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Organic-inorganic halide perovskites (OIHPs) are a remarkable family of hybrid materials at the heart of the
emerging thin-film perovskite solar cells (PSCs) technology and other applications. In this Viewpoint article, in
addition to some original experimental results, thermo-mechanical analyses of residual macro- and micro-
stresses in OIHP thin films are presented in the context of fracture of both the OIHP layer itself and its interface
with the substrate. The implications of mechanical behavior of OIHPs and interfaces on the reliability of PSCs,
as well as opportunities for future research directions in this general area, are highlighted.
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Organic-inorganic halide perovskites (OIHPs) are a fascinating fam-
ily of hybrid materials that defy classical classification (metals, ceramics,
polymers) and fall into the hitherto uncharted territory between con-
ventional ‘soft’ and ‘hard’ materials [1]. In the general OIHP formula
ABXs, typically A is an organic cation, methylammonium (CHsNH3 or
MA™) or formamidinium (HC(NH,)3 or FA™); B is Pb®™, or Sn?*; and
XisCl~,Br—,or I~ (Fig. 1A), and their alloy combinations [2,3]. Although
OIHPs were discovered in 1978, and their structural understanding, so-
lution-processing, and properties were further developed in the 1990s
[2], they did not find widespread interest until the first reported use of
OIHP in thin-film solar cells in 2009 [4]. Since then, enormous amount
of research has been devoted to OIHPs and perovskite solar cells
(PSCs) worldwide [5-10], and now the record efficiency of laboratory-
scale PSC stands at 22.7% [11], rivalling that of commercial Si-based
solar cells. The promise of low-cost solution-processed, high-efficiency
PSCs, and its potential impact on the global renewable energy land-
scape, is driving this effort worldwide. Furthermore, it is being discov-
ered that OIHPs possess unique and unprecedented (opto)electronic
properties, making them useful in other potential applications [12],
such as light-emitting diodes [13], lasers [14], and detectors (photon
[15], X-ray [16], nuclear-radiation [17], gas [18]).

The crystal structure of OIHPs (Fig. 1A) is based on inorganic frame-
work resulting from the strong B-X ionic/covalent interactions, whereas
the A-X bonding is relatively weak. This inorganic-based framework of
the OIHP structure is responsible for OIHPs having microstructures (Fig.
1B) typical of ‘hard’ materials [1,19]. Fig. 1C is a transmission electron mi-
croscope (TEM) image showing MAPbI; grains and grain boundaries, and
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also a proliferation of defects within the grains [20]. The latter is due to the
intrinsic low formation-energy of the defects in OIHPs [20]. These defects,
as well as the ultrafast organic-cation rotation dynamics and ion mobility,
are responsible for the ‘soft’ nature of OIHPs [21]. While their ‘soft’ nature
allows them to access the vast, rich field of organic/inorganic chemistry
[12,21], the similarity of their microstructures to ‘hard’ materials provides
rich opportunities to discover new materials science of OIHPs [1].

While new OIHP materials, synthesis/processing, and PSC architec-
tures continue to be popular research topics, the research focus has
been shifting towards topics such as large-area PSCs, scalable
manufacturing, stability, durability, and reliability, which is essential if
PSCs are to be deployed commercially in the future [10]. Since PSCs
are made of multiple functional layers of a diverse set of materials
with vastly different thermal and mechanical properties, PSCs reliability
will depend on the thermo-mechanical behavior of the multilayer
stacks that are expected to cycle through thermal excursions during
manufacturing and service. Also, PSCs will be subjected to externally ap-
plied stresses. While interfacial adhesive fracture is an important issue
in multilayer PSCs, it has been shown that the brittle OIHP layer itself
is quite often the ‘weakest link’ where cohesive fracture occurs
[22,23]. Despite the rising importance of fracture of OIHPs, as it may ul-
timately control the reliability of PSCs (Fig. 2) [23], research in this area
has been extremely scant [22-24].

