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High-Throughput Exploration of Triple-Cation Perovskites
via All-in-One Compositionally-Graded Films

Shahram Moradi, Soumya Kundu, Muhammad Awais, Yuki Haruta, Hai-Dang Nguyen,
Dongyang Zhang, Furui Tan, and Makhsud |. Saidaminov*

1. Introduction

Many devices heavily rely on combinatorial material optimization. However,

new material alloys are classically developed by studying only a fraction of
giant chemical space, while many intermediate compositions remain unmade
in light of the lack of methods to synthesize gapless material libraries. Here
report a high-throughput all-in-one material platform to obtain and study
compositionally-tunable alloys from solution is reported. This strategy is
applied to make all Cs,MA FA,Pbl; perovskite alloys (MA and FA stand for
methylammonium and formamidinium, respectively), in less than 10 min, on
a single film, on which 520 unique alloys are then studied. Through stability
mapping of all these alloys in air supersaturated with moisture, a range of
targeted perovskites are found, which are then chosen to make efficient and
stable solar cells in relaxed fabrication conditions, in ambient air. This
all-in-one platform provides access to an unprecedented library of
compositional space with no unmade alloys, and hence aids in a
comprehensive accelerated discovery of efficient energy materials.
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The progress of many important tech-
nologies such as solar cells, light-emitting
diodes, batteries, superconductors, and
thermoelectrics rely on how fast materi-
als are discovered or developed. Because
the best materials are often a blend of
multiple components, high-throughput
experimentations (HTEs),['**! both for
making and studying mixtures/alloys, have
recently gained major attention.?’ How-
ever, state-of-art HTEs are unfortunately
able to make only a fraction of possible
compositions and then employ machine
learning algorithms to extrapolate to un-
made compositional space.[?33] Being
able to make all possible alloys simul-
taneously, in one batch, would provide
access to unprecedentedly large material
libraries, but this remains a challenge.
One field which would benefit from
HTE is halide perovskites, a family of
semiconductors that offers an unusually
long charge-carrier diffusion length for solution-processed
materials.[**38] Halide perovskites hence were widely researched
for a range of optoelectronics. Particularly, perovskite solar cells
(PSCs)*%#21 showed unprecedented rapid progress, in large part
due to perovskite compositional engineering. For instance, for-
mamidinium lead triiodide (FAPDI;) perovskite is an important
photovoltaic absorber as it has an optimal bandgap of 1.5 eV;
but it unfortunately easily transforms to a different polymorph
with an undesired large bandgap of 2.5 eV. Stabilizing FAPbI,
by alloying with different cations and/or halogens led to record-
breaking PSCs.[*}] However, this process has hitherto relied on a
fragmentary approach, when only a fraction of enormous com-
positional space was made and studied. We recently reported
compositionally-graded films (CGFs) which provide a continu-
ous combinatorial combination of all potential binary alloys.[?] As
an example, we demonstrated CGF of MAPDbI; and MAPDbBr,.[*]
It is now essential to develop platforms that allow experimen-
tally exploring (making and studying) all multinary alloys, par-
ticularly due to further needs for commercially-relevant stable
perovskites.[5:6:27:30:44-49]

Here we report a strategic composition—integrated platform
where all possible ternary alloys can be obtained at once from
solution in less than 10 min. We apply our approach to make
Cs,MA FA, Pbl; perovskite alloys on a single film, on which

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Computing effective tolerance factor of triple cation perovskites. a) Schematic of perovskite cubic unit cell with ABX; composition; b) 1D

superlattice of ABX; with triple A-cations showcasing accumulated offset (A

cation perovskites for 0.88 < t.q < 1.

we then study 520 unique material compositions via a high-
throughput optical characterization tool. In situ stability map-
ping of all these alloys in a high-humidity environment allows
for finding a range of ternary perovskites that remain intact un-
der these harsh conditions. We observe the unique role of each
component—organic cations aid in stabilizing perovskite struc-
ture, while an inorganic cation (cesium)—in the crystallization of
pin-hole free films. With this accelerated material discovery plat-
form, we then make solar cells using perovskites from the de-
fined humidity-stable range and test the unencapsulated devices
at elevated temperatures. We reveal three distinct degradation
pathways in operational devices as a function of composition: 1)
mixed-halide mixed-cation PSCs degrade by losing photocurrent
and photovoltage; 2) single-halide organic-rich PSCs lose either
photocurrent or photovoltage; and 3) single-halide inorganic-rich
PSCs show the longest operational stability.

