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ABSTRACT: Inorganic metal-halide perovskite materials pave the way for many applications
ranging from optoelectronics to quantum information due to their low cost, high
photoluminescence and energy conversion efficiencies. However, light-induced bandgap
instability due to ion migration in mixed-halide perovskites remains a significant challenge to
the efficiency of optoelectronic devices. Thus, we combined hyperspectral fluorescence
microspectroscopy and computational methods to understand the underlying transition
mechanism between phase reconstruction and segregation in CsPbBr3‑xIx (0 < x < 3)
nanocrystal thin films. Our outcomes have shown that samples with x = 1.0 and x = 1.5 exhibit
halide migration, favoring Br enrichment locally. In this case, an interplay between photo and
thermal activation promotes the expulsion of I− from the perovskite lattice and generates a
reconstruction of Br-rich domains, forming the CsPbBr3 phase. Thus, thermodynamic
parameters such as the halide activation energy and phase reconstruction diffusibility were
obtained by combining the kinetic parameters from linear unmixing data and Fick’s second
law. Moreover, we observed that the Br−I interdiffusion followed an Arrhenius-like behavior
over laser-induced temperature increase. On the other hand, for samples with x = 2.0, phase segregation occurred due to the larger
CsPbBrI2 nanocrystal size, iodine content and the high laser intensity employed. These three combined effects modify transport and
recombination due to the reduction of charge carrier diffusion length (LD = 10.2 nm) and bandgap. Thus, iodide ions diffuse from
the nanocrystal surface to the core forming a “type-II heterostructure”, promoting a red shift in the fluorescence spectrum, which is
characteristic of phase segregation. Furthermore, real-time dark recovery of light-induced halide segregation is reported for CsPbBrI2
nanocrystal thin films. Finally, the possible halide migration mechanism and physical origins of the transition between these
phenomena are pointed out.
KEYWORDS: CsPbBr3‑xIx nanocrystal, perovskite nanomaterials, phase reconstruction, phase segregation,
hyperspectral fluorescence microspectroscopy, Monte Carlo approach

1. INTRODUCTION
Colloidal nanocrystals of lead mixed-halide perovskites
(LMHPs), such as the cesium-based ternary inorganic
compounds CsPbX3 (X = mixed Cl/Br and Br/I systems),
have garnered significant attention for their wide-ranging
applications.1 These materials are particularly promising for
use in solar cells,2,3 light-emitting diodes (LEDs),4−7 and high-
efficiency photodetectors,8,9 owing to their exceptional
fluorescence quantum efficiency and ionic charge carrier
conduction.10−12 Their optoelectronic versatility, driven by
the tunable absorption and emission across the ultraviolet−
visible (UV−vis) spectrum via halide composition adjustment
in the PbX3 octahedral framework, further enhances their
potential in various technological domains.13−16

Recently, LMHP materials have emerged as a promising
alternative to highly crystalline silicon currently used in solar
panel production. These materials have quickly increased in
efficiency from 3.8% to 25.6%,17,18 sparking a technological

race to commercialize them. Despite their high efficiency in
converting solar energy to electricity, perovskites face long-
term performance issues because of the halide migration
processes. Achieving long-term operational stability and
enhancing the conversion efficiency of LMHP-based photo-
voltaic devices,19−22 and light-emitting diodes remain a
significant challenge. This is primarily due to the intrinsic
softness of their crystal lattice and carrier recombination.21,22

The main questions regarding the halide migration dynamics
in perovskite bulk crystals or nanocrystals involve light-induced
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phase segregation (PS) and reconstruction (PR) phenomena.
PS is typically associated with the formation of Br-rich and I-
rich domains,23−25 characterized by a red shift of the
photoluminescence (PL) spectrum, restoring the original
mixed halide composition (blue shift) when kept in the
dark.26 The PL red shift occurs because there is fast transport
and recombination of charge carriers toward the I-rich regions
due to the reduction in the bandgap.27,28 Recently, many
models have been proposed to describe the PS process. The
most accepted models are related to ion migration due to
defect-driven29 and polaron-induced lattice strain-driven halide
segregation in bulk perovskites.28 In both mechanisms, the
light-induced PS occurs at grain boundaries rather than grains.
On the other hand, light-induced phase segregation in
nanocrystals seems to be associated with dimensionality
effects. For example, G. Reyes et al.30 proposed controlling
the light-induced phase segregation in CsPbBr3‑xIx thin films
through nanocrystal size engineering. They observed that

phase segregation occurs above a threshold size of 46(7) nm,
and developed a model based on the charge carrier diffusion
length to explain light-induced halide segregation. In contrast,
M. L. Crawford et al.31 observed the PS phenomenon in cubic
MAPb(IxBr1−x)3 nanocrystals (NCs) with an average edge
length of approximately 16 nm. According to this study, light-
induced iodine migration occurs from the surface to the core of
particles during PS.31 Moreover, PS is mainly reported in bulk
perovskites, and its underlying mechanisms are slightly
different from those observed in nanocrystals.32,33

More recently, Zhe Li et al.29 pioneeringly demonstrated the
phase reconstruction phenomenon in MAPb(I1−xBrx)3 thin
films (single crystals), in which the expulsion of iodide ions
occurs shortly after the onset of the phase segregation, leading
to a complete MAPbBr3 phase reconstruction. Such a process
proved to be irreversible. On the other hand, the selective
expulsion of iodide has been previously reported in mixed
halide perovskite films in contact with a solvent.34,35 However,

Figure 1. (a) Absorption and emission spectra for CsPbBr3‑xIx NC thin films with different compositions (x = 0, 1.0, 1.5, 2.0, and 3.0). (b) PL peak
energy as a function of the iodine fraction for the LMHP NCs obtained here (black circles) and from the data reported by G. Nedelcu et al.46 (red
diamonds). (c) Illustrative TEM image for the synthesized CsPbBrI2 NCs and (d) corresponding TEM particle size distribution histogram fitted to
a log-normal function (red curve) with average edge length L = (12.4 ± 5.8) nm.
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the kinetics of ion migration in thin films of colloidal mixed-
halide perovskite NCs during phase segregation and
reconstruction is not yet wholly understood. Notwithstanding,
photoinduced halide segregation and phase reconstruction
have a potentially negative impact on photovoltaic perform-
ance, leading to ion accumulation on electrode surfaces,
polarization effects, and halide degradation.24 At the same
time, these light-induced effects represent an excellent
opportunity to understand fundamental aspects such as
defect-induced halide migration,36−38 polaron generation,39,40

exciton diffusion in low-dimensional materials,41,42 and super-
fluorescence.43−45 In this context, we combined hyperspectral
fluorescence microspectroscopy and computational methods to
elucidate the underlying mechanism of phase reconstruction
and segregation in CsPbBr3‑xIx (0 < x < 3) NC thin films.

