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Energy-band gradient halide perovskites are highly desired candidates for fabricating high
performance optoelectronic devices. Here, we demonstrate that a mixed halide perovskite single
crystal undergoes phase segregation in the longitudinal direction under above-bandgap light
illumination. As a result, a micron thick layer with vertically gradient halide composition and thus
graded valence band edge is generated at the crystal surface. The resultant gradient structure can
facilitate the hole extraction at its interface with a hole transport layer. The longitudinal phase
segregation of mixed halide perovskite single crystalis likely driven by abundant defects at the surface.
Moreover, the segregation rate is increased in air compared to nitrogen probably due to the combined
effect of oxygen and moisture. These findings not only deepen the understanding of phase
segregation mechanism in mixed halide perovskite, but also indicate a promising avenue of fabricating
vertically energy-band gradient perovskite and enhancing the perovskite-based optoelectronic device

performance.

Halide perovskites are a class of material with chemical formular of ABX;, in
which X is typically Cl, Br, I or a mixture thereof. The band structure of
halide perovskites largely depends on the halide composition in X site,
which can be tuned continuously by changing the ratio of CI ", Br ,and I '~".
A gradually varying halide composition leads to the formation of a graded
valence band configuration*”. A longitudinally energy-band gradient per-
ovskites with varying halide composition can be interfaced with a hole
transport layer (HTL) and used for accelerating the hole extraction and
enhancing the efficiency of optoelectronic devices like solar cells and
detectors®™®. Alternatively, such structures can facilitate photoexcited carrier
extraction from high bandgap material towards lower bandgap one and
improve the emitting efficiency of devices such as scintillators™™"".

A perovskite structure with intrinsic halide gradient in the long-
itudinal direction can be obtained by growing, evaporating or spin-
coating successive multilayer of planar perovskite'”. It is also possible to
fabricate longitudinally gradient perovskite structure based on post-
treatment such as ion-exchange reaction, by carefully controlling the

exchange duration and temperature'”"”. Phase segregation of mixed
halide perovskite also offers a promising avenue for fabricating gradient
structure. Mixed halide perovskite such as APb(Br,l; ,); is known to
undergo phase segregation under above-gap illumination or external
bias, when the Br content is higher than a threshold (ie.,15% for
MAPb(Br,I;_,)3, MA = CH;NH;)"“**. Phase segregation deteriorates the
stability of mixed halide perovskite-based devices such as solar cells™.
Tremendous efforts have been made to understand its underlying
mechanism and most of these studies were carried out in polycrystalline
thin films. Grain boundaries play an important role in the phase segre-
gation of mixed halide perovskite polycrystalline films, in which the
iodide ion migration mainly proceeds in the lateral orientation towards
the grain boundaries” >, However, it remains unclear how the phase
segregation progresses in a mixed halide perovskite sample with absence
of grain boundaries such as a single crystal. Perovskite single crystal
possesses abundant defects at the surface compared to the interior, which
may trigger the segregation in the vertical direction. This offers a
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potential avenue towards generating longitudinally gradient structure
with varying halide composition.

In this work, we explore such possibility by studying the phase segre-
gation of MAPb(Br,], ,); single crystals under above-bandgap light exci-
tation. Our depth resolved compositional analysis reveals the formation of a
micron thick surface layer with varying halide composition along the depth
dimension, indicating the occurrence of a longitudinal phase segregation in
the near-surface layer of the single crystal. The resultant gradient structure is
composed of multiple phases with various halide compositions as confirmed
by low temperature photoluminescence (PL) measurements. These are
uncommon observations in mixed halide perovskites (so far, they have been
seen only in cathodoluminescence measurements assisted with intricate
statistical analysis)**. Our further investigation reveals that the vertical
segregation of the mixed halide perovskite single crystal is likely driven by
surface defects and its rate is altered by the atmosphere significantly. The
obtained gradient structure facilitates the hole extraction when the low
bandgap side is interfaced with a HTL, which can potentially lead to
improved performance of mixed halide perovskite single crystal-based
optoelectronic devices such as solar cells and detectors.

