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Figure 1. Temperature-dependent X-ray diffractograms (normalized to their respective maximum) around the [220] reflection of MAPbI3 thin films of
varying grain size: a) less than 50 nm, b) ≈100 nm, and c) 0.5–1 µm, where the lattice spacing was calculated from the measured 2θ angle. The blue
and red arrows (panel a) indicate the temperature cycle from room temperature to 100 K and back to room temperature, respectively. The distance
between each diffractogram is proportional to the temperature step, and the phase transition onsets are highlighted in bold. The insets in (a), (b), and
(c) show SEM images of the films. d) A comparison of the hysteretic change in d-spacing with respect to the linear shift above the transition temperature (Figure S1, Supporting Information) for each film, with weighted averages used to extract the value in the presence of mixed peaks (i.e., when
both OP and TP peaks are present).

and higher absorption coefficients.[35] Nevertheless, an understanding of the underpinning differences in structural and
mechanical properties of bulk films with different grain sizes,
and how grain size influences their crystal phase heterogeneity,
is still lacking. Furthermore, varying the grain size without
otherwise changing the material composition provides a controllable lever to vary the local environment and thus systematically investigate the link between the local surroundings and
the hysteretic phase transition phenomena.
In this letter, we investigate the influence of the grain size
on the nature of the TP to OP phase transition in MAPbI3
perovskite polycrystalline thin films, with grains sizes ranging
across two orders of magnitude from tens of nanometers to
micrometer scale. We characterize the changes in structural
and optoelectronic properties of these films by means of temperature-dependent X-ray diffraction (XRD), optical absorption,
as well as macro- and micro-photoluminescence (PL) measurements. Our results reveal that the phase transition is increasingly suppressed with decreasing grain size. We also find that
the temperature range of the hysteresis of the phase transition between the heating and cooling cycles increases with
decreasing grain size. These results provide strong evidence that
the phase transition and optoelectronic properties are significantly influenced by the local grain environment of the material,
and reveal new insights to control the phase and optoelectronic
behavior in these mechanically “soft” semiconductors.
We solution-processed thin films of MAPbI3 of varying grain
size on glass substrates by modifying recipes involving lead
acetate and methylammonium iodide precursors (see Methods
and Table S1 in the Supporting Information for full details).
Samples with a grain size on the order of tens of nanometers
(small grain) were obtained by confining the perovskite, deposited with a lead acetate recipe, within a mesoporous scaffold of
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Al2O3 nanoparticles (≈50 nm in size). Medium grain (≈100 nm)
films were fabricated as planar films with the same lead acetate
recipe, and large grain films (≈0.5–1 µm) were made in the
same way but by adding hypophosphorous acid to the leadacetate-based precursor solution following previous methods
to achieve enhanced grain growth without otherwise changing
the electronic structure or optical bandgap properties.[36]
Scanning electron microscope (SEM) images of these films are
shown as insets in Figure 1a (large grain), 1b (medium grain),
and 1c (small grain). We note that grain size is defined here
as morphological grain size ascertained from SEM images;
identifying true grain size would require local diffraction
approaches.[37] We herein present temperature-dependent
XRD and optical absorption measurements on each sample
following the same temperature cycle rate as well as macroand micro-PL measurements from 300 down to 100 K and
back up to 300 K (see Table S2 of the Supporting Information
for more details).
In Figure 1, we show structural changes from temperaturedependent XRD measurements (normalized to their respective
maximum) on large grain (Figure 1a), medium grain (Figure 1b),
and small grain (Figure 1c) films over the temperature range of
100–200 K (see Figure S1 of the Supporting Information for the
full temperature range of 100–300 K). The stated lattice spacing
(d-spacing) was calculated from the measured 2θ diffraction
angle of the [220] reflection; we note that we also observe the
same trends for the [110] reflection (Figure S3, Supporting Information). The distance between each diffractogram is proportional to the temperature step and blue and red arrows indicate
the cooling and heating cycles, respectively. The phase transition
onsets are highlighted in bold in Figure 1a,b. We find that the
first onset of a phase transition to the orthorhombic phase during
the cooling cycle is at the highest temperature for the large grain

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advenergymat.de

Figure 2. a) Temperature-dependent optical absorption and b) macro-PL measurements on small grain (top panels) and large grain (bottom
panels) MAPbI3 thin films. Yellow arrows indicate the temperature cycle from 300 down to 100 K and back up to 300 K with a rate of 2 K min−1 and
a dwell time of 5 min. Absorption spectra are displayed with a color scale representing the measured optical density. PL maps for each sample are
normalized to the maximum PL intensity measured during the temperature cycle. For all macro-PL measurements, the films were excited with a
532 nm diode laser with an excitation density of 0.6 mW cm−2. Black dotted lines show the phase transition onsets and red dashed lines highlight
the excitonic emission.

