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Domain-Size-Dependent Residual Stress Governs the
Phase-Transition and Photoluminescence Behavior

of Methylammonium Lead lodide

Kwang Jae Lee, Bekir Turedi, Andrea Giugni, Muhammad Naufal Lintangpradipto,
Ayan A. Zhumekenov, Abdullah Y. Alsalloum, Jung-Hong Min, Ibrahim Dursun,
Rounak Naphade, Somak Mitra, Iman S. Rogan, Boon S. Ooi, Omar F. Mohammed,

Enzo Di Fabrizio, Namchul Cho,* and Osman M. Bakr*

Methylammonium lead iodide (MAPbI3) perovskite has garnered significant
interest as a versatile material for optoelectronic applications. The tempera-
ture-dependent photoluminescence (TDPL) and phase-transition behaviors
revealed in previous studies have become standard indicators of defects,
stability, charge carrier dynamics, and device performance. However, pub-
lished reports abound with examples of irregular photoluminescence and
phase-transition phenomena that are difficult to reconcile, posing major chal-
lenges in the correlation of those properties with the actual material state or
with the subsequent device performance. In this paper, a unifying explanation
for the seemingly inconsistent TDPL and phase-transition (orthorhombic-to-
tetragonal) characteristics observed for MAPbI; is presented. By investigating
MAPDbI; perovskites with varying crystalline states, ranging from polycrystal
to highly oriented crystal as well as single-crystals, key features in the TDPL
and phase-transition behaviors are identified that are related to the extent of
crystal domain-size-dependent residual stress and stem from the consider-
able volume difference (AV = 4.5%) between the primitive unit cells of the
orthorhombic (at 80 K) and tetragonal phases (at 300 K) of MAPbI;. This
fundamental connection is essential for understanding the photophysics and
material processing of soft perovskites.

1. Introduction

In the past few years, methylammonium
lead iodide (MAPDI;)-type halide perov-
skites, with the general formula AMX;
(where A = CH3;NH;*, CH(NH,),*, or Cs*;
M = Pb?" or Sn?; and X = I~, Br", or CI),
have become prominent semiconductors
in solar cells, light-emitting diodes, and
other optoelectronics.l"'% The outgrowth
in perovskite material technologies is
a result of extensive research into the
structural (e.g., crystallinity, aging, grain
size, chemical impurities, and residual
strain) and photophysical (e.g., internal
quantum  efficiency, exciton binding
energy, and charge carrier dynamics)/'%)
properties of the materials, in addition to
device engineering. The photolumines-
cence (PL) and phase-transition behaviors
of perovskites have become the primary
gauge for the quality of the materials (e.g.,
defect concentration, impurities, and car-
rier recombination mechanism) and their
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potential performance in devices (e.g., power-conversion effi-
ciency and stability).[>~2’]

Published reports provide numerous examples of irregular
PL and phase-transition patterns, prompting further research
into the elucidation of the origins of such behaviors, including
related theoretical proposals.'>7:20.2123] Tn particular, the dual
PL peaks and differences observed in orthorhombic-to-tetrag-
onal phase-transition temperatures are critical subjects of
debate. The major reason for this inconsistency is the ease with
which MAPDI; perovskites can be fabricated into materials of
various spatial orders, such as bulk single-crystals, polycrys-
tals, and nanostructures, depending on the desired application.
Therefore, a comprehensive interpretation of the temperature-
dependent PL (TDPL) and phase transition needs to account
for the potential effects of the crystalline states of the material
under study.

Halide perovskites are known as “soft” materials with a
relatively small Young’s modulus (G = 20 GPa).? Moreover,
the phase transition between the orthorhombic and tetragonal
phases in MAPDI; perovskite is accompanied by an abrupt
volume change (AV = 2%) and is sensitive to both temper-
ature and pressure variations. For example, Capitani et al.l'!
induced the appearance of the orthorhombic phase in the
MAPDI; perovskite at room temperature by applying isotropic
compression (>1 GPa) with a diamond anvil cell. Interestingly,
even after the pressure was released, the system retained the
high-pressure orthorhombic phase. A recent study revealed a
possible pathway for permanently tailoring the PL properties
of perovskite thin films via a suitable substrate-induced lat-
tice mismatch,i?®! which also modifies the crystal structure,
bandgap, and hole mobility.

