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ABSTRACT: Advanced photochemical stability, excellent lasing
response, and multifold higher nonlinear optical magnitude of all-
inorganic CsPbX; (X = Cl, Br, and I) perovskites made them superior
to their organic—inorganic hybrid halide counterparts and other
conventional semiconducting materials. Herein, in addition to basic
material properties, various aspects of the photoluminescence (PL)
behaviors along with the highest ever Q-factor nanocavity response of
CsPbX; (X = Cl) perovskite nanowires (NWs) are reported. The
high-quality, single-crystalline CsPbCl; NWs were grown by the
noncatalytic chemical vapor deposition (NC—CVD) approach.
Strong violet-blue (~41S nm) PL emission, excellent response to
multiphoton absorption (MPA), and harmonic generation suggest
that these NWs are suitable for light manipulation and detection-

Q Supporting Information

related miniaturized device applications. Temperature- and power-dependent PL measurements reveal that the PL emissions from
the CsPbCl; NWs originate from excitonic transitions. Further, excitation fluence-dependent PL measurements on typical CsPbCl,
NW demonstrate excellent single-mode lasing at Py, ~ 130 uJ/cm?® with a nanocavity response quality factor, Q ~ 4500, higher than
most reported values for similar materials and nanostructures. We believe that, in addition to device miniaturization, these findings
will surely advance and promote the one- and multiphoton absorption (OPA and MPA)-related optoelectronic applications of
CsPbX; perovskites. Moreover, the insights of the photophysical transitions revealed here for large bandgap (Eg ~ 2.99 eV) CsPbCl,
NWs may also facilitate the understanding of the photophysics of other wide bandgap semiconductors.

KEYWORDS: all-inorganic halide perovskite nanowires, multiphoton absorption and harmonic generation, excitonic transition,

single-mode lasing, high-Q cavity

1. INTRODUCTION

Organic—Inorganic Hybrid Metal Halide Perovskites
(OIMHPs) with their record power conversion efficiencies of
27.0%, 30.1%, and 34.9%, reported, respectively, for the single
junction, perovskite tandem, and perovskite/Si hybrid tandem
solar cells have attracted tremendous research interests as
photovoltaic materials of the future."> However, easy ambient
air and thermal degradation with limited bandgap tunability
have impeded the large-scale deployment of these OIMHP-
based high eficiency solar cells.” On the contrary, all-inorganic
cesium lead halide perovskites, CsPbX; (X = Cl, Br, and 1)
demonstrate excellent stability against open-air oxygen,
moisture, light, heat, and electric field.** In addition to the
distinctive charge transport properties and a wide bandgap
tunability, these all inorganic halide perovskites (AIHPs) also
exhibit many intriguing optoelectronic properties including
high photoluminescence (PL) quantum yield (~90%), high
charge carrier mobility (~4500 cm® V™' s7'), long charge
carrier diffusion length (0.08—10 ym), and long carrier lifetime
(1-25 ns).°”" These unique optoelectronic features of the
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pristine AIHPs are also reported to be tailored further by
doping with various lanthanide and transition metal ions.'’~"*
Moreover, for device applications, CsPbX; materials offer good
potentials for highly stable and widely tunable nano/micro-
lasers that serve the need of monochromatic power sources in
many nano/microcompatible integrated optoelectronic and
photonic applications.'* With the above-mentioned desirable
properties, AIHPs are considered highly prospective materials
for future optoelectronic device applications.

At present, the miniaturization of photonic and optoelec-
tronic devices is the priority concern for their potential
incorporation into integrated circuits applications. The key
factor that dictates device scale miniaturization is the
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Figure 1. Materials Fabrication viewpoints of the noncatalytic chemical vapor deposition (NC—CVD) growth of all-inorganic CsPbX; (X = Cl)
perovskite nanowires. (a) Schematic diagram illustrating the NC—CVD synthesis protocols for the growth of CsPbCl; NWs and (b) the chemical
reaction involved in the NC—CVD growth of the CsPbCl; perovskite NWs.