2. RESULTS AND DISCUSSION
2.1. Optical Properties of CsPbBr3‑xIx Nanocrystal

Thin Films. Figure 1(a) shows the ground-state absorption
and fluorescence spectra of CsPbBr3‑xIx NC thin films with
different compositions: x = 0 (CsPbBr3), x = 1 (CsPbBr2I), x =
1.5 (CsPbBr1.5I1.5), x = 2 (CsPbBrI2), and x = 3 (CsPbI3). The
NCs were ligated with oleylamine and oleic acid molecules in

order to improve the chemical stability and reduce surface
defects. The first excitonic transition extracted from the
minimum of the second order derivative of the absorption data
is located at 539 nm (2.30 eV) for CsPbBr2I, 571 nm (2.17
eV) for CsPbBr1.5I1.5, and 622 nm (2.00 eV) for CsPbBrI2 thin
films, whereas for the pure Br (x = 0) and I (x = 3)
compositions, we have 504 nm (2.46 eV) and 690 nm (1.84
eV), respectively. For the fluorescence spectra compiled in
Figure 1(a), the CsPbBr3‑xIx NC thin films present a narrow
emission line width in the visible region (40−80 meV). Figure
1(b) (red diamonds) illustrates the relationship between the
PL peak energy and the iodine fraction in solution-grown
LMHP NCs obtained from the data reported by G. Nedelcu et
al.46 Thus, we estimated the halide fraction in each sample
from the photon energy corresponding to the PL peak position
(EPL) according to the following analytical equation: EPL (eV)
= 2.42 − 0.2x2 + 0.04x3, which was used to fit the experimental
data of ref 46 (red line).
As can be seen, our fluorescence peak position outcomes

(black circles) are in agreement with these fitting data, with the
emission peaks close to 513 nm (2.42 eV), 543 nm (2.28 eV),
590 nm (2.10 eV), 646 nm (1.92 eV), and 690 (1.80 eV), for x
= 0, 1.0, 1.5, 2.0, and 3.0, respectively. It is worth mentioning

Figure 2. Fluorescence spectra over excitation time for (a) CsPbBr2I and (d) CsPbBr1.5I1.5 nanocrystal thin films with different compositions. (b, e)
PR (Phase Reconstruction) kinetic curves for the Br-rich (red circles) and I-rich (blue circles) pure phase emissions obtained by the linear
unmixing method applied to the fluorescence curves in (a) and (d), respectively. (c, f) Fluorescence colormaps emphasize the PR process.
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that the emission peak values measured for the pure Br and I
compositions will be used as input parameters for the linear
spectral unmixing computational method, as described in
Section 4.5. Figure 1(c) shows an illustrative transmission
electron microscope (TEM) image of the synthesized
CsPbBrI2 nanocrystals, highlighting their cubic structure,
while Figure 1(d) presents the corresponding particle size
distribution histogram. The TEM images and the X-ray
diffractogram (XRD) patterns indicate that the average edge
length of the cube-shaped nanocrystals is between 7 and 14
nm, depending on the composition. As reported in many
papers,1,15,47−49 the NC size tends to increase as a function of
the iodine content. The TEM images, XRD patterns and the
time-resolved fluorescence curves can be seen in Figures S1−
S2 and Table S1 of the Supporting Information (SI).
2.2. Irreversible Phase Reconstruction in CsPbBr2I

and CsPbBr1.5I1.5 Nanocrystal Films. Figure 2 illustrates the
halide kinetics for the (a) CsPbBr2I1 and (d) CsPbBr1.5I1.5
nanocrystal thin films using hyperspectral fluorescence
microscopy. We stopped the measurements at 500 s because
photobleaching occurs after the fluorescence saturates at 510
nm, depending on the laser irradiance. As can be seen,
immediately after the laser excitation, the fluorescence signal
related to the mixed-halide perovskite at 545 nm (Figure 2(a))
and 585 nm (Figure 2(d)) decreased and another band raised
at ∼510 nm for both samples. The laser power P used to
monitor the fluorescence kinetics of the irradiated perovskite
thin films is indicated in Figure 2(a-c) (CsPbBr2I) and Figure
2(d-f) (CsPbBr1.5I1.5). The observed temporal evolution of the
fluorescence spectrum under laser irradiation is related to the
CsPbBr3 nanocrystal phase recovery. In this sense, the laser
promotes the expulsion of I− from the perovskite lattice and
generates a reconstruction of Br-rich domains, forming the
CsPbBr3 phase. As previously mentioned, such a process is
known as phase reconstruction. Figures 2(b) and 2 (e) depict
the relative increase and reduction in the pure emissions of
these Br-rich or I-rich phases obtained from the linear spectral
unmixing method, respectively. We defined a figure of merit,

