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ABSTRACT

Methylammonium lead iodide (MAPDbI3) perovskite nanocrystals (NCs) offer desirable
optoelectronic properties with prospective utility in photovoltaics, lasers, and light-emitting
diodes (LEDs). Structural rearrangements of MAPbI3 in response to photoexcitation, such as
lattice distortions and phase transitions, are of particular interest, as these engender long carrier
lifetime and bolster carrier diffusion. Here, we use variable temperature X-ray diffraction (XRD)
and synchrotron-based transient X-ray diffraction (TRXRD) to investigate lattice response
following ultrafast optical excitation. MAPbI; NCs are found to slowly undergo a phase
transition from the tetragonal to a pseudo-cubic phase over the course of 1 ns under 0.02 — 4.18
mJ/cm? fluence photoexcitation, with apparent non-thermal lattice distortions attributed to
polaron formation. Lattice recovery exceeds timescales expected for both carrier recombination
and thermal dissipation, indicating meta-stability likely due to the proximal phase transition, with
symmetry-breaking along equatorial and axial directions. These findings are relevant for

fundamental understanding and applications of structure-function properties.
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Metal halide perovskites, available as thin films, single crystals and colloidal nanocrystals
(NCs), offer prospective utility in solar cells, light-emitting diodes (LEDs), and lasers.! 2 Highly
desirable properties include tunable absorption, high photoluminescence quantum yield with
narrow linewidths, long carrier lifetimes, and amplified spontaneous emission.>!® Uncertainty
exists regarding how interband photoexcitation transiently changes the lattice as well as means
by which structure evolution influences optoelectronic performance.!' Optical excitation of bulk
methylammonium lead iodide (MAPbI3) yields excitons with low binding energies that can
dissociate into free carriers, and unraveling the relationship between carrier behavior and crystal
structure on ultrafast timescales is pertinent for both practical and fundamental purposes.'? '3
Steady state measurements and density functional theory (DFT) calculations have suggested that
photoexcitation can modify the crystal phase in MAPbI; through manipulation of MA-I
hydrogen bonds.!*!7 Additionally, optical'®-* and physical'* *!">* studies performed on a variety
of compositions have conveyed that lattice distortions in the form of large and small polarons —
wherein ionic nuclei within the vicinity of a charged carrier displace from their equilibrium
lattice positions due to Coulombic interactions — form within picoseconds following excitation.**
Such distortions yield dielectric screening of free carriers that can protect them from
recombination as well as phonon or defect scattering, and may hold a key to long carrier
lifetimes* ® in addition to defect tolerance.?

Thermal effects following light absorption also require consideration, as above-bandgap
excitation subsequently yields intraband relaxation of hot carriers to the band edge, and
background doping or elevated excitation fluence result in Auger recombination,® where an
electron-hole pair non-radiatively recombines by exciting a third carrier that then deposits energy

into the lattice. This is particularly relevant for MAPbI; because the phase transition from



tetragonal to cubic symmetry?’ is thermally accessible at temperatures only moderately above
room temperature (~60 °C in bulk crystal form?® 2°). Low thermal conductivity in perovskites,**-
32 coupled with known temperature and phase-dependence of optoelectronic properties such as
charge carrier mobility>* and optical bandgap,®* thus motivates investigation of the photoinduced
structural response of MAPI3 NCs.

Several recent studies have examined the first few nanoseconds following excitation in efforts
to identify the nature of photoinduced lattice distortions in semiconducting materials, however,
these have focused on other compositions'! 1% 21 35 or bulk MAPbI3,? with little investigation
into MAPDbI; NCs. Here, we use time-resolved X-ray diffraction (TRXRD) wherein pulsed
optical excitation sets in motion lattice structural changes, and use X-ray probe pulses at
different delay times to follow the evolution of MAPbI; NC lattice response, measuring the
timescales associated with transient or irreversible lattice changes. We compare these time-
resolved studies with static X-ray diffraction (XRD) studies at variable temperature to
disambiguate thermal versus electronic influences. We find that a photo-induced phase transition
from the tetragonal to a pseudo-cubic structure occurs over tens to hundreds of picoseconds and
is likely both thermally and electronically driven. Initially after photoexcitation there is also a
non-thermal expansion of the crystal lattice and lattice disordering attributed to large polaron
formation. A slow return to tetragonal symmetry occurs over tens to hundreds of nanoseconds,
which implicates a meta-stable state that persists even after the reported timescales for
dissipation of thermal energy in NCs. This transient lattice configuration suggests that electron-
hole pairs produced in the material facilitate distortions that in turn alter the crystal phase and,

thereby, its physical properties.



