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Metal halide perovskites such as methylammonium lead iodide (MAPbIs, MA = CH3NH3) are
highly promising materials for a variety of low-cost optoelectronic applications including
solar cells, light-emitting diodes, lasers and photodetectorst® 2. The perovskite in these
devices is typically deposited as a thin film from simple precursor salts and the resulting
polycrystalline films show crystalline character!®l. This in part contributes to their superlative
properties that render them fitting for the aforementioned devices, most notably long charge

carrier diffusion lengthstl, strong absorption coefficients®, and low levels of non-radiative
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decay® © the latter which could enable perovskite devices to approach their radiative
efficiency limits [,

The metal halide perovskite class of ionic materials are mechanically *“softer” compared to
other efficient photovoltaic materialst®l. This can result in a variety of curious phenomena
including large ionic displacements through photo-°! and field-induced!*®! jon migration and
light-induced structural™ rearrangements. Another consequence of the soft nature is the
relatively easy reorientation of its crystal structure to undergo phase transitions. MAPDI3
exists in the tetragonal phase (TP) at room temperature (~150K < T < 330 K) but undergoes a
rearrangement to an orthorhombic phase (OP) at low temperature (T ~ 150 K) and a cubic
phase at high temperature (T ~ 330K)[2. Recent devicel*® and spectroscopict* studies
suggest that there is no marked operational distinction between the tetragonal and cubic
phases for polycrystalline films, with the photoluminescence (PL) monotonically blue-shifting
upon raising the temperature following the same spectral evolution with temperature as seen
within the tetragonal phase. In contrast, the low-temperature tetragonal-orthorhombic phase
(TP-OP) transition leads to a substantial perturbation in the optoelectronic properties of
polycrystalline films, with clear changes observed in device behavior™® 1, recombination
kinetics!*® 171 and bandgap!*®l. The specific onset of the TP-OP transition temperature has been
reported to be in the range 140 — 170 K[*82% and appears to depend strongly on the perovskite
processing routel*® and grain sizel?l. Furthermore, there have been reports of hysteretic
behavior in the opticall®® 221 and transport!?!! properties of these materials in cooling/heating
cycles through the low-temperature phase transition, suggesting that the phase transition also
depends on the history of the temperature of the sample.

We and others have reported that there is a grain-to-grain hetereogenity on the microscale in
optoelectronic properties of the polycrystalline perovskite films, which limits device
performancel®® 24, This microscale heterogeneity has been observed in emission[?®2]

absorption[?®l, and device photocurrent?” 21 even for high-performing device materials,
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suggesting that there is substantial room for further improvement of these properties. Kong et
al.??l and Panzer et al.B% reported that there is a co-existence of both OP and TP components
below the low-temperature phase transition, and it has been proposed that this results from
small inclusions adopting the room-temperature phase at low temperature®. However, a
direct connection between these bulk and microscale photophysical observations, the structure
of the perovskites and the hysteretic phase observations is lacking. This information is
essential for understanding the photophysics of these curious semiconductors and to
ultimately achieving the homogeneity in structural and optoelectronic properties required to
reach device efficiency limits.

Here, we use temperature-dependent X-Ray Diffraction (XRD) measurements to study the
structural changes around the low-temperature (TP-OP) phase transition of polycrystalline
MAPbIs perovskite thin films prepared using a lead acetate precursor recipe on silicon
substrates. We find direct evidence for the co-existence of the OP and TP above and below
the phase transition temperature, and a stark difference between the two configurations upon
cooling and heating. We use temperature-dependent micro- and macro-PL measurements to
show that the hysteresis in the XRD structural measurements is related to a hysteresis of local
inclusions of each phase that are influenced by the local environment, and that the hysteresis
is also observed in a variety of other optoelectronic properties. Finally, we observe a change
in the texture of the films after a cooling/heating cycle, a phenomenon which is absent in
measurements on randomly-oriented powder samples, and the texture change correlates with a
fusing of grains and a substantial increase in the emission from the sample. Our results
highlight an intimate relationship between the structure, crystal orientation and the
photophysical properties of the perovskites and provide insights into the targeted growth of
high quality perovskite films for devices.