dimensionality of the nanostructures. Also, dimensionality is
considered to be the key factor for controlling the electron—
matter and light—matter interactions, which in turn determine
functionalities and the ultimate efficiency of the devices.'” The
one-dimensional (1D) semiconductor nanowire (NW) struc-
tures with their well-established anisotropic geometry, higher
crystallinity, and charge confinement behavior show distin-
guishable optical properties over other nanoscale geo-
metries.'®"” Moreover, with rational design and controlled
growth architectures, NW structures can offer certain unique
electronic and photonic properties which are crucial for many
sensitive optoelectronic devices.'® For example, it has been
reported that NWs with a triangular cross section exhibited a
uniformly high-Q factor cavity response in a wider spectral
range than that originated from other NW architectures.”™"”
Since AIHPs have already demonstrated high photolumines-
cence quantum vyield (PLQY),"* high external quantum
efficiency,'® low lasing threshold,'**" high quality factor
(high-Q) cavity response,'**° and multifold higher multi-
photon absorption (MPA) like nonlinear optical (NLO)
response”’ over other traditional inorganic semiconductors,
their high-quality triangular cross section single-crystalline
NWs would, therefore, be ideal for widely tunable high-
efficiency miniaturized laser applications as well as for
fundamental photophysics research.

Two-/multiphoton absorption (TPA/MPA) is a NLO
process that offers high spatial confinement of the incident
radiation and thereby can penetrate deeper into the
sample.n’23 In addition, MPA allows the realization of the
high harmonic generation without the strict obligation of the
phase matching requirement.”* Second harmonic generation
(SHG), the lowest order nonlinear process, allows the direct
study of the electronic and magnetic structures as well as the
dynamical behavior of a material, which are crucial for
designing various sensitive devices.”®> NLO materials are,
therefore, widely used in various photosensitive applications
including fluorescence microscopy, photodynamic therapy,
optical data storage, optical power limiting, lithography, in vivo

imaging, and ultrafast optical signals characterization.”"**~**

For ATHP materials, up to date, TPA/MPA properties are only
explored on nano/microcrystals, nanoplates, and nanorods of
CsPbBr; and CsPb(Br/Cl) as well as quantum dots of
CstCl3.26’29_32 However, in larger crystals, MPA and
frequency upconversion efficiency are much reduced due to
the absence of quantum confinement and surface enhancement
effects. Also, for ATHP nanostructures, the phase control in the
subwavelength dimension and challenges for achieving high
nonlinear conversion efficiency make the MPA process
difficult.®®*® Therefore, to exploit the full potentials of
CsPbX; as NLO materials for real-life applications, it is
necessary to find the right geometrical architecture(s) with a
stable crystalline phase. Consequently, among various
morphological features, understanding of the NLO properties
of the ATHPs triangular NWs grown by the NC—CVD method
could be a topic of fundamental research interest today.

The widely reported high-quality amplified spontaneous
emissions (ASE) and excellent lasing response of the all-
inorganic CsPbX; perovskites made them potential candidates
for future lasing applications.'”**™*” Among various nano/
microstructured CsPbX; perovskite lasers, their nanowire
counterparts have high prospects for possible incorporation
into the on-chip integrated optoelectronic and photonic
circuits.'"* Moreover, the triangular prismatic-shaped NWs
are found to facilitate excellent optical fields confinement effect
and therefore are well-suited as high-quality nanocavity
resonators.””" Among many other prospects, nano/micro-
cavities having both high-quality factor (high-Q) and small
modal volume are considered to be the heart of efficient on-
chip coherent laser sources and are found suitable for various
sophisticated applications such as on-chip optical communica-
tions, high density data storage, and high-resolution biological
imaging.”***" Single-mode laser at the nanoscale dimension
also ensures stabilization of the nanodevices.””*” However, the
comparatively lower quality factor (low-Q) and larger modal
volume of the halide perovskites resonator cavities realized up
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Figure 2. Morphology and crystalline property of all-inorganic CsPbCl; NWs. (a) Optical microscopy and (b) FESEM images of CsPbCl; NWs
grown on the c-Al, O, substrate. (c) Length distribution of the as-grown CsPbCl; NWs. (d,e) 3D AFM image showing triangular morphology and
the corresponding height profile of CsPbCl; NWs. (f) X-ray diffraction patterns of CsPbCl; NWs. (g) High-resolution transmission electron
microscopy (HRTEM) image of a CsPbCl; NW. (h) High-magnification view of the blue square part of Figure 2g and (i) corresponding FFT

pattern obtained from the HRTEM image of the CsPbCl; NW.

to date restrict their applications in the frontiers of the
nonlinear optics field.*!