Results and Discussion

Synthesis and characterization of mixed halide single crystal
Two MAPb(Br,]; )5 single crystals with I-rich and Br-rich compositions
are synthesized based on inverse temperature crystallization method”, by
tuning the ratio of Br and I in precursor solutions. The synthesis detail is
included in the Supplementary Methods. We first study the phase segre-
gation of the I-rich crystal with Br content x of 0.29, which exhibits tetra-
gonal phase and exposes top (100) facet. This crystal undergoes phase
segregation under ultraviolet (UV) light illumination, generating two extra
I-rich compositions, as shown in Supplementary Fig. 1.

In comparison, the Br-rich crystal possesses cubic phase which exhibits
cuboid shape and exposes (100) facets. Figure 1a shows the X-ray diffraction
(XRD) pattern of the Br-rich MAPb(Br,l;_,); single crystal, in which the
(200) diffraction peak is located at 30.05°. This corresponds to a lattice
parameter of 5.88 A and a Br content x of 0.905 according to the reported
lattice parameter-composition relationship'’. The phase segregation of the
Br-rich crystal with such a high Br content can potentially generate more
phases with different compositions. For this reason, the mixed halide per-
ovskite crystal with Br-rich composition is selected for further study.
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Evidencing longitudinal phase segregation

We combine XRD, UV-visible absorption and PL measurements to inves-
tigate the phase segregation of this initially Br-rich MAPb(Br,]; )5 single
crystal (x=0.905). XRD pattern is recorded for the crystal before and after
UV illumination (Fig. 1a). After light illumination, an extra diffraction peak
appears at 260 = 29 ;s shown in the inset figure, which likely corresponds to
the I-rich phases generated due to phase segregation. Figure 1b shows the
absorption spectra before and after UV illumination. As seen, the initial
sample exhibits an absorption edge at wavelength of about 600 nm, and after
illumination for a few minutes, an absorption edge emerges around 720 nm
which corresponds to I-rich compositions, indicating the occurrence of
phase segregation. Simultaneously, the absorption edge at 600 nm becomes
less sharp than the initial sample which can be correlated with the defect
formation due to the phase segregation.

We also capture a series of confocal PL maps after the crystal surface is
subjected to 405 nm light illumination for different duration. The PL spectra
of four separate regions 1, 2, 3 and 4 are extracted from the confocal maps as
labelled in the inset of Figure lc. Figure lc reports the PL evolution of
region 1 (for the PL spectra of other regions see Supplementary Fig. 2).
Interestingly, all the regions exhibits similar PL evolution trend, in which the
emission intensity of initial phase at around 560 nm decreases with illu-
mination. Simultaneously, an emission feature emerges around 670 nm
with its peak position redshifting and intensity increasing with illumination.
These results suggest that phase segregation occurs predominantly in the
longitudinal direction of the mixed halide perovskite single crystal.

It is worth to note that slight differences are also observed among PL
spectra of different regions. (Supplementary Fig. 2) This is probably related
with a mild horizontal phase segregation induced by the stochastic com-
position fluctuations pre-existing on the pristine mixed halide perovskite
surface'®. Similar observation was also made previously for MAPb(Br,I; )5
single crystal microplate®. Nevertheless, the observed PL difference between
various regions is very small, and the halide ion migration in the vertical
direction dominates the phase segregation process of single crystal. Note
that near the crystal edge there is an exception and a more obvious hor-
izontal segregation is observed, as shown by the PL spectra in Supple-
mentary Fig. 3.

