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Abstract 
 

Phase transition and ion transport in lead halide perovskite nanostructures 

by 

Minliang Lai 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Peidong Yang, Chair 

 
Lead-halide perovskites are a family of semiconductor materials with excellent 
optoelectronic properties ideally suited for next-generation photovoltaic and light-
emitting applications. Particularly, inorganic perovskites CsPbX3 are drawing 
increasing research interests owing to their enhanced stability toward moisture, oxygen, 
and heat, compared to the organic-inorganic hybrid perovskites (e.g. methylammonium 
lead iodide). However, the fundamental understandings of intrinsic physical properties 
in inorganic perovskites are still elusive. 
 
Comparing to traditional semiconductors, the halide perovskites have highly 
reconfigurable crystal structure with relatively easy structural rearrangements and 
facile ion migration. In chapter 1, the brief introduction of halide perovskites and their 
unique soft ionic lattice is discussed. There are rich structural phase transitions in the 
inorganic perovskites owing to their soft and dynamical ionic lattice. The fundamental 
understanding of intrinsic phase transition behavior is still elusive as the previous study 
mostly focus on the inhomogenous polycrystalline thin film. Semiconductor nanowires 
are considered as a good perform for studying their intrinsic physical properties and 
potential building blocks for various applications in electronics, optoelectronics and 
energy harvesting. In chapter 2, I developed a novel synthetic method to grow CsPbI3 
nanowires, which serve an excellent platform to the intrinsic phase transition. CsPbI3 

nanowires undergo a structural phase transition from a non-perovskite to a perovskite 
phase with thermal heating with significant differences in optical and electric properties. 
The transformed perovskite phase exhibits meta-stability in inert atmosphere. In 
chapter 3, we discuss that moisture could introduce halide vacancy in the crystal lattice 
and lowers the kinetic barrier from perovskite phase to non-perovskite phase, resulting 
in a reverse phase transition. Via stable, controllable and reversible phase transition, we 
further realize robust thermochromic solar cells for smart photovoltaic window 
applications.  
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Another feature of the soft ionic lattice is facile ion migration. Anion exchange 
chemistry was demonstrated in CsPbX3 nanostructures with high photoluminescence 
efficiency throughout the exchange reaction. Nanostructured perovskite 
heterojunctions are considered as promising building components to extension in high-
density modern optoelectronic applications. In chapter 4, we demonstrate CsPbX3 
nanowire halide heterojunctions via developing a novel localized anion exchange. 
These well-defined heterostructures show high spatially resolved down to about 500 
nm with RGB multi-color emission, which represent key building blocks for high-
resolution displays. Similarly, CsSnBr3-CsPbBr3 cation heterojunction nanowires can 
be further realized via localized cation exchange. Beyond potential device applications, 
Nanostructured perovskite heterojunctions enable rich fundamental study, such as the 
solid-state ion interdiffusion dynamics. In chapter 5, the intrinsic solid-solid anion 
exchange dynamics can be spatially resolved in these perovskite hetero-junction 
nanowires through confocal imaging techniques. The intrinsic anion diffusivity in 
single-crystalline system can be obtained quantitatively. Halide diffusivities were found 
to be between 10−13 and ∼10−12 cm2/second at about 100 °C, which are several orders 
of magnitudes lower than those reported in polycrystalline thin films. Vacancy 
formation free energies computed from molecular simulation are small due to the easily 
deformable perovskite lattice, accounting for the high equilibrium vacancy 
concentration. 
 
In a short summary, during my Ph.D research, I have done pioneering work on inorganic 
perovskite CsPbX3 (X = Cl, Br, I) nanowires synthesis and the systematical study of 
phase transition dynamics and anion exchange using these single-crystal nanowires 
platform. My work not only enriches the fundamental understandings in this new class 
of semiconductor materials but also offer guidelines for engineering the perovskite 
materials with novel functional devices. 
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Chapter 1  
Introduction 
 
 
The content of this chapter is reprinted and adapted from the following publication with 
permission: Huang, J., Lai, M., Lin, J., Yang, P. (2018). Rich Chemistry in Inorganic 
Halide Perovskite Nanostructures. Adv. Mater., 30(48), 1802856. Copyright 2018 John 
Wiley and Sons. 
 
 

1.1 Introduction to halide perovskites 
 

Organic-inorganic hybrid halide perovskites, with a typical structure of ABX3 (Fig. 1a), 
where A is organic cation such as CH3NH3+ and CH(NH2)2+, B is divalent cation such 
as Pb2+ and Sn2+ and X is monovalent anion such as Cl−, Br−, I−, have been demonstrated 
to be a class of promising semiconductors as their remarkable structure related 
optoelectronic properties including long carrier diffusion length, high absorption 
coefficient, and high photovoltaic and photoluminescence (PL) efficiencies due to the 
defect tolerant advantage(1, 2). Based on these outstanding features and the low-
temperature solution processability, halide perovskites have attracted considerable 
attentions in the past several years. Tremendous efforts have been devoted to making 
high performance halide perovskite based optoelectronic devices including solar 
cells(3), light emitting diodes(4), and semiconductor lasers (5-7), photon-detectors(8) 
and many breakthroughs have been achieved. Especially, the power conversion 
efficiency records in solar cells are constantly being improved, and the high efficiency 
reaches 22 % (9). 

 
Figure 1. a, the crystal structure of organic-inorganic hybrid halide perovskites CH3NH3PbI3. Adapted 
with permission from ref 27. Copyright 2015 Nature Publishing Group. b, A First-Principles simulation 
of  decomposition mechanism when CH3NH3PbI3 absorbs H2O molecular. Adapted with permission 
from ref 10. Copyright © 2015 American Chemical Society. c, The time evolution of the I/Pb ratio (red 
circle) and the N/Pb ratio(black square) in CH3NH3PbI3 during its thermal instability. Adapted with 
permission from ref 11 Copyright © 2015 American Chemical Society.  

model with a 3L thickness (Figure 1c) is enough to mimic the
perovskite MAPbI3 (001) surface.
The corresponding structure O1 is that the water adsorbs

above 2.18 Å of the surface (see Figure 2), with the hydrogen

atoms pointing down to the iodine atoms. The corresponding
distance between the oxygen and the hydrogen atom of MA+ is
∼2.60 Å, which indicates that the interaction between organic
molecule MA+ and water molecule is through the hydrogen
bond.
The adsorption energy per water gradually increases from

0.30 to 0.58 eV as the number of adsorbed water molecules
increases to 8. During this process, the water molecules prefer
to cluster together through hydrogen bonds, and thus the
interaction between water also facilitates surface adsorption of
water. It should be noted that the maximum number of the
water adsorption on the (1 × 1) surface is 8. When the number
of water molecules is more than 8, the other water molecules
will adsorb above the first layer. Some typical adsorption
structures are shown in Figure 2.
To investigate whether water molecules can diffuse from the

surface into the subsurface, we examined the related diffusion
process for one water molecule moving from region O to the
first layer. (See Figure 3a.) Two different kinds of process are
considered in this work. The first one is that the water molecule
moves from region O into the upper side of first layer (region
F). The calculated results are shown in Figure 3a. The water
molecule stays in region F and is ∼0.18 eV more stable than
region O, and thus it is obvious that the water energetically
prefers to stay inside (region F) instead of surface (region O).
More interesting, the calculated diffusion barrier from the
surface to inside region F is only 0.04 eV, and the pretty small
value indicates that the water in O1 can easily penetrate into
structure F1. The main reason should originate from the special
structure of perovskite MAPbI3. Owing to its huge framework
consisting of Pb and I atoms, the interstitial space is relatively
large, despite the occupation of organic molecules MA+. Water
molecules can thus easily move in without too much resistance.
As the water molecule moves inside, the final structure looks
quite similar to the initial structure. As shown in Figure 3a,
compared with O1, one MA+ molecule in F1 changes its
orientation into the vertical direction (along (001) direction),
while the other atoms basically remain unchanged.
Next we consider how the water molecule diffuses further

inside the region. The water molecule diffusing from the upper
region (region F) to the low region of first layer (region S) is
further studied. The calculated diffusion barrier for this process
is 0.31 eV, which is a little larger than the one from O1 to F1.
While this diffusion barrier is still relatively small, the water
molecules should have chance to diffuse from the upper region

Figure 2. Adsorption energy, Eads (eV/H2O), of adsorbed system
while water molecules stay in region O. The lower part are six typical
structures of O1, O2, O5, O6, O8, and O9, respectively. The colored
balls represent the different atoms, as shown in Figure 1, and the green
dashed line stands for hydrogen bond.

Figure 3. Energy profile of different states in structure transformation: (a) O1 to F1 and F1 to S1 and (b) F5 to F4S1. The inset images are part of
the configurations of different states. TS1, TS2, and TS3 stand for the transition states of three different diffusion processes, respectively.
Additionally, the energies of structure O1 and F5 are both set to zero.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b01544
J. Phys. Chem. Lett. 2015, 6, 3289−3295
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related to X-ray beam damage. The two procedures are
described in the Experimental Details section.
Figure 6 describes the evolution of the resulting I/Pb and N/

Pb ratios upon the two heating procedures used. During the

first procedure (marked “①” in Figure 6), a potential impact
induced by the X-ray beam has been removed, since the X-ray
beam was switched off when the sample was heated and cooled;
all the measurements were carried out at room temperature,
and each time on a fresh spot. In the first step, the sample was
heated to 100 °C for 20 min; the sample was then heated to
200 °C for the same time. We can note that the initial I/Pb and
N/Pb ratios are lower than the theoretical ones (2.9 and 0.9,
respectively, compared to 3 and 1). This is probably due to the
fact that this sample was not stored in an argon-filled container
and degradation might have started already (MAPbI3:PbI2,
85:15). The evolution of the I/Pb and N/Pb ratios are
presented in Figure 6 (left part marked “①”). After 20 min at
100 °C, I/Pb and N/Pb have dropped to 2.35 and 0.3,
respectively, i.e., MAPbI3:PbI2 ≈ 70:30. After 200 °C, the ratios
are 2.0 and 0 (i.e., 100% of PbI2). No significant increase of Pb

0

was observed. The following mechanism can thus be
suggested:33

→ + ↑ + ↑CH NH PbI PbI CH NH HI3 3 3 2 3 2

Those results clearly show that the MAPbI3 perovskite starts to
decompose already after a short exposure at 100 °C, which is
significantly lower than the results from recent studies.40,41 It is
important to remember that the heating in this present work
was performed in a ultrahigh vacuum environment, which
might explain why the perovskite degradation occurs at lower
temperature than that usually reported in the literature by
different techniques operating at atmospheric pressure (XRD).
Tan et al. reported a similar sensitivity using in situ grazing-
incidence wide-angle X-ray scattering (GIWAXS). Such
degradation can appear as a big drawback, since the annealing
temperature during the perovskite formation usually occurs in
this temperature range. Therefore, the annealing time is a
crucial point that needs to be long enough to form the
perovskite and eliminate extra solvent, but short enough to
avoid degradation of the materials.33

For the second procedure (marked “②”), the sample was
illuminated by the X-ray beam on the same spot during the
entire procedure and the sample was heated to 100 °C and then
to 140 °C. The sample was then cooled to room temperature.
Successive PES measurement series were done during the

process. Figure 6 (right part) shows that, when the sample
temperature has reached 100 °C, a small evolution is directly
observed after 20 min and after 150 min, the I/Pb ratio
decreased to 2.2 and the N/Pb ratio decreased to 0.1. At 140
°C, the ratios are still decreasing, finally reaching 2.0 for I/Pb
and 0 for N/Pb, corresponding to a total degradation into PbI2.
These values are maintained when the sample was brought back
to room temperature.
The evolution of the Pb 4f core level spectra, relative to this

heating procedure, is presented in Figure 7. Before heating, a

main peak at 138.6 eV is observed due to the perovskite phase
and a small peak at 137.0 eV assigned to Pb0 is also detected, as
noted earlier in this paper (Figure 1). During heating, the
degradation of the perovskite observed by quantification can be
followed by examining the spectra. The main Pb 4f7/2 peak is
slowly shifted toward higher binding energy (138.7 eV), in
agreement with the decomposition into PbI2. We can also note
a significant intensity increase of the Pb0 peak at 137.0 eV while
heating. This last point is only related to X-ray beam damage.
Once the sample was back to room temperature, a new spot
was investigated, and, in this case, the main peak presented a
binding energy of 138.7 eV and the calculated ratio I/Pb was 2.
The degradation to PbI2 was thus observed all over the sample.
The metallic lead is similar to the initial spectra prior heating.
The picture presented in the inset in Figure 7 confirms these
speculations: we can clearly see that the entire sample is yellow,
but a red horizontal line is observed in the middle,
corresponding to the irradiated area. Those results show that
already at 100 °C, a degradation of the perovskite phase into
PbI2 occurs. Besides heating, in parallel, X-ray-induced
degradation enhances the formation of Pb0.

Figure 6. Evolution of the I/Pb ratio (red circle) and the N/Pb ratio
(black square) during the two different heating procedures presented
in the Experimental Details section.

Figure 7. Evolution of the Pb 4f core level spectra of the MAPbI3/
meso-TiO2/Si, before, during and after the first heating procedure
described in Figure 5. Spectra were recorded with an excitation energy
of 4000 eV. Pictures of a sample before and after the procedure are
presented as insets.
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However, hybrid halide perovskites show poor stability toward thermal heat, moisture, 
oxygen and etc. For example, the H2O molecules absorb the surface of CH3NH3PbI3, 
decomposing the perovskite lattice via hydrogen bonding (Figure 1b) (10). Under 
thermal heating, CH3NH3PbI3 easily decomposes into PbI2 without the desired 
properties (Figure 1c) (11). Therefore, the poor stability seriously limits the practical 
applications of halide perovskites. Inorganic halide perovskites replaced with inorganic 
A site cations such as Cs+, have been demonstrated with improved stability towards 
moisture, light and heat as compared with organic-inorganic hybrid counterparts (12, 
13). Therefore, there are a lot of studies focused on the growth of inorganic halide 
perovskite nanostructures (14). By controlling the rich reaction chemistry in the 
preparation of inorganic halide perovskites, high quality and well-defined 
morphologies of zero-dimensional (0D) quantum dots (QDs) (15), colloidal one-
dimensional (1D) nanowires (NWs)(16-19), as well as two-dimensional (2D) 
nanoplates (NPLs) (20) or nanosheets (NSs) (21) were further developed. These 
inorganic halide perovskite nanomaterials have shown superior optical, electrical and 
optoelectronic properties including enhanced exciton binding energy(22), strong 
absorption(23), and high PL quantum yield (PLQY)(20, 21), which offer excellent 
platforms for distinct fundamental research and enable further development for future 
applications as shown in Figure. 2. (24-26). 
 

 
 
Figure 2. Schematics of the design from typical inorganic halide perovskite crystal structure (ABX3) to 
various nanostructures (0D QDs, 1D NWs, 2D NPLs), and then integration of different applications 
including lasers, solar cells, light emitting diodes and thermoelectric devices. Copyright 2018 John Wiley 
and Sons. 
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1.2 Phase transition phenomena and ionic transports  
 
 
Halide perovskite is a class of ionic material with a soft lattice compared to other 
semiconductor materials, resulting in a highly reconfigurable crystal structure with 
relatively easy structural rearrangements and ion movements. Therefore, the halide 
perovskites features rich structural phase transition in a certain temperature window 
and facile ion migration with response to external electrical field or light stimulus. The 
structural phase transitions and ion migration was considered to be the origin of poor 
stability and usual phenomena in halide perovskites, such as photovoltaic voltage-
current hysteresis(27) and light induced phase segregation(28). The recent status of 
phase transition phenomena and ionic transports in CsPbX3 is discussed in detail in 
following. 
 
 
1.2.1 Phase transition in CsPbI3 and optical and electrical properties 
 
In the pure iodide version, people have long been realized that the inorganic perovskites 
shows the so-called "phase instability" phenomenon in humid air. CsPbI3 is stable in 
the perovskite phase (we call it black phase, or more generally, high-T phase) above 
300 - 320 °C, and quickly transits to the non-perovskite phase (yellow phase, or low-T 
phase) at room temperature(29, 30), which shows poor functionality, and with a 
corresponding color change from black to yellow. As a result, researchers have focused 
on the stability enhancement of high-T phase when exposing to ambient conditions at 
room temperature, such as by chemical modification, doping, and ligand protections 
(31, 32). 
 
And during these structural phase transition processes in Fig. 3a, the physical properties 
(32-34) (such as optical in Figure 3b, electrical, electronic, magnetic, optoelectronic, 
etc.) and the device performance in Figure 3c of halide perovskite materials can be 
significantly altered (31). However, the understanding of the phase transition 
phenomenon and mechanism, the structure evolution of the perovskites, and the 
connection between the structure and properties is quite lacking. Comparing to the 
inhomogenous morphology and information contamination from grain boundary in 
polycrystalline thin films, individual single-crystal CsPbI3 nanowires are considered as 
an ideal platform to systematically study the intrinsic phase transition related optical 
and electrical properties. 