2. Results and Discussion

In a cubic perovskite structure of ABX,; composition, the lattice
parameter can be extracted from two Miller planes (Figure 1a):
from (200) plane in which case the unit cell (a,) is comprised
of two radii of B and X; and from (100) plane in which case the
unit cell (a,) is comprised of cathetus of the right-angle triangle
whose hypotenuse is comprised of two radii of A and X. The ratio
of a,/a,, known as Goldschmidt tolerance factor (t), should be
close to unity to form a stable perovskite with no/little structural
distortion.>%

We applied Goldschmidt’s theory to assess the structural
stability of iodide triple-A—cation perovskites, Cs,MA FA,Pbl;,
where x + y + z = 1. Note that we did not consider mixed halides,
as they are known,[* also shown below, to be prone to phase
segregation. If the ternary perovskite is represented as a 1D su-
perlattice of N = n, + n, + n, unit cells (Figure 1b), where
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=|a, — a;]); ¢) computed effective Goldschmidt tolerance factor for triple

ny, 1,, and n, define the ratio of A-site cations (x = n;/N,y =
n,/N,z = ny/N), then the effective tolerance factor is t4 =
(n,a, + nya, + n3a))/Na,, where a,, a,, and a) are (100) lattice
constants with Cs, MA, and FA, respectively (Note S1, Supporting
Information). Taking t.¢ > 0.88 as a criterion to form a stable cu-
bic perovskite structure,5!l we defined the compositional range
of Cs,MA,FA,Pbl; tobe 0 <x<02,0<y<l,and0<z<1
(Figure 1c).

We then sought to synthesize the ternary alloys of the de-
fined compositional range. Making them by traditional “frag-
mentary” approach would not only be time-consuming (e.g., 10
compositions only for 10% increments), but would also miss
many intermediate compositions. We recently demonstrated a
high-throughput approach to synthesize all possible binary alloys
on a single thin film, which we termed compositionally-graded
film (CGF),I*] via in situ compositional change of deposition ink.
However, our original CGF approach was limited to only binary
systems.

We hence upgraded our approach to be able to achieve ternary
CGF (t-CGF) by coating gradient films of three ingredients se-
quentially, but with varying gradient directions (Figure 2a). We
fabricated individual graded films by slot-die coating (Note S2,
Supporting Information). To achieve t-CGFs, we deposited three
layers sequentially, on top of each other, with varying thicknesses
to cover the entire compositional space with asymmetric combi-
natorial ratios (Note S3 and Figure S1, Supporting Information).

We fabricated the t-CGF on a substrate of 130 cm? area (5 cm
width and 26 cm length). Figure 2b provides the detailed three-
step fabrication conditions of Cs,MA,FA,Pbl; t-CGFs. First,
CsPbl, film was deposited by a tilted slot-die head to achieve
a thickness gradient across the width of the substrate (Figure
S2a,b, Supporting Information). MAPbI, was then deposited on
top of CsPbl, film by an in situ decrease of ink concentration
to achieve a thickness gradient across the length of the substrate

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Fabrication of Cs,MA,FA,Pbl; t-CGFs. a) Schematic of sequential deposition of three layers by slot-die coating, and robotized high-throughput
screening by an optical spectrometer. b) Three steps of synthesizing t-CGFs; the first layer is made by a tilted slot-die head with one pump profile to form
a gradient of CsPbl; across the width of the substrate; the second and third layers are deposited by the straight slot-die head with two pump profiles
to deposit gradient films of MAPbI; and FAPbI;, respectively, across the length of the substrate; coating of subsequent layers dissolve previous one(s)
and recrystallizing into new perovskite compositions. c) Absorption spectra after each step of fabrication. d) Variation of normalized absorbance as a
function of wavelength across the film for three sequential layers. e) Normalized absorbance to global maximum showcasing gradient thickness; the
gray color of the surface shows standard deviation across the film.

(Figure S2c,d, Supporting Information). Finally, FAPDI, film was  ery 0.25 cm?* segment of the substrate, which sums up to 520 lo-
deposited on top of CsPbl,/MAPbDI, sandwich film, but its thick-  cations (130/0.25 cm?, i.e., 52 in length X 10 in width). We used
ness gradient was opposite to MAPDI,. a robotic arm and a reflection probe of a spectrometer to collect

To assess the capability of our approach in the fabrication of  all spectra in 10 min (Figure S3 and Movie S1, Supporting In-
thickness-graded films, we measured absorption spectra for ev-  formation). Since absorbance directly depends on the absorber’s
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Figure 3. Stability test of Cs,MA, FA,Pbl; t-CGF. a) Image of fresh t-CGF of Cs,MA, FA,Pbl;. b) Image of the same t-CGF aged for 92 days under 99%
relative humidity; the dashed rectangle shows an area that experienced no/little color change. c) Bandgap of fresh t-CGF. d) Urbach energy of fresh
t-CGF. e) Absorbance of fresh t-CGF. f) Ratio of absorbance values of the aged film to fresh film at 784 nm for 520 locations (compositions).

thickness (Beer—Lambert law), we used absorbance value (A) to
estimate the spatial thickness of films for each deposited layer.

