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Abstract

Control over the nucleation and growth of lead-halide perovskite crystals is critical to obtain
semiconductor films with high quantum yields in optoelectronic devices. In this report, we use
the change in fluorescence brightness to image the transformation of individual lead bromide
(PbBr;) nanocrystals to methylammonium lead bromide (CH3;NH;PbBr3;) via intercalation of
CH;NH;Br. Analyzing this reaction one nanocrystal at a time reveals information that is masked
when the fluorescence intensity is averaged over many particles. Sharp rises in the intensity of
single nanocrystals indicate they transform much faster than the time it takes for the ensemble
average to transform. While the ensemble reaction rate increases with increasing CH;NH;Br

concentration, the intensity rises for individual nanocrystals are insensitive to the CH;NH;Br
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concentration. To explain these observations, we propose a phase-transformation model in
which the reconstructive transitions necessary to convert a PbBr, nanocrystal into CH;NH;PbBr;
initially create a high energy barrier for ion intercalation. A critical point in the transformation
occurs when the crystal adopts the perovskite phase, at which point the activation energy for
further ion intercalation becomes progressively smaller. Monte Carlo simulations that
incorporate this change in activation barrier into the likelihood of reaction events reproduce key
experimental observations for the intensity trajectories of individual particles. The insights
gained from this study may be used to further control the crystallization of CH;NH;PbBr; and

other solution-processed semiconductors.

1. Introduction

The crystallization of solution-processed, semiconductor films plays a critical role in
controlling their optoelectronic quality.'-'> For example, polycrystalline films of lead halides
(PbX, with X = Cl, Br, or I) transform into the corresponding methylammonium lead halide
(CH3NH;3PbX3) perovskite semiconductor through the intercalation of CH3;NH;3™ and X~ ions into
the PbX, film.%-'4 This solid-state reaction occurs spontaneously when PbX, films are exposed
to either a solution or vapor containing CH;NH;X, which has been used to fabricate
photovoltaics and light-emitting diodes with high quantum yields.!!-!'” The performance of these
devices is highly dependent on the composition and mesoscale morphology of the films.!!-23
Several studies have used electron microscopy, x-ray diffraction, and optical spectroscopy to
correlate the morphology and optical properties of CH;NH;PbX; films with growth conditions,
such the reaction temperature, growth time, and the CH3NH3X concentration.*!> However,

solution-processed, semiconductor films often possess heterogeneity in composition,
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crystallinity, defect concentration, and grain size. Thus, techniques that can spatially and
temporally map properties such as fluorescence brightness, excited charge carrier lifetimes,
photocurrent collection, and open-circuit potential are critical to gain further insight into how
local structure and composition affect performance in optoelectronic devices. These techniques
include photocurrent microscopy,” transient absorption microscopy,?2® and fluorescence
microscopy.2?4?

Fluorescence microscopy provides the ability to spatially map charge carrier dynamics in
both polycrystalline films and nanoscale crystals of CH3;NH3;PbX3.2°42 The emission intensity
and wavelength in CH;NH;PbXj; crystals are optical signatures that can be linked with variations
in composition, crystallinity, defect concentration, and the degree of quantum confinement. For
instance, the fluorescence brightness in polycrystalline films of CH3;NH;Pbl; is weaker at grain
boundaries,?® and the emission wavelength red-shifts with halide composition going from X = Cl
to Br to I3l 40 Fluorescence microscopy has also been used to observe solid-state
transformations in lead-halide perovskite microcrystals in situ by monitoring changes in either
the fluorescence intensity or the emission wavelength.” 4 Hodes and coworkers observed the
appearance of multiple bright spots across the surface of a large Pbl, (~ 50 um) crystal upon
exposure to CH3;NH;I, indicating that many nucleation events occurred simultaneously as the
crystal transformed to CH3;NH;Pbls.” Similarly, Tachikawa and coworkers used the shift in
emission wavelength to watch ion exchange between a CH;NH;PbBr; microcrystal (~ 8 um) and
CH;3NH;I in solution.*? They also observed that the initial single crystal became polycrystalline
during the transformation through the nucleation of nanoscale grains of CH;NH;Pbl;.