Mechanical and Thermal Properties of MAPbI3 OIHP

The mechanical properties (elastic modulus (E) and hardness (H))
and the linear coefficients of thermal expansion (CTEs (a)) of MAPbIs,
the most widely studied OIHP, have been reported, and are summarized
in Tables 1 and 2, respectively. Within these limited experimental data
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Fig. 1. (A) Schematic illustration of OIHP crystal structure. MAPbI; thin film microstructure: (B) SEM image [19] and (C) TEM image showing grain boundaries and defective grains (inset:

high-solution TEM image) [20].
(Adapted with permission from RSC.)

there appears to be some variation. With regards to E and H properties,
all the studies on MAPDI; are based on the indentation technique
[23,25-29], which is highly sensitive to the surface conditions. Also,
the E and H measurements depend on the indentation dwell time as
MAPbDI; creeps significantly at room temperature at dwell times as
short as 20 s [28]. In the case of CTEs, the origin of the variation could
be due to the nature of the samples studied: single-crystals [30], films
[31], and powders [32,33]. Nevertheless, the measured CTEs of MAPbI3
are significantly higher than that of soda-lime silicate glass (0gass
~10x107 °C~1) [34], which is commonly used as the substrate mate-
rial in PSCs.

Here we have measured E and H values of a carefully prepared
MAPbDI; single-crystal (100 face) using the nanoindentation technique,
and they are reported in Table 1 (see Supplementary Information (SI)
for experimental details). A Berkovich diamond indenter was used,
and the dwell time at peak load was limited to 0.5 s in order to preclude
any creep effects [28]. An average E value of 17.8 GPa is obtained using
the Oliver and Pharr analysis [35], which is on the high side compared to
that reported in the literature (Table 1). At 20-s dwell time, the average
E value drops to 12.7 GPa, which is in the ballpark of what others have
reported (Table 1). Similarly, the average H values are 0.58 GPa and
0.48 GPa at 0.5 s and 20 s dwell time, respectively. While most papers
do not report indentation dwell time, from the reported load-displace-
ment curves it appears that most studies use dwell times approaching
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Fig. 2. The measured cohesion, G¢ (same as I'p), and degradation rate as a function of solar
cell active material, showing a correlation between mechanical integrity and long-term
reliability [23].

(Adapted with permission from VCH-Wiley.)

20 s or longer. Our results clearly show that room-temperature indenta-
tion creep is important, and, thus, it is recommended that very short
dwell time (0.5 s) be used in future indentation experiments to preclude
any creep effects that can result in the erroneous underestimation of E
and H.

The cohesive fracture energy (I'o) of polycrystalline MAPbI; thin
films has been reported to be in the range 0.24-1.48 J-m~2 (Table 3),
as measured using the double-cantilever-beam delamination test
[22,23]. Using E of 17.8 GPa, this translates to a toughness (Kjc) range
0f 0.06-0.16 MPa-m"®>, where Kic = ( ToE)®° [36]. While these values
are comparable to single-crystal NaCl salt (0.15-0.26 MPa-m®® [22]),
they are quite low compared to other brittle inorganic materials used
in solar cells such as silicon and glass (Kic ~ 0.7 MPa-m®®) [36]. In this
context, we have used nanoindentation to estimate the Kjc values of sin-
gle-crystal MAPbI; OIHP (100 face). A cube-corner diamond indenter is
used in order to promote crack formation at a low nanoindentation load
(P), and it is aligned to result in cracking along the easy-cleavage plane.
The crack size, c, is measured and the Kic is estimated using the follow-
ing equation: [37]

E\%® P
KIC:a<H> EER (1

where the constant « is given by {(0.0352 / (1 — )} x (cot¥)*%7, The in-
cluded angle W for cube-corner indenter is 35.3°, which is much sharper
than that for the Berkovich indenter (W = 65.3°), and v is the Poisson's
ratio (=0.33) [25]. Using E/H = 30.7 (Table 1), the average Kic is esti-
mated at 0.22 MPa-m®®. Note that a longer dwell time (20 s) results in
an erroneous underestimation of the Kjc (Table 3). Recently, Rolston et
al. [23] have reported a Kic of 0.15 MPa-m®® for single-crystal MAPbI;
OIHP using the Vicker's indentation method (10 s dwell time) [36].

Table 1
Elastic modulus and hardness values of single-crystal MAPbI; measured using indentation
techniques.

E (GPa) H (GPa) E/H Remarks Ref.