4 
 

 

 
1.2.2 Anion exchange in halide perovksites 
 
Ion-exchange reactions, which are partial or complete replacement of ions in a parent 
nanostructure by new substitution ions, have been widely studied on conventional II−VI, 
III−V, and IV−VI semiconductors (35). Owing to the soft lattice and weak ionic 
bonding, halide perovskites are known to exhibit the feature of high halide ion (X site) 
mobility and rigid cationic sublattice (B site), and therefore, facile anion-exchange 
reactions have been emerged as an effective way to achieve wide compositional and 
optical tunability in halide perovskites, and application in architecting perovskite 
heterostructures with distinguishing halide composition . 
 
 
1.2.3 Anion exchange chemistry in colloidal quantum dots and nanowires 
 
Fast anion-exchange reactions have been demonstrated in CsPbX3 via post-reaction 
with various halide precursors (Figure 4a). The CsPbBr3 quantum dots can be 
effectively exchanged to CsPbCl3 or CsPbI3 with well-preserved crystal qualities 
(Figure 4b) (36, 37). The Yang group further developed anion exchange chemistry in 
CsPbX3 1D nanowire systems (Figure 4c) (38). The anion-exchange reaction happens 
at the solid/liquid interface, which can be carried out in a toluene solvent with halide 

transition point during crystal growth26 or using solvents with
poor hydrogen bonding ability.27

3. OPTICAL PROPERTIES OF THE HALIDE
PEROVSKITES

3.1. Band Gaps and the Role of the M−X−M Angle
One of the major reasons that the halide perovskites are
excellent for photovoltaic applications is a very high absorption
coefficient as recently demonstrated for β-MAPbI3.

28 The sharp
light absorption edge arises from a direct band gap transition.
The band gaps of the perovskites are defined by the orbital

overlap between the metal and the halide ions whereas the A
cations do not directly contribute to the electronic properties.
Generally, in a given isostructural family of semiconductors

with related elements (e.g., MQ where M = Zn, Cd; Q = S, Se,
Te), the band gap decreases with increasing atomic mass. In the
case of AMX3 however, there is a strong anomaly where the Sn
analogs have narrower bandgaps than the heavier Pb materials.
This arises from the greater instability of the Sn2+ lone pair of
electrons (residing in the s orbital), which in the octahedral
coordination environment is pushed up in energy creating
broader bands than the corresponding Pb lone pair. The latter

Figure 3. Crystal structures of halide perovskites following the sequential phase transitions from the undistorted α-phase to the distorted β-phases
for the Cs, methylammonium, and formamidinium series, respectively.

Figure 4. A case study of the phase transition scheme as observed with synchrotron powder diffraction (λ = 0.413906 Å) for the CsPbI3 compound.
Initially, the room temperature stable δ-phase (yellow) converts to the black perovskite α-phase upon heating above 360 °C. On cooling, the
perovskite structure remains kinetically stabilized converting to the black perovskite β- and γ-phases at 260 and 175 °C, respectively. Full conversion
of the γ- to the initial yellow δ-phase occurs after ∼48h.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.5b00229
Acc. Chem. Res. 2015, 48, 2791−2802

2793

a b

c

Figure 3. a, the rich structural phase transitions in CsPbI3 at different temperature, from non-perovskite 
yellow phase to perovskite black phase. Adapted with permission from ref 30. Copyright © 2015 American 
Chemical Society. b, the evolution of optical absorption from perovskite black phase to non-perovskite 
yellow phase at ambient conditions. Adapted with permission from ref 33. Copyright © 2017 American 
Chemical Society. c, the disfunction of photovoltaic performances accompanying the structural phase 
transition. Adapted with permission from ref 31. Copyright © 2016 AAAS. 
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precursors in the presence of oleic acid and oleylamine at room temperature or a mild 
temperature (e.g., 80 oC) on an exchange time range from a few mins to around 1 hour. 
The original morphology (size and shape) and crystal structure were maintained across 
the anion exchange process. The anion-exchange strategy not only offer an easy 
approach to tune the physical properties but also is consider to overcome the issues of 
low yield, poor diameter control and undesirable optical properties suffered from the 
direct synthesis of CsPbX3 NWs (X=Cl, I). 
 

 

1.2.4 Halide perovskite nanostructure heterojunctions  
 

The anion exchange reaction is facile and fast in colloidal perovskite NWs with small 
diameters as discussed above. If the exchange reaction can be controlled locally at 
particular positions, then it is possible to create well-defined patterns of perovskite 
heterostructures with distinguishing halide species. The physical properties (optical, 
electrical, optoelectronic, etc.) of the heterostructures are fundamentally interesting, 
and the spatially patterned semiconductor heterojunctions are essential for large-scale 
high-density optoelectronics, integration with well-established electronic systems and 
among others. 

 
 

a b

c

Figure 4. a, The scheme of hlaide anion exchange reaction in CsPbX3 with various halide precusors. 
Adapted with permission from ref. 36. Copyright © 2016 American Chemical Society. b, The anion 
exchange in CsPbBr3 quantum dots with well-preserved morphology and tunable photoluminescence 
emission. Adapted with permission from ref 37. Copyright © 2016 American Chemical Society. c, the 
anion exchange chemistry in CsPbBr3 nanowires. Adapted with permission from ref 38. Copyright © 2016 
American Chemical Society. 
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1.3 Objectives of my graduate research 
 
There are unique rich structural phase transitions and ionic transport behaviors in the 
inorganic perovskites owing to their soft and dynamical ionic lattice. However, the 
fundamental understandings of intrinsic phase transition mechanism are still elusive. In 
my graduate research, I aim to utilize single-crystal CsPbX3 nanostructures, especially 
one dimensional nanowires for the systematical study in structural phase transitions and 
ionic transport to achieve a better understanding of the soft ionic perovskite lattice. My 
graduate research specifically contains: 1) Developing novel low-temperature solution 
methods to synthesize mesoscale CsPbX3 nanowires. 2) A systematical study of the 
phase transition between a non-perovskite and a perovskite phase using the nanowires 
platform. 3) Localization of anion exchange reaction to realize heterojunction 
perovskite nanowires. 4) The quantitative study of anion inter-diffusion in 
heterojunction perovskite nanowires via optical imaging techniques. 5) Demonstration 
of new optoelectronic functionalities based on the unique ionic soft lattice, such as 
phase transition smart photovoltaic windows. My research work not only enrich the 
fundamental understanding in this new class of semiconductor materials, but also 
provide insightful guidelines for engineering the perovskite materials with novel 
functional devices. 
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Chapter 2 
Structural, optical, and electrical study of phase 
controlled cesium lead iodide nanowires 
 
 
The content of this chapter is reprinted and adapted from the following publication with 
permission: Lai, M., Kong, Q., Bischak, C. G., Yu, Y., Dou, L., Eaton, S. W., Ginsberg, 
N.S., Yang, P. (2017). Structural, optical, and electrical properties of phase-controlled 
cesium lead iodide nanowires. Nano Res., 10(4), 1107-1114. Copyright 2017 Tsinghua 
University Press and Springer 
 
 

2.1 Introduction 
 
Organic-inorganic hybrid perovskites CH3NH3PbI3, have recently stimulated great 
interest in photovoltaic and optoelectronic applications due to low-cost solution 
processable fabrication and an extraordinary rise in power conversion efficiency (1-4). 
Although the efficiency of hybrid perovskites photovoltaic devices has exceeded 20%, 
the organic cation MA+ introduces degradation and susceptibility to moisture and heat 
(5-8). Recently, nanoscale all-inorganic perovskite CsPbX3, including quantum dots, 
nanowires, and nanoplates, have been obtained through colloidal synthesis or low 
temperature solution processing (9-12). These nanostructured inorganic perovskites 
show greatly improved stability, as well as promising optical and electrical properties 
(10, 13). Among these inorganic perovskites, CsPbI3 features a combination of suitable 
bandgap, high quantum efficiency and long radiative lifetime for photovoltaic 
applications. However, CsPbI3 is only stable in the desired perovskite black phase (B-
CsPbI3) above 300 °C (14, 15), and undergoes a phase transition into a non-perovskite 
yellow phase (Y-CsPbI3) with poor optoelectronic properties upon cooling to room 
temperature (16). The transformation into the yellow phase limits further fundamental 
study and applications of the desired black phase. Therefore, enhancing stability of 
black phase CsPbI3 at room temperature has attracted great interest. Colloidal synthesis 
yielded meta-stable black phase CsPbI3 nanocrystals, but the nanocrystals recrystallized 
to yellow phase upon extended storage or removal of capping ligands (9, 17). Recently, 
a new purification process was reported to reduce the loss of ligand on CsPbI3 quantum 
dot surface and to increase black phase stability with ambient storage (18). Chloride 
doping was shown as another approach to extend the stability of perovskite phase 
CsPbI3, but the effect of chloride incorporation requires further investigation (19). In 
order to better stabilize the black phase CsPbI3, intrinsic phase transition behavior 
highly demands systematic investigation, which still remains elusive. 
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One dimensional (1D) nanowires (NWs) have been considered as a good platform for 
physical study of solid-solid phase transitions (20). NWs have the advantages of single 
crystal and controllable morphology, which can eliminate the contribution of domain 
boundaries and morphological variation (21). Besides, as the size of materials is 
reduced to the nanoscale, NWs can differ greatly in phase stability, and possess 
optoelectronic properties superior to those of bulk counterpart (22, 23). Therefore, 
understanding the phase transition of CsPbI3 nanowires not only reveals intrinsic 
properties about the material, but also enables further nanostructure photonic and 
electrical devices. Later in this chapter I will discuss a systematic study of the structural 
phase transition in CsPbI3 nanowires between the yellow and black phases. The 
dramatic structural change introduces significant differences in optical and electronic 
properties. The B-CsPbI3 nanowires show about 100-fold increase in the 
photoluminescence emission efficiency over Y-CsPbI3, with a decreased bandgap from 
2.78 eV to 1.76 eV. Unlike Y-CsPbI3, B-CsPbI3 nanowires show strong photo 
conductance and fast photo response, with promising potential for photovoltaic and 
photodetector applications. B-CsPbI3 nanowires exhibit excellent stability when stored 
in the inert atmosphere. 
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2.2 Synthesis of non-perovskite yellow phase CsPbI3 

nanowires 
 
 
CsPbI3 nanowires were synthesized through surfactant-free solution process, by 
dipping a PbI2 film into a CsI-methanol solution. The detailed growth procedures are as 
following : 460 mg PbI2 (99.999%) was dissolved in 1ml anhydrous dimethylformide 
(DMF), stirred at 70 °C overnight before further use. The PbI2 solution was spin on O2 
plasma treated glass substrates at 3000 rpm for 60 s, then annealed at 100 °C for 15 min. 
The PbI2 film was carefully dipped into a glass vial with 2 ml 4~8 mg/ml CsI 
(99.999%)/methanol (anhydrous 99.8%), with the PbI2 side facing up. The reaction was 
carried at room temperature for 12h with the glass vial capped closely, then the substrate 
was taken out to wash in anhydrous isopropanol for 30 s. Then the sample was dried 
under 50 °C for 5min. The whole growth process was in a N2 filled glovebox. The 
diameter of CsPbI3 nanowires can be tuned by the concentration of CsI-methanol 
solution (Figure 1). 
 
 

 
 

Figure 1. SEM images of Y-CsPbI3 nanowire growth at different concentration of CsI solution. (a) 
2mg/ml, fat micro size wires. (b) 4mg/ml, nanowires with 200-300nm thickness. (c) 4mg/ml, nanowires 
within 100-200nm thickness. (d) 16mg/ml, dense film with few nanowires. 
 
 



13 
 

From the scanning electron microscopy (SEM) images (Figure 1, Figure 2a), the 
products are pure nanowires forming a mesh network. The X-ray diffraction (XRD) 
patterns of as-grown nanowires can be assigned to the non-perovskite orthorhombic 
phase Y-CsPbI3 (Figure 2b), without impurity signal from starting materials PbI2 or CsI. 
The PbI6 octahedra are edge-shared in Y-CsPbI3, forming 1D chain structure along [010] 
direction (Figure 2c). The preferable nanowire growth is probably attributed to the 
anisotropic crystal structure. Selected area electron diffraction (SAED) of individual 
nanowires further indicates that as-grown nanowires are single crystalline and the 
growth direction is indexed to be [010] of the non-perovskite phase (Figure 2d). 
 
 

 
Figure 2. Synthesis and structural characterizations of Y-CsPbI3 nanowire mesh: (a) Scanning electron 
microscopy (SEM) image of CsPbI3 nanowire mesh grown glass substrate. (b) XRD patterns of as grown 
CsPbI3 nanowire mesh with standard patterns of yellow orthorhombic CsPbI3 (dark line). (c) Structural 
illustration of yellow non-perovskite CsPbI3 (grey balls, lead atoms; purple balls, iodide atoms; green 
balls, cesium atoms). (d) A selected area electron diffraction (SAED) pattern from an individual nanowire, 
confirming yellow orthorhombic phase. TEM image of the same nanowire is inset.  
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2.3 Thermal phase transformation to perovskite black 

phase B-CsPbI3 nanowires  
 
In order to achieve the phase transition to perovskite phase, the Y-CsPbI3 nanowire film 
was heated up to 310 °C for 10 min in a glovebox, undergoing color change from yellow 
into black. The film remained black when the sample was rapidly quenched to room 
temperature. The quenching rate was estimated about 150 °C/s by an IR thermometer. 
The XRD patterns of black film showed no signal from Y-CsPbI3 or possible 
decomposed CsI and PbI2, confirming the success of the phase transition. The patterns 
could not be assigned to the high symmetry cubic phase, which was observed at 310 °C 
in situ (24). The clear peak split at about 14°, 20°, 28° and those small peaks between 
20°-28° indicate a lower symmetry orthorhombic perovskite phase, which is observed 
in nanostructured CsPbI3 through anion exchange reaction and chemical vapor 
deposition growth (25-27). The structure of orthorhombic perovskite phase is similar 
to the ideal cubic phase, where PbI6 octahedra are slightly distorted and corner-shared 
in three dimensions (Figure 3a). CsPbI3 should be in an ideal cubic phase at 310 °C, but 
the lattice probably relaxed and distorted during the quenching process, forming an 
orthorhombic perovskite structure. The crystal structure of individual B-CsPbI3 
nanowires was further confirmed by transmission electron microscopy (TEM) 
characterization as shown in Figure 3b..  
 
 
 

 
 

Figure 3. Structural characterization of B-CsPbI3: (a) Structural illustration of black orthorhombic 
CsPbI3, the PbI6 octahedra are slightly distorted from an ideal cubic perovskite structure. (b) SEAD 
patterns of an individual B-CsPbI3 nanowire, matching well with stimulated black orthorhombic phase. 
The scale bar is 5nm-1. TEM image of the same nanowire is inset.  
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Additional TEM discussion is provided in the Figure 4. Besides, simulated XRD 
patterns based on the B-CsPbI3 model matched with our experimental patterns (Figure 
5). Therefore, both XRD and TEM characterizations confirmed that CsPbI3 nanowires 
went through a structural phase transition from a non-perovskite phase to a perovskite 
phase and the perovskite phase could be stabilized by fast thermal quenching.  
 

 
 

Figure 4. SEAD patterns of different B-CsPbI3 nanowires (a, b, c) and the corresponding TEM images 
to same nanowires (d, e, f). Multiple SEAD patterns confirm synthesized CsPbI3 nanowires are in 
perovskite orthorhombic phase.  
 
 

 
 

Figure 5. Experimental XRD patterns of B-CsPbI3 (red) and simulated XRD patterns of perovskite 
orthorhombic CsPbI3 (black).   
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2.4 Optical and electronic properties of Y-CsPbI3 and B-

CsPbI3 nanowires 
 
The differences in crystal structure of Y-CsPbI3 and B-CsPbI3 introduce a dramatic 
change in band structures and optical properties. The PL spectrum of Y-CsPbI3 
nanowires shows two broad peaks centered at about 450 nm and 530 nm (Figure 6a), 
which is similar to our previous colloidally synthesized CsPbI3 nanowires (12). The 
high-energy peak likely comes from excitonic emission, while the low-energy peak is 
probably attributed to self-trapped excitons (STEs) (12). The formation of STEs 
probably results from strong exciton-phonon interaction in 1D chain structure of PbI6 
octahedral (28). When the PbI6 octahedral changes from 1D double chain structure to 
3D network, the bandgap of B-CsPbI3 nanowires shrinks from 2.79 eV to 1.76 eV. The 
PL intensity increases about 100-fold. Unlike the strong self-trapped emission in Y-
CsPbI3, B-CsPbI3 nanowires show dominating band edge emission, indicating fewer 
excitonic traps in perovskite structure (29). 

 

  
Figure 6. Different optical properties of Y-CsPbI3 and B-CsPbI3 nanowires: (a) Normalized PL of a Y-
CsPbI3 (black line) and a B-CsPbI3 (red line) nanowire under the same laser excitation power, the Y-
CsPbI3 intensity is multiplied by 100 times. (b, c) Optical PL images of a Y-CsPbI3 nanowire and a B-
CsPbI3 nanowire. (d, g) SEM images of a Y-CsPbI3 nanowire and a B-CsPbI3 nanowire. The 
corresponding cathodoluminescence images showing the emission (e, h) with an 85nm bandpass filter 
centered at 510 nm (in green false color) and (f, i) with a 50 nm bandpass filter centered at 700 nm (in 
yellow false color). 
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In order to obtain better spatial distribution of emissive sites of individual Y-CsPbI3 and 
B-CsPbI3 nanowires, we used cathodoluminescence microscopy (CL), a technique that 
provides an excellent spatial resolution of the photon emitted from a sample when 
excited by a focused electron beam (30). Since Y-CsPbI3 nanowires have a broad 
emission covering from 450 to 750 nm (Figure 7a), the CL mappings in the 467.5-552.5 
nm and 675-725 nm range both show uniform emission from (Figure 6d, e, f). After 
phase transition, B-CsPbI3 nanowires only have a narrow emission centered at about 
700 nm (Figure 7). Therefore, the CL mapping of a single B-CsPbI3 nanowire only 
shows uniform emission in 675-725 nm (Figure 6g, h, i). Absence of emission signal 
from 467.5 to 552.5 nm indicates the whole nanowire has transitioned to B-CsPbI3. 
 

