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Perovskite semiconductors are attractive for solar cells because they are defect-tolerant with long charge
carrier lifetimes due to the lack of deep level trap states, and high carrier mobility [ 1]-[4]. These parameters
make them a viable competitor to existing solar cell technologies, but they suffer from environmental and
mechanical instabilities [5]-[8] . Mechanical film stress is a key challenge for perovskites and all thin film
device technologies. Metal halide perovskites are brittle in nature, which facilitates crack propagation and
undermines device reliability [9]. Above a critical value, biaxial stresses—whether they are residual or
applied—Ilead to cracking along the brittle film plane and the perovskite layer is pulled off the substrate due

to tensile stresses. [10]

Residual stresses, especially if they are tensile in nature, prove to be detrimental to the performance and
stability of a perovskite solar cell. They are known to affect the bandgap, lead to structural instability, an
increase in defect density, reduced carrier mobility, increased ionic mobility, higher risk of cracking or



mechanical failure and lower cell efficiency [11]-[14]. As shown in Fig. 1 (a), an applied tensile stress can
cause the perovskite film to break down into the yellow Pbl, phase and create a path for rapid ion migration
which might relieve some of the thermally induced stress. Stress relaxation is a common effect seen in
different classes of materials and is ascribed to the breaking of bonds in metals [15] or the movement of
polymer chains in elastic fibers [16]. Previous research on stress in perovskite solar cells has shown that
tension leads to an increase in ion migration and accelerates breakdown of methylammonium lead iodide
to lead iodide [17]. Compressive stresses, on the other hand, are desirable up to a certain critical value as
they can heal structural defects such as dislocations and improve the stability of the perovskite thin films.
Applying an external compressive stress can also mechanically treat the cracks in a perovskite film [18].

Large tensile residual stresses in a film can lead to delamination or fracture. It is important to look at the
driving force for fracture, G in equation (1) using the film thickness t, Young Modulus of perovskite E, and
numerical factor z which we assume to be 1.
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Fracture will occur when G > G, where G is the critical driving force for fracture. We have previously
observed that long-chain polymer additives such as starch can increase G. of the perovskite, which would
allow these modified films to withstand higher stresses without fracturing. [19] Our measured fracture
energy for samples with these additives is approximately 5 J/m? and will be published in another work. Fig.
1(c) shows modeled G values along with experimental data, noting that in unmodified perovskite thin films,
the critical driving force for fracture is around 1.5 J/m? based on previous experimental results. The fracture
energy also heavily depends on the thickness of the film, and our measured thicknesses varied with the
addition of polymers (Table S1, S2). Note that equation (1) is only valid for films under tensile stress
because the failure mechanisms are different in compression, and therefore only films with residual tensile
stress are shown in Fig. 1 (¢). Even though no visible fractures occurred in the samples after processing,
the increase in G with tensile stress is expected to induce accelerated degradation as was shown above. This
is because of synergistic effects of mechanical and environmental stressors leading to damage processes
and degradation in the perovskite films.

Film stresses result from a combination of thermal, intrinsic, or epitaxial effects [20], although the latter is
not applicable for solution-processed perovskites because of their polycrystalline structure. As such, stress
in perovskites fabricated by solution-processing techniques will result from either thermal or intrinsic
stresses. Thermal stresses usually originate because of the large coefficient of thermal expansion (CTE)
mismatch between typically used stiff substrates and the perovskite thin film. Silica glass, silicon, and
perovskite have approximate coefficients of thermal expansion of 5.0 x 10¢/°K, 2.5 x 10%/°K and 50 x 10
6/°K respectively [21][22]. This means that perovskites can expand or contract up to 10 times more than
glass and 20 times more than silicon substrates. Once the perovskite has completely converted upon
annealing, it cools down and shrinks but the substrate restricts it from contracting freely which leads to
tensile stress. This CTE difference can lead to a change in stress of ~ 315 to 115 MPa for a highly tensile
sample (residual stress of 250 MPa) and ~ 115 to -85 MPa for a compressive sample (residual stress of -20
MPa) as shown in Fig 1 (b) in a silicon/perovskite system when it is thermally cycled from -40 to 85°C.
We used Equation 2 to calculate the thermal stresses where Eris the Young’s Modulus of the film, vy is the
Poissons’s ratio for the film, as is the CTE of the substrate, aris the CTE of the film and AT is the change
in temperature. There has been some work done on reducing the biaxial tensile stress by using substrates
with a higher CTE [12], but that is not an option in the case of perovskite-silicon tandem solar cells.



