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ABSTRACT: A critical issue hindering the potential applications
of semiconductor mixed-halide perovskites is the phase segregation
effect, wherein localized regions enriched with one type of halide
anions would be formed upon continuous photogeneration of the
excited-state charge carriers. These unexpected phases are capable
of remixing again in the dark under the entropic driving force, the
process of which is now being exclusively studied after the mixed-
halide perovskites have arrived at the final stage of complete phase
segregation. Here, we show that after the removal of laser
excitation from a solid film of the mixed-halide perovskite
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nanocrystals (NCs) with partial phase segregation, the iodide- and bromide-rich regions can continuously grow in the dark for a
prolonged time period of several minutes. We propose that this dark phase segregation is sustained by the local electric fields from
the surface-trapped charge carriers, whose slow dissipation out of the mixed-halide perovskite NCs causes a delayed occurrence of

the reversal phase remixing process.
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Bl INTRODUCTION

Lead mixed-halide perovskites with the chemical formula of
APbBr,I,_, (0 < x < 3), where A is an organic or inorganic
cation such as CH;NH;* (MA*), HC(NH,)," (FA*), or Cs®,
have attracted intensive research interest very recently owing
to their facile synthesis in solution," high quantum efficiency of
fluorescence,” and tunable emission across the visible to near-
infrared wavelength range.” Unfortunately, under continuous
photogeneration of the excited-state charge carriers, they
would suffer from the phase segregation effect to demix into
the bromide- and iodide-rich regions with different band gap
energies,” thus greatly jeopardizing their stable gerformances in
the optoelectronic devices of solar cells,”® light-emitting
diodes,”® and photodetectors.”'® Among the various under-
lying mechanisms proposed so far for the phase segregation
effect of the mixed-halide perovskites,'" special attention has
been paid to the driving force provided by the local electric
field since it is closely relevant to the practical device
operations. This local electric field can be generated by the
excited-state charge carriers trapped in the defect sites of the
mixed-halide perovskites, and it is capable of promoting the
migration of halide vacancies and anions to trigger the phase
segregation process.~ For the mixed-halide perovskites, the
defect sites could be located on the surfaces'® or in the grain
boundaries'* of polycrystalline films, and across the side
edges'® or within the internal volumes'® of single crystals. The
lack of a general consensus on the exact locations of the defect
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sites impedes further explorations of their dynamic interactions
with the charge carriers, whose transition from the trapping to
detrapping statuses determines the survival time of a local
electric field driving the phase segregation process.

When the size of the mixed-halide perovskites is reduced in
all three dimensions to the Bohr diameter scale, the as-formed
nanocrystals (NCs) are rendered an additional knob of
quantum confinement to tune the emission wavelength in
addition to the compositional change.'” Moreover, the
increased surface-to-volume ratio in the mixed-halide perov-
skite NCs leads to a significant dependence of their
optoelectronic properties on the external surfaces, which
have been well documented in the traditional CdSe NCs to
hold various defect sites for the effective trapping of the
excited-state charge carriers."®™*° The local electric field
created as such in a single CdSe NC is capable of triggering
the spectral diffusion effect, which is manifested as a stochastic
photoluminescence (PL) peak shift due to the appearance,
movement, and disappearance of the surface-trapped charge
carriers.”' ™ Since their external surfaces are the dominant
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sources of defect sites to capture the excited-state charge
carriers, the mixed-halide perovskite NCs can provide a much-
simplified platform to investigate how the phase segregation
process is affected by the local electric fields.

In this work, we focus on the phase segregation studies of
the mixed-halide perovskite CsPbBr;,I;3 NCs at room
temperature, showing that they can be converted completely
to the CsPbBr; NCs under a sufficient time of the laser
excitation. Interestingly, when the laser excitation is removed
in the middle of the phase segregation process, the bromide-
rich phase with a blue-shifted PL peak can still be formed in
the dark for as long as several minutes. Without the
complicating factor of the excited-state charge carriers inside
the CsPbBr, ,I; s NCs, this prolonged phase segregation should
be driven by the local electric fields created by the long-lived
charge carriers trapped in the defect sites. After being
deposited onto a passivating flake of hexagonal boron nitride
(hBN), the CsPbBr,,],; NCs demonstrate suppressed light-
induced and dark-prolonged phase segregation processes,
confirming that the defect sites capable of trapping the
photogenerated charge carriers are mainly located on their
external surfaces.