Figure 2c shows the absorption spectra for each layer at 520 lo-
cations. From the maximum variance of absorbance as a function
of wavelength, S(4), along the t-CGF (Note S4, Supporting Infor-
mation), we found photon wavelength that exhibits the highest
sensitivity to the absorber’s thickness (Figure 2d). The S(4) shows
a clear red-shift by adding each layer indicating successful alloy-
ing of compositions in each deposition step. We used the maxi-
mum S(A) value to map thickness-gradient along and across the
fabricated t-CGF in each step (Figure 2e). We indeed found that
all three layers (CsPbl,;, MAPbI;, and FAPbI,) were deposited in
a gradient fashion with a low standard deviation of ¢ < 1072 of
relative absorbance (Figure 2e) that guarantees alloying of all de-
signed combinatorial ratios.

The exact composition of Cs, MA, FA,Pbl; in a specific location
of t-CGF can be determined from its spatial coordinates (just like
the coordinates can be calculated from the given composition, as
discussed in Note S1, Supporting Information). But we sought
to validate the compositional distribution of the Cs,MA FA,Pbl,
t-CGF by conventional analytical methods (Note S5, Supporting
Information). The ratios of organic and inorganic ions, identified
by NMR and EDX, from multiple locations, show an expected
trend in compositional change (Figures S4 and S5, Supporting
Information). Relatively large offset of NMR values is because
of the film’s large area of 2.5 X 2.5 cm? we had to scratch to
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perform this analysis. Powder XRD shows single peaks corre-
sponding to the perovskite phase indicating the successful for-
mation of alloys (Figure S6a—c, Supporting Information), rather
than multi-layered structures in which case one would expect to
observe multiple perovskite diffraction peaks. We thus conclude
that each subsequent slot-die-coating dissolved the previous lay-
ers and crystallized as a new alloy:

2: MAPbIy)

1 ‘APbIy
CsPbly — CsPbly  —

3: F.
Cs,MA Pblyy — — Cs,MAFA Pbly, (1)

where | and s stand for the solution and solid, respectively.

Powder XRD spectra show shrinkage of the crystal lattice pa-
rameters from FA-rich perovskite to Cs and MA-rich perovskites,
again indicating the successful formation of ternary gradient film
(Figure S6d, Supporting Information). In addition, the full-width
at half maxima of XRD peaks indicate that the Cs-rich films
are made of larger crystallites (Figure S6d, Supporting Informa-
tion); this observation is further supported by surface scanning
electron microscopy (SEM) images of Cs-less and Cs-containing
perovskite films (Figure S7, Supporting Information). The addi-
tion of Cs leads to seeded crystallization, resulting in the forma-
tion of larger grains that offer improved stability against external
factors.[>2!

Figure 3a,b shows the fresh +-CGF of Cs,MA FA Pbl;, and
the same after it was aged at 99% relative humidity for 92 days,

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Operational stability of ternary perovskite solar cells. a) Evolution of current-voltage characteristics of perovskite solar cells in ambient air
at ~57% RH at 60 °C without encapsulation. b) Selected compositions from the stable region in the ternary diagram. c) Loss of short circuit current
density (Jsc), and d) open circuit voltage (V) as a function of perovskite composition within % h of test in ambient air at x57% RH at 60 °C without

encapsulation.

respectively. The t-CGFs provide an unprecedented dense li-
brary to study the properties and stability of alloys, unlike con-
ventional approaches, which study only a fragment of possible
compositions. We measured the bandgap and Urbach energy of
fresh Cs,MA FA,Pbl; alloys at 520 locations (Figure 3c,d). The
bandgap, as expected, increased from ~1.50 (eV) for FA-rich per-
ovskite to #1.61 (eV) for MA- and Cs-rich perovskite. All studied
Cs,MA FA,PbI; alloys, when fresh, show a relatively small Ur-
bach energy of 19 + 2 meV demonstrating low energy disorder
and hence can be used to make performing cells.l>*>*