E
af=(1 _fvf>(as—af)AT (2)

The vast majority of perovskite processing has involved rapid crystallization through quenching (i.e.-
antisolvent or gas) to dry and convert the precursor to an intermediate Lewis adduct phase. It is then
converted into the final perovskite phase by annealing the film at temperatures of around 100°C. The
residual stresses in the final film are therefore dominated almost entirely by thermal effects and efforts to
model and understand the stress have focused on the use of equation 2. However, there are other intrinsic
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Fig 1 (a) Schematic demonstrating the effects of tensile thermal stresses on the perovskite film, leading to yellow Pblz phase,
cracks and ion migration whereas compressive stresses heal defects. 1 (b) The changes in stress when a highly tensile and (c)
compressive sample is subjected to thermal loads ranging from -40 to 85°C. The highlighted region is the stress at which
fracture, or delamination would occur. ¢) Film stress vs. driving force for fracture, G, calculated for perovskite films with
additives of different thicknesses. The reference line at 1.5 J/m? is the critical driving force above which fracture typically
occurs (Ge) in unmodified perovskites and the line at 5 J/m? is for modified perovskites.

effects that need to be considered as well. Moreover, previous studies conducted on stress have used
unscalable methods such as spin coating inside the glovebox. [12], [23]

Intrinsic stresses from factors such as dislocation density and grain boundaries could play a role in
perovskite films. They originate during film growth and are determined by the crystallization and nucleation
regime that is dominant during the process. Intrinsic stresses have been well-characterized and mapped to
ionic deposition conditions in older solar cell technologies such as amorphous silicon [24]. However, there
remains a knowledge gap when it comes to stress and its relationship with processing techniques,
microscopic structure, and the macroscopic properties for thin film perovskites.

There have been some recent reports which have shown that additives can modify the stress state in
perovskites is based on changing morphology, but the mechanism is not understood [25], [26]. Bulk



additives have been explored by several groups to reduce the tensile stress. The introduction of a polymer
such as polyethylene glycol (PEG) [27] or polymethyl methacrylate (PMMA) [28] can slow down the
crystallization process and help improve film morphology. These polymer additives form heterogenous
nucleation sites for perovskites that promote crystal growth in a preferred orientation. It is therefore possible
to improve mechanical integrity through stress reduction and maintain desirable film growth without
changing the composition or bandgap of the perovskite. A fundamental understanding of the mechanism
for film stress as it relates to morphology of perovskite layers is therefore required to achieve mechanical
stability in full devices [29].

We hypothesize that different processing routes can be used to control the intrinsic stress and the final stress
state of the film depending on how solvent is removed. We compare the effects of both spin coating and
blade coating on film stresses and how they are driven by polymer additives. Both the spin coating and
blade coating techniques remove the antisolvent application step and eliminate quenching. Our blade
coating process is not only suited for large-area deposition but is also performed in an open-air environment
which further improves scalability. In this work, we also introduce rheological modifiers—food additives
and thickening agents commonly known as gellan gum and corn starch—to the precursor solution to study
the effects of biopolymers on the residual stress of perovskite thin films. After demonstrating control over
the residual film stress, we show that the optoelectronic properties and film stability are markedly improved
through compressive stress engineering. Our work involves a systematic study of the processing to identify
the conditions that lead to intrinsic stresses with the goal of understanding how to induce desirable
compression in the perovskite film with the help of biopolymer additives.