B RESULTS AND DISCUSSION

According to a standard hot-injection method™* (see the
Experimental Section), the cuboid CsPbBr,l;4 NCs are
synthesized with an average edge length of ~23 nm (see the
transmission electron microscopy image in Figure S1). As
shown in Figure S2 for the CsPbBr,,I; 3 NCs contained in a
hexane solution, their band-edge absorption and emission
peaks are located at ~608 nm and ~634 nm, respectively, with
a Stokes shift of ~26 nm that is consistent with those values
reported previously in the literature.”> One drop of this
concentrated solution is spin-coated onto a fused silica
substrate to form a solid film of the CsPbBr,l;3 NCs,
which are excited by a 405 or 568 nm continuous-wave (CW)
laser with the spot size of ~S00 nm (see the Experimental
Section). All of the following optical measurements are
performed at room temperature in the ambient air since,
unlike the bulk mixed-halide perovskites,”>*” the CsPbBr I, 4
NCs show no phase segregation under the nitrogen and
vacuum conditions (see Figure S3).

As can be seen from the time-dependent spectral image
plotted in Figure la, the PL peak of the CsPbBr,,I; 3 NCs
shifts completely from the initial ~634 nm to the final ~510
nm upon continuous 405 nm laser excitation at the power
density of ~S0 W/cm® This implies that each single
CsPbBr, ,I, ¢ NC within the laser spot has finished the phase
segregation process (see Figure S4 for the PL spatial and
spectral mapping results), which is signified as a blue-shift in
the PL peak™ " instead of the red-shift commonly observed
in the bulk counterpart.” The fully segregated CsPbBr,,I, g
NCs are then left in the dark, with the 405 nm laser being
unblocked only for 1 s at several time points to record the PL
spectral evolution still at the power density of ~50 W/cm?. As
shown in Figure 1b for the phase remixing process, the PL
peak shifts continuously to the red side and arrives at ~600 nm
after 70 min of dark treatment. Of special note is that in all of
the previous optical measurements such as the one performed
in Figure 1b, the phase remixing process of the mixed-halide
perovskites was exclusively monitored after a full completion of
the phase segregation process.
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Figure 1. Fundamental phase segregation and remixing properties. (a)
Time-dependent evolution of the 60 PL spectra each acquired with an
integration time of 1 s for the CsPbBrj,l;3 NCs. The phase
segregation process completes after ~30 s continuous excitation of the
CsPbBr ,I; s NCs by a 405 nm CW laser at the power density of ~50
W/cm? (b) PL spectra measured for these CsPbBr, ,1; s NCs after the
excitation laser has then been blocked for 0 s, 2 min, 10 min, 30 min,
and 70 min, respectively. At each of the above time points, the 405
nm laser is unblocked for 1 s to acquire the PL spectrum still at the
power density of ~50 W/cm? For comparison, the original PL
spectrum measured at the beginning of laser excitation in (a) is also
provided (black dashed line).

To provide more information on the phase remixing process,
we now excite the CsPbBr,,I; 3 NCs for only 35 s using the
405 nm laser with a power density of ~50 W/cm? to induce
the partial phase segregation on purpose. The PL peak of the
CsPbBr,1; ¢ NCs shifts from ~634 to ~617 nm in Figure 2a,
the latter of which is far from the ~510 nm wavelength
measured in Figure 1a after the complete phase segregation. In
the next, the partially segregated CsPbBr,,I; 3 NCs are left in
the dark, while the 405 nm laser is unblocked for only 1 s at
several time points to monitor the PL spectral evolution at a
power density of ~3 W/cm? which is not high enough to
reach the required threshold for the occurrence of phase
segregation31 (see Figure SS). As can be seen in Figure 2b, the
PL peak continues its blue-shift to stop at ~609 nm after 2 min
and then reverts to the red side to reach ~616 and ~624 nm at
the time points of 3 and S min, respectively. Since there is no
laser excitation on the CsPbBr;,I; 3 NCs, there must exist
some residual forces to drive their dark phase segregation
process without the influence of the excited-state charge
carriers.

