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ABSTRACT
Metal halide perovskites have the potential to contribute to renewable energy needs as a high efficiency, low-cost alternative for photovoltaics.
Initial power conversion efficiencies are superb, but improvements to the operational stability of perovskites are needed to enable extensive
deployment. Mechanical stress is an important, but often misunderstood factor impacting chemical degradation and reliability during thermal
cycling of perovskites. In this manuscript, we find that a commonly used equation based on the coefficient of thermal expansion (CTE)
mismatch between perovskite and substrate fails to accurately predict residual stress following solution-based film formation. For example,
despite similar CTEs there is a 60 MPa stress difference between narrow bandgap “SnPb perovskite” Cs0.25FA0.75Sn0.5Pb0.5I3 and “triple
cation perovskite” Cs0.05MA0.16FA0.79Pb(I0.83Br0.17)3. A combination of in situ absorbance and substrate curvature measurements are used to
demonstrate that partial attachment prior to the anneal can reduce residual stress and explain wide stress variations in perovskites.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0177697

I. INTRODUCTION

Metal halide perovskites, hereon referred to as perovskites
for simplicity, are a promising class of semiconductors eagerly
researched for use in solar cells. Single junction perovskite power
conversion efficiencies (PCEs) have eclipsed 26%, which is nearing
record silicon cell efficiencies, with room for improvement before
theoretical limits are reached.1,2 In addition, bandgap tunability
has enabled perovskite–silicon tandems with independently certi-
fied PCEs of 33.7%.3 Despite competitive PCEs, photovoltaics based
on perovskites have not yet been deployed due to instability. The
decomposition of perovskites to non-photoactive phases, such as
yellow PbI2, is driven and accelerated by environmental stressors,
such as light, heat, moisture, and oxygen.4–6 The avoidance of weakly

bonded and volatile organic cations, such as MA+, and the use of
moisture and oxygen blocking layers have been shown to be suc-
cessful strategies to suppress phase instability.7,8 Recent strides have
been made to extend the operational lifetime of perovskites to above
five years, but additional improvements would make the case for
widespread use of perovskite photovoltaics.9

Strain engineering is important for improving phase stabil-
ity and increasing energetic barriers to limit mobility of organic
cations and halide species. While there are some exceptions, ten-
sile strain has been shown to increase the rate of decomposition
of perovskites.10,11 In addition, tension is also linked to accelerated
halide segregation, which is a key source of open circuit voltage
loss.12,13 The formation of perovskite thin films using solution pro-
cessing methods usually includes a thermal annealing step to fully
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convert the film from intermediate to perovskite phases. There-
fore, the field has primarily focused on thermal strain originating
from a coefficient of thermal expansion (CTE) mismatch between
perovskite and substrate.10 Perovskites have an order of magni-
tude higher coefficients of thermal expansion (CTE) than substrates
used for photovoltaic applications, such as silicon and glass.14 Con-
sequently, tensile strain and corresponding stress are predicted to
develop in the perovskite layer while cooling back to room tem-
perature due to the film’s constraint to the substrate and inabil-
ity to fully contract. To avoid the development of tensile stress,
several strategies have been employed: selecting substrates with sim-
ilar CTEs to the perovskite (such as polymers), lowering the film
formation temperature, and using of additives in the precursor
solution or antisolvent.10,15 It is important to note that the stress
mentioned in this work refers to a macro-stress that extends glob-
ally across the film rather than micro-stress, which refers to local
structural and chemical disorder.16,17

In addition to the implications of stress on chemical degra-
dation, excessive stress can result in mechanical failure, especially
at low temperatures where the stress is even higher. Perovskites
are inherently brittle, with cohesion energies an order of mag-
nitude lower than that of silicon.18,19 Without toughening strate-
gies, they are susceptible to fracture and delamination, which can
severely hinder photovoltaic performance and stability.20–22 Other
studies have demonstrated the importance of managing stress to
improve perovskite thermomechanical stability.15,22,23 For addi-
tional context, readers are directed to several reviews that emphasize
the importance of reducing mechanical stress in perovskite thin
films.24–27