II. Results and Discussion

We introduced biopolymer additives, either corn starch or gellan gum, to the precursor solution to slow
down the crystallization and tune corresponding morphology of the perovskite film using spin coating or
blade coating without the use of antisolvent. The use of non-toxic biopolymers to achieve thermal stability
was not only motivated by their

assistance with the crystallization

wio Additives| ] of the perovskite but also their
[——w/ Additives | ] effect on the free energy of
nucleation and growth, and
improvements in fracture energy
s [19], [30]-[32]. Fig. 2 (a) shows

Scan Length (um) 7 the surface profile of the perovskite
Ract c) (% T thin film without any additives
from blade coating in open-air. The
resultant film (Fig, 2 (b)) is rough
with gaps and rapid nucleation of
the perovskite solution evident by
the needle-shaped crystals

attributed to the Pbl, phase of
Fig 2 (a) The surface profile of the MAPDI thin film with and without perovskite [33]. Addition of
additives. The surface morphology as seen in optical transmission microscope
images (b) blade coating without additives and (c) blade coating with
additives is also shown.
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biopolymers helps create a
relatively smooth and uniform film
without the need for any



quenching. The crystallization slows down because of a more viscous precursor solution achieved with the
additives as shown in Fig S2. Biopolymers can also overcome the the activation energy for nucleation [22]
and help maintain a balance between nucleation and growth regimes during film solidification which
enables an improved morphology with a decrease in the average surface roughness from 138 nm to 35 nm.
Uncontrolled transformation from the solution phase to the solid phase without quenching can lead to
incomplete conversion of the perovskite, non-uniformity of the grains, and more grain boundaries or point
defects in the absorber layer. A uniform and high-quality film is important for achieving high conversion
efficiencies [34]. With the introduction of additives, we achieved better coverage of the perovskite thin
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Fig 3 (a) The conversion time and measured film stress for spin coated samples with corn starch and (b) stress for gellan
gum spun in Nz and air (40% RH) and blade coated samples with (c) corn starch and (d) gellan gum in terms of the
concentration of each additive in the perovskite precursor.

films with more homogenous domains and a more uniform thickness.

Previous work has shown an improved photovoltaic performance for MAPbI; devices with the addition of
the starch polymer. The power conversion efficiency for the best device with 10wt% starch was 18.8% with
a Voc of 1.10 V, Jsc of 21.9 mA/cm? and a fill factor of 78.3%. This was much higher than their best
perovskite-control device which had a power conversion efficiency of 17.0% with a Voc of 1.09 V, Jsc of
20.5 mA/cm? and a fill factor of 75.5% [19]. The high quality film due to polymer-assisted crystallization
helps achieve higher solar cell efficiencies.



We measured residual stress using a laser scanning curvature-based measurement tool. Fig. S1 shows the
curvature of the silicon substrate before and after deposition of the perovskite thin film. The film stress is
calculated using the Stoney’s equation given below in equation (3), where E and v are the Young’s Modulus
and Poisson’s ratio for the substrate, tsis the substrate thickness and tr is the film thickness and Ak is the
change in curvature. This quick and non-destructive measurement technique allows for the quantification
of residual film stresses and their changes over time.
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Methylammonium lead iodide (MAPDI;3) perovskite films processed through spin coating are dominated by
tensile residual stresses from thermal expansion mismatch (Fig 3) in agreement with previous work [14].
Based on the thermal strain relation, the stresses due to a CTE mismatch would be around 70 MPa which
is partly due to the phase transformation from cubic MAPbI; to tetragonal MAPbI; that occurs at 55°C [13].
Additives lead to slower and more uniform crystallization confirmed by the longer observed conversion
time; however, the stress also increases with additive concentration for both starch and gellan gum. This is
likely due in part to the higher temperature of attachment for the films that converted more slowly with
additives. We also fabricated MAPbI; films with the same recipe in a nitrogen-controlled glove box to
isolate any contributions from moisture in the ambient environment and observed similar values. (Fig. 3b).
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Fig 4 AFM 3D images for the (a) blade coated control and perovskite thin films with (b) 0.3 wt% gellan gum, and (c) 1.1 wt% gellan
gum (d) Swt% corn starch, (e) 10 wt% corn starch. The white scale bar represents 1 pm. The height for (a-c) is -100 nm to 100 nm
and for (d-e) is -140 nm to 140 nm.
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Blade coated MAPDI; films showed a different trend, where compression was induced above a certain
threshold additive concentration. For gellan gum, we used a smaller amount because lower additive
concentrations achieve comparably high viscosity compared to starch, as shown in Figure S2. Compressive
stresses were observed past 1wt% of gellan gum. while the films with starch showed compressive stresses
for 2.5wt% addition and above in the precursor solution (Fig. 3 (c)-(d)). The change in stress states when
spin coating to blade coating can be explained by the solvent removal rate and the subsequent crystallization
of the perovskite layer. The solvent evaporation and retention for solution-based precursors defines the
structural differences in thin films and they are closely linked to the deposition technique [35]. A slower
rate of solvent removal and lesser overall evaporated solvent was seen in spin coated films [35].



