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Facile ionic transport in lead halide perovskites plays a critical role
in device performance. Understanding the microscopic origins of
high ionic conductivities has been complicated by indirect mea-
surements and sample microstructural heterogeneities. Here, we
report the direct visualization of halide anion interdiffusion in
CsPbCl;—CsPbBrs; single crystalline perovskite nanowire hetero-
junctions using wide-field and confocal photoluminescence mea-
surements. The combination of nanoscale imaging techniques
with these single crystalline materials allows us to measure intrin-
sic anionic lattice diffusivities, free from complications of micro-
scale inhomogeneity. Halide diffusivities were found to be between
107" and ~10~"2 cm?%/second at about 100 °C, which are several
orders of magnitudes lower than those reported in polycrystalline
thin films. Spatially resolved photoluminescence lifetimes and sur-
face potential measurements provide evidence of the central role of
halide vacancies in facilitating ionic diffusion. Vacancy formation
free energies computed from molecular simulation are small due
to the easily deformable perovskite lattice, accounting for the high
equilibrium vacancy concentration. Furthermore, molecular simula-
tions suggest that ionic motion is facilitated by low-frequency lat-
tice modes, resulting in low activation barriers for vacancy-mediated
transport. This work elucidates the intrinsic solid-state ion diffu-
sion mechanisms in this class of semisoft materials and offers guide-
lines for engineering materials with long-term stability in func-
tional devices.

halide perovskite nanowire | anion diffusivity | nanoscale imaging |
molecular simulation | soft lattice

Lead halide perovskites are a class of soft ionic crystals with
excellent optoelectronic properties ideally suited for photo-
voltaic and light-emitting applications (1-4). Significant ionic
migration has been reported in these materials (5, 6) and is
considered to play an important role in anomalous charging
hysteresis, light-induced phase segregation, and photoinstability
(7-13). The current understanding of ionic transport in lead
halide perovskites is based primarily on conventional charge
transport studies (14, 15), where the contribution from electrons
and comovement of cations and anions is difficult to separate.
Furthermore, ionic diffusion has been measured in polycrystalline
thin films, replete with grain boundaries where the ion transport is
usually faster than in the interior lattice (16), and thus the high
ionic conduction reported may not be representative of intrinsic
material properties. Although the fast anion-exchange was
achieved in cesium lead halide nanocrystals at solid-liquid in-
terfaces (17, 18), high anion diffusivity may not be necessary
due to the short solid—solid diffusion path (<10 nm). Therefore,
the intrinsic ion diffusion in this class of materials has remained
largely unknown.

Traditional solid-state transport characterization techniques
provide either direct (e.g., trace diffusion and secondary ion
mass spectrometry) or indirect (e.g., nuclear magnetic relaxation
and impedance spectroscopy) information of ion diffusion (19).

www.pnas.org/cgi/doi/10.1073/pnas.1812718115

However, most of them only reveal transport properties aver-
aged over macroscopic scales with complications from micro-
structural heterogeneities. Direct microstructural observation
and atomic-scale mechanism of the lattice diffusion are still
highly challenging. Recently, well-defined heterostructures of
two different halide species in CsPbX3; nanowires were realized
through a localized anion exchange reaction (20). The sharp
interface with well-defined physical properties (composition,
optical, electronic, etc.), controllable geometry, and single crys-
talline nature make these nanowire heterojunctions ideal plat-
forms to study the intrinsic halide anion interdiffusion. In
addition, different halide compositions afford an excellent
bandgap tunability with high fluorescence efficiency, which al-
lows for halide anion interdiffusion to be directly monitored by
photoluminescence (PL). We combine these measurements with
multiscale modeling to elucidate the relationships between me-
soscale transport processes and their molecular underpinnings.
Together with spatially resolved PL lifetime and surface poten-
tial mappings, we further demonstrate how anionic diffusion in
lead halides is determined by low barriers to vacancy hopping
and facilitated by elastic properties that render the perovskite
lattice soft and deformable.

