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Abstract

Cesium lead 1odide (CsPbl3) is a promising semiconductor with a suitable band gap for
optoelectronic devices. CsPbls has a metastable perovskite phase that undergoes phase transition
into an unfavorable non-perovskite phase in ambient environment. This phase transition changes
the optoelectronic properties of CsPbls and hinders its potential for device applications. Therefore,
it is of central importance to understand the kinetics of such instability and develop strategies to
control and stabilize the perovskite phase. Here, we use ultralong CsPbl3 nanowires as a model
platform to investigate the phase transition kinetics. Our results depict the role of environmental
stressors (moisture and temperature) in controlling the phase transition dynamics of CsPbls, which
can serve as guiding principles for future phase transition studies and the design of related
photovoltaics. Furthermore, we demonstrate the controllability of phase propagation on individual

nanowires by varying moisture level and temperature.
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Introduction

Halide perovskites are a class of promising semiconductors that can be easily upscaled for use in
optoelectronic devices, such as solar cells, lasers and light-emitting diodes,' and also model
materials systems to investigate fundamental physical phenomena.®'® Among these phenomena,
structural phase transition is particularly important, owing its relevance to the stability of
perovskite-based devices.*’ Phase transition is a ubiquitous phenomenon in many kinds of solid-
state materials, in which different phases exhibit distinctive properties due to their distinct crystal
structures.!"!? Halide perovskites exhibit diverse structural phases that undergo phase transition in
response to environmental factors such as moisture or heat,'3!® thus changing their optoelectronic
properties and compromising their device stability. For example, the perovskite (high-temperature,
HT) phase of all-inorganic cesium lead iodide (CsPbl3) and cesium lead iodide/bromide alloy
(CsPbls«xBrx) are preferable for photovoltaic applications, but unfortunately metastable at room
temperature, and they can transform into the non-perovskite (low-temperature, LT) phase upon
exposure to moisture. This transition has led to the instability and poor device efficiency of their
solar cells.*!'* Thus, a mechanistic understanding of phase transition dynamics is needed to enable

better phase control of the perovskite structure and higher stability of related photovoltaics.

A couple of studies have investigated this moisture-induced HT-to-L T phase transition behavior,
as well as the reversible heat-driven LT-to-HT phase transition in inorganic halide perovskites.>'8
Molecular dynamics (MD) simulations on the moisture-induced phase transition (MIPT) process
reveals that a thin water layer adsorbed on the surface of HT-phase CsPbls facilitates halide
vacancy formation, which lowers the energy barrier to LT-phase nucleation.'* Recent experiments

demonstrate an exponential dependence of the phase nucleation rate as relative humidity (RH)



levels increase in the MIPT of CsPbls microcrystals.'® A phase transition involves two stages:
phase nucleation and phase propagation (growth). Previous phase transition studies have not
focused on propagation stage, possibly due to the geometry limitations of samples.'>!8 Propagation
kinetics are also challenging to track; while polycrystalline thin films lack independence of grain
boundary, nano- or microcrystal samples do not have a single, well-defined axial propagation
direction, and phase transition events happen too fast in the small length scale of these materials.
Therefore, the exploration of phase propagation kinetics necessitates a suitable material platform.
Given the timescale of the growth kinetics (um/sec), an ultralong (i.e. close to millimeter scale)
nanowire (NW) form of HT-phase CsPbls provides an ideal one-dimensional platform for
analyzing phase propagation kinetics, owing to its well-defined interphase boundary along the
axial direction and its length scale.® Furthermore, phase control on the single crystal level can be
realized in the ultralong NW, and the phase transition process in inorganic halide perovskites can

also be better visualized through in situ photoluminescence (PL) microscopy.

