¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Mechanism of non-catalytic chemical vapor
deposition growth of all-inorganic CsPbX;
(X = Br, Cl) nanowiresf

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2021,
9, 3229

3 Roberto dos Reis, (2 ¢ Wayesh Qarony, (2 9©

fand Kin Man Yu @ *@f

Mohammad Kamal Hossain,
Yuen Hong Tsang, (2 ¢ Johnny C. Ho

The growth of high-quality nanostructures using chemical vapor deposition (CVD) normally requires
metal catalysts, which when incorporated in the nanostructures may severely affect their properties.
Here, we report on the non-catalytic CVD growth of all-inorganic CsPbXs (X = Br, Cl) perovskite
nanowires (NWs) with an emphasis on understanding the growth mechanism via detailed electron
microscopy and spectroscopic studies at different stages of the growth. We show that the chemical
vapors initiate the nucleation and growth of halide nanoparticles, followed by structural transformations
through axial elongation into nano-capsules and dumbbells, and eventually these dumbbells meet and
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1 Introduction

Semiconductor nanostructures, in particular one dimensional
(1D) nanowires (NWs), with their excellent photon and carrier
confinement behaviors, are considered as essential building
blocks in a variety of electronics and optoelectronics
applications."™ Because of their nanoscale dimension, NWs are
normally in single crystalline form with no domain boundaries.
Hence NWs typically have enhanced phase stability and lower
defect density than semiconductors in the bulk and thin film
forms.*™® Furthermore, in integrated circuits (ICs) applications,
NWs can work simultaneously as a functional unit as well as
interconnects.” These distinctive features of NWs make them very
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their characteristics to enhance their functionalities for novel optoelectronic devices.

useful for the miniaturization of many high-efficiency semi-
conductor devices.®’

Metal halide perovskites (MHPs) have attracted immense
attention during the last decade due to the record power
conversion efficiency (PCE) of 25.5% and 29.1% reported
respectively for organohalide perovskite (OHP) and OHP/Si
tandem solar cells.>'®'" However, the organic cation groups
in OHP materials are vulnerable to moisture and heat which
give rise to ambient air and thermal degradation of OHP solar
cells, and thus hampering their large scale deployment.>*>™*
On the other hand, despite comparatively lower PCE (~18%)
reported for all-inorganic halide perovskite (IHP) solar cells,
IHP materials are thermally stable and resistant to moisture.">*®
In addition, they also have many unique properties, including
wide band gap tunability, strong optical absorption, long
carrier diffusion length, and high carrier mobility, making IHPs
potentially suitable for light-emitting and other optoelectronic
applications.>®™° Therefore, in recent years, IHP materials have
been widely studied in their many different forms, including
quantum dots, nanowires, nanorods, colloidal nanocrystals,
nano-micro plates, and thin films grown by different synthesis
approaches. %7

Although NWs of many different semiconductor materials
have been extensively studied for several decades, IHP NWs
have only started to attract attention in the last five years.*?
However, there are several reports on all-inorganic cesium lead
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halide, CsPbX; (X = Br, Cl, I) perovskite NWs.>'*'#2¢3° Among
them, Zhang et al reported catalyst-free solution phase
synthesis while Meng et al. reported catalytic chemical vapor
deposition (CVD) based vapor-liquid-solid (VLS) growth of IHP
NWs.'®27 Although solution phase synthesis is a common,
low-cost method, it usually results in polycrystalline materials
with high density of defects and impurities from the solvents
and surfactants used in the process.>**™** On the other hand,
CVD using the VLS method is a well-known way to synthesize
high quality single crystalline nanostructures. However, the
catalytic metal which may be incorporated during growth can
be extremely detrimental to the electrical and optical properties
of the NWs, and therefore, limits the performance of the final
device.4,6,8,9,34—36