In this work, we show that the CTE mismatch between per-
ovskite and substrate can be a key source of thermal strain, but that
the residual strain after film formation in perovskites is more com-
plex. We clarify that the definition of attachment to the substrate
is not equivalent to complete film formation and present evidence
that the perovskite film can be attached to the substrate prior to
the anneal. Next, we provide the evidence for this partial attach-
ment model with in situ stress measurements during the anneal and
subsequent cooldown. In addition, we show that conversion to the
α-phase does not guarantee permanent attachment to the substrate.
We suggest that the complex and dynamic nature of mechanical
attachment observed in this work can explain the widely varying
stresses reported in perovskite literature.

II. RESULTS AND DISCUSSION
A. Strain, stress, and Young’s modulus measurements
of thin film perovskites

While several methods to quantify stress or strain in perovskites
have been reported, not all of them are reliable. X-ray diffraction
(XRD) is a common, nondestructive method used to measure struc-
tural deformation, referred to as strain (ε), in perovskites. We did
not use a single low-angle peak shift to calculate strain as other
factors, such as slight compositional or alignment differences, can
influence results. Instead, we used the more rigorous XRD:sin2ψ
method, which interrogates the shift of a higher angle diffraction
peak at various sample tilts to probe the in-plane and out-of-
plane lattice spacings.28,29 This method is routinely used to quan-
tify strain in crystalline or polycrystalline materials,30,31 including

thin film perovskites.32 With the sin2ψ method, the strain is directly
measured,

εf = (
1 − νf

1 + νf
)

m
d0

, (1)

where νf is the perovskite Poisson ratio (≈0.30–0.33),33,34 m is the
fitted slope of the d-spacing vs sin2ψ, and d0 is the strain-free lat-
tice parameter approximated to be dψ=0 (supplementary material,
Note 1, Fig. S1). Given the in-plane constraint of the perovskite
film and assumed zero stress in the out-of-plane direction, the plane
stress condition can be used to describe the relationship between
stress (σ) and strain as17

σf =
Ef

1 − νf
εf, (2)

where Ef is the perovskite’s Young’s modulus.
The reported values for the Young’s moduli of metal halide

perovskites vary, and there are concerns that the nanoindentation
method results in values that are higher than those obtained with
other methods.35 To avoid uncertainty in stress due to inaccurate
Young’s moduli, the stress in a thin film on a thick substrate can be
directly measured by monitoring substrate curvature changes dur-
ing processing (i.e., before and after film annealing) in accordance
with the Stoney equation36

σf = (
Es

1 − νs
)

t2
s

6t f
Δκ. (3)

Es is the substrate Young’s modulus, vs is the substrate Poisson ratio,
ts is the substrate thickness, tf is the perovskite film thickness, and
Δκ is the change in substrate curvature. It is worth mentioning that
the substrate curvature method requires relatively thin substrates to
resolve changes in curvature and that the curvature must be mea-
sured before and after film casting. Stress reported with curvature
represents a global average and unraveling any depth dependent
stress gradients is better suited to the XRD:sin2ψ method.37

The substrate curvature can be determined by mapping the
surface profile with a stylus profilometer (supplementary material,
Note 2) or with the divergence/convergence of incident parallel laser
beams [multi-beam optical sensor (MOS)] (supplementary material,
Note 3).38 The laser divergence method is rapid and can be used for
in situ stress studies. By comparing stress obtained with substrate
curvature [Eq. (3)] and the strain from the XRD:sin2ψ [Eq. (2)], the
Young’s modulus can be expressed as

Ef = σf,curv(1 + νf)
d0

m
. (4)

We caution that this method will introduce a considerable amount
of uncertainty if low strain values are observed, and the measured
stress from curvature is small.