sample (135 K), followed by the medium grain film at the slightly
lower temperature of 130 K. Upon heating, both samples start the
transition back to the tetragonal phase at a similar temperature
(135 K). Surprisingly, although we observe a shift in d-spacing of
the TP peak with temperature from ≈145 K (cooling) to 100 K
and back to 145 K (heating), the d-spacing change between the
end points of the hysteresis for the small grain sample is consistent with a suppression of the phase transition.
We track the position of the [220] reflection and compare the
hysteretic change in d-spacing for each sample in Figure 1d.
Around the phase transition, where both TP and OP peaks
are present, we follow the average d-spacing weighted by the
amplitudes of both contributions (see Methods and Figure S1
of the Supporting Information). This comparison suggests that
the phase transition is increasingly suppressed and the width
of the hysteresis between cooling and heating cycles increases
as the grain size decreases. Indeed, we observe a hysteresis in
structural properties between the two temperature cycles across
a temperature range of ≈25 K for the large grain, ≈30 K for
the medium grain, and ≈45 K for the small grain samples. We
propose that the suppression of the phase transition and widened hysteresis in the small grain samples is due to the grains
being mechanically constrained in the mesopores and therefore
cannot structurally rearrange as easily as in the other samples.
We also note that we observe a mixed phase of both
TP and OP across a temperature span of 10 K during the
cooling (from 130 to 120 K) and heating (from 135 to 145 K)
cycles in the medium grain film, while in the large grain
sample we observe this mixing across 10 K during the cooling
cycle (from 135 to 125 K) and 15 K during the heating cycle
(from 135 to 150 K), as displayed in Figure S4 of the Supporting
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Information. This asymmetry in the large grain sample is followed by a positive shift in d-spacing remaining until room
temperature, indicating that the large grain structure does not
transform back to its initial lattice parameters. This structural
rearrangement appears however to be transient as the original
d-spacing is recovered after relaxation at room temperature (see
Figure S4, Supporting Information).
In order to investigate how the structural phase transition
and hysteresis observations manifest themselves on optoelectronic properties, we performed temperature-dependent
absorption and PL measurements. We compare the temperature-dependent absorption (Figure 2a) and PL (Figure 2b) of
the two extreme cases: the small grain (top panels) and the
large grain (bottom panels) films (see Figures S4–S6 of the
Supporting Information for a comparison of all three grain
sizes). These 2D colormaps represent the spectra as measured
in both absorption and PL, with a signal intensity ranging
linearly from blue (low) to red (high). Yellow arrows indicate
the temperature cycle from room temperature (300 K) to 100
K and back up to room temperature. The temperature steps
as well as the cycle rate were the same as the parameters used
for XRD measurements (see Table S2, Supporting Information). In the case of the small grain film, consistent with XRD
measurements, we do not observe any clear indication of a
phase transition in this temperature range despite a small
shift in both absorption onset and PL energy (top panels in
Figure 2a,b, respectively). Further measurements carried out
at lower temperatures show slight PL peak broadening that
may be the signature of the formation of the orthorhombic
phase below 80 K (see Figure S8, Supporting Information).
By contrast, the results obtained for the large grain sample
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Figure 3. Comparison of absorption (green) and PL (black) spectra at 150 K while cooling and heating, respectively, for a,b) the small grain and
c,d) large grain film. Dotted lines mark the central position of the PL peak(s) during the cooling phase as a reference point, and arrows indicate that
the energy difference between the absorption onset and the PL energy is larger during the cooling phase than the heating up phase. e,f) Change in
peak energy with temperature in PL and absorption, respectively. The energies were extracted from the spectra at each temperature, and the weighted
average calculated in the presence of mixed peaks.