To address the short-comings of the catalytic VLS process, a
number of attempts have been taken to realize non-catalytic
CVD (NC-CVD) synthesis of IHP NWs on a variety of substrates
including muscovite mica, c-plane sapphire (c-Al,03), m-plane
sapphire (m-ALO;), and SiO,/Si."'*'®?¢37%% n some of
these studies, the NC-CVD NW growth mechanism has been
discussed. For example, Wang et al. suggested that the epitaxial
growth of IHP NWs were caused by van der Waals force while
Chen et al. believed that it can be attributed to the lattice
mismatch between materials and the substrates.>*' Although
an in-depth and clear understanding of the materials’ growth
mechanism is critically important to control their growth
characteristics and properties, up to date detailed systematic
investigation on the NC-CVD growth mechanism of IHP NWs is
still lacking."*®3%*>

Here, we report on the NC-CVD growth of IHP (CsPbBr;
and CsPbCl;) NWs aiming at understanding their growth mecha-
nism. We performed a comprehensive study on the halide NWs
growth at different stages on both amorphous SiO,/Si and
sapphire substrates. Similar characteristic growth features were
observed for NWs grown on both substrates. Although similar
random nucleation of the CsPbX; particles was initiated on
different substrates, the growth of the NWs on the amorphous
substrate was found to result in curvy and long straight random
shapes, while NWs on sapphire followed the hexagonal crystal
facets of the substrate. Time evolution investigation revealed
that these NWs were formed via a vapor phase self-assembly of
the halide particles, namely nucleation of ternary halide
particles, followed by a structural transformation through
axial elongation and finally coalescence into NW structures.
Furthermore, photoluminescence (PL) mapping and p-Raman
spectroscopy measurements demonstrate that nanoscale
features found on substrates at different growth stages have
similar material properties as the final NWs. We believe that this
self-assembly mechanism can be extended to understand growth
of different nanostructures of other semiconductor materials.

2 Results and discussion

Growths of all IHP NWs on different substrates were conducted
in a home-built CVD system (Fig. S1 in the ESIf). Briefly, a
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boron nitride (BN) boat loaded with precursor materials, PbX,
and CsX (X= Br or Cl) with a molar ratio 1:1, was introduced
into the central heating zone of the CVD furnace while the
substrates were positioned a bit away towards the downstream
zone. Within the optimized growth environment, as soon as the
furnace temperature reached the optimum set value, the
growth was initiated and continued for a set period of time.
As soon as the growth ended, the furnace was programmed to
cool down to room temperature. Details of the growth can be
found in the “Materials and Methods” section.

CsPbBr; and CsPbCl; NWs grown on c-plane sapphire
(c-Al,03) were studied in detail in the first part of this work.
The study was then further extended to NWs grown on
amorphous SiO,/Si substrates. A very similar growth mechanism
was observed for the halide NWs grown on both crystalline
(c-Al,05) and amorphous (SiO,/Si) substrates, suggesting their
substrate independent non-catalytic growth nature. Finally,
spectroscopic studies were performed to understand the correlation
among different nanoscale features obtained in the time
evolution growth of the NWs.

2.1 Structure and composition

Fig. 1a shows a typical field emission scanning electron micro-
scopy (FESEM) image of CsPbBr; NWs grown on c-Al,0;. These
NWs are found to be aligned with the hexagonal crystal facets of
the sapphire substrate with a typical length of ~10 um. The
cross section of the NWs is triangular in shape with a base of
~250 nm and a height of ~40 nm as depicted in the atomic
force microscopy images in Fig. 1b and c. Unlike NWs grown
on c-Al,O3, CsPbBr; NWs grown on amorphous SiO,/Si are
randomly oriented on the substrate surface with both curvy
and straight long shape with no specific preferred growth
direction. Their length and thickness are slightly larger than
those grown on sapphire substrates (Fig. 2g and j). However,
NWs on both substrates are of triangular cross-section as
revealed by the high-resolution atomic force microscopy
(AFM) studies. A similar NW structure has also been reported
earlier for the same material and substrates."®>°
Transmission electron microscopy (TEM) and energy
dispersive X-ray spectroscopy (EDX) studies confirm that these
NWs are single crystalline with the expected 1:1:3 (Cs: Pb: Br)
elemental composition. The lattice spacing of d = 0.41 nm is
obtained from the high-resolution transmission electron micro-
scopy (HRTEM) image shown in Fig. 1d, which corresponds to
the (110) plane of the monoclinic CsPbBr; crystal phase.'® The
monoclinic crystal structure of the CsPbBr; NWs is further
confirmed by the corresponding fast Fourier transform (FFT)
of the HRTEM image and the X-ray diffraction pattern shown in
Fig. 1e and f, respectively. Note that in the XRD pattern the
intensity ratio of the diffraction peaks are different from that of
the powder diffraction pattern. This suggests that the growth
direction of nanowires was not random. Within the area covered
by the X-ray beam, more of the NWs were grown with a preferred
(100) direction so that the diffraction peaks from the (100) and
(200) planes are stronger. Likewise, microstructural information
along with well-defined triangular prismatic morphology was