B. Thermal strain from a CTE mismatch
After depositing perovskite films from solution, an anneal-

ing step is typically used to remove residual solvent, complete the
transition from intermediate to perovskite phases, and enhance
crystallinity.39,40 Several studies have determined that high anneal
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FIG. 1. Residual strain and stress in (a) SnPb (Cs0.25FA0.75Sn0.5Pb0.5I3) and (b) triple cation (Cs0.05MS0.16FA0.79Pb (I0.83Br0.17)3) perovskites as a function of anneal tempera-
ture. Film thickness for SnPb and triple cation perovskites shown here were 690 and 310 nm, respectively. Strain measured with XRD:sin2ψ at room temperature and stress
inferred with the perovskite Young’s modulus. The dashed black line represents the strain predicted by the CTE mismatch equation assuming attachment of the perovskite
film to the substrate occurred at the anneal temperature [Eq. (5)]. All films were prepared on glass substrates.

temperatures (>100 ○C) result in large columnar grains, supe-
rior PCEs, structural stability, and homogeneous mixing of A-site
cations.10,41–43 The CTE mismatch between a perovskite and sub-
strates, such as glass or silicon, is predicted to contribute to in-plane
biaxial tensile strain17

εΔT = (αs − αp)(T − Tref ), (5)

where αs and αp are the CTEs of the substrate and the perovskite,
respectively, T is the current temperature, and Tref is the temper-
ature where zero thermal strain is present. It has previously been
thought that Tref corresponds with the annealing temperature where
complete crystallization and film formation has occurred. Following
works from Zhao et al.11 and Rolston et al.10 stresses for solution
processed perovskites have been reported from 7 to 150 MPa.37,44,45

Although these values could be slightly inflated due to artificially
high Young’s moduli, little attention has been given to explain the
source of variance.

Strain in SnPb (Cs0.25FA0.75Sn0.5Pb0.5I3) and triple cation
(Cs0.05MS0.16FA0.79Pb (I0.83Br0.17)3) is shown in Fig. 1 as a function
of the anneal temperature using the XRD:sin2ψ method. The SnPb
composition was selected for this study due to its widespread use
as the narrow bandgap layer in all-perovskite tandems,46 whereas
triple cation represents a popularized choice for efficient and sta-
ble single-junction cells.47 Substrate curvature was used to verify
the corresponding stress and Young’s modulus in accordance with
Eq. (4). For example, the Young’s modulus for SnPb was calcu-
lated as 10.4 ± 2.2 GPa, which is at the low end of values reported
using nanoindentation-based techniques for compositionally simi-
lar perovskites (Fig. S5).34 For triple cation, the calculated Young’s
modulus (10.6 ± 3.9 GPa) does agree with reported values,48 but
comes with a high degree of uncertainty due to the low-strain and
stress for this composition (Fig. S4). The CTEs of perovskite powders

were measured using temperature dependent XRD to avoid compli-
cations associated with the perovskite being unable to expand due
to attachment to the substrate (Figs. S6–S8). The CTEs and other
material properties of perovskites and substrates are summarized in
Table S5.

For typical processing conditions used for high performing
narrow-bandgap perovskite solar cells, we observe tension that
exceeds 60 MPa [Fig. 1(a)].46 The slope of strain vs temperature was
(4.8 ± 0.1) × 10−3%/○C. This slope matches that predicted from the
CTE mismatch between SnPb and glass substrate (4.8 × 10−3%/○C)
and indicates that film attachment to the substrate occurs at the
annealing temperature. The compressive offset could be attributed
to intrinsic stress factors, such as excess material inserted into grain
boundaries,49 as there is −7 MPa in films left at room temperature.
For triple cation, the stress was near zero with minimal dependence
on the anneal temperature [Fig. 1(b)]. The measured slope of strain
vs temperature was (3.2 ± 0.3) × 10−4%/○C, which is an order of
magnitude lower than that predicted based on the CTE mismatch
(3.9 × 10−3%/○C). These results differ from those presented by Rol-
ston et al. in which triple cation on both glass and silicon had tensile
stress, which increased with the anneal temperature.10 This result
supports the idea that the perovskite can attach to the substrate
with a Tref well below the anneal temperature without significant
alterations of fabrication processes.