Significance

Understanding and controlling the ion migration in a solid-
state semiconductor is essential for device performance in
modern photonics, electronics, and optoelectronics. Direct mi-
crostructural observation and atomic-scale mechanism of the
intrinsic lattice diffusion are still highly challenging. Here, we
report the direct visualization of halide anion interdiffusion in
CsPbCl;—CsPbBr; single crystalline nanowire heterojunctions
via nanoscale imaging, allowing for the direct measuring of
intrinsic lattice diffusivities. The intrinsic halide diffusivities
were found to be several orders of magnitudes lower than
those reported in polycrystalline thin films. Together with
multiscale modeling, we further demonstrate how anionic
diffusion in lead halides is determined by low barriers to va-
cancy hopping and facilitated by the soft perovskite lattice.
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The CsPbCl;—CsPbBr; nanowire heterojunctions were syn-
thesized using our previously reported anion exchange chemistry
and supported on SiO,/Si substrates (SI Appendix). Heating the
nanowires initiated halide anion interdiffusion. The in situ in-
terdiffusion process in the single nanowire was monitored using
wide-field PL imaging (Fig. 14). Utilizing a relatively low pump
power density and short exposure time, the PL measurement
should be negligible to anion interdiffusion. To quantitatively
relate the PL emission with Br concentration, we measured the
PL spectrum of different uniform CsPb(Br,Cl,_,); nanowires and
the corresponding Br concentration by energy-dispersive X-ray
spectroscopy (SI Appendix, Figs. S1 and S2). As-synthesized
heterojunction nanowires featured a blue/green emission with a
clear interface in the PL image (Fig. 1B). Two distinct peaks in
the wide-field spectrum were observed and identified with the
Cl- and Br-rich ends of the nanowire (Fig. 1C). The exchange
of Br/Cl between the two halide segments induced a time-
dependent change of the emission spectrum. After 1.5 h, under
a constant temperature of 100 °C, the blue PL peak shifted from
435 to 445 nm, indicating a local change in halide composition,
while the green PL peak position remained unchanged (SI Ap-
pendix, Fig. S34). The PL image taken at that time shows that

CsPbBrs;

400 450 500 550 600
Wavelength (nm)

Fig. 1. PL of solid-solid halide anion interdiffusion dynamics. (A) Schematics
of in situ PL visualization of thermal-driven anion interdiffusion CsPbCls—
CsPbBr; nanowire. The halide anions (CI/Br) interdiffuse across the interface
at ~100 °C. The change of Br/Cl ratio in two halide segments would induce
the emission wavelength shift; the Br/Cl concentration spatial evolution
would be traced by the PL images. PL images and spectrum of CsPbCls—
CsPbBr3 nanowire at initial state (B and C). After 1.5 h at 100 °C, the green
emission (Br-rich) part shrank and the blue emission (Cl-rich) part expanded
(D). The PL emission of the Br-rich part remained the same, while the Cl-rich
emission showed red shift (E). After 7 h at 100 °C, the Br-rich part kept
shrinking (F). The Cl-rich emission kept red shifting and the Br-rich part
began blue shifting (G). After 10 h at 100 °C, the nanowire showed one-color
PL image (H) and single peak emission (/). (Scale bar: 2 pm.)

11930 | www.pnas.org/cgi/doi/10.1073/pnas.1812718115

the interface between the Cl- and Br-rich regions moved in the
direction of the Br-rich end (Fig. 1B). From 1.5 to 5 h, the blue
peak continued to red shift, and its relative intensity to the green
peak increased (SI Appendix, Fig. S3B). With further heating after
5 h, the green peak began to a show a gradual blue shift (SI Ap-
pendix, Fig. S3C), implying Cl diffusion into the Br-rich region.
Fig. 1 F and G shows the PL image and spectrum at 7 h. In solid-
state interdiffusion, with concentration-dependent transport co-
efficients, the equal-molar or Matano plane moves toward the
more diffusive species. Furthermore, the slow change of the green
emission peak further suggests Cl does not migrate far into the Br
end of the wire for times up to 5 h at 100 °C. After 10 h, only one
peak in the emission spectrum was present and no interface was
evident along the nanowire in the wide-field PL image (Fig. 1 H
and I).

