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High-throughput exploration of halide perovskite
compositionally-graded films and degradation
mechanisms
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The conventional approach to search for new materials is to synthesize a limited number of

candidates. However, this approach might delay or prevent the discovery of better-

performing materials due to the narrow composition space explored. Here, we fabricate

binary alloy films with a composition gradient in a single shot in less than one minute. We

apply this approach to study the stability of halide perovskites. We synthesize all possible

binary compositions from MAPbI3 and MAPbBr3 and then study their optical properties,

structure, and environmental stability in a high-throughput manner. We find that perovskite

alloys experience three different degradation mechanisms depending on halogen content:

bromine-rich perovskites degrade by hydration, iodine-rich perovskites by the loss of the

organic component, and all other intermediate alloys by phase segregation. The proposed

method offers an avenue for discovering new materials and processing parameters for a wide

range of applications that rely on compositional engineering.
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Novel material compositions are always sought after to
achieve new benchmarks in photovoltaics1,2,
thermoelectrics3, piezoelectrics4, catalysis5, batteries6,

superconductors7, magnetism8, pharmaceuticals9, lasers, light-
emission-diods10, and other fields. Materials science has hitherto
mainly relied on a “trial-and-error” approach that led to many
important—but primarily serendipitous—discoveries of new
materials or processing parameters11. For instance, NiTi shape
memory alloy is one example of serendipitous discovery12. A
more recent example is the discovery of a noble metal-free
nanoparticulate electrocatalyst, CrMnFeCoNi, with catalytic
activity for the oxygen reduction reaction13. Given that the
number of potential compounds rises exponentially in multi-
atom mixtures, there is a need for a more efficient and systematic
search for new materials14–21.

High-throughput methods22,23 are developed to accelerate the
discovery of materials by searching through ever-increasing vast
space of multi-atom compositions24. In addition, high-
throughput approaches provide access to big data that is now
being used to train machine-learning algorithms25, which predict
and sometimes make new materials26. In both high-throughput
and machine-learning-assisted search, the output heavily relies on
the number of available data sets27,28. Figure 1a depicts a com-
mon strategy in conventional high-throughput methods for
compositional engineering29, when several compositions are
combinatorially prepared and studied. However, this ‘fragmented
approach’ provides discrete data sets30, which, unfortunately,
misses most of the compositions in between to form a complete
experimental data set. Therefore, there is a significant need for a
comprehensive method of fabrication of multinary phases to
search for new compositions in a systematic manner31–35.

Here we show an approach for a synthesis of all possible phases
in binary systems in one shot. We achieve this by developing a
strategy for the fabrication of compositionally-graded films (CGFs),
where the film starts with one composition and gradually transi-
tions to another through alloying. We apply our strategy to study a
binary system of MAPbI3 and MAPbBr3 perovskites, a promising
and fast-growing class of semiconductors for optoelectronics. In
particular, perovskite solar cells’ recently achieved 25.7% power
conversion efficiency36 in large is due to compositional engineering.
Using our method, we prepare hundreds of perovskite alloys in
<1min, then study their optical and structural stability in a high-
throughput manner and report compositionally stable alloy regions.

Results and discussion
We chose a slot-die coating method to fabricate CGFs. This
method is promising for roll-to-roll fabrication and commercia-
lization of solution-processed materials, including polymer and
perovskite solar cells and light-emitting diodes17,32,33,37. There-
fore, using slot-die coating will allow simultaneous optimization
of processing parameters to develop device-integrable thin films.

The slot-die coating method uses a pump to supply a solution
to a slot-die head that prints material on a substrate. We added a
second pump and connected the outputs of the two solution
supplies (Fig. 1b) using a unidirectional Y junction. The liquid
mixture then flows into a slot-die head reservoir where it
experiences a sudden change in cross-section area and shape
(from circular to truncated cylinder), leading to proper mixing38.

We first programmed one pump to decrease its solution supply
gradually while the other pump—to increase it. However, this
approach led to nonlinear and discontinuous gradient films due
to the delayed arrival of second ink as it starts at a low speed. We
then alternated ink supply using the slot-die coating profile
depicted in Supplementary Fig. 1. After filling the slot-die head
with one ink, we stopped its supply and started supplying the
second ink at high speed, simultaneously moving the slot-die
along the substrate. This alternated ink supply approach allowed
for in situ mixing of two solutions and in situ gradient change of
final solution composition and enabled the fabrication of CGFs,
as we show below.