To further confirm the occurrence of longitudinal phase segregation,
we study the composition of phase segregated sample by scanning electron
microscope energy-dispersive X-ray spectroscopy (SEM-EDS) and depth
resolved X-ray photoelectron spectroscopy (XPS) measurements. Figure 1d
summarizes the composition of the overall sample surface obtained from
SEM-EDS analysis using incident electron beam of two different energies (5
and 15keV). As shown, a Br/I ratio of 9.5 is obtained with an incident
electron energy of 15 keV. The Br/I ratio decreases to 2.0 when the incident
electron energy is decreased to 5 keV. Since an electron beam with lower
energy penetrates shallower into the target material and probes the infor-
mation from a thinner surface layer, the results in Figure 1d suggest that the
sample surface contains a higher content of I, and the inner regions are more
abundant in Br. The SEM-EDS results confirm that segregation progresses
in the longitudinal direction of the mixed halide perovskite single crystal and
enables the formation of a structure with vertically gradient halide com-
position, as depicted in Figure 1d. To estimate the thickness of gradient
structure, we simulate the deposited energy distribution of the incident
electron beam in MAPb(Br,1; ,); (x=0.905) using Monte Carlo program
CASINO. As shown in Figure 1d, the incident electron beam with 5 and
15keV deposits the energy within a layer of approximately 450 nm and
1170 nm respectively. This result indicates that the Br/I ratio of 450 nm
thick near-surface layer is 2.0. With increasing depth, the iodide content
decreases, and the overall Br/I ratio of 1170 nm thick near-surface layer
approaches 9.5, which is the same as the initial crystal. Further, we perform
cross sectional confocal PL analysis of the segregated sample after cleaving.
(for the PL spectra see Supplementary Fig. 4) The results indicate that the
gradient structure only distributes at near-surface region and the compo-
sition of the interior lattice remains to be the same as pristine phase. Based
on the above analysis, it can be concluded that the longitudinal phase

segregation of the mixed halide perovskite single crystal leads to the for-
mation of a micron thick layer with vertically gradient halide composition at
the crystal surface.

The depth distribution of various elements is further probed using XPS
coupled with argon ion etching. XPS spectra are recorded every 300s
throughout a total etching time of 1500 s. Figure le, f reports the evolution of
I 3d and Br 3d XPS spectra, which illustrates that the peak area of I 3d
declines with etch time, while that of Br 3d increases very slightly. The
quantified percentage of two halide ions is shown in Figure 1g. This result
confirms that iodide ion is the preferentially mobile halide ion migrating
from interior to surface during the longitudinal phase segregation, while the
motion of bromide ion in the opposite direction is very mild.

Supplementary Fig. 5 reports the Pb 4f, N1s and C 1s XPS spectra.
Intense peaks are observed at the side of Pb** feature and both C 1 sand N 1s
intensity drops with etching time. These results indicate that the XPS
measurement inevitably induces radiolysis of the perovskite crystal”~",
which involves multiple processes such as (1) reduction of lead ions and
generation of Pb° that corresponds to the observed intense peaks at the side
of Pb** feature in Pb 4 f XPS; (2) formation of gaseous species containing
nitrogen and carbon, which desorb easily under the high vacuum condi-
tions. Due to the radiolysis, an accurate composition of the gradient
structure cannot be obtained from XPS analysis.

Revealing the mechanism of longitudinal phase segregation
Mild vertical ion migration was also identified in an earlier study
which employed mixed halide perovskite polycrystalline film™. It was
proposed that the vertical ion migration originates from gradient carrier
distribution along the depth of the surface 100 ~ 200 nm thick layer under
UV excitation. The gradient carrier distribution leads to gradient lattice
constant and drives the halide ions with larger radius (iodide ions) to
migrate towards the surface. It is intriguing to investigate whether the
gradient carrier distribution is the major driving force of vertical segregation
in mixed halide perovskite single crystal. For this purpose, we use a two-
photon laser (800 nm) to generate carriers in the entire thickness of the
crystal in which no obvious gradient distribution of photogenerated carriers
is induced along the depth. Figure 2a shows a series of PL spectra recorded
under continuous two-photon excitation in air, in which the sample only
displays an emission from the pristine phase initially and later another
emission emerges which corresponds to the I-rich phases. One can evaluate
the rate of phase segregation by fitting the variation of I-rich emission
intensity against illumination time with I(f) = A — Be "', The obtained
segregation rate k under two-photon excitation is 3.4 x 10*s™" as shown in
Fig. 2b. This value is close to what measured under single-photon excitation
in air, as will be shown later, indicating the secondary role of gradient carrier
distribution in phase segregation. Moreover, compared with single-photon
excitation, the emission peak from the pristine phase under two-photon
excitation is redshifted. The shape of the I-rich emission feature under two-
photon excitation is also different from that of UV excitation. These
observations can be correlated with the different penetration and detection
depths of two excitation sources. In the case of UV excitation, the detected
photons come from the surface; while the photons in two-photon PL spectra
come from a thicker layer which contains phases with multiple iodide
compositions and a significant photon recycling occurs before the photon
detection. Based on the above analysis, it can be inferred that without
inducing gradient carrier distribution, two-photon excitation also triggers
vertical phase segregation and results in the formation of a vertically gra-
dient structure. The vertical segregation of mixed halide perovskite single
crystal is mainly driven by other factors rather than photogenerated carrier
distribution.