In this paper, we present a unifying explanation for the
seemingly inconsistent TDPL emission characteristics and the
orthorhombic-to-tetragonal phase-transition patterns by exam-
ining MAPDI; materials with a wide range of domain sizes as
follows: from polycrystalline (PC) films (<200 nm), highly ori-
ented crystalline (HOC) films (=70 um), to single-crystalline
(SC) (>1000 um) structures. The temperature-dependent X-ray
diffraction (XRD), PL, and Raman results demonstrate the
domain-size-dependent characteristics of MAPDI; and their
traceable stress relaxation dynamics. In particular, accounting
for the large volumetric variation induced by the phase transi-
tion 1%l shows the mechanism through which the phase transi-
tions occurring between 130 and 170 K% generate different
residual stresses/strains depending on the crystal domain
sizes of the samples. The fundamental connection between the
dynamics of domain-size-dependent residual stresses and the
material’'s photophysical properties during phase transitions
provides an essential framework for understanding these “soft”
perovskites and gives a new aspect to consider in their device-
oriented processing.

2. Results and Discussion

2.1. MAPDbI; Perovskite with Various Crystalline States

The crystalline state of MAPDI; perovskite differs as a
result of the specific growth technique selected for the final
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optoelectronic device, ranging from homogeneous bulk single-
crystals to inhomogeneous PC thin films or low-dimensional
partially oriented structures (e.g., nanowires, quantum dots,
and highly ordered crystals).?*-3%l To investigate the structural
differences between these crystalline states, we selected three
archetypal platforms: PC, HOC, and SC MAPDI; perovskites
fabricated through spin-coating,”3¥ temperature-gradient-
assisted solidification,’® and inverse temperature crystalliza-
tion processes,? respectively. Figure 1A shows photographs
of the three structures and the top-views of scanning electron
microscopy images, whereas the inset histograms present their
domain-size distributions. The homogeneous SC structure
contained the largest domain size (>1000 um), and the HOC
films consisted of mid-sized domains (=70 um), whereas the
smallest domain size (<200 nm) accompanied by size inhomo-
geneity characterized the PC films. In terms of crystallinity, the
as-prepared SC and HOC samples display only a minimal set
of peaks in their XRD patterns as a result of the specific crystal
orientation in the diffractometer (Figure 1B). Moreover, the PC
films are characterized by a larger number of diffraction peaks,
indicating a partial loss in the preferential orientation of the
crystal. All the characteristic reflections of MAPDI; are apparent
in the powdered sample’s XRD pattern, indicating a complete
random orientation and confirming that all prepared MAPbI;
perovskites have the same chemical composition (Figure 1C).

To investigate the phase-transition behaviors of these crys-
talline states, we examined the temperature-dependent XRD
spectra of the three MAPDI; perovskites from 80 to 300 K
(Figure S1, Supporting Information). The physical parame-
ters—2theta peaks and full widths at half maxima (FWHM)—
were obtained through a y2 minimization routine on a model
composed of Gaussian functions. We focused on detecting evi-
dence of residual stress/strain conditions in the three perov-
skites of various crystalline states because we observed that at
the phase transition in MAPbI;. The crystal undergoes a rel-
evant volume expansion (AV = 2%) that reaches 4.5% in the
temperature range of 80 to 300 K.

Figure 2A shows the temperature-dependent XRD 2theta
peaks of the (004) and (242) planes for the as-prepared SC, PC,
and HOC ranging from 40° to 42°, which exhibit the relative
lattice strain trend of each phase, including before and after
the transition temperatures. A decrease in the 2theta value of
each XRD peak corresponds to the d-space elongation of the
corresponding plane. The (004) and (242) planes display struc-
tural interplanar extensions in specific crystal directions with
increasing temperature.?! Figure 2B,C illustrate the (004) and
(242) planes in the orthorhombic phase, respectively. In the case
of SC perovskite (denoted by blue color), the peak positions of
the (004) and (242) planes are proportional to the temperature
regardless of their phase, indicating that the linear thermal
expansion of lattices in both the orthorhombic and tetragonal
phases accompanies the transition. However, the XRD peaks of
PC and HOC MAPDI; perovskites (denoted by red and black
colors, respectively) start at different 2theta peak positions and
exhibit a non-linear shift with temperature in both phases. In
particular, the (004) plane of PC distinctly deviates from linear
extrapolations in both phase regions with clear spectral evidence
of coexistence in the temperature range near the phase transi-
tion (highlighted in yellow). Similar analyses were performed