Confocal PL resolves the spatial distribution of emissive sites
at different wavelengths and can provide higher spatial resolu-
tion than conventional wide-field PL. With confocal PL and
composition PL tunability in SI Appendix, Fig. S2, we could
generate a spatial mapping of the local Br concentration along
our heterojunction nanowires (SI Appendix, Fig. S4). Fig. 24
shows the evolution of the bromide concentration profile. After
1.5 h at 100 °C, the Br-rich region shrank by about 1 pm without
evolving its composition, which is consistent with the constant
green peak observed by in situ PL (Fig. 1 C and E). The Br
concentration in the Cl-rich region increased homogeneously
from 0.22 to 0.27. After 5 h, the length of the Br-rich end was
about 0.5 pm and the Br concentration in the Cl-rich part con-
tinued increasing to 0.38. After 10 h, a smooth concentration
profile persisted along the nanowire along with a single peak of
the wide-field PL shown in Fig. 1/. Confocal PL was also per-
formed to study interdiffusion at different temperatures (S/
Appendix, Figs. S5 and S6), indicating the same qualitative be-
havior. At each temperature, the total Br amount across the
whole nanowire stayed almost the same, indicating no halide
transport into the environment (SI Appendix, Fig. S7). Addi-
tionally, we also studied the dependence of anion interdiffusion
on the sample preparation by fabricating the “reverse” CsPbCl;—
CsPbBr; nanowire heterojunctions, which are created by anion
exchange from CsPbCl; templates. Fig. 2B shows the concen-
tration profile evolution for a reverse heterojunction at 125 °C,
where the same qualitative behavior was obtained (SI Appendix,
Fig. S8). Therefore, the heterojunction fabrication process pre-
serves the crystal quality and has no effect on the dynamics of
anion interdiffusion. The evolution of concentration profiles
strongly suggests a slower anionic diffusion in the Br region,
which acts as a “reservoir” for Br. The time needed to deplete
the Br-rich part is longer than the time for the Br in the Cl-rich
part to distribute homogeneously. Thus, the Br concentration of
the whole Cl-rich part increases uniformly in evolution profiles.

To understand the molecular origin of the interdiffusion
mechanism, we performed molecular-dynamics (MD) calcula-
tions (SI Appendix). Previous work has demonstrated that the
diffusion of the halide anions is vacancy mediated (7) due to the
large formation energies of interstitial defects. To estimate the dif-
fusivity, we computed the free energies to create a vacancy, anion-
vacancy exchange rates, and the prefactors associated with the
length of the exchange, and its characteristic timescale. This
vacancy-mediated process is rendered in Fig. 3 A-C. We used
steered MD (21) with the Jarzynski equality (22) to compute
the free energy barriers anions have to overcome to diffuse by
exchanging their positions with vacancies. Examples for an
equal-molar mixture are shown in Fig. 3D for Br and CI, which
exhibit notable asymmetry along the reaction coordinate. This
asymmetry arises because vacancies are stabilized by a local
enhancement of Br ions, whose correlations decay over two to
three unit cells as indicated by the vacancy-halide pair correla-
tion function. An entropic contribution to the barrier accounts

Lai et al.
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Fig. 2. Concentration profiles, fluorescence lifetime, and electronic structure mapping of anion interdiffusion evolution. (A) Br concentration profiles from
confocal PL wavelength scan at 100 °C (0 h, black; 1.5 h, red; 5 h, green; 10 h, blue). (B) Interdiffusion profiles of reverse heterojunction created from a CsPbCl3
nanowire template at 125 °C (0 h, black; 1 h, red; 2 h, blue). (C) The surface potential mapping by Kelvin probe force microscopy (KPFM) of the as-synthesized
(Top), 1.5 h at 100 °C annealed (Middle), and 5 h at 100 °C annealed (Bottom) heterojunction nanowire, respectively. (Scale bar: 2 um.) A distinct surface
potential change (A1) ~ 110 meV is observed at the initial CsPbBrs-CsPbCl; interface. The electronic junction moves ~1.2 um into the initial CsPbBr3 region
with a smaller surface potential change (A;) ~ 100 meV after 1.5 h at 100 °C. Further extending the thermal annealing time to 5 h at 100 °C, the KPFM surface
potential maps do not reveal any distinct electronic junction. (D) Fluorescence lifetime mapping images of a CsPbBr;—CsPbCl; nanowire heated for 0 h (Top),
1.5 h (Middle), and 5 h (Bottom) at 100 °C. The axial size of long lifetime component (CsPbBrs region) becomes shorter after heating, exhibiting a consistent
correlation with the evolution of confocal PL images. (Scale bar: 2 um.) The Bottom of D shows the PL lifetime profiles with correlated Br/(Br + Cl) profiles. The
open dots represent the lifetime distribution along the nanowire, 0 h (black square), 1.5 h (red circle), and 5 h (blue triangle). The solid lines are corresponding
Br concentration profiles. The normalized PL lifetime is closely associated with composition evolutions (detail plots in S/ Appendix, Fig. $12).