Here, we revealed the HT-to-LT phase transition kinetics on individual ultralong CsPbls nanowires
(NWs) and demonstrated controllable LT phase propagation at the single NW level by adjusting
RH and temperature. The nucleation and propagation stages of the phase transition can be
effectively separated on the millimeter-long NWs (grown on sapphire via chemical vapor
transport). We observed that both, the nucleation fraction and the propagation rate increase with
RH level (between 30% - 80% RH) and decrease with temperature (between 20°C- 50°C). With
these ultralong CsPbls NWs as a model platform, we then demonstrated that moisture and
temperature can both serve as control knobs for tuning the phase propagation kinetics (i.e.

accelerate or decelerate/stop) at the single NW level. Furthermore, with 350°C thermal heating



under inert environment, the LT phase can be driven back to HT phase again. This controllability
can potentially provide solutions toward stabilizing the favorable HT phase for CsPbls-based
photovoltaics, creating reconfigurable lattice on demand, and designing new heterostructures with

tailorable optoelectronic properties.

Results and Discussion

CsPbls NWs on the M-plane sapphire substrates were prepared directly by chemical vapor
transport (CVT) (see SI for more details).!”?° We utilized a guided growth method that followed
epitaxial and graphoepitaxial relationships between the material and substrate to guide the CsPbl3
growth into well-aligned arrays. Due to the tiny accordion-like grooves on M-plane (10-10)
sapphire, CsPbls NWs can be guided to grow along the + [11-20] directions of the sapphire
structure.'®?° The as-grown NWs had a large aspect ratio (around 1000), with a width around 1
um and a length up to several millimeters (Figure 1¢ and S1). The scanning electron microscopy
(SEM) images indicated that CsPbls NWs had a triangular cross-section (Figure 1d and S1), with
the height of the NW being about half of its width. Recently, Ernesto and coworkers have carried
out a transmission electron microscopy (TEM) cross-section study on CsPbBrs NWs grown on M-

plane (10-10) sapphire.'*! Due to the similar crystal structure, the CsPbls NWs should grow along

[001] direction despite a slightly different lattice size compared to CsPbBr3. The chemical

composition and distribution of the corresponding elements in CsPbls NWs were confirmed by the
energy-dispersive X-ray spectroscopy (EDS), showing that Cs, Pb, and I were uniformly
distributed in the NW (Figure S2), with an atomic ratio of roughly 1:1:3. CsPblz NWs grown with
this CVT method adopted the HT perovskite phase, as confirmed by the PL emission centering at

710 nm (with a direct bandgap of ~ 1.73 eV) (Figure 1b).?> As a metastable state in the ambient



environment, the HT phase of CsPbls NWs undergoes transition into the LT phase upon exposure
to moisture (schematic shown in Figure 1a).'®?%2* The resulting LT phase of CsPblzs NWs had a
much lower PL emission intensity, with a peak centering at 450 nm (Figure 1b). Raman
spectroscopic measurement was carried out to identify the phase and the local symmetry unit. The
measurement on HT NWs showed peaks from orthorhombic phase, while the measurement on LT

NWs showed peaks from double-chain, non-perovskite phase on LT NWs (Figure S3).%

Rational control over the microstructure of a semiconductor is key to engineering its properties,
and the ability to grow previously infeasible material geometries can often lead to new discoveries.
This unique, ultralong NW platform has not only offered the opportunities to study epitaxial
relationship between perovskite and the sapphire substrate,'*?* but also enabled in-situ studies and
the control of NW phase transition. With a propagation speed of less than a micrometer per second,
the phase transition event in millimeter-long NWs would take minutes to complete, so the
microscopic structural transformation could now be directly visualized in a practical timeframe.
We used in-situ PL microscopy to capture the HT-to-LT phase transition kinetics on individual
CsPbls NWs under controlled RH and temperature conditions. The MIPT on ultralong CsPbls

NWs was observed to follow a similar reported mechanism,'*!®

containing the phase nucleation
and growth stages. As time progressed, the HT-phase portions (red emission) gradually
transformed into the LT-phase (blue emission) on each individual NW, as shown in Figure 2a.
Here, we recorded the time evolution of phase transition events under different conditions to
investigate the influence of environmental stressors (moisture and temperature). Substrates with

arrays of CsPbls NWs were consecutively placed in a closed chamber with different RH levels for

experiments. A 650 nm light-emitting diode light (wide field) was employed to excite NWs, while



an optical microscope equipped with a charge-coupled device (CCD) camera was used to collect
the PL emission. HT-phase CsPbls can be distinguished from LT-phase CsPbls by their different
PL emission. Segments of fully transformed NWs turned from bright to completely dark, and this

disappearance of bright emission was indicative of a phase transition event.