φPR, from the linear spectral unmixing analysis related to the
phase reconstruction yield after 500 s of laser excitation. To
obtain the average PR rates, the relative increase and decrease
curves were modeled using a biexponential function (kBr = [1
− (k01e(±k1t) + k02e(±k2t))] and kI = k01e(±k1t) + k02e(±k2t), solid
lines in Figure 2(b) and (e)), which is characterized by fast
and slow rate constants, represented by k1 and k2, respectively,
with k01 and k02 as pre-exponential factors. These values can be
found in the Table S2 of the Supporting Information. Finally,
Figures 2(c) and (f) provide fluorescence colormaps for the
described PL behavior, highlighting the increase in the
bromine phase compared to the iodine phase due to laser
excitation. In contrast to what Z. Li et.al.29 observed, phase
segregation did not occur in our experiments with the
CsPbBr2I and CsPbBr1.5I1.5 nanocrystalline films with mixed
halide compositions. Such behavior can possibly be attributed
to spatial dimension effects because we are studying thin films
composed of perovskite nanocrystals, that is, nanometer-sized
particles with finite physical dimensions, rather than bulk
perovskite crystals.
To shed more light on these outcomes and contribute to

elucidating the phase reconstruction activation pathways in our
perovskite films with different Br/I halide compositions, we
conducted experiments by changing the laser power from 10
μW up to 80 μW for CsPbBr2I, and from 10 μW up to 160 μW
for CsPbBr1.5I1.5 (corresponding to irradiances from 6.37 × 102
W/cm2 to 1.02 × 104 W/cm2, considering the laser waist
radius estimated at 1 μm using the zero-damage method50).
Thus, the laser-induced final temperature was determined by
simulating heat propagation in the irradiated thin film,
employing the Fourier Law and the finite-difference method
(see SI for details).51 Figure 3 (a) illustrates the PR yield (φPR)
as a function of the laser power. As clearly noticed, the PR
yield rises by increasing the laser power and the Br halide
concentration in the fabricated film. However, the PR effect
saturates for sufficiently high laser powers at ∼70% for both
nanocrystal thin film compositions. In fact, in films with higher
Br content, the amount of iodine required to be removed from

Figure 3. Phase reconstruction yield (a) for the CsPbBr2I (green circles) and CsPbBr1.5I1.5 (orange rhombuses) thin film samples and (b) their
respective Arrhenius plot (log−linear plot) and fitting curve (straight lines).
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the nanocrystal lattice via laser irradiation is smaller, thereby
facilitating the process. In this context, we calculate the
activation energy (Ea) from the Arrenhius Law, i.e., k =
k0e−Ea/kBT, in which the average PR rate constant ⟨kPR⟩ values
were taken from the relationship ⟨kPR⟩ = (k01k1+k02k2)/
(k01+k02), T is the laser-induced temperature, kB is the
Boltzmann constant, and k0 is a pre-exponential factor. Figure
3 (b) illustrates the Arrhenius plot for the CsPbBr2I and
CsPbBr1.5I1.5 thin films, which provides Ea = (24 ± 3) kJ/mol
(∼248 ± 30 meV) and (21 ± 4) kJ/mol (∼217 ± 42 meV) for
these respective compositions. Therefore, the estimated Ea
values did not differ significantly between the samples with
different halide compositions. These results agree with the
vacancy-mediated hopping barriers in mixed halide perov-
skites.23

Because the mixed halide dynamics in perovskites have a
strong transient character, hyperspectral fluorescence micro-
spectroscopy was applied to probe the reversible nature of the
PR process and determine its microscale length. For this
purpose, we scanned a 200 μm × 200 μm area around the laser
incident region after 500 s of exposure. Figure 4 presents the
colormaps acquired by hyperspectral fluorescence micro-
spectroscopy for the CsPbBr1.5I1.5 thin film using a 120 μW

laser power. Concerning the hyperspectral fluorescence images,
it was possible to apply the linear spectral unmixing method to
decompose the emission of each halide phase separately.
Figure 4 shows the colormap for the (a) Br-rich and (b) I-rich
regions obtained for the CsPbBr1.5I1.5 film sample using a laser
power of 120 μW. In these colormaps, the blue areas in Figure
4 (a) and the red areas in Figure 4(b) represent regions where
no changes occurred in the CsPbBr1.5I1.5 nanocrystal thin film
emission. Similar colormaps were obtained for the CsPbBr2I
film sample. As can be seen, around the laser excitation region
(center of the map), a halo of inhibition of iodine (Figure
4(b)) and rich in bromine (Figure 4(a)) is formed. This
interesting outcome shows that the PR process has an
irreversible character, indicating that iodine is removed from
the nanocrystal structure and degraded when interacting with
the environment and high-intensity laser due to its instability
in the thin film.29

Another interesting aspect to highlight in Figure 4(a) is that
the Br-rich halo is much larger than the laser beam diameter
(∼2 μm), indicating that PR phenomenon has photo and
thermal activation. Moreover, we have observed that the halo
diameter increases as a function of the laser power. Because the
PR involves halide ion diffusion, we consider Fick’s second law

Figure 4. Hyperspectral fluorescence mapping at a 200 × 200 μm area around the laser photoexcited region obtained from the linear unmixing
method for (a) Br-rich and (b) I-rich regions in the CsPbBr1.5I1.5 thin film using a 120 μW laser power. (c) Fluorescence intensity profile as an x-
axis translation length function (red circles, y coordinate fixed at 100 μm) and its respective fitting curve employing eq 1 (solid line). (d)
Experimental DPR values (PR diffusion coefficient) as a function of the laser-induced temperature. The solid line represents the fitting curve
obtained using the Arrhenius equation for diffusibility.
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of diffusion to determine the PR diffusion coefficient (DPR,
(m2/s)) using the following relationship:

=
Ä
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in which IF(x, t) is the fluorescence signal along space and
time, t = 1/⟨k⟩is the characteristic time for the photothermal
effect obtained from Figure 2(b,e), or t = τ is the fluorescence
lifetime (see Figure S3 and Table S3 of the Supporting
Information) for the purely electronic effect, and I0 is a fitting
parameter related to the fluorescence amplitude. Figure 4(c)
reports the fluorescence intensity profile as an x-axis translation
length function (red circles, y coordinate fixed at 100 μm) and
its respective fitting curve obtained by employing eq 1 (solid
line). In Figure 4(d), we present the PR diffusion coefficient
(DPR) values (diamonds) found from eq 1 fitting analysis as a
function of the laser-induced temperature. The solid line
illustrates the fitting curve corresponding to the Arrhenius
equation for diffusibility, i.e., DPR = D0e(−Ea/kBT), in which D0 =
5.3 × 10−11 m2/s is the retrivied pre-exponential factor and Ea
is the retrieved activation energy, which is in agreement with
the results obtained from Figure 3 (Ea= (182 ± 21) meV, while
for Figure 3 we found Ea = (217 ± 42) meV). Therefore, the
Arrhenius model for ion diffusibility describes our experimental
results well within the standard deviation of the different
optical measurements. In this case, using this model, we can
recover the DPR value at room temperature (293 K), i.e., DPR
(293 K) = 6.3 × 10−14 m2/s, which is of the order of the Br−I
interdiffusion coefficient in quasi-2D perovskite thin films,52

corroborating our interpretation of the PR process.
Hyperspectral fluorescence microscopy allows us to explore

the halide diffusion in the fabricated perovskite films. For
example, in Figure 5 (a), we show the colormap for the

CsPbBr1.5I1.5 thin film resolved in iodine fraction (color bar
represents the iodine fraction value between x = 0 and x = 1.5)
for the 200 μm × 200 μm area around the laser excitation site.
To that end, we employed the analytical equation for the
composition-dependent fluorescence peak position EPL(x) (see
Figure 1(b)) to retrieve the iodine fraction. The excitation
(located at the central region of the colormap) presents a green
halo with iodine content close to zero, indicating the CsPbBr3
phase reconstruction. Figure 5(b) illustrates the fluorescence
spectra for each x-axis translation length with the y coordinate
fixed at 100 μm. As noted, we clearly see that the wavelength at
which the fluorescence is maximum (peak wavelength) is blue-
shifted from the borders to the center. These results indicate
that the PR process occurs with less efficiency radially from the
laser excitation region due to the lower photothermal effect.
Therefore, increasing the bromine concentration in the
nanocrystal structure changes the fluorescence peak position,
which undergoes a continuous blue shift toward the 510 nm
emission wavelength assigned to the CsPbBr3 reconstructed
phase, thereby forwarding an intermediary photoconversion
state for the neighboring nanocrystals in the thin film. These
outcomes corroborate the interplay between photo and
thermal activation during the PR process.
In summary, we proposed a model to explain the phase

reconstruction observed in cesium lead mixed-halide perov-
skite nanocrystal thin films. Upon laser excitation, light induces
charge carrier diffusion within the nanocrystal core and surface
in a process that occurs as rapidly as the exciton lifetime. As
reported by Zhe Li,29 charge carriers interact with iodide ions
(I−) and tend to oxidize them, forming iodine(I) and/or
triiodide ions (I3−). This process can occur both in the bulk
and on the surface. However, in small nanocrystals with high
surface-to-volume ratios, continuous excitation causes iodine

Figure 5. (a) Iodine fraction colormap for the CsPbBr1.5I1.5 thin film obtained from the analytical equation for the composition-dependent
fluorescence peak position. (b) The arrows show the fluorescence spectra for each position of the colormap along the x-translation axis (y
coordinate set at 100 μm).
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to migrate to the surface, which becomes unstable in thin films,
leading to degradation and the formation of iodide vacancies
due to laser irradiance. All these processes are light-driven and,
therefore, strongly localized at the laser spot, given that the
charge carrier diffusion lengths are tens or hundreds of
nanometers.30,41,53 However, as shown in this work, the phase
reconstruction extends beyond the laser spot area (Figures 4
and 5), suggesting that temperature plays an important role.
Meanwhile, the laser-induced temperature promotes a
substantial migration from the Br− ion toward the I− vacancy,
following an Arrhenius-like diffusion behavior, as shown in
Figure 4 (d). After several hundred seconds, the green
emission associated with the CsPbBr3 phase dominates the
nanocrystal emission at x = 1.0 and 1.5 compositions, with a
halo extending to the micrometer scale. Notably, phase
segregation was not observed in our nanocrystal samples,
which contrasts with the work of Z. Li et al.29 for a perovskite
single crystal. This is probably because our nanocrystal samples
have a small edge length, which means a high surface-to-
volume ratio, favoring the expulsion of iodine even before
seeing the iodine local enrichment.
To gain a deeper understanding of this PR phenomenon, we

employed the Kinetic Monte Carlo (KMC) method to
simulate the phase reconstruction process based on these
results. Figure 6(a) showcases the 3D cell containing a 20 × 20
× 20 (Nx × Ny × Nz) grid, in which the green, red, and white
colored circles indicate the bromide, iodide ions and vacancies,
respectively. Before the irradiation, the grid presents a
stochastic distribution of iodide (35.2%) and bromide (64%)
ions and vacancies (0.8%) to reproduce the pristine films.54 A
Gaussian beam laser was simulated with a waist radius of 0.1N
around the center of the grid, as shown by the dashed circle in
the center of each simulation cell in Figure 6(b). The
migration rate (km) or local hopping barrier associated with

halide migration from an occupied to a vacant site was
determined using the Arrhenius equation with the activation
energy obtained in the present work. The KMC model is
detailed in Section 4.6. Figure 6(b) shows the top view of the
3D cell. Under laser excitation, the inward and outward
diffusion of bromide and iodide ions induce iodide inhibition
and bromide-rich halo formation over time due to laser
irradiation. Consequently, the bandgap energy of the excitation
region changes from 2.27 to 2.45 eV, reproducing our
experimental results shown in Figures 4 and 5 where the
CsPbBr3 pure phase reconstruction is quantified. In fact, the
bandgap of the irradiated subcell computed at the longest
simulation time (Eg = 2.45 eV, t = 500 steps) agrees
quantitatively with the CsPbBr3 nanocrystals bandgap (L∼
10 nm). Also, according to our KMC simulations, this local
phase reconstruction effect does not occur if the hopping
barrier for iodide is higher than that for bromide, corroborating
our results.
2.3. Reversible Phase Segregation in CsPbBrI2 Thin