The observed rates of solid-state transformations in macroscopic crystals are the result of

many nucleation and growth events occurring simultaneously.!% 2% 4 Furthermore, the solid-
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state diffusion of ions can be the rate-determining step for polycrystalline films with thicknesses
greater than 100 nm. For example, the interfacial reaction between CH3;NHj;I and Pbl, at the top
surface of a Pbl, film blocks diffusion of CH;NH;" and I~ ions further into the film.'® On the
other hand, a nanoscale crystal can transform via a single nucleation event when its size is
comparable to the critical nuclei needed for the new phase to form.*> 44 The high surface-to-
volume ratio of nanoscale crystals also facilitates rapid diffusion of ions in and out of the
crystal.#-3> By studying the reactivity and photophysics of individual nanocrystals, one can
observe behavior that is obscured in the ensemble average.’® 3492 For example, a related solid-
state transformation to the one studied in this report is cation exchange in semiconductor
chalcogenide nanocrystals where cations in solution replace the cations within the nanocrystal
lattice.4”-5> Using fluorescence microscopy, Routzhan and Jain observed that the conversion of
individual CdSe nanocrystals to Ag,Se via cation exchange is much faster than the time it takes
for the ensemble of nanocrystals to transform.>* Thus, the ensemble reaction rate is dictated by a
population of nanocrystals that transform abruptly at different times rather than the simultaneous
conversion of the entire population through multiple intermediate states.

We used fluorescence microscopy to image the conversion of single PbBr, nanocrystals to
CH;NH;PbBr; via ion intercalation. The change in fluorescence intensity provides a signature
for this reaction. While this reaction has been previously monitored in both polycrystalline films
and microscale crystals,” '° we obtain new insights by isolating individual nucleation and growth
events among nanoscale crystallites. We observe significant differences in the reaction time and
concentration dependence of individual particles compared to their ensemble average. Applying
statistical analysis to these reaction trajectories, we develop a model for how the phase

transformation of individual nanocrystals leads to the observed ensemble behavior.
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2. Results and Discussion

2.1 Synthesis of PbBr; Nanocrystals and Their Conversion to CH;NH;PbBr;

Lead bromide nanocrystals were synthesized using a procedure reported by Scholes and
coworkers (see the Electronic Supplementary Information (ESI) for details of the
procedure).%> Figure 1a shows a transmission electron microscopy (TEM) image of the initial
PbBr; nanocrystals. The average diameter for these PbBr, nanocrystals was 3.9 £ 0.8 nm
(average * 1% standard deviation, see Figure S1 for a histogram of nanocrystal diameters). An
electron diffraction pattern measured for a cluster of nanocrystals shows a ring matching the d-
spacing for the (211) planes of PbBr,. While peaks in the x-ray diffraction pattern were broad,
the most intense peak also matched the (211) d-spacing of PbBr, (see Figure S2). X-ray
photoelectron spectroscopy performed on dried films of the nanocrystals indicated the presence
of Pb in the +2 oxidation state and Br in the —1 oxidation state as expected for PbBr, (see Figure
S3).

A TEM image of the product after the addition of CH3NH;Br to a solution of PbBr,
nanocrystals is shown in Figure 1b. The average diameter for the final nanocrystals was 3.1 +
0.8 nm (average * 1% standard deviation, see Figure S1). Considering the larger lattice volume
of CH3NH;PbBr; compared to PbBr,, the smaller size suggests etching of the nanocrystals
during the transformation. Partial dissolution of the lead halide has been previously observed
when this reaction was performed on microscale crystals and in thin films.% 12