Thin films (~250 nm thickness) of the MAPbI3 perovskite were deposited on glass, quartz or

silicon substrates by spin-coating a lead acetate-based precursor solution followed by
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annealing of the films (see Experimental Section)®!. The orthorhombic-to-tetragonal and vice
versa phase transitions were monitored via the X-Ray Diffraction (XRD) method and the
predominant reflections (<110> and <220>) of the films on silicon at different temperatures
are shown in Figure la (see Supporting Information, Figure S1 for full diffractograms). The
diffractograms reveal the structural evolution of the films upon a cooling/heating cycle
through the TP-OP phase transition. Here, the films are controllably cooled from room
temperature (298 K) to 100 K and then heated back to 298 K. Importantly, we note that the
spectral shifts associated with the thermal expansions and contractions of the Si substrates and
XRD Al stage are corrected by adjusting the position of the Si Kf reflection to 61.7° for all
measured XRD spectra. In addition, the XRD spectra are normalized to the strongest
reflection (<110> in this case). The diffractograms indicate clear shifts in the peak positions
to higher 20 angles upon cooling followed by a gradual shift towards lower 20 angles during
the heating cycle. The data can be fitted with the tetragonal 14/mcm space group above 170 K
and the orthorhombic Pnma space group below 130 K[*2, In these temperature regions with a
single phase, we calculate the thermal volume expansion coefficient to be 3.4x10* K7, in
agreement with recent reportst®2. The shift in peak positions as well as broadening of the full-
width half-maximum (FWHM) upon cooling is indicative of an increase in the film residual
stresses upon temperature cycling. Notably, there is a difference in the peak position and
shape at 160 K (black) between the spectra acquired upon cooling and heating the sample; this
is highlighted with the dashed vertical lines in Figure 1a.

In Figure 1b and ¢ we zoom in on the <220> reflection when cooling and heating the sample,
respectively. Upon cooling (Figure 1b) we see the onset of the TP-OP transition at 150 K
(green). However, a mixed phase of both TP and OP is evident at 140 K followed by a
predominantly OP below 130 K. Upon heating (Figure 1c), the peak character remains OP-
dominant until 160 K, when it becomes a mixed phase of both and then a predominantly TP

above 170 K. In addition, we find that the ratio of <220>/<110> increases upon heating the
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sample back up to room temperature; this will be discussed in more detail later. These XRD
results suggest that both TP and OP co-exist at temperatures around the phase transition.
Furthermore, the relative fraction of each phase in the temperature range of 140-160K is not
the same when comparing cooling and heating cycles, as evident from the diffractograms at
160 K in Figure 1b and c.

The hysteresis in the structural properties of the thin films upon cooling and heating is
visualized in Figure 1d by comparing the lattice spacing parameter d at each temperature for
the cooling and heating cycles, computed from the peak positions (20) of the <220>
reflections at each temperature (see Figure S1 and S2 for the <110> reflections, peak
positions and the integrated peak areas). The results show that the TP-OP phase transition,
centered at ~150 K, is a ~40 K wide transition extending from 170 to 130 K, temperatures in
which the film has completed the phase transition on both cooling and heating. We note that
the degree of hysteresis depends on the rate of cooling/heating (Figure S3); for subsequent
measurements the cooling and heating rates were kept fixed and symmetric in both directions.
The polycrystalline films have a strong preferential orientation, since the <110> planes are the
primary observed reflections (Figure la and Figure S1). To elucidate the effect of the
substrate and the preferred grain orientation, we performed the same XRD experiments on
powder samples. Here, the powder was obtained by spin-coating thin films on large glass
substrates in the same way as for the thin film samples, but then scraping off the films and
grinding to a powder form (see Experimental Section). The lattice spacing corresponding to
the <220> reflections is plotted in Figure 1d (see Figure S4 for XRD diffractograms and
description). The behavior of the powder with temperature is noticeably different compared to
the thin film sample, with sharper transitions and reduced hysteresis (~12 K versus ~40 K for
the film), suggesting that the substrate and substrate-induced texture in the film play a