143 0.57 25.1 100 face [25]

14.0 0.55 255 112 face

104 0.42 24.8 100 face [26]

10.7 0.46 233 112 face

20.0 1.0 20.0 - [27]

10.8 0.55 19.6 100 face [28]

- 0.47 - - [29]

- - 1002 [23]
17.8° 0.58" 30.7° 100 face This study
12.7°¢ 048 ¢ 26.5 ¢ 100 face This study

2 Knoop indentation.
> Dwell time 0.5 s.
¢ Dwell time 20's.
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Table 2

Linear CTE values of MAPbI; and temperature ranges.
Cubic (°C™1) Tetragonal (°C™") Pseudocubic (°C™1) Remarks Ref.
o, = 424x10°° - Qave = 44.5x1076 2 Single-crystal; CTE extracted [30]
(T: 57 to 87 °C) (T: 103 to 56 °C)
o = 47.7x107° gy = 132x107° Oave = 52.3x10762 Drop-cast film; CTE reported [31]

T: 54 t0 98 °C o = —106x1076
(

(T:35t051°C)
o = 35.1x107° -

(T: 51 to 77 °C)

Qave = 42.4x1076°
(T: =113 t0 52 °C)

(T:35t053°C)

Powder; CTE reported [32,33]

2 Based on volume CTE (otavg = 0tvor/3).
" Based on tetragonal CTEs (ctave = (20tq + 0t)/3).

Now we are placed to perform analyses of residual macro- and
micro-stresses in planar OIHP thin films. Considering the paucity of
thermal and mechanical properties data for other OIHPs, these analyses
are limited to MAPbDI; thin films as a case study. The upper-bound CTE
values from Table 2 are used to calculate the maximum possible residual
stresses as the worst-case scenario.

Macroscopic Residual Stresses

Most solution-processed MAPbI; thin films are typically crystallized
at an elevated temperature (T) of 100-150 °C, and are generally depos-
ited on thick glass substrates having a thin coating of a transparent con-
duction oxide, typically fluorinated tin oxide (FTO) or indium tin oxide
(ITO). Thus, during cooling, the polycrystalline MAPbI; thin film is in a
state of equi-biaxial in-plane residual tensile stress due the CTE mis-
match with the substrate (assuming perfect film/substrate bonding),
which is described as macro-stress (Owmacro; Fig. 3). Since the thin-film
contraction is not constrained by the substrate in the vertical direction,
the out-of-plane strain is only due to the Poisson's effect (v = 0.33),
which is a third of the in-plane strain and of the opposite sign. Thus,
the out-of-plane residual stress is expected to be zero. Also, the glass
substrate is massive (millimeters) compared to the MAPbI; thin film
(~500 nm) and the FTO/ITO coating (~1 um), and, therefore, the residual
stress generated in the glass substrate is negligible. (Note that this may
not be the case in thin, low-E flexible polymer substrates, such as poly-
ethylene terephthalate or PET.) Using 150 °C as the upper bound tem-
perature, and 55 °C as the cubic-to-tetragonal transformation
temperature [38,39], the maximum residual Opacro in a cubic polycrys-
talline MAPDI; thin film on glass substrate at 55 °C (AT = 150-55 =
95 °C) is calculated using the following: [40]

OMacro = EAQAT, (2)

where Act = (Qlg-Olgass)(47.7 x 1076 — 10x1076) = 37.7 x 1076 °C 1.
The cubic MAPbI; CTE values from Table 2 are used here, but E value cor-
responding to tetragonal MAPbI; (100) we measured (E = 17.8 GPa) is
used, because E for cubic MAPbI; is unknown but it is unlikely to be very
different from that of tetragonal MAPbIs. During further cooling of the
tetragonal MAPbI; thin films from 55 °C to room temperature (25 °C;

Table 3
Fracture energy and toughness of MAPbI; thin films and single-crystals.
To(J-m~2) Kgc(MPa-m®) Remarks Ref.
0.24 0.06 ° Capping-layer on mesoscopic film [22]
1.48 0.16° Planar film [22]
0.83 0.12°? Slot-die-coated film [23]
1.26° 0.15 Single-crystal Vicker's indentation [23]
27230 022" Single-crystal (100 face) cube-corner  This study
nanoindentation
1.82 ¢ 0.18°¢ This study

¢ Calculated using E = 17.8 GPa.
b Dwell time 0.5 s.
¢ Dwell time 20 s.

