shunt paths.'®2%26%7

CONCLUSION

In conclusion, we employed in situ 2D GIWAXS in
combination with SEM to follow the structural evolu-
tion of CH3NHsPbl;_,Cl, perovskite on mesoporous
block copolymer Al,O3 thin films under thermal an-
nealing. Solution-processed perovskite films under-
went transitions between three distinct crystalline
structures during thermal annealing: a crystalline pre-
cursor, a perovskite, and a degradation product in the
form of Pbl,. Finally, we demonstrated by annealing

METHODS

Materials. All materials were used as received. Anhydrous
grades of toluene, n-butanol, tetrahydrofuran, chloroform,
N,N-dimethylformamide and terpineol, 97% aluminum tri-sec-
butoxide, >97% titanium isopropoxide, 20 wt % aluminum
oxide nanoparticles in isopropanol (<50 nm, product number
702129), 57 wt % hydriodic acid in water, 33 wt % methylamine
solution in ethanol, and lead chloride were obtained from
Sigma-Aldrich. 70% nitric acid and 37% hydrochloric acid were
obtained from Mallinckrodt Baker and EMD Millipore, respec-
tively. 10 and 46 cP ethyl cellulose were obtained from TCl
America.

Mesoporous Block Copolymer-Directed Alumina (MBCP-Al,0;) and
Titania (MBCP-Ti0;) Films. MBCP-AI,O3 thin films were prepared
using 50 mg of poly(isoprene)-block-poly(styrene)-block-poly-
(ethylene oxide) (ISO, M,, = 38.3 kg/mol, with a polydispersity
index of 1.07 containing 68.4 wt % Pl and 18.0 wt % PS)
dissolved in 500 mg of toluene and n-butanol solvent mixture
(1:1, w/w). In a separate vial, 104 mg of 97% aluminum tri-sec-
butoxide, 478 mg of n-butanol, and 478 mg of toluene were
added sequentially. The white cloudy suspension was left
undisturbed for 15 min, followed by vigorous stirring for
30 min to allow homogenization. 55 uL of 70% nitric acid was
added, and the mixture was stirred overnight (>12 h). The
transparent alumina sol was added into the ISO solution and
stirred for 45 min. The 1ISO-Al,0; solution was processed by spin
coating on silicon at 2000 rpm (45 s) in a nitrogen drybox. The
MBCP-AI,O3 hybrid thin films were baked at 50 °C (2 h), 100 °C
(2 h), and 130 °C (2 h) sequentially in the drybox and calcined in
a tube furnace at 450 °C (3 h) with a ramp rate of 1 °C/min.

MBCP-TiO, thin films were prepared using a modified
method as described elsewhere.*® Briefly, 50 mg of I1SO was
dissolved in 1.35 g of tetrahydrofuran and chloroform solvent
mixture (4:5, w/w). In a separate vial, 53.9 uL of >97% titanium
isopropoxide, 16.8 uL of 37% HCl acid, and 216 uL of tetrahy-
drofuran were mixed and stirred vigorously. The yellow-colored
titania sol was added into the ISO solution and stirred for 45 min.
The ISO-TiO, solution was processed by spin coating on silicon
at 2000 rpm (45 s) in the drybox. The MBCP-TiO, hybrid thin
films were baked at 50 °C (2 h), 100 °C (2 h), and calcined in a
tube furnace at 450 °C (3 h) with a ramp rate of 1 °C/min.

Mesoporous Alumina Nanoparticle (NP) Films. Mesoporous Al,0O3
nanoparticle (NP) thin films were prepared as described
elsewhere."”®2° The binder-free mesoporous Al,0; NP film
was prepared by spin coating 6.67 wt % Al,O3 NPs in isopropa-
nol on silicon at 2500 rpm (60 s), and baked at 150 °C (1 h). The
2 wt % Al,O3 NP-binder paste was prepared by mixing 1 g of
Al,03 NPs, 3.33 g of terpineol, 1 g of 10 cP ethyl cellulose and 1 g
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the MBCP-AI,O; perovskite films with a well-controlled
temperature ramp in a dry environment that the
perovskite capping film coverage and the power con-
version efficiency of block copolymer-directed alumina
perovskite solar cells can be greatly improved. To
the best of our knowledge, the crystalline precursor
has not previously been described, and its exact
structure is currently unknown. We showed that
the evolution between these structures markedly de-
pends on the annealing conditions. A clear under-
standing of CH3;NH;PbX; wet solution processing
conditions in combination with bicontinuous BCP
gyroidal titania electrodes®”*® with an interconnect-
ing pore network may allow complete perovskite
infiltration, and enhance the photogenerated elec-
tron collection and transport for optimal solar cell
performance.2*32—34

of 46 cP ethyl cellulose in 43.67 g of isopropanol. The mixture
was stirred vigorously at 70 °C for 30 min. The mesoporous
AlL,O3 NP film with binder was prepared by spin coating
the Al,O; NP-binder mixture on silicon at 2500 rpm (60 s)
and calcined in a tube furnace at 500 °C (3 h) with a ramp rate
of 1 °C/min.