Here, we focus on the emission properties of CsPbCl,
nanowires grown by the noncatalytic chemical vapor
deposition (NC—CVD) technique® with particular emphasis
on the lasing with a high quality factor and SHG. Our results
suggest that these NWs are of high-quality single-crystalline
nature and are good optical absorbers and emitters. The
narrow, intense violet-blue (~415 nm) PL emission and
excellent TPA/MPA responses along with SHG show CsPbCl,
NW’s potential for various light generation and manipulation
applications. Moreover, both temperature- and power-depend-
ent PL measurements suggest that the PL emissions from
CsPbCl; NWs originate from the excitonic transitions.
Excitation fluence-dependent PL measurements further dem-
onstrate nonlinear dependency of the PL intensities on the
excitation fluence. Excellent lasing with an extremely sharp
single-mode lasing spectrum is realized for typical CsPbCl,
NWs at a lasing threshold of ~130 uJ/cm? Irrespective of the
morphology and dimension, as well as the PL measurement
temperature, the NWs show narrow line width (64 ~ 0.091

nm), which results in a Q-factor value Q ~ 4500 for the
nanocavity resonator, the highest reported, for this material.
We believe that these findings promote the one- and
multiphoton absorption-related cavity and gain medium
applications of CsPbX; (X = Cl, Br, and I) perovskites as
well as their device miniaturizations. The insights of the
photophysical transition described here for CsPbCl; NWs (Eg
~ 299 eV) may also advance the understanding of the
photophysics of other wide bandgap semiconductors and their
nanostructures.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. CsPbCl; nanowires were grown by
the noncatalytic chemical vapor deposition (NC—CVD) method
(Figure 1). Commercially available high-purity cesium chloride (CsCl,
99.9%, Reagent Plus, Sigma-Aldrich) and lead(II) chloride (PbCl,,
99%, Reagent grade, Alfa Aesar) were used as precursor materials as
received without any further refinement. The growth was performed
by using a home-built CVD setup that contains a tube reactor and a
turbo pump system. CsCl and PbCl, reactants were mixed with 1:1
molar ratio and introduced to the furnace heating zone with a boron
nitride boat. NWs were collected from the ultrasonically cleaned c-

https://doi.org/10.1021/acsanm.5c04170
ACS Appl. Nano Mater. 2025, 8, 23933—-23944


https://pubs.acs.org/doi/10.1021/acsanm.5c04170?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04170?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04170?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04170?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.5c04170?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Al,Oj substrates placed on the downstream side of the tube reactor of
the CVD furnace. The growth was conducted in a sealed vacuum
reactor environment with a base reactor pressure of <5 mT. High-
purity Ar (99.99%) was introduced to the reactor at a rate of 100
sccm to purge the residuals, and finally, the growth pressure was
adjusted and maintained to 4.8 T throughout the growth. The best
growth was attained for the temperature range between 450 and 500
°C for a growth time of 40 min. The reactor was allowed to cool
down naturally as soon as the growth was over.

2.2, Optical Measurements. For the macro-PL measurements, a
He—Cd 325 nm CW laser with a typical spot size of ~0.5 mm was
used, and luminescence spectra were collected using a compact
thermoelectrically cooled Si CCD spectrometer (Avantes). Low-
temperature PL measurements were performed with samples placed
in a closed-cycle He cryocooler. Temperature-dependent PL spectra
were obtained with 10 K steps. For ultraviolet excitation, a beam from
a tunable titanium-sapphire laser operating at the repetition frequency
of 76 MHz (Coherent Mira 900) was frequency doubled to 380 nm.
Both excitation beam and emitted photons were passed through a
plan-apochromat S0x, NA = 0.55 microscope objective (spot size ~S
um). The PL signal was resolved with a 300 mm grating
monochromator coupled with a liquid-nitrogen-cooled Si CCD
array detector.

3. RESULTS AND DISCUSSION

In this work, we report on the distinctive properties and
intriguing application prospects of the all-inorganic CsPbCl,
perovskite NWs grown by the noncatalytic chemical vapor
deposition (NC—CVD) approach shown in Figure 1. It is well
established that NWs obtained from the NC—CVD growth
have material properties superior to those obtained from the
other traditional CVD growth approaches.””®*" In brief, the
catalytic CVD growth introduces foreign metal (catalyst)
content into the growth products, which may be detrimental to
the ultimate device performance.7’8 In contrast, materials
grown by the NC—CVD approach are free from these
impurities and hence have higher purity, which in turn can
enhance the performance of their final devices.””**' In the
NC-CVD process, the growth was found to be initiated with
vaporization of the metal halide precursors (CsCl/ PbCl,),
which then nucleated as CsPbCl; nanoparticles on the
substrates placed at the downstream zone of the tube reactor.
The CsPbCl; particles then went through several self-
reorganization processes and formed longer chains. Finally,
the chains connected together and the nanowires were
formed.*” The nanowires thus formed through the self-
assembly mechanism instead of any NC—CVD grapho-
epitaxial growth (Figure S1) reported earlier for the halide
perovskite NWs.”*' Details of the NC—CVD growth of
CsPbX; (X = Cl) NWs can be found in the article reported by
Hossain et al.*’ Properties and application prospect of the
CsPbCl; NWs are discussed chronologically in the following
subsections.