AT = 55-25 = 30 °C), additional Opacro is generated. Assuming that
no significant volume change occurs during the cubic-to-tetragonal
transformation at 55 °C [31], and that the polycrystalline MAPbI; thin
film has randomly-oriented grains, we use A = (Qaye-Olglass) =
(52.3x107% — 10x107%) = 42.3x107° °C~! in Eq. (2) to calculate
that additional Opacro- Thus, the total Oyacro in a typical non-textured
polycrystalline MAPbI; thin film on a glass substrate at room tempera-
ture (cooled from 150 °C) is 86 MPa, corresponding to a maximum biax-
ial tensile residual strain of 0.49% in the film. If the thin film is cooled
down further to —40 °C, the lowest solar-panels test temperature, the
total tensile residual Opjacro at —40 °Cis 135 MPa. These results are plot-
ted in Fig. 4A as a function of temperature.

The Omacro in films can induce spontaneous fracture without the
application of external stress if a sufficiently large incipient crack exists
in the thin film. The critical radius of a half-penny surface crack, c:,
(Fig. 3A) can be calculated using: [36]

c*:n< Kic )2. 3)

2 OMacro

Using the intrinsic toughness of MAPbIs, Kic = 0.22 MPa-m®®, and
the maximum biaxial tensile residual Opacro = 135 MPa (at —40 °C),
the calculated c. value is 2.1 um. Since typical MAPDI3 thin films in
PSCs are ~500 nm thick, it is impossible to have an incipient crack
deeper than the film thickness. However, using the lower bound Kic =
0.06 MPa-m®> [22] as the worst-case scenario, the calculated c. is
154 nm; it is possible to have such incipient flaws in a 500-nm thin
film. The c- values corresponding to the maximum possible Opjacro as a
function of temperature are plotted in Fig. 4B. The fact that the c.-T
curve fall below the dashed line (500 nm) only for the worst-case sce-
nario in terms of upper bound Opacro and lower bound Kic indicates
that CTE-mismatch-induced spontaneous cracking (i.e. without the ap-
plication of external stress) in well-made MAPbI; OIHP thin films may
not be a big concern. However, if incipient cracks do propagate

Channeling
Crack
¥

Surface
Crack

OIHP Film
g Substrate

Edge Delamination

Fig. 3. Schematic illustration of polycrystalline (non-textured) OIHP thin film under equi-
biaxial tensile residual macro-stress (Omacro), With ‘half-penny’ critical surface crack
(diameter 2c.), channeling crack (¢ = h), and edge delamination.



C. Ramirez et al. / Scripta Materialia 150 (2018) 36-41 39

500
o A
Zg00[ >, Oier .
b N /
9300 2
e \
e \
9 200 Ne
© N
- \
2100 A\
1 OMacro D
14 N S
2.0

N Ko=0.22 MPa.mos (B)

12¢4

-
[

°
)

Critical Crack, ¢« (um)
o

Film Thickness

_________________________________________ C
Channeling Crack _ N (€
[0=2.72 J.m2

W
=)

00 150

Crack-Driving Energy, G (J.m?)

50 1
Temperature, T (°C)

Fig. 4. (A) Calculated maximum possible tensile residual Opgacro and Ojicro in @ NON-textured
polycrystalline MAPDI; thin film as a function of temperature of the film cooled from 150 °C.
(B) Calculated ‘half-penny’ critical surface crack radii (c.) in the above film corresponding to
OMacro ffom (A) using upper and lower bound K¢ values. Dashed horizontal line indicates
film thickness of ~500 nm, c. above which have no physical meaning. (C) Calculated crack-
driving energy, G, for channeling crack and edge delamination using Omacro from (A).
Dashed lines in (C) indicate upper and lower bounds I' values.

through-thickness of the film, they will be arrested at the interface be-
cause the substrate is significantly tougher. However, they can channel
across the film (Fig. 3), the condition for which is given by: [41]

2 2
G= Ceﬂh(gMacro Zl—-07 (4)

where G crack-driving energy (strain energy release rate) and c. is a
constant (=1.258). Assuming a film thickness h = 500 nm and using
Omacro from Fig. 4A, G as a function of temperature is plotted in Fig. 4C.
Since Eq. (5) is satisfied even for upper bound I, at low temperatures,
through-thickness cracks of radius ¢ = h (propagated from c. or pre-
existing in the film) are likely to channel along the film. Note that due
to the equi-biaxial nature of the residual stress, multiple chanelling
cracks can propagate in different directions creating a 'mudflat’ cracking
pattern. The residual tensile Opaero can also induce mode-II edge delam-
ination of the MAPbI; thin film from the substrate (Fig. 3), condition for
which is given by: [41,42]