© 2021 Wiley-VCH GmbH
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Figure 1. Three crystalline states of MAPbI; perovskite. A) Photographs and top-view SEM images of polycrystalline (PC) films, highly oriented crystal-
line (HOC) films, and single-crystalline (SC) MAPbI; perovskites. Inset: Histograms of domain-size distribution. XRD spectra of PC, HOC, and SC
MAPbI; perovskites in the tetragonal phase at 300 K for B) as-grown and C) ground states.

for other corresponding pairs of crystallographic planes of SC
and PC MAPDI; perovskites (see Figures S2, S3, and S4, Sup-
porting Information). Thus, we deduced that the difference
in the degree of thermal lattice expansion accompanying the
phase transition in these corresponding planes depends on
the different crystalline states of the MAPDbI; perovskites, which
are not related to their chemical composition.

To gain further insights into these material-state-dependent
deformations, we analyzed the FWHM of the 2theta peaks,
which are =2.355 of the fitted Gaussian standard deviation o

>

(Figure S5, Supporting Information). Figure 2D shows the
relative FWHM variation of the three MAPDI; perovskites with
temperature for the (004) and (242) planes as Ao (T)/o (100 K).
In general, peak broadening is caused by a deviation from
the ideal crystalline lattice as a finite crystallite size (Scherrer
model), grain surface relaxation, and non-uniform lattice dis-
tortions monotonously increasing with temperature (Debye—
Waller factor).38 Following the Williamson—Hall model,*”!
we expected the pure size effect to be substantially tempera-
ture independent, whereas the lattice strain contribution to the

(004)
425 "\s\
2. Hot B
a0 ™
S \
5} |
() \
3 v
e 415 1,092
° \ (400)
=
b ——
N 410 5! :
(242) —s.
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Figure 2. A) Temperature-dependent XRD 2theta peaks of SC (blue color), PC (red color), and HOC (black color) perovskites in the range from 40.5°

to 42.5°. Visual illustration of B) the (004) and C) the (242) planes in the orthorhombic phase of SC. D) Variation in FWHM, expressed as (Ao (T)/o

(100 K) %) of the temperature-dependent XRD 2theta peaks of SC (blue color), PC (red color), and HOC (black color) perovskites. o is the Gaussian

standard deviation.
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linewidth is proportional to a temperature-dependent inhomo-
geneous strain that we recognized to have a dominant role in
the phenomenology of MAPDI; perovskite.