significant role in the hysteretic phase phenomena.
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In order to investigate how the phase hysteresis is manifested in optoelectronic properties, we
performed temperature-dependent macro-PL measurements on MAPDI3 thin films on quartz
substrates, which we show in Figure 2a (see Figure S5 for unnormalized spectra). The TP is
characterized by a single emission peak at an energy just below the band gap!®l. At around
and below the TP transition, a second, higher energy peak is observed corresponding to the
OP8l. Upon cooling from room temperature, we observe a red-shift and splitting of the TP
emission peak and the emergence of the OP peak (~740 nm) at ~120 K which increases in
intensity relative to the TP peak. These general observations have been reported elsewhere,
though we note that there is not yet consensus on the origin of all features of the low-
temperature photophysical structure of MAPbI5!*8 331 We observe significant emission from
the TP peak even at 80 K, even though the XRD and absorption (Figure S6) measurements
suggest only a small fraction of the material remains in the TP. As we heat the sample back
through the phase transition, we observe hysteresis in the spectra, with the spectral shapes and
relative intensities clearly different than on the cooling cycle.

In Figure 2b we plot the integrated intensity of the OP emission peak with temperature. We
find that the feature only becomes resolvable at ~120 K upon cooling but, upon heating, it
remains visible until ~150 K. In Figure 2c we show the PL quantum efficiency (PLQE),
integrated over all emission peaks, at each temperature through the cooling and heating cycle.
We find that the PLQE values also exhibit hysteresis, with the maximum value reached at
~130 K on the cooling cycle and ~150 K on the heating cycle. We note that recombination in
the films becomes almost entirely radiative at these peak values, consistent with both our
previous observationst® and also with reports of a maximum in device photo-voltage at this
temperature®® . However, at lower temperatures the PLQE decreases again, suggesting that
there are substantial numbers of non-radiative recombination sites below the TP-OP transition.
Interestingly, this decrease in PLQE below the phase transition is in contrast to that reported

for single crystals[ref]; further work will be required to understand these differences.
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Moreover, we find that this phase hysteresis is not only manifested in the PL properties but
also in a variety of other optoelectronic properties including absorption (Figure S7) and
photo-conductance” (Figure S8), suggesting an intimate relationship between structure and
optoelectronic properties. We find that the hysteresis effects are also present in MAPbI3 films
prepared using other fabrication routes (Figure S9), suggesting it is a general phenomenon in
polycrystalline MAPDbIz films. We also observe exaggerated hysteresis in a mesoporous
perovskite film (Figure S8), which is composed of much smaller crystallites than the pristine
planar filmsB4. This indicates that smaller grains in general have more exaggerated hysteresis
effects than larger grains, and this is likely due to the increased fraction of surfaces (grain
boundaries) which are the sites of strain between neighboring grains.

In order to understand the PL properties and structural changes on the microscale, we
performed micro-PL measurements. We plot the micro-PL maps in Figure 3, where the blue
color indicates the integrated intensity of the OP peak, which we superimpose on the
integrated intensity of the TP peak shown in red (see Figure S10 for additional temperatures).
Upon cooling to 145 K (Figure 3a), we find that the emission arises only from the TP. As we
further cool the sample to 125 K (Figure 3d), we observe the emergence of domains showing
additional emission from the OP (blue), with the OP intensity anti-correlating with TP
emission intensity®®l. As we further cool the samples, we still see large inclusions of the TP
even at 80 K (Figure S10), consistent with the macro-PL measurements. Visualizing these
inclusions gives us a direct explanation for the strong TP emission relative to the OP emission
at these temperatures even though XRD (Figure 1) and absorption (Figure S7) measurements
indicate that only a very small fraction of the TP should exist at this temperature. Here,
energy transfer from the larger bandgap OP domains to even small inclusions of the lower
bandgap TP which subsequently emit will lead to a strong quenching of the OP emission
(Figure S11)*8 35 361 The reduced PLQE below 140 K could in part be related to an

inefficient energy transfer process, where at least a fraction of the TP inclusions effectively
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act as non-radiative ‘traps’ in the OP for one or both carriers. These observations are
consistent with our recent work in which we found that recombination in the OP is much
faster than in the TPI,