The morphology also changed significantly for films under tension to compression, which is indicative of
intrinsic sources of stress based on perovskite microstructure. The AFM image in Fig 4 (a) for the blade
coated control perovskite solution shows poor coverage and small grains with an average roughness of
100.6 nm. As the gellan gum concentration increased to 0.3wt%, there was an improvement in coverage, as
seen in Fig. 4 (b), but the films were still rough (average roughness of 46.6 nm) with nanoscale grains.
Beyond 1wt% when the film achieves compressive stress, the morphology improves to a smoother and
uniform film with an average roughness of 9.6 nm (Fig. 4 (c)). A similar trend was observed with starch

Fig 5 Hyperspectral photoluminescence images show the optical transmission images for perovskite thin films with (a) no
additive, (b) 0.3 wt% gellan gum (c) 0.56 wt% gellan gum (d) 2.5 wt% starch, (e) 5 wt% starch, and photoluminescence
images for (f) no additive, (g) 0.3 wt% gellan gum (h) 0.56 wt% gellan gum, (i) 2.5 wt% starch, (j) 5 wt% starch. The scale
bars in (1), (g), and (h) are the same. The scale bars in (i) and (j) are the same.

where the films under compression were more uniform and of higher quality where the average roughness
reduced to 12 nm. (Fig.4(e)).

The addition of polymers not only affects the crystallization but also changes the coordination of the solvent
and precursor altering the final properties of the perovskite layer. The solvent-intermediated complexes
nucleate and texture differently during drying of the solvent because of the local environment and the
intermediate adduct phase [36], an effect which could explain the differing microstructure seen in our final
films.

The optoelectronic properties of MAPbI; films were also studied as a function of film stress. In Fig. 5, the
top row shows the transmission images depicting the microstructure of the perovskite films compared to
hyperspectral photoluminescence maps in the bottom row averaged over 400-1000 nm. The control film in
Fig. 5 (f) showed some non-luminescent grain boundaries, indicating that there were non-radiative
recombination centers in these areas [37], [38]. Highly tensile films with a low additive concentration
showed reduced luminescence at both the boundaries and the bulk of the film (Fig. 5 (g)), which could be
attributed to an increase in non-radiative recombination across the film. However, for a compressive sample,
the grain boundaries were luminescing at a higher intensity, Fig. 5 (h).

We also studied the effects on starch and Fig. 5 (j) shows the compressive sample with 5wt% starch which
also showed luminescent grain boundaries. Darker regions are evident in the higher starch concentration,
but that can be ascribed to thinner coverage between the grains from the optical transmission data in Fig 5
(e). The tensile film with starch in Fig. 5 (i) also shows a comparably lower PL intensity to the compressive
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Fig 6 Stress measurements from aging the samples at 85% relative humidity for 100 hours using a control, tensile and
compressive MAPDI; film with (a) gellan gum (b) corn starch. The samples were also kept at 85°C with the same conditions
with (c) gellan gum (d) corn starch. The insets in 6 (d) show the tensile (red) and compressive (blue) films before (left) and
after (right) 100 hours of aging.

film. This data indicates that compressive stresses could possibly be assisting with absorbance and may
reduce recombination losses. The additives may not only be slowing down crystallization but also
concentrating at the boundaries to relieve the intrinsic stress associated with them. Residual film stresses
could play a key role in perovskite optoelectronic properties.