We measured non-uniform FWHM variations in a rather
large temperature range across the transition, indicating inter-
planar space modulation as a residual stress-strain condition.
As mentioned above, the phase transition in MAPDI; entails
significant voluminal deformation, mainly resulting in residual
stress or macroscopic cracks, especially for the SC perovskite
(see Figure S6 and Video S1, Supporting Information). All sam-
ples exhibited a phase transition between 150 and 160 K with
considerably different FWHM variation patterns from 80 to
300 K. Based on the FWHM variation, the SC perovskite displayed
an abrupt phase transition at a temperature of =150 K, which is
likely a transient chain reaction. Such deformation dynamics is
well-known as a conventional phase transition of crystals (e.g.,
the rapid phase transition with a sharp increase in the stress
at critical temperatures involving either macroscopic fractures
or expansion).*!] Therefore, the SC perovskite has the ability
to rapidly transfer energy, heat, and structural changes through
the lattices, which act as a large domain. In contrast, PC
MAPDI; perovskites undergo a series of FWHM changes across
the entire temperature range. This change in FWHM variation
indicates that the residual stress is constantly changing over the
entire temperature range, up to 270% for the (242) plane and
exceeding 310% for the (301) plane. These persistent and inho-
mogeneous changes in the PC MAPDI; perovskite are likely
caused by the inhomogeneity of the domain size or the pres-
ence of domain boundaries that locally suppress the volume
expansion and phase transition of the domains in the PC perov-
skite with increasing temperature (approaching the transition).
The FWHM variation of HOC exhibits intermediate similarities
between these two because HOC has a relatively larger domain
size with a lower density of domain boundaries than PC.
Owing to the micrometer domain size of HOC, the phase tran-
sition occurs at the same temperature as in the SC perovskite
(160 K) and does not appear as early as in the PC perovskite
(130 K), thus limiting the onset of the domain-size phase tran-
sition to a certain crystal size. The inhomogeneity of domain
sizes in HOC is relatively less than that of PC; thus, the HOC
perovskite produces a small FWHM variation. Moreover, the
coexistence of phases was observed in both the HOC and PC,
as shown in Figures S2 and S4, Supporting Information. This
result corresponds with the findings of Stavrakaz et al.l?® in
which a decrease in the onset of the phase-transition tempera-
ture and the coexistence of both phases were observed in PC
MAPDI; thin films with decreasing domain sizes. Interestingly,
after grinding the three MAPDI; perovskites into fine powders,
the XRD peaks of PC and HOC samples shifted back toward
smaller diffraction angles, corresponding to a d-space elonga-
tion of up to 0.65% (Figure S7, Supporting Information). This
grinding process releases the compressive inter-domain stress
and restores the interplanar expansion. Overall, the tempera-
ture-dependent XRD results reveal that the crystalline state of
MAPDbI; perovskite, especially the domain size and/or the den-
sity of domain boundaries, determines the degree of residual
strain/stress from the thermal lattice expansion and recon-
struction of the lattice, which entails phase transitions of the
domains.
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Raman investigations of the SC and PC samples con-
firmed the duality of the stress accumulation observed in our
MaPbl; perovskites, as detailed in Supporting Information.
Direct acquisition of the vibrational spectrum on the micro-
scale facilitated specific insights into the lattice rearrangement
as a function of temperature, before and after the phase tran-
sition. The low wavenumber peaks in the Raman spectra of
SC, corresponding to either the cage modes (octahedra twist)
or the specific cation modes (nodding donkey near the N
atom in the MA),*?! disappeared at temperatures higher than
155 K (Figure S9, Supporting Information), indicating a struc-
tural phase transition. In contrast, the SERS spectra collected
for the PC sample (Figure S10A, Supporting Information)
show multiple peaks that indicate a smooth transition from
the orthorhombic-to-tetragonal phases, according to the corre-
sponding emission profile shown in Figure S10B, Supporting
Information. In particular, the two bands corresponding to the
lurching MA and C—N torsion in the range of 80 to 300 cm™
are higher in intensity in the spectra of the PC MAPDbI; perov-
skite. Thus, the available space and degrees of freedom of the
organic moieties gradually change in the lattice with tempera-
ture (broadening and splitting of multiple peaks), resulting in a
smooth transition from a trapped state in a given multiconfigu-
ration orientation in the low-temperature phase to a gradually
unlocked condition at temperatures above the phase transition.

2.2. Optical Characterization of MAPbI; Perovskite with Various
Crystalline States

We next studied the spectral differences in the TDPL and
power-dependent PL (PDPL) patterns of the PC, HOC, and
SC MAPDI; perovskites. The samples were equilibrated for
10 min at each temperature setpoint before the TDPL/PDPL
measurements to ensure uniform temperature throughout the
material. Figure 3A shows the normalized TDPL and PDPL
contour maps of the three MAPbI; perovskites. We noted that
each crystalline state consistently exhibited inherent PL contour
map patterns. At temperatures below 150 K, the PC MAPDI;
perovskite showed dual PL emission peaks and a spectrum tail
in the infrared (IR) region. Trap states cause the spectrum tail
of the PC perovskite thin film, and they are clearly activated in
the orthorhombic phase in the low-temperature region.!'>1043
In contrast, the SC MAPDbI; perovskite showed only a single PL
emission peak (750 nm at 80 K) without any tail features in the
spectrum. The HOC sample shows PL emission features inter-
mediate between those of the PC and SC MAPDI; perovskites.
The TDPL pattern of the HOC MAPDI; perovskite is similar to
that of another PC MAPDI; perovskite with an average domain
size of 100 um (Figure S13, Supporting Information). Despite
all samples being MAPDI;, these differences in TDPL proper-
ties were repeatedly and reproducibly observed according to the
domain size below 150 K. Above 150 K, all three structures com-
monly exhibit single PL signals corresponding to the tetragonal
phase of MAPDI; perovskite. However, we cannot exclude the
presence of orthorhombic or any other phase that could be opti-
cally inactive in this case.

The PDPL contour maps of the as-grown PC, HOC, and
SC MAPDI; perovskites also displayed noticeable differences
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Figure 3. Temperature-dependent photoluminescence (TDPL) and power-dependent photoluminescence (PDPL) contour maps of as-grown PC, HOC,

and SC MAPbI; perovskite A) before and B) after finely grinding.