Upon heating the sample back to 125 K (Figure 3e), we now observe a larger fraction of
emission from the OP, which is illustrated by comparing the spatially-averaged spectra upon
cooling and heating in Figure 3f. When the sample is heated back to 145 K (Figure 3b), we
still see large OP inclusions remaining which only disappear again upon further heating
(Figure S10). This is substantially different than the spectra upon cooling, which can be seen
by comparing the spectra in Figure 3c. These data give us a microscale picture of the phase
hysteresis: local regions retain the high temperature phase well below the nominal TP-OP
phase transition, and other regions retain the OP after warming back to above this temperature.
Moreover, the grains which are first to convert to the OP upon cooling act as ‘seeds’ for the
further spread of the OP, and it is also these seeds that are more likely to stay in the OP at
higher temperatures (Figure S10). We also observe that the presence and intensity of the OP
emission is enhanced around a mechanically cracked region of a film relative to the pristine
material; the OP peak already appears at higher temperature when cooling than other regions,
and the OP peak is still considerably strong even after the sample is heated back up to 150 K,
whereas the homogeneous material has already predominantly transformed back to the TP at
this temperature (Figure S12). In addition, we note that the absolute emission intensities are
enhanced around the crack borders compared to the homogeneous material (Figure S13).
These findings give further evidence that the local environment has a significant influence on
the PL properties.

Finally, we elucidate the effect of the temperature cycling and how it relates to the structural,
morphological and optoelectronic properties of the thin films. In Figure 4a, we plot the X-
Ray diffractograms of the thin films measured at room temperature before and after the

temperature cycling. We find an overall decrease in the intensities of the reflections after the
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cycling, with the decrease more prominent for the <110> reflection than the <220> reflection.
To further investigate this, we plot the ratios of the integrated peak areas for the <220> and
<110> reflections as a function of temperature in Figure 4b, which were extracted from the
MAPbI3 thin film diffractograms in Figure 1. We do not see substantial hysteresis in the ratio
through the phase transition but we do see a clear increase of the ratio (<220> relative to
<110>) for the heating cycle to room temperature relative to the values upon cooling,
suggesting the development of the <220> texture as a result of temperature cycling through
the phase transition. The texture development is not observed when cycling to low
temperature but while still remaining above the phase transition temperature (Figure S14).
Importantly, we do not see this reorientation signature for the powder sample, where the
spectra before and after the heating/cooling cycle overlay entirely (Figure 4a, inset). This
suggests that the substrate may play a critical role in the realignment of the crystallographic
domains and hinder or assist any changes thereof.

We show scanning electron microscope (SEM) images of the film surfaces before and after
the temperature cycling in Figure 4c and d. We find that the grain domains have mostly
become fused together after the temperature cycling, with the grain size increasing from a
mean of 93 £ 101 nm to a mean fused domain size of 584 + 275 nm (see Figure S15 for grain
size distributions). This is a remarkable observation, and one we might only expect on
annealing the sample at high temperature rather than when cooling the sample below room
temperature.

Interestingly, the texture development and grain fusing in the thin film correlate with a large
increase in the PL intensity as we heat it back to room temperature (Figure 4b, black open
symbols). When comparing the emission at room temperature before and after the temperature
cycling (Figure 4b inset), we find that the PL can be enhanced by a factor of 5, corresponding

to the increase in PLQE from 1% to 5% seen in Figure 2d.
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Our results suggest that the cooling/heating temperature cycle has substantially reduced the
fraction of non-radiative recombination channels. It is highly likely that these changes are
related to the altered structure and increase in grain size. This is consistent with results
reported by D’Innocenzo et al., where films with larger grain sizes were observed to have
longer PL lifetimes and enhanced emission intensities®). Others have reported that larger
grain sizes result in superior solar cell performancest® which is consistent with grain
boundaries being detrimental to optoelectronic behavior(?3l,

The precise mechanism of the grain “fusing’ is unclear but we observe that the effects are
most prominent when cycling below the phase transition temperature, suggesting that the
structural rearrangements associated with the TP-OP phase transition are critical. The fusing
could also be related to the local chemistry of the grain boundaries and how this is affected in
the OP, which may in turn be related to the specific origin of the non-radiative decay sites
(see Supporting Information for further discussion). The role that even trace amounts of Pbl>
could play on the fusing, texture development, and hysteresis properties is also presently
unclear. Future work to understand this fusing mechanism could elucidate a promising
pathway towards polycrystalline perovskite films with substantially reduced non-radiative
decay and superior performance.