for up to one-third of its height. In addition, purely dynamical
effects arise due to the slow energy diffusion of the halide pe-
rovskite lattice. This is quantified by small values of the trans-
mission coefficient, illustrated in Fig. 3E. A significant dynamical
correction occurs for all compositions and is largest for the
equal-molar mixture (SI Appendix). This correction is a result of
the weak coupling between the low-frequency octahedral tilting
modes that are excited by the hopping vacancy, and the sur-
rounding lattice, and has been noted before as resulting in low
thermal conductivities (23) and low photoexcitation cooling rates
(24). We have additionally computed the barrier heights for
vacancy-mediated transport of Cs, which are 1.25 and 1.4 eV for
the pure Br and CI phases, respectively. These barriers put Cs
diffusion on a significantly different timescale compared with
anion diffusion. The black line in Fig. 3F shows the concentration-
dependent hopping rate computed by the Bennet—-Chandler pro-
cedure, where the hopping rate in the pure Br phase is found to be
about three times faster than in the CI phase. This small difference
is insufficient to explain the enhanced diffusion noted in the PL
measurements.

Vacancy-mediated diffusion additionally depends on the con-
centration of vacancies, which is determined by the free energy to
form a vacancy in the lattice. Because the lattice is ionic, charge
neutrality demands that equilibrium point defects are created in
pairs. We used thermodynamic integration to compute the va-
cancy formation energy of a Schottky defect pair of Cs + X, as a
function of composition and temperature. To study the composi-
tion dependence, we employed Monte Carlo swapping moves to
sample halide compositions. We find from MD calculations that
the lattice contribution to the formation free energy is 1.32 and
1.44 eV for Br and Cl, respectively (SI Appendix). Together with
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the appropriate standard state conditions (ug,=-0.9 eV and
uc =—1.09eV) with excess of Cl (SI Appendix), the total formation
energy is 0.42 and 0.35 eV for Br and Cl, respective;y. This results
in an equilibrium vacancy concentration of 3 x 10~ and 2 x 10~
per unit cell for the pure chloride and bromide phases, re-
spectively, at the conditions considered experimentally in the
synthesis of the nanowires (red line in Fig. 3F). This equilibrium
vacancy concentration is large despite the ionic character of the
lattice. This is due to the highly anharmonic lattice with ac-
companying low-frequency modes and small elastic moduli
(25). We find the binding energy of the Schottky defect pairs is
below 0.1 eV (SI Appendix), on the order of thermal energies,
which means that halide ion diffusion is expected to be un-
correlated with cesium diffusion. Therefore, we conclude that it
is the enhanced vacancy concentration in the Cl part relative to
the Br part that results in the large diffusivity measured ex-
perimentally in the CI region.

To validate the role of the equilibration vacancy concentration
along the nanowire, we used Kelvin probe force microscopy (6)
to monitor the net flow of vacancies during interdiffusion. Fig.
2C shows the 2D surface potential map and corresponding
nanowire potential profiles of the as-synthesized (Top), 1.5 h at
100 °C annealed (Middle), and 5 h at 100 °C annealed (Bottom)
heterojunction nanowire, respectively. For the as-synthesized
heterojunction nanowire, we observe a distinct surface poten-
tial change of ~110 meV at the CsPbBrs—CsPbCl; interface.
After 1.5 h at 100 °C, the electronic junction moves about 1.2 pm
into the initial CsPbBr; region with a slightly smaller surface
potential change of ~100 meV. The surface potential shows a
close correlation with the concentration evolution (SI Appendix,
Fig. S9). There is no significant surface potential difference