Given the strong link between residual stress and degradation [39]-[41], we assessed the stability of
perovskite films with different residual stress states. Bare perovskite films on silicon and glass were stress
engineered using additives to either be tensile or compressive and aged under either high heat or humidity
conditions (85°C or 85% relative humidity). A control MAPbI; film spin coated without additives was also
added as a reference under 85% relative humidity. The samples were periodically removed, and the stress
was remeasured in ambient conditions (22°C and 40% RH). Fig. 6 (a) shows the highly tensile samples
experienced stress relaxation quickly in the humid environment due to moisture induced degradation. This
effect was not observed for samples with compressive stress, which also did not experience visible
degradation during the 100-hour exposure. We performed XRD measurements (Fig. S3) on these films to
verify degradation and the tensile sample had Pbl, peaks after the aging experiment, whereas the
compressive sample had lower intensity Pbl, peaks and still had MAPDI; in the film. This confirms that
perovskites are more structurally stable when exposed to environmental conditions while in compression.



Samples were reannealed to ensure that trapped moisture was not the cause of the relaxation, and there was
no change observed in the stress (Fig. 6 (b)). Therefore, residual moisture is not the explanation for the
stress reduction.

A similar experiment was conducted for thermal stability at 85°C under vacuum to monitor the changes in
stress under thermal aging. Once again, stress relaxation was observed for the highly tensile sample with
gum in Fig. 6 (¢). The improvement in stability was visually apparent since the tensile films turned
completely yellow after being aged for 100 hours while the compressive one remained largely in the black
photoactive phase. The samples with additives took longer to visibly degrade as seen in the insets in Fig. 6
(d) which also points towards their improved stability. The tensile stress was therefore relaxing as the film
degraded due to the strained bonds likely enabled the methylammonium cation to diffuse out, whereas a
compressive stress showed better stability and unchanging stress under heat, similar to the effect observed
with aging in high humidity.

A thermal cycling experiment was also conducted for a tensile and compressive sample to monitor the
perovskite films as the temperature changes between -40 to 85°C. The experiment ran for 200 cycles and
the results supported what was observed under high heat and humidity conditions. Fig. 7 shows the tensile
sample relaxed by 180 MPa and turned completely yellow. However, the compressive sample was stable
both in terms of its appearance and film stress. A spin coated MAPbI; film without additives (with tensile
residual stress) was kept as the control sample. In all three aging conditions, films with residual tensile
stress degraded significantly faster. The degradation also corresponded to stress relaxation in the perovskite
film as the phase changed, marking the first time for which changes in stress have been directly mapped to
stability. Stress relaxation has been observed in many other material systems (i.e., polymers and metals)
when exposed to tensile stress. Perovskites therefore act similarly, and despite their brittle nature, share in
this property. The exact mechanism requires further investigation, and we hypothesize that diffusion along
grain boundaries and dislocation motion could be at play.
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Fig 7 (a) A tensile and compressive MAPbI; film as it is thermally cycled from -40 to 85°C for 200
cycles. The photographs on the right show the samples (b) before and (c) after 200 cycles for the (L to
R) control, tensile and compressive films.

III. Conclusion and Outlook



Our findings suggest that blade coating assisted with the polymer induces a desirable compression in thin
film perovskites which can be attributed to a more balanced crystal nucleation and growth regime.

Residual film stresses can be either related to thermal expansion mismatch between the film and substrate
(thermal effects) or evolve either during perovskite crystallization (intrinsic effects). With the help of
biopolymer additives and a scalable processing technique it is possible to introduce a compressive intrinsic
stress. The compressive stress improves film quality, optoelectronic properties, and operational stability of
the perovskite absorber layer. Films under compressive stress demonstrate a better resistance to high heat
and humidity as well as thermal cycling. We have shown compressive film stresses desirable for enhanced
operational stability of the perovskite layer with increases in photon flux across the film. The polymer
additives also increase the fracture resistance of the perovskite film, making it less likely to crack or
delaminate.

