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Abstract: We report on the use of open-air blade-coating as a scalable method for producing
metal halide perovskite films with >10x fracture energy for durability and mechanical stability
through the addition of corn starch polymer additives. This results in a manufacturable and
robust perovskite that has tunable thicknesses exceeding 10 um, among the highest reported
values for solution-processed polycrystalline films. We find that an increasing amount of starch
causes more uniform carbon distribution within the perovskite thickness as quantified by
cross-sectional elemental composition measurements. Further, the incorporation of starch
introduces beneficial compressive film stresses. Importantly, the optoelectronic behavior is not
compromised, as the photoluminescence spectrum becomes more homogenous with the
addition of corn starch up to 20% by weight.
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1. Introduction

Up until recently, the mechanical properties and durability of perovskites were
long disregarded. Many recent studies have focused on strain engineering



perovskites to reduce internal degradation and improve optoelectronic properties.
The fracture energy (Gc) is now being studied more commonly to better understand
the mechanical properties of Perovskite Solar Cells (PSCs) and perovskite films [1-
10]. The fracture energy, G, is the strain energy per unit area that is required to
generate a crack through a material and quantifies the robustness or durability of
materials. Gc is dependent on two processes: plastic deformation and atomic bond
breakage. Within materials that are plastically deformable, the energy to break their
atomic bonds is generally much lower than the energy needed for plastic
deformation. However, due to their fragile and brittle nature, the G. of perovskites is
largely due to atomic bond breakage. In fact, perovskites have such weak ionic
bonding that their Gc is often comparable to table salt. Furthermore, the thin film
layers that make up PSCs—including the perovskite itself —are susceptible to high
stresses and strain-induced delamination [11]. This is due to the weak, low-adhesion
bonds between the layers, especially when small molecules are involved such as
fullerenes. The stresses and weak bonds within the films can eventually lead to
fracture and layer delamination within the material. Fracturing and delamination of
PSCs can further damage the device and accelerate environmental degradation by
allowing moisture and loss of the organic cations in the perovskite structure.
Accelerated degradation caused by fracture and delamination can result in the loss of
ohmic contact, leading to compromises in power conversion efficiency (PCE) and
device failure.

PSCs have quickly developed over the last 10-15 years. They have improved from
a 3.8% record PCE to >25% record PCE in just over a decade [12-15]. Yet, PSCs are
currently not competitive with their silicon alternatives when it comes to their long-
term operational stability. Past studies have found that the fracture energy of PSCs
are consistently < 1.5 J/m?, while c-5i cells are ~ 10-200 J/m?2 [11]. The robust covalent
bonds between silicon atoms enable higher toughness, leading to > 25-year
operational lifetimes above 80% of their initial performance [16]. Investigating the
fracture energy of perovskite is therefore significant to increase their operational
longevity.

Along with operational longevity, scaling PSC manufacturing is another
important factor for the future of these devices. Currently, different film fabrication
techniques are used between lab and industry, with no dominant method emerging
for long-term scaled perovskite manufacturing [17]. Spin coating is a film fabrication
technique that has been widely used to create uniformly dense and stable perovskite
films but is restricted to the physical substrate size [18]. Other fabrication methods
such as blade-coating and slot die coating are particularly promising due to their
ability to be done in the open air on flexible substrates, affordability, and industrial
scalability [19,20]. However, this comes with the challenge of controlling film
crystallization since the use of an antisolvent is challenging. There are many studies
which have discussed solvent engineering and quenching approaches to enable PSCs
with blade-coating and the similarly designed slot-die coating technique [21-23].

Additive engineering is a method that can be used to improve both the
robustness and scalability of perovskite. The addition of starch additives to
perovskite also aids in the fabrication of a film with controlled crystallization in a
single anti-solvent-free and quench-free step using blade-coating. The incorporation
of polymer additives, such as corn starch or gellan gum, enables the tuning of various
properties of perovskite and shows promising effects in reducing film degradation
and aiding in stability [24]. Specifically, it has been shown that a small amount of ionic
liquid additive to the perovskite precursor aided in passivating non-radiative