PNAS | November 20,2018 | vol. 115 | no.47 | 11931

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812718115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812718115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812718115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812718115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812718115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812718115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812718115/-/DCSupplemental

L T

z

1\

BN AS PN AN D

E
[\9)
| E
] =
'+ 107854
__—“" d
I’ S8
0 1 1 1 1 0 1 1 0 I I I I 1079
0 02 04 06 08 1 0 05 15 2 0 02 04 06 08 1
A t (ps) LBr

Fig. 3. MD simulation of interdiffusion. (A-C) Snapshots of a chloride anion swapping with a vacancy in an equal-molar mixture, in the initial position (A), on
top of the energy barrier (B), and in the final position (C). Color code: cesium in orange, lead in black, bromide in green, and chloride in blue. The sticks
represent the strong lead halide ionic bonds. (D) Free energy along halides’ trajectories for Cl and Br with given lattice compositions in an equal-molar
mixture. 1=(z-2z;)/(z¢ —z) is the dimensionless reaction coordinate, with z the coordinate of the ion. (E) Time-dependent transmission coefficient corre-
sponding to the energy barriers shown in D. D and E show results for single trajectories that depend on the local anion composition. Thus, the rates must be
averaged over different realizations of the composition. (F) Effective hopping rate (gray symbols) corresponding to the interdiffusion coefficient (MD results,
300 K, 1 bar). The dashed line corresponds to the effective rate with linear fits for the Br and Cl rates (S/ Appendix). The red solid line is the vacancy con-
centration where the standard-state chemical potentials have been fitted against the experimental interdiffusion coefficients (S/ Appendix).

throughout the Br- or Cl-rich regions, indicating that a uniform
vacancy concentration and a local thermodynamical equilibrium
at each region. After 5 h at 100 °C, the surface potential maps do
not reveal any distinct electronic junction. No grain boundaries
or cracks within the nanowire crystal were observed in the atomic
force microscopy images after thermal annealing (SI Appendix,
Fig. S10). Vacancies generally serve as nonradiative recombi-
nation centers with distinct local PL lifetimes (26). We measured
local PL lifetimes with fluorescent lifetime imaging microscopy
(FLIM) as shown in Fig. 2D. The Br-rich region exhibited a
longer PL lifetime compared with the Cl-rich part (SI Appendix,
Fig. S11A4). The axial size of the long lifetime region becomes
shorter after heating (Fig. 2D), exhibiting a consistent correla-
tion with the evolution of confocal PL images (SI Appendix, Fig.
S11 B and C). As shown in Fig. 2 C and D, both local PL lifetimes
and surface potential show a close dependence on the concen-
tration evolution, suggesting the correlated diffusion of vacancies
during interdiffusion. These two measurements qualitatively in-
dicate that the vacancy concentration is locally at equilibrium
and depends only on the Br concentration.

A constant interdiffusion coefficient D may be estimated by
the average diffusion length L =2+/Dr for an ideal semiinfinite
model (27). The interdiffusion length is around 1~2.5 pym after
1.5 h of constant heating, resulting in interdiffusion coefficient
around 107°~107"* ecm”/s at 75-125 °C. The evolution of the
concentration profiles during interdiffusion measured from
confocal PL can be exploited to calculate the interdiffusion

11932 | www.pnas.org/cgi/doi/10.1073/pnas.1812718115

coefficient as a function of the Br concentration. In principle,
this transport coefficient depends on the hopping rates of Cs, Br,
and Cl, as well as geometrical factors and the relative activities of

CsPbCly; —

0 02 04 06 08 1 2.5 2.6 2.7 2.8 2.9
By 1/T (107°K")