RESULTS & DISCUSSION
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Figure 1. (a) Experimental diffraction patterns of room temperature MAPbI; NCs in the
tetragonal phase (blue) and MAPbI; bulk in the room temperature tetragonal (black) and elevated
temperature cubic (red) phases. (b) Crystallographic representations of the tetragonal and cubic
phases, generated from bulk powder diffraction patterns. The phase transition is characterized by
rotation of the lead iodide octahedra along the c-axis. Crystallographic planes are labeled for
each phase, where lattice parameters a = b = ¢ for the cubic phase and a = b # ¢ for the tetragonal
phase. The unit cell axes as typically defined are tilted 45° to one another such that the tetragonal
(110) and cubic (100) family of planes are parallel to one another, and the tetragonal (004) and

(220) planes (shown in red) have reflections at similar Q-value to the cubic (200) reflection.

The measured diffraction pattern for room temperature, tetragonal phase MAPbI; NCs is
shown in Figure la, along with the tetragonal (25 °C) and cubic (127 °C) patterns of single-

crystal MAPbI; calculated from available CIFs (CSD 968121 and CSD 968125).3% 37 NCs with



~50 nm diameter, as analyzed via Scherrer broadening (see SI Table 1), were synthesized
according to a modified procedure from Vybornyi et al.® and suspended in dodecane. Although
the tetragonal and cubic phases share many similar diffraction peak positions along the Q-axis,
they also have distinctively different diffraction features;?” 3 for example, at Q ~2.0 A the
tetragonal phase exhibits two diffraction peaks from the (004) and (220) planes, whereas the
cubic phase has only a singular (200) reflection. Notably, the (211) peak at ~1.67 A™! is only
consistent with the tetragonal phase and represents a convenient means to differentiate the crystal
phases. Representations of the MAPDI; tetragonal and cubic phases, generated from the same
single crystal diffraction data, are shown in Figure 1b. The lead ions are octahedrally coordinated
by iodine ions with the methylammonium cations filling the interstitial sites. In the tetragonal
phase the lead-iodide octahedra are tilted about the c-axis; these rotate about the c-axis upon
heating to produce a higher symmetry cubic structure above the phase transition temperature.>- %
The phase transition has previously been characterized as a first order transition in bulk MAPbI3,
although a recent study in CsPbBr3 NCs has suggested that such phase transitions in lead halide
perovskites may be caused by an increase in disorder according to the soft phonon model.*°

We first performed variable temperature XRD on colloidal NC suspensions in dodecane, as
shown in Figures 2a-d. XRD patterns were collected over a temperature range from 25 °C to 175
°C in 25 °C increments. At 50 °C the tetragonal to cubic phase transition becomes evident by the
decreased intensity of the distinct tetragonal (211) peak, which fully disappears by 100 °C. The
phase transition is further indicated by emergence of cubic features. Over the same temperature
range, the tetragonal (004) and (220) peaks, shown in Fig 2c, shift towards each other,
corresponding to contraction along the (001) planes (shortening of the ¢ lattice parameter) and

expansion along the (110) planes (lengthening of the a lattice parameter) as the [Pbls]* octahedra

6



rotate, eventually merging into the cubic (200) peak. The three closely spaced tetragonal (114),
(222), and (310) peaks in Figure 2d are also observed transitioning to the single cubic (210)
peak. Upon further heating above 100 °C, the cubic (200) and (210) peaks shift to lower Q,

indicating expansion of the cubic crystal lattice.
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Figure 2. Variable temperature XRD for MAPbI3 NCs over (a) an extended Q-range and (b-d)
zoomed in regions highlighting the tetragonal (211), cubic (200), and cubic (210) peaks. Bulk
peak positions are demarcated in black for tetragonal symmetry and red for cubic symmetry.
Temperature was ramped from ~25 to ~175 °C in 25 °C increments. A phase transition from
tetragonal to cubic symmetry is observed beginning at ~50 °C, apparent in the disappearance of

the tetragonal (211) peak and the growth of the cubic (200) and (210) peaks.