recombination due to defects at the grain boundaries [24]. It was shown that the
incorporation of starch into perovskite imparts hygroscopic abilities that protects the
perovskite from moisture and the ambient environment [25,26]. Other work observed
a retention of 50% of initial PCE after aging tests of spin-coated MAPI films with
starch additive, credited due to the protection effect from ambient contamination
from the hygroscopic starch [25]. The same study found that the addition of starch
enabled the formation of a high-quality film with optimized band energy alignment
resulting in a respectable PCE of 18.8% demonstrating the ability of non-conductive
additives that do not compromise device performance [25]. Regarding robustness and
stability, the plasticity of corn starch improves the resistance of the perovskite to
bending stresses. Previous reports suggest that corn starch aids in trapping the cation
and reducing structural decomposition, resulting in a more stable film under thermal
cycling and moderate humidity when compared to unmodified perovskite [25,26].
Additive engineering with starch and similar non-conducting polymers has also shown
promising results in improving operational stability. One study tested gellan gum and
starch additives in MAPI films in aging conditions at 85% humidity for 100 hours. These
samples with additives took longer to visibly degrade, displaying the improved stability
both starch and gellan gum impart on MAPI films [8]. Another experiment involving thermal
cycling of MAPI with additives between -40 and 85°C for 200 cycles supports the additives’
ability to stabilize the perovskite films due to inducing compressive intrinsic stresses within
the film [8]. Compressive film stresses are one of the desirable film properties when
fabricating perovskite devices as they impart self-healing properties and stability to the
perovskite film.A critical aspect of film fabrication is tuning the thickness of the
perovskite for optimal properties such as film morphology, power conversion
efficiency, and stability. Previously, the thickness of spin coated perovskite films has
been controlled by molarity and concentration adjustments of the precursors or
through spin speed [27-29]. These methods allow easy control of film thicknesses that
range from a few hundred nanometers to 1 um. The incorporation of additives to the
perovskite structure offers a new avenue to engineer the viscosity of the precursor
solution and fabricate thicker films (1-15 pm thick). The addition of corn starch and
polymer additives to perovskite precursor results in more viscous solutions, allowing
for better control over deposition and coverage using blade-coating methodology.
The creation of thicker films is particularly useful for high-energy detection
applications such as X-ray and alpha/beta radiation detection, as recent work has
demonstrated tuning the viscosity of the ink to enable ultra-thick (~100 pum) films
using CsPbBrs [30]. This is desirable because the thicker the active layer in an x-ray
detector, the direct absorption of high energy species will be improved [31].
Furthermore, perovskites are well-suited for higher absorption applications due to
the composition of large atomic number elements such as lead [Pb] and lodine [I]
[32,33]. In addition, the large radiation resistance, processing versatility, and their
defect tolerant nature makes perovskites a great potential candidate for high energy
detection [31,32,34-37].

In this work, we study the effect of a corn starch additive on the mechanical
properties, stability, and microstructure of methylammonium lead iodide,
CHsNHsPbIs (MAPI). We investigate the elemental composition and optical property
changes that occur with the addition of corn starch with the use of X-Ray Diffraction
and photoluminescence testing. The objective of this research was to improve
mechanical durability and develop a scalable, open air fabrication method of MAPI
perovskite films through the incorporation of corn starch polymers. Altogether, this
study utilizes processing techniques and solution-additive engineering to
simultaneously improve the robustness of perovskite and ensure future scalability.



2. Materials and Methods

The MAPI ink is made by combining MAI and PbL in a ratio of 159 mg MAI : 461
mg Pbl. to 1 mL Dimethyl Sulfoxide (DMSO). This solution is then mixed in a
FisherBrand Vortex Mixer until homogenous. Once these perovskite precursors are
dissolved, it can be used to make the 5wt%, 10wt%, and 20wt% starch weight
concentration inks. Specifically, to make a 5% weight concentration, 31mg of starch
was added to 1 mL of 1.0M MAPI ink. The corn-starch was acquired from Sigma
Aldrich Inc. After adding the starch to the inks, it is then placed on a magnetic hot
plate with a stir bar to mix until the starch is integrated into the ink. To make the
fracture samples, this ink is deposited (20-30 pl) through blade-coating at speed 4 *
25 mm/s on a preheated glass substrate (40 °C) and annealed at 100 °C for 30 minutes
(Fig. 1a). The glass substrates are at least 3 cm long to promote multiple fractures
throughout testing. The glass substrate shall either have a layer of Nickel Oxide (NiO,
spin-coated) or be ITO glass (Indium Tin Oxide) to create roughness. Once the
perovskite ink is deposited on the glass substrate, two protective layers are then
deposited. These protective layers are to prevent epoxy deformation from
contributing to the perovskite fracture energy. Tested samples had layers where both
layers were polymethyl methacrylate (PMMA) or with 1-layer PMMA and 1-layer of
evaporated silver (Ag) (Fig. 1b). The NiO and PMMA layers are spin coated to evenly
distribute the compound across the film. To finish creating a Double Cantilever Beam
(DCB) fracture testing sample, a thin layer of epoxy is layered onto an identical-sized
glass substrate and bonded to the PSC film. The epoxy is then left to cure overnight
at room temperature in an N2 Box. The final fracture testing sample is a sandwich-
like-structure where the PSC film layers are between two glass substrates.