To further corroborate the above point, we alternatively
excite the CsPbBr;,]; 3 NCs with a 568 nm CW laser, whose
photon energy is smaller than the band gap energy of the
CsPbBr; NCs formed after the complete phase segregation.
The power density of the 568 nm laser is set at a higher value
of ~5000 W/cm?, which can promote the same rate of phase
segregation as that associated with the 405 nm laser at ~50 W/
cm? In the course of continuous excitation of the CsPbBr, 1, 4
NCs, the 568 nm laser is blocked for only 1 s at several time
points to allow PL spectral measurements with the 405 nm
laser at a power density of ~3 W/cm® As shown in Figure 2c
(see Figure S7 for another example), the PL peak shifts from
~634 to ~561 nm after 15 s of phase segregation, the latter of
which has a photon energy just a little larger than that of the
568 nm laser. Beyond this time point, the PL peak continues
its blue-shift to arrive at ~533 and ~525 nm after 2 and 4 min
of the 568 nm laser excitation, respectively. Since no thermal
effect is caused to the CsPbBr,,I; s NCs under below-band gap
laser excitation (see Figure S8), we can conclude again that
their prolonged blue-shifts of the PL peak must be driven by
some other factors without photogeneration of the excited-
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Figure 2. Prolonged phase segregation in the dark. (a) Time-
dependent evolution of the 35 PL spectra each acquired with an
integration time of 1 s for the CsPbBrj,l;3 NCs. The phase
segregation process is incomplete after ~30 s continuous excitation of
the CsPbBr I, 3 NCs by a 405 nm CW laser at the power density of
~50 W/cm? (b) PL spectra measured for these CsPbBr,,I; 3 NCs
after the 405 nm laser has then been blocked for 0 s, 20 s, 1 min, 2
min, 3 min, and 5 min, respectively. At each of the above time points,
the 405 nm laser is unblocked for 1 s to acquire the PL spectrum at
the power density of ~3 W/cm’ The time-dependent PL peak
evolution in (ab) is further plotted in Figure S6 to provide more
information on the phase segregation and remixing processes. (c) PL
spectra measured for the CsPbBr,,I; 3 NCs after being excited by a
568 nm CW laser at the power density of ~5000 W/cm? for 0's, 15's,
2 min, and 4 min, respectively. At each of the above time points, the
568 nm laser is blocked for 1 s while the 405 nm laser is employed to
acquire a PL spectrum at the power density of ~3 W/cm? The solid
black arrow on top marks the wavelength position of the 568 nm
excitation laser. (d) PL spectra measured for these CsPbBr,,I,  NCs
after the 568 nm laser has then been blocked for 0 s, 1 min, 3 min, 12
min, and 26 min, respectively. At each of the above time points, the
405 nm CW laser is unblocked for 1 s to acquire a PL spectrum at the
power density of ~3 W/cm?.

state charge carriers. These CsPbBr;,I;  NCs are then left in
the dark, with the 405 nm laser being unblocked for only 1 s at
several time points to acquire PL spectra with a power density
of ~3 W/cm?. As can be seen in Figure 2d, the PL peak shifts a
little bit further to the blue side to stop at ~520 nm after 2 min
and then reverts to the red side to arrive at ~527, ~557, and
~571 nm after 3, 12, and 26 min, respectively.