Next, we conducted transient X-ray diffraction (TRXRD) to determine NC structural response
to optical excitation. These measurements utilized a pump-probe scheme, with a pulsed pump
laser at 400 nm with 10 kHz repetition rate and ~150 fs (FWHM) pulse duration for above
bandgap excitation, and a pulsed X-ray probe at 11.7 keV with 80 ps instrument response
function for monitoring photoinduced structural changes via powder X-ray diffraction at variable
delay times, ¢ (schematic in Figure 3 inset). To highlight excitation-induced changes in the NC
structure, we subtract unexcited So diffraction from the excited pattern S(t) (pump on minus

pump off) at time pump-probe delay times:

AS(t) = S(t) = So (1)

In this way, contributions from the unexcited particles and solvent are removed, greatly

enhancing sensitivity to the excited NC response.
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Figure 3. Transient diffraction patterns from TRXRD measurements over a range of excitation
fluences at a delay time of t = 200 ps. Inset: schematic of the transient X-ray diffraction

(TRXRD) setup at the APS. Experiments were conducted with both variable pump fluence at



fixed delay time and variable delay time at fixed fluence to explore the power-dependent and

dynamic responses of the NCs.

Figure 3 displays AS(t) vs. Q collected over a range of fluences (0.02 — 4.18 mJ/cm?) at a
delay time of 200 ps. Transient signals are apparent at each of the Bragg peak positions with
increasing intensity changes at progressively higher fluences, signifying that the optical
excitation induces structural changes from the ground state lattice geometry. Figures 4a-c show
zoomed-in views of the same three Q ranges shown in Figures 2b-e. To determine whether
TRXRD patterns could be attributed to thermal effects, we generated thermal difference patterns
(AS(T)) from the static variable temperature XRD, subtracting the room temperature

measurement from higher temperature measurements:

AS(T) = S(T) — S(28 °C) )

The thermal difference patterns for the same three Q-ranges presented in Figures 4a-c are shown
in Figures 4d-f.

The TRXRD features point to a photoinduced phase transition from the tetragonal to a pseudo-
cubic structure as well as additional structural distortions that static thermal measurements do not
capture, suggesting a different origin likely owing to charge carriers. In the TRXRD patterns a
transition towards the cubic phase is implied by a decrease in intensity of tetragonal features in
the form of negative TRXRD signals and emergence of positive cubic features. In Figure 4a, the
solely negative TRXRD signal at 1.663 A™! corresponds to a decrease in the peak intensity of the

tetragonal (211) reflection and loss of this phase. Similarly, in Figure 4b, we see negative



features at 1.985 A™! and 2.009 A-! that convey the decreased intensity of the tetragonal (004) and

(220) Bragg peaks.
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Figure 4. (a-c) Fluence-dependent transient diffraction patterns from TRXRD measurements for
individual tetragonal (211), cubic (200), and cubic (210) peaks. Static diffraction patterns are
shown in grey (arbitrary scaling) with arrows indicating the direction of photoinduced distortion.
(d-e) Thermal difference patterns from variable temperature XRD measurements; the room
temperature pattern was subtracted from higher temperature patterns to visualize thermal effects
according to AS(T) = S(T) — S(28 °C). Tetragonal reflections are labeled in black; cubic
reflections are in red. (g) Fluence dependence of AS(t) divided by the RMS noise (Nims) for the

cubic (200) peak and the positive peak on the low Q side of the tetragonal (004) reflection
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(showing a higher fluence onset). (h, i) Representations of the [Pbls]* octahedra rotating from
the tetragonal tilted to the cubic eclipsed conformation and the elongation of the Pb-I bond along

the c-axis, respectively.*!