Fig. 4. Concentration-dependent interdiffusivity. (A) Experimental in-
terdiffusion coefficient at different temperatures as function of Br concen-
tration by Boltzmann-Matano method at 125 °C (black circles), 100 °C (red
circles), and 75 °C (blue circles). The solid lines correspond to the theoretical
model fitted against experimental data (S/ Appendix), which lead to the
vacancy concentration shown by Fig. 3F. The solid squares are interdiffusion
coefficients from molecular simulations where the vacancy concentration is
given by Fig. 3F. (B) Intrinsic diffusion coefficients of pure CsPbBr; (green)
and CsPbCl; (blue) as a function of inverse temperature. The diffusion co-
efficients of the pure phases are obtained by extrapolation of the experi-
mental data via the theoretical model. The solid lines stand for the
exponential fits D=Doe E/%s7. The activation energy of anion diffusion is
0.28 eV for both CsPbBr; and CsPbCls.
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the vacancies in the two phases. However, the simulation results
suggest that the vacancies are dilute, the Cs-halide Schottky pairs
are unbound, and the hopping rates of both anions are nearly the
same and are orders of magnitude larger than the analogous
cation hopping rate. Under these assumptions, anion interdiffu-
sion can be regarded as decoupled from Cs migration, and the
corresponding coefficient D(c) fully characterizes the dynamics
(28). Fick’s second law gives the evolution of the Br concentration,
¢, at a timet and with spatial coordinate x, and with concentration-
dependent interdiffusion coefficient D(c) as follows:

a #c dD(c) (0c).

a=POr 4 &

1]

We use the classical Boltzmann-Matano method to extract D(c)
from the concentration profiles, shown in SI Appendix, Fig. S13
(29-31). Our experimental estimates of the interdiffusion coef-
ficient are shown as function of the bromide concentration and
the temperature in Fig. 44. Since the Boltzmann-Matano
method is sensitive to the boundary conditions of the Br concen-
tration profiles (SI Appendix, Fig. S14), the calculated interdiffusion
coefficient in ST Appendix, Fig. S15 shows a decreasing trend for the
concentration profiles of the longer annealing time. The “reverse”
nanowire heterojunction has similar diffusion coefficients in SI Ap-
pendix, Fig. S15C to the “forward” CsPbCl;—CsPbBr; nanowire at
125 °C, which quantitatively confirms insignificant effects of the
preparation of heterojunctions on anion interdiffusion.

Following Belova and Murch (28), when the anion rates are
larger than the cesium rate (kg:, k¢ > kcs), the interdiffusion
coefficient can be further expressed as function of the Br con-
centration ¢ in a simple way:

D(c)=a(c)*py(c)ke(c), [2]

where a, p,, and k¢ are the lattice spacing, the vacancy concen-
tration per unit cell, and an effective rate that depends on the Br
and Cl rates via a specific mixing rule (SI Appendix). Here, we
have considered the crystal CsPbBr,Cls., as an ideal solid solu-
tion since the halide anions are randomly distributed throughout
the lattice. We should emphasize that, in our case, the interdif-
fusivity is a direct measure of the off-diagonal Onsager coeffi-
cient correlating the diffusion of Br and CI (28). In addition, the
intrinsic diffusivities of the anions are the same and are equal to
the interdiffusion coefficient. Despite an increasing hopping rate
with the Br fraction (black line in Fig. 3F), CsPbCl; has a higher
interdiffusivity than CsPbBr3, owing to a higher vacancy concen-
tration that dominates interdiffusion. Each quantity entering Eq.
2 is obtained by MD, but the experimental vacancy concentration
also depends on the synthesis conditions through the standard-
state chemical potentials for the pure Br and Cl phases (SI Ap-
pendix). Therefore, combining the experimental and MD inter-
diffusion coefficients (Fig. 44) gives us the standard states and
thus the vacancy concentration (red line in Fig. 3F). We found
activation energies for both pure phases to be 0.28 eV by fitting
the diffusion coefficients of pure CsPbBr; and CsPbCl; as a
function of temperature with an Arrhenius law (Fig. 4B). This
activation energy slightly differs from the one directly computed
from MD simulations (0.3 eV) because the small differences of
the fitted standard states at different temperatures add a contri-
bution to the activation energy. This result is close to the value
reported by Koscher et al. (32) (0.33 eV) from anion exchange in
nanocrystals but lower than that by Pan et al. (33) (0.44 eV)
found from interdiffusion experiments in nanowires. Compar-
ing to polycrystalline thin films, our results clearly show low
interdiffusion coefficients. The high grain boundary diffusivity
can be attributed to high defect density and disordered inter-
faces of polycrystals, as evidenced by Huang and coworkers (6),

Lai et al.

who showed a lower ion migration in larger grain size perov-
skite thin films. By eliminating grain boundaries and other ex-
tended defects in the single-crystal nanowires, our study has
clarified a lower intrinsic anion diffusivity in lead halide perov-
skites. This finding suggests improving crystallization processes
and reducing grain boundaries might be an effective approach
to enhance the long-term stability of these materials in real
devices.