Since phase segregation of the CsPbBr),I; 3 NCs can still
proceed in the dark or under below-band gap laser excitation,
the experimental results demonstrated in Figure 2 can be
utilized to exclude most of the underlying mechanisms
proposed so far for the mixed-halide gerovskites. These mainly
include the polaronic strain field,*** the iodide oxidation or
repulsion,”™*> and even the system free-energy variation,’®*’
whose functionalities are all dependent on the very existence of
the excited-state charge carriers. As such, the local electric field
induced by the trapped charge carriers is left as the main
candidate to support the prolonged phase segregation in the
dark (see the schematic diagrams in Figure 3). Upon laser
excitation of a single CsPbBr,,I;3 NC, some of the excited-
state charge carriers move to its surface and get trapped there
by the one to several defect sites”' ~>****’ (Figure 3a). The
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Figure 3. Underlying mechanism for the prolonged phase segregation
in the dark. (a) Upon laser excitation of a single CsPbBr,,I, 3 NC,
some of the excited-state charge carriers move to the surface. (b)
Local electric fields created by the charge carriers trapped in the
surface defect sites are capable of breaking the Pb—I bonds, with the
freed iodide anions migrating to the surroundings of this single NC.
(c) Surface-trapped charge carriers disappear slowly after the removal
of laser excitation, with the residual ones still exerting the local electric
fields on the single NC to maintain the prolonged phase segregation
in the dark. (d) After the surface-trapped charge carriers totally
disappear to terminate the local electric fields, the freed iodide anions
move back to the single NC to start the phase remixing process.

local electric fields created therein are capable of breaking the
Pb—I bonds,”® with the freed iodide anions migrating to the
surroundings of this single NC** (Figure 3b). After the laser
excitation has been removed, the number of surface-trapped
charge carriers decreases slowly over time, while the residual
electric fields can still break the Pb—I bonds to release more
iodide anions (Figure 3c). After the surface-trapped charge
carriers have disappeared completely, the iodide anions start
filling the internal NC vacancies under the entropic driving
force to start the phase remixing process (Figure 3d). As has
been observed in other low-dimensional semiconductor
nanostructures,’® it would take several to tens of minutes for
their surface charges to get totally dissipated by means of
thermal fluctuations® and scattering interactions with the
surrounding air.”> Moreover, the time duration of several
minutes measured here for the prolonged phase segregation is
comparable to the dwelling time of the surface-trapped charge
carriers estimated previously for the single CdSe NCs.**

For semiconductor perovskite materials, it is well-known
that the application of an electric field can cause the lattice
distortion effect.***> Meanwhile, the strain field in mixed-
halide perovskites is frec%uently invoked as the driving force of
phase segregation.’”*****® Upon removal of laser excitation
on the CsPbBr,,I; g NCs, it is possible for the surface-trapped
charge carriers to disappear instantly together with the induced
local electric fields. In this case, the partially segregated
CsPbBr, I, NCs can still undergo further phase segregation
in the dark, under the assumption that it may take some time
for the lattice distortions and thus the associated strain fields to
be fully relaxed. To rule out this possibility, we deposit a solid
film of the CsPbBr,I; ¢ NCs between two electrodes biased at
the electric field of ~2 V/um to induce phase segregation in
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the dark™ (see the Experimental Section). By exciting the
CsPbBr; ,I, s NCs for only 1 s at several time points with the
405 nm laser at a power density of ~3 W/cm?, we can see from
the obtained PL spectra in Figure 4a that the PL peak has
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Figure 4. Influence of the electric fields on phase segregation. (a) PL
spectra measured for the CsPbBr,,I; ; NCs after an electric field of 2
V/pm has been applied for 0 s, 60 s, and 2 min in the dark. (b) PL
spectra measured for these CsPbBr;,I, 3 NCs after the electric field
has then been removed for 0's, 1 s, 5 s, and 2 min in the dark. At each
time point in (a,b), a 405 nm CW laser is unblocked for 1 s to acquire
the PL spectrum at the power density of ~3 W/cm? Time-dependent
evolutions of the 300 PL spectra each acquired with an integration
time of 1 s for the CsPbBr,,]I; ; NCs deposited on (c) an hBN flake
and (d) a SiO, substrate, respectively. In these two cases, the
CsPbBr, ,I; g NCs are continuously excited by a 405 nm CW laser at
the power density of ~50 W/cm?.

shifted from ~634 to ~617 nm after 2 min of the electrical
biasing operation (see Figure S9 for the phase segregation
measurement under both laser excitation and electrical
biasing).