We next monitored this transformation ex situ by adding varying amounts of CH3;NH;Br
(0.55 mg/mL in anhydrous isopropanol) to solutions of PbBr, nanocrystals and recording the

resulting absorption and photoluminescence spectra (Figure 2). The absorption spectra showed
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a progressive increase in visible absorption at wavelengths from 300 to 510 nm when increasing
amounts of CH;NH;Br were added (Figure 2a). After the addition of 90 uL of the CH;NH;Br
solution, the absorption onset was 510 nm. When larger amounts of the CH3;NH;Br solution
were added, the absorption onset remained the same. However, the nanocrystals began to
precipitate, which led to scattering in the absorption spectra (see dashed, orange trace in Figure
2a). The initial PbBr, nanocrystals were non-fluorescent, but became highly fluorescent when
increasing amounts of CH3;NH;Br were added. For different amounts of CH;NH;Br, the maxima
in the fluorescence spectra varied between 510 and 516 nm. Both the absorption onset and
fluorescence maximum of the nanocrystals are blue-shifted compared to the bulk electronic band
gap of 2.3 eV (~540 nm) for CH3;NH;PbBr3.2 Size-dependent blue-shifts have been previously
observed for CH;NH;PbBr; and CH3NH;Pbl; nanocrystals with dimensions smaller than ~ 5 nm.
These spectral shifts have been attributed to both quantum-confinement as well as structural
distortions in the crystals.? 35 36 63. 64 The progressive blue shift in the fluorescence maxima
when larger amounts of CH3;NH;Br were added (ranging from 20 to 90 uL of the CH;NH;Br
solution) is likely due to etching of the nanocrystals as observed by TEM. In the measurements
described below, we use the dramatic changes in fluorescence intensity for single nanocrystals
when CH3;NH;Br is added to monitor this reaction rather than the spectral shift of the emission

band.

2.2 Single-Particle Fluorescence Trajectories
Figure 2 shows how the optical properties of the initial PbBr, nanocrystals changed after varying
amounts of CH;NH;Br were added. However, these ensemble averages of optical signatures can

mask important information about the reaction, such as whether individual nanocrystals reach the
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same stage of conversion when a given amount of reactant is added. We next used fluorescence
microscopy to image the transformation of individual nanocrystals in situ. The experimental set-
up is shown in Scheme 1 and is described further in the ESI. Our set-up is similar to that used in
previous studies by Routzahn and Jain, who monitored cation exchange between CdSe and
Ag,Se nanocrystals.’* 35 PbBr, nanocrystals are spin-coated onto a microscope coverslip, which
forms the bottom half of a flow cell. The flow cell is placed over the objective of an inverted
optical microscope and is initially filled with 1-octadecene (ODE). A syringe pump is then used
to introduce a solution of CH3;NH;Br at different concentrations in ODE and t-butanol (volume
ratio of 3:2) into the flow cell. Under excitation with blue light (450 to 480 nm) from a light-
emitting diode sent through the objective, the initial field-of-view is dark as the PbBr,
nanocrystals are transparent at these wavelengths (bottom left in Scheme 1). On the other hand,
the CH3;NH;PbBr; nanocrystals are highly emissive when irradiated with wavelengths below 500
nm. (bottom right in Scheme 1). After the introduction of CH;NH;Br, the conversion of
individual nanocrystals is marked by the appearance of bright spots in the microscope field-of-
view.

By imaging this transformation in situ, we observed that single nanocrystals turn on (i.e.,
become bright) on a shorter time scale compared to intensity rise for the ensemble of particles
(i.e., all particles within the field-of-view). Shortly after injecting the CH3;NH;Br solution,
fluorescent spots begin to appear stochastically within the microscope field-of-view (Figure 3a-
d and Movie M1). Based on the fluorescence spectra shown in Figure 2, we attribute the
appearance of these bright spots to the formation of CH3;NH;PbBr; nanocrystals. As seen in
Figure 3e, the integrated intensity for all nanocrystals within field-of-view increased over a