Most notably, this work shows a systematic change in perovskite film stress under operational conditions,
particularly for films with residual tensile stresses. For the first time, stress relaxation is observed in
perovskites and mapped to film degradation. By understanding the mechanisms of stress-related
degradation and controlling them through processing strategies, we hope to enable robust and
manufacturable perovskite solar cells in single-junction or multi-junction architectures.
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Supplementary Information
Materials and Methods

Methylammonium iodide >99.99% was purchased from Greatcell Solar, Lead (II) iodide 99.99% for
perovskite precursor was purchased from TCI, Methyl sulfoxide > 99% was purchased from Sigma Aldrich.
Gellan gum and Corn starch powders were purchased from Alfa Aesar.

To prepare the CH3NH3Pbl; solution, we dissolved 230.5 mg of Pbl, and 59.5 mg of CH3NH3I in 1 ml of
DMSO to make a 0.5M stock solution in the glovebox. The films with gellan gum and corn starch were
prepared by adding the additives by weight percent of the powders in the CH3;NH;Pbl; precursor. For starch
we used concentrations of 2.5-20 wt% while for gellan gum we used 0.3 to 2.25 wt%. The solution was
stirred at 80°C for three hours. Films prepared by spin coating were spun at 4000 rpm for 30 seconds while
for blade coating, we coated at a speed of 10 mm/s. All films were annealed at 100°C for 20 minutes.

Hyperspectral photoluminescence measurements were conducted using the Photon Etc IMA microscope
with a magnification of 50X and field of view 134 um by 181 um. The samples were excited at 532 nm



with an exposure time of 3 seconds. The hyperspectral images were taken between 700 to 875 nm with
increment steps of 2 nm under absolute calibration.

Bruker Multimode 8 Atomic Force Microscope was used to image the surface of our samples. The images
were recorded at a Sum x 5 um resolution with a scan rate of 1 Hz and 256 lines/sample. The Olympus
microscope DSX-1000 was used to verify the morphology of the sample using the transillumination
settings.

The thickness of the films was measured using the Tencor P-16 contact profilometer. The scan length was
set at 443 um with a speed of 2 um/s and a scan rate of 50 Hz. The stylus applies a force of Smg on the
sample to measure small surface variations.

The samples were thermally cycled from -40 to 85°C in the Thermotron Model SM-8-8200 Environmental
Test Chamber. The samples stayed at the extremes of -40 and 85°C for a total of 10 minutes and the
temperature was ramped at 4°C per minute.

For the purpose of measuring stress, we used the Tencor FLX-265P film stress measurement system. It is a
simple, quick and non-destructive technique that uses a laser to measure the change in curvature of the
substrate. The deflection of the substrate is measured by the reflected laser intensity before and after the
perovskite film deposition. The system
program calculates the film stress using
Sonet Stoney’s equation (Equation 3) and
& requires the thickness of the film,

substrate, Young’s Modulus of the
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Fig S1 The change in curvature, Ak, as measured by the Tenor FLX-265P.
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MAPbDI; Concentration Gellan Gum Concentration Average Thickness of the Film
28 wt% 0.3 wt% 150 nm

28 wt% 0.56 wt% 200 nm

28 wt% 1.1 wt% 500 nm

28 wt% 2.25 wt% Too viscous to blade coat

Table S1: Concentrations for MAPbI3 and gellan gum additive used s and thicknesses for blade-coated samples.




MAPDbDI; Concentration Gellan Gum Concentration Average Thickness of the Film
28 wt% 2.5 wt% 120 nm
28 wt% 5 wt% 420 nm
28 wt% 10 wt% 490 nm
28 wt% 20 wt% 560 nm

Table S2: Concentrations for MAPbI3 and gellan gum additive used and thicknesses for blade-coated sampless.