Using double cantilever beam testing (DCB), the critical load that is necessary
for fracture propagation is found alongside the Gc value. The sandwiched structure
samples are tested by the DCB. A necessary part of this fracture testing is creating a
pre-crack in the sample to assist crack formation at the perovskite layer. A pre-crack
is made by carefully inserting the tip of a razor in between the sandwiched sample
and creating a well defined crack between the two glass substrates (Fig. 1c).
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Figure 1. Schematics of methods used for sample fabrication and DCB testing. A. blade-coating
technique used to deposit perovskite ink with starch. B. Sample fabrication for DCB testing C.
DCB crack path through fabricated sample.

Next, the sandwiched sample is loaded in the DCB system with a constant
displacement rate until the load suddenly decreases. This sudden decrease represents
the critical load that starts the crack propagation throughout the sample. After the
sudden drop in load occurs, the sample is then unloaded briefly to obtain a linear
region for calculating the crack length. Then, the sample is re-loaded until the next
sudden drop in load. The process is then repeated to propagate the crack throughout
the sample in cycles. In cycling the sample through loading and unloading cycles,
there are additional critical loads correlating with the propagating crack. The Gc can
then be calculated for each of these critical loads and averaged to maximize the data
per sample using this equation:

12P.2a? N
Gp =~ (1 +.64 —) (1)
b2Eh3 a
P is the critical load that deviates from the linear elastic region of the material in
the load displacement plot, a is the crack length that is calculated using the
compliance method, b and h are the width and height of the sample, and E is the
elastic modulus of the glass substrate. The crack length, a, can be calculated using the

following equation:
1
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Where A is displacement and P represents the applied load. The above equations are
used to find the fracture energy as a function of the critical loads it takes to propagate
a crack through a material or device stack. In simple terms, fracture energy is



calculated from the energy needed from contributions of breaking bonds and
deformation of material, which is in this case a MAPI film.

XRD-sin?{ method was used to measure the residual perovskite film stress. This
method conducts XRD scans of the sample at various fixed tilt angles () and emit
diffraction angles (20) [38,39]. After calibrating XRD tool and aligning the sample, an
initial 20 scan was taken across a wide range (5-55°). From there, a high angle-high
intensity peak is selected to perform the psi-measurements. Scans of the sample are
then performed at that peak at a wide range of values of sin? (sin?}=0, 0.05, 0.1, 0.15,
0.2, .25, .3). For the MAPI used in these experiments, a 20 peak at 20 was used to
perform sin*p measurements. 20 is then used define dey (d-spacing of the crystal
lattice) that is used in a linear regression of eq.4 to calculate stress. The relationship
between 26 and dov is defined by Bragg's law:

PP @)
P ™ 25in(20)

Where Ao is the characteristic wavelength of the incident X-rays used in the XRD
analysis. For this analysis, a Ao of .154 nm was used. Once d-spacing is found with
Bragg’s relationship with 20, the sin? equation below can be used to plot linear
regression of d-spacing vs [(1+Vv)*sin?-2Vv]/E :

1+ 2

Et is the Young Modulus of the Film, vt is the Poisson ratio of the film, ot is the
stress within the film, dois the lattice spacing at the stress free or unstrained condition,
and dgy is the lattice spacing of the measured plane. For MAPI, the Poisson ratio and
Young’s modulus used was 0.33 and 15 GPa, respectively. Measuring the peak shifts
of the perovskite at different detector tilt angles allows an understanding of how the
lattice deforms with the addition of starch. From this equation, residual film stress
can be calculated by dividing the slope (ot do) by the y-intercept (do).

The Delaminator Adhesion Test Systems (DTS, Menlo Park, CA) is used in DCB
configuration to conduct fracture tests. Horiba GD-Profiler 2 Glow Discharge Optical
Emission Spectrometer was used to obtain composition profiles of the perovskite
films. Using a Tencor P-16 Profilometer and scoring our varying samples, thickness
of these blade coated samples was found. A Rigaku Smart Lab X-ray diffractometer
was used for X-ray diffraction sin? {» analysis. Photon Etc Hyperspectral Imager was
used to gather hyperspectral photoluminescence images.