period of tens of seconds. The integrated intensity rise for the ensemble became sharper when
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the concentration of CH3;NH;Br was increased (see Figure S4 and Table S1). Figure 3f shows
intensity trajectories for several representative particles from the same video recording.
Qualitatively, the intensity rises for these individual nanocrystals occur over a few seconds.
However, once the solution of CH;NH;Br was introduced, the time it took for each nanocrystal
to turn on varied. These two features of the single-nanocrystal trajectories are analyzed in more
detail below. Importantly, the time point at which a nanocrystal became bright did not depend
on its location in the field-of-view (see Figure S5). Furthermore, we used a low irradiance (~
155 uW-cm? near the focal plane) to avoid photodamage to the nanocrystals, and our
observations did not change when a higher light intensity was used (see Figure S8). The
combination of abrupt switching in fluorescence intensity for individual nanocrystals and the
wide distribution of waiting times before they start to become bright produces the slow rise in the
integrated intensity over the entire field-of-view.

To quantify differences in behavior of individual nanocrystals, we define the waiting time as
the time it takes for the intensity of a single nanocrystal to reach a value above a threshold
intensity once the CH3;NH;Br solution has been added (see ESI for further details). Since it is
experimentally difficult to know when the CH;NH;Br solution reaches the field-of-view, the
waiting time for each nanocrystal was measured relative to the time the first nanocrystal was
observed to turn on. The relative waiting times for hundreds of nanocrystals at different
concentrations of CH;NH;Br ranging from 0.2 to 1.0 mg/mL in ODE/t-butanol are plotted in
Figure 4. When the concentration of CH3;NH;Br was lower than 0.2 mg/mL, we did not observe
transformation of the nanocrystals, and CH3;NH;Br was not soluble in the ODE/t-butanol
solution at concentrations greater than 1.0 mg/mL. These histograms show that the distributions

of waiting times become narrower as the concentration of CH;NH;Br increases. Furthermore, at
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higher concentrations of CH3;NH;Br, the distributions shift towards shorter waiting times,
reflecting faster ensemble kinetics. An additional histogram of waiting times using 0.3 mg/mL
of CH3;NH;Br is shown in Figure S6. Gaussian fits to the histograms are shown in Figure S7.
We next characterized the sharpness of the intensity rise for individual nanocrystals and its
dependence on the CH;NH;Br concentration. The increase in intensity for each nanocrystal was
fit to a sigmoidal function, and a switching time, t, was extracted from this fit (see Figure 5a).
A sharper rise in intensity will lead to a smaller value of t (see the ESI for further details).
Table S1 in the ESI compares the intensity rise for the ensemble of nanocrystals to the average
single-nanocrystal switching time at different concentrations of CH;NH;Br. While the ensemble
intensity rise increases more rapidly at higher concentrations of CH;NH;Br, the average
switching times are insensitive to the CH3;NH;Br concentration. The average switching times are
plotted as a function of CH3;NH;Br concentration in Figure 5b along with the median relative
waiting times at the same concentrations. The distributions of waiting times become narrower
and shift towards shorter waiting times for higher concentrations of CH3;NH;Br (see Figure 4
and Figure S7). Thus, the median waiting time decreases with increasing CH;NH;Br
concentration until it becomes dominated by the switching time. The short time scale of the
switching time for individual nanocrystals relative to the ensemble intensity rise and its
independence from reactant concentration appear to be characteristic features for this solid-state
reaction. Because the diffusion coefficients of ions within the nanocrystal lattice are orders of
magnitude lower than those of ions in solution,®- % concentration gradients in solution due to
depletion of ions near the nanocrystal surface are expected to be negligible (see the ESI for

further discussion). In the model developed below we consider the roles of solid-state diffusion
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and the phase transformation that must occur for the nanocrystal to adopt the CH;NH;PbBr;

structure and their effect on the resulting waiting and switching times.