G (] _Vz)ho-ﬁ/lacro >T;,

- ®)

where T; is the interfacial adhesive fracture energy. Assuming a film thick-
ness h = 500 nm and using Opacro from Fig. 4A, G as a function of temper-
ature is also plotted in Fig. 4C. Since I; > I in most cases, as evinced by the
fact that fracture occurs within the MAPDI; layer and not at the interface
[22,23], and G is below the lower bound Iy, interfacial adhesive fracture in
unlikely to occur due to Opacro in Well-adhered MAPDI; thin films.

Note that the 150 °C film-formation temperature used in these cal-
culations is on the high side, and some mechanical attachment between
the crystallizing film and the substrate may occur at lower temperatures
during deposition. Thus, the maximum Opacro Calculated above are
likely to be overestimates. Also note that fully-crystalline MAPbI; thin
films can be deposited at or near room-temperature using scalable
methods such as antisolvent-solvent extraction [43] and gas-induced
formation and transformation (GIFT) [21,44], where no further heat-
treatment is required. In those cases, Ojacro at room temperature is ex-
pected to be zero. For a temperature excursion to —40 °C (AT = |—40-
25| = 65 °C), the residual tensile Opacro is calculated to be 49 MPa.

The anisotropic CTE of tetragonal MAPbI; below 55 °C has implica-
tions on the Opacro residual stresses if the films are textured. It has
been observed that some solution-processed MAPbI; thin films have a
110 “mosaic” texture [21,44,45], which implies that the c-axis of the te-
tragonal MAPbI; grains is parallel to the film/substrate interface while
the a/b axes are not. Using Aot = (0te-Olgrass) = (—106x1076 —
10x107%) = —116 x 107 °C~", a compressive biaxial residual Gyacro
is calculated to be —62 MPa for AT = 55-25 = 30 °C. Thus, the total
OMacro N a typical 110-textured polycrystalline MAPbI5 thin film at
room temperature (cooled from 150 °C) is 2 MPa, which is negligible.
Thus, there is a clear advantage in having 110 ‘mosaic’ texture in poly-
crystalline MAPbI; thin films.

In order to determine the Oyacro €Xperimentally, we fabricated a
non-textured MAPDI3 thin film (~500 nm) on a glass substrate using
the ‘solvent engineering’ method (heat-treated at 150 °C) [46]. The
equi-biaxial residual tensile stresses in this film were measured at
room temperature using the established and reliable X-ray diffraction
(XRD) sin?}s method on a high-resolution diffractometer [47]. (See SI
for experimental details.) Fig. 5 plots the dq34 planar spacing as a func-
tion of sin?y for a film in two orthogonal orientations (¢ = 0° and
90°). The residual stress is calculated using the following: [47]

E m
oo = (155, (&%) ©

where m is the slope of the linear fit to the data in Fig. 5 and do is the
stress-free dq34 spacing, which is estimated using the y-intercept.
Since the elastic constants of MAPDI; in the (134) directions are not
known, the average values for E (=17.8 GPa) and v (=0.33) are used,
which is a good approximation considering that {134} are high-index
planes. The bi-axial residual tensile Opacro are found to be 42 MPa and
35 MPa for ¢ = 0° and 90°, respectively, which is quite uniform. These

2.096
2.095
2 =00°
$2.094 ¢ io
]
2.093
2.092
0.1 0.2 0.3
sin?y

Fig. 5. XRD sin?ys plots (at two orthogonal orientations) for MAPbI; thin film heat-treated
at 150 °C (inset: film top-surface SEM micrograph).
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values are rather small (corresponding to ~0.22% average residual ten-
sile strain) and are less than half of the calculated one, but as discussed
earlier, the calculated Opacro IS an overestimation. In this context, re-
cently Zhao et al. [48] have used simple peak shifts in XRD patterns of
MAPbI; thin films (annealed at 100 °C), compared to powder samples,
to estimate a CTE-mismatch strain of 0.47%.