Unlike the blue-shift observed in Figure 2b upon the
removal of laser excitation, the PL peak of the partially
segregated CsPbBr,,I; s NCs now demonstrates a prompt red-
shift in Figure 4b after the electric field has been turned off,
moving from ~617 to ~634 nm within 2 min of the phase
remixing process. We can then safely conclude that there are
no residual lattice distortions or strain fields to maintain the
prolonged phase segregation in the dark, which should be
contributed solely by the local electric fields created by the
long-lived surface-trapped charge carriers. Compared to the 2
V/pum case discussed above, the application of a 1 V/um
electric field on the CsPbBr;,I; ¢ NCs would induce a much
slower blue-shift in the PL peak, while its removal is still not
followed by any dark-prolonged phase segregation process (see
Figure S10).

In the end, we would like to elaborate a little more on the
defect sites in the CsPbBr, ,1; s NCs, which are proposed in the
traditional CdSe NCs to be mainly on their external
surfaces."* ™" In a recent work with high-resolution
structural characterizations, the plane defects were discovered
within the internal volume of a single CsPbBr,I;3 NC to
divide it into multiple emissive regions."” As shown in Figure
Slla for a single CsPbBr,,I; 3 NC excited at ~3 W/cm?® by a

405 nm pulsed laser, the g (0) value is estimated to be
~0.636 from the second-order photon correlation measure-
ment (see the Experimental Section). This low purity of single-
photon emission (~36.4%) is in stark contrast to that of
~97.8% measured in Figure S11b for a single CsPbBr; NC
under the same experimental conditions, implying that there
do exist multiple emissive regions and thus plane defects inside
a single CsPbBr,,I; 3 NC. Consequently, it is unclear whether
the excited-state charge carriers are trapped by the defect sites
on the external surface or within the internal volume of a single
CsPbBr,;,1; ¢ NC.

To clarify the above point, we insert an hBN flake (see
Figure S12 for the optical microscope image) between the
fused silica substrate and a solid film of the CsPbBr,]; ¢ NCs.
When excited by the 405 nm CW laser at a power density of
~50 W/cm?, these CsPbBr;,l;3 NCs suffer from a phase
segregation effect (Figure 4c) much weaker than those
deposited directly on top of the fused silica substrate (Figure
4d). Moreover, no further phase segregation is observed in the
partially segregated CsPbBr,,I, 3 NCs above the hBN flake
once the excitation laser has been blocked. The suppressed
phase segregation under both laser excitation and dark
treatment suggests that the defect sites of the CsPbBr),l,g
NCs should be mostly on their external surfaces, which can be
effectively passivated by the hBN flake®®*” to reduce the
number of trapped charge carriers and the strength of the local
electric fields. In fact, these surface defect sites can also be well
passivated by mixing the CsPbBr,,I, 3 NCs with the polymer
molecules of poly(methyl methacrylate) (PMMA), leading to
an almost complete suppression of the light-induced phase
segregation effect (see Figure S13).