2.3 Phase Transformation Model for PbBr, to CH;NH;PbBr; Conversion

We used Monte Carlo methods to simulate the kinetics of ion intercalation (i.e., CH;NH3" and
Br) into PbBr, nanocrystals and their transformation to CH3;NH;PbBr;. These simulations
involve the discrete time evolution of an ensemble of nanocrystals in the presence of a reservoir
of external ions. At each time step, the probability for successful intercalation in a randomly
chosen particle depends upon the free energy change, AG;, associated with the i" intercalation
event for that particle. The dependence of the free energy and corresponding probability on the
number of previous intercalation events that have taken place in the particle were varied to
simulate different models for the transformation of the nanocrystal. Figure S9 shows the change
in AG; and the corresponding probability, p; for intercalation as a function of intercalation events,
i. The results for two of these models are shown in Figure 6, which include the ensemble-
averaged and representative single-particle trajectories for ion intercalation along with insets
showing the distributions of simulated waiting times. In the diffusion-limited model, AG; for
each intercalation event is assumed to be governed by solid-state diffusion and is constant
throughout the simulation (Figure 6a, ¢). This model produces switching times for single
nanocrystals that occur on the same time scale as the corresponding ensemble trajectory, which
is not observed experimentally. Additionally, all of the trajectories in the diffusion-limited
simulations show a negative curvature at all times whereas the experimental trajectories start

with a positive curvature before reaching a knee curve.

10
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The model shown in Figure 6b, d incorporates the reconstructive transitions that are
necessary due to the different arrangements of Pb?" and Br ions in the initial and final crystals.
The Pb?* ions in PbBr, possess a buckled arrangement (similar to phosphorene) when viewed
along the [010] direction, and the PbBr; heptahedra in PbBr, are both edge and corner sharing.
In CH;NH;PbBr3, the PbBrg octahedra are connected via corner sharing to give a Pb?" sublattice
with a simple cubic arrangement. To model the conversion between these two crystals, ion
intercalation is assumed to be diffusion-limited until a critical point after which the perovskite
phase is adopted. After the phase transformation, the presence of many CH3;NH;" and Br-
vacancy sites in the perovskite structure is expected to favor additional ion intercalation. In our
simulations for this phase-transformation model, AG; and the associated probability for each ion
intercalation events are initially constant. After a critical number of successful events has
occurred for a given particle, the value of AG; for further intercalation progressively decreases.
The simulations resulting from this phase-transformation model reproduce several features of the
experimental fluorescence trajectories. Abrupt changes in the number of ions incorporated lead
to switching times for individual trajectories that occur on a shorter time scale than the ensemble
trajectory. The simulated trajectories also have the same general curvature profile as the
experimental results. Figure S10 shows histograms of the waiting times from simulations with
different initial equilibrium constants using the phase-transformation model. Varying the
equilibrium constant for ion intercalation in the simulations corresponds to changing the
concentration of the CH3;NH;Br solution. Comparing the experimental histograms of waiting
times in Figure 4 with the simulated ones in Figure S10, both show similar decreases in the
medians and the widths of the waiting time distributions with increasing reactant concentration.

Furthermore, in the phase-transformation model the median switching times are relatively

11
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insensitive to the initial equilibrium constant compared to the median switching times obtained
from the diffusion-limited model (see Figure S11).

We investigated other models to simulate the abrupt switching times observed for individual
nanocrystals. Figure S12 in the ESI shows the ensemble trajectories, representative single-
particle trajectories, and histograms of waiting times for three additional models that exhibit
different degrees of cooperativity between intercalation events. The key feature of each of these
models is that the probability for successive intercalation events for a particle increases (either
continuously or abruptly) over the course of the trajectory (see ESI for additional details on these
models). One of these models was originally proposed by Routzahn and Jain to describe cation
exchange in CdSe nanocrystals with Ag*.>* In this positive-cooperativity model, the activation
energy for each exchange event decreases linearly with the number of successful events, such
that the probability for exchange increases exponentially during the simulation (see Figure S9).
All three reaction models exhibit abrupt increases in the number of ions incorporated for
individual particles that simulate the sharp changes in fluorescence intensity observed
experimentally. They also show a distribution of waiting times such that the corresponding

ensemble trajectory occurs over a longer time scale than the individual trajectories.