In Figure 4b there are three positive features that arise, two of which appear similar to those
observed from thermal effects and one of which differs. The emergent positive features on the
high Q side of the (004) reflection and on the low q side of the (220) reflection are indicative of a
transition to a pseudo-cubic structure (represented in Figure 4h), as described for the variable
temperature patterns in Figure 2¢. The third positive feature on the low Q side of the tetragonal
(004) peak is anomalous and represents an expansion along the (001) planes (Figure 4i). This
expansion is compatible, however, with recent time-resolved Raman spectroscopy and
theoretical simulations that have determined that electron polaron distortions of the Pb-I
framework elongate the structure preferentially along the c-axis, a non-thermal effect arising
from Coulombic interactions between the charged carrier and the polarizable ionic lattice'® *.
Plotting the maximum diffraction intensity versus fluence of this feature in Figure 4g, we find
that it only emerges at fluences above 0.68 mJ/cm? which implies that the polarons modify the
long-range structure only above a sufficiently high carrier density, although polaron formation is
likely still occurring at lower fluences. This is in stark contrast to the cubic (200) feature on the
high Q side of the (004) peak, which has a low fluence onset due to photoinduced rotation of the
lead-iodide octahedra causing an increase in symmetry. Similar behavior is observed in the Q-
region shown in Figure 4d, where negative tetragonal reflections are superimposed upon a
singular cubic (210) feature at 2.233 A"!, along with a non-thermal positive peak that emerges on

the low Q side of the tetragonal (114) reflection.
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Additional key differences between the TRXRD patterns (Figures 4a-c) and the thermal
difference patterns (Figures 4d-f) include the relative intensity of the negative tetragonal peaks to
the positive pseudo-cubic peaks, which is much stronger in TRXRD. In the thermal difference
patterns, the cubic peaks originate from the overall long-range ordering of the crystal structure as
it adopts the higher symmetry phase. In the TRXRD patterns, the presence of the cubic features
likewise implies phase ordering; however, the comparatively intense negative features point to
additional deformation of the lattice by electron-hole pairs, either in the form of expansion, site
disordering of the lead and iodide ions as a result of polaron formation, or rotational disorder of
the lead iodide octahedra.?? ** The other key distinction is that the thermal difference patterns
contain a single positive feature for each of the cubic (200) and (210) peaks, whereas in AS(t)
there are multiple positive features. We suggest this may be due to the nonequilibrium nature of
the transient structure, discussed in more detail below. In comparing the thermal difference
patterns to the TRXRD patterns we note that the scales plotted here are in arbitrary units,
however signal level changes for thermal heating experiments were larger in comparison to
TRXRD data, owing to the entire sample changing under equilibrium in the former as opposed to
a photoexcited sub-population in the latter.

TRXRD collected at a fixed excitation fluence of 2.4 mJ/cm? over a range of time delays (0
to 4 us) offers additional insights regarding the dynamic nature of the structural distortions and
the ambient crystal phase recovery time. The resulting AS(t) vs. Q patterns for the cubic (200) Q-
region are shown in Figures 5a,b, with the early (0 - 1 ns) and late (1 ns — 4 ps) time delay
windows plotted separately, which correspond respectively to the rise and recovery of the

transient signal. Additionally, Figure 5c shows an approximation of the scattering pattern S(t)
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associated with the excited NCs, generated by scaling the static pattern, So, to the TRXRD

pattern at the tetragonal (220) Q-position with scaling factor a, and adding it to the AS(t) pattern:

S(t) = AS(t) + a =S, 3)

Kinetic traces showing the evolution of specific tetragonal and cubic features are plotted in
Figures 5d (0 - 2.5 ns) and 5e (0 - 4 ps), with exponential fitting to estimate the timescales of the
phase transition and recovery in SI Figures S12-S15.

Initially after photoexcitation (0 - 80 ps) we observe a pattern of neighboring positive and
negative lobes in Figure 5a at the tetragonal (004) and (220) peak positions, arising from shifting
of the tetragonal reflections to lower Q and expansion of the lattice. The cubic (200) peak at
1.995 A - is also present as early as 40 ps, clearly visible in Figure 5c as a relative increase in
scattering intensity between the two tetragonal peaks. This expanded tetragonal / pseudo-cubic
structure persists until 160 to 200 ps, observed as a plateau in the kinetic traces between ~80 and
~200 ps (Figure 5d). After this initial distortion, the positive tetragonal (004) feature disappears,
attributed to polaron dissipation, and the cubic (200) feature grows in further up to ~1 ns (t = 250
ps = 400 ps), indicating a contraction of the structure along the c-axis attributed to continued

transition to the pseudo-cubic phase.?!
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Figure 5. Dynamics of MAPbI3 NC structural distortions and recovery. TRXRD patterns at
delay times ranging from (a) -40 ps to 1 ns and (b) 1 ns to 4 ps showing the MAPblz NC
dynamic response for the tetragonal (004), tetragonal (220), and cubic (200) reflections. The
laser fluence was held constant at 2.4 mJ/cm?. (c) Approximate scattering patterns of the excited
NCs S(t) at select time points. Scaled static pre-time zero scattering pattern (So) is shown for

reference, and dashed lines indicate static peak positions. The cubic peak most strongly appears
14



at 1 ns, marked by an arrow. Kinetic traces are plotted for the early (d) and late (e) time domains
using the maximum or minimum values of the peaks at each time point. Dashed lines in (a)

indicate the peak position used to derive each of the kinetic traces.