The humidity stress discolored a major portion of the t-
CGF, while only its small area remained black (Figure 3b). To
quantify the stability of ternary alloys, we measured absorbance
(Figure 3e) of the fresh and aged t-CGF, and then looked at the
ratio of absorbance values at 784 nm; in this analysis, more devia-
tion of this ratio from the unity means more change or instability
of the composition. The stable range shown in Figure 3b, when
decoded to composition (Note S1, Supporting Information), is
made of Cs, MA FA,Pbl; with x < 0.1;0.1 <y < 0.25;0.75 <z <
0.9 (Figure 3f), with near-unity tolerance factor (Figure 1c). Figure
S8, Supporting Information, shows the optoelectronic properties
of the t-CGF in the real space on the substrate. We re-synthesized
this stable range again and indeed confirmed that this combina-
tional range remained black when exposed to identical humidity
stress (Figure S9, Supporting Information).

Inspired by this finding of a range of stable ternary per-
ovskites, we fabricated solar cells in a conventional architec-
ture (Glass/ITO/SnO, /Perovskite/Spiro-OMeTAD/Au) in ambi-
ent air. We chose three types of mono-halide perovskites from
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the defined stable range, which we name FA-, MA-, and Cs-
rich regions (exact compositions are shown in Figure 4 and
Figure S10, Supporting Information). Our champion device
showed 22.2% power conversion efficiency (Figure S11, Sup-
porting Information) with Js of 24.7 mA cm™2, V of 1.14 V,
and a FF of 79%,; further optimizations (e.g., device architec-
ture, selective carrier transport materials, and interface engi-
neering), not the subject of this study, may lead to higher
efficiencies. Although this study is focused on single-halide
perovskites, we also fabricated mixed-halide perovskite solar
cells (Csy isMA 15sFA, ¢ PbL, < Bty 45 )[**Iwhich we recently demon-
strated to operate over 500 h at maximum power point at room
temperature when encapsulated.

To study the stability of PSCs, we measured their current—
voltage characteristics in ambient air at ~#57% RH at 60 °C with-
out encapsulation. These conditions represent accelerated tests
by a factor of ~10* compared to encapsulated devices tested
with no heating stress (Figure S12, Supporting Information).
Then we conducted operational stability test by tracking maxi-
mum power point operation for unencapsulated solar cell de-
vices at 60 °C (Figure S12, Supporting Information). MA-rich
perovskites experience rapid loss of - due to the loss of MA
(Figure 4a), while FA-rich perovskites experience a rapid loss of
Voc due to polymorphism of FA-rich perovskites (Figure 4a).
Cs-containing perovskites, among all, show the least loss in
all photovoltaic parameters (Figure 4a) likely due to improved
morphology of perovskites (Figure S7, Supporting Information).
We further fabricated PSCs from six locations of the defined
stable region of ternary perovskites (Figure S10, Supporting
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Information). Figure 4c,d, and Figure S12, Supporting Informa-
tion, show the trends as a function of composition, based on
which we conclude that Jq. loss can be minimized with the in-
crease of FA and Cs components, while the presence of the opti-
mum amount of MA is needed to minimize the V. loss.

3. Conclusion

Compositional engineering is arguably a key knob in developing
new materials. We reported a strategy for the synthesis of all pos-
sible ternary compositions. Applying our platform to halide per-
ovskites, we showed a range of perovskite compositions that re-
mained stable in moisture-supersaturated air and demonstrated
their use in fabricating perovskite solar cells in ambient condi-
tions. These compositions can be promising candidates for the
commercialization of PSCs because they can be fabricated in re-
laxed conditions; and can be easily upscaled as they were made
by a commercially-relevant slot-die coating method (Figure S13,
Supporting Information). While we demonstrated the use of t-
CGFs for a comprehensive exploration of ternary perovskites,
this approach can be adopted for any other mixtures that can be
solution-processed.

4. Experimental Section

Materials:  Cesium iodide (Csl, >99.99%), N,N-dimethyl formamide
(DMF, 99.5%), dimethylsulfoxide (DMSO, 99.5%), chlorobenzene
(99.5%), and acetonitrile (>99.9%), bis(trifluoromethane)sulfonimide
lithium salt (Li-TFSI 99.95%) and cobalt salt (FK 209 Co(lll) TFSI) were
purchased from MiliporeSigma. Formamidinium iodide (FAI, >99.99%),
and methylammonium iodide (MAI, >99.99%) were purchased from
Greatcell Solar Materials. Lead(ll) iodide (Pbl,, 99.99%) was purchased
from TCI Chemicals. Tin (V) oxide (SnO,) 15% in H,0 colloidal disper-
sion solution was purchased from the Alfa Aesar. Sprio-OMeTAD was
purchased from Xi’an Polymer Light Technology Co., Ltd.