2.4 Comparison of Ion Intercalation and Cation Exchange

Previously, Routzahn and Jain studied the interconversion between CdSe and Ag,Se nanocrystals
via cation exchange using single-nanocrystal fluorescence microscopy (CdSe is fluorescent while
Ag,Se is non-fluorescent under visible excitation).>* 33  Similar to our observations, the
distribution of waiting times for fluorescent CdSe nanocrystals to turn off during cation

exchange with Ag" narrowed as the concentration of AgNO; was increased. Furthermore, the

12
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average switching times were insensitive to Ag" concentration. However, the average switching
times for fluorescence decay in CdSe to Ag,Se conversion (determined via similar sigmoidal
fitting to that shown in Figure Sa) were significantly shorter (on the order of hundreds of
milliseconds) than our switching times. We note that while changes in fluorescence intensity
provide a signature for these reactions, there is not a one-to-one correspondence between the
start of the reaction and the point at which the fluorescence intensity starts to rise or fall. For
example, it has been shown that interstitial Ag"™ ions in CdSe nanocrystals significantly lower the
quantum yield of the nanocrystals.’> Thus, the fluorescence turn-off during cation exchange of a
CdSe nanocrystal with Ag™ may occur at an early time point during the reaction. Consistent with
this picture, the switching times for fluorescence turn-on are longer when Ag,Se nanocrystals are
converted back to CdSe. Similarly, defects reduce the emission intensity in films of
CH;3NH;3PbI3.3° During the intercalation of CH;NH;* and Br~ ions into the PbBr, lattice, the
nanocrystals may not start to emit until structural defects that quench fluorescence have been
annealed.

The observed blinking of the nanocrystals following the initial intensity rise (see Movie M1)
likely results from defects that temporarily quench the fluorescence emission as has been seen
previously for CH;NH;PbBr; and other semiconductor nanocrystals.34-38 57-60 Most previous
studies that have measured the on- and off-times for fluorescence blinking have used
nanocrystals that were dried on a substrate. In our experiments, under continuous flow of the
CH;NH;Br solution needed for the transformation, the fluorescence emission from the
nanocrystals becomes permanently quenched after a few hundred seconds, which likely results
from dissolution of the nanocrystals.® !> To correlate the switching and waiting times of

nanocrystals with their blinking statistics we are currently working to further stabilize the

13
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fluorescence emission by changing the solvent system and ligands used to passivate the
nanocrystals.

Both cation exchange in chalcogenide nanocrystals and ion intercalation in lead halide
nanocrystals can be described by a model in which the successive ion exchange/intercalation
events become more favorable as the reaction proceeds. We hypothesize that the reason these
two systems exhibit similar behavior arises from the solid-state immiscibility between the initial
and final crystals. In cation exchange, the chalcogenide sublattice must also undergo significant
rearrangements to accommodate the entering cations. The selenium ions have a hexagonal
arrangement in CdSe while they possess an orthorhombic arrangement in Ag,Se.*” The
immiscibility between the initial and final crystals requires the new phase to first nucleate within
the crystal. In the nanoscale crystals studied here a single nucleation event likely takes place in
each crystal.#3 4 Our simulations support an initially large activation barrier for this nucleation
event, followed by a decrease in activation barrier once nucleation has occurred. Furthermore,
this model suggests that solid-state reactions in which there is high miscibility between the initial
and final crystals should exhibit different behavior. Routzahn and Jain proposed cation exchange
of CdSe nanocrystals with Hg?" as one such system that exhibits high miscibility between CdSe
and HgSe. >l 5% Similarly, during anion exchange of lead-halide perovskites, the Pb>" cations
undergo relatively small rearrangements to accommodate halide ions (Cl, Br~ or I") of different
sizes.3l> 45 46 'We expect that both the waiting and switching times for anion exchange will
depend on halide concentration, and we are currently extending our single-nanocrystal

fluorescence measurements to study this reaction.