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) A field emission scanning electron microscopy (FESEM) image of CsPbBrz NWs grown on c-Al,Os. (b and c) An atomic force microscopy (AFM)
image showing triangular morphology and the corresponding line scan showing the height of the nanowire. (d and e) A HRTEM image and the
corresponding FFT pattern of a CsPbBrz NW. (f) An X-ray diffraction pattern from CsPbBrz NWs grown on c-Al;Os.

observed for high-quality CsPbCl; NWs. In this case, a tetragonal
crystalline phase was confirmed by both XRD and HRTEM
studies (Fig. S4, ESIt), similar to a previous report on the same
materials system."®

The chemical compositions and the valence state of differ-
ent elements were studied by XPS measurements. The binding
energies in XPS spectra are calibrated with the C 1s peak at
284.4 eV. The core level spectra of Cs 3d, Pb 4f and Br 3d of the
self-assembled all-inorganic CsPbBr; NWs are shown in Fig. S5
(ESIT). The Cs 3ds/, peak with binding energy at 724.8 eV shown
in Fig. S5b (ESIt) is comparable to that obtained for hybrid
halide perovskites and that for all-inorganic CsPbBr; quantum
dots reported earlier.*>** The peaks with binding energies at
139 and 143.8 eV in Fig. S5¢ (ESIt) are consistent with values for
Pb 4f;/, and Pb 4f;, in PbBr,, respectively. Finally, the peak at
binding energy of 74.1 eV can be assigned to Br 3d,,, which is
shown in Fig. S5d (ESIt).'****® Similar XPS survey and core
level spectra were also obtained for CsPbCl; NWs. Composition
information obtained from XPS measurements further
confirmed values obtained from energy dispersive X-ray
spectroscopy (EDS) in the TEM. EDS elemental mappings of
CsPbX; (X = Br, Cl) nanowires reveal that all the component
elements are evenly distributed throughout the investigated
structures. The corresponding elemental mapping obtained for
the representative CsPbX; (X = Br, Cl) NWs samples are shown
in Fig. S6 (ESIY).

2.2 Nanowire formation through vapor phase self-assembly
mechanism

A systematic study was performed to understand the mechanism
of the NC-CVD growth of IHP NWs. Fig. 2 shows a series of
FESEM images of NC-CVD grown CsPbBr; NWs at different
growth stages on both amorphous SiO, (a—j) and crystalline

This journal is © The Royal Society of Chemistry 2021

c-Al,O; (k-m) substrates. These images reveal that irrespective
of the crystallinity of the substrate, NWs were grown via a
mechanism involving the nucleation of metal halide particles
(Fig. 3a and d) followed by a self-assembly of these particles into
longer chains (Fig. 2a-f, h-i and k, 1), and finally forming
complete nanowires (Fig. 2g, j and m). Note that these features
are present in different areas of the sample after a single growth
process.

For a better understanding of the growth mechanism, we
performed a series of NC-CVD NW growths for different growth
time durations. Fig. 3 shows a series of FESEM images of the
growth evolution of CsPbBr; (Fig. 3a-c) and CsPbCl; (Fig. 3d-f)
NWs on the c-Al,0; substrate for different growth time
durations. The different features obtained at different stages
of the NW growth are clearly illustrated in the figure. As soon as
the furnace temperature reaches the highest optimized set
value, precursor vapors are generated. Vapors are then
transported to the downstream CVD zone by a constant flow
of the carrier gas. Due to the temperature gradient between
centre and the downstream zone of the CVD furnace, conden-
sation of the vapor molecules occurs on the substrate surface.*’
Within the first 10-20 min of the growth, this thermal gradient
facilitates the nucleation of the CsPbX; vapor particles onto the
substrates.*® As is seen in Fig. 3a and d, within this time frame,
random nucleation, and agglomeration of CsPbBr; and
CsPbCl; particles, respectively, occur on the substrate with
~200 nm in the particle size.