3.1. Structural Properties of CsPbCl; NWs. The
morphology and topography of CsPbCl; NWs grown on the
c-AL, O; substrate were investigated by optical microscopy and
field emission scanning electron microscopy (FESEM). Typical
optical and FESEM images of CsPbCl; NWs are shown in
Figure 2a,b, respectively. Figure 2c shows the length
distribution of the NWs, which mostly falls in the range of
~2—14 pm. Interestingly, all of these NWs are found to be
physically aligned with the hexagonal crystal facets of the c-
AlL)O; substrate. High-resolution atomic force microscopy
(AFM) image shown in Figure 2d reveals that the NWs have a
triangular cross section with an average base and height

dimension of ~60 and ~1S5 nm, respectively, as measured by
the AFM line profile in Figure 2e. A very similar cross-sectional
shape obtained for the AIHP CsPbBr; NWs grown on the c-
AL O substrate was also reported earlier in the literature.*’

The X-ray diffraction (XRD) patterns of the CsPbCl; NWs
are shown in Figure 2f. Low- and high-magnification, high-
resolution transmission electron microscopy (HRTEM)
images (Figure 2gh) confirm the single-crystalline nature of
the CsPbCl; NWs structures. The HRTEM image shown in
Figure 2h further shows a lattice spacing of d = 0.54 nm, which
closely matches with the (100) interplanar distance of the
tetragonal crystal phase of the CsPbCl; perovskite." The
relevant XRD patterns and the fast Fourier transform (FFT) of
the corresponding HRTEM image shown, respectively, in
Figure 2fji further confirm the tetragonal crystal structure of
CsPbCl; NWs.

The crystalline homogeneity of the CsPbCl; NWs was
studied by the confocal y-Raman mapping using an excitation
wavelength (energy) of A = 532 nm (~2.33 eV) and a laser
beam spot size of ~0.7 ym. The morphology and other
features obtained from the p-Raman spectroscopy study of
CsPbCl; NWs are shown in Figure 3. The optical image and

Figure 3. yi-Raman mapping of AIHP CsPbCl; NWs grown on the c-
AL O, substrate. (a) Confocal optical microscopy image and (b) the
corresponding y-Raman mapping of CsPbCl; NWs. (c) Raman
spectra of four (4) different NWs. (d) Fitted Raman spectrum of
CsPbCl; NWs showing the three TO phonon modes of CsPbCl;. No
spectral shift is observed for any of the all-inorganic CsPbCl; halide
perovskite NW structures under investigation showing their crystalline
homogeneity.

the corresponding y-Raman scan are shown, respectively, in
Figure 3a,b, while the p-Raman peaks obtained for four
different NWs are presented in Figure 3c. Raman signatures
obtained for different NWs falling in the range of 50—250
cm™! are similar and are also in good agreement with that
reported for CsPbCly nanocrystals by Liao et al** The
similarity of the Raman signatures observed for the 4 different
NWs (Figure 3c) further confirms that the NWs are of the
same perovskite crystal structure. The Raman spectrum of a
randomly selected NW can be fitted with three transverse
optical (TO) mode phonon peaks, as shown in Figure 3d. We
note that the three phonon peaks found, respectively, at
around 61, 98, and 174 cm™! are common to all 4 different
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Figure 4. XPS and energy-dispersive X-ray spectroscopy (EDS) measurements for composition analyses of CsPbCl; NWs. High-resolution XPS
core level spectra of (a) Cs 3d; (b) Pb 4f; and (c) Cl 2p obtained for CsPbCl; NWs. (d—f) Energy-dispersive X-ray spectroscopy (EDS) maps of
Cs, Pb, and Cl showing the distribution of the elements in the CsPbCl; NW structures drop-casted on the C-coated Cu grid. Maps were taken in an

EDS system coupled with the STEM facility.