Hyperspectral photoluminescence (PL) measurements were taken using a
Photon Etc. IMA hyperspectral microscope [40]. By using a Volume-Bragg grating to
select for specific wavelengths, this microscope captures calibrated PL spectra at each
pixel of an imaging camera. A 660-nm laser was used to illuminate the sample under
a 20x objective. The photon flux at the sample was calibrated to be approximately 1-
Sun equivalent by using a Thorlabs PM100D laser power meter (along with
knowledge of the illumination area and the assumption that the laser power was
perfectly absorbed by the samples). Each image displays an area of approximately
385 pm x 385 um.

3. Results & Discussion



Perovskite samples containing 0%, 5%, 10%, and 20% weight concentrations of
corn starch added directly to the precursor ink were tested. These values were
selected based on previous work that demonstrated PSCs that retained high device
PCE [41]. From Fig. 2, the control (Owt%) blade-coated MAPI film exhibited a
relatively low Gc of 1.2 + 0.4 J/m? that is comparable with other reports of perovskite
fracture energy[42,43]. MAPI with 5wt% starch concentration showed low fracture
energy as well, with a value of 1.95 + 1.3 J/m2. 10wt% and 20wt% starch concentration
samples displayed significantly higher fracture energies with 9.19 + 2.4 J/m? and 10.6
+ 4.6 J/m? values, respectively. There appears to be a threshold starch concentration
above which the films are mechanically robust (~10 J/m?) at 10wt% concentration. The
10wt% and 20wt% starch perovskites exceed the manufacturability threshold of 5
J/m?, a rule-of-thumb value that enables mechanical robustness of perovskite material
against cracking and thin film stresses during manufacturing and operation [44]. We
speculate that this could be due to a critical amount of starch enabling increased
deformability, modified microstructure, and ‘scaffolding’ to the perovskite structure
[25]. 10 and 20wt% of starch result in a significant 10x improvement to the fracture
energy of MAPI, breaching the 5 J/m? manufacturability threshold and demonstrating
starch as an effective path to long term film durability.

919+2.4 T
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Figure 2. Fracture energy (Gc) of MAPI with 0, 5, 10, and 20wt% concentrations of starch.

The addition of starch made thicker films potentially suitable for other energy
detection applications as measured by profilometry after processing (Fig. S1).
Unmodified blade-coated MAPI had a thin film thickness of ~2.25 pm. The increasing
addition of starch also increased the thickness. 5wt% starch sample had a thickness
of 3.75 um, 10wt% had a thickness of 8.75 um, and 20wt% had a thickness of 10.5 um
(Fig. 3). The 10 and 20wt% samples thus resulted in both a more durable and
substantially thicker film. The increase in film thickness is not necessarily the only reason
behind the improvement in mechanical robustness. A previous study has shown that
increased fracture energy can occur with thickness changes that are much lower when



starch-MAPI films were spin coated. A spin-coated MAPI films with starch content of 10wt%
and 20wt% were previously found to have a thickness of 450 nm and 1.5 pm respectively
[25]. While the blade-coated thickness of MAPI films with 10wt% and 20wt% starch had
thicknesses of 8.75 um and 10.5 pm.

The thickness of these blade-coated films is critical to their application, as the
films with starch are by far too thick to ideally be used in solar applications [45-47].
A thicker perovskite film can result in the charge carriers recombining before
extraction from the device and conversion into a current due to a carrier diffusion
length shorter than a micron (nonradiative recombination) [48]. However, thicker
perovskite films do have potential in applications for high energy detection due to a
thicker active layer with higher absorption length [32-35]. A previous study found
that blade-coated MAPI with a thickness of 16.5 um served as a functioning self-
powered X-ray detector under an irradiation dose rate of 0.2372 mGyairs~! [49] Other
research, found that for optimal X-ray photoconductivity MAPI films should have a
thickness is ~30 pm when used for a conventional CuK« X-ray tube source (8 keV)
[50]. In general film thicknesses must equal to or be higher than the X-ray absorption
length must be selected. These thicker MAPI films may also be suitable for alpha
particle detection, as alpha particles are heavy and have a much shorter penetration
depth compared to X-rays. The technique displayed here is highly versatile as it offers
the ability to control thicknesses of the films over 10 um that can ideally be used in
low energy x-ray detection applications.