(Figure 3A). The PC MAPDI; perovskite shows a dual PL peak
at 80 K over the excitation fluence range of 50-370 uW, owing
to the coexistence of the orthorhombic and tetragonal phases.
In contrast, the HOC and SC samples showed only single PL
peaks corresponding to the orthorhombic phase. Based on
these spectral results, we deduced that the phase transition
from the orthorhombic phase (=750 nm at 80 K) to the tetrag-
onal phase (=780 nm at 300 K) proceeds differently in various
crystalline states of the MAPDI; perovskite. Considering our
model and expectations, these differences were not surprising
when the as-prepared PC, HOC, and SC MAPDI; perovskites
were ground into fine powders (Figure 3B). We performed
a fine grinding process to obtain MAPbI; nanoparticles,* as
shown in Figure S14, Supporting Information. The PL peak
position of each powder was shifted according to the size dis-
tribution of the nanoparticles.”) However, the multiple emis-
sion features on the TDPL/PDPL contour maps converge to the
same emission pattern, that is, to that of the tetragonal phase.
Notably, the tetragonal phase is present even at temperatures
below 150 K without undergoing any optically detectable phase
transitions. Furthermore, we ground the samples under an
inert atmosphere (N,) to eliminate the effects of possible oxi-
dation or hydration of the perovskite. However, grinding only
affected the FWHM of PL (Figure S15, Supporting Informa-
tion). In fact, the PL properties of ground MAPbI; perovskites
resemble those of MAPDI; nanocrystals (NCs). Diroll et al.l?!
recently demonstrated that MAPDbI; NCs exhibit optical prop-
erties distinct from those of the bulk material below 160 K,
including no optically detectable phase transitions from the
tetragonal to orthorhombic phases. In addition to the PL, visible
and IR absorption measurements confirmed that MAPbI; NCs
retained the properties of the tetragonal phase even at tempera-
tures as low as 3 K.2! These experimental observations indicate
that in the absence of domain boundaries, the optical character-
istics of MAPDI; perovskites still depend on the domain size.
This relationship is clearly observed in the distinctive PL fea-
tures of the SCs and powdered samples.
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2.3. Optical Characteristics of SC MAPDbI; in the Phase Transition

As demonstrated, unlike other crystalline states of MAPDI;
perovskite, the SC samples undergo an abrupt phase transition
between the orthorhombic and tetragonal phases at =150 K. To
investigate the phase-transition process from the surface to the
bulk, we measured the TDPL spectra of the sample using three
different excitation wavelengths: 325, 473, and 633 nm. The
size of the SC perovskite used in the TDPL measurements was
~3 mm The penetration depth (9) in the perovskite structure at
these laser lines was calculated to be 19.6, 104.2, and 494 nm,
respectively, based on the absorption coefficients reported in
the literature.*®l The TDPL contour map for each excitation is
magnified over the phase-transition (AT.,) temperature range
from 135 to 150 K (Figure 4A). As mentioned in the previous sec-
tion, the PL at =750 nm corresponds to the orthorhombic phase,
whereas the PL at =780 nm stems from the tetragonal phase.
By increasing the temperature, we observed an evolution of the
ratio of the two peaks, which indicates a change in the propor-
tion of the phases. Moreover, we observed different proportions
of the two phases at varying penetration depths (Figure 4B).
The X-X isotherm lines reveal that the SC MAPDI; perovskite
remains mostly in the orthorhombic phase at 138 K, whereas
its surface is composed of two phases. However, the Y-Y
isotherm lines show that the core of the SC MAPbI; mainly
consists of the orthorhombic phase at 143 K, whereas the sur-
face has a higher ratio of the tetragonal phase. Finally, the Z-Z
isotherm lines indicate the presence of mixed phases in the
core of the crystal and the complete conversion of the surface
to the tetragonal phase at 148 K. These findings indicate that
the phase transition of SC MAPbI; from the orthorhombic-to-
tetragonal phases starts from the crystal (i.e., domain) surface
and continues inward toward the crystal (i.e., domain) core,
resembling a shrinking core model. 81 A surface-triggered
phase transition induces this inward propagation of the phase
boundary within a narrow temperature region (AT, < 10 K),
as illustrated in Figure 4C.
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2.4. Domain-Size-Dependent Optical Characteristics

