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ABSTRACT:

Triiodide perovskites CsPbls, CsSnl; and FAPbl; (where FA is formamidinium) are highly
promising materials for a range of optoelectronic applications in energy conversion. However,
they are thermodynamically unstable at room temperature, preferring to form low-temperature
(low-T) non-perovskite phases with one dimensional (1D) anisotropic crystal structures. While
such thermodynamic behavior represents a major obstacle toward realizing stable high-
performance devices based on their high-temperature (high-T) perovskite phases, the underlying
phase transition dynamics are still not well understood. Here we use in situ optical micro-
spectroscopy to quantitatively study the transition from the low-T to high-T phases in individual
CsSnlz and FAPbI; nanowires. We reveal a large blueshift in the PL peak (~38 meV) at the low-T
/high-T two-phase interface of partially transitioned FAPbIz wire, which may result from the lattice
distortion at the phase boundary. Compared to the experimentally derived activation energy of
CsSnlz (~1.93 eV), the activation energy of FAPbI; is relatively small (~0.84 eV), indicating a
lower kinetic energy barrier when transitioning from a face-sharing octahedral configuration to a
corner-sharing one. Further, the phase propagation rate in CsSnl; is directly observed to be
relatively high, which may be attributed to a high concentration of Sn vacancies. Our results not
only facilitate a deeper understanding of phase transition dynamics in halide perovskites with
anisotropic crystal structures but also enable controllable manipulation of optoelectronic properties

via local phase engineering.
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Introduction

Controlling inherent phase transitions can allow for highly tunable optoelectronic properties when
considering changes between significantly dissimilar semiconductor crystal lattices and
structures'?. Examination of such transition dynamics in semiconductors has not only facilitated a
deeper understanding of complex -electron—electron and electron-phonon interactions in
correlated-electron materials®, but also has led to novel functionalities, such as ultrafast switchable
optoelectronics**. However, understanding the contributions of different symmetry and crystal
structures to solid-solid phase transition dynamics and how defects can influence phase

propagation remains limited.

As emergent semiconductor materials for optoelectronics®'°, metal halide perovskites ABX3 ( A=
Cs", CH3;NH3", NH,CH=NH,", etc. B = Pb*, Sn?', etc. X = CI', Br, I') are an ideal platform to
study phase transition processes due to their rich structural phase transitions'!. Their soft ionic
lattices allow for a variety of transitions between low-temperature (low-T) non-perovskite and
high-temperature (high-T) perovskite phases when the tolerance factor of the ionic radius deviates
from the appropriate range to maintain a perovskite structure. For example, considering CsPbBr«I3.
« (X = 2) at room temperature, the relatively small ionic radius of atomic Cs' results in an edge-
sharing BXs octahedral network, forming a 1D double-chain orthorhombic structure (Fig. 1a).
Although CsSnl; and CsPbI3 share the same crystal structure, tin-based perovskites are dominated
by Sn vacancy defects'?, owing to the presence of Sn*', rather than the halide vacancies which are
commonly found in lead-based counterparts'? ( Fig. 1b). In formamidinium lead iodide (FAPbI3),
the Pbls octahedra are connected face-to-face to form 1D chains and a hexagonal crystal structure
(Fig. 1c), because of the relatively large ionic radius of molecular cation NHoCH=NH," (FA").
Therefore, these materials are promising candidates for studying phase transition in 1D anisotropic
crystals with different crystal structures (i.e. CsPbl; and FAPbI3) and different defect types (i.e.
CsPbl; and CsSnl3). While many efforts have been made to preserve the high-T phases in these
compositions and realize high-performance optoelectronic applications'* %, their phase transition
dynamics is still poorly understood. The dramatic change in optical properties between the high-
T and low-T phases enable direct observation of the phase transition dynamics, via optical imaging
and spectroscopy. Recently we systemically studied the phase transition nucleation and

propagation in CsPbBr2I nanowires with an activation energy around 2.18 eV'’. Here we observe



a relatively low activation energy (~0.84 eV) in FAPbI3, indicating a small kinetic barrier when
transforming from a face-sharing octahedral configuration to a corner-sharing one. In addition, the
high Sn vacancy concentration is likely to facilitate the high phase propagation rate observed in
CsSnls. Our results can promote the understanding of how crystal structures and defect types direct
the phase transition in halide perovskites with 1D anisotropic crystal structures. Moreover, control
over phase transition may provide potential solutions towards regulating the corresponding desired

optoelectronic properties.