(bottom panel of Figure 2a) show a clear phase-transition
hysteresis in absorption (shown by black dotted lines), coinciding with the apparition of an excitonic absorption peak
around 1.7 eV (highlighted by a red dashed line). This phase
transition is also observed in PL (bottom panel of Figure 2b)
with the emergence of a second peak blue-shifted by about
50 meV with respect to the TP emission peak.[25] The coexistence of both phases is visible in PL from 130 K (when cooling
down to 100 K) up to 145 K (when heating up to 300 K), which
is overall in good agreement with XRD. We note a small shift
in the temperature ranges between PL and XRD measurements, which we attribute to the fact that PL emphasizes any
TP components, even small fractions, due to energy funneling
of carriers from OP to TP.[31]
In Figure 3 we show absorption (green) and PL (black)
spectra at 150 K when cooling and heating, respectively, for
both the small (a,b) and large grain (c,d) films. Dotted lines
mark the central position of the PL peak and absorption onset
during the cooling phase as a reference point for comparison.
While there is no clear sign of phase transition hysteresis
between the cooling and heating cycles in the small grain film
at 150 K (Figure 3a,b), we observe clear differences in both PL
and absorption in the large grain sample (Figure 3c,d). The
emergence of the OP absorption edge upon cooling in the large
grain sample shows that the phase transition has started at
this temperature (Figure 3c); this is not seen in the PL because
the presence of any TP component will dominate the emission.
By contrast, at that same temperature but upon the heating
cycle (Figure 3d), the TP absorption is diminished and the OP
absorption peak dominates; the presence of a second PL peak
(i.e., the OP emission) adds further evidence that the OP now
constitutes a larger fraction of the film than it does at the same
temperature during the cooling cycle.
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In order to further characterize this phase transition
behavior, we extract at each temperature the PL and absorption
energy, and calculate the weighted average in the presence of
any mixed OP and TP-related peaks. We summarize the results
in Figure 3e,f and compare the overall change in energy from
before to after the phase transition for the PL and absorption
spectra, respectively (see Figure S9, Supporting Information).
The amplitude of that change from both measurements is
≈5 times higher in the large grain (≈80–120 meV) than in the
small grain sample (≈20 meV). We also note that the hysteresis in the small grain spreads again over a larger temperature
range (≈75 K) when compared to the large (≈60 K) and medium
(≈50 K) grain films, with an overall trend consistent with the
observed structural changes (XRD). This widening of the hysteresis, and the decrease in the overall amplitude of the energy
changes between the two phases, again suggests that the phase
transition is more suppressed in the small grain sample.
In order to understand how the PL properties change with
temperature at the microscale, we performed micro-PL measurements. We scanned the laser in steps of 2 µm and recorded
at each location a PL spectrum in order to create 2D maps at a
range of temperatures while cooling down from room temperature to 100 K and heating back up to room temperature. We
performed a peak-detection and fitting routine on the data in
each map in order to extract the statistically relevant peaks and
relevant peak parameters (see Figures S2 and S10 and Table S3
of the Supporting Information for more details about the
method). Figure 4 shows the results obtained for the large grain
film (see Figures S11 and S12 of the Supporting Information
for medium and small grain samples, respectively), with the
pure TP phase shown in blue. When both phases are present,
the ratio of the OP peak area over the TP peak area is displayed
with a linear color scale ranging from red (TP peak dominates)
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Figure 4. Temperature-dependent micro-PL measurements on the large grain film. A tightly focused 532 nm laser was used with an excitation density
of 1500 mW cm−2. We scanned the laser in steps of 2 µm and recorded at each location a PL spectrum in order to create 2D maps at 160, 140, 120,
and 100 K while cooling down from room temperature to 100 K and heating back up to room temperature. Each spectrum was fitted with Gaussian
functions, and the PL peak area(s) extracted. Regions of pure TP phase are in blue, and the ratio of the OP peak area over the TP peak area displayed
with a linear color scale ranging from red to green when both phases coexist. The area circled by a dotted line highlights a region where the OP phase
does not form very well even at 100 K and undergoes an early transition back to TP before 140 K (heating).