 
Figure 7. CL spectrum of Y-CsPbI3 nanowires (a) and B-CsPbI3 nanowires (b). 

 
 
The structural phase transition also significantly alters the electrical properties of 
materials (31). In this regard, we investigated the electrical properties of Y-CsPbI3 and 
B-CsPbI3 nanowires in darkness and under one sun (AM1.5) illumination. Individual 
Y-CsPbI3 and B-CsPbI3 nanowires were transferred on fabricated Au bottom contacts 
using a micromanipulator (Figure 8a). All the electrical measurements were carried out 
in a vacuum chamber at 77 K. Figure 8b shows the results of the dark and photo 
conductance measurement of individual Y-CsPbI3 and B-CsPbI3 nanowires. The Y-
CsPbI3 nanowire was found to be insulating under dark condition, with current of the 
order of 10-13A at 10V bias. Almost no photocurrent was detected when Y-CsPbI3 
nanowire was illuminated. The poor photo conductance is consistent with previous 
reports of non-functionality of Y-CsPbI3 for photovoltaics (26) 
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Figure 8. Electrical measurements of Y-CsPbI3 and B-CsPbI3 nanowires: (a) A nanowire transferred on 
Au electrodes. The gap between electrodes is 1μm. (b) Conductance measurement in darkness and under 
one sun (AM1.5) illumination (blue: dark Y-CsPbI3; magenta: AM1.5 Y-CsPbI3; black: dark B-CsPbI3; 
red: AM1.5 B-CsPbI3). (c) Photo response of B-CsPbI3 measured under AM1.5 at 10V, 77K. (d) Stability 
of photocurrent under AM1.5 at 10V, 77K. 
 
 
The B-CsPbI3 nanowire also shows high resistivity under dark, but is several times 
more conductive than the Y-CsPbI3 nanowire. The current under illumination increased 
about 100 times comparing to the dark current, indicating significant contribution from 
the photo-generated carriers. The photo response of B-CsPbI3 nanowire is fast, with an 
on-off conductance ratio as 102 (Figure 8c). The photo current barely decays even if the 
device had been continuously illuminated for more than 2 hours (Figure 8d). Such 
excellent stability, along with the promising optoelectronic properties, makes B-CsPbI3 
nanowires promising for device applications, such as photovoltaics and photodetectors. 
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2.5 The meta-stability of B-CsPbI3 nanowires 
 
Figure 9 illustrates the stability of the B-CsPbI3 nanowires in an inert atmosphere. The 
B-CsPbI3 nanowires remain in the perovskite phase with red PL emission for 4 weeks, 
indicating that their intrinsic stability is high. The excellent phase stabilization of B-
CsPbI3 nanowires at room temperature is probably due to a strain effect from rapid 
thermal quenching process (32, 33). Surface strain should be significant due to large 
surface ratio of NWs. The high quality single crystal and low defect density likely 
contribute to the phase stability. The source of the excellent phase stability needs further 
investigations. For conventional phase-change memory materials, like Ge2Sb2Te5, 
rapidly thermal cooling produces a metastable amorphous structure, which subsequent 
reheating transforms to stable crystalline structure (34). Similarly, we found B-CsPbI3 
transitioned to yellow phase when reheating to 200 °C in a glovebox, with an 
accompanying color change from black to yellow. Additionally, the XRD patterns of B-
CsPbI3 after heating further indicate a phase transition to the yellow phase (Figure 10a). 
Red PL emission of a B-CsPbI3 nanowire changed into weak blue after heated to about 
200 °C, with PL spectrum change indicating a phase transition from B-CsPbI3 into Y-
CsPbI3 (Figure 10b, c, d).  
 
 

 
 
Figure 9. Excellent stability of B-CsPbI3 nanowires in an inert atmosphere: (a) Normalized PL spectrum 
of initial B-CsPbI3 nanowires, after storage in a N2 filled glovebox for 14 days and 28 days. The inset is 
enlarged spectrum from 400 to 500 nm, indicating no PL emission from Y-CsPbI3. PL images of B-
CsPbI3 initial nanowires (b), after 14 days (c), 28 days (d).  
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Therefore, B-CsPbI3 nanowires are in a meta-stable phase at room temperature. 
Although Y-CsPbI3 is energetically favorable at room temperature, B-CsPbI3 is 
kinetically trapped through the quenching process. At a temperature high as 200°C, B-
CsPbI3 nanowires gain enough thermal energy to overcome the barrier (estimated 4.4 
kJ/mol) to the yellow phase (Figure 10e). The bi-stability and reversibility of black and 
yellow phase makes CsPbI3 nanowires potentially useful in phase-transition memory 
devices (35, 36). 
 

 
Figure 10. Meta-stable state of post transformed B-CsPbI3 nanowires. (a) XRD patterns of B-CsPbI3 
transited back to yellow phase after heated to 200 °C. PL images of B-CsPbI3 nanowires (b) and after 
200 °C heating (c). (d) PL spectrum of B-CsPbI3 nanowires after heating further confirmed the yellow 
phase. (e) A hypothetical illustration of black phase as a meta-stable state and yellow phase as a global 
stable state. Meta-stable B-CsPbI3 gained certain thermal energy to overcome the barrier, then transited 
to the global stable Y-CsPbI3. 
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2.6 Conclusion 
 
Cesium lead iodide (CsPbI3), in its perovskite black phase, presents favorable bandgap 
and high quantum efficiency for photovoltaic applications. However, CsPbI3 tends to 
crystalize in a non-perovskite yellow phase at room temperature with poor 
optoelectronic properties. Therefore, controlling the phase transition in CsPbI3 is 
critical for further applications. We systematically studied the structural phase transition 
and associated optical and electrical properties of the non-perovskite Y-CsPbI3 and 
perovskite B-CsPbI3 nanowires. Perovskite B-CsPbI3 nanowires present decreased 
bandgap, strong PL emission, and significant photo conductance superior to Y-CsPbI3. 
Additionally, B-CsPbI3 nanowires show good stability at room temperature. This study 
unveils the important fundamentals underlying in the structural phase transition in 
CsPbI3 nanowires, and demonstrates thermally controlling phase transition may be a 
favorable approach to further applications of CsPbI3, such as photovoltaic, 
photodetector and memory devices. 
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Chapter 3 
 
 
Phase transition thermochromic halide 
perovskite solar cells 
 
 
The content of this chapter is reprinted and adapted from the following publication with 
permission: Lin, J†.; Lai, M.†; Dou, L.†.; Kley, C. G.; Chen, H.; Peng, F.; Sun, J.; Lu, 
D.; Hawks, S. A.; Xie, C.; Cui, F.; Alivisatos, A. P.; Limmer, D. T.; Yang, P. (2018). 
Thermochromic Halide Perovskite Solar Cells, Nat. Mater., 17(3), 261-267. Copyright 
2018 Springer nature.  

 
 

3.1 Introduction  
 
Smart photovoltaic windows represent a promising green technology featuring tunable 
transparency and electrical power generation under external stimuli to control the light 
transmission and manage the solar energy (1-5). To date, semi-transparent photovoltaics 
have been demonstrated for power generating windows that provide shading, lighting, 
and power output (6-8), but without any color-changing characteristics. It is highly 
desirable to develop a stable and photoactive material possessing two intrinsic states 
that have large color contrast, one with high transparency to ensure the most brightness 
whereas the other with strong light absorption to produce sufficient electrical energy, 
and the two states can be reversibly switched back and forth in response to the external 
environment. Materials with structural phase transitions have been found inherently 
linked to substantially different optical, electronic, and/or thermal properties due to 
distinct atomic arrangements of each specific crystal structure(9, 10). In particular, non-
volatile and fully-reversible phase transitions suggest the possibility of applications in 
smart photovoltaic windows. The concept has not been realized because most of the 
semiconductors cannot be switched between a transparent phase and a non-transparent 
phase reversibly, without deteriorating their electronic properties. 
 
Recently, halide perovskites of an ABX3 structure [A = CH3NH3+ (MA), HC(NH2)2+ 
(FA), Cs+; B = Pb2+, Sn2+; X = I-, Br- Cl-] have emerged as intriguing photovoltaic 
materials and become a rapidly evolving field(11, 12). The prototypical 
organic−inorganic hybrid perovskite methylammonium lead iodide (MAPbI3) was 



25 
 

reported to undergo multiple temperature-dependent phase transitions, with a change 
from the tetragonal to the cubic phase at ~60 °C, within the solar cell operating 
temperature range(13, 14). However, the structural properties vary only little between 
the two phases, with slight tilting of the three-dimensional metal-halide octahedral 
network. Consequently, both the optoelectronic properties and solar cell performances 
do not alter significantly upon phase transition.  
 
As we discussed in chapter 1, CsPbI3 show significant change in optoelectronic 
properties during the transformation between high temperature phase B-CsPbI3 and low 
temperature phase Y-CsPbI3. However, the phase transition temperature is too high 
( Tc > 300 °C) for practical applications. Similarly, cesium lead iodide/bromide 
(CsPbI3−xBrx, 0 ≤ x ≤ 3) has the same type phase transition with lower Tc with higher 
Br ratio. These inorganic perovskites have achieved significantly enhanced thermal and 
environmental stability, and are considered to be potentially on a par with the 
organic−inorganic hybrid species in terms of intrinsic solar cell performance ability(11, 
15). Substantial structural changes occur in these inorganic perovskites upon phase 
transitions, often between a room temperature non-perovskite phase (low-T phase) and 
a high temperature perovskite phase (high-T phase)(16, 17). These two phases feature 
distinct optoelectronic properties such as the bandgap, photoluminescence (PL) 
quantum efficiency, and charge carrier mobility and lifetime(18, 19). Here we examine 
the structural phase transition behaviors in fully inorganic mixed halide perovskite 
CsPbI3-xBrx thin films. The large structural changes induced by phase transitions lead 
to films with two switchable characteristic states with distinct visible transparencies 
and photovoltaic device efficiencies, making them promising candidates for smart 
photovoltaic windows. 
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3.2 Reversible Phase transitions of inorganic halide 

perovskites CsPbIBr2 and their crystal structure and 

optical characterization 
 
 
Figure 3a schematically illustrates the crystal structure change between the low-T and 
high-T phases of CsPbI3−xBrx. The low-T to high-T phase transition occurs upon 
reaching the transition temperature by thermal heating (in inert or ambient condition) 
with the high-T phase being kinetically trapped and metastable in an inert environment 
when cooling to room temperature. Critical to achieving full phase reversibility is the 
back-conversion of the high-T to low-T phase. It is known that the metastable high-T 
phase of CsPbI3 can be transitioned to the low-T phase by reheating to about 200 °C in 
an inert atmosphere in chapter 2 (18). When Br is added, the high-T phase is more 
stable, and difficult to be reverted to the low-T phase by mild heating. Instead, we find 
that generally moisture exposure effectively triggers this phase transition at room 
temperature. Methanol and ethanol vapors can also trigger the phase transition, but not 
as efficient as moisture (Figure 1a). Figure 3b shows the visually distinct images of the 
non-colored low-T and orange-red colored high-T phase CsPbIBr2 films, suitable for 
window applications. These transition processes could be potentially leveraged during 
normal device operation where sunlight is used to heat the film and drive off moisture 
(or assisted by thermal heating), inducing a phase transition to the photovoltaically 
active high-T phase, while moisture ingress results in a subsequent phase transition 
back to the transparent low-T phase. 
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Figure 1. The phase transitions and optical properties. a, XRD patterns of the low-T phase obtained by 
exposure to water, methanol, and ethanol vapors, and standard low-T phase of CsPbI3. b, The evolution 
of the characteristic XRD peaks of CsPbIBr2 film over time during the high-T to low-T phase transition 
at RH = 70% (high-T peak: 14.9° (100); low-T peaks: 10.3° (002) and 13.6° (012)). c, Absorbance spectra 
of CsPbIBr2 as a function of exposure time at RH = 80% during the phase transition. The inset shows the 
color change of the film. 
 
 
We use CsPbIBr2 as a model system to characterize in detail the low-T and high-T 
phases. The powder X-ray diffraction (XRD) pattern of CsPbIBr2 in the low-T phase 
matches well with the simulated pure iodide (CsPbI3) and bromide (CsPbBr3) low-T 
orthorhombic phases with the corresponding peak positions sitting between them 
(Figure 3c). The crystal structural details of CsPbIBr2 are derived from rotation electron 
diffraction (RED) combined with fitting of the XRD pattern, identifying the low-T 
phase with space group Pmnb and a = 4.797 Å, b = 9.982 Å, c = 17.184 Å, α = 90°, β 
= 90°, γ = 90° (Figure 2). A similar peak shift has been observed for the CsPbIBr2 high-
T phase as compared to the CsPbI3 and CsPbBr3 cubic phases (Fig. 3d). The unit cell 
of the high-T phase is determined to be a = 5.926 Å, α = 90°, β = 90°, γ = 90° with the 
space group Pm-3m. The large changes in the crystallographic structures indicate the 
first-order nature of the phase transition. The phenomenon of phase transition is 
different from the other observed transition behaviors between different states with 
different color appearances in halide perovskites accompanied by chemical reactions 
and new compound formation(19). During the high-T to low-T transition process, the 
characteristic high-T peak gradually diminishes while the low-T peak appears upon 
continuous exposure to moisture, and finally the high-T peak completely vanishes 
indicating the full conversion to the low-T phase (Fig. 1b). Accordingly, the film shows 
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a macroscopically homogeneous and gradual color change across the entire region (Fig. 
1c) that tracks well with the XRD data. Fig. 3e quantitatively shows the optical 
absorption and PL spectra of the high-T and low-T phase thin films with light absorption 
above the band edge at about 2.1 and 2.9 eV, respectively. 
 
 

 
Figure 2. The refined unit cell determined by RED combined with XRD data. 

 

The high-T to low-T phase transition rate is found to be strongly dependent on the 
composition (x = 1, 1.5, and 2) and relative humidity (RH = 20−80%, Figure 3f). The 
inset in Fig. 1f shows the photographs of both the high-T and low-T phase films. The 
reversibility of the structural transitions between the low-T and high-T phases of the 
inorganic perovskite CsPbIBr2 is monitored by the absorption spectra, which do not 
show any apparent changes after repeated cycles of more than 100 times (see Figure 
3g). Furthermore, no shift of the characteristic peaks or emergence of any impurity 
peaks (such as CsI, CsBr, PbI2 or PbBr2) is observed in the XRD patterns of both phases 
after the repeated phase transition cycles (Figure 3h). 

Phase Composition Space 
Group 

Lattice Parameters 
(Å) 

ICSD 
Number 

Low-T 

CsPbBr3 Pmnb a = 4.597, b = 9.721, c = 16.812 28312 

CsPbIBr2 Pmnb a = 4.797, b = 9.982, c = 17.184  

CsPbI3 Pnma a = 4.797, b = 10.462, c = 17.788 27979 

High-T 

CsPbBr3 Pm-3m a = 5.870 97852 

CsPbIBr2 Pm-3m a = 5.926  

CsPbI3 Pm-3m a = 6.289 1627096 
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Figure 3. Phase transitions of inorganic halide perovskites and their crystal structure and optical 
characterization. a, Schematics of the low-T to high-T phase transition by heating and the high-T to low-
T transition by exposure to moisture. Cesium and halide atoms are shown in green and red, respectively. 
The low-T phase is represented by one-dimensional chains of edge-sharing lead-halide octahedra, 
whereas in the high-T phase the octahedra share corners. b, Photograph of the low-T phase (non-colored) 
and high-T phase (orange-red colored) thin films sandwiched between highly transparent NiOx and ZnO 
layers. c, d, Powder X-ray diffraction (XRD) patterns of the CsPbIBr2 (red) low-T and high-T films 
deposited on a glass substrate compared with the simulated CsPbI3 (blue) and CsPbBr3 (black) low-T 
orthorhombic and high-T cubic phases. The characteristic XRD peaks of the low-T phase are centered at 
10.3° (002) and 13.6° (012), while the high-T phase shows pronounced peaks at 14.9° (100), 21.2° (110), 
and 30.1° (200). e, Absorption (dashed lines) and PL (solid lines) spectra of the low-T (black) and high-
T (red) CsPbIBr2 films. In the PL emission spectra, the high-T phase shows a narrow band edge emission 
(2.1 eV) attributable to perovskite structure, whereas the emission becomes much broader and weaker 
for the low-T phase. f, Variation of the high-T to low-T phase transition time of CsPbI3−xBrx films 
measured at different humidity conditions with RH = 20−80 %. Error bars indicate the standard deviation. 
The inset shows the corresponding photographs of the high-T and low-T phase thin films (from left to 
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right: x = 1, 1.5, and 2). The high-T phase films display different colors from dark brown to orange-red, 
while the low-T phase ones are fully transparent. g, The stable and reversible switching of the absorption 
(550 nm) of the three CsPbIBr2 thin films over 100 phase transition cycles. No significant change is 
observed for both the low-T and high-T phases. h, XRD patterns of the low-T (black) and high-T (red) 
phase films before and after repeated cycles of phase transitions, showing full reversibility of the crystal 
structures. The full-width at half-maximum (FWHM) of the high-T phase (100) peak remains constant 
at 0.14°, indicating no significant change in grain dimensions. 
 