Ternary CGF Fabrication: Perovskite inks were made by dissolving
MAL, FAI, Csl, and Pbl, in DMF and DMSO with the ratio of (4:1) to pre-
pare 1.4, 0.7, and 0.28 ™ solutions of FAPbl;, MAPbI;, and CsPbl;, re-
spectively. Slot-die coating was performed on InfinityPV Research Labo-
ratory Coater following profiles shown in Supporting Information. CsPbl;
was deposited using one pump with a tilted head; first, the dead volume
and the reservoir were filled, and then the film was deposited at a small
speed. MAPbI; and FAPbI; were deposited in gradient thickness using
two pumps. The dead volumes (from syringes to the end of the T junc-
tion) were filled with inks at a speed of 0.01 mL min~, and then the T
junction was attached to the slot-die head. The time required to fill the
slot-die head until the appearance of ink at the tip of the head at a speed
of 0.3 mL min~! was measured to be 56 s. Then the first ink supply was
paused, but the second string containing DMF and DMSO with a 4:1 ratio
was pumped at the same speed of 0.3 mL min~!. The speed of the moving
head along the 260 mm was installed to be 260 mm/56 s = 4.64 mm s~
to be able to linearly dilute the stored ink in the reservoir. MAPbl; and
FAPbl; were deposited in opposite directions. The first and second layers
were fabricated at 70 °C; the final layer was deposited at 140 °C.

PSC Fabrication: The UV—ozone treated glass/ITO substrates were
coated with SnO, by dropping 60 pL of mixed SnO,:H,0 (1:6). 6 mL
deionized (DI) water and 1 mL of SnO, 15% in H,O colloidal dispersion
nanoparticles were used and then sonicated for 30 min and filtered with
0.45 um polyvinylidene difluoride syringe filter before deposition. 60 pL of
the prepared tin oxide solution was dropped and spin coated for 1 min
with 3000 r.p.m. and the process was repeated twice. Then the substrate
was annealed at 140 °C for 20 min and treated with UV-ozone for 15 min.
Perovskite solution was prepared by dissolving T molar mass of combina-
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torial ratios of Csl, MAI, FAI, and Pbl, in 0.666 mL of DMF:DMSO with the
ratio of 1:10. Then 90 uL of mixed-cation, single-halide perovskite (1.5 m)
in the ambient air was deposited by a spinner at 500 r.p.m. for 5s, 1000
r.p.m. for 5s, and 4500 r.p.m. for the 30s. During the last step, 500 uL of
chlorobenzene was dropped on the film at the 30 s, followed by annealing
at 140 °C for 10 min. Spiro-OMeTAD solution was prepared by dissolv-
ing 0.1 g of spiro-OMeTAD powder in 1.1 mL of chlorobenzene, 0.039 mL
of tBP, 0.023 mL of Li-TFSI (dissolved in acetonitrile, 540 mg mL™'), and
0.01 mL of Co-complex (dissolved in acetonitrile, 376 mg mL™") solution.
Then 60 uL Spiro-OMeTAD was dynamically spin-coated for the 30 s. Fi-
nally, 70 nm gold was thermally evaporated (Angstrom Engineering). All
the solutions, that is, perovskite, and spiro-OMeTAD were filtered with
0.22 pum polytetrafluoroethylene syringe filter.

Characterization: ~Optical characterization was carried out via a UV-vis
AVENTES spectrometer (AvaSpec-ULS2048CL-EVO-RS) in the reflection
mode. The absorption spectra of the gradient film were recorded in the
wavelength range of 500-900 nm in ambient temperature every 150 ms.
The probe of the spectrometer was attached to a robot arm. The movie
shows the automating paths using Dorna 2 robotic arm (Dorna robotics)
to the acquisition of ternary CGF’s optical properties. The samples were
aged in a humid chamber—a transparent glass box with a humidity sensor
and a container of water. For XRD measurement, PANalytical Empyrean
system using a Cu source (K,, 1.5406 A) was used. Perovskite solar cells
were fabricated in ambient air. SEM images were obtained with a Hitachi S-
4800 FESEM. Photovoltaic parameters were measured with Newport Oriel
Sol-3A (class AAA) solar simulator at standard 1.5 A.M. Solar irradiance
and data were recorded with Ossila source meter by scanning the cell
from —0.17to 1.2 V. For operational stability measurements, perovskite so-
lar cells were placed in LED simulator and data was recorded with Ossila
source meter.
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Supporting Information is available from the Wiley Online Library or from
the author.
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