After 1 ns (Figures 5b,e), the TRXRD patterns begin to recover, suggesting that the NCs
begin to evolve back toward their original structure. Although initially there is the comparatively
rapid recovery of the negative (220) tetragonal peak at 2.009 A™! (1 to 20 ns), the positive cubic
(200) feature recovers significantly faster. We find that at late times, S(t) is largely dominated by
a long-lived expanded (220) tetragonal feature (t = 617 £ 1295 ns), readily apparent in the 200
ns trace of Figure 5c. Within the measured 4-us time window, there is near complete return of
the transient signal to baseline, from which we can infer recovery of the original structure and
reversibility of the lattice distortions.

The TRXRD responses observed here over a range of excitation fluences and delay times
indicate rearrangements of multiple structural parameters in response to above bandgap
excitation. Given the excess thermal energy present in the system and proximity of a thermally
accessible phase transition, we do not completely rule out some thermal contribution to the
photoinduced response;'® however, it is clear that electronic effects play a critical role and that
heating of NCs via photoexcitation cannot adequately explain the observed structural distortions.
Under lower fluence excitation conditions (0.02 — 0.34 ml/cm?), structural rearrangement
towards the cubic phase within the first 200 ps is consistent with modest heating of the NCs
below the phase transition temperature, as well as experimental and theoretical arguments that
photoexcitation can trigger rotation of the [Pbls]* octahedra from tetragonal to cubic orientation

via breaking of the MA-I hydrogen bonds!* !¢ 17, Prior work by Wu et al.** on MAPbI; films
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utilizing ultrafast electron diffraction (UED) also identified a decrease in the Bragg peak
intensity occurring within ~10 ps following photoexcitation, attributed to the disordering of the
lattice associated with rotation of the lead iodide octahedra. Our results similarly show that the
integrated AS(t) for each reflection is negative (SI Figure S16), and the fine Q-resolution in our
setup also resolves the emergence of a pseudo-cubic structure.

At the higher fluences (>0.34 mJ/cm?) and correspondingly high carrier densities, non-thermal
structural elongation develops along the c-axis at early time (200 ps), in addition to the pseudo-
cubic structure. We attribute this to a distortion associated with a high concentration of electron
polarons. Polaron formation is known to occur via Frohlich coupling along phonon modes with

44, 45

strong carrier coupling, and in MAPDbI3 the strongest electron-phonon coupling associated

with polaron formation occurs along an I-Pb-I c-axis stretching mode and an I-Pb-I bending
mode, which elongate the c-axis and decrease the bond angles of the equatorial atoms, ! 4246

The second stage of growth of the cubic (200) peak observed in the dynamics measurements
between ~160 ps and 1 ns signals a continued transition to the pseudo-cubic structure.
Interestingly, the polaron feature disappears over the same time frame, consistent with
observations by Guzelturk et al. of polaron dissipation in MAPbBr3; occurring over hundreds of
picoseconds.?! The continued growth of the cubic (200) peak over this time frame is likely due in
part to the dissipation of the polaron, which enables relaxation of the structure along the c-axis.
Additional heat deposition into the lattice via Auger recombination over this time frame could
also be a contributing factor. The Auger recombination lifetime in MAPbIz NCs has previously
been reported*’ to be several hundred picoseconds for NCs of diameter 10-25 nm, and although

our NCs are larger and might therefore be expected to exhibit a longer Auger lifetime, the higher

fluence in our experiments would account for the shorter time constant observed here.
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Recovery from the pseudo-cubic to the tetragonal phase occurs in two stages, and the loss of
intensity of the AS(t) cubic (200) peak can be approximated with a biexponential function. The
first stage of recovery proceeds with a decay constant of T = 67 + 36 ns that is similar to
previously measured radiative recombination lifetimes for bimolecular and monomolecular
recombination in MAPbI; NCs, ranging from tens to hundreds of nanoseconds.*’** Given that
photoexcitation can induce a transition from tetragonal to pseudo-cubic phase, carrier
recombination likely plays a role in reversing the phase transition as well.