 
It is worth noting, as compared to the freshly prepared high-T phase film, the 
(110)/(100) peak intensity ratio initially increases and subsequently remains stable 
during cycling, corresponding to a phase-transition-induced variation of the CsPbIBr2 
thin-film morphology, but without significant change of the top surface roughness 
(Figure 4). This observation can be explained by the rearrangement of crystal 
orientations in the thin film to reach the lowest surface energy. 
 

 

Figure 4. AFM surface topography of the CsPbIBr2 film on a NiOx layer (without top coating). a and b, 
As-synthesized high-T phase. c and d, Moisture-induced low-T phase. e and f, Re-converted high-T phase. 
The freshly formed high-T phase thin film features sharp-edged grains at the surface with distinct 
crystallographic orientations. After moisture or heating treatment, the grain surfaces become more 
smooth with the appearance of some striations within the grains. Root-mean-square (RMS) factors: a, 
15.56 nm, c, 16.93 nm, and e, 16.41 nm, respectively. Scale bars are (a, c, e) 500 nm and (b, d, f) 200 
nm, respectively  
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3.3 Moisture induced phase transition mechanism 

 
The moisture adsorbed on the inorganic halide perovskite film surface can effectively 
catalyze the high-T to low-T phase transition at room temperature by introducing 
vacancies into the crystal lattice and lowering the free energy barrier to nucleation(20). 
Shown in Figure 5a, free energy calculations of a molecular model of CsPbI3 show that 
there is a significant enhancement of halide vacancies when a thin water film is in 
contact with the perovskite interface(21), as pictured in Figure 5b. This is a 
consequence of the large solvation enthalpy of halide ions and their accompanying low 
vacancy formation energy(22). The characteristic time for a vacancy to be created at 
the interface is computed to be 1 ms, with an equilibrium concentration that depends 
on the relative humidity as in Figure 5c and is up to 5 orders of magnitude larger than 
the expected defect concentration in the bulk of the material. Additional free energy 
calculations shown in Figure 5d report that there is a significant reduction of the surface 
tension between the low-T and high-T structures in the presence of halide vacancies. 
This reduction results from mitigating the ionic bonding constraints within the 
interfacial region of the lead-halide octahedra, which share corners in the high-T phase 
but share edges in the low-T phase ( Figure 5e). This reduction of the free energy barrier 
to nucleation at the sites of halide vacancies, results in a transition rate that changes 
exponentially in the presence of a vacancy, as quantified in Figure 5f for CsPbIBr2 and 
CsPbI2Br.  
 
 

 

Figure 5. Mechanism of the moisture-triggered phase transition in inorganic perovskites. a, Reversible 
work, ∆F(z), to transfer an I— atom from the solid perovskite to the thin adsorbed water layer, where z is 
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the direction perpendicular to the interface. b, Snapshot from a molecular dynamics simulation near the 
top of the barrier in (a). c, Vacancy concentration, ρv, per unit cell as a function of relative humidity, p/po. 
d, Free energy to transform the high-T phase into the low-T phase, ∆G(Q), with or without an I— vacancy, 
where Q is an order parameter that interpolates between the two crystal phases. e, Snapshot from a 
molecular dynamics simulation of the interface between the low-T and high-T phases. f, Average 
nucleation time as a function of vacancy concentration for CsPbIBr2 and CsPbI2Br. 

 

The moisture triggered phase transition was further characterized by ambient pressure 
X-ray photoemission spectroscopy (AP-XPS). When exposing to water vapor, the 
adsorbed oxygen amount on surface increases but does not change with the probing 
depth (Figure 6), indicating that water is only adsorbed on the surface without 
penetrating interior of the lattice. The results unravel that the phase transition is 
fundamentally different with the hydration/ dehydration process observed in hybrid 
perovskite MAPbI3 (23-25), which suffers from decomposition after water molecule 
intercalation. 
 

 
 

Figure 6. In situ ambient pressure X-ray photoemission spectroscopy (AP-XPS) study. a, AP-XPS O 1s 
spectra of the high-T phase CsPbI3 before (under UHV condition) and after exposure to H2O (200 mTorr) 
and Ar (50 mTorr). At UHV condition, the O 1s peak is very weak, indicating the minimal oxygen 
contamination during the transfer of the sample to XPS chamber. Incident X-ray energies of 630, 730, 
and 800 eV were used to probe the O amount on the surface with different depth. The peak at 535.2 eV 
indicates the gaseous H2O in the chamber, and its intensity would not change with time due to the 
consistent H2O partial pressure in the chamber. The ratios of the surface adsorbed oxygen to gaseous 
H2O at different probing depth after exposure to H2O /Ar atmosphere are 1.825 (630 eV), 1.836 (730 
eV), and 1.834 (800 eV), respectively. With increased incident X-ray energy, the surface oxygen amount 
has no obvious increase, indicating that H2O is only adsorbed at the surface without diffusing into the 
lattice during the phase transition. b, Fitted AP-XPS spectrum of O 1s at 630 eV. The fitted peaks of the 
surface adsorbed oxygen are assigned mainly to liquid H2O and O-H, and the lower peak to Pb-O bonding. 
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3.4 The fabrication and characterizations of phase 

transition solar cell  
 
To achieve solar cell devices with switchable power output utilizing the phase 
transitions, a sufficiently robust architecture that can withstand the moisture or heating 
treatment needs to be designed. Initially, we have explored the use of typical organic 
interlayer materials like PCBM or spiro-OMeTAD in devices (see below in 3.4.1), but 
they undergo a severe non-reversible thermal degradation upon heating above 150 °C. 
By applying solution-processed high-quality metal oxide-based hole and electron 
extraction layers (26-28), an all-inorganic solar cell using an inverted planar p-i-n 
heterojunction geometry consisting of glass/FTO/NiOx (~80 nm)/CsPbI3−xBrx (~200 
nm)/ZnO (~70 nm)/Al (Figure 9a, b) is realized that maximizes the thermal and 
environmental stability. 
 
3.4.1 Oxide and perovskite film deposition. 
  
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich Chemical 
and used as received. Nickel oxide (NiOx) film was prepared as follows. 0.1 M nickel 
(II) acetate tetrahydrate with 0.1 M ethanolamine was mixed in ethanol, and stirred at 
70°C for 3 h. The precursor solution was spin-coated on pre-patterned FTO glass at 
2,000 r.p.m. for 60 s. Then the substrate was annealed at 270°C for 30 min. Afterwards, 
the substrate was transferred to a N2 filled glovebox for further process. Mixed halide 
CsPbI3−xBrx thin film (0 ≤ x ≤ 2) was prepared by a single-step method. 0.5 M cesium 
lead halide precursor solution was prepared by mixing appropriate amounts of CsI, 
CsBr, PbI2, and PbBr2 powders (99.999%) into N,N-dimethylformamide (DMF) or 
dimethylsulfoxide (DMSO). The solution was stirred for 2 h and filtrated by 0.2 �m 
PTFE filter syringes before use. Then the solution was spin-coated onto a NiOx layer at 
1,500 r.p.m. for 90 s. The thin film was annealed at 150−320°C for 10 min. For more 
bromide rich CsPbI3−xBrx thin film (x > 2), a two-step method was adopted. 1 M PbBr2 
in DMF was spin-coated at 4,000 r.p.m. onto the NiOx layer, and then heated at 75°C 
for 30 min. The perovskite film was grown by dipping the PbBr2 film in 8−16 mg ml−1 
methanol solution with different CsBr: CsI mole ratios at a solution temperature of 75°C 
for 10 min, and washed immediately with 2-propanol (IPA) for 30 s. The substrate was 
then dried by heating to 135°C for 10 min. The two-step method generated a 
nanocuboid film morphology. Zinc oxide (ZnO) nanoparticles were prepared in 
methanol via hydroxylation of zinc acetate by potassium hydroxide (29). The as-
prepared ZnO nanoparticles were redispersed in chloroform with 2 wt.% concentration, 
spin-coated on the perovskite surface at 4,000 r.p.m. for 10 s, and then annealed at 75°C 
for 10 min. 
 
3.4.2 Devices fabrications procedures.  
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The inverted p-i-n (deposition order) device with glass/FTO/NiOx/CsPbI3−xBrx/ZnO/Al 
structure was fabricated. 100 nm thick Al electrode was thermally evaporated through 
a shadow mask under a high vacuum of ~5×10−7 Torr at a rate of 0.1 nm s−1. The semi-
transparent device was fabricated by replacing the Al electrode with sputtered indium 
tin oxide (ITO) layer. 2.5 wt.% Al-doped ZnO (AZO) with average particle size of 15 
nm in IPA was spin coated on ZnO surface at 4,000 r.p.m. for 10 s, and then annealed 
at 75°C for 10 min as a buffer layer. Afterwards, 120 nm ITO layer was prepared by RF 
sputtering, with a sputtering rate 9.6 nm s−1 and power 120 W as determined by 
thicknesses calibration of sample film. The base pressure of the chamber was 2×10−5 
Torr and the Ar pressure was fixed at 18 mTorr. The ITO layer was post annealed in air 
at 200°C for 30 min. For Glass/FTO/NiOx/CsPbI3−xBrx/PCBM/Al device architecture, 
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 20 mg ml−1 in chlorobenzene) was 
used as the electron transport material by spin-coating at 1,200 r.p.m. for 60 s. For n-i-
p devices, glass/FTO/TiO2/CsPbI3−xBrx/spiro-OMeTAD/Au structure was used. 0.15 M 
titanium diisopropoxide bis(acetylacetonate) in 1-butanol was spin-coated on FTO 
glass at 2,000 r.p.m. for 60 s, and then annealed at 500°C for 20 min to form a compact 
TiO2 layer. A 200 nm mesoporous TiO2 layer was casted by spin-coating a 1:7 diluted 
TiO2 paste (Dyesol) at 1,500 r.p.m. for 60 s, and then annealed at 500°C for 20 min. 
2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (Spiro-
OMeTAD, 75 mg in 1 ml chlorobenzene) was doped with 17 µl l 4-tert-butylpyridine 
(TBP) and 30 µl Li-TFSI stock solution (170 mg ml−1 in acetonitrile), and then spin-
coated on the perovskite layer at 4,000 r.p.m. for 60 s. 100 nm thick Au was evaporated 
at a rate of 0.02 nm s−1. 
 
 
3.4.3 Discussion of device performance  
 
Figure 9c shows the J-V curves, with the solar cell based on CsPbIBr2 in the high-T 
phase showing an open-circuit voltage (VOC) of 1.01 V, a short-circuit current density 
(JSC) of 8.65 mA cm−2, and a fill factor (FF) of 63.6%, corresponding to a power 
conversion efficiency (PCE) of 5.57%. The same cell after switching to the low-T phase 
exhibits a VOC of 0.84 V, a JSC of 0.31 mA cm−2, an FF of 43.9%, and a PCE of 0.11%. 
A ~50-fold difference in PCE between the two phases is observed. The device in the 
high-T phase shows a low J-V hysteresis with respect to the scan direction and gives a 
stabilized power output of 5.10% under continuous one-sun illumination (Figure 7). 
According to the external quantum efficiency (EQE) measurements shown in Figure 
9d, the photocurrent onsets are at about 590 and 430 nm for the high-T and low-T 
phases, respectively. 
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Figure 7. Photovoltaic properties of the CsPbIBr2 solar cell. a, The hysteresis behaviors under forward 
scan (dashed lines) and reverse scan (solid lines) directions with 20, 100, and 400 mV s−1 scan rates. 
The solar cell shows ∆PCE < 10% at a slow scan rate (20 mV s−1) with respect to the scan direction. b, 
Stabilized power output under the constant voltage of 0.72 V. 

 
 
We find that for mixed halide perovskite CsPbI3−xBrx (0 ≤ x ≤ 3), the bandgap of the 
high-T phase can be tuned continuously in the range of 1.7−2.3 eV by controlling the 
bromide to iodide ratio in the alloy (Figure 8a). The corresponding solar cell devices 
show the peak PCEs above 7% (for x = 1, 1.5, Figure 9e, Figure 8b). Although CsPbI3 
holds a more desirable bandgap for photovoltaics, the device shows a low PCE probably 
due to the high phase instability at room temperature. As x increases (0 ≤ x ≤ 2.5), the 
phase transition temperature decreases nearly linearly from 320 to 105°C (Figure 3e). 
The structural phase transition was further confirmed by variable-temperature grazing-
incidence wide angle X-ray (GIWAX) diffraction. On the other hand, the high-T phase 
gets more stable against moisture with increasing x (Figure 3f). For CsPbBr3, moisture 
treatment at room temperature does not result in the low-T phase, probably because the 
high-T phase is thermodynamically more stable at ambient conditions(30). 
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Figure 8. The tunability of optical and photovoltaic properties of CsPbI3−xBrx films. a, PL spectra with 
different compositions (x = 0, 1, 1.5, 2, 2.5, and 3), showing spectral tunability across 530−705 nm. It is 
noted that high intensity laser beams may induce phase segregation during PL measurement. b, J-V 
curves of solar cell devices with different halide compositions (reverse scan at 20 mV s−1). c, The 
photographs of the low-T phase CsPbI3 (left) and CsPbIBr2 (right) thin films. The CsPbI3 low-T phase 
exhibits the yellow color, which is why it's colloquially called the "yellow phase", while the CsPbIBr2 
film we demonstrated here appears colorless in the low-T state. 
 
 
We further explored approaches towards semi-transparent devices with the replacement 
of Al with transparent top electrodes to study the compatibility with the transparent 
conductive layers (31-33). A 50 nm layer of solution-processed Al-doped ZnO was 
applied as the buffer layer on top of the ZnO, followed by sputtering a 120 nm thick 
ITO to form the top transparent electrode. After post annealing of the complete device 
at about 200 °C, the ITO layer and the device show a high transparency. Fig. 9f shows 
the images of the devices based on transparent ITO top layer at the low-T and high-T 
phases, respectively. The high-T phase device yields a VOC of 1.00 V, a JSC of 7.92 mA 
cm−2, an FF of 59.2%, a PCE of 4.69%, and a stabilized power output of 4.29%, while 
the low-T phase shows a VOC of 0.97 V, a JSC of 0.37 mA cm−2, an FF of 41.6%, and a 
PCE of 0.15% (Fig. 9g). Unlike the "yellow phase" CsPbI3, the low-T phase of 
CsPbIBr2 is fully transparent (Fig. 8c). The device at these two phases shows distinct 
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average degrees of transparency of 81.7% and 35.4%, respectively (Figure 9h). The 
successful deposition of ITO also indicates that the thermal stability of the inorganic 
perovskite-based devices is an intriguing feature for potential applications as high-
temperature stable solar cells that can withstand harsh device processing 
conditions(34). 
 
 

 

 

Figure 9. Characterization of phase transition solar cell devices. a, Schematic drawing of the solar cell 
architecture of glass/FTO/NiOx/CsPbI3−xBrx/ZnO/Al. b, Cross-sectional scanning electron microscopy 
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(SEM) image showing the device structure (without Al top electrode). Thicknesses of NiOx, CsPbI3−xBrx, 
and ZnO layers are ~80, 200, and 70 nm, respectively, for optimized solar cell performance. The 
homogenous and pinhole-free CsPbI3−xBrx film as the absorber active layer shows a surface roughness 
of ~16 nm. After coating with dense ZnO nanoparticles (~4 nm size), the overall surface roughness 
decreases to below 7 nm. The high-quality ZnO layer is critical for device stability, which can effectively 
protect the metal electrodes from direct contact and reacting with the perovskite film, especially under 
humid conditions. c, Photocurrent density-voltage (J-V) characteristics of both the high-T and low-T 
phase solar cells using CsPbIBr2 as the active component (reverse scan at 20 mV s−1), proving that the 
solar cell performance is greatly affected by the phase transition process. d, The external quantum 
efficiency (EQE) spectra and integrated JSC. The integrated EQE matches the measured JSC data to within 
4%. e, The low-T to high-T phase transition temperature and solar cell performance (reverse scan at 20 
mV s−1) as a function of composition. Error bars indicate the standard deviation. A very high bromide 
concentration (x > 2.5) results in the stabilization of the high-T phase at room temperature, which can 
hardly be fully reverted back to the low-T phase. f, The image of the semi-transparent CsPbIBr2 solar 
cell device in the (left) transparent mode and (right) orange-red colored photovoltaic mode with the 
sputtered ITO as the top transparent electrode. g, J-V curves of the semi-transparent device. h, The 
transmittance spectra of the device in the low-T phase (black curve) and high-T phase (red curve). The 
device shows luminous transparency of ~81.7% and 35.4% for the low-T and high-T phase, respectively. 
The transmittance of the sputtered ITO layer (thickness ~ 120 nm) is also given for reference 
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3.5 The stability of phase transition solar cell  

 
3.5.1 Cycling test conditions 
 
The perovskite film and device were treated by heating or moisture exposure without 
encapsulation. The heating process was conducted in the glovebox, on a hotplate with 
ramping rate of 20°C min−1, and then held at the corresponding temperatures for 5 min 
to allow equilibrium or complete transition. The temperature was calibrated by a digital 
thermometer. The moisture treatment was conducted in a humidity control box with 
flowing N2 gas containing moisture at room temperature (N2 + H2O, 20 ± 1°C). The 
relative humidity (RH) was controlled in the range of 20−80% (± 5%). 
 