The structural and hysteretic results presented herein have direct implications for perovskite
optoelectronic devices such as solar cells and LEDs. Leblebici et al. recently reported that,
within individual grains, there is spatial heterogeneity in the local short-circuit photocurrent
and open-circuit photovoltage in polycrystalline CHsNH3Pbls perovskite solar cells?l, They
attributed these variations to different crystal facets, and they speculate that the optoelectronic
heterogeneity is related to a facet-dependent density of trap states. Our results are consistent
with this assertion, where we find a strong link between the optoelectronic behavior
(emission) and the preferred orientation of the grain structure. Although the optimal preferred

orientation remains unclear, our work reveals that an optimization route focusing on the
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controlled growth of specifically oriented crystals, potentially on oriented substrates or
contacts, would lead to enhanced perovskite material quality and device performance.

In conclusion, we have used bulk XRD measurements to reveal a substantial hysteresis in the
phase behavior in MAPDbIs upon cooling and heating. The hysteresis is particularly
exaggerated in polycrystalline thin films on substrates and is less significant for a powder
sample. Additionally, we find that there is a reorientation signature after the cooling/heating
cycle for the polycrystalline film which is absent for the powder sample, suggesting that the
substrate may play a critical role in the alignment of and changes to the crystallographic
domains. Using microPL mapping, we find that there are emitting inclusions of the TP below
the nominal TP-OP transition and, upon heating, we still observe small inclusions of the OP,
giving a microscopic picture of the hysteresis effects. Mechanically scratched regions exhibit
brighter emission, particularly at low temperature, and an earlier (higher) temperature onset of
the phase transition compared to the homogeneous regions. Finally, we show that this
hysteresis in structure is also manifested in a variety of optoelectronic properties including
absorption, PL, and photoconductance, revealing an intimate relationship between structure
and performance. Our results indicate that optimizing the grain size and crystal orientation

would lead to superior perovskite material and device performance.

Experimental Section
Sample preparation: Glass/quartz substrates were washed sequentially with soap, de-ionized

water, acetones, and isopropanol, and finally treated under oxygen plasma for 10 minutes.
Thin films of CH3NH3Pbls were solution-processed by employing a methylammonium iodide
(CH3NHsl) and lead acetate Pb(Ac)2-3H20 precursor mixture. CHsNHsl (Dyesol) and
Pb(Ac).-3H.0 (Sigma-Aldrich) were dissolved in anhydrous N,N-dimethylformamide at a 3:1
molar ratio with final concentration of 37 wt%. The precursor solution was spin-coated at

2000 rpm for 45 seconds in a nitrogen-filled glovebox, and the substrates were then dried at
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room temperature for 10 minutes before annealing at 100°C for 5 minutes. For the powder
samples, the precursor solution was spin-coated onto large glass wafers (~10 cm diameter) at
1500rpm followed by the same annealing procedure. The powder (~30mg) was obtained by
scratching the film off with a knife blade from 5 of the large wafers. All samples were then
stored in a nitrogen-filled glovebox until used.

X-Ray Diffraction Measurements: X-Ray Diffractograms were collected from MAPbIs thin
films on boron-doped Si(100) substrates and MAPbIs powder samples using a PANalytical
X’Pert Pro Multi-Purpose Diffractometer operated at 40 kV and 45 mA (Cu K-alpha
radiation- 1.5418 A) in Bragg-Brentango geometry. An Oxford Cryosystems PheniX Cryostat
was employed during non-ambient measurement with cooling rate of 6 K/min. Data was
collected with a step size of 0.02° and a scan rate of 1°/min. Data analysis was carried out
using the Panalytical X’pert Highscore Plus program and corrections for stage and substrate
thermal expansion during the cooling-heating cycles were made by adjusting the position of
Si Kb reflection to the reference value.

Micro-Photoluminescence Measurements: For the microPL measurements the sample was
placed in a helium flow cryostat with optical access. Excitation and collection was
implemented using a microscope objective with a numerical aperture NA = 0.55 and
magnification 50x. The typical diameter of the spot was of the order of 1 [Im. Additios
the cryostat was mounted on motorized x — y translation stages to allow high resolution spatial
mapping. The microPL spectra were recorded using a spectrometer equipped with a CCD
camera. A green solid-state laser, emitting at 532 nm, was used for excitation.