Sample Thickness vs Starch Concentration
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Figure 3. Thickness of MAPI samples with starch additive in 0, 5, 10, and 20wt% concentrations.

To better understand the effect that starch has on the composition of the film
cross-section along with its distribution throughout the film, Glow Discharge Optical
Emission spectroscopy (GDOES) was used [51,52]. GDOES obtained the elemental
composition of samples with 5-20wt% starch. GDOES profiled through the thickness
of the sample, sputtering through the perovskite film with cornstarch (CsH1Os), to
the glass substrate (as indicated by sodium, Na) (Fig. 4). The control and 5wt% starch
concentration samples reached the substrate as evidenced by the increase in Na more
quickly than the 10wt% and 20wt%. This increase in Na more quickly is due to the
higher thicknesses that the 10 wt% and 20wt% films have (Fig. 3). Furthermore, the
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control and 5wt% starch concentration samples had decreasing carbon composition
while the 10wt% and 20wt% starch had stable or increasing carbon compositions.
Carbon becomes more evenly dispersed and uniform throughout the sample as starch
content increases. This is suggestive that the starch is incorporated throughout each
sample. Interestingly, the oxygen signal is not as uniformly distributed, and it shows
a larger concentration near the buried interface with the glass for the 10 wt% and 20
wt% starch concentrations. Since oxygen is also a component of the starch, this does
suggest that there could be a slightly higher presence near the bottom of the film. The
increased amount of carbon—indicating the presence of starch—is hypothesized to
reinforce the perovskite microstructure and enable higher G values.
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Figure 4. Glow Discharge Optical Electron Spectroscopy (GDOES) depth profiles of ambient
blade-coated MAPI samples with 0, 5, 10, and 20wt% concentrations of starch.

X-ray diffraction was used to study the effect of starch on the residual perovskite
film stress after processing using the sin?) method (Fig. S2a-52d). Without any starch,
the Owt% showed a tensile film stress of 27 MPa. Residual tensile stress is expected
and widely reported after processing, as perovskites have a much higher thermal
expansion coefficient than glass [38]. Compressive stresses were observed with 5wt%
and higher concentrations of starch additive (Fig. 5). 5wt% starch resulted in the
largest compressive stress at -65 MPa. Additionally, this behavior agrees with
previous work that found that the addition of gellan gum and starch polymers
induced compressive stresses and translates to blade coated perovskites [8].
Interestingly, the compressive stress induced by the additive was found to be lower
in magnitude with higher starch additive concentration. 10wt% and 20wt% starch
additions exhibited slightly less compressive stresses at -46 and -41 MPa respectively.
This effect could be due to the substantial increase in film thickness which generates
internal stress that can offset some of the compressive stress from processing.
Compressive stresses within the perovskite are beneficial to the film due to the
increased stability and potential healing properties they impart on structural defects
[53].
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Figure 5. Thin film residual stress measurements from X-Ray Diffraction sin* analysis of the
0, 5, 10, and 20wt% MAPI-starch samples that were ambient blade-coated on glass.

Optoelectronic properties were studied using hyperspectral photoluminescence
to map the effect of starch on the emission of MAPI films. From Figure 6, the
photoluminescence intensity of the samples at 760nm increased with starch
concentration from ~10 photons/(cm?*s*eV*sr) without starch (Fig. 6a) to ~10%
photons/(cm?*s*eV*sr with 5wt% (Fig. 6b) to ~10'> photons/(cm?*s*eV*sr) with 10wt%
and ~10'¢ photons/(cm?*s*eV*sr) with 20wt% (Fig. 6d). From Owt% to 20wt% starch,
there was about 3 orders of magnitude increase in photoluminescence intensity. This
observed higher photoluminescence intensity is expected and likely due in part to
increased thickness due to the starch. The effect starch has on improving
photoluminescence intensity indicates higher built-in voltage, an effect which
correlates to the Voc (open circuit voltage) in a device. Photoluminescence intensity
offers insight into the photoexcited charge-carrier density which corresponds to the
magnitude of the Voc in a device [54]. Here, the photoluminescence is seen to improve
with the addition of starch, suggesting that starch may be able to improve the Voc of
a photovoltaic device. This conclusion agrees with previous work that observed a
PCE of 18.8% with 10wt% of starch additive [25].