 
3.5.2 The evolution and reversibility of photovoltaic properties 
 
 
For cycling tests, the composition CsPbIBr2 was used due to its relatively low phase 
transition temperature (150 °C), high device stability, and good visual characteristics 
for window applications. The in situ dependence of the photovoltaic parameters in one 
phase transition cycle was monitored (Figure 10, Figure 11a). In the initial stage of the 
high-T to low-T phase transition by moisture treatment, the device PCE was stable and 
even slightly enhanced, possibly due to the vacancy accumulation process.  
 
Afterwards, the PCE was gradually decreased, corresponding to the phase-transition 
nucleation and propagation, before reaching the stabilized low value indicating the full 
conversion to the low-T phase. For the low-T to high-T transition, the device was 
gradually heated up to 190 °C and cooling to room temperature in the ambient 
atmosphere. The PCE increases sharply (more than 8-fold) when approaching 150 °C, 
which suggests the beginning of the phase transition.  
 
A further increase in the temperature results in the improved PCE, likely as a result of 
the slow phase-transition propagation within the film, before they start to decay at 
above 175 °C. Upon cooling, the PCE actually gradually increase, indicating that the 
high-T phase can be trapped. According to our rough estimation using the flat surface 
heat loss model, the smart PV window shows positive net energy balance in realistic 
applications. 
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Figure 10. In situ observation of the evolution of the device performance. Variations of short-circuit 
current density (JSC), open-circuit voltage (VOC), and fill factor (FF) of the CsPbIBr2 solar cell during the 
high-T to low-T and low-T to high-T phase transitions. 

 
 
Fig. 11b−e shows the statistical analysis of the change in solar cell performance 
parameters over repeated phase transition cycles. Performance variations of individual 
solar cells are shown in Figure 12. The characteristic parameters JSC, VOC, FF, and PCE 
all show a reversible behavior. In each cycle, the JSC and PCE drop sharply when the 
device turns to the low-T phase by moisture treatment before full recovery by heating. 
The JSC of the high-T phase (solar cell operating phase) keeps relatively stable over 10 
cycles which is attributed to the reversible optoelectronic properties of the absorber 
layer. The initial PCE in the high-T phase is relatively low, and increases gradually in 
the first 2 or 3 cycles. This is directly related to an increase in the VOC at the initial 
stage, and likely owing to the preferred crystal orientation and passivation of the grain 
boundaries(35, 36). After reaching steady state, the device performance of the high-T 
phase shows no obvious degradation during cycling.  
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Figure 11. The evolution and reversibility of photovoltaic properties during phase transition cycles. a, In 
situ observation of the time-dependent device performance from high-T to low-T phase at RH = 60%, 
and temperature-dependent device performance from low-T to high-T phase by heating. b, Short-circuit 
current density (JSC), c, open-circuit voltage (VOC), d, fill factor (FF), and e, power conversion efficiency 
(PCE) of CsPbIBr2 solar cells over 10 transition cycles between the high-T (red squares) and low-T 
(black circles) phases. Error bars indicate the standard deviation; 10 separate CsPbIBr2 cells were used. 
The slight fluctuation is associated with different perovskite film crystallinity during each heating cycle. 

 

The evolution of the solar cell parameters between the low-T and high-T phases is in 
good agreement with the above in situ results. Finally, as an example, we find that for 
the semi-transparent device, more than 85% of the peak PCE is retained after repeated 
cycles of transitions up to 40 times with no clear downward trend, indicating the high 
thermal and environmental stability of the all-inorganic solar cells. 
 

We have demonstrated the first thermochromic solar cell as a smart photovoltaic 
window that is realized by the controlled transitions between the inorganic perovskite 
low-T and high-T phases. The solar cell features high thermal stability and fully 



42 
 

reversible color and performance, which are key requirements for the successful 
integration into diverse applications. This phase transition photovoltaic technique has 
the potential to be extended to other types of halide perovskite composites and 
nanometer-sized structures featuring more ideal bandgaps for higher power output, 
lower phase transition temperatures for self-adaptive transparency, and more robust 
device architectures for long-term stability. Our results indicate that halide perovskites 
are not only ideal for low-cost and high efficiency solar cells, but also possess rich 
phase change behaviors for switchable optoelectronics. 
 

 

 

Figure 12. The performance reversibility of the CsPbIBr2 solar cells. The photovoltaic properties of five 
representative devices show similar variation trends during cycling. 
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3.6 Conclusion 

 
Smart windows with reversible and persistent color changes to modulate visible light 
transmittance have been reported using electrochromic, thermochromic, and liquid 
crystal materials. The transparency of such windows is controlled simply by absorbing 
or reflecting sunlight without actually converting the solar energy into a useful form. 
Photovoltaic windows with switchable transparencies—smart photovoltaic windows—
which can harvest and manage the incoming solar energy have only been developed by 
combining semi-transparent solar cells with additional chromic components to form 
multi-junction tandem devices. In this chapter, we demonstrate a thermochromic solar 
cell device for smart photovoltaic window applications utilizing the structural phase 
transitions in inorganic halide perovskite cesium lead iodide/bromide (CsPbI3-xBrx). 
The thin films undergo thermally-driven, moisture-mediated reversible transitions 
between a highly transparent non-perovskite phase (81.7% visible transparency) with 
low solar cell power output (0.1 % efficiency) and a deeply colored perovskite phase 
(35.4% visible transparency) with high power output (5.6 % efficiency). Molecular 
modeling suggests that the interactions between adsorbed water and the perovskite 
interface introduce halide vacancies, thereby lowering nucleation energy barriers for 
phase transition. The inorganic perovskites exhibit tunable colors and transparencies, a 
peak device efficiency above 7 % (for x = 1, 1.5), and a phase transition temperature as 
low as 105 °C (for x = 2.5). We demonstrate excellent device stability over repeated 
phase transition cycles without color fade or performance degradation. The solar cell 
windows showing both photoactivity and thermochromic features represent key 
stepping-stones for the integration with buildings, automobiles, information displays, 
and potentially many other technologies. 
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Chapter 4 
 
Localized ion exchange reaction towards CsPbX3 
Nanowire Heterojunctions 
 

 
The content of this chapter is reprinted and adapted from the following publication with 
permission: Dou, L.†, Lai, M.†, Kley, C. S.†, Yang, Y., Bischak, C. G., Zhang, D., Eaton, 
S. W., Ginsberg, N.S., Yang, P. (2017). Spatially resolved multicolor CsPbX3 nanowire 
heterojunctions via anion exchange. Proc. Natl. Acad. Sci., 114(28), 7216-7221. 
Copyright 2017 National Academy of Sciences 
 
 
 
 

4.1 Introduction  

 
In chapter 2-3, we have discussed the intrinsic structural phase transition in CsPbX3 
and demonstrated robust thermochromic solar cells. Besides the rearrangement of metal 
halide octahedral, the ion movement is facile owing to the weak bonding and lattice 
softness. The facile ion transport behavior makes halide quite different from 
conventional semiconductors. Significant research efforts are currently directed 
towards lead halide based perovskites, owing to their unusual optoelectronic and 
photovoltaic properties (1-5). In addition to polycrystalline thin films, various solution-
based synthetic routes toward low-dimensional nanostructures of halide perovskites 
have been recently demonstrated, with control over size, shape, mixed halide 
composition, and consequently their band gap and emission wavelength (6-9). 
Interestingly, it has been shown that these materials, both in bulk and in nanocrystalline 
form, can undergo fast anion-exchange reactions at the solid-liquid or solid-gas 
interface, with a fine-tuning of the chemical composition and electronic properties (10-
13). The fast ion-exchange kinetics in halide perovskite are related to the low defect 
formation energy and the existence of large number of vacancies, which make the ions 
highly mobile in the crystal lattice (14).  
 
As a result, the anion-exchange reaction in halide perovskites favors forming 
homogeneous alloys instead of any kind of heterostructures as commonly observed in 
II-VI semiconductor compounds. If the exchange reaction can be localized at particular 
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positions, then it is possible to produce substrates with well-defined patterns of 
semiconductor heterojunctions (15-19). The physical properties (optical, electrical, 
magnetic, etc.) of the heterostructure are fundamentally interesting; and the patterned 
semiconductor heterojunctions are essential for the fabrication of large-scale high-
density integrated electronic and photonic devices.  
 
Compared to perovskite polycrystalline thin films and quantum dots, single crystalline 
nanowires provide an ideal platform for producing and studying heterojunctions via 
ion-exchange chemistry because of the absence of grain boundaries and the unique one-
dimensional geometry (20-23). The relatively thin diameter of the nanowire ensures 
rapid ion exchange in the radial direction, while the micron scale length creates a natural 
channel for studying the optical and electrical properties of the junction. Moreover, a 
relatively small cross-sectional area makes the nanowire more tolerant to interfacial 
strain that is induced by crystal lattice mismatch (composition change) across the 
junction. Furthermore, advanced functionality can be achieved by creating multiple 
junctions within a single nanowire. Here, we demonstrate the first spatially resolved 
CsPbX3 (X = Cl, Br, I, or alloys of two halides) semiconductor nanowire 
heterojunctions with a pixel size down to 500 nm and multiple emission colors. Selected 
area anion-exchange from cesium lead bromide to cesium lead chloride or iodide is 
achieved at high spatial resolution by defining a reaction window with high spatial 
resolution using electron-beam (e-beam) lithography. A sharp junction is observed, with 
distinct optical and electronic properties across the heterojunction interface. Intricate 
patterns on CsPbBr3 plates were also fabricated successfully by this newly established 
method. 
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4.2 Fabrication of halide heterojunctions from CsPbBr3 

nanowires 
 
4.2.1 Synthesis of individual CsPbBr3 nanowires 

 
To grow CsPbBr3 nanowires and nanoplates, 460 mg PbI2 (99.999%) was dissolved in 
1 mL anhydrous dimethylformide (DMF) and stirred at 70 °C overnight before further 
use. The PbI2 solution was spun onto a PEDOT:PSS-coated glass substrates at 1000 
rpm for 120 s, then annealed at 100 °C for 15 min. The PbI2 film was carefully 
submerged into a glass vial with 8 mg/mL CsBr (99.999%) solution in methanol 
(anhydrous, 99.8%), with the PbI2 side facing up. The capped reaction vial was heated 
at 50 °C for 12 h, and the substrate was removed and washed twice in anhydrous 
isopropanol (each time for 30 s). The sample was then dried by heating to 50 °C for 5 
min.  
 
CsPbBr3 nanowires as well as some thin plates were grown using our previously 
reported solution-based methods (24, 25). The diameter of a typical nanowire is several 
hundreds of nanometers with a length of up to 30 micrometers. Fig.1 shows typical 
SEM images of an as- synthesized sample. 
 
 

 

Figure 1. SEM image of the as-synthesized CsPbBr3 nanowires and nanoplates. The scale bar is 10 

μm. The nanowires has a rectangular shape as shown inset. The scale bar is 100 nm. 

 

 

ambient conditions and can be handled with little concern for deg-
radation. This stability extends to lasing as well; cesium lead bromide
nanowires are shown to lase for over 109 excitation cycles and con-
tinue to lase even when exposed to ambient atmosphere.

Results and Discussion
Our initial study focused on CsPbBr3 nanowires, as previous re-
ports suggest this composition is strongly photoluminescent (26,
34) and capable of stimulated emission (29–31). Although we have
already reported the synthesis of colloidal CsPbBr3 nanowires
(34), those nanowires are too narrow (∼20-nm diameter) to effi-
ciently confine the 535-nm emission and are therefore unable to
support photonic lasing (Fig. S1). To achieve lasing, nanowires
with diameters greater than ∼180 nm are required, but these
are not currently accessible using the colloidal synthesis method.
Alternatively, a low-temperature solution-phase process reported by
Zhu et al. afforded single-crystal hybrid perovskite (CH3NH3PbX3,
X = Cl, Br, I) nanowires and nanoplates with diameters of a few
hundred nanometers (20). Inspired by this method, we demon-
strate a new solution growth process to synthesize single-crystal
CsPbX3 (X = Br, Cl) nanowires and nanoplates by dipping a PbI2
thin film into a CsX–methanol solution with mild heating (50 °C).
This method represents, to our knowledge, the first reported syn-
thesis of surfactant-free CsPbX3 nanowires and nanoplates through
a simple, low-temperature, solution-phase process. A detailed dis-
cussion of the nanowire growth method may be found in the
Supporting Information (Fig. S2). From the scanning electron
microscopy (SEM) images shown in Fig. 1A, a wide range of
CsPbBr3 nanoscale morphologies was produced during the 12-h
reaction including nanowires, nanocrystals, and nanoplates. The

nanowires range in length from 2 to 40 μm and in width from 0.2 to
2.3 μm, placing them in an ideal size regime for photonic nanowire
lasing. The majority of nanowires were found to have rectangular
cross-sections (Fig. 1A, Inset) with strongly wire-dependent height-
to-width ratios (Fig. S3). Nanowires were chosen for study based on
the presence of clean, well-formed facets, which are critical for ef-
ficient emission confinement, and transferred by micromanipulator
to a clean, fused silica substrate for all optical experiments (Fig. 1B).
The elemental composition and atomic structure of the

nanowires were quantified to ensure they conformed to the
expected, room-temperature orthorhombic phase of CsPbBr3.
The X-ray diffraction (XRD) pattern of the CsPbBr3 growth
substrate shows strong diffraction peaks which can be assigned to
the pure orthorhombic crystal structure (space group Pbnm), and
does not contain impurity peaks from either the PbI2 or CsBr
starting materials (Fig. 1C). The clear splitting of the narrow 002
and 110 peaks further indicates that the as-grown CsPbBr3 is of
the room-temperature orthorhombic phase and comprises large,
crystalline domains. The nanowire composition was determined
by energy-dispersive X-ray spectroscopy, which indicated the
presence of Cs, Pb, and Br in a 1.1:1.0:2.7 ratio, in close agree-
ment with the CsPbBr3 phase (Fig. S4). The crystal structure of
the nanowires was determined through selected area electron
diffraction (SAED) as shown in Fig. 1D. The SAED pattern
shown in Fig. 1D (Inset) indicates that the nanowires are single
crystalline and may be indexed to the [110] zone axis of the or-
thorhombic phase of CsPbBr3 in agreement with the XRD pat-
tern. According to the SAED pattern, the nanowire growth
direction was also indexed to the [002] direction of the ortho-
rhombic phase of CsPbBr3.

Fig. 1. Structural characterization of single-crystal CsPbBr3 nanowires. (A) SEM images of CsPbBr3 nanowires and nanoplates grown from PbI2 in a methanolic
solution of 8 mg/mL CsBr at 50 °C for 12 h. (Scale bar, 10 μm.) (Inset) SEM image of the rectangular end facet of a nanowire. (Scale bar, 500 nm.) (B) A single
CsPbBr3 nanowire isolated on a quartz substrate with a 5-nm Au sputter coat. (Scale bar, 1 μm.) (C) XRD pattern of as-grown CsPbBr3 (black) with the standard
XRD patterns of cubic (red) and orthorhombic (blue) CsPbBr3. (D) TEM image of an individual nanowire. (Scale bar, 5 μm.) (Inset) SAED pattern from the same
nanowire, with relevant crystallographic axes labeled. (Scale bar, 2 nm−1.)

1994 | www.pnas.org/cgi/doi/10.1073/pnas.1600789113 Eaton et al.
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4.2.2 Anion exchange of CsPbBr3 nanowires: 

 
To convert the CsPbBr3 to CsPbCl3, 10 mg of oleylammonium chloride was dissolved 
in 10 mg of 1-Octadecene (ODE) to make the conversion solution. Individual CsPbBr3 
nanowires were transferred onto a clean Si/SiO2 substrate using a nano manipulator. 
The chip with nanowires was immersed into the conversion solution at room 
temperature for 16 hours for complete conversion. Then, the chip was taken out from 
the solution and washed with chlorobenzene twice and hexanes once to remove the 
extra salts left on the chip. To convert the CsPbBr3 to CsPbI3, 10 mg of oleylammonium 
iodide was dissolved in 10 mg of ODE to make the conversion solution and the reaction 
was carried out at room temperature for 4 hours. 
 

 
Figure 2. Anion exchange dynamics from CsPbBr3 to CsPbCl3 on a whole single nanowire without any 
coating. a, PL emission spectrum evolution with time. b, Emission energy evolution with time. It is noted 
that the PL intensity of the wire drops gradually and then increase to the initial state as the reaction time 
increases (chloride content increases), indicating the PL quantum efficiency is lower for the mixed 
halides, compared to the purer bromide or chloride perovskites. This is consistent with recent 
observations made by Nedelcu et al. in during the anion exchange in quantum dots. The peaks are also 
broad in the middle region, suggesting that there is certain inhomogeneity within the entire wire.  