It is possible that surface defects induce electric field in the vertical
direction and drive the migration of iodide ions, triggering the halide
redistribution in the vertical direction. This speculation accords well with
the general understanding of halide segregation process which underscores
the important role of perovskite surfaces in halide segregation process of any
perovskite materials” . Since the top and bottom surface of the same

Communications Materials | (2024)5:174


www.nature.com/commsmat

https://doi.org/10.1038/s43246-024-00588-z

Article

(@)

Two-photon excitation 4

—— 0 min
2 min
5 min

—— 10 min

-20 min [
—— 40 min
—— 60 min

Intensity (a.u.)

T T T T
600 650 700 750

Wavelength (nm)

T
550 800

Intensity (a.u.)

T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (ns)

Fig. 2 | Investigation of the longitudinal phase segregation mechanism in
MAPb(Br,I;_,)3 (x = 0.905) single crystal. a PL evolution under two-photon
excitation using 800 nm laser. b Variation of the I-rich emission intensity with
respect to the illumination time under two-photon excitation. ¢ TRPL of top and

(b)
i T T T T T T T
- Two-photon excitation B
; o 4
S k=3.4x104 s-1
2 J
‘®
=
2
< 4 =l
o, 4
T T T T T T ] T
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)
(d)
T T T T T T T
-  Single-photon excitation 4
o e Top -
Bottom
’;: - -
8
> 4
‘@
< )
3
=
k=6.2x10"* 5!
T T T T T T T
0 50 100 150 200 250 300
Time (s)

bottom crystal surface under single-photon excitation using 405 nm laser; d Inten-
sity of I-rich emission feature with illumination time, extracted from the PL evo-
lution of top and bottom surface under single-photon excitation. The experimental
data and the fitting are shown in solid circles and lines respectively.

crystal have different surface defect density, we compare the phase segre-
gation rate of these two crystal surfaces to illustrate the role of surface
defects. Figure 2c shows the time-resolved PL (TRPL) spectra measured
from two surfaces which can be well fitted with bi-exponential function
I(t) = Aje V% 4+ A e V%, (for the fitting parameters see Supplementary
Table 1) The effective decay lifetime can be calculated according to
T = (L A1) /(3L A;t)). The obtained effective lifetime of top
surface is 767.3 ns, which is nine times longer compared to the bottom
surface (85.6 ns), suggesting that the bottom crystal surface has a much
higher surface defect density than the top surface. We monitor the PL
evolution of top and bottom surface under 405 nm excitation. Both exhibit
the decrease of pristine phase emission and increase of I-rich emission.
Figure 2d plots the intensity of I-rich emission feature with illumination
time for top and bottom surfaces. By fitting, the obtained segregation rate of
the bottom surface is about eight times larger than that of the top surface.
The strikingly higher segregation rate of more defective surface confirms the
vital role that surface defects play in vertical phase segregation in the mixed
halide perovskite single crystal.

We further investigate the effect of atmosphere on longitudinal phase
segregation by monitoring the PL evolution of two identical samples in air
and N, respectively under UV excitation (405nm). The humidity and
oxygen levels of the air are 80.0% and 20.9% respectively. Note that the
samples in this set of experiments are mounted inside a cuvette filled with N,
or air, and a home-built spectroscopy system is used for PL measurement.