Results and discussion

The thermodynamically stable low-T phase CsPbBr«I3.x and CsSnl3 nanowires or microwires were
directly synthesized via our previous reported methods?>!. Low-T phase FAPbI; microwires can
be obtained via a similar solution processing method (Fig. S1, detail in SI). The wires present with
a hexagonal cross-section (Fig. S2), reflecting its hexagonal crystal structure. Owing to the 1D
anisotropy in these crystal structures (Fig. 1a-1c), the wire morphology of low-T phases can be
successfully synthesized. These low-T phases undergo phase transition after thermal annealing and
subsequent cooling in an inert atmosphere. Ex-situ powder x-ray diffraction (PXRD) in Fig 1d-e
confirms that CsPbBrxlzx and CsSnlz transform from an edge-sharing non-perovskite
orthorhombic phase to a corner-sharing orthorhombic perovskite structure. The PXRD shows the

phase transition in FAPbI; to a corner-sharing perovskite cubic phase (Fig. 11).

The low-T phases usually have a large bandgap energy and poor optical response/activity, i.e.
exhibiting weak and broad photoluminescence (PL). The bandgap is dramatically reduced and the
PL emission is significantly enhanced, accompanying with the formation of their high-T phases
after thermal heating. Specifically, the strong and narrow PL emission peaks are shown in Fig. 1g-
11; CsPbBr2l features a narrow peak at ~580 nm, CsSnls at ~ 950 nm, and FAPbI; ~820 nm. Thus,
we aim to utilize this significant contrast in optical activity between the low- and high-T phases to
monitor the phase transition dynamics. Previously we have reported an in-situ thermal induced
phase transition study via SEM-cathodoluminescence (SEM-CL) based on this large difference in
emission intensity'®. Although in-situ SEM-CL experiments while heating provide high spatial

resolution, the relatively harsh conditions required for these experiments — including high vacuum



and high-energy electron beam exposure may cause degradation and decomposition in the

typically more vulnerable organic-inorganic perovskites, like FAPbIs.

It follows that all-optical microscopy methods provide far more stable conditions, being non-
contact and less destructive to the characterized materials. When heating under an inert atmosphere,
the low- and high-T phases can be clearly differentiated in sifu using the contrast created in their
reflection of white light. Under white light illumination, the initial low-T phase FAPbI; wires
appear relatively light, due to their large bandgap (~2.54 eV) and weak visible absorption.
However, their appearance becomes much darker after a phase transition at high temperatures
because of the large reduction in the bandgap (~1.53 eV), as depicted in Fig. S3. This suggests that
the phase transition process and the two-phase interface propagation can be well-captured via all-
optical imaging techniques. The different lattice vibrational signatures during the phase transition
can further be resolved via Raman spectroscopy. We first confirm thermal phase evolution in-situ
using Raman spectroscopy. As seen in Fig. 2A, below the phase transition temperature at 100 °C
the low-T phase FAPbI; shows a strong peak at ~ 107 cm™!, which corresponds to the Raman
feature of 5-FAPbI; in previous reports'®22. At higher temperatures the low-T phase peak weakens
and is replaced with a new band around 136 cm™!, indicative of the formation of high-T perovskite
phase at 140 °C. The coexistence of the two peaks at intermediate temperatures suggests the
possible formation of a two-phase junction under the Raman micro-probe. The peak of low-T
phase disappeared with a complete transition to the high-T phase when the temperature passed 150

°C.

Using a thermal quench to introduce a partial phase transition, we can obtain FAPbI3 two-phase
heterojunction for investigating the optical properties at the interphase boundary. Fig. 2b shows
confocal PL spectra recorded from different locations in a two-phase heterojunction. The high-T
phase segment of the wire is easily identified by its dark contrasting color, as shown in the
corresponding optical image. The PL emissions measured at locations relatively far away from the
interface (blue and green lines in Fig. 2b) peak around 820 nm, which is consistent with the
emission of bulk High-T phase FAPbI;. When approaching the interface (red line in Fig. 2b) the
PL peak is seen to blueshift slightly (~7 meV) to 816 nm. Further, the blueshift is significantly

enhanced (~38 meV) in the PL spectrum recorded at the two-phase interface (black line in Fig.



2b), peaking near 800 nm. The addition of periodic sub-peaks on the PL spectrum recorded at the
junction may also indicate a strong exciton-phonon interaction. A large PL blue-shift (> 68 meV)
was previously observed in o/d phase junction FAPbI; thin film 232* and was attributed to the band
bending of valence band and conduction band at the junction. However, we do not observe a
noticeable blue-shift in a low-T/high-T phase CsPbBrxls.x nanowire (Fig. S4), indicating that the
band offset of an intermediate band at the junction may not be the key reason in our phase
heterojunctions. The different optical features in two-phase junctions of FAPbIz and CsPbBrxl3.«
most likely relate to their differences in microscopic structure at the phase boundary, which will

be discussed in detail next.