The hyperspectral images also offer insight into the morphology of the films
with starch. The inclusion of starch aids in the uniformity of peak wavelength at
which the film is most luminescent (Fig. S3-56). Specifically, the Owt% starch has a
variation in emission peak that varies by 42 nm as seen in Fig. 6e. Starch addition at
5wt% had a range of 17 nm (Fig. 6f) while 10wt% had a wavelength emission range
of 25 nm (Fig. 6g). This variation in emission reduced to 5 nm in the 20wt% starch
film as seen across image Fig. 6h. Altogether, the addition of the starch additive
resulted in more compact and uniform morphology as well as more uniform wavelength
peak emission—suggestive of a more homogeneous film and correlating directly with

10
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morphology improvements from the starch addition—than unmodified MAPI. The addition
of starch shows better film morphology, suggesting that there are less defects in the film,
which is also seen to correlate to optimal optoelectronic performance and structural
improvement relating to mechanical robustness.

The experiments conducted in this study have shown that starch additive effectively
aids in film stability while creating a mechanically robust film. The starch’s beneficial
behavior is comparable to that of biopolymer additive gellan gum. Previous work has found
that 0.56wt% of gellan gum resulted in a similar fracture energy of 10.9 J/m? [55].
Interestingly, when compared to gellan gum, blade-coated MAPI films with starch have
significantly higher thicknesses. Earlier work has shown that blade coated films with
0.56wt% gellan gum had thickness of 200 nm while the work in this study found that 5wt%
of starch resulted in a film thickness of 3.75 um [8]. Gellan gum was also seen to similarly
improve photoluminescence intensity of MAPI films. Other work has shown that
biopolymer additives can also reduce phase segregation in mixed halide perovskites [56].
In comparison to other additives, starch has been shown to effectively thicken and improve
the morphology of MAPI films, making this method particularly advantageous for
applications that require thicker active layers. This study offers an advantage in using
scalable, single-step, open-air processing to improve fracture energy of perovskite films
while simultaneously adjusting morphology and thickness over a wide range for X-ray,
alpha, and beta particle detection applications.

Based on the ability to create high quality films greater than 10 um thick, further
investigations should be conducted on the practical high energy detection
applications of perovskite with starch additives. In particular, it will be necessary to
investigate the potential effects of X-rays on the starch within the MAPI films. It could
be worthwhile to investigate high detection applications with other additives as well.
For instance, there is the opportunity to utilize additives such as gellan gum that
result in a thicker film with less weight concentration added due to its higher viscosity
[8]. Comparative high energy detection studies of perovskites with various additives
could offer further insight into the development of a tunable, durable, and scalable
perovskite film. Importantly, a key question remains of the resistance that biopolymer
additives will offer against high-energy sources, as organic materials typically are
more readily decomposed. There is an opportunity to use fully inorganic perovskite
compositions (Cs in place of MA as the A-site) and to perform a sintering or solvent
removal step of the additive, but the effect this will have on the mechanical robustness
and morphology remains unknown [57].

11
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Figure 6. Hyperspectral photoluminescence images of the MAPI films that were ambient blade-
coated on glass with starch additives. Where the tope row a-d) are photoluminescence intensity
profiles and the bottom row e-h) are the wavelength profiles. The first column (a & e) are of 0%
starch, b & f are of 5% starch, c & g are of 10% starch, and d & h are of 20% starch. The field of
view in all images is the same. In the top row of intensity profiles, higher starch concentrations
¢) and d) reached higher photoluminescence intensities. Higher starch concentrations were
seen to cause more uniform wavelength profiles in g) and h) specifically.

4. Conclusion

This work elaborates on the mechanism behind and implications of improved
fracture energy from starch additives in metal halide perovskite films. The key result
is that starch concentration of 10wt% and above results in a ~10x increase in fracture
energy, and changes in structural and elemental properties can be used to explain this
improvement. The starch acts as reinforcement to the perovskite based on its uniform
distribution throughout the film. It also acts as thickener of the film, where 10wt%
starch resulted in a ~4x thicker film than plain MAPI. Starch was further observed to
induce desirable compressive film stresses within the perovskite, indicating higher
mechanical stability especially due to the simultaneous increase in fracture energy.
The use of starch was also seen to enhance the uniformity and photon flux from
hyperspectral photoluminescence measurements of the perovskite. Overall, the
processes used in this study offer a strategy to create tunable, open-air, and scalable
strategy to make durable perovskite films.
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