The intensity of equipped UV illumination source is 0.36 mW cm ™ which is
larger than that of confocal microscope used in Figure 1c and therefore a
later stage of phase segregation is captured under this condition. Figure 3a,b
reports the PL evolution of the crystal in atmosphere of air and N,
respectively, both of which show decreasing emission of the pristine phase
and emergence of I-rich emission feature. With further illumination, the
intensity of I-rich feature increases and its peak position redshifts. Figure 3¢
plots the variation of peak intensity with illumination time for both atmo-
spheres. The obtained segregation rate increases from 7.0 x 10™°s™" in N, to
5.0 % 10~*s™" in air, by nearly a factor of 70.

The enhancement of phase segregation rate in air is likely due to the
combined effect of oxygen and water. On one hand, the water inter-
calation into the perovskite lattice can reduce the activation energies for
vacancy-mediated ion migration™, which favors the phase segregation.
Water molecule can also favor the trapping of migrated halide ions at
vacancy sites of halide on perovskite surface”**. On the other hand, I can
be oxidized to form I, by oxygen in the presence of water”, which
potentially accelerates the phase segregation process. The latter can be
understood by referring to a recently proposed model of Ross A. Kerner
et al.’. This model suggests that the phase segregation is triggered by
preferential oxidation of iodide ions due to the presence of photo-
generated holes. We infer that the oxygen and water molecules absorbed
to the crystal surface can assist the oxidation of iodide ions, resulting in a
faster phase segregation.
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Fig. 3 | Effect of atmosphere on phase segregation of MAPb(Br,I,_,); (x = 0.905)
single crystal. a, b PL evolution in air and N,. ¢, d Variance of emission intensity,
position, and FWHM (full width at half maxima) of the PL feature around 690 nm

with illumination time. The dots in (c) are experimental data extracted from PL
spectra, and solid lines on top of the dots are from fitting. The fluctuation of PL
position before reaching the plateau is highlighted by the blue circle in (d).

Note that the segregation rate of our crystal in air is 100 times smaller
than what reported for phase segregation in polycrystalline film under
similar conditions'®. The obviously different rates points to different seg-
regation mechanisms in single crystal and polycrystalline film. In poly-
crystalline film, phase segregation mainly occurs in the horizontal direction
because the grain boundaries not only provide a reducing environment for
oxidation product of iodide ions (i.e. I,) to get reduced and re-enter’, but
also induce an electric field to drive the migration of iodide ions™*. Due
to the grain boundaries, the average activation energy of ion migration is
low and the horizontal segregation rate in polycrystalline film is high™.
In contrast, a mixed halide perovskite single crystal is free of grain bound-
aries and the segregation of a single crystal is dominated by the ion
migration along the longitudinal dimension which has a relatively low
migration rate.

Identifying multiple intermediate phases in the gradient structure
In the above study, we also observe that the full width at half maximum
(FWHM) of the I-rich emission first decreases with illumination and then
remains unchanged after 150 s for samples in both atmospheres, as illu-
strated in Fig. 3d. This is related with formation of multiple phases with
different halide compositions when the phase segregation progresses.
Initially upon the illumination, multiple intermediate phases with
various iodide contents are formed, all of which emit and together compose
the PL spectra, leading to a large FWHM. With continuous supplement of
iodide ions, the intermediate phases eventually transform into more stable

I-rich phases, causing the narrowing of FWHM which finally reaches a
plateau. Phase segregation occurs step by step in N,, while the oxygen and
moisture in air leads to faster formation of stable I-rich phases. As a result, a
wider FWHM is observed in N, than air in the initial stage. Besides, due to
the coexistence of multiple intermediate phases of different energy band,
energy funneling should occur towards lower bandgap regions, as reported
before*'. It is likely that efficient energy funneling between adjacent domains
also contributes to the narrowing of FWHM with illumination time. To
confirm the presence of energy funneling among I-rich phases, we measure
the TRPL spectra in several selected detection ranges. Supplementary Fig. 6
shows the TRPL of three selected detection energy windows which are
centered at 650, 680 and 720 nm with a width of 30 nm. (for the fitting
parameters see Supplementary Table 2) The obtained effective lifetime
increases from 181.9, 345.2 to 596.9 ns when the central detection wave-
length changes from 650, 680 to 720 nm. This evolution trend of decay
lifetime confirms the occurrence of energy funneling among various I-rich
compositions.