Films. We have performed the same experiments reported in
Figure 2 for the CsPbBrI2 thin films. However, we did not
observe any effect related to phase reconstruction for this
sample. On the other hand, the phase segregation takes place
with high efficiency. Figure 7(a) shows the fluorescence
spectra over the excitation time for CsPbBrI2 thin films
prepared, using the cw-laser power of 300 μW for 100 s at 405
nm (excitation wavelength). As noted, the fluorescence
exhibited a red shift from 650 to 688 nm, approaching the
pure CsPbI3 emission at ∼ 690 nm, which characterizes the
light-induced halide segregation. Moreover, the fluorescence
intensity decreases due to the lower fluorescence quantum
yield of the CsPbI3 compared to the CsPbBrI2 nanocrystals.
Such an effect was not observed in our CsPbBr2I and
CsPbBr1.5I1.5 nanocrystal samples when performing the same

Figure 6. (a). Kinetic Monte Carlo (KMC) simulations employing a 3D cell containing a 20 × 20 × 20 (Nx x Ny x Nz) grid, in which circles in
green, red, and white colors represent bromide, iodide and vacancies, respectively. (b) The top view of the 3D cell illustrates the different time steps
used in the KMC simulations.
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experiment. Therefore, these outcomes indicate that NC size
and iodine composition are essential physicochemical param-
eters to be considered in our analysis. In fact, CsPbBrI2
nanocrystals were larger than those deposited in the thin
film samples in which we observed phase reconstruction (at
least two times larger in volume; see SI). Also, the higher
iodine content in our CsPbBrI2 thin film sample decreases the
bandgap, thus favoring the phase segregation induced by
defect- or polaron-driven processes.40,55,56 However, the
average edge length of these nanocrystals is still substantially
smaller than the threshold size of 46(7) nm established by G.
Reyes et al.30 A possible explanation for this effect is the
significant difference between the laser intensities used in our
work and those reported in ref.30 For example, we employed
laser intensities at least a thousand times higher.
To interpret these results, we calculated the steady-state

carrier density achieved under Gaussian cw-laser excitation
using the following rate equation model:28

= [ ]

=

n x t
t

G n x t r n t

G k n x t k n x t k n x t
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2 1
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in which r(n, t) is the total recombination rate, G is the exciton
generation rate (exciton/cm3.s), P (50 μW) is the average laser
power, w0 stands for the Gaussian laser waist (1 × 10−4 cm), l
is the film thickness (∼40 × 10−7 cm), EF is the excitation
photon energy (in Joule), T405 nm is the thin film transmittance
at 405 nm, n(x, t)is the charge carrier density. In addition, k1 is
the exciton recombination rate obtained from the fluorescence
decay time τfluo (k1∼1/τfluo), k2 is the bimolecular charge
recombination rate constant, and k3 is the Auger recombina-
tion rate constant. eq 2 was numerically solved using the
explicit finite difference method in 1D. We could not find the
parameters k2 and k3 for the CsPbBrI2 thin films, so we used
the rate constant values for high-quality CsPbBr3 (10 nm)
nanocrystal thin films reported in ref.57 (k2 = 5.0 x10−11

cm3s−1; k3 = 0.16 x10−28 cm6 s−1). Based on this model, we
found a steady-state carrier density of 1.7 × 1018 cm−3 within a
20 ns temporal window. Thus, we can estimate the charge
carrier diffusion length (LD) as

=L n t
k T

r n t e
( , )

( , )D
B

(5)

Figure 7. (a) Fluorescence spectra over excitation time for the CsPbBrI2 nanocrystal thin film. (b) Phase segregation (PS) kinetic curves were
retrieved using the linear unmixing method applied to the fluorescence spectra in (a). (c) Fluorescence colormap emphasizing the PS process. (d)
Wavelength change (fluorescence peak position variation) over excitation time during the PS process (extracted from the spectroscopic data in
(a)).
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in which μ is the effective sum mobilities of excited electrons
and holes, T is the temperature, kB is the Boltzmann constant,

and e is the elementary charge. We have used μ = 3 cm2/V·s
obtained from photoconductivity measurements with excita-

Figure 8. (a) Phase segregation yield (φPS, blue circles) and red shift of the emission peak position (Δλ, open rhombuses) as functions of the laser
power, and (b) the Arrhenius plot (blue hexagons) for the CsPbBrI2 thin film (average phase segregation rate constant ⟨k⟩ vs laser-induced
reciprocal temperature (1/T)).

Figure 9. (a) Dark recovery of the PL spectra over time, (b) phase segregation (PS) kinetics for the Br-rich and I-rich phase emissions obtained
from the linear unmixing analysis, (c) color mapping emphasizing the PS process, (d). Blue shift over time for the dark recovery process in the
CsPbBrI2 nanocrystal thin film.
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tion at 400 nm. This value comes from ref.,57 which is the same
one employed to obtain the parameters k2 and k3. Following
this approach, we found LD = 10.2 nm, which is very close to
the edge length of our CsPbBrI2 nanocrystals (LCsPbBrI2 = (12.4
± 5.8) nm). In this case, the charge carriers remain localized
within the nanocrystal, reinforcing the observed phase
segregation. In fact, phase segregation introduces potential
barriers and traps for charge carriers, shortening their diffusion
length. Therefore, larger particle sizes, combined with iodine
content and high laser intensities, can modify the transport and
recombination by reducing the diffusion length of charge
carriers and bandgap.41,42,53,58 As a matter of fact, the NC size
is not the only factor responsible for the transition between
phase reconstruction and segregation.
In Figure 7(b), we again employed the linear unmixing