14
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3. Conclusions

Using fluorescence microscopy, we imaged the conversion of PbBr, nanocrystals to
CH;NH;PbBr; at the single-nanocrystal level. The nanocrystals exhibit a characteristic
switching time for this reaction that is insensitive to the reactant concentration. A distribution of
waiting times before each nanocrystal becomes bright leads to ensemble kinetics that are
concentration dependent and much slower than the sharp transitions observed for single
nanocrystals. To account for these observations, we developed a phase-transformation model
that incorporates a discontinuous change in probability for ion intercalation associated with
stabilizing the perovskite phase before the reaction becomes favorable. By imaging solid-state
transformations in individual nanoscale crystallites, one can obtain information that is masked in
the ensemble kinetics. Notably, when the overall reaction is 50% complete, the ensemble of
nanocrystals consists of two populations; half of the nanocrystals are fully transformed while the
other half have not yet reacted. In classical models for nucleation and growth, the nucleation rate
increases with increasing concentration such that a larger number of smaller grains are formed at
higher concentrations.!® Our findings imply that the concentration dependence for the
distribution of nucleation times imposes a fundamental limit to the dispersity in crystallite size
when this solid-state reaction is performed in lead halide films. Tracking nanoscale chemistry
with single-particle fluorescence can be applied to other reactions where there is either a change
in the brightness or the spectral position of the emission from the nanocrystal, such as oxidation

and ligand exchange.®7- 68
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Figure Captions

Figure 1. TEM images of (a) the initial PbBr, nanocrystals and (b) resulting CH;NH;PbBr;
nanocrystals after reaction with CH3;NH;Br. The inset (a) shows an electron diffraction pattern
for a cluster of PbBr, nanocrystals. The bright ring corresponds to the d-spacing for the (211)

plane of PbBr;,. The scale bar of 50 nm applies to both images.
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Figure 2. Optical spectra showing the conversion of PbBr, nanocrystals to CH;NH;PbBr;. (a)
Absorption spectra of the nanocrystals after the addition of increasing amounts of CH;NH;Br.
(b) Photoluminescence spectra of the nanocrystals after the addition of increasing amounts of
CH3NH;Br. The excitation wavelength was 400 nm for all samples except for the 90 pL aliquot

in which the excitation wavelength was increased to 475 nm to reduce the emission intensity.

Scheme 1. Experimental Configuration Used to Observe the Transformation of Single
PbBr, Nanocrystals to CH;NH;PbBr;.?

2 Upon excitation with blue light (450 to 480 nm), the initial PbBr, nanocrystals are non-
fluorescent while the product CH;NH;PbBr; nanocrystals are highly fluorescent. A schematic of
the microscope field-of-view is shown at the bottom. Black dots represent PbBr, nanocrystals,
and green dots represent CH3NH;PbBr; nanocrystals after the transformation. ODE = 1-

octadecene.

Figure 3. Imaging the transformation of single PbBr, nanocrystals to CH;NH;PbBr;. (a-d)
Selected frames from a video recording of the fluorescence intensity under excitation with blue
light and using a CH3;NH;Br concentration of 0.4 mg/mL. The first frame (0.0 sec) corresponds
to the time when the first fluorescent spot appeared. The contrast of the images has been
inverted. The scale bar shown in (a) is 5 um and applies to all four images. (e) The integrated
intensity versus time over the entire field-of-view for the same recording. (f) Intensity

trajectories for individual nanocrystals from the same recording.
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Figure 4. Histograms of the relative waiting times for PbBr, nanocrystals to transform into
CH;NH;PbBr; when the concentration of CH3;NH;Br was (a) 0.2 mg/mL, (b) 0.4 mg/mL, (¢) 0.5
mg/mL, and (d) 1.0 mg/mL. For each histogram, a relative waiting time of 0 seconds
corresponds to the first nanocrystal to transform among the population. The ESI describes how

histograms were aligned when multiple videos were recorded at the same concentration.

Figure 5. (a) Representative intensity trajectory (black trace) for a single nanocrystal and the
fitting (red line) of the intensity rise to a sigmoidal function. This fitting was used to determine
the switching time, t. (b) The average switching time (black squares) and the median relative
waiting time (red circles) for the conversion of PbBr, nanocrystals using different CH;NH;Br
concentrations. The error bars for the average switching times correspond to one standard

deviation.