Figure 3d also reports the peak position variation of I-rich emission
feature with illumination time in air and N,. The step-by-step occurrence of
phase segregation in N, causes the PL position to undergo a fluctuation
before reaching the plateau, as highlighted by the blue circle. This is in
contrast with the smooth redshift observed in air. Besides, the PL position of
the I-rich phases eventually stabilizes at a less reddish wavelength in air
(706 nm) than the one in N, (710 nm), despite of more significant phase
segregation. The less reddish wavelength in air may be related to the
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expulsion of volatile molecular iodine species formed due to iodide ion
oxidation™.

To identify the intermediate phases formed during segregation, we
conduct low temperature PL study. At lower temperatures, the carrier-
phonon coupling can be reduced, and PL peaks are narrower, which allow
better identification of multiple emission peaks that are otherwise con-
voluted into one PL emission feature at room temperature. Moreover, due to
the retarded ion diffusion at lower temperatures, transformation from one
intermediate phase to another can be slowed down or even prohibited,
enabling the recognition of metastable phases.

It is worth to mention that the high vacuum conditions used in low
temperature PL measurements accelerate the phase segregation. As a result,
the I-rich emission of the first PL measurement is already pronounced, and
the peak position and intensity barely changes with further illumination
(see the PL evolution at different temperatures in Supplementary Fig. 7).
The vacuum effect is validated by varying the chamber pressure from 50 to
0.05 mbar and measuring the PL spectra at two different locations of the
same crystal. As seen in Supplementary Fig. 8, at lower pressure the I-rich
emission feature exhibits an intensity increase and a peak redshift, which
confirms that the high vacuum accelerates the phase segregation. The
promoted segregation in high vacuum is probably related with lattice
shrinkage and strain formation, as shown by a control experiment per-
formed on a single-halide (MAPbBr3) single crystal. Supplementary Fig. 9

presents the XRD patterns of this crystal before and after four hours storage
in vacuum. As shown, after vacuum storage the diffraction peaks of
MAPbBr; shift towards higher angle which points to lattice shrinkage.
Moreover, after vacuum storage the diffraction peaks show an increase
of FWHM, indicating the generation of strain. The strain arises from
inhomogeneous shrinkage along different crystalline planes, which was
reported for other types of perovskites before®.

Figure 4a shows the contour map of PL emission in a temperature
range of 10 ~ 260 K under 405 nm excitation. As expected, the PL intensity
increases significantly with decreasing temperature, due to less carrier-
phonon coupling and lower probability of exciton dissociation. Besides, a
Br-rich emission feature is seen around 620 nm in low temperature PL
spectra, apart from the 690 nm I-rich emission feature. This Br-rich
emission is however very mild in room temperature PL measurements,
indicating that these Br-rich phases are metastable and can only be sta-
bilized at low temperatures. With increasing temperatures, the iodide ion
migration is accelerated, which enables the Br-rich phase to transform
efficiently into I-rich phases. Figure 4b, c¢ display the PL spectra at two
representative temperatures of 25 K and 70 K. (for the PL spectra at other
temperatures see Supplementary Fig. 10) Gazing on the emission spectral
feature around 690 nm, we find it starts displaying three distinct peaks
when the temperature falls below 70 K. These peaks become broader and
merge into one at higher temperatures. The emission feature around

Communications Materials | (2024)5:174


www.nature.com/commsmat

https://doi.org/10.1038/s43246-024-00588-z

Article

Fig. 5 | Potential application of longitudinal phase
segregation in enhancing the hole extraction at
perovskite/HTL interface. a Evolution of TRPL
spectra measured at the perovskite/HTL interface
under continuous 420 nm illumination. The inset
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shows the TRPL measurement configuration.