Microscopic Residual Stresses

The anisotropic CTE will also lead to the generation of localized re-
sidual micro-stresses, Owicro, at grain boundaries in polycrystalline te-
tragonal MAPbDI; thin films as they are cooled from 55 °C to room
temperature and below. This is in addition to the overall Opjacro, Which
will be superimposed on the local Oy;icro. At this juncture, it is instructive
to discuss the nature of the cubic-to-tetragonal transformation in
MAPbI;. This phase transformation is displacive (diffusionless), involv-
ing cooperative tilting of the Pblg octahedra around 001 (one-tilt sys-
tem, a®a®c~ in Glazer notation) with respect to the parent cubic phase
(Fig. 6A) [30]. Now consider a polycrystalline MAPbI3; OIHP thin film
in the cubic phase just above 55 °C with randomly-oriented grains
(Fig. 6B). The Owicro IS zero at any grain boundary since the CTE (a sec-
ond rank tensor) of the cubic phase is isotropic (Fig. 6B). Assuming
that the entirety of each cubic grain transforms to a corresponding te-
tragonal grain, the tetragonal unit cell can form with its c-axis aligned
along any of the three axes of its parent cubic phase. Thus, the tetragonal
grain can have six possible crystallographically-equivalent orientations
with respect to its parent cubic grain, making it a ferroelastic material by
definition [49]. Upon further cooling, although the unit-cell volume-
contraction is similar to the cubic unit cell, Opjicro Will start to build up
at the grain boundaries between adjacent grains due to the CTE anisot-
ropy (Fig. 6B). (Note that in a non-textured polycrystalline material all
the individual Opco Will add up to zero overall [40].) The magnitude
of Opicro at individual grain boundaries will depend on the misorienta-
tion between the adjacent grains. The best-case scenario is when the c-
axes of adjacent grains are aligned, where Oyjicro iS €xpected to be zero.
The worst-case scenario is when the c-axis of a grain is aligned with the
a/b axis of the neighboring grain (Fig. 5B). In that case, Aot = (0. — Qg
) = |(—106 x 1075 — 132x107°)| = 238x10¢ °C™", and using AT =
(55-25) = 30 °C, Omicro at Toom temperature is calculated to be
127 MPa. In the case of cooling to —40 °C, the Owicro is calculated to be

Cubic (B)

Fig. 6. Schematic illustrations of: (A) the cubic-tetragonal transformation in a perovskite
and (B) a polycrystalline (not textured) microstructure showing isotropic CTE in cubic
phase (top) and anisotropic CTE in the tetragonal phase (bottom) perovskite. Arrows in
(B) not to scale.

403 MPa, which is significant. The Opjicro Will superimpose on Opacro
(Fig. 4A), but Opicro alone can induce grain-boundary microcracks in the
film, where critical grain-boundary flaws will propagate, however, they
will arrest as they run into compression at neighboring grain-boundaries
[40]. However, although a large maximum Oy is calculated in non-tex-
tured MAPDI; thin films above, it is unlikely to be sustained. This is be-
cause Owicro can force the formation of the different orientational
variants (ferroelastic domains) within individual grains in order to ac-
commodate the CTE-anisotropy-induced residual strain, thereby reducing
the maximum Oyicro- Thus, microcracking is also unlikely to be a major
issue in MAPbI; thin films. (Note that grain-boundary cracks are often
seen in SEM images of MAPDI; films in the literature (e.g. Fig. 1B), but
they are typically induced by the electron-beam during the SEM observa-
tion, and, therefore, are an artifact [50].)