For each thermal cycle, the temperature extremes were 80 K and 295 K. The results
presented in Figure 3 were obtained through a series of scans performed at 200 K, 164 K, 145
K, 125 K and 105 K for both cooling and heating phases of the thermal cycling (155 K, 145 K,
140 K, 130 K, 120 K, 110 K and 80 K for the mapping series in Figure 4). The temperature

change was set at a rate of 2 K/min, with the start of each scan delayed by 5 min in order to
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stabilize the temperature of the sample mount. Typical duration of a single scan was
approximately 50 minutes.

Bulk Photoluminescence Measurements: For the temperature-dependent bulk PL
measurements the samples were placed in a nitrogen-filled cryostat. At each desired
temperature, the samples were fixed for 15 minutes to stabilize. The PL emission spectra were
recorded using an Edinburgh LifeSpec spectrometer. The CH3NH3Pblz films were excited at
405 nm with a picosecond pulsed diode laser (Hamamatsu, M8903-01, lo = 4 x 10%
photons/cm?, repetition rate 1 MHz) and emission spectra were recorded in the range 700 —
900 nm, using a monochromator with 1 nm slits.

The PL quantum efficiency (PLQE) at room temperature was measured using an integrating
sphere in a nitrogen-filled glovebox using a 532-nm excitation laser at an illumination
intensity of ~100 mW/cm?, and the PLQE at other temperatures determined scaled relative to
this room temperature measurement by accounting for the absorption and PL spectra at each
temperature.

Supporting Information
Supporting Information is available online from the Wiley Online Library or from the author.
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Figure 1. Temperature-Dependent X-Ray Diffractograms (XRD) of a MAPbI3 thin film
on silicon. (a) Snapshots of the regions of interest of the XRD diffractograms when cooling
from room temperature to 100K and heating back to room temperature (bottom to top).
Cooling and heating rates were fixed at 6 K / minute and the sample fixed at each temperature
for 30 mins to stabilize and to take the measurement (effective average rate of ~0.3 K /
minute). Spectra have been scaled to normalize the strongest reflection <110> to 1. The
dashed lines are guides to the eye. Zoom in on the <220> reflection at different temperatures
when (b) cooling from 298 K to 100 K and (c) heating the film from 100 K back to 298 K.
The inset of (c) compares the spectra at 160 K during the cooling and heating cycles. (d)
Lattice spacing calculated from the 26 values of the <220> reflections extracted from the
XRD spectra for the thin film (upper panel and Figure S1) and powder (upper panel and

Figure S4), with weighted averages used for mixed peaks.
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Figure 2. Photoluminescence measurements of thin films. (a) Temperature-dependent PL
spectra of a MAPDI3 thin film on a quartz substrate when cooling from room temperature to
80 K and back to room temperature (bottom to top). Spectra have been normalized to their
peak value. Samples were photo-excited with a 405-nm pulsed laser with a fluence of 2
uJ/cm?/pulse and a repetition rate of 1 MHz. (b) The integrated intensity of the high energy
orthorhombic phase (OP, ~740nm) emission peak. (c) PL quantum efficiency (PLQE) as a

function of temperature when cooling (blue squares) and heating (red circles).
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Figure 3. MicroPL maps showing phase hysteresis on the microscale. Spatial microPL
maps showing integrated PL intensity from the orthorhombic (OP, blue) and the tetragonal
phase (TP, red) peaks. The intensity increases from white to dark blue or red. The scanning
step was 2 pum, and an illumination intensity of 12 W/cm? was used. Measurements were
taking by cooling from room temperature to (a) 145 K, (d) 125 K, 80 K, then warming back to

(e) 125 K and (b) 145 K. The spatially-averaged spectra are shown at (c) 145 K and (f) 125 K.
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Figure 4. Relationship between grain orientations emission. (a) Zoom in on the <110> and
<220> reflections at room temperature before and after the temperature cycle for thin films
and powder (inset). (b) Ratio of the integrated peak areas of the <220> and <110> reflections
from the thin MAPDIs film diffractograms of Figure 1. The black open symbols show the PL
enhancement of the film for the heating cycle compared to the same temperature on cooling.
Inset: PL spectra before (blue) and after (red) from the thin film sample at room temperature.
Top-view SEM images of the MAPbI; films (c) before and (d) after the temperature cycling,

with typical grain domains in each highlighted with dashed lines.
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The extent to which the soft structural properties of metal halide perovskites affect their
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