b Variation of I-rich emission intensity with illu-
mination time in three illumination cycles. In each
cycle, the crystal is subjected to continuous UV E
illumination for 300 s after which a PL spectrum is
captured; the light is then switched off and the
sample remains in dark for 15 min. Experimental
data and fitting curves are shown in solid circles and
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690 nm can thus be fitted with three Gaussian functions, which are labelled
as peak 1, 2 and 3. The emission feature around 620 nm can be fitted by
two Gaussian functions, which are labelled as peak 4 and 5. We infer that
multiple emission peaks observed in low temperature PL spectra stem from
intermediate phases with different halide compositions that are formed
during the phase segregation. The composition of the intermediate phases
can be estimated by referring to the bandgap-composition relationship of
MAPb(Br,li );  Egy/p (x) = Egyy(1 — x) + Egipx — bx(1 — x),  where
Egp =238¢€V,E,; = 1.58 eV,b=0.33eV". According to the positions
of emission peak 1 ~ 5, the compositions of these intermediate phases can
be estimated to be MAPb(Bryesloss)ss MAPb(Brysslosr)s; MAPD
(Broailose)s, MAPB(Brossloss)s and MAPb(Broaolo71)s. It is worth to
mention that the emission peak position observed in PL measurement
depends on the Stokes shift, halide composition, temperature, size and
depth of corresponding phase, and the halide compositions of intermediate
phases obtained from the emission peak position are only a rough
estimation.

We further investigate the portion of different I-rich phases at dif-
ferent temperature by calculating the ratio of individual peak area of peak
1, 2 and 3 over the full area of I-rich emission feature. As summarized in
Fig. 4d, the portion of lower energy peak 1 increases with increasing
temperature, while the portion of peak 2 decreases, and that of peak 3
remains relatively stable. A similar trend is observed for the two peaks in
Br-rich emission feature, where the portion of peak 4 turns larger while
that of peak 5 becomes smaller with increasing temperature. This is
reasonable considering that more iodide ions are required to enter the
lattice and form the phase with higher content of iodide, posing a higher
energy barrier for the transformation which can only be overcome at
higher temperatures.

Potential application of longitudinal phase segregation

To demonstrate the potential application of obtained gradient structure, we
assemble a perovskite/HTL interface by coating a mixed halide perovskite
(MAPb(Br,];.,); with x=0.905) single crystal with a HTL layer (Me-
4PACz) on top. Supplementary Fig. 11 shows the TRPL spectra of per-
ovskite crystal coated with HTL in comparison to that of bare perovskite
crystal. (for the fitting parameters and the effective lifetime see Supple-
mentary Table 3) The obtained effective decay lifetime of perovskite crystal
coated with HTL (419.8 ns) is shorter than the bare crystal (767.4 ns), which
indicates the hole extraction from perovskite towards HTL at their interface.
Besides, it can also be seen that the initial decay of perovskite with HTL is
slower than the bare crystal, which is likely due to the passivation of per-
ovskite surface traps after coating the Me-4PACz, as has been reported
earlier’.

The crystal coated with HTL is then illuminated with 420 nm light
continuously. TRPL spectra are captured every 300 s from the interface. As
seen in Fig. 5a, the decay becomes faster with illumination. It is very likely
that a gradually varying halide composition along the depth is generated due
to phase segregation under illumination. This leads to the formation of a
graded valence band configuration. As a result, the hole extraction towards
HTL is accelerated, which causes the faster decay of emission. The enhanced
hole extraction can lead to improved performance of mixed halide per-
ovskite single crystal-based optoelectronic devices such as solar cell and
detector.

We further study the reversibility of the phase segregation in mixed
halide perovskite single crystals and evaluate the applicability in real device.
To do so, we record the PL evolution in three sequential illumination cycles.
In each cycle, the crystal is subjected to continuous UV illumination for
300 s and the PL spectrum is captured subsequently; the light is then swit-
ched off and the sample remains in dark for 15 mins. The results show that
the intensity of I-rich emission nearly diminishes after dark storage, indi-
cating the reversal of PL after removal of illumination. This accords well
with previous studies in which the segregated structure reversed back to the
mixed halide composition upon the removal of UV excitation due to
entropy-driven ion diffusion”*. However, we also find that the segregation
rate increases significantly with more cycles. Figure 5b shows the variation of
I-rich emission intensity in three cycles, and the segregation rate obtained
from fitting is shown for each cycle. As seen, the phase segregation rate of the
third cycle is 16 times larger compared with the first cycle. This result
indicates that from a microscopic view the crystal lattice structure does not
reverse completely during storage in dark. It is likely that some defects, such
as halide vacancies induced in the previous phase segregation do not fully
migrate back to their origin positions in dark conditions and serve as easy
channels for the recurrence of phase segregation. Irreversibility of phase
segregation was also reported earlier under some conditions such as electron
beam excitations, which destruct the lattice and hinder the reversal
process*. These results suggest that repetitive illumination can shorten the
required time for establishing a gradient structure, which is beneficial for the
applications in real devices.