Bl CONCLUSIONS

To summarize, we have induced partial instead of complete
phase segregation in the mixed-halide perovskite CsPbBr ]I, g
NCs, observing that they can still undergo the halide demixing
process for several minutes after being left in the dark. Besides
the CsPbBr),I;3 NCs focused here, this prolonged phase
segregation is also possessed by the CsPbBrJ;_, NCs with
other x values (see Figure S14). Since there are no excited-
state charge carriers inside these CsPbBr,I; , NCs, the dark
phase segregation should be sustained by the local electric
fields from the surface-trapped charge carriers, resulting in the
breaking of Pb—I bonds and the generation of more freed
iodide anions. The above conclusion can be naturally extended
to the laser excitation case, pinpointing the local electric field
as the only underlying force to drive phase segregation of the
CsPbBr,I;_, NCs. From our optical measurements on the bulk
mixed-halide CsPbBr, I, s microplates, the phase remixing
process starts immediately upon removal of laser excitation
(see Figure S15). This suggests that the local electric fields
may have limited access to the whole bulk volume within the
laser spot size of ~500 nm, while they are sufficient enough to
drive the halide migration process in a single CsPbBr,I;_, NC
with an average edge length of ~23 nm. Consequently, the
phase segregation in the bulk mixed-halide perovskites could
be jointly contributed by various underlying mechanisms,
among which the influence of local electric field has been well
understood in the current work to greatly mitigate the future
research efforts.
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B EXPERIMENTAL SECTION

Chemical Synthesis. 0.814 g of Cs,CO;, 2.5 mL of oleic acid
(OA), and 40 mL of octadecene (ODE) were loaded into a 100 mL
three-necked flask, which was degassed for 10 min to evaporate the
contained moisture. After switching between the vacuum and N,
environments for 3—35 times, the above solution was heated at 120 °C
for 1 h to obtain the Cs-oleate precursor under vacuum. In the next,
0.105 g of Pbl, 0.052 g of PbBr,, 1.0 mL of OA, 1.0 mL of
oleylamine, and 10 mL of ODE were loaded into a 50 mL three-
necked flask, which was also degassed for 10 min to evaporate the
contained moisture. After switching between the vacuum and N,
environments for 3—35 times, this mixture was first heated at 120 °C
for 1 h under vacuum and then at 160 °C for 10 min in N,. Right after
this operation, 1.0 mL of the Cs-oleate precursor preheated to 120 °C
was quickly injected into the above solution, and the reaction lasted
for 5 s before being stopped by an ice—water bath. The obtained
product was centrifuged for 20 min at 5000 rpm, with the precipitates
being dispersed in 5 mL of hexane and centrifuged again for 20 min at
5000 rpm. Finally, the supernatant was extracted to get the
CsPbBr, ,I; 3 NCs mainly used in the experiment. To synthesize the
CsPbBry,l, ;/CsPbBr; sI; s NCs, a quite similar procedure was
followed except that the amounts of Pbl, and PbBr, were changed
to 0.119 g/0.085 g and 0.041 g/0.067 g, respectively.

Optical Measurement. One drop of the concentrated solution of
the mixed-halide perovskite NCs, with the composition of
CsPbBr, ;1,45 CsPbBryol,; or CsPbBr,l;s, was spin-coated onto a
fused silica substrate to form a solid film for the optical studies at
room temperature. Alternatively, these mixed-halide perovskite NCs
could be spin-coated either onto an hBN flake placed above the fused
silica substrate by means of the dry transfer method or between two
electrodes thermally evaporated above the fused silica substrate with a
separation distance of S ym. The sample substrate was attached to a
home-built confocal optical microscope, where the mixed-halide
perovskite NCs were excited by either a 405 or 568 nm CW laser.
After passing through an immersion-oil objective with a numerical
aperture of ~1.4, the laser beam was focused onto the sample
substrate with a spot size of ~500 nm. Optical emission from the
mixed-halide perovskite NCs was collected by the same objective and
sent through a 0.5 m spectrometer to a charge-coupled device camera
for the PL spectral measurement. For the optical measurements of
single CsPbBr ,1; g or CsPbBr; NCs using a 405 nm pulsed laser with
the repetition rate of 5 MHz, one drop of their diluted solution was
spin-coated onto a fused silica substrate to form a low-density solid
film. The single perovskite NC was studied in a confocal optical
microscope with quite similar optical setups to those described above,
except that its optical emission was sent directly to two avalanche
photodetectors for the second-order photon correlation measurement
with a time resolution of ~100 ps.
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