Figure 2a, b shows top- and side-views of CGF prepared from
MAPbBr3 and MAPbI3 solutions on a 28 cm long substrate fab-
ricated within <1 min. The visual appearance of the film, i.e.,
continuous yellow to black transition through the film, indicates
that the film is made of MAPbBr3 and MAPbI3 at l= 0 and
l= 28 cm, respectively, and all possible MAPb(IxBr1-x)3 alloys
while moving through the length of the film from one side to
another.

To validate the gradient nature of the CGF, we measured the
absorption bandgap along the center of the film. We used a
robotic arm to slide a spectrometer’s reflection probe to measure
CGF’s optical property in equally-spaced 215 locations along the
center of the film (Supplementary Fig. 2 and Supplementary
Movie 1). We then processed the data using MATLAB code
(Supplementary Data 1) to compute the Tauc plot and the
bandgaps (Fig. 2d, e). The bandgaps of the CGF indeed gradually
decrease from 2.23 to 1.62 eV while moving from l= 0 to

Fig. 1 Schematic of approaches for material composition optimization. a Conventional approach to fabricate a limited number of compositions.
b Fabrication of compositionally-graded films (CGFs) that include all possible phases from binary systems in one shot.
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l= 28 (cm), validating the successful formation of all alloys on a
single film. Raw absorption figures are shown in Supplementary
Fig. 3.

Next, we measured photoluminescence (PL) of the CGF using
the same optical probe (raw figures are shown in Supplementary
Fig. 4). We then processed the data using MATLAB code (Sup-
plementary Data 2) to normalize the PL spectra (Fig. 2f) and
calculate the PL bandgaps (Fig. 2g). As expected, the PL bandgaps
of the CGF follow the absorption bandgap trend (Fig. 2g, f).

Supplementary Fig. 4 shows raw PL data and extracted PL
intensity and the full-width at half-maximum (FWHM) of the
CGF. The bromide (x < 0.15) and iodide-dominant (x > 0.7)
regions show excellent PL color purity with FWHM of <40 nm,
while MAPb(IxBr1-x)3 alloys demonstrate significantly broad
FWHM exceeding 50 nm, likely due to phase segregation34,35,39.
The bromine-dominant perovskite region along the film shows
strong PL peaks, in line with the recent findings of impressive
green-emitting Br-rich perovskites40.

We also performed micro-X-ray diffraction (mXRD) (Fig. 3b)
to gain insights into the structural evolution of the CGF along the
film. The first-order reflection of (001) planes has gradually
shifted to lower diffraction angles (larger unit cell parameters),
with the increase of l indicating of successful formation of solid
MAPb(IxBr1-x)3 alloys along the film41.

To quantify film heterogeneity across the width of the CGF, we
measured the absorption, and PL bandgaps along 11 parallel lines

distanced 1 mm from one another using the robotic arm. We then
normalized the bandgaps to the center of the CGF and show thus-
obtained color maps in Fig. 2c. The figures demonstrate excellent
homogeneity of the CGFs across the film (width); heterogeneity
does not exceed ±8.5% and is mainly located at the edges of the
film, likely due to the delayed exit of the ink from the sides of the
slot-die head (positive heterogeneity values) or advanced release
of ink due to roughness of the substrate (negative heterogeneity
values).

The stability of halide perovskites is the subject of ongoing
investigations. Compositional engineering, including I-Br alloy-
ing, has been an efficient method of addressing this issue. Taking
advantage of all possible alloys on our CGF, we used it to study
the stability of perovskite alloys. We aged the perovskite CGF at
30–40% relative humidity at room temperature, and regularly
measured absorption, PL, and mXRD (Supplementary Figs. 3–5).
To quantify the change by aging, we normalized the extracted
values such as bandgap and lattice parameters of the aged film to
those of fresh film (Supplementary Fig. 6) in the same location. In
this representation, any inclination from 1 in the figures would
indicate degradation. Figure 3a compares fresh CGF with the
aged one, demonstrating a significant visual color change in most
parts of the film, except in the Br-rich region at x < 0.2; this agrees
with optical and structural characterization results that show
Br-rich regions experience the lowest degree of degradation
(Supplementary Fig. 6).