C. The process of mechanical attachment
Attachment to the substrate at temperatures lower than that of

the anneal has been proposed to explain stress lower than predicted
by the CTE mismatch.15,50 Here, for the first time, we use a series of
in situ characterization techniques to present direct evidence in sup-
port of this hypothesis. Although triple cation begins to crystallize
prior to the anneal, as indicated by in situ photoluminescence, its
conversion to the perovskite phase is incomplete (Fig. S11). In situ
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FIG. 2. Stress vs post anneal film thickness for SnPb (orange), CsFA 10-0 (red), triple cation (TC) spun at Colorado (light blue), and TC spun at NC State (blue). For SnPb
and TC, strain was measured using the XRD:sin2ψ method and stress inferred with a calculated Young’s Modulus [Eq. (4)]. For CsFA 10-0, stress was directly inferred from
the substrate curvature method [Eq. (3)]. The colored dashed lines represent the strain predicted by the CTE mismatch equation [Eq. (5)]. SnPb and TC spun at Colorado
were deposited on glass while CsFA 10-0 and TC spun at NC State were deposited on silicon.

ultraviolet-visible (UV–vis) absorbance measurements indicate that
only 60% of the eventual thickness has converted prior to the anneal
(Fig. S12). Also, solution processed perovskites have been shown to
nucleate crystallites at the top interface followed by growth toward
the substrate [Fig. 3(d)].51 So, the definition of attachment to the
substrate is not synonymous with complete film formation, removal
of solvent complexes, or conversion to the eventual cubic, α-phase
perovskite.

To control the converted fraction of perovskite prior to
the anneal we varied the film thickness of SnPb, CsFA10-0
(Cs0.1FA0.9PbI3), and triple cation and measured residual strain
[Fig. 2]. For all compositions studied here, the strain increases with
film thickness. Interestingly, all strain values were below that pre-
dicted by the CTE mismatch equation [Eq. (5)], which suggests some
level of attachment prior to the anneal or the presence of intrinsic
strain contributions.52 In contrast with triple cation film prepared

at the University of Colorado–Boulder, identically prepared triple
cation films at NC State that were shipped to and measured in
Colorado exhibit significantly higher strain. Lab-to-lab variation in
this study and compared with previous reports10 could be explained
by a difference in processing environments, such as barometric
pressure, which influences solvent evaporation and corresponding
crystallization kinetics.53 The barometric pressure in Boulder is 0.83
atm, while that at NC State and Stanford is ∼1 atm.

To better understand the deviation of stress from the CTE
mismatch equation and the dependence on final film thickness, we
conducted in situ stress measurements using a laser deflection sys-
tem (MOS) during the anneal and subsequent cooldown of CsFA
10-0 [Figs. 3(a) and 3(b)]. Previous depictions of residual stress in
perovskites would predict the stress to be near zero at the anneal
temperature where complete film formation and mechanical attach-
ment to the substrate occur. Consequently, Tref in Eq. (5) would
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FIG. 3. For CsFA 10-0 perovskite: (a) Stress measured with laser substrate curvature vs time during the anneal and cooldown procedure where hf represents the post anneal
film thickness. Films were annealed in argon on silicon substrates, (b) corresponding temperature profile of the anneal and cooldown, (c) converted thickness percent vs time
during spin coating from in situ UV–vis absorbance, (d) schematic of top-down crystallization and growth of solution processed perovskites, (e) Atomic Force Microscopy
(AFM) topography image for CsFA 10-0 with final film thickness of 600 nm (scale bar is 1 μm), and (f) AFM topography image for CsFA 10-0 with final film thickness of 115 nm
(scale bar is 1 μm).

be this temperature. Tension would be expected to build up during
the subsequent cooldown due to the CTE mismatch. The stress in the
thick (600 nm) perovskite film follows this idea closely [Fig. 3(a)].
On the other hand, the thin (115 nm) perovskite film deviates
significantly and is driven into compression during the tempera-
ture ramp to the eventual stabilization at the anneal temperature.
Although conversion to the perovskite phase is incomplete, the
compression can be explained by a top layer of perovskite mechan-
ically attached to the substrate, which is unable to expand with
its intrinsic CTE. The stress change during cooldown is compa-
rable for both thickness conditions (≈65 MPa), but Tref varies by
≈80 ○C [Eq. (5)].