The second recovery stage occurs over much longer time scales (t = 617 + 1295 ns) which is
subsequent to expected carrier recombination or thermal dissipation times for inorganic
semiconductor NCs (on the order of hundreds of picoseconds to nanoseconds),'"** but similar to
low temperature tetragonal to orthorhombic phase transition recovery times observed in MAPbI3
films, suggesting that the slow recovery corresponds to the reverse phase transition to tetragonal
symmetry.’! Tonic transport, which is also a slow process, likely would not result in the emergent
cubic signals observed here, but rather a long-lived disordering signal. There is also the apparent
anisotropy of the recovery to consider, where by 200 ns the tetragonal (004) and cubic (200)
peaks have largely recovered, but a slightly shifted tetragonal (220) peak remains with greater
prominence (Figure 5c). This would suggest a partial recovery of the octahedral rotation —
enough to break the cubic symmetry along the c-axis — however, full recovery along the
equatorial planes does not occur until later. Metastable states have been implicated in bulk
MAPDI; to account for changes in physical and optical properties after prolonged exposure to
light, such as quenched photoluminescence®” and increased dielectric constant.>

Mechanistically it is relevant to compare the observed behavior in MAPbI3; NCs with that of
CsPbBr; NCs, previously reported in the literature.'’ ' 3% Analogous experiments on CsPbBr;

17



NCs by Kirschner et al. identified a photoinduced distortion attributed to an orthorhombic to
cubic transition, distinct from a strictly thermal phase transition in that it bypassed the tetragonal
phase and the reverse cubic to orthorhombic transition occurred at a much higher temperature
than the orthorhombic thermal transition.'! More recently, Cannelli et al. found using transient
X-ray absorption spectroscopy (XAS) that a polaronic distortion is likely responsible for much of
the structural rearrangement in CsPbBr3.!” In MAPbI; NCs we see evidence of both a transition
towards the cubic phase and a polaronic distortion, although there are lattice dynamics occurring
at time scales significantly longer than those observed for CsPbBrs. In CsPbBrs the lattice
distortions detected with TRXRD and XAS reached a maximum within the ~80 ps instrument
response time and the majority of the recovery occurred within 1 ns. In MAPbI3 the polaron
distortion follows similar dynamics, however, the transient cubic peak reaches a maximum at 1
ns (after the polaron dissipation) and fully recovers only after several microseconds.

The long lattice recovery time we find for MAPbI3 NCs is an interesting point of comparison
to the fully inorganic perovskite NCs.!!*1° On the one hand the thermal accessibility of the cubic
phase in the case of MAPbIz may require more complete particle cooling to revert back to the
higher symmetry structure. It is also possible that the interaction between the organic and
inorganic lattice presents an energetic barrier for recovery of the tetragonal phase. In the ground
state, MA-I hydrogen bonds promote octahedral tilting, however, these are weakened upon
population of the conduction band, which shifts the electron density away from I-5p orbitals and
towards Pb-6p orbitals.'* !> The cubic configuration is energetically favored in the absence of the
MA-I hydrogen bonding,'!” which could inhibit reentry to the tetragonal phase even after particle
cooling and charge recombination have occurred. Looking forward, theoretical work such as MD

simulations could aid in further elucidating the underlying mechanisms. Continued ultrafast
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studies could also be fruitful, especially comparing band-gap with above band-gap excitation
energies, which could aid in separating contributions from phase-related structural changes,

polaron formation, and thermal effects.