We analyzed the nucleation and propagation kinetics of the MIPT on these CsPbls NWs separately.
To make the comparison between different experiments meaningful, we compared the nucleation
fraction of each measurement. Here we define the nucleation fraction as the number of nucleation
events divided by the total number of NWs (chosen to be around 40 NWs), and this quantity can
be tracked as time progresses. The nucleation of LT phase typically started from the ends of the
NW with the appearance of the HT-LT phase interface, which can be distinguished by our wide-
field fluorescence microscope (as shown in Figure 2a, 3a and video S1). We recorded the
accumulated nucleation fractions versus time at different RH levels (38%, 53%, and 78%) and at
a fixed temperature (room temperature, 22°C). As shown in Figure 2¢ and Figure S4, the nucleation
fraction increased with the RH level. This increase can be explained by the fact that increasing RH
provided a larger driving force for iodide ions to migrate toward the water layer on the surface,
which increased the number of iodide vacancies on the surface of NW, leading to a reduction in
energy barrier and a higher nucleation fraction.!* The nucleation fraction versus RH level after 180

minutes was plotted in Figure 2b (left plot).

The dependence of phase nucleation on the temperature was also investigated. By controlling the
temperature, the adsorbed surface water molecular coverage can be altered,?®*’ thus modulating

the phase transition dynamics. As we increased the temperature from 22°C to 41°C (fixed RH level,



~55%), the nucleation fraction monotonically decreased with temperature (Figure 2d and Figure
S5); the fraction at the end of 180 minutes is plotted on Figure 2b (right plot). Such dependence
can be attributed to a decrease in the water layer coverage on the CsPblz NW surface at elevated
temperatures,'® thus leading to a decrease in the halide vacancy concentration and an increase in
nucleation energy barrier.!*!> As a result, mild heating decelerated the LT phase nucleation of the

MIPT in CsPbls.

The combination of the ultralong NW geometry and the high spatial resolution of PL imaging
techniques allowed for a quantitative analysis of phase-propagation rates along the NW. Motivated
by the uniqueness of this experimental platform, we designed experiments to investigate the
dependence of the phase propagation rate on RH and temperature. After the LT phase nucleation
was triggered on the NW, propagation of the LT phase proceeded along the axial direction of the
NW (Figure 3a, right). We measured the propagation rate by tracking the distance that the HT-LT
interface traveled within a time interval by using an in-situ PL microscopy. The propagation rate
is defined as the distance that the interface travelled divided by the corresponding time interval. A
clear HT-LT interface was also captured by SEM (Figure 3a, left). In the SEM image, the HT-
phase portion of the NW showed a smooth surface (on the two exposed top planes), while the LT-
phase portion showed crack formation, which can be explained by the relatively large change in

the unit cell volume during the structural transformation from HT phase to LT phase.?®*°

The RH- and temperature-dependent LT phase propagation rate is shown in Figures 3b and 3e,
with each data point representing the average of propagation rates measured using 5 to 8 NWs. We

observed that the propagation rate also increased with RH level when temperature was fixed at



22°C (Figure 3b, top). In principle, the phase growth kinetics can be described by an Arrhenius

equation:

Eq
KBT)

D = vexp(—

where D is the diffusion rate, v is a frequency factor that contains atomic mobility, and Ea, ks, and
T represent the activation energy for propagation, the Boltzmann constant, and temperature,
respectively.®*® The monotonic dependence of the phase-propagation rates on the RH levels
indicated that the activation energy, Ea, was possibly dominated by moisture content (adsorbed on
the CsPbls surface). However, the activation energy for the phase growth could not be extracted
from the temperature-dependent propagation measurement because higher temperature promoted
water desorption that changed the phase energetics (i.e. Ea is larger). As shown in Figure 3b
(bottom), temperature played a counteracting role in the phase growth stage in our system; the

average propagation rate decreased as the temperature increased (fixed RH level, RH~55%).