Prolonged growth duration to 30-40 min results in a
reduction in the small halide particle population'® and the
growth of individual sphere-like shape particles up to hundreds
of nm in size (Fig. 2a, k and 3b, e). Such Ostwald ripening of
metal halide nanoparticles arises from more deposited materials
as well as mass transfer from smaller neighboring particles,
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Fig. 2 FESEM images at different steps in the NC-CVD growth of CsPbBrs NWs on: (a—j) amorphous SiO,/Si and (k—m) crystalline c-Al,O3 substrates.
(g and j) and (m) show different final shapes of CsPbBrs NWs on SiO,/Si and Al,Os substrates, respectively.

0 <t<20 mins 30 <t<40 mins 40 <t <60 mins

C
10 pm

10 <t <20 mins 30 <t <40 mins 40 <t <60 mins

Fig. 3 Time evolution of CsPbXsz (X = Br, Cl) perovskite nanowires in NC-CVD growth. (a—c) and (d—f) are the FESEM images of 3 different stages of the
time evolution growth of CsPbBr3s and CsPbCls perovskite nanowires, respectively.

3232 | J Mater. Chem. C, 2021, 9, 3229—-3238 This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1tc00077b

Published on 03 February 2021. Downloaded on 5/31/2026 10:45:24 PM.

Journal of Materials Chemistry C

resulting in the observed reduction in the density of smaller
particles formed earlier in the growth.”’ In addition to the
ripening, these halide nanoparticles further reorganize
themselves in an energetically favorable way.’**® The particle
rearrangement is found to be strongly dictated by the nature
of the substrate. They tend to distribute randomly on
an amorphous substrate as seen in Fig. 2a, h and i. On a
crystalline c-Al,O; substrate, however, they follow the crystalline
facets forming straight line patterns as shown in Fig. 2k
and 3b, e.2¢8

The sphere like halide particles develop into NW structures
via a physiological transformation by first attaining stable
dumbbell like shapes. These dumbbell-shaped structures then
elongate to several microns long and eventually coalesce
with their ends meeting, as shown as swollen nodes in
Fig. 4b—d. Fig. 4a-h illustrate the formation of NWs from these
dumbbell structures at different stages. Note that initially
when the ends of several dumbbell shapes meet, the NW is
non-uniform in shape showing swollen connection nodes.
These swollen parts finally smoothen out through atomic
diffusion within the NW and form uniform straight wire on
c-Al,O; (Fig. 4f) and curvy wire on SiO, substrates (Fig. 4h).
NWs with length larger than 10 um for CsPbBr; (Fig. 2g, j, m
and 3c) and of around 5 pm for CsPbCl; (Fig. 3f) are eventually
formed.

View Article Online
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The transformation of the sphere like halide particles into
dumbbell shape can be qualitatively described in terms of a
rotating drop model and is illustrated by FESEM images in
Fig. 5 for different features observed.”® We first consider a
sphere like halide particle as a chargeless liquid drop on the
substrate surface at the respective NC-CVD growth atmosphere.
The carrier gas flow continuously applies a torque on the metal
halide drop which causes them to experience a rotation. When
this chargeless drop rotates around its own axis, initially
transforming into a capsule like structure as shown in Fig. 5b
and c. A further increase in the angular velocity extends it
axially to a direction perpendicular to its axis of rotation. If the
angular velocity of rotation, Q (or the corresponding angular
momentum) continues to increase and reaches a number less
than its critical value, Q* = Q',/8T/(pa)’ (where Q' is a dimen-
sionless quantity and is analytically found to be equal to 0.559,
and p is the density of liquid) the ends of the “capsule” then
enlarges and transforms into a dumbbell like structure as seen
in Fig. 5d-f.> The critical angular velocity can be roughly
defined as the velocity above which the axisymmetric balance
breaks up, resulting in splitting of the capsule. Here, it is
important to note that the transformation of the spherical
droplet into a “capsule” and, finally, a dumbbell increases
the moment of inertia, and hence decreases the angular
velocity of the system. This gives the stable ultimate dumbbell