Figure S. Steady-state and temperature-dependent PL studies of NC—CVD-grown self-assembled CsPbCl; NWs. (a) Steady-state PL emission and
absorption spectra. (b) Temperature-dependent PL emissions measured in the range of (15—300) K. (c) PL emission energy vs temperature and

(d) temperature dependency of the PL-fwhm.

NWs under observation and are in good agreement with
literature data obtained for the nanocrystals and single-crystal
ingots of the same material.**** The peak observed at around
417 cm™" corresponds to the Raman shift from the c-AL,O;
substrate.

3.2. Composition Analysis. X-ray photoelectron spec-
troscopy (XPS) measurements were performed to determine
the elemental composition and valence state of different

elements in the CsPbCl; NWs. The C 1s peak at 284.14 eV
was used as the energy calibration for the binding energies in
the XPS core level spectra. The core level spectra of Cs 3d, Pb
4f, and Cl 2p of the CsPbCl; NWs are shown in Figure 4a—c.
The Cs 3ds, and Cs 3d;;, peaks with binding energies,
respectively, at 723.6 and 737.59 eV exhibited in Figure 4a are
comparable to those obtained for the CsPbCl; quantum dots,
nanocrystals, and other structures reported in the litera-
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Figure 6. Power-dependent PL spectra of CsPbCl; NWs obtained for two different temperatures (a) 15 K and (b) 300 K, measured in the
excitation power ranges of 0.001—10 mW and 0.1—10 mW, respectively. PL peak intensity as a function of the excitation power measured at (c) 15

K and (d) 300 K.

ture.”~*° The observed peaks with binding energy values of

137.86 and 142.7 eV in Figure 4b are consistent with the
binding energy values of Pb 4f;,, and Pb 4f;,,, respectively,
reported for CsPbCl; nanocrystals."**” Moreover, the Cl 2p;,
and Cl 2p,/, core level peaks with respective binding energies
of 197.4 and 199.5 eV shown in Figure 4c are also consistent
with their literature reported values for CsPbCl; quantum dots
and nanocrystals.*”** The atomic ratio obtained from the XPS
measurements of CsPbCl; NWs is Cs/Pb/Cl = 24.4:23.6:52.0,
which closely matches the basic halide perovskite composition
ratio of 1:1:3. Composition information obtained from XPS
measurements was further confirmed by energy-dispersive X-
ray spectroscopy (EDS) in the scanning TEM (STEM). EDS
elemental mappings of CsPbCl; nanowires reveal that all of the
elements are distributed evenly throughout the sample. The
elemental maps of the sonicated CsPbCl; NW structures are
shown in Figure 4d—f.

3.3. Optical Properties of CsPbCl; NWs. Photo-
luminescence (PL) properties of the AIHP CsPbCl; NWs
were studied by using a home-built PL setup with a 325 nm
He—Cd laser as the excitation source performed at room
temperature. Figure Sa reveals that CsPbCl; NWs exhibit
strong violet-blue (~415 nm (~2.99 €V)) emission. The PL
peak is relatively sharp with a full width at half-maximum
(fwhm) value of 14 nm which is narrower than those reported
for colloidal nanocrystals,” micro/nanorods,” and micro-
plates® and therefore suggests that CsPbCl; NWs grown by
the NC—CVD process have high crystalline quality. To relate
the absorption edge with the PL emission peak, we performed
spectrophotometry measurements on the CsPbCl; NWs in the
spectral range of 200 to 1700 nm. The absorbance spectrum
plotted together with the PL spectrum shown in Figure Sa
shows that the PL peak energy is close to the absorption edge
for CsPbCl; NWs, which suggests that the emission is a band-
edge-related emission, and the estimated bandgap E, is at
~2.99 eV. The character of this emission is excitonic, which is
confirmed by PL measurements as a function of excitation

intensity presented later. Note that we could not obtain the
absolute absorbance of the AIHP ternary CsPbCl; NWs since
the probe beam size (2 mm) was much larger than the NW
structures, so that a large portion of the beam passes through
areas with no deposited structures. Moreover, the beam
covered several NWs with slightly different thicknesses. Hence,
the appearance of the absorption spectrum in Figure Sa is
different from that obtained from a uniform thin film sample.