We have developed a robust combination of experimental and
numerical techniques to unravel halide migration during in-
terdiffusion in lead halide perovskites. Additional surface/in-
terface processes may involve with anion interdiffusion, such as
interfacial strain, surface defect, doping level change (carrier
concentration), the band structure alignment, built-in electrical
field, etc. The unique properties of CsPbX; make these materials
invaluable to show the strength of the theory of solid-state dif-
fusion. Similarly, the cation diffusion dynamics can be further
investigated in other heterosystems with two different cation
species, such as CsPbBr;—CsSnBr; and CsPbBr;—FAPbBr;. This
work elucidates the intrinsic solid-state ion diffusion mechanisms
in this class of soft materials. The clear picture of ion diffusion
dynamics may enable the precise tailoring of ion transport
properties combining with defect chemistry at microscopic, even
atomic, scales, which stimulates a direction to extensive nanoionic
and optoionic applications in halide perovskites.

Materials and Methods

Additional details regarding the materials and methods may be found in
SI Appendix.

PL Measurements. PL measurements were performed using OBIS 375 nm LX
50-mW laser. The full intensity of the beam is 1 mW. Using an iris diaphragm and
a focusing lens, a Gaussian beam spot with a waist of ~30 um was obtained. The
output power of the excitation source was adjusted by neutral density filters
(normally 0.001~1 mW). Emission from nanowires was collected with a bright-
field microscope objective (Nikon 50x%, N.A. 0.55, in a Nikon ME600 optical mi-
croscope) and routed via optical fibers to a UV-vis spectroscopy spectrometer
(Princeton Instruments/Acton) equipped with a 1,200 groove/mm grating blazed
at 300 nm and a liquid N,-cooled CCD. A layer of poly(methyl methacrylate)
(PMMA) was coated on the sample in a glovebox, and then put in vacuum
for about 10 min for solidification. The PMMA layer can protect the pe-
rovskite samples from the air during the heating. For in situ PL measure-
ments, a heating stage (INSTEC STC200) was coupled to the wide-field PL
setup. The heating stage takes about 5~10 min to reach the setting tem-
perature. We used relatively low power density (about 1~100 W/cm?) for
the PL measurements. The sample was kept in the dark during the heating
process except for a very short exposure time (a few seconds) to the laser
beam during the PL collection. Considering a low pump power density and
very short laser exposure time compared with the long annealing time, the
light effect should be negligible to anion interdiffusion. The PL images
were taken using a Zeiss Axio Scope.

Confocal PL Mapping. Confocal PL mapping was performed using a Carl Zeiss
LSM710 confocal microscope, using a 20x, 0.8 N.A. objective and a 405-nm
laser excitation source. All images were collected with the default optimal
setting for XY pixels and scanning time from Zen2010 software. Lambda
scans were performed by collecting a series of images while scanning the
emission grating in 5-nm spectral windows to vary the collected wavelength
range. To get high spatial resolution, 1-AU pinhole was applied and the gain
was tuned accordingly to get optimized signal. The confocal PL images were
lambda-coded with Zen2010 software. The samples were coated with
PMMA. The measurements were performed at room temperature after
being heated in a glovebox for a certain time.

FLIM Measurements. SiO,/Si substrates with CsPbCl3-CsPbBr; nanowire het-
erojunctions are attached on glass slides for the measurements using a 50x,
0.55 N.A. air objective by a LSM 510 NLO AxioVert200M confocal laser-
scanning microscope equipped with a Mai-Tai HP tunable laser. The excita-
tion wavelength is 405 nm, which is from the second harmonic of 810 nm
(<100 fs, 80 MHz). Lifetime measurements were performed using Becker-
Hickl SPC-150 time-correlated single-photon counting. The electrical time
resolution is 6.6-ps fwhm, 2.5-ps rms. The lifetime decay is collected and
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analysis using Becker-Hickl SPCM software. The samples were coated with
PMMA and heated in a glovebox for a certain time before the measurement
at room temperature.
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