Fig. 4 End to end coalescence of dumbbell shaped structures of CsPbBrs during the formation of complete NWs. (a—c) Different steps in the
coalescence of two ends of two dumbbells. (d) Coalescence of 3 dumbbells. (e) Coalescence of multiple dumbbells followed by further transformations
through axial elongation and radial contraction. (f) High resolution FESEM image of a CsPbBrs NW grown on c-Al,Os substrate. (g and h) Coalescence of

curved shapes and formation of smooth-curvy NW on SiO, substrate.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a—f) Successive transformations of CsPbBrs single halide particle into a stable dumbbell shape during the growth of single-crystalline halide

nanowires by the NC-CVD.

shape to the transformed structure.”* Fig. 5a-f show different

shaped structures on SiO, substrate, illustrating the transformation
steps in attaining the stable dumbbell structure. Although the
morphologies of the final NWs grown on amorphous and
crystalline substrates are different, the initial nucleation of
sphere like particles and their subsequent transformation into
the dumbbell structures are independent of the substrate
(Fig. 2d and 1). Note that, all the transformations here are to
attain structural stability through surface energy minimization,
resulting in the final NW formation.>

2.3 Correlations of the nanoparticle, dumbbell features to
nanowires

The above qualitative model suggests that IHP NWs are formed
through the self-assembly of spherical halide particles followed
by their subsequent intermediate transformations and coalescence.
Here, we provide spectroscopic evidence that at each stage of the
NW formation, the different features are composed of the same
halide perovskite.

2.3.1 Photoluminescence (PL) mapping. A laser scanning
confocal microscope (Leica, TCS SP8) equipped with a Ti:
Sapphire femtosecond laser (Spectra-physics, Mai Tai HP;
80 MHz and 500 fs) providing two-photon excitation (lex. =
900 nm) and a hybrid detection system were used for the PL
mapping study. PL scanning was performed on different self-
assembled nanostructures on both the SiO,/Si and c-Al,O4
substrates, and results are shown in Fig. 6. Fig. 6 shows the
PL map and peak position, respectively for the different
CsPbBr; structures grown on SiO,/Si ((a) and (b)) and on
sapphire ((c) and (d)). These nanostructures include separate
spherical halide particles (Fig. 6a(i) and c(i)), incomplete or
fragmented NWs (Fig. 6a(ii) and c(ii, iii)) and complete NWs
(Fig. 6a(iii) and c(iv)), representing structures at different stages
of the growth. PL emission peak position and map intensity for
each type of nanostructures were compared. Furthermore,

3234 | J Mater. Chem. C, 2021, 9, 3229-3238

position dependent PL studies were performed on the incom-
plete/fragmented/dotted nanowires (P2, P3 in Fig. 6a(ii) and
P2-P8 in Fig. 6c¢(ii, iii)). We observe that PL emission peaks
from all features on the amorphous SiO,/Si substrate occur at
518 + 2 nm. For different CsPbBr; structures grown on c-Al,03,
PL peaks occur in the range of 513 to 515 nm as shown in
Fig. 6¢c and d. Note that some additional weaker peaks in the
higher wavelength (lower energy) region of the PL emission
spectra of different CsPbBr; nano features grown on c-Al,O; are
also visible. The reason behind these additional peaks is
unknown and needs further investigations. We can speculate
that these may be due to impurities induced gap levels in the
materials. The differences in emission peak position for different
structures on different substrates are within measurement error
of the system. The similar emission peak position for the different
structures on both substrates indicate that they are the same
CsPbBr; in the perovskite structure. These PL emissions are in
close agreement with absorption edge observed from spectro-
photometry measurements (Fig. S7, ESIT) and hence correspond
to band edge emissions of CsPbBr;. The similarities in the PL
emission peak positions and their map intensities observed at
different spots on the same structure further confirm the compo-
sitional and crystalline uniformity of these structures.