 
To study the anion-exchange chemistry on the single nanowire level, individual 
CsPbBr3 nanowires were picked using a micromanipulator and transferred to a clean 
SiO2/Si substrate. A droplet of reaction solution containing oleylammonium chloride in 
1-octadecene was used to cover the nanowire on the substrate. The reaction was in situ 
examined under a microscope with a 325 nm laser excitation. As shown Figure 2, during 
the reaction period (approximately 12 hours), the photoluminescence (PL) of the 
nanowire gradually blue shifted, without the coexistence of both green and purple-blue 
emission respectively from pure CsPbBr3 and CsPbCl3, indicating the formation of 
homogenous CsPbX3 alloys instead of any Br- or Cl- rich domains. For cesium lead 
halide perovskites, the reaction probably occurs via a vacancy-assisted diffusion 
mechanism(11), and the anion-exchange reaction zone width is probably close to the 
crystal size(26), which leads to alloy formation instead of a core-shell structure. The 
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reaction dynamics are important for controlling the conversion degree and therefore the 
optical and electronic properties of the nanowire. The mild reaction conditions we 
developed here are essential for maintaining the nanowire morphology and compatible 
with nanofabrication processes. 
 
4.2.3 Fabrication of the nanowire heterojunctions. 

 

Fig. 3 shows a schematic illustration of the nanowire heterojunction fabrication process. 
To fabricate heterojunction devices, the as-grown nanowires were first transferred onto 
a 300 nm SiO2 coated Si substrate by a micromanipulator. The substrate was then spin-
coated with PMMA, and baked at 130 °C for 6 minutes. Electron beam lithography 
(EBL) was performed in a Crestec CABL-9510CC High Resolution Electron Beam 
Lithography System with acceleration voltage of 50 keV and beam current of 500 pA. 
After EBL, the substrate was dipped into developer (MIBK:IPA = 1:3) for 60 s followed 
by washing in IPA for another 20 s. The developer and IPA were dried with molecular 
sieves (Sigma-Aldrich) to remove water molecules. Subsequently, the NWs with 
partially coated PMMA were immersed into the conversion solution. The conversion 
reaction was carried out using the same recipe as described above. After conversion, 
the PMMA mask was removed by dipping the substrate into chlorobenzene and hexanes, 
respectively. 
 

 

 

Figure 3. A schematic illustration showing the nanowire heterojunction fabrication process.  
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4.3 Optical and structural characterization of CsPbX3 

Nanowire Heterojunctions 

 
Next, we studied the anion-exchange chemistry on the partially masked nanowires for 
creating spatially well-defined heterojunctions. As shown in Figure 4a, after 
transferring the nanowire, a thin layer of poly(methyl methacrylate) (PMMA) was spin-
cast. A designated area of the PMMA was removed using e-beam lithography in order 
to expose part of the nanowire. Then the substrate was dipped into an oleylammonium 
halide (OAmX, X = Cl, I) solution. During the reaction, the PMMA layer remains intact 
as shown in Figure 4b. After the anion-exchange reaction, the PMMA layer was 
completely removed by washing with chlorobenzene and hexanes, as shown Figure 4c. 
 

 

 

Figure 4. Cesium lead halide perovskite nanowire heterojunctions fabrication and photoluminescence 
characterization. a, Optical microscope image of a CsPbBr3 nanowire partially coated with PMMA. The 
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square shape opening was created by electron beam lithography. The scale bar is 10 μm. b, The CsPbBr3 
nanowire partially coated with PMMA after anion exchange. The scale bar is 10 μm. c, The CsPbBr3 
nanowire after anion exchange and after removal of PMMA. The scale bar is 10 μm. d, Optical images 
of the partial bromide partial chloride nanowire under laser excitation. The scale bar is 3 μm. e, The 
corresponding PL emission spectrum. f, Optical images of the partial bromide partial iodide nanowire 
under laser excitation. The scale bar is 3 μm. g, The corresponding PL emission spectrum. 
 
Similar chemistry is also applicable to the bromide-iodide conversion process. It is 
noted that the bromide part and the chloride part show a weak contrast difference even 
in the optical image (Figure 4c). The PL emission of the individual nanowires after 
reaction was examined. Figure 4d-4g show the optical images and PL spectra of the Br-
Cl and Br-I partially exchanged nanowires, respectively. Both nanowires feature two 
color emissions with a clear, sharp interface. In the Br-Cl exchange sample, the blue 
part has an emission peak centered at 420 nm, suggesting a complete conversion from 
CsPbBr3 to CsPbCl3; while in the Br-I exchange case, the red region shows an emission 
peak centered at 655 nm, corresponding to ~80% Br-I conversion(14). Notably, there 
are no additional emission peaks between the two major peaks in the PL spectra, which 
means the interface of the junction is relatively sharp with no significant inter diffusion 
of the Br- and Cl-/I- ions. Such high quality junction is important for electronic device 
applications. 
 
The elemental distribution and morphology of the nanowires after anion exchange was 
examined by scanning electron microscopy (SEM). As shown in Figure 5a, the SEM 
energy-dispersive X-ray spectroscopy (EDS) mapping on a heterojunction nanowire 
shows a clear interface between the bromide section (green) and chloride section (blue), 
while other elements such as lead (purple) and cesium (yellow) are uniformly 
distributed within the whole nanowire.  
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Figure 5. Elemental distribution of the heterojunction nanowire. a, SEM EDS elemental mapping on the 
heterojunction nanowire. Green: bromine; blue: chlorine; Purple: lead; yellow: cesium. The scale bars 
are 1 μm. b, The SEM image of the heterojunction nanowire and the corresponding chlorine and bromine 
distribution profile along the nanowire. The scale bar is 1 μm. 
 
Note, the weak chlorine signal in the bromide part is likely from lead, because the Pb 
M shell has a similar energy to that of the Cl K shell (see Figure 6 for the EDS spectrum 
and more explanation). Figure 5b shows the relative bromide and chloride 
concentration profiles along the nanowire. Both elements are spatially confined. 
Dramatic changes of Cl and Br concentrations at the interface region are observed. 
Another SEM image in Figure 7 shows that the nanowire morphology is well-preserved 
upon chemical conversion. The CsPbBr3 part features a width of 741 nm while the 
width of the CsPbCl3 part shrinks to 714 nm, the 3.8% change in the nanowire width is 
consistent with the difference of the lattice constant between the bromide 
(Orthorhombic: a = 8.207 Å, b = 8.255 Å, c = 11.759 Å, Z = 4, V/Z = 199.16) and 
chloride (Tetragonal: a = b = 5.584 Å, c = 5.623 Å, Z = 1, V/Z = 175.33) room 
temperature phases(24) (nanowire growth direction is [110]). 
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Figure 6. SEM EDS spectrum of a CsPbBr3-CsPbCl3 nanowire heterojunction. Because Pb M shell and 
Cl K shell have similar energy, the elemental mapping for the Cl may contain some contribution from 
Pb. As a result, the CsPbBr3 part of the heterojunction nanowire shows slight Cl signal (Fig. 5). We 
believe this is not due to the diffusion of Cl atoms into the CsPbBr3 part because we do not observe a 
continuous concentration gradient along the nanowire. 

 

 

 

Figure 7. SEM image of the CsPbBr3-CsPbCl3 nanowire heterojunction. a, The entire nanowire. b, 

The end of the converted section showing that the nanowire after conversion maintains smooth 

surface.  
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4.4 Electronic structure of CsPbX3 nanowire 

heterojunctions 

 
The local electronic structure of the junction was examined by scanning Kelvin probe 
force microscopy (KPFM) combined with atomic force microscopy (AFM). Figure 8a 
shows the three-dimensional (3D) AFM topographic image of a partially converted 
nanowire on SiO2/Si. The nanowire profile reveals heights of 523 and 504 nm for the 
CsPbBr3 and CsPbCl3 parts (Figure 8b and Figure 9a), respectively, which again agrees 
well with the theoretically expected relative dimensional change. The observed gradual 
height transition occurring over ~ 1 μm is inherently linked to the release of lattice-
mismatch induced strain at the electronic junction (note: the height profile transition 
width is not necessarily equal to the junction width).  
 
 

 

 

Figure 8. Morphology and electronic structure of the heterojunction. a, 3D AFM topographical view of 
a typical Br-Cl exchanged heterojunction nanowire on SiO2/Si. The white dash line indicates the interface 
of the bromide (left) and chloride (right) parts. b, The corresponding height profile of the heterojunction 
nanowire. c, 3D view of the KPFM surface potential mapping of the heterojunction nanowire. d, The 
corresponding potential profile across the junction interface (red curve) with the corresponding AFM 
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height profile (blue curve). e, Work functions of the pure CsPbBr3 and CsPbCl3 nanowires determined 
by quantitative KPFM. The green and blue squares indicate the band gap of the pure CsPbBr3 and 
CsPbCl3. f, Proposed band alignment of the CsPbBr3-CsPbCl3 heterojunction nanowire. g, 3D view of 
the KPFM surface potential mapping of a multi-segment heterojunction nanowire (each segment is ~3 
μm long) and the corresponding potential profile along the nanowire. 
 
 
No grain boundaries or cracks in the crystal were observed in the AFM and SEM images, 
indicating that the nanowire remains single crystalline with the heterojunction being 
probably of epitaxial nature, as shown in Figure 9. However, further study using high-
resolution transmission electron microscopy is needed to elucidate the underlying 
atomic structure of the heterojunction. Upon chemical conversion, the nanowire 
maintains its high structural quality and very low surface roughness (rms < 5 nm). Fig. 
8c and 8d show the nanowire’s 3D KPFM surface potential map and the corresponding 
2D potential profile. In response to the compositional variation within the nanowire, a 
sharp relative surface potential change of ~ 190 meV is observed across the 
heterojunction interface. Detailed electronic characterization of various heterojunction 
nanowires consistently revealed higher surface potential values for the CsPbBr3 part 
relative to the CsPbCl3 part (see Figure 9), indicating a shallower Fermi level in 
CsPbBr3. These findings demonstrate the feasibility of our approach to create interfaces 
of distinct compositional and electronic properties at high spatial control.  
 
 

 

 

Figure 9. Additional CsPbBr3-CsPbCl3 heterojunction nanowire on SiO2/Si. a, AFM topography 

image and b, corresponding KPFM surface potential map. The CsPbBr3 part shows, consistently 

over many heterojunction nanowires, higher surface potential values (red) compared to the CsPbCl3 

part (green). The scale bars are 2 μm  
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The workfunction values of pristine CsPbBr3 and CsPbCl3 nanowires were 
quantitatively determined by KPFM measurements (see Figure 10). As illustrated in 
Figure 8e, we obtain workfunction values of 4.77 ± 0.03 eV for CsPbBr3 and 4.93 ± 
0.03 eV for CsPbCl3, respectively. The suggested band alignment at the heterojunction 
is illustrated in Figure 8f (27, 28). The band structure can be further tuned by controlling 
the composition and doping, which opens up new possibility for electronic device 
applications. Moreover, we demonstrate multi-junctions in a single nanowire. Figure 
8g shows the 3D KPFM surface potential map and corresponding 2D potential profile 
of a nanowire comprising four heterojunctions with each segment of ~3 μm. Similar to 
the single heterojunction nanowire, the CsPbBr3 and CsPbCl3 regions feature distinct 
electronic characteristics. 
 

 
Figure 10. Workfunction determination for pristine CsPbBr3 and CsPbCl3 nanowires. a, AFM 
topography images of pristine as-synthesized CsPbBr3, c, converted CsPbCl3, and e, as-synthesized 
CsPbCl3 nanowires. Corresponding KPFM surface potential maps of b, as-synthesized CsPbBr3, d, 
converted CsPbCl3, and f, as-synthesized CsPbCl3 nanowires. g, Surface potential distributions measured 
on the as-synthesized CsPbBr3 (bottom), converted CsPbCl3 (middle) and as-synthesized CsPbCl3 (top) 
nanowire. h, Absolute workfunction values determined by averaging the Gaussian fitted mean surface 
potential values of five different nanowires for each sample type. The scale bar are 2 μm (a-d) and 3 μm 
(e,f), respectively.  
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4.5 High spatial resolution of heterojunctions  
 
The sharp electronic interface of the heterojunctions allows us to reduce the feature size, 
and the robustness of the nanowire allows us to introduce additional fabrication steps 
to create multi-color heterojunctions. To study the spatially resolved patterns, confocal 
PL mapping with high spatial resolution was employed, and the results are summarized 
in Figure 11. For the Br-Cl exchanged nanowire, the confocal PL mapping results 
(Figure 11a-11c) are similar to the PL image in Figure 4d, with a better-resolved 
interface.  
 

 
Figure 11. Confocal PL mapping of different types of heterojunctions. a-c, Confocal PL mapping of a 
partial bromide partial chloride nanowire. Blue color represents emission from 410 to 450 nm. Green 
color represents emission from 500 to 550 nm. All scale bars are 3 μm. d-f, Confocal PL mapping of a 
bromide-chloride super lattice nanowire with pixel size of below 1 μm. All scale bars are 3 μm. g-i, 
Confocal PL mapping and optical image of a bromide-chloride super lattice nanowire with pixel size of 
below 500 nm. All scale bars are 3 μm. j, Confocal PL mapping of a three-color heterojunction nanowire. 
Blue color represents emission from 410 to 450 nm. Green color represents emission from 500 to 550 
nm. Red color represents emission from 580 to 640 nm. All scale bars are 3 μm. k-m, Confocal PL 
mapping of different patterns on CsPbBr3 plates. All scale bars are 3 μm. 
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As shown in Figure 12, the length of the exposed area and the covered area prior 
conversion are 10.8 µm and 8.7 µm long, respectively; while after the conversion the 
lengths for the chloride and bromide regions changed to 10.8 and 8.6 µm (the dark 
region in between is around 100 nm). This demonstrates that the reaction is well defined 
at the exposed area with the PMMA coating effectively protecting the area underneath. 
The spectral scan on a Br-Cl exchanged nanowire shows almost no PL emission from 
450 to 480 nm and a sharp switching from blue to green emissions. The junction width 
is smaller than 500 nm, which is consistent with the SEM EDS mapping as well as the 
distinct surface potential change in the KPFM measurement. We then created multiple 
junctions with pixel size (open window of PMMA by e-beam) of ~1 µm on a nanowire 
(Figure 11d-11f).  
 
 

 
Figure 12. Confocal PL mapping on a single nanowire heterojunction. a, The nanowire before conversion. 
The exposed part is 10.8 µm long and the covered part is 8.7 µm long. b, The spatially resolved PL 
mapping of the nanowire after conversion. Blue color represents emission from 410 to 450 nm. Green 
color represents emission from 500 to 550 nm. After conversion, the blue part is 10.8 µm long and the 
green part is 8.6 µm long. This result indicates that the covered area is well protected and the anion 
exchange reaction is highly localized to the exposed area. 

 
 
After conversion, the super lattice structure can be clearly resolved. Such a feature 
cannot be resolved very well via the PL imaging measurement (Figure 13). We further 
decrease the pixel size to less than 500 nm, and the features can still be resolved (Figure 
11g-11i). However, attempts on further decreasing the pixel size to 200 nm were not 
successful as shown in Figure 14).  
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Figure 13. The periodic hetero structure with 1 µm pixel size characterized using conventional optical 
microscope under laser excitation. The small periodic feature cannot be fully resolved due to interference 
of the light.  
 
The resolution is probably limited by the instrument (diffraction limit) or the inter 
diffusion of anions within such a small area. Next, based on the two-color 
heterostructure, another fabrication-conversion step was added: a red-green-blue three-
color heterojunction was achieved, as shown in Figure 4j. In principle, the emission 
wavelength of the red and blue parts are tunable by varying the conversion degree, and 
the relative intensity of each color can be tuned by varying the pixel size of each 
segment. Such color tunable perovskite heterostructures provide an ideal platform for 
full color displays and solid-state lighting (29-32). The spectral scan on the three-color 
nanowire shows two sharp junctions at the interfaces (Figure 14). Finally, we 
demonstrate high-resolution arbitrary patterns on CsPbBr3 perovskite plates using the 
spatial-controlled anion exchange chemistry. As shown in Figure 11k-11m, strips, an 
arrow target, and a UCB logo can be written on the CsPbBr3 plates.  
 

 
Figure 14. The hetero structure with 200 nm pixel size. a, Optical image of the nanowire before 
conversion. The nanowire is coated with a layer of PMMA. The vertical lines are the openings created 
by e-beam lithography. The width of the openings is 200 nm. The spacing between the openings is 200 
nm in the left part and is 500 nm for the right part. b, The confocal PL mapping of the nanowire. The 
alternative feature is not very well resolved, probably due to the limitation of the instrument or the inter-
diffusion of different anions within such small area. 
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4.6 The stability of heterojunctions  
 

The nanowire heterojunctions show good stability. After being stored in a nitrogen 
atmosphere for one week, confocal PL mapping of the partial bromide partial chloride 
nanowire and the super lattice nanowire exhibited PL emissions and sharp junctions 
very similar to the initial states (Figure 15). These results indicate that the anion inter-
diffusion occurs much more slowly across the heterojunction, compared to the 
exchange reaction at the solid-liquid interface of the exposed area. There are two 
possible reasons: First, at the exposed area, more vacancies may be introduced from the 
solid-liquid interface due to the interaction between the perovskite solid and the 
precursor molecules and ions in the solution; furthermore, higher vacancy 
concentration in the exposed region leads to faster ion migration and exchange reaction 
(11, 17). Second, the ion migration may have higher activation energy along the 
nanowire growth direction, and thus anion exchange/migration proceeds slightly slower 
along this direction (33). The quantitative study of anion inter-diffusion in these 
heterojunctions is discussed in detail in chapter 5.  
 