Fig. 2 Characterization of CGFs. a Side-view and b top-view of CGF. c Quantification of heterogeneity across the width of the CGF by normalizing
absorption and photoluminescence bandgaps to the center of the CGF. d Normalized absorption Tauc plots of fresh CGF and e extracted absorption
bandgaps for 215 locations. f Normalized photoluminescence spectra of fresh CGF and g extracted PL bandgaps for 215 locations.
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Global inspection of mXRD spectra (Fig. 3b) indicates three
degradation regimes in MAPb(IxBr1-x)3 alloys as a function of
composition. In the Br-rich region with x ≤ 0.1, degradation is
mainly due to hydration and formation of hydrated PbBr2 and
MAPbBr3 (corresponding changes are shown in Fig. 3b)42,43. In
the iodide-rich region with x ≥ 0.9, decomposition is mainly due
to loss of the MAI and significant release of PbI2 (a sharp increase
of PbI2 peak). In MAPb(IxBr1-x)3 alloys with 0.1 < x < 0.9,
degradation mostly occurs through segregation to Br-rich per-
ovskite (shift of perovskite peak to higher diffraction angles in
Fig. 3b) and MA4PbI6*2H2O and PbI244. This, to the best of our
knowledge, is the first observation of multiple degradation modes
in I-Br halide perovskite alloys45.

Conclusion
In summary, we demonstrated a strategy for the fabrication of
compositionally-graded films, a method that allows synthesizing
all possible phases from binary systems in one shot. To exemplify
the use of this method, we applied it to find stable regions in
MAPb(IxBr1-x)3 compositions. This method can be used to search
processing conditions and novel materials for batteries, catalysis,
superconductors, and other fields, where compositional engi-
neering plays a pivotal role. In Supplementary Fig. 7, we show
CuBrxCl1-x CGF, which can be used to optimize Cu catalyst for
CO2 electroreduction. The approach detailed in this work pro-
vides access to the gap-free database of binary materials enabling
efficient and accurate machine-learning guided discovery of
materials.

Methods
Materials and fabrication. MABr and MAI were purchased from Greatcell Solar.
PbI2, PbBr2, and DMF were purchased from MilliporeSigma. All chemicals and
solvents were used without any further modification. Perovskites inks were made
by dissolving methylammonium halides CH3NH3X (X= Br or I) and PbX2 in
dimethylformamide (DMF) to prepare 1 M solutions.

Slot-die coating profile of CGFs is shown in Supplementary Fig. 1. Two
solutions were placed in two Research Laboratory Coater (RLC) of infinityPV ApS

slot-die coater pumps. First, the dead volumes (from syringes till the end of the Y
junction) were filled with inks at a speed of 0.05 ml/min, and then Y junction was
attached to the slot-die head. Second, the slot-die head was filled with one ink until
the ink appeared at the tip of the head at a speed of 0.24 ml/min. Third, the first ink
supply is stopped, but the second ink is pumped at 0.3 ml/min speed
simultaneously depositing the solution on the substrate. The mixed solution was
deposited on a glass substrate placed on a hot plate with a fixed temperature of
140 °C. Supplementary Movie 1 shows the appearance of fabricated CGF.

Characterization. The gradient film measurements of all compositions were car-
ried 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 500–780 (nm) at the ambient temperature with an auto-
saving option every 200 (ms) while moving the reflection probe through the gra-
dient film. Using the same spectrometer in the reflection mode ranging from 500 to
780 nm, we measured the photoluminescence (PL) peaks in a dark room every 2 s.
Dorna 2 robotic arm (Dorna robotics) was used to automate the process of
acquisition of CGF’s optical properties (Supplementary Movie 1). For mXRD
measurement, PANalytical Empyrean system using a Cu source (Kα= 1.5406 Å)
was used. The data were collected in a high-throughput manner using a SAXS stage
and PIXcel2D detector.

Data availability
The data sets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Code availability
The codes used in this study are attached as Supplementary Data 1 and Supplementary
Data 2.
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