The ex-situ selected area electron diffraction (SAED) from initial low-T phase and fully
transformed high-T phase FAPbI; nanowires (Fig.3) can provide indirect evidence of the
microscopic crystal structure at the interface. The SAED pattern of a low-T phase FAPbI3
nanowire (Fig. 3a) indicates that the nanowires are single crystalline and their growth directions
may be indexed to the [001] axis (along the face-sharing 1D chain direction) of the hexagonal
structure in Fig. 1c. Such a preferred growth direction results directly from the anisotropic crystal
structure. The thermally transformed high-T phase nanowire shows a (pseudo-)cubic perovskite
SAED pattern with the corner-sharing octahedral oriented along the long wire axis (Fig. 3b).
Therefore, the most likely interphase orientation is that face-sharing 1D chain direction of low-T
phase FAPbI; adjoins the corner-sharing octahedra of the high-T phase FAPbIs. This configuration
is similar to our previous study in CsPbBr2l nanowires, where the molecular simulations reveal
the formation of an atomically thin structurally disordered amorphous interfacial layer'®. Given
that organic cations (CH3NH;" and FA™) have larger polarizability than the rigid Cs" cation %, it
is reasonable to consider a thicker and more flexible disordered two-phase interface in FAPbI;.
The interfacial strain can propagate along the wire and may induce the distortion and tilting of
octahedra close to the phase boundary (Fig. 3c). Consequently, the lattice distortion would
introduce an increased bandgap?® and thus can explain the blue-shift PL at the interface. The
relatively rigid lattice in CsPbBr«I3.x makes the structural distortion with an atomically thin layer
and thus difficult to be reflected via PL spectrum in Fig. S4. Further, the more deformable lattice

in FAPbI; may result in a strong electron-phonon coupling at the interface. Therefore, we



hypothesized that the lattice distortion owing to the disordered amorphous interfacial layer

probably attributes to the significant PL blue-shift in Fig. 2b.

We next quantitatively assess the phase boundary propagation via in sifu optical imaging while
heating the samples under an inert atmosphere. Fig. 3a shows a time series of optical dark-field
images of evolution from FAPbI3 low-T phase to high-T phase, highlighting the clear contrast
change. Due to the limitation of optical diffraction using visible light, microwires are more easily
distinguished during the phase transition, while wires with smaller diameters (i.e. nanowires) are
difficult to recognize, due to the difference in optical contrast. We measure the phase propagation
rates of individual microwires at temperature ranging from ~150 to ~175 °C (Fig.S5). The black
triangles symbols in Fig. 4b show the distribution of FAPbI; phase propagation rates. Here we
observe average propagation rates ranging from a few hundred nm/s to a few um/s. Thermal
dissipation should not be the major contributor to the propagation speed here. A pure thermal
propagation rate is estimated more than 1000 um/s in halide perovskites, which is orders of
magnitude faster than the phase propagation we see (detail see SI). Note that the relatively fast
phase propagation makes it difficult to measure the phase propagation rate before reaching
constant temperature. Thus, the phase propagation rate is calculated using the average temperature
during the increasing ramp. Through fitting of these data with an Arrhenius function, the
propagation rate in FAPbI; as a function of temperature reveals an activation energy of 0.84 +0.25
eV. This value is comparable to the calculated activation barrier value of ~0.6 eV, which was

previously reported by Chen et al.?’.

The temperature dependent phase propagation rate of CsSnlz can be obtained in a similar fashion
(Fig. S6, red squares in Fig. 3b), yielding a rate (~3 um/s around 163 °C )which is roughly three
orders of magnitude higher than the values of derived for CsPbBr2l nanowires (~3 nm/s at
163 °C )from our previous work!® (blue line in Fig. 3b). Notably, the activation energy of CsSnl;
(1.93 £ 0.30 eV) is slightly lower than the values of CsPbBr2I (~2.18 eV). Since the low-T phase
of both CsSnlz and CsPbBr:I share the same crystal structure, it is not surprising that a similar
kinetic barrier is observed during the transformation from edge-sharing to corner-sharing metal
halide octahedra. Considering the phase growth in CsPbBrl is expected to be directed via ion

diffusion mechanism'®, the higher phase propagation rate may likely be attributed to the relatively