method to obtain the light-induced phase segregation yield,
φPS. As can be seen, the CsPbBrI2 phase decreases at the
expense of the CsPbI3 phase formation. The fluorescence
colormap for the PS behavior highlighting the iodine
enrichment is depicted in Figure 7(c) and (d), which show
the wavelength change Δλ (magnitude of the fluorescence
peak position red shift) during the PS process obtained from
the Gaussian decomposition method, in which the CsPbBrI2
emission initially localized at ∼650 nm approaches the pure
CsPbI3 emission at ∼690 nm (Δλ∼40 nm) in a short
excitation time (50 s).
Mao, W. X. et al.28 reported that phase segregation in

perovskite single crystals could be a light-driven reversal
phenomenon. According to them,28 the PS process at high
carrier densities (high light intensities) decreases the carrier-
induced strain gradients, causing an overlap of the polarons
responsible for the reversal phase segregation. In this context,
we performed PS experiments for several cw-laser powers, from
20 μW to 400 μW, as shown in Figure 8(a). It is possible to
observe that the phase segregation yield (blue circles)
associated with iodine enrichment increases monotonically
up to around 70%. The same behavior was observed for the
emission wavelength red shift (black rhombuses) as a function
of the laser excitation power. Therefore, in our outcomes, the
light-induced reversal PS is not triggered. The fabrication
process for nanocrystal thin films by spin-coating most
probably introduces steric hindrance, leading to the formation
of trap states that weaken polaron overlap and, consequently,
hinder the reversal halide segregation process. This issue is
especially significant in nanocrystals because their higher
surface-to-volume ratio results in a much greater density of
trap states than single crystals.59,60 In Figure 8(b), we
presented the Arrhenius plot and estimated the activation
energy of (9 ± 1) kJ/mol ((93 ± 10) meV) for phase
segregation in the CsPbBrI2 nanocrystalline thin film. This
value is smaller than those obtained for PS in perovskite single
crystals.23 This is probably due to the high laser irradiance used
in our experiments, which contributes to the occurrence of a
high-efficiency PS process and reduces the charge carrier
diffusion length, as previously shown.
Figure 9 presents our results from fluorescence micro-

spectroscopy experiments conducted on a CsPbBrI2 film to
confirm the reversible nature of phase segregation in iodine-
rich nanocrystal thin films. To observe the recovery of the
phase segregation after laser irradiation, the fluorescence
spectra were recorded for approximately 2.5 h in dark ambient
conditions, with measurements taken every 5 min using low
laser power and an integration time of 1 s. Figure 9(a)

demonstrates the fluorescence spectra recovery with the PL
peak position blue-shifting from 688 to 650 nm. From the
linear unmixing method, we determined the kinetic curves for
the return of the CsPbBrI2 phase, as shown in Figure 9(b). PS
dark recovery is emphasized by the fluorescence colormap in
Figure 9(c), resulting in an approximate Δλ = −38 nm
(emission wavelength blue shift at the final observation time t
∼ 9000 s), as illustrated in Figure 9(d). Therefore, our results
show a complete dark recovery of the PS phenomenon in
nanocrystal thin films, similar to that observed in perovskite
single crystals.28

Based on these results, we proposed a model to explain the
phase segregation phenomenon in mixed-halide perovskite
nanocrystals under high-intensity laser exposure. As men-
tioned, the CsPbBrI2 nanocrystals are larger than the CsPbBr2I
and CsPbBr1.5I1.5 nanocrystals (at least two times higher in
volume). In this case, the higher volume available increases the
probability of the iodine migration from the surface to the
core31 because, as shown, the diffusion of charge carriers
occurs within the nanocrystal due to their small diffusion
length (LD = 10.2 nm). At the same time, the iodide-rich
domain presents the valence band maximum position (VBM =
−5.44 eV) and conduction band minimum (CBM = −3.45
eV) with energies higher than the band edges of bromide-rich
regions (VBM = −6.00 and CBM = −3.60),61 which favors the
formation of “type-II heterostructure”, with an iodide-rich
phase within a bromide-rich lattice.31 In this configuration, the
hole is confined in the iodide-phase valence band (“core”)
while the electron is in the bromide-phase conduction band
(“shell”). As seen, increasing the iodide content causes a more
pronounced red shift in the VBM than the CBM, explaining
the phase segregation phenomena. In this case, the CsPbBrI2
“type-II heterostructure” allows the bromide ions to shield the
iodide ions from environmental factors and laser-induced
degradation. Consequently, the irreversible bromide phase
formation due to iodide photodegradation (phase reconstruc-
tion) does not occur. In addition, the PS process is reversible,
which means that the probability of the iodide ion migrating to
the NC surface is low because it becomes very unstable due to
its laser and environment interaction, which would culminate
in its photodegradation. Concomitantly, upon high intensity
excitation, the laser-induced temperature promotes the
formation of perovskite quantum dot solids due to ligand
degradation (oleylamine and oleic acid), making them closer to
each other. Quantum dot solids62 are formed by reducing the
interdot spacing, which enhances the optical interactions
between the nanocrystals. The formation of perovskite
quantum dot solids decreases the surface area-to-volume
ratio at the short-range length in the thin film. Concomitantly,
the quantum dot solid formation may also promote the
development of grain boundaries, which are regions susceptible
to phase separation in perovskite single crystals.28 These
processes collectively promote phase segregation rather than
phase reconstruction via defect- or polaron-driven mecha-
nisms.
As mentioned, photoinduced halide segregation and phase

reconstruction can have a potentially negative impact on
photovoltaic device performance. Based on our findings,
several strategies can be employed to mitigate these
undesirable effects. For example, adjusting the halide ratio
can help balance lattice strain, thereby reducing halide
segregation and phase reconstruction effects.63 Additionally,
as reported by many researchers,64,65 applying a protective
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polymer coating to perovskite thin films can shield them from
environmental factors, enhancing the performance and
durability of optoelectronic devices such as solar cells, lasers,
and LEDs. Furthermore, using small nanocrystals with a
narrow size distribution, combined with low irradiance, can
increase the charge-carrier diffusion length, stabilize the thin
film bandgap over a long-range length, and consequently
improve device stability.