The domains formation in the form of intersecting ‘stripes’ is the hall-
mark of ferroelastic materials [49], and unsurprisingly it has been ob-
served in MAPDI3 thin films [51-53], and also in single-crystals [53].
While all the ferroelastic domains are crystallographically equivalent
and have the same energy, they can be switched by applying mechanical
stress, again, a unique property of ferroelastic materials. Since ferroelastic
materials exhibit stress-strain hysteresis, there is a minimum required
stress to switch the domains — the coercive stress. This raises the intrigu-
ing possibility of toughening MAPbI; using ferroelastic switching. Revers-
ible ferroelastic toughening has been established in some ceramics [54],
with the most prominent example being Y,03-stabilized ZrO, used in
thermal barrier coatings for jet-engine components [55]. Here, the stress
field ahead of the crack tip causes ferroelastic-domain switching, thereby
absorbing the applied mechanical energy that would have otherwise
gone into crack propagation, i.e. toughening. However, if the coercive
stress threshold is not reached in the crack-tip stress field, then toughen-
ing will not occur. In general, higher intrinsic fracture resistance (I'p) re-
sults in higher stresses in the crack-tip field, triggering ferroelastic
toughening: I' = ['5(1 + I'se), where I is the total steady-state fracture re-
sistance and I'g is the contribution from ferroelastic toughening. Unfortu-
nately, the intrinsic ', of MAPbI; is low (~2.7 ]-m~2 (Table 1), compared
with ~6 ]-m~2 for YSZ ceramic [36],) and, therefore, it remains to be seen
if there is a window of stress states where MAPbDI; can be ferroelastically
toughened. In this context, other toughening approaches are being pur-
sued. For example, infiltrating MAPbIs-based OIHP into porous oxides/
carbon results in an unprecedented Iy in excess of 3 J-m™~2, which is at-
tributed to the composite-like structure that shields the OIHP from the
mechanical loads [23]. Of course, as the OIHP layers are toughened, frac-
ture will occur in the next weakest layer or interface [22].

Other Considerations

Similar analyses can be performed on other OIHPs such as a-FAPbI;
and its alloys. The a-FAPbI; phase, which has a more desirable band gap
compared to MAPbI; for single-junction solar cells, is cubic [56]. Thus,
o-FAPbIs-based thin films will not have residual micro-stresses (Oicro)
and ferroelasticity. The mechanical [57] and CTE [58,59] properties
needed for the thermo-mechanical analyses of these materials have be-
come available, and they appear to be quite similar to those of MAPbI.
Most recently, I'o values for various (MA,FA,Cs)Pbls alloy OIHP thin
films have been measured, but they appear to be rather low (0.25-
059 ]-m~2) [23].

The thermomechanical analyses so far have been linear elastic.
OIHPs will deform plastically when the residual shear stress exceeds
the yield strength (Ty), which is estimated at 370 MPa for single-crystal
MAPDbI; [28]. The maximum residual shear stress in a thin film with the
maximum estimated biaxial tensile stress of Oyjacro = 135 MPa is Tyvax
= OMacro/2 = 67.5 MPa, which is much smaller than the Ty. Thus, Opmacro
is unlikely to induce plastic deformation of MAPbI3 thin films.

While the above analyses are performed only for CTE-mismatch/an-
isotropy-induced residual stresses and spontaneous cracking/delamina-
tion, they can be extended to situations where additional applied
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stresses (Oapp) are superimposed. The Oap, on the OIHP thin films and
interfaces can result from flexing, peeling, constraint, etc. during
manufacturing, device-packaging, handling, and in-service. The Oapp
may be more severe compared to residual Opacro and Opicro, Which
can cause serious fracture damage and attendant degradation of the de-
vices. For example, most recently it has been shown that the use of a stiff
PSCs encapsulation material, which provides added constraint, is more
detrimental to the thermal-cycling performance of the PSCs compared
to when a more compliant encapsulation material is used [60].

Outlook

In closing, this Viewpoint article has only scratched the surface re-
garding the thermo-mechanical behavior of OIHP thin films. If past ex-
perience in achieving unprecedented reliability in commercial wafer
and thin-film multilayer solar cells is any guide, the reliability of the
multilayer PSCs will become critically important as they are poised for
commercial deployment. This will make further studies of, not only
thermo-mechanical behavior of OIHPs themselves, but also the whole
PSC multilayer, indispensable. This presents rich opportunities for fu-
ture experimental and computational research in topics including, but
not limited to: (1) mechanical properties (elastic, plastic, fracture,
toughening, creep, fatigue) of OIHPs and interfaces; (2) environmental
effects on mechanical properties of OIHPs and interfaces; (3) OIHP ther-
mal properties (expansion, conductivity); (4) in situ characterization of
residual and applied stresses/strains, and deformation/failure; (5) OIHP
microstructural effects (grain size, texture, grain-boundary engineer-
ing); (6) OIHP composition/phase/structural-dimensionality effects;
(7) chemo-mechanical effects (diffusion, degradation, synthesis/pro-
cessing); (8) photo-mechanical effects; (9) thermo-mechanical behav-
ior of interfaces in multilayers; and (10) overall device reliability.
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