high concentration of Sn vacancies in CsSnls; perovskite. The other related processes may involve
possible lattice distortion, the contribution from intrinsic electron/hole carriers in the CsSnl; lattice.
A significantly smaller activation energy is observed in FAPbI3, indicating a small kinetic barrier
height to transition from a face-sharing phase to a corner-sharing octahedra configuration. We
suggest that a molecular simulation might help to better elucidate the details of this transition and
underlying microscopic mechanisms, such as how Sn vacancies facilitate accelerated phase
propagation and how the rotation /orientation of dynamic organic cation FA™ at the interface. These
values of activation energy from non-perovskite-to-perovskite phases are much higher than those
phase transitions within ideal cubic perovskite and distorted perovskite phases in MAPbI3 (< 0.25
eV)?®. Unlike the martensitic-like transformation which only involves with rotation of metal halide
octahedral or reorientation of molecular cations, constructive transformation in these 1D
anisotropic perovskite crystal undergoes ionic bond breaking and reformation. In oxide perovskite
(Mg,Fe)Si03, for example, an anisotropic post-perovskite phase where the octahedra form edge-
sharing rutile-like columns is transformed from the perovskite phase under extremely high
pressure and temperature inside the earth’s lowermost mantle?. The molecular simulation reveals
a high activation energy (~2.3 eV) at 120 GPa in the phase transition pathway>’. The experimental
observation of such phase transition dynamics remain quite challenging so far. The halide systems
studied here with analogous crystal structures may be alternative approaches to experimentally

investigate phase transition dynamics in oxide perovskite crystals of great interests.

Conclusion

The structural phase transitions to corner-sharing perovskite phases in 1D anisotropic crystal
structures (CsPbBrxI3.x ,CsSnlz, FAPbI3) can be investigated via in-situ heating optical imaging
and Raman spectroscopy. Compared to CsPbBrxls.x, the low activation energy in FAPbI; indicates
a small kinetical barrier for the transition from face-sharing to corner-sharing octahedra
configuration. In contrast, the inherently high Sn vacancy concentration is likely to facilitate the
relatively high phase propagation rate observed in CsSnlz. Together, these results not only provide
important details of the correlation of crystal structure and defect type to phase transition dynamics,

but also enable the interpretation of these phenomena within the wider perovskite material family.



Supplementary material

Detailed method for nanowires synthesis, structural and composition characterizations, optical

measurements, discussion of thermal propagation rate, SEM images and SEM-EDS of FAPbI;,

confocal PL spectra of a low-T/high-T CsPbBr«I3.x nanowire heterojunction, optical images of

CsSnls phase transition.
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Figure 1. Ex-situ characterization of phase transition in 1D anisotropic halide perovskite.

Schematic diagram of the structure of low-T phases of (a) CsPbBrxlIzx, (b) CsSnls, (¢) FAPbIs.

(grey = Pb atoms; purple = X atoms; green = Cs atoms). Edge-sharing metal halide octahedral

form 1D double-chain structure in orthorhombic CsPbBrxlsx and CsSnl;. Sn vacancies are

expected in CsSnl; due to the presence of Sn*'. Face-sharing metal halide octahedral form 1D

single-chain structure in hexagonal FAPbIz. (d-f) PXRD patterns of as-synthesized low-T phases
(black lines) and thermally transformed high-T phases (red lines) of CsPbBr2l (d) , CsSnls (e),
FAPDI3(f). (g-i) PL intensity of as-synthesized low-T phases (black lines) and thermally
transformed high-T phases (red lines) of CsPbBr21(g) , CsSnlz (h), FAPbI; (i).
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Figure 2. Optical measurements of FAPbI3 phase transition. (a) in-situ Raman spectra evolution
from low-T phase to high-T phase FAPbIs. (b) Confocal PL spectra of a low-T/high-T two-phase
heterojunction. The PL spectra of blue, green, red, black are corresponded to PL emission of the

spots (blue, green, red, white) in the optical image. The scale bar is 5 um.
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Figure 3. The TEM characterization of the low-T phase and high-T phase FAPbIs. (a) The long
axis direction in the low-T phase may be indexed to the [001] axis (along face-sharing 1D chain
direction) of the hexagonal phase. (b)The thermal transformed high-T phase nanowire shows a
cubic perovskite SAED pattern with the corner-sharing octahedral oriented along the long axis.
The scale bar is 500 nm. (¢) A proposed scheme of the crystal configuration at the phase interface.
The face-sharing 1D chain direction of low-T phase abuts corner-sharing octahedral of high-T
phase. A disordered amorphous interfacial layer exists at the phase boundary. The octahedral

bonds are distorted and tilted close to the phase boundary.
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Figure 4. Optical imaging and quantitative analysis of perovskite phase propagation. (a) the time
series of optical dark-field images of FAPbI; perovskite phase evolution. The temperature range
is 155 -160 °C. Each frame is approximately 3s. The scale bar is 5 um. (b) propagation rate
distribution and corresponding Arrhenius plot fitting. The vertical axis is logio in nm/s units. The
FAPbI; (black triangles) shows activation energy about 0.84 & 0.25 eV. The CsSnl; (red squares)
shows activation energy about 1.93 £ 0.30 eV. The blue line is the results of CsPbBr2l in ref 19.
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