 

Figure 15. Stability of the nanowire heterojunctions. a and d, Two samples before conversion. b and e, 
The corresponding nanowires after conversion. c and f, The two nanowire heterojunctions after 1 week 
of storage in nitrogen-filled glove box. 
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4.7 Attempts to realize localized cation exchange 

 
Comparing to the facile anion exchange in halide perovskite, the exchange of B site 
cations is expected to be much sluggish due to that B2+ is in the center of [BX6]2-. The 
activation energy of cation migration in the lattice is much higher based on simulation 
(34). There is very limited success of B site cation exchange from CsPbX3 (35-37), for 
example less than 10 % partial cation exchange even in CsPbBr3 nanocrystal (35). 
Furthermore, ion exchange in halide perovskites is generally a vacancy-assisted process. 
The dominating halide vacancy over lead vacancy further makes Pb2+ sub-lattice 
essentially immobile, resulting in inefficient cation exchange reaction. 
 
A defect engineering with a high cation vacancy concentration is a promising approach 
to facilitating cation migration in perovskite lattice. CsSnBr3 is widely studied p-type 
semiconductor materials with a high hole concentration (38, 39), due to the formation 
of Sn vacancy. The recent study in Yang group further shows the Sn vacancy dominates 
in perovskite phase CsSnX3 (40). Therefore, Starting with CsSnBr3, the cation 
exchange with Pb2+ would be much more efficient as a scheme in Figure 16a. Similar 
to solution growth of CsPbBr3 nanowires in 4.2.1, CsSnBr3 nanowires can be grown by 
CsBr film reacting with SnBr2/IPA solution. An as-synthesized CsSnBr3 nanowire 
shows red PL with emission peak around 700 nm in Figure 16b. After reacted with 
PbBr2 dissolved in combination of oley acid/ oleylamine / hexane, the nanowire became 
green emissive with emission peak around 520 nm, indicating successful cation 
exchange to CsPbBr3. The inset SEM image show a well-preserved morphology of the 
exchanged nanowire 

 
 

Figure 16. Cation exchange from CsSnBr3 to CsPbBr3. a, A scheme of cation exchange from CsSnBr3 
to CsPbBr3 with PbBr2 solution. b, An as-synthesized CsSnBr3 nanowire shows red PL with emission 
peak around 700 nm. c, After the cation exchange, the nanowire emits green PL with emission peak 
around 520 nm, indicating successful cation exchange to CsPbBr3. The inset SEM image show a well-
preserved morphology of the exchanged nanowire.  
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The as-synthesized CsSnBr3 nanowires show a fast decay (~50 ps) in Figure 17a. The 
short PL lifetime is probably attributed to the high concentration of Sn vacancy. The 
cation exchange formed CsPbBr3 (CE-CsPbBr3) nanowires represent about one order 
increase to ~ 1 ns (Figure 17b, Figure 17c). CE-CsPbBr3 nanowires exhibit comparable 
optical properties, indicating that the soft perovskite lattice in CsSnBr3 can be 
reconfigurable even with the presence of high concentration of Sn vacancy 

 

 
 

Figure 17. The PL lifetime characterization before (a) and after (b) cation exchange. c, typical PL decay 
curves of as-synthesized CsSnBr3 nanowire (red) and exchanged nanowires (green). CsSnBr3 nanowires 
show a fast decay (~50 ps). The PL lifetime of the cation exchange formed CsPbBr3 (CE-CsPbBr3) 
increased to about 1ns, which is similar to pristine CsPbBr3.  

 
The successful demonstration of cation exchange provides an possibility to create an 
CsSnBr3-CsPbBr3 cation heterojunction. A localized cation exchange can be by 
utilizing the same method in 4.2.2. As a result, Figure 18 shows a confocal PL image 
of a CsSnBr3-CsPbBr3 cation heterojunction nanowire. This cation heterojunction 
should have a sharper comparing to halide anion heterojunction counterparts because 
of much slower cation migration. These cation heterostructures not only enable 
varieties of fundamental study such as cation inter-diffusion dynamics, a further insight 
into type I and type II electronic junctions and etc., as well as applications like long-
term stable full-color display, tuning carrier types/ concentration to realize new 
electrical functionalities. 
 

 
 

Figure 18. A confocal PL image showing a successful formation of a CsSnBr3-CsPbBr3 cation 
heterojunction nanowire  



64 
 

4.8 Conclusion 

 
Halide perovskites are promising semiconductor materials for solution-processed 
optoelectronic devices. Their strong ionic bonding nature results in highly dynamic 
crystal lattices, inherently allowing ion exchange at the solid-vapor and solid-liquid 
interface. Here, we show that the anion-exchange chemistry can be precisely controlled 
in single crystalline halide perovskite nanomaterials when combined with 
nanofabrication techniques (e.g. electron-beam lithography). For the first time, we 
demonstrate highly spatially resolved multi-color CsPbX3 (X = Cl, Br, I, or alloy of two 
halides) nanowire heterojunctions with a pixel size down to 500 nm with tunable 
photoluminescence. In addition, the heterojunctions show distinct electronic states 
across the interface, as revealed by Kelvin probe force microscopy. The halide 
perovskite nanowire heterojunction provides an ideal platform for fundamental studies 
and technological applications. For example, multi-color lasers or LEDs could be made 
using such localized heterojunctions; quantitative inter-diffusion and ion migration 
dynamics could be examined at elevated temperatures; etc. With deeper understanding 
of these heterojunctions, halide perovskites may find practical applications in large-
scale electronic circuit, information storage and full color displays, in addition to the 
current interest in photovoltaic cells. 
 
We successfully demonstrate cation exchange reaction with CsSnBr3 nanowires. 
CsSnBr3-CsPbBr3 cation heterojunction nanowires are further realized via localized 
cation exchange. Together with anion exchange, these cation heterostructures will 
further boost varieties of fundamental study as well as enable new functionalities 
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Chapter 5 
 
Anion inter-diffusion in soft halide perovskite 
lattice 
 
 
The content of this chapter is reprinted and adapted from the following publication with 
permission: Lai, M†.; Obliger, A†; Lu, D.; Kley, C.S.; Bischak, C.G.; Kong, K.; Lei, T.; 
Dou, L.; Ginsberg, N.S.; Limmer, D.T.; Yang, P. (2018). Intrinsic anion diffusivity in 
lead halide perovskites is facilitated by a soft lattice. Proc. Natl. Acad. Sci. U.S.A 
115(47), 11929. Copyright 2018 National Academy of Sciences 
 

 
 
5.1 Introduction 

 
Lead-halide perovskites are a class of soft ionic crystals with excellent optoelectronic 
properties ideally suited for photovoltaic and light-emitting applications (1-5). 
Significant ionic migration has been reported in these materials(6-8), and is considered 
to play an important role in anomalous charging hysteresis(9-11), light-induced phase 
segregation(12, 13) and photo-instability(14, 15). The current understanding of ionic 
transport in lead-halide perovskites is based primarily on conventional charge transport 
studies(16, 17), where the contribution from electrons and co-movement of cations and 
anions is difficult to separate. Furthermore, ionic diffusion have been measured in 
polycrystalline thin films, replete with grain boundaries where the ion transport is 
usually faster than in the interior lattice (18), 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 
interfaces (19, 20), 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 



69 
 

relaxation and impedance spectroscopy) information of ion diffusion (21). However, 
most of them only reveal transport properties averaged over macroscopic scales with 
complications from microstructural heterogeneities. Direct microstructural observation 
and atomic-scale mechanism of the lattice diffusion is still highly challenging. In 
chapter 4, well-defined heterostructures of two different halide species in CsPbX3 
nanowires were realized through a localized anion exchange reaction (22). The sharp 
interface with well-defined physical properties (composition, optical, electronic, etc.), 
controllable geometry, and single crystalline nature make these nanowire 
heterojunctions ideal platforms to study the intrinsic halide anion inter-diffusion. In 
addition, different halide compositions afford an excellent bandgap tunability with high 
fluorescence efficiency, which allows for halide anion interdiffusion to be directly 
monitored by photoluminescence (PL). We aim to combine these measurements with 
multiscale modeling, to elucidate the relationships between mesoscale transport 
processes and their molecular underpinnings. Together with spatially resolved 
photoluminescence lifetime and surface potential 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. 
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5.2 Solid-solid halide anion interdiffusion dynamics via 

photoluminescence 
 
The CsPbCl3-CsPbBr3 nanowire heterojunctions were synthesized using our previously 
reported anion exchange chemistry and supported on SiO2/Si substrates (see chapter 
4.2.1). Heating the nanowires initiated halide anion interdiffusion. The in-situ 
interdiffusion process in the single nanowire was monitored using wide field PL 
imaging (Figure 4a). To quantitatively relate the PL emission with Br concentration, 
we measured the PL spectrum of different uniform CsPb(BrxCl1-x)3 nanowires and the 
corresponding Br concentration by energy-dispersive X-ray spectroscopy (EDS) 
(Figure 1 and Figure 2).  
 

 

 

Figure 1. PL emission and corresponding SEM EDS mapping of two typical CsPbBr3-xClx nanowires 
with different Br/(Br+Cl). (a, c) A nanowire with PL peak emission at 458nm show Br/(Br+Cl) = 0.5 
from EDS. (b, d) A nanowire with PL peak emission at 509 nm show Br/(Br+Cl) = 0.8 from EDS. 
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Fig. S2 PL emission and corresponding SEM EDS mapping of two typical CsPbBr3-xClx 
nanowires with different Br/(Br+Cl). (A,C) An nanowire with PL peak emission at 458nm 
show Br/(Br+Cl) = 0.5 from EDS. (B,D) An nanowire with PL peak emission at 509 nm show Br/
(Br+Cl) = 0.8 from EDS. 
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Figure 2. The plot of PL peaks with different Br/(Br+Cl) ratio from EDS.  It shows an approximate 
linear relationship. Therefore, the Br concentration can be calculated with PL emission wavelength. 
 
 
As-synthesized heterojunction nanowires featured a blue/green emission with a clear 
interface in the PL image (Figure 4b). Two distinct peaks in the wide field spectrum 
were observed and identified with the Cl and Br rich ends of the nanowire (Figure 4c). 
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 (Figure 3a).  
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 Fig. S2. Br/(Br+Cl) is calculated with PL emission wavelength.
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Figure 3. In-situ PL spectrum evolution of the CsPbBr3-CsPbCl3 nanowire at 100 °C. a, From 0 h to 1.5 
h. The inset is enlarged spectrum for Cl rich part. b, from 1.5 h to 5 h. c, 5 h to 7 h. d, the PL peak shift 
of the Cl rich part during the annealing process. 
 
 
The PL image taken at that time shows that the interface between the Cl and Br rich 
regions moved in the direction of the Br rich end (Figure 4d). From 1.5 h to 5 h, the 
blue peak continued to red shift, and its relative intensity to the green peak increased 
(Figure 3b). With further heating after 5h, the green peak began to a show a gradual 
blue shift (Figure 3c), implying Cl diffusion into the Br rich region. Figure 4f and Figure 
4g showed the PL image and spectrum at 7 h. In solid state interdiffusion, with 
concentration dependent transport coefficients, the equal-molar or Matano plane moves 
toward the more diffusive species. Further, 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 5h 
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 (Figure 4h, i).  
 

a b

Fig.S1 PL spectrum evolution of the CsPbBr3/CsPbCl3 nanowire at 100C. (A) from 0h to 1.5h. (B)  from 
1.5h to 5h. (C) 5h to 7h. 
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Figure 4. Photoluminescence of solid-solid halide anion interdiffusion dynamics. a, Schematics of in-
situ photoluminescence visualization of thermal-driven anion interdiffusion CsPbCl3-CsPbBr3 nanowire. 
The halide anions (Cl/Br) inter-diffuse across the interface with certain thermal heating. 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 CsPbCl3-CsPbBr3 
nanowire at initial state (b, c). After 1.5 h heating, the green emission (Br rich) part shrank and blue 
emission (Cl rich) part expanded (d). The PL emission of Br rich part remained the same, while the Cl 
rich emission showed red shift (e). After 7 h heating, 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 heating, the nanowire 
showed one-color PL image (h) and single peak emission (i). The scale bar is 2 µm. 
 
 
Confocal PL resolves the spatial distribution of emissive sites at different wavelengths 
and can provide higher spatial resolution than conventional wide-field PL. With 
confocal PL and composition PL tunability in Figure 2, we could generate a spatial 
mapping of the local Br concentration along our heterojunction nanowires (Figure 5). 
Figure 9a shows the evolution of the bromide concentration profile.  After 1.5 h at 
100 °C, the Br rich region shrank by about 1µm without evolving its composition, 
which is consistent with the constant green peak observed by in-situ PL (Figure 4c and 
4e). 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 µm and the Br concentration 
in the Cl rich part continued increasing to 0.38. After 10 h, a smooth concentration 
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profile persisted along the nanowire along with a single peak of the wide field PL shown 
in Figure 4g.  
 
 

 
Figure 5. Halide distribution profile through confocal PL wavelength scanning. a, Lambda scan of a 
nanowire after heating for 2.5 h at 125 °C (interval 5 nm). The scale bar is 2 µm. b, Spatial Br/(Br+Cl) 
profile along the nanowire in (a). Br/(Br+Cl) is calculated with PL emission wavelength. The error bar 
is calculated from the scan wavelength interval. The concentration profile has good Gaussian fitting y =

y$ + Ae
((*(*+)-

-.- . 

 
 
Confocal PL was also performed to study interdiffusion at different temperatures 
(Figure 6), indicating the same qualitative behavior. At each temperature, the total Br 
amount across the whole nanowire stayed almost the same, indicating no halide 
transport into the environment. Additionally, we also studied the dependence of anion 
interdiffusion on the sample preparation by fabricating the “reverse” CsPbCl3-CsPbBr3 
nanowire heterojunctions, which are created by anion exchange from CsPbCl3 
templates. Figure 9b showed the concentration profile evolution for a reverse 
heterojunction at 125 °C, where the same qualitative behavior was obtained similar to 
Figure 7b. Therefore, the heterojunction fabrication process preserves 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. 

450-455nm

455-460

460-465

470-475

475-480

480-485

485-490

490-495

465-470

495-500

500-505

505-510

510-515

0 2 4 6 8 10 12
0.3

0.4

0.5

0.6

0.7

0.8

0.9

B
r/(

B
r+

C
l)

X (�m)

 

 

a b

Fig. 2 Halide distribution profile through confocal PL wavelength scanning. (A) Lambda 
scan of a nanowire after heating for 2.5h at 125C ( interval 5nm). (B) Spatial Br/(Br+Cl) 
distribution along the nanowire in (A). Br/(Br+Cl) is calculated with PL emission wavelength.
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Figure 6. Confocal PL evolution of CsPbBr3-CsPbCl3 heterojunction nanowires under 125 °C and 75 °C 
heating. (a-d) at 125 °C: (a) 0 h, (b) 1.5 h, (c) 2.5 h, (d)5h. (e-h) at 75 °C: (e) 0h, (f) 1.5 h, (g) 5.5 h, (h)18 
h. The scale bar is 2 µm. The images were generated with Zen 2010 software with lambda coded.  
 
 

 
Figure 7. Evolutions of Br/(Br+Cl) profiles of heterojunction nanowires at different temperature in Fig.6. 

a, 75 °C. b, 125 °C.  

 

  

Fig. S3 Confocal PL images evolution of the nanowire junction under 125C heating.  (A) 
0h (B) 1.5h (C) 3.5h. (D)5h.
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5.3 Anion interdiffusion mechanism 
 

5.3.1 Molecular simulation of anion interdiffusion 
 
In order to understand the molecular origin of the interdiffusion mechanism, we 
performed molecular dynamics calculations with collaborating with Prof. David 
Limmer. Previous work has demonstrated that the diffusion of the halide anions is 
vacancy mediated (8) due to the large formation energies of interstitial defects. In order 
to estimate the diffusivity, 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 Figure 8a-8c. We used steered molecular 
dynamics (23) with the Jarzynski equality (24) to compute the free energy barriers 
anions have to overcome to diffuse by exchanging their positions with vacancies. 
Examples for an equal-molar mixture CsPbBr1.5Cl1.5 are shown in Figure 8d for Br and 
Cl, 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 2-3 unit cells as indicated by the vacancy-halide pair correlation 
function. An entropic contribution to the barrier accounts for to 1/3 of its height. In 
addition, purely dynamical effects arise due to the slow energy diffusion of the halide 
perovskite lattice. This is quantified by small values of the transmission coefficient, 
illustrated in Figure 8e. A significant dynamical correction occurs for all compositions, 
and is largest for the equal-molar mixture.  
 