of MAPDbI; Perovskite

To further elucidate the domain-size-dependent phase transi-
tion of MAPbI; perovskite, we selected a number of crystal-
lites from gently crushed SCs with different domain sizes and
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measured their size and PL spectra at 80 K (Figure 5A). For
SCs with a domain size smaller than 50 nm, a single PL peak
arising from the tetragonal phase was observed. In contrast, for
domain sizes between 1 and 300 um, the crystallites displayed
dual PL emission originating from the coexistence of the two
phases. Above a domain size of 500 um, a single PL emission
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58  Figure 5. Domain-size-dependent TDPL properties. A) PL spectra at 80 K for MAPbI; perovskites of different domain-sizes. B) Contour map of the
59 phase-transition process as a function of domain-size for MAPbI; from 80 to 190 K.
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peak arising from the orthorhombic phase was observed. In
comparison, Diroll et al.?! reported the TDPL results for NCs
(Dg < 20 nm), showing a tetragonal phase with a single PL
peak over the entire temperature range from 10 to 300 K and
no phase transition between the tetragonal and orthorhombic
phases. Dar et al.’¥ reported the existence of two phases
in PC MAPDI; (D4 > 500 nm) that exhibit dual emissions at
temperatures as low as 15 K. Diab et al.™ reported a single
orthorhombic phase in SC MAPDI; (Dy > 2 cm) at 80 K with an
abrupt phase transition at 150 K. Similarly, Fang et al.?l meas-
ured the PL of SC MAPDI; perovskite at 80 K, but observed dual
emissions due to Dy < 200 um. Thus, our observations reconcile
the disparate results reported in the literature and demonstrate
that at low temperatures, the tetragonal phase becomes more
favorable with decreasing domain sizes in MAPbI; perovskite.
Based on this finding, we revealed that regardless of the pres-
ence or absence of domain boundaries, as in PC MAPDI;, the
optical properties and phase transition are mainly determined
by the domain size of perovskite because SC MAPDI; generates
various domain-size-dependent residual stresses. In addition,
the difference in the internal residual stress, depending on the
domain size, acts as a relative repulsive force, and it could sup-
press the phase transition that attempts to propagate from the
surface to the core of domains, such as in the shrinking core
model shown in Figure 4.

Figure 5B summarizes the phase transitions of MAPDI;
perovskites as a function of the domain size. Based on our two
observations of a domain-size-dependent phase transition and
a surface-triggered phase transition, we present a schematic
of the mechanism of the orthorhombic-to-tetragonal phase
transition in MAPDI; perovskite. Specifically, large domains
(Dg > 200 um) are resistant to continuous phase transitions
up to relatively high temperatures. However, after reaching a
critical point (Ti,ns = 150 K), a complete transition occurs within
a short temperature range despite the large domain size. In
contrast, intermediate-sized domains (10 um < Dy < 300 um)
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undergo a gradual phase transition over a wide temperature
range, with onset temperatures significantly lower than those
for larger domains. The elevation of the phase-transition tem-
perature with an increase in the domain size has been observed
in other materials.*”! Finally, the smallest domains do not
undergo any optically detected phase transition and prefer to
maintain the tetragonal phase throughout the entire tempera-
ture range. We propose that the unit cell volume change during
the phase-transition process creates residual stress between the
two phases. This stress increases with the domain size. Thus,
SCs with large domains undergo a phase transition at higher
temperatures than structures with smaller domains, as the
large residual stress of the former resists the transformation.
Furthermore, the narrow temperature window of the phase
transition of SCs is also a result of the residual stress, which
facilitates the transformation for the release of the large-accu-
mulated stress.

2.5. Surface Inhomogeneity of SC MAPbI; Perovskite
by the Aging Effect

One of the general features of SC MAPDIj; is the change in the
PDPL emission peaks with aging. Figure 6A shows the contour
PDPL maps of the SC MAPbI; perovskite at 80 K according to
the degree of exposure to the atmosphere. X-ray photoelectron
spectroscopy depth profiling results show carbon rates when
the crystallinity of the SC domain is disrupted from the sur-
face through perturbation of the lattice periodicity (Figure S17,
Supporting Information). The dual emission PL peaks at low
fluences, which became stronger with aging, resembled that
of PC perovskite starting from the surface.’" Further, we split
the 3-month-aged SC perovskite in half, and the PDPL of
two regions (i: surface and ii: core) was measured, as shown
in Figure 6B. Unlike the surface, the core retained the repre-
sentative PL characteristics of SC perovskites with a single