In situ UV–vis absorbance was conducted to determine the
thickness of converted perovskite during spin coating vs time as
shown in Fig. 3(c) (Fig. S13). The film with the higher converted
percentage (40%) prior to the anneal has a higher degree of attach-
ment and a resulting lower residual stress after cooldown as there

is less solution to convert. This relationship was also observed for
triple cation perovskite in which converted percentages of 60%
and 73% correspond with residual stress difference of ≈16 MPa
(Fig. S12). Varying thickness provided a straightforward way to
demonstrate that a degree of attachment prior to the anneal
is a way to reduce residual stress in perovskites. However, we
acknowledge that due to light absorption constraints, thinning
the perovskite layer is not an ideal strategy for solar cells. In
addition, although driving conversion prior to anneal can be a
means to avoid residual tensile stress, we show below that con-
version does not universally guarantee permanent attachment to
the substrate.

We show in the supplementary material, Note 3, that SnPb
films exhibit enhanced stability under applied uniaxial compres-
sion upon aging under 85 ○C in an ambient environment (relative
humidity ≈20%). Reducing the annealing temperature has been pro-
posed as a strategy to avoid tension driven by the CTE mismatch
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FIG. 4. Strain measured with the XRD:sin2ψ for SnPb perovskite for standard
(120 ○C for 10 min), reduced (60 ○C for 1 h), and two-step (60 ○C for 1 h followed
by 120 ○C for 10 min) annealing conditions. Films had film thickness of 690 nm
and were deposited on glass substrates.

between substrate and perovskite.10 Therefore, we hypothesized that
it could be beneficial to use a lower annealing temperature to drive
the attachment process for SnPb followed by an elevated anneal
temperature to enhance crystallinity and cation homogeneity.42 A
two-step anneal was conducted in which the film was annealed at
60 ○C for 1 h, cooled to room temperature, and followed by an
anneal at 120 ○C for 10 min. While there is tension after cool-
ing from the 60 ○C anneal, indicating thermal strain, the strain
increases by 0.26% after re-annealing at the elevated temperature
(Fig. 4). We speculate that this increase in strain can be explained
by reformation at the substrate interface that resets the reference
temperature [Eq. (5)]. This phenomenon was not observed for the
other perovskite compositions studied (triple cation and CsFA10-0).
Perovskites are known to be visco-plastic at high stresses experi-
enced during nanoindentation54 and probably exhibit a degree of
visco-elasticity at these lower stresses. The soft and visco-elastic
properties of the perovskites combined with the elevated tem-
perature, grain growth (from 87 to 176 nm), and compression
(ε ≈ −0.48%) that occur at the 120 ○C anneal step probably enable
interfacial slippage (Fig. S14, supplementary material, Note 6).34

III. CONCLUSION
In summary, we have identified stress in perovskite films

that is dependent on composition and deviates from prediction
based on the CTE mismatch with the substrate. The relationship
between strain and anneal temperature reveals that it is possi-
ble to attach a perovskite film to the substrate without complete
perovskite formation. By monitoring stress during the anneal and
cooldown, we provide direct evidence that the mechanical attach-
ment can occur prior to the anneal for solution processed per-
ovskites. However, we also show that certain perovskite compo-
sitions exhibit impermanent attachment despite high degrees of
film formation. The dynamic process of mechanical attachment

to the substrate observed in this work provides insights into the
deviation of stress from a simple application of the CTE mis-
match equation and varying stresses reported in literature. This
emphasizes the importance of mechanical stress measurements as
it influences stability, reliability, and durability, which are criti-
cal for perovskite solar cells to contribute to aggressive renewable
energy goals.

SUPPLEMENTARY MATERIAL

Experimental details, XRD strain measurements, substrate cur-
vature, in situ photoluminescence spectra, in situ UV–vis absorption
spectra, temperature dependent XRD results, perovskite aging study
results, and material parameters used for models and calculations
can be found in the supplementary material.
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