The aforementioned discussion and literature have mainly focused on the ensemble measurement
under static thermodynamic conditions. How kinetic factors (e.g., thermal fluctuation, dynamical
moisture gradient) contribute to the phase transition trajectories on a single NW is an interesting
topic, but is less explored. Here, our ultralong NWs provide a suitable platform for studying
responses of phase propagation to dynamical environmental factors. For instance, one can track
phase propagation while continuously changing external stressors (RH level and temperature).
Therefore, instead of only measuring propagation under a static environment, as shown above
(fixed RH and temperature), we changed the RH while the HT-LT interface was still propagating
to observe the growth kinetics on a single NW in situ (experimental setup in Figure 3d). From a

previous MD simulation, the characteristic timescale for the creation of one vacancy on the



perovskite surface was on the order of one millisecond,'* and the propagation rate for NWs was
on the order of 0.33 pum/s (at ambient condition, 23°C, RH=50%). Therefore, within 1 ms the HT-
LT interface can only move about 0.33 nm. Comparing 0.33 nm with the millimeter total length
of a NW, which is seven orders of magnitude longer, the interface can be considered as almost
standing still. Further, water adsorption/desorption at a solid interface happens at a much faster
time scale (ps to ns timescale),’' therefore a change in the moisture level should have an
instantaneous impact on the observed propagation rate. As shown in Figure 3¢, the solid green
lines indicate the distance travelled by the HT-LT interface on each NW within a time period (10
minutes). The propagation rate increased as we increased the RH level, demonstrating a similar
trend and value as seen in ensemble measurement under static conditions (Figure 2b), and
confirming that the change in RH level had a similar instantaneous effect on individual NWs.
When the RH level was abruptly lowered, as exhibited in Figure 3e top column (between
measurement number 4 and 5), the propagation was decelerated. We then gradually ramped up the
RH level, at which point the propagation started to increase, showing that the acceleration and
deceleration process was a “reversible” behavior (Figure 3e, between measurement 5-8). Here the
“reversible” behavior refers to propagation rates being cycled/switched back and forth by tuning

the environmental stressors.

Similar to the RH-dependent in-situ experiment, we conducted the in-situ temperature control
experiments. A thermoelectric pad was placed underneath the NW sample, enabling us to precisely
control the temperature (+1°C) by tuning the applied voltage. A K-type thermocouple was attached
to the sample substrate for monitoring the temperature change; an infrared thermometer was

employed to confirm the local temperature (Experimental schematic shown in Figure S6). When



the temperature was set at 23°C, the HT-LT interface on the NW propagated at a speed of 0.33
um/s. When the temperature was increased to 50°C and held for a certain time (around 5 minutes),
the propagation rate decreased significantly, approaching nearly 0.01 pm/s. When we reduced the
temperature back to 23°C, a higher propagation rate was once again observed (at a speed of 0.33
um/s) (Figure 4a), confirming a reversible behavior (RH fixed at 50%). We also carried out a cyclic
temperature control experiment, measuring propagation rates as we continuously switched

between different temperatures to further verify this reversibility (Figure 4b).

Thus far, we have shown that, by tuning the moisture level and temperature, one can effectively
alter the propagation rate of an individual NW. The propagation behavior we observed was
possibly due to a competition between the heating-facilitated atom diffusion and the heating-
promoted water desorption on the NW surface. An earlier report from our group quantitatively
described the detailed mechanism of the vacancy creation and activation energy reduction process
due to water adsorption:'* the number of vacancies increases exponentially with RH level, and the
nucleation time (from HT to LT) decreases exponentially with vacancy concentration.'* As
previously mentioned, the water molecule adsorption and the vacancy creation processes are at a
much faster timescale compared to the phase propagation in our ultralong NWs. Therefore, a
change in moisture level should have an immediate impact on the observed propagation rate. Our
experimental results suggested that this vacancy creation process was dynamic and reversible, and
can be modulated at a single NW level. The vacancy creation process can be linked to the activation
energy barrier reduction, as represented in Figure 4c (left: fewer vacancies; right: more vacancies)
and Figure 4d. Furthermore, we demonstrated that heating the LT phase NWs at 350°C in an inert