CONCLUSIONS

In summary, variable temperature XRD identifies the tetragonal to cubic phase transition in
MAPDI3 NCs at temperatures as low as 50 °C. Fluence-dependent TRXRD measurements have
further discerned that photoexcitation can transiently induce a reversible phase transition to a
pseudo-cubic phase. TRXRD measurements identify the initial material response to
photoexcitation is lattice expansion in the tetragonal phase assisted by polaron formation that
subsequently undergoes transition to the pseudo-cubic phase. Further transformation from the
tetragonal to cubic structure occurs upon polaron dissipation, likely thermally assisted via Auger
recombination over ~1 ns. Recovery of tetragonal symmetry occurs over tens of nanoseconds,
correlated with the radiative recombination lifetime of the charge carriers and thermal cooling;
however, a meta-stable phase with expanded structure along the tetragonal a and b axes persists
for several microseconds before full recovery of the ambient phase. The transient nature of this
phase transformation occurring over multiple stages is of significance to lasing or concentrated
solar applications, which expose active materials to high fluence excitation and may rely on
specific optoelectronic properties that are subject to change with the crystal phase. This study
illustrates the long-lived structural effects of photoexcitation on the crystal lattice, as well as an
unexpected metastability likely associated with overall comparable thermodynamic energies of

tetragonal and cubic crystal phases.
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METHODS

Synthesis of Materials

Lead iodide (99.999 %), methylammonium iodide (98 %), methylamine (2 M in THF),
formamidine acetate (99 %), oleylamine (70 %), oleic acid (90 %), octadecene (90 %), and
dimethylformamide (anhydrous, 99.8 %) were purchased from Sigma-Aldrich. Oleylamine and
oleic acid were dried under vacuum at 100 °C and stored in a nitrogen glovebox before use.

MAPbDI; NCs were synthesized using a modified version of the procedure described in
Vybornyi et al., modified to increase the scale of the reaction.” Following a 6x scaleup, 522 mg
lead iodide and 30 mL ODE was loaded into a 50 mL three-neck flask and heated under vacuum
to 120 °C and held 1 hour. Under nitrogen, 3 mL of dry oleylamine and 3 mL of dry oleic acid
were injected into the reaction flask, which was stirred under nitrogen until the lead iodide
dissolved completely, leaving a yellow solution. Then, the reaction was set to the injection
temperature of 60 °C. Under nitrogen, an injection was rapidly made with 1.02 mL of 2 M
methylamine solution in THF mixed with 4 mL of dry oleic acid. The reaction was cooled with a
water bath after 5 seconds. The crude reaction product was then centrifuged at 12000 rpm to
isolate a brown precipitate which was redispersed in dodecane for optical and X-ray experiments.

Variable Temperature X-Ray Diffraction

Variable temperature X-ray diffraction measurements were performed at Sector 5 DND-CAT
at the Advanced Photon Source (APS) at Argonne National Laboratory. Colloidal NC
suspensions in dodecane were prepared in flame sealed glass capillaries and temperature was
ramped in 25 °C increments from 25 °C to 175 °C. Incident X-ray pulses were at 11.7 keV, and
XRD patterns were collected on a Pilatus detector and then azimuthally integrated. Ten 1-second
x-ray exposures were collected and averaged together for presented data.
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Time-Resolved X-Ray Diffraction

Transient x-ray diffraction experiments were performed at Sector 11-ID-D of the Advanced
Photon Source. The pump pulse was produced by a Ti:sapphire regenerative amplified laser
(Coherent Legend Elite Duo) seeded by a Micra-5 oscillator and pumped by an Evolution
intracavity-doubled, diode-pumped ND:YLF Q-switched laser. The 800 nm output was then
frequency doubled using a BBO crystal to generate 400 nm optical pulses with 10 kHz repetition
rate and 1.6 ps FWHM. The X-ray probe pulses had an energy of 11.7 keV with ~79 ps pulse
width. The pump and probe beams were made to overlap on the perovskite nanocrystal sample
dispersion, which was rapidly flowed as a de-gassed 0.76-mm diameter laminar jet to provide
fresh material for optical excitation. Dodecane was chosen as the solvent for its high sample
stability and low volatility. Powder diffraction patterns were collected on a Dectris Pilatus 2M
detector.

Powder diffraction patterns were processed using QXRD software and home-built Matlab
programs. Ab initio structure solutions, which would typically be used for crystal indexing and
space-group determination, presents challenges for nanocrystalline materials due to line
broadening of diffraction peaks. This method would prove especially difficult for TRXRD
experiments, where the small excitation fraction produces only subtle changes in the XRD
patterns against a backdrop of unexcited material. We therefore have opted to analyze TRXRD
data as difference patterns, subtracting the pre-time zero pattern from the post-time zero pattern,

to visualize light-induced changes to the structure.
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