2.3.2 p-Raman mapping. To study the details of the structural
evolution of CsPbX; (X = Br, Cl) nanowires, u-Raman spectro-
scopic measurements were perfomed systematically on the
nano features grown on c-Al,O; substrate. The excitation wave-
length of the p-Raman facility was 532 nm while the incident
laser spot size was around 0.7 pm. Different nano features
were studied, including dot like spherical halide particles,
incomplete NWs or NW fragments, and complete NWs.
Observations from the p-Raman spectroscopic measurements
on CsPbBr; NWs growth are shown in Fig. S8 (ESIT). No spectral
shift in the Raman responses of various CsPbBr; nano features
is observed, thus confirming their crystalline homogeneity.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Photoluminescence (PL) mapping and the corresponding PL spectra of CsPbBrs; dot like spherical halide particles, incomplete NWs/NW
fragments, and complete NWs grown respectively on (a and b) SiO,/Si- and (c and d) c-Al,Os substrate. P1 to P9 denote the PL measurement spots on
different structures and/or position on the same structures. Color in the PL scanning map does not represent the real emission color.

However, the deviation in the Raman signatures from the wavelength (~532 nm) of the p-Raman laser. On the other hand,
literature values may arise from very close matching of the the suitable emission wavelength of CsPbCl; composition made
emission wavelength (~520 nm) of CsPbBr; and the excitaion it possible to perform p-Raman mappings on different
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Fig. 7 p-Raman characterization of various morphological features of self-assembled CsPbCls halide perovskites. Confocal microscopy images and
corresponding p-Raman mappings of CsPbCls — (a and b) dot like spherical halide particles, (c and d) fragmented or incomplete NWs, and (e and f)
complete NWs. (g) Raman spectra of three (3) different nano features. (h) Fitted Raman spectrum of CsPbCls NWs showing the three transverse optical
phonon modes of CsPbCls.
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nanofeatures of CsPbCl; as depicted in Fig. 7a—f, respectively.
The corresponding p-Raman spectra are shown in Fig. 7g, where
the dotted line refers to a peak originating from the c-Al,O;
substrate. Raman peaks in the range of 50 to 250 cm ™" obtained
from different features (spherical halide particles, incomplete or
fragmented NWs, and complete NWs) are similar and are in
agreement with that obtained for CsPbCl; nanocrystals reported
by Liao et al.>* Fig. 7h shows the Raman feature fitted with three
transverse optical (TO) mode phonon peaks. Note that these
three phonon peaks common to all different nano features are
found at around 61, 106, and 185 cm ™%, consistent with those
reported previously in the literature.”*>® The similarity in the
Raman signatures of different nano features strongly suggest
that these nanostructures have the same perovskite structures.
In addition to PL and p-Raman spectroscopy studies, fluorescence
microscopy (Fig. S9, ESIT) results further suggest that throughout
the transformation from particles to complete NWs, the
composition and crystal structure of the halide perovskite
material remain unchanged.

3 Conclusion

In this work, we report on the non-catalytic chemical vapor
deposition (NC-CVD) growth of all-inorganic CsPbX; (X = Br, CI)
nanowires. In particular, the NW growth mechanism is studied
by detailed electron microscopy and other spectroscopic
measurements on nanostructures at different stages of the
NW growth. A vapor phase self-assembly mechanism is
proposed, initiated by the nucleation of nanoparticles, nano-
particles growth followed by structural transformation through
axial elongation into nano-capsules and dumbbell structures,
and eventually the dumbbells meet and form NWs. While NWs
grown on sapphire are aligned with the hexagonal crystal
facets, those grown on amorphous SiO, substrates have both
curvy and straight long morphologies with no specific preferred
growth direction. Although NWs grown on different substrates
have very different morphology, the growth mechanism are
found to be independent of the substrate crystallinity.
Photoluminescence (PL) mapping and p-Raman spectroscopy
measurements further demonstrate that nanoscale features
found on different substrates at different growth stages have
similar material properties as the final NWs. We believe that
this self-assembly mechanism can be extended to understand
nanostructures evolution of other semiconductor materials and
to tune their characteristics to enhance their functionalities for
novel optoelectronic devices.