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 surrounding lattice and 
has been noted before as resulting in low thermal conductivities (25) and low photo-
excitation cooling rates (26). 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 Cl 
phases, respectively. These barriers put Cs diffusion on a significantly different 
timescale compared to anion diffusion. The black line in Figure 8f shows the 
concentration-dependent hopping rate computed by the Bennet-Chandler procedure, 
where the hopping rate in the pure Br phase is found to be about three times faster than 
in the Cl phase. This small difference is insufficient to explain the enhanced diffusion 
noted in the PL measurements. 
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Figure 8. Molecular dynamics 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 is: 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. 𝜆 = (𝑧 − 𝑧2)/(𝑧4 − 𝑧2) is the 
dimensionless reaction coordinate with z the coordinate of the ion. e, time dependent transmission 
coefficient corresponding to the energy barriers shown in (d). e and d shows results for single trajectories 
that depend on the local anion composition. Thus, the rates must be averaged over different realisations 
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. The red solid line is the vacancy concentration where the standard state chemical 
potentials have been fitted against the experimental interdiffusion coefficient. 
 
 
Vacancy mediated diffusion additionally depends on the concentration 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 vacancy formation energy of 
a Schottky defect pair of Cs + X, as a function of composition and temperature. To 
study the composition dependence, we employed Monte Carlo swapping moves to 
sample halide compositions. We find that the formation free energy is 1.32 and 1.44 eV 
for Br and Cl, respectively. Together with the appropriate standard state conditions with 
excess of Cl, this results in an equilibrium vacancy concentration of 3×10-7 and 2×10-9 
per unit cell for the pure chloride and bromide phases, respectively, at the conditions 
considered experimentally in the synthesis of the nanowires (red line in Figure 8f). This 
equilibrium vacancy concentration is large despite the ionic character of the lattice. This 
is due to the highly anharmonic lattice with accompanying low frequency modes and 
small elastic moduli(27). We find the binding energy of the Schottky defect pairs is 
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below 0.1 eV, on the order of thermal energies, which means that halide ion diffusion 
is expected to be uncorrelated with cesium diffusion. Therefore, we conclude that it is 
the enhanced vacancy concentration in the Cl part relative to the Br part, which results 
in the large diffusivity measured experimentally in the Cl region.  
 
5.3.2 Experimental evidence of vacancy migration 
 
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 
inter-diffusion. Figure 9c shows the two-dimensional surface potential map and 
corresponding nanowire potential profiles of the as-synthesized (top), 1.5 hours at 
100 °C annealed (middle) and 5 hours at 100 °C annealed (bottom) heterojunction 
nanowire, respectively.  

 
Figure 9. Concentration profiles, fluorescence lifetime and electronic structure mapping of anion 
interdiffusion evolution. a, Br concentration profiles from confocal PL wavelength scan at 100°C (0h: 
black; 1.5h: red; 5h: green; 10h: blue). b, Interdiffusion profiles of reverse hetero-junction created from 
a CsPbCl3 nanowire template at 125°C (0h: black; 1h: red; 2h: blue). c, the surface potential mapping by 
KPFM of the as-synthesized (top), 1.5 hours at 100 °C annealed (middle) and 5 hours at 100 °C annealed 
(bottom) heterojunction nanowire, respectively. The scale bar is 2µm. A distinct surface potential change 
(∆1) ∼ 110 meV is observed at the initial CsPbBr3-CsPbCl3 interface. The electronic junction moves ∼ 
1.2 μm into the initial CsPbBr3 region with a smaller surface potential change (∆2) ∼ 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 
CsPbBr3-CsPbCl3 nanowire heated for 0 h (top), 1.5 h (middle), 5 h (bottom) at 100 °C. The axial size 
of long lifetime component (CsPbBr3 region) becomes shorter after heating, exhibiting a consistent 
correlation with the evolution of confocal PL images. The scale bar 2 µm. The bottom panel in d shows 
normalized 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), 5 h (blue triangle). The solid lines 
are corresponding Br concentration profiles. The PL lifetime is closely associated with composition 
evolutions (detail in Fig. 12).  
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For the as-synthesized heterojunction nanowire we observe a distinct surface potential 
change of ∼ 110 meV at the CsPbBr3-CsPbCl3 interface. After 1.5 hours at 100 °C, the 
electronic junction moves about 1.2 μm into the initial CsPbBr3 region with a slightly 
smaller surface potential change of ∼ 100 meV. The surface potential shows a close 
correlation with the concentration evolution (Figure 10).  
 

 
Figure 10. KPFM surface potential profiles in Fig.2c with corresponding concentration of Br/(Br+Cl) 
profiles. a, The initial hetero-junction showed distinguishing interface in surface potential and 
concentration at approximately the same position. b, After 1.5 h heating at 100 ºC, the electronic interface 
resolved in surface potential mapping shifted to the CsPbBr3 part, which closely correlated with the 
concentration distribution. c, The surface potential appears to be overall homogeneous without distinct 
interface after 5 h heating. The relatively smaller concentration gradient along the nanowire may make 
it challenging to resolve the electronic differences by KPFM technique.  
 
 
There is no significant surface potential difference throughout the Br or Cl rich regions, 
indicating that a uniform vacancy concentration and a local thermodynamical 
equilibrium at each region. After 5 hours 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 AFM images after the thermal annealing  
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Figure 11. AFM topographical imaging of the CsPbBr3-CsPbCl3 heterojunction nanowire analyzed in 
Figure 4D by KPFM. AFM topography (top) and corresponding height profile (bottom) of the (a) as-
synthesized, (b) 1.5 h annealed at 100 ºC, and (c) 5 h annealed at 100 ºC sample, respectively. The surface 
roughness factors are (a) 3.55 nm, (b) 4.35 nm, and (c) 6.91 nm, respectively. Upon consecutive thermal 
annealing of the heterojunction nanowire at 100 °C for 1.5 h and 5 h, respectively, we observe structural 
relaxation of the CsPbBr3-CsPbCl3 interface. The lattice-mismatch-induced strain release at the CsPbBr3-
CsPbCl3 interface is inherently linked to a gradual height transition extending over ∼ 1 μm. All scale 
bars are 2 μm.  
 
 
Vacancies generally serve as nonradiative recombination centers with distinct local PL 
lifetimes (28).We measured local PL lifetimes with fluorescent lifetime imaging 
microscopy (FLIM) as shown in Fig. 9d. The detail of FLIM measurements is as 
following: SiO2/Si substrates with CsPbCl3-CsPbBr3 nanowire heterojunctions are 
attached on a glass slides for the measurements using a 50× 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 excitation 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 
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. 

a b

c
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Figure 12. Fluorescence lifetime evolution with corresponding confocal PL images of a CsPbBr3-
CsPbCl3 heterojunction nanowire at 100 °C. a, Initial heterojunction before annealing (0 h). The below 
is corresponding confocal PL image. b, After 1.5 h annealing. c, After 5 h annealing. The long lifetime 
region shows a close correlation with shrinking of CsPbBr3. The scale bar is 2 µm. Time-resolved PL 
decay curves corresponding to locations (red, blue, purple squares) along the hetero-nanowire are shown 
for 0 h, 1.5 h, and 5 h respectively, fitted with single nearly single-exponential dynamics. For the initial 
heterojunction, the Cl rich part (purple square) features a fast PL decay (τ ~340 ps), owing to the intrinsic 
short lifetime of CsPbCl3. The Br rich parts have longer lifetime, 2153 ps and 2093 ps for red and blue 
squares respectively. After 1.5h heating, the lifetimes are 1432 ps, 987 ps, 511ps for red, blue, purple 
squares. The lifetimes become 1379 ps, 984 ps, 489 ps after 5 h heating. 
 
 
The Br rich region exhibited a longer PL lifetime compared to the Cl rich part (Figure 
12a). The axial size of the long lifetime region becomes shorter after heating (Figure 
9d), exhibiting a consistent correlation with the evolution of confocal PL images 
(Figure 12). As shown in Figure 9c and Figure 9d, both local PL lifetimes and surface 
potential shows a close dependence on the concentration evolution, suggesting the 
correlated diffusion of vacancies during interdiffusion. These two measurements 
qualitatively indicate that the vacancy concentration is locally at equilibrium and 
depends only on the Br concentration. 
  

Correlation of PL and lifetime mapping

0h 1.5h 5h

the scar bar is 2um

a b c

1 2 3 4 5 6

0.01

0.1

1

N
or

m
al

iz
ed

 In
te

ns
ity

t ( ns )

 

 

1 2 3 4 5 6

0.01

0.1

1

N
or

m
al

iz
ed

 In
te

ns
ity

t (ns)

 

 

1 2 3 4 5 6

0.01

0.1

1

N
or

m
al

iz
ed

 P
L 

in
te

ns
ity

t ( ns )

 

 



82 
 

5.4 Quantitative analysis of concentration dependent 

interdiffusivity 
 
 
5.4.1 Concentration-dependent interdiffusion coefficient by Boltzmann-Matano 

method 
 
A constant interdiffusion coefficient 𝐷 may be estimated by the average diffusion 

length 𝐿 ≅ 	2√𝐷𝑡 for an ideal semi-infinite model (29). The interdiffusion length is 

around 1~2.5 µm after 1.5 h of constant heating, resulting in interdiffusion coefficient 
around 10-13 ~10-12 cm2/s at 75 °C – 125 °C. The evolution of the concentration profiles 
during interdiffusion measured from confocal PL can be exploited to calculate the inter-
diffusion 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 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 
interdiffusion can be regarded as decoupled from Cs migration, and the corresponding 
coefficient 𝐷(𝑐) fully characterizes the dynamics (30). Fick’s second law gives the 
evolution of the Br concentration, c, at a time	𝑡 and with spatial coordinate 𝑥, and with 
concentration-dependent interdiffusion coefficient D(𝑐) as 
 

𝜕𝑐
𝜕𝑡	 = 	𝐷(𝑐)

𝜕@𝑐
𝜕𝑥@ +	

d𝐷(𝑐)
d𝑥 B

𝜕𝑐
𝜕𝑥C

@

																(1) 

 
We use the classical Boltzmann-Matano method to extract D (𝑐)  from the 
concentration profiles, shown in Figure 13 (31-33). 
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Figure 13. An illustration of Boltzmann-Matano method to calculate inter-diffusion coefficient. The 

concentration profile has good Gaussian fitting y = y$ + Ae
((*(*+)-

-.-  for the profile between CL and CH. 

The Matano plane is XM where the area S1 = S2. The inter-diffusion coefficient at C* is calculated from 

D~(C∗) = 	− I
@J

∫ (LMLN
O∗
OP

)QR

(SOS*)O∗
. 

 

Our experimental estimates of the interdiffusion coefficient are shown as function of 
the bromide concentration and the temperature in Figure 16a. Since the Boltzmann-
Matano method is sensitive to the boundary conditions of the Br concentration profiles 
(Figure 14). Since the BM inversion method is sensitive to the boundary conditions of 
the concentrations profiles we fit the experimental data points in an inner range of Br 
fraction (𝑥TU between 0.5 and 0.65). Figure 15 shows that the BM method leads to 
different estimates of the interdiffusion coefficients at different times. In order to show 
that the decay of the interdiffusion coefficient with time comes from the sensitivity of 
the Boltzmann-Matano method and not from an additional time dependence we test the 
BM inversion method on density profiles ( Figure 14) generated numerically by solving 
the diffusion equation with a discrete element method for a given diffusion coefficient 
𝐷 = 1 − 0.9	𝑥TU (adimensioned units). Figure 15 shows that for early concentration 
profiles the BM method overestimates the diffusion coefficient while at late times, 
when the boundary concentration increases, the BM method underestimates the 
interdiffusivity and even leads to a wrong trend. This sensitivity study of the BM 
method motivates us to use the earliest measurements we have (Figure 14a) to evaluate 
the interdiffusion coefficients and to eliminate the data close to the endpoints. 
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Figure 14. a, Bromide concentration profiles obtained from the discrete element solution of the diffusion 
equation at different time steps indicated by colors. The concentration dependent inter-diffusion 
coefficient used to generate the dynamics is indicated by a dashed line in b. The other solid lines in panel 
B are the results of the BM inversion method applied to the concentration profiles shown in a. 
 
 
The calculated interdiffusion coefficient in Figure 15 show a decreasing trend for the 
concentration profiles of the longer annealing time. The “reverse” nanowire 
heterojunction has similar diffusion coefficients in Figure 15c to the “forward” 
CsPbCl3-CsPbBr3 nanowire at 125 °C, which quantitatively confirms insignificant 
effects of the preparation of heterojunctions on anion interdiffusion.  
 
 

 
Figure 15. Interdiffusion coefficients calculated by the Boltzmann-Matano method (symbols in a, b, c) 
at 75, 100 and 125 ºC in blue, red and black, respectively, after different times. Additionally, in (c), we 
gather all the data for 125 ºC including the diffusion coefficients measured from a heterojunction 
processed initially from a Cl perovskite instead of a Br one (indicated by (r) for reverse heterojunction). 
The solid lines in panels A and B stand for the analytical model fitted against the datapoints between 0.5 
and 0.65. 
 
 
 
 
 

a b

a b c



85 
 

5.4.2 Interdiffusion coefficient with kinetic theory  
 
Following Belova and Murch (30), when the anion rates are larger than the cesium rate 
(𝑘TU, 𝑘R[ ≫ 𝑘R]), the interdiffusion coefficient can be further expressed as function of 
the Br concentration c in a simple way:  
 

𝐷(𝑐) = 	𝑎(𝑐)@	𝜌`(𝑐)	𝑘abb(𝑐)													(2) 
 
where 𝑎, 𝜌` and 𝑘abb are the lattice spacing, the vacancy concentration per unit cell 
and an effective rate that depends on the Br and Cl rates via a specific mixing rule. Here 
we have considered the crystal CsPbBrxCl3-x as an ideal solid solution since the halide 
anions are randomly distributed throughout the lattice. We should emphasize that, in 
our case, the interdiffusivity is a direct measure of the off-diagonal Onsager coefficient 
correlating the diffusion of Br and Cl (30) . 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 Figure 8f) CsPbCl3 has a higher 
interdiffusivity than CsPbBr3, owing to a higher vacancy concentration that dominates 
interdiffusion. Each quantity entering Eq. 2 is obtained by molecular dynamics (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. Therefore, 
combining the experimental and MD interdiffusion coefficients (Figure 16a) gives us 
the standard states and thus the vacancy concentration (red line in Figure 8f). We found 
activation energies for both pure phases to be 0.28 eV by fitting the diffusion 
coefficients of pure CsPbBr3 and CsPbCl3 as a function of temperature with an 
Arrhenius law (Figure 16b). This result is close to the value reported by Koscher et al. 
(0.33 eV) from anion exchange in nanocrystals (34) but lower than that by Pan et al 
(0.44 eV) found from interdiffusion experiments in nanowires (35).  
 

 
Figure 16. Concentration dependent interdiffusivity. a, Experimental interdiffusion coefficient at 
different temperatures as function of Br concentration by Boltzmann-Matano method at 125 °C (black 
circles), 100 °C (red circles) and 75 °C (blue circles). The solid lines correspond to the theroretical model 
fitted against experimental data, which lead to the vacancy concentration shown by Fig. 8f. The solid 

a b
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squares are interdiffusion coefficients from molecular simulations where the vacancy concentration is 
given by Fig. 8f. b, Intrinsic diffusion coefficients of pure CsPbBr3 (green) and CsPbCl3 (blue) as a 
function of inverse temperature. The diffusion coefficients of the pure phases are obtained by 
extrapolation of the experimental data via the theoretical model. The solid lines stand for the exponential 
fits 𝐷 = 𝐷$𝑒Md/efg. The activation energy of anion diffusion is 0.28 eV for both CsPbBr3 and CsPbCl3. 

 
 
5.4.3 Comparison with the diffusion coefficient in polycrystalline thin film 
 
The Estimation of halide diffusion coefficients (D) in CsPbBr3 and CsPbCl3 
polycrystalline thin film is as following: The ion conductivity (σ)	is	10Mk	~	10Ml(Ω ∙
cm)MIin (36) at about 400 K. The halide defect concentration (n) is expected in the 
order of ~10IqcmMr  in halide perovskites(37). According to Nernst–Einstein 

equation: D = stuv 
w-x

, D is estimated around 10My~	10Mz	cm@/s. 

 
Comparing 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 interfaces of polycrystals, as evidenced by Huang et al. (6) who showed 
a lower ion migration in larger grain size perovskite thin films. By eliminating grain 
boundaries and other extended defects in the single-crystal nanowires, our study has 
clarified a lower intrinsic anion diffusivity in lead halide perovskites. 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.  
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5.5 Conclusion 

  
Facile ionic transport in lead halide perovskites plays a critical role in device 
performances. Understanding the microscopic origins of high ionic conductivities has 
been complicated by indirect measurements and sample microstructural heterogeneities. 
Here we report the direct visualization of halide anion inter-diffusion in CsPbCl3-
CsPbBr3 single-crystalline perovskite nanowire heterojunctions using wide field and 
confocal photoluminescence measurements. The combination of nanoscale imaging 
techniques with these single crystalline materials allows us to measure intrinsic anionic 
lattice diffusivities, free from complications of micro-scale inhomogeneity. Halide 
diffusivities were found to be about 10-13 ~ 10-12 cm2/s at about 100 °C, which are 
several orders of magnitudes lower than those reported in polycrystalline thin films. 
Spatially resolved photoluminescence lifetimes and surface 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. Further, molecular simulations suggest that ionic motion is facilitated by 
low frequency lattice modes, resulting in low activation barriers for vacancy mediated 
transport. This work elucidates the intrinsic solid-state ion diffusion mechanisms in this 
class of semi-soft materials and offers guidelines for engineering materials with long-
term stability in functional devices.  
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