3. CONCLUSION
Herein, we used hyperspectral fluorescence microspectroscopy
and computational modeling to elucidate the complex ion
migration dynamics in mixed-halide CsPbBr3‑xIx (0 < x < 3)
perovskite nanocrystal thin films. Specifically, for x = 1.0 and x
= 1.5, we observed halide migration leading to local bromide
enrichment and photoluminescence blue shifts from 545 to
510 nm due to irreversible phase reconstruction, forming
CsPbBr3 domains. Photothermal effects drive this phenomen-
on. By applying linear spectral unmixing and kinetic analyses,
we determined crucial thermodynamic parameters such as
halide activation energy and diffusion coefficient, correlating
these findings with Fick’s second law. Moreover, we have
shown that the phase reconstruction diffusion presents an
Arrhenius-like behavior as a function of the laser-induced
temperature. Thus, we retrieved the room temperature Br−I
interdiffusion coefficient of 6.2 × 10−14 m2/s, consistent with
quasi-2D perovskite films. In contrast, for x = 2.0, larger
CsPbBrI2 nanocrystals exhibited phase segregation rather than
reconstruction, with iodide ions migrating from the surface to
the core due to NC size, iodine content, and high laser power
that combined leads to a small charge-carrier diffusion length,
culminating in high PS yield. We also display real-time dark
recovery for light-induced halide phase segregation. On the
other hand, the light-induced reversal halide segregation was
not observed in our samples, probably because of the less
efficient process of overlapping the polarons in perovskite
nanocrystals than in the single crystals. Our outcomes provided
deeper insights into the halide migration mechanisms and
transitions between these phenomena. This study enhances the
understanding of ion kinetics in mixed-halide perovskites and
paves the way for optimizing their optoelectronic properties for
advanced applications.

4. MATERIALS AND METHODS
4.1. Chemical Synthesis of Colloidal Perovskite Nanocryst-

als. The following precursors and reagents were used for synthesizing
perovskite nanocrystals: cesium carbonate (Cs2CO3, Sigma-Aldrich,
99.9%), lead(II) bromide (PbBr2, Sigma-Aldrich, 99%), lead(II)
iodide (PbI2, Sigma-Aldrich, 99%), oleic acid (OA, Sigma-Aldrich,
90%), 1-octadecene (ODE, Sigma-Aldrich, 90%), oleylamine (OAm,
Sigma-Aldrich, 90%), isopropyl alcohol (Dinam̂ica, 99.5%), and
toluene (Synth, 99.5%).

A previously described method was used to produce colloidal
nanocrystals of cesium lead mixed-halide perovskites.1 Initially, a
cesium oleate solution was prepared. For this purpose, 0.25 mmol of
Cs2CO3, 4 mL of ODE, and 0.25 mL of OA were added to a 3-neck
flask. This mixture was degassed and dried under vacuum at 120 °C
for 60 min. The system was then heated under argon flow at 150 °C
until all Cs2CO3 had completely reacted with OA. This precursor
solution can be stored for subsequent syntheses, taking care to heat it
to 100 °C before use. To prepare CsPbBr3‑xIx NCs (0 < x < 3), PbBr2
and PbI2 at different concentrations were used, varying the value of x
(x = 0, 1, 1.5, 2, 3). When x = 0 (CsPbBr3), 0.188 mmol of PbBr2 was
used. In addition to the salts, 5.0 mL ODE, 0.5 mL OA and 0.5 mL
OAm were added to the 3-neck flask. This mixture was dried under

vacuum at 120 °C for 1 h, then heated to 150 °C under argon gas.
Finally, 0.4 mL of the previously prepared Cs oleate solution was
injected under an argon atmosphere and, after 10 s, the solution was
cooled in an ice bath for 5 s. For the purification step, the suspension
was transferred to a Falcon tube and mixed with 7.5 mL of isopropyl
alcohol, followed by centrifugation at 9000 rpm for 30 min. The
obtained NCs were suspended in toluene.
4.2. Production of Perovskite Films. Perovskite thin films were

fabricated via spin coating on microscope slides, as per our previous
work.51 First, the slides were subjected to a sequence of 10 min
ultrasonic baths with the following reagents: ultrapure water, ethanol,
isopropanol, and acetone. They underwent a 10 min treatment with a
plasma cleaner to finish cleaning the slides. After air drying, previously
prepared nanocrystal suspension (see Section 4.1 for synthesis details)
was applied to the substrate using a spin coating in two steps: first,
400 rpm for 30 s, and then 6000 rpm for 10 s. The resulting thin film
was stored in an inert atmosphere in a glovebox for later analysis.
4.3. Hyperspectral Fluorescence Microscopy and Optical

Characterization. The thin film analyses were initially performed on
an Agilent Cary 5000 UV−vis-NIR spectrophotometer with a diffuse
reflectance accessory (DRA) to confirm the semiconductor properties
of NC thin film samples. Hyperspectral fluorescence microscopy
experiments were carried out using a continuous-wave (cw) laser
emitting light at 405 nm (excitation wavelength) with TEM00 mode, a
microscope objective with 40× magnification, a numerical aperture of
0.65, and a working distance of 0.6 mm. The details of this
experimental setup can be found in SI. Hyperspectral images were
captured using low laser power and a fast scanning laser (200 ms
acquisition per spectrum) to mitigate issues with fluorescence
scattering and prevent any sample alteration over time.

Time-resolved photoluminescence measurements were conducted
on thin film samples using a Horiba Fluorolog-3 Jobin Yvon
spectrofluorimeter. Excitation was achieved using a 455 nm pulsed
nanoLED, and all decay curves were recorded at room temperature.
4.4. TEM and XRD Measurements. The samples were

characterized using a JEM 21 00 FEG - TEM microscope operating
at 200 kV. The samples after being dropped (3 μL) onto the 400
match carbon grid covered with ultrathin carbon film (∼3 nm), the
samples were placed in the Plasma Cleaner Model 1020 −
Instruments Fischione for 10 to 20 s and then the analyses were
carried out. The measurements were performed at LNNano, CNPEM
in Campinas - SP. The observed particles were counted using the
ImageJ software.