Energy (eV)
1.65

146 1.46 max

1.55

-
o
o

Fluence (uW)

[ = .
Normalized PL intensity

800

700 750 800 850 750 800 750 80 min
Wavelength (nm) Wavelength (nm) Wavelength (nm)
B orthorhombic Energy (eV) Energy (eV)
172 165 159 153 148 172 165 159 1.53 148
/ i 3 @M7K| 3 @77 K
i ° © / \ 370 yW ] / \ 370 yW
4 > 20wl = F /N 200w
v —/; 2
N A T P 120 W
8 [ Al g e 50 uW
-t -t
£ £

Splitting into two
after 3 months

i Shell

ii Core

720 750 780 810 840
Wavelength (nm)

720 750 780 810 840
Wavelength (nm)

Figure 6. A) Contour PDPL maps of SC MAPbI; perovskite according to the degree of exposure to the atmosphere. B) PDPL spectra of SC MAPbI;
perovskite exposed to the atmosphere for 3 months: i) surface and ii) core in the orthorhombic phase.
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peak emission pattern over the entire fluence range. Such
inhomogeneity at the surface accompanies the volume change
more quickly than that of the core, resulting in continuous
residual stress/strain changes. Thus, these PDPL results could
act as a gauge to indicate the crystallinity of the SC perovskites.

3. Conclusions

In conclusion, we demonstrated that various TDPL emission
patterns can be attributed to the extent of the domain-size-
dependent residual stress of MAPDI; resulting from the volume
difference (AV = 4.5%) between the primitive unit cells of the
orthorhombic (at 80 K) and tetragonal (at 300 K) phases. As
the temperature increased from 80 to 300 K, the orthorhombic-
to-tetragonal phase transition in MAPbI; perovskite evolved
depending on the domain size, which manifested as different
temperature-dependent XRD patterns and PL spectra of the
MAPDI; perovskite samples with varying domain sizes. Our
work elucidates the seemingly inconsistent TDPL characteris-
tics across different perovskite structures and reveals why the
phase-transition variance is responsible for such PL behavior.
Domain-size-dependent stress management is thus an essential
frontier in the engineering of hybrid perovskite-based devices.

4. Experimental Section

Materials: Chemicals and Reagents: Methylamine (33% in absolute
ethanol), N,N-dimethylformamide (DMF, 299.8%, anhydrous), dimethyl
sulfoxide (DMSO, 2>99.9%, anhydrous), and ybutyrolactone (GBL,
>99%) were purchased from Sigma Aldrich. Lead (Il) iodide (99.999%,
ultra-dry) and toluene (299.9, anhydrous) were purchased from Alfa
Aesar. Formic acid (298%) was purchased from Acros Organics.
Methylammonium iodide (MAI) was purchased from Greatcell Solar. All
chemicals were used without further purification.

Methylammonium  Formate  Synthesis: ~ The  synthesis ~ of
methylammonium formate (MAFa) has been previously reported.)
Briefly, 9.4 g of the methylamine solution was chilled in an ice bath for
5 min with stirring under a nitrogen stream to eliminate oxygen in the
flask. Next, 4.6 g of formic acid was mixed with anhydrous absolute
ethanol in a 1:1 volume ratio. The formic acid solution was slowly added
to the methylamine solution using a syringe pump. After the reaction
was completed, the nitrogen stream was removed, and the MAFa
mixture was then stirred at room temperature in air for 2 h. Then, the
residual solvents were removed by a rotary evaporator to obtain a clear
and viscous liquid. The solution was stored in a glovebox and used
within 1 week to ensure high reproducibility.

Sample Preparation: The glass substrates were sonicated for 10 min
in acetone and isopropanol and plasma-cleaned before the fabrication
of PC and HOC MAPblI; perovskite films. The PC films were spin-coated
from a 1.4 m solution of MAI and lead iodide (1:1 molar ratio) in a DMSO
and DMF mixture (1:9 volume ratio) at 4000 rpm for 15 s, and 300 puL of
toluene was dropped for 6 s before the spin-coating was completed. The
films were annealed at 100 °C for 10 min.