Mesoporous Alumina Thin Film Characterization. Scanning elec-
tron microscopy (SEM) images were acquired on Au—Pd coated
mesoporous alumina thin films using LEO 1550 and TESCAN
MIRA3-LM field emission SEMs equipped with in-lens detectors.
Atomic force microscopy (AFM) images were obtained on
a Veeco Multimode Il SPM with a Nanoscope Il controller
in tapping mode at ambient conditions. GISAXS was measured
at the G1 beamline of the Cornell High Energy Synchrotron
Source (CHESS). The G1 beamline setup consists of a multilayer
monochromator of wavelength 4 = 0.1225 nm with a CCD
area detector with a 71.73 um pixel size and a total of 1024 x
1024 pixels. The sample-to-detector distance was 2.745 m. The
incident angle of the beam was varied between 0.1° and 0.3°
with typical exposure times <2 s. GISAXS patterns were analyzed
with an in-house software®' and the FIT2D program.®

Wide-Angle X-ray Scattering Measurements of Methylammonium
Lead Tri-iodide/Chloride Hybrid Perovskite. Methylammonium iodide
(CH3NH;sl) was prepared using 57 wt % hydriodic acid (HI) in
water and 33 wt % methylamine solution (CH3NH) in ethanol as
reported elsewhere.'® 5-40 wt % of methylammonium iodide
(CH3NH;3l) and lead chloride (PbCl,) (3:1 by molarity) dissolved in
N,N-dimethylformamide was dispensed on the MBCP-Al,O3 and
flat glass coverslip substrates by spin coating at 3000 rpm (45 s)
in air. For ex situ measurements, the hybrid perovskite samples
were annealed by a slow temperature ramp of 10 °C/10 min
and held at 100 °C for 45 min in a nitrogen atmosphere. The
annealed perovskite films were carefully scratched from the
substrate and powdered for X-ray diffraction (XRD) analysis.
The XRD characterization was performed on a Rigaku Ultima IV
multipurpose X-ray diffraction system using Cu Ka radiation
(40kV, 44 mA, wavelength 1 =1.5418 A) and unit cell refinement
analysis with the MDI Jade 9 software.

For in situ GIWAXS measurements, after spin coating the
sample was immediately loaded on a temperature-controlled
stage at the D1 beamline of CHESS. The D1 beamline setup
consists of a multilayer monochromator of wavelength 4 =
0.1161 nm. GIWAXS patterns were collected on Fuji image
plates placed in a holder at a distance of 177 mm from the
sample. The incident beam angle was above the silicon critical
angle (~0.25°) with exposure times <5 s. The direct beam was
blocked with lead tape. The exposed plates were scanned for
digital processing with a GE Healthcare Typhoon FLA-7000
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image plate reader. Digital images were analyzed using the
FIT2D program.®? The resolution of the letter-sized image plate
is 2000 x 2500 pixels with a 100 um pixel size. The measure-
ments in nitrogen were conducted in a custom-made environ-
mental chamber mounted on the temperature-controlled
stage.*®

Isothermal-Time-Dependent (ITD) Perovskite Crystallization. A 20 wt %
precursor solution was dispensed on the MBCP-AI,O3 substrate
by spin coating and immediately loaded on the temperature-
stage held at 100 °C at the D1 beamline. GIWAXS measurements
were taken at different time intervals over a dwell of 50 min.
The measurements were conducted in ambient air and nitrogen.

Time—Temperature-Dependent (TTD) Perovskite Crystallization. A
20 wt % precursor solution was dispensed on the MBCP-Al,0O3
substrate by spin coating and loaded on the temperature-stage
held at 30 °C at the D1 beamline. The stage was slowly heated at
a ramp rate of 10 °C/10 min to the final temperature of 100 °C.
The MBCP-AIL, O3 perovskite sample was held at 100 °C for
60 min. The GIWAXS measurements were taken at different
time intervals in nitrogen.

MBCP-AL,0; Hybrid Perovskite Solar Cell Assembly. MBCP-AI,O5
perovskite solar cells (>20 cells for each annealing history) were
fabricated as reported elsewhere.'® Briefly, HCl-etched FTO
glass substrates were coated with a dense TiO, compact layer
prepared by spin coating a mildly HCl-acidified solution of
titanium isopropoxide in ethanol, and sintered at 500 °C for
45 min. The MBCP-AI,O5 hybrid films were prepared by spin
coating on the TiO,/FTO substrates at 2000 rpm (45 s). The
substrates were baked at 50 °C (2 h), 100 °C (2 h), and 130 °C
(2 h) sequentially in the drybox and calcined at 450 °C (3 h) with
a ramp rate of 1 °C/min.

A 40 wt % perovskite precursor solution was dispensed on
the MBCP-AI,O5 scaffold by spin coating at 2000 rpm (45 s).
For the ITD-air processed MBCP-AI,O5; perovskite solar cells,
the devices were fabricated in ambient air and heated in an
oven at 100 °C for 45 min. For the TTD-nitrogen processed
MBCP-AI,O3 perovskite solar cells, the devices were fabricated
in a nitrogen glovebox. After drying at ambient temperature
for at least 20 min, the samples were slowly heated on a hot
plate from ambient temperature to 100 °C ata ramp rate of 5 °C/
5 min, and held at 100 °C for 45 min. The electron blocking layer
was formed by spin coating 80 mM 2,2',7,7'-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) in
chlorobenzene solution with 68.3 mM tert-butylpyridine and
22.6 mM lithium bis(trifluoromethanesulfonyl)imide additives
(170 mg/mL in acetonitrile) and aged overnight in a desiccator
(in air). Silver contact electrodes of 150 nm were thermally
evaporated to complete the devices.

MBCP-AI,0; Hybrid Perovskite Solar Cell Characterization. More than
20 solar cells were measured for each annealing condition (ITD
versus TTD) with a Keithley 2400 under AM 1.5G 100 mW/cm?
simulated sunlight (Abet Technologies Sun 2000) calibrated
against an NREL certified KG5 filtered silicon reference diode.
The cells were masked with a square aperture defining an active
area of typically 0.07 cm? and measured in a light-tight sample
holder.
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