In most conventional III—V and II—VI semiconductors, the
bandgap decreases with the increase in temperature, so that
their PL peaks are red-shifted. However, for the CsPbCl; NWs,
we observe an anomalous temperature-dependent PL emission
behavior, i.e., the emission peak shifts to higher energy as the
temperature increases. Figure S5b shows the temperature-
dependent PL measurements of CsPbCl; NWs from 20 to 300
K. The PL peak energy increases as the temperature increases
from 20 K (2.96 eV) and reaches a maximum value of 3.01 eV
at 200 K. At temperatures higher than 200 K, the PL peak
energy gradually drops to ~2.99 eV at 300 K. The temperature
dependency of the energy of the PL peak is summarized in
Figure Sc. A very similar blue shift followed by a red shift in the
PL emission features for CsPbCl; nanowires and nanocrystals
wequegzalso reported, respectively, by Gao et al. and Lohar et
al.”™”

They attributed this shifting in the PL peaks to the nature of
the valence band maximum states of the CsPbCl; perovskite
which came from the hybridization of the 3p orbitals of the Cl
atom with the 6s orbitals of the Pb.**" Due to lattice thermal
shrinkage, the contact between two orbitals increases as the
temperature drops; as a result, the band gap narrows, and the
emission peak red shifts. Meanwhile, electron—phonon
scattering is reduced with decreasing temperature, which
causes the emission peak to blue shift.”" In addition to the blue
shift in the PL peak, as shown in Figure Sb,c, with increasing
temperature, the peak also broadens with a decrease in the
peak intensity (Figure Sd). This drop in the PL intensity is
similar to that reported for the CsPbCl; nanocrystals by Lohar
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et al. where they attributed it to be caused by the defect-related
transitions.>” Previous reports on PL emissions from ultrathin
CsPbCl; NWs and CsPbCl; NCs were suggested to arise from
free excitonic/excitonic emissions originated from exciton—
phonon or electron—phonon interactions.”>' ™ Since similar
PL emissions are observed from our CsPbCl; NWs, they may
also be attributed to mechanisms suggested by these earlier
reports.

Nevertheless, CsPbX; (X = Cl, Br, and I) perovskites are
observed to have a cubic phase at high temperature and
transform to other stable phases at the room temperature.””>*
More specifically, CsPbCl; was reported to have a cubic phase
at temperatures >47 °C**7°° and transformed to stable
tetragonal (nano)*’ and monoclinic (bulk)*® phases at room
temperature. It was also reported that CsPbCl; may exist in
multiple thases within a limited temperature range of 310 to
320 K.°° However, since our temperature-dependent PL
studies were confined to the temperature range between 20
and 300 K, phase transition and/or the presence of multiple
phases within this temperature range and hence the PL peak
shifts due to phase transition are therefore not expected here
for the CsPbCly; NWs. In addition, the defect-related emissions
spectrum usually appears in the longer wavelength region than
the band edge emission spectrum. As shown in Figure Sa, the
steady-state room temperature PL from CsPbCl; NWs
appeared at ~415 nm. Since the temperature-dependent PL
data (Figure Sb,c) we obtained only deviates by ~5 nm from
the fundamental one, we believe that the observed continuous
PL peak shifting is not caused by defect-related emission as
well.

In order to understand the origin of the photophysics of the
CsPbCl; NWs, we also performed power-dependent PL
studies. Figure 6a,b, respectively, show the PL peak intensity
from CsPbCl; NWs measured at 15 and 300 K with increasing
excitation power, 0.001—10 mW (15 K) and 0.1—10 mW (300
K). No noticeable shift or broadening of the PL peak is
observed as the excitation power increases over several orders
of magnitude. The integrated PL peak intensity as a function of
the excitation power obtained for 15 and 300 K are depicted in
Figure 6¢,d, respectively. As per the power law fitting, I o Pg,,
the value of a falls between 1 and 2 for both temperatures.
This suggests that the PL emission from the CsPbCl; NWs
arises from the free- or bound-exciton transitions.”"”’
However, in order to have a detailed understanding of the
true excitonic nature and to clarify if the luminescence is
governed by free excitons or bound excitons transitions, further
studies are required.

3.4. CsPbCl; NWs as Multiphoton Absorbing NLO
Materials. Multiphoton absorption (MPA) is a NLO
phenomenon that involves the simultaneous absorption of a
greater number (more than two) of NIR photons followed by
the subsequent nonradiative and radiative recombination and
thereby the emission of a shorter wavelength photon.”"”" To
study the prospect of the NC—CVD-grown AIHP CsPbCl,
NWs as the NLO material, here, we performed one-, two-, and
three- photon (1P-, 2P-, and 3P-) pumped PL studies. A laser
scanning confocal multiphoton