Conclusions

In summary, we unveil the occurrence of phase segregation along the depth
dimension of mixed perovskite single crystal under UV excitation. We
identify the presence of multiple intermediate phases through low tem-
perature PL studies in the resultant structure, refreshing the typical view of
only two defined stoichiometric phases in previous studies and providing
solid evidence for existence of multiple compositions. The longitudinal
phase segregation is likely driven by the defects at the crystal surface and its
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rate is influenced by atmosphere. The longitudinal phase segregation results
in a surface layer with gradient halide composition, which can form a graded
valence band and enhance the hole extraction at the interface with adjacent
hole transport layer in a mixed perovskite single crystal-based optoelec-
tronic device.

Methods
Chemicals
Methylammonium bromide (MABr, 99%) and methylammonium iodide
(MAI 99%) from Aladdin. Lead bromide (PbBr,, 99%) and N,N-Dime-
thylformamide (DMF, 99.9%) from Macklin. y-Butyrolactone (y-GBL,
99%) from GLPBIO. [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl] phosphonic
acid (Me-4PACz, 99%) from TCL. All chemicals are used without further
purification.

Synthesis of MAPb(Br,l1.,)s (x = 0.905) single crystal

0.112 g of MABr (99%), 1.43 g of MAI (99%), 3.67 g of PbBr, (99.9%) are
dissolved in a mixed solution of 7 mL DMF and 3 mL y-butylene and stirred
at a speed of 1000 r.p.m. at 60°C for 20 mins. A 1 mol/L mixed-halide
solution is obtained after filtering using PTFE, 0.22 ym.

1.5 mL precursor solution is transferred to a 3 mL vial wrapped with
aluminium foil in glove box. It is then kept in the oil bath of 75 °C for 5 hours,
and heated from 75 to 110 °C at a rate of 5 °C/h for crystal nucleation, and
kept for 5 h for crystal growth. MAPb(Br,]I; )5 (x = 0.905) single crystals can
be obtained by repeating this process for several cycles as required. The
samples are finally taken out of the vial with tweezers and gently tapped with
tissues to wipe off the residual precursors from surface of single crystals.

Structural, compositional, and morphological analysis

XRD patterns for single crystals are obtained using a PANalytical Empyr-
ean. SEM images and EDS spectra are recorded with a Hitachi TM4000
Tabletop SEM operating at voltage from 5~ 15kV. XPS spectra are
obtained by thermo-VG Scientific (ESCALAB 250) system using a mono-
chromatized Al Ka (for XPS mode) equipped with an Argon ion gun under
a pressure of 5.0 x 10”7 Pa.

PL and absorption spectroscopy

PL measurements of the single crystals are performed in a reflection mode
using a 1 mm diameter optical fiber with continuous 405 nm excitation and
detected by a BiaoQi-QYAS series PL spectrometer. Absorption spectra are
recorded by a BiaoQi optical spectrum analyzer for which the measurement
range is 350 ~ 1100 nm. Confocal PL maps are acquired at room tem-
perature by using a Leica SP8X Confocal Laser Scanning Microscope. Low
temperature PL study is carried out by using a ARS CS202AE-DMX-1AL
with helium cooling. The two-photon PL spectra are recorded by a CCD
camera (PIXIS: 100B, Princeton Instruments) coupled with a mono-
chromator (HRS-300-MS, Princeton Instruments), pumped at 800 nm for
two-photon excitation by using a CARBIDE laser system (1030 nm, 230 fs,
Light Conversion) and a TOPAS optical parametric amplifier.

Data availability

The datasets generated during the current study are available from the
corresponding author upon reasonable request. Supplementary informa-
tion is available in the online version of the paper.
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