Figure 6. Monte Carlo simulations of ion intercalation in PbBr, nanocrystals. Ensemble
reaction trajectories for the (a) diffusion-limited and (b) phase-transformation models described
in the text. The insets show histograms of the waiting times for individual trajectories using
these models. Representative single-particle trajectories for the (c) diffusion-limited and (d)

phase-transformation models.
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50 nm

Figure 1. TEM images of (a) the initial PbBro nanocrystals and (b) resulting CH3NH3PbBr3 nanocrystals after
reaction with CH3zNH3Br. The inset (a) shows an electron diffraction pattern for a cluster of PbBr>

nanocrystals. The bright ring corresponds to the d-spacing for the (211) plane of PbBry. The scale bar of
50 nm applies to both images.
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Figure 2. Optical spectra showing the conversion of PbBry nanocrystals to CH3NH3PbBr3. (a) Absorption
spectra of the nanocrystals after the addition of increasing amounts of CH3NH3Br. (b) Photoluminescence

spectra of the nanocrystals after the addition of increasing amounts of CH3NH3Br. The excitation wavelength
was 400 nm for all samples except for the 90 pL aliquot in which the excitation wavelength was increased to
475 nm to reduce the emission intensity.
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Scheme 1. Experimental Configuration Used to Observe the Transformation of Single PbBro Nanocrystals to
CH3NH3PbBr3. Upon excitation with blue light (450 to 480 nm), the initial PbBry nanocrystals are non-
fluorescent while the product CH3NH3PbBr3 nanocrystals are highly fluorescent. A schematic of the
microscope field-of-view is shown at the bottom. Black dots represent PbBr, nanocrystals, and green dots
represent CH3NH3PbBr3 nanocrystals after the transformation. ODE = 1-octadecene.
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Figure 3. Imaging the transformation of single PbBr, nanocrystals to CH3NH3PbBr3. (a-d) Selected frames

from a video recording of the fluorescence intensity under excitation with blue light and using a CH3NH3Br
concentration of 0.4 mg/mL. The first frame (0.0 sec) corresponds to the time when the first fluorescent
spot appeared. The contrast of the images has been inverted. The scale bar shown in (a) is 5 um and
applies to all four images. (e) The integrated intensity versus time over the entire field-of-view for the same
recording. (f) Intensity trajectories for individual nanocrystals from the same recording.
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Figure 4. Histograms of the relative waiting times for PbBr, nanocrystals to transform into CH3NH3PbBr3
when the concentration of CH3NH3Br was (a) 0.2 mg/mL, (b) 0.4 mg/mL, (c) 0.5 mg/mL, and (d) 1.0
mg/mL. For each histogram, a relative waiting time of 0 seconds corresponds to the first nanocrystal to
transform among the population. The ESI describes how histograms were aligned when multiple videos
were recorded at the same concentration.

152x151mm (300 x 300 DPI)



Page 31 of 32 Journal of Materials Chemistry C

800 |

600

Photon count

400

200 —
0 5 10 15 20
Time (s)

4 L T T ke T i T L] A LI T L 1] 4

b

0

@3 e
& E
Q -t
S o

Ea o £ 12 &
2 S
= S
O T c
£ 1 . e, b B
& % % i | B
=

0.1 02 03 04 05 06 0.7 0.8 09 1.0
CH,NH,Br concentration (mg/mL)

Figure 5. (a) Representative intensity trajectory (black trace) for a single nanocrystal and the fitting (red

line) of the intensity rise to a sigmoidal function. This fitting was used to determine the switching time, T.

(b) The average switching time (black squares) and the median relative waiting time (red circles) for the

conversion of PbBro nanocrystals using different CH3NH3Br concentrations. The error bars for the average
switching times correspond to one standard deviation.
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Figure 6. Monte Carlo simulations of ion intercalation in PbBro nanocrystals. Ensemble reaction trajectories
for the (a) diffusion-limited and (b) phase-transformation models described in the text. The insets show
histograms of the waiting times for individual trajectories using these models. Representative single-particle
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trajectories for the (c) diffusion-limited and (d) phase-transformation models.
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