to green (OP peak dominates). When cooling down, the PL
arises only from the TP phase until 120 K, at which point mixed
phases become interspersed throughout, with a larger proportion of emission from TP across the film. An increased heterogeneity in the area ratio of the OP and TP peaks in the presence
of mixed phases appear at 100 K where the OP emission peak
dominates overall (with a OP/TP ratio ≈1.6), apart from some
features such as the one highlighted by dotted lines where it
remains smaller than the TP peak. Interestingly, this heterogeneity is less visible at 120 K (heating), but it stands out again at
140 K (heating), the temperature at which the hysteresis is also
the most noticeable when comparing with the 140 K (cooling)
map. The region highlighted by dashed lines where the OP
peak was still smaller than the TP peak at 100 K is also the
first to transition back to the pure TP phase at 140 K (heating).
These micro-PL maps reveal the microscale complexities of
this phase transition behavior and how sensitive the structure
is to the local environment. Similar maps and analyses were
performed on the medium (Figures S11 and S13, Supporting
Information) and small grain films (Figures S12 and S14, Supporting Information). Again, no clear phase coexistence was
seen on the small grain sample down to 100 K (Figure S14,
Supporting Information).
Our collective results provide insight into how sensitively the
optoelectronic and phase transition properties depend on the
local environment of the material. We find that smaller grain
MAPbI3 samples show greater hysteretic effects, which are consistent with these small grains being constrained and inhibited
from freely undergoing phase transitions; in contrast the phase
transition is much more rapid and more easily performed in
larger grain samples. This is consistent with our previous work,
where we found that the hysteretic phase transition in a bulk
MAPbI3 film was reduced when the same film was scraped
Adv. Energy Mater. 2019, 9, 1901883
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off into a powder form,[24] allowing the system to more freely
transition. Furthermore, we performed similar temperaturedependent PL (Figure S15, Supporting Information) and
X-ray diffraction (Figure S16, Supporting Information) measurements on mixed-cation (FA0.80MA0.15Cs0.05)Pb(I0.83Br0.17)3
samples (FA = formamidinium), which correspond to state-ofthe-art solar cell devices. We find that these mixed cation films,
which have grain sizes comparable to the medium grain samples (Figure S17, Supporting Information), also exhibit hysteresis around the low-temperature phase transition, though the
magnitude of these effects are greatly reduced with respect to
the MAPbI3 medium-grain counterparts. These observations
are consistent with the FA-based samples exhibiting a more
rigid lattice than their MA-counterparts, thereby inhibiting the
phase transition and associated hysteresis effects in a similar
manner to the constrained small grain samples. Nevertheless,
these results also demonstrate that such effects are still present and important even in the highest performing devices.
The collective results strongly suggest that locally constraining
the grains or rigidifying the lattice can inhibit the phase
transition,[38] and in the extreme case of very small grains, can
almost entirely suppress the phase transition. This reveals local
strain as a lever for controlling phase behavior, which could
be exploited in future optoelectronic device structures.[39,40]
This work, focusing on low-temperature phase transitions,
therefore provides unique insight into local strain properties,
which ultimately lead to performance and stability issues at
device operating temperatures. Our work also suggests that
one must seek a compromise between constraining or rigidifying these soft systems to prevent the negative impact of phase
transitions and defect formation (e.g., through smaller grains)
while minimizing compressive strain and grain boundaries;
the recent approaches to alloying perovskites systems through
© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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mixed A-site cations and X-site halides may have serendipitously found this compromise, though further optimization is
still required to eliminate the hysteresis effects entirely. Further
work would also be required to elucidate the precise nature and
magnitude of the strain involved in these phenomena.
We investigated the TP to OP phase transition in MAPbI3
perovskite thin films with grain sizes ranging across two orders
of magnitude from tens of nanometers to micrometer scale.
By means of temperature-dependent X-ray diffraction, absorption, macro- and micro-photoluminescence measurements, we
showed that the phase transition is increasingly suppressed
with decreasing grain size. We also report that the hysteresis
of both structural and optoelectronic properties widens across
a larger temperature span with decreasing grain size. MicroPL maps reveal a spatial heterogeneity in the presence of the
mixed phase of the large grain film, providing a microscale visualization of the findings. Our work reveals the influence of the
local environment on optoelectronic, physical, and phase properties of the perovskite structure, which is essential for phase
and defect engineering in operating devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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