environment can drive the NW transition from LT to HT phase, and complete the entire phase



transition cycle (the NWs were quenched to room temperature after 350°C heating for 30 minutes,
and afterwards they remained in metastable HT phase) (Figure S7). All of the above dynamic
controls on the phase transition demonstrated the capability of designing and manipulating such a

reconfigurable lattice on demand.

Conclusion

In this work, we have investigated both the phase nucleation and propagation (growth) kinetics,
from HT to LT in the MIPT of ultralong CsPbls NWs. Our experiments revealed that both
nucleation and propagation rate increase with RH and decrease with temperature. Utilizing
moisture and heating as control knobs, we have demonstrated a reversible control on a single NW,
where the propagation can be accelerated or decelerated down to the micrometer level. These
dynamical and reversible controls stem from the enhancement or suppression of halide vacancy
formation caused by water adsorption or desorption, thus effectively modulating the activation
energy barrier of phase transition. Our results render new insights into the phase transition kinetics
and offer strategy towards stabilizing the preferred HT phase of CsPbls, thus enabling applicability
in perovskite solar cells and other optoelectronic devices. Further, this platform provides an ideal

example of a reconfigurable lattice on demand and its tunability.
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Figure 1. Characterization of CsPbls NWs. (a) Schematic of the HT-CsPbls and LT-CsPbls phases.
(b) PL spectra of HT and LT CsPblz NWs. (¢) SEM images of CsPbls NWs on M-sapphire. Scale
bar left: 25 um. Scale bar right: 10 um. (d) Left: Schematic illustration of the M-plane sapphire

and directional growth of the NW. Right: Zoomed-in SEM image of the NW. Scale bar: 5 pm.
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Figure 2. Nucleation behavior of CsPbls NWs. (a) Representative confocal PL images illustrate
nucleation behavior as time progresses (from Ti to T2). Red channel: 695-715 nm; Blue channel:
450-500 nm. Scale bar: 200 um. (b) Left: Nucleation fraction at different RH levels (at 180 min).
Right: Nucleation fraction at different temperatures (at 180 min). (c) Dependence of nucleation
fraction to different RH. RH levels: 38%, 53% and 70%. (fixed temperature, ~22°C). (d)
Dependence of the nucleation fraction to different temperatures. Temperatures: 22°C, 26°C, 30°C

and 41°C. (fixed RH level, ~55%).
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Figure 3. Propagation rate at static and dynamic conditions with moisture as a control knob for
HT-LT propagation. (a) Left: SEM images of a HT-LT NW heterostructure. Scale bar: 1 um. Right:
Confocal PL images showing a moving interface between HT and LT phases. Red channel: 695-
715 nm; Blue channel: 450-500 nm. Scale bar: 60 um. (b) Top: Propagation rate at different RH
level at fixed temperature (room temperature, ~22°C). Bottom: Propagation rate at different
temperatures with a fixed RH level (RH~55%). (c) Time-lapse PL images of the NW under
different RH levels. The dashed lines indicate the interface position in the beginning of the
propagation; solid green lines mark the distance that interface has propagated within a time period
(11 mins). Scale bar: 125 um. (d) Experimental setup for in-situ RH control and read-out. (¢)
Propagation rate of the NW (lower plot) while dynamically changing the RH level (upper plot)

(temperature fixed at 22°C).
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Full description of NW synthesis, materials characterizations, SEM images and optical images of
the ultralong NWs, EDS analysis for CsPbls NWs, Raman spectrum on CsPbls NWs, Time-lapsed
PL images of nucleation at different conditions, Confocal PL images of LT-HT transition. A video

showing NW phase propagation is also provided.
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