The fabrication of HOC MAPbI; thin films was recently reported
by our group.l Briefly, Pbl, and MAI were mixed in a 1:1 ratio, and
a mass of the MAFa solvent equivalent to that of the precursors was
added and stirred for 1 h at room temperature. The solution was
blade-coated onto a glass substrate at room temperature to fabricate
an aligned microarray film. The substrate was attached to a metal bar
from the edge of the glass substrate using Kapton tape. The sample was
covered with a crystallization dish throughout the solidification process
to avoid disturbance from the surrounding air. A temperature gradient
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was applied by heating the sample from the metal to 85 °C. The entire
area was covered with centimeter-long microarrays after 2 h of gradient
annealing. After directional solidification was completed, the sample
was annealed for 2 h at 85 °C on a hot plate under an N, atmosphere.

The SCs of MAPbI; were synthesized by inverse temperature
crystallization.®Vl A solution of 1 M MAI/Pbl, was prepared by stirring at
60 °C in GBL. The solution was gradually heated to 110 °C, and SCs of
MAPbI; grew in a few hours to the desired size.

Raman: Raman spectra were collected in a backscattering geometry
with a high-resolution WiTEC alpha Raman spectrometer using high-
resolution (1800 gr mm™') and wide spectral range (600 gr mm™)
gratings. The use of the two gratings allowed the authors to collect
high-resolution Raman and broadband fluorescence emission from
the same sample volume during the phase-transition and for the
whole temperature range. The spectrometer was equipped with
Bragg volume grating filters to access Stokes and anti-Stokes low
wavenumber phonon energies down to 7 cm™, and a triple Peltier
stage cooled charge-coupled device detector (1600 pixel). The
measurements were carried out in the range of 80 to 300 K using a
gas flow cryostat (Oxford microstatHe) with optical windows that fit
under the microscope of the Raman setup. The two samples were
thermally connected to the cold finger of the cryostat using silver
paint (Figure S8, Supporting Information). The optical source was
a 633 nm He-Ne laser line. The laser beam was focused through
the cryostat windows onto the sample using long working distance
(Zeiss 20x, NA = 0.4 or Zeiss 10x, NA = 0.35) microscope objectives,
reaching a minimum diameter spot size of 3 um. The laser power
at the sampled points was maintained below 250 pW for the crystal
and 100 pW for the polycrystal to avoid the laser heating effect due
to direct laser absorption. In the case of the crystal, the background
of each spectrum, obtained after 10 x 300 s integration time, was
subtracted with a sixth-order polynomial, resulting in the cited
intense emission (Figure S9, Supporting Information). For the PC
films, better results were obtained by subtracting with a multi-shaped
curve Figure S10, Supporting Information.

Scanning Electron Microscope Measurement: The surface morphology
of all three types of perovskites was analyzed using a Zeiss scanning
electron microscope (SEM) with the electron beam accelerated at
5 kV.

XPS: The samples were mounted in floating mode to avoid
differential charging. Charge neutralization was required for all
samples. Binding energies were referenced to the C 1s binding
energy of the adventitious carbon contamination, which was taken
to be 285.0 eV. XPS studies were carried out on a Kratos Axis Supra
spectrometer equipped with a monochromatic Al Ka X-ray source
(hv=1486.6 eV) operating at 150 W, a multi-channel plate, and a delay
line detector in a vacuum of 10~ mbar. All spectra were recorded using
an aperture slot measuring 300 um x 700 pum. Survey spectra were
collected using a pass energy of 160 eV and a step size of 1 eV. A pass
energy of 20 eV and a step size of 0.1 eV were used to collect high-
resolution spectra.

TDPL: The TDPL spectra were characterized using a Horiba
JY LabRAM Aramis spectrometer with an Olympus 50x lens in a
temperature-controlled Linkam THMS600 stage. A laser excitation
source producing light at 325, 473, and 633 nm were used. For all TDPL
measurement temperatures, a holding time of 10 min was maintained
to ensure a uniform temperature set-point and phase stability in the
samples before the measurement.

XRD: XRD patterns were collected on a Bruker AXS D8 powder
diffractometer using a Cu Kol (A = 1.5406 A) source, a step size of
0.02°, and a speed of 0.5 s step™". Temperature-dependent XRD was also
performed with the same parameters, but with a temperature-control
chamber (LT chamber, TTK450 from Anton Paar GmbH with a software
controller). The data was collected while the temperature changed from
the lowest to the highest value. Data collection at each temperature was
carried out 2 min after reaching the desired temperature to stabilize the
structural changes in the materials. The materials were used as-prepared
or ground in a mortar if necessary.
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