4 Materials and methods

All chemicals were purchased from Alfa Aesar and Sigma
Aldrich and used as received without any further purification.
SiO,/Si and c-plane sapphire (c-Al,0;) wafers were cut into
small pieces with the lateral dimensions of (2 x 1) em?” followed
by an ultrasonic cleaning in acetone, ethanol and deionized
water for 15 minutes each. The as-cleaned pieces of wafers were
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blown-dried by dry nitrogen and then put into an oven working
at a processing temperature of 100 °C for a period of 24 hours.

A home-built CVD system consisting of a single-zone
horizontal tube furnace, OTF-1200X, Hefei Kejing Materials
Technology Co. Ltd, was used to grow the all-inorganic cesium
lead halide perovskite, CsPbX; (X = Br, Cl) nanowires (NWs).
The furnace was equipped with a quartz tube having an inner
diameter of 2.2 cm and a length of 85 cm. The tube was coupled
with a carrier gas inlet, a mass flow controller, a flow meter, and
a vacuum pumping system (Fig. S1, ESIt).

A rectangular shape boron nitride boat (2 x 1 x 1) em?®
loaded with CsBr and PbBr,, having a molar weight fraction of
1:1 was placed at the centre of the heating zone of the CVD
furnace. A few numbers of cleaned SiO,/Si (c-Al,05) substrates
were put in the downstream side of the heating zone to collect
the growth products. After proper sealing, the system was
pumped down to a base pressure of ~ <5.0 mT. High purity
Ar (99.99%) with a high flow rate of 100 standard cubic
centimetre per minute (sccm) was introduced into the tube
for 20 minutes to purge residual air and impurities inside the
quartz tube. The flow was then adjusted down to 30 sccm. The
desired stable growth pressure of 4.8 T was achieved by adjusting
a needle valve placed between the tube and the rotary pump. The
furnace was then ramp up (30 °C per min) to the optimized
growth temperature of 450 °C. The growth was conducted for
another 10-60 min. The furnace was then allowed to cool down
naturally. As soon as the furnace temperature reached the room
temperature, samples were removed.

It was found that except for the variation in growth time
(~20-60 min), a small variation in the growth temperature
(420-450 °C) did not influence the growth. The growth of
CsPbBr; NWs was found to be initiated at the beginning of
this time range while at the end, they transformed themselves
into complete NWs through the self-assembly mechanism.
Accordingly, this time range is referred to as the evolution time
of CsPbBr; NWs growth. The similar growth procedure was
adopted for growing CsPbCl; NWs except for replacing the
precursor materials by CsCl and PbCl, in the precursor mixture.
For self-assembled CsPbCl; NWs, the growth temperature was
found to be in the range between 450-500 °C while the evolu-
tion time range was similar to that of CsPbBr; NWs growth.

4.1 Material characterizations

Morphology of CsPbX; NWs were studied chronologically by
optical microscope (Olympus), field emission scanning electron
microscope (FESEM, JEOL JSM-6335F) and atomic force micro-
scope (AFM) (di MultiModeV (Veeco)) facilities. Crystallographic
data were collected from the X-ray diffractometer, Bruker D2
phaser. TEM micrographs and the elemental maps were
obtained using a Libra200 microscope operated at 200 kV and
the EDS facility coupled with the TEM, respectively. The
chemical compositions and the valence state of different
elements were studied by XPS measurements. Optical properties
e.g., photoluminescence (PL) and absorbance were studied
respectively by a home-made PL setup and a UV-vis-NIR spectro-
photometry setup (MProbe, Thin Film Measurement System
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(Semiconsoft, Inc.)). A continuous wave (cw) 320 nm He-Cd laser
excitation was used for the steady state PL measurements.
A WITec alpha300 R p-Raman setup was also used to perform
p-Raman mapping to study the structural uniformity of the
halide alloy materials. Fluorescence images were obtained from
a Nikon ECLIPSE TS 100 microscopy.
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Data are available from the corresponding author only upon
request.
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