The crystalline structure of the perovskite nanocrystal thin films
was characterized by XRD. The diffraction patterns were obtained on
a Shimadzu XRD - 6000 diffractometer, with Cu K α radiation, λ =
1.5418 Å, generated at 30 kV and with a current of 30 mA, 1° min−1

scan speed, in the range of 2θ = 10° − 70°. The Inorganic Crystal
Structure Database (ICSD) n° 14610 confirmed the formation of
cubic structures (as can be seen in SI).
4.5. Linear Spectral Unmixing Method. Linear spectral

unmixing is a technique used to break down the total detected
fluorescence signal (S) into contributions from different light-emitting
chromophores. In our study, we used this method to distinguish
between the emissions from Br-rich (FBr) and I-rich (FI) phases in
mixed halide perovskite thin films.66−68 Thus:

= × + ×S A F A F( ) ( ) ( )Br I1 2 (6)

in which A1 and A2 are the amplitudes of the specific contributions of
bromide and iodide ions, respectively, and FBr and FI are the reference
fluorescence spectra of the CsPbBr1−xIx nanocrystalline thin films,
shown in Figure 1. In this case, to quantify the contribution of each
phase separately, A1 and A2, the method employed a least-squares
approach to minimize the squared differences between calculated and
measured values, based on the following set of differential equations:

{ }
=

S A F

A

( ) ( )
0

j j i i i j

i

2

(7)
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Here j represents the number of wavelengths considered and i
represents the number of emissive species. Therefore, we solved eq 7
with the singular value decomposition method employed by the
Python software. Consequently, we found the contribution (%) of the
Br-rich and I-rich phases during the phase reconstruction and
segregation kinetic experiments.
4.6. Kinetic Monte Carlo Simulations. We used the 3D Kinetic

Monte Carlo (KMC) method69,70 to model the phase reconstruction
phenomenon. The simulation was conducted on a 20 × 20 × 20 site
grid, where each site randomly allocated one atom of Br, I, or a halide
vacancy. Reflecting experimental conditions in an air-saturable
atmosphere, we set the Br, I, and vacancy concentrations at 64%,
35.2%, and 0.8%, respectively. The migration or hop rate (km) for Br
and I ions was determined using the Arrhenius equation:

=k x y z t k e( , , , ) E k T x y z t
0

/ ( , , , )a B (8)

in which k0is the pre-exponential factor, Ea is the activation energy or
the local hopping barrier associated with halide migration from an
occupied to a vacant site (EBr = 0.21 eV and EI = 0.10 eV were
obtained in this work), kB is the Boltzmann constant, and T is the
laser-induced temperature. The laser-induced temperature was
calculated using the following equation:

= +[ + ]T x y z t A e T( , , , ) (1 e )Bt x x y y w
0

2 ( ) ( ) /
0

0
2

0
2

0
2

(9)

in which A0 is the maximum laser-induced temperature amplitude
calculated from the Fourier Law using the finite difference method
(see SI). B is the heating rate and T0 is the room temperature. w0
stands for the Gaussian laser waist radius and x0 and y0 indicate the
grid positions where the laser is incident.

For each instant of time t, the local bandgap Eg(t) of a region
surrounding the center of the simulation cube (0.2Nx × 0.2Ny ×
0.2Nz), which has been irradiated within the volume Virradiated = 0.2Nx
× 0.2Ny × Nz, is calculated based on the halide composition through
the following equation obtained in this work: Eg(t) = 2.46 − 1.78x2 +
1.16x3, where x is the relative concentration of the iodide ion, i.e., x =
(CI+CV)/(CBr+CI+CV), and C represents the concentration of the
halides (I, Br) and vacancies (V). The bandgap calculation takes into
consideration the vacancy concentration because, in our case, we are
interested in the bandgap modification due to the enrichment of
bromide ions. Therefore, the simple substitution of an iodine atom by
a vacancy does not alter the bandgap. The volume of all subcells is
equal to the volume of the total cell. Thus, the vacancy percentage in
the 3D cell is given by nv(%) = [1 − (Vsubcell/Vcell)].

The vacancy position matrix is initialized at each step of the KMC
simulation. The algorithm searches for ions in the first neighbors of
each vacancy.The neighbor to which the vacancy will hop was chosen
based on the migration rate for the neighbor normalized by the total
migration rate for each vacancy. The probability P of a vacancy-
neighbor swap was determined by comparing the ratio of the
Arrhenius rates in the subcell around the vacancy (Vsubcell = 0.2Nx ×
0.2Ny × 0.2Nz) and the Arrhenius rates in total volume (Vcell = Nx ×
Ny × Nz), i.e., = e e/i

V E k T x y z t
i
V E k T x y z t/ ( , , , ) / ( , , , )subcell a

i
cell a

i
B B . The

swap happens if the probability exceeds a drawn random number. In
this case, the hopping probability indirectly considers the local
bandgap effect. Additionally, during the phase reconstruction event,
the iodine atom can escape, leaving behind a vacancy. This process is
driven by the laser-induced temperature and is calculated based on
the following equation:

= [ ][ ]P x y z t A e( , , , ) 1T
T x y z t T( , , , ) 0 (10)

in which α and A are experimental parameters. Then, a random
number is drawn and compared to the probability threshold (PT) to
determine whether the neighboring iodine atom converts to a halide
vacancy, thereby updating the vacancy position.

In order to obtain the distribution of halide ions and vacancies at a
particular time in the grid, the number of hops per unit time for each
vacancy is given by the inverse of the sum of the Arrhenius rates for all
neighbors within the subcell volume ( =t k1/ i

V
i
neighborsubcell ). Each

time step corresponds to Δt = 1. The bromide, iodide, and vacancy
concentrations were monitored in the laser excitation region, and the
grid stability was established when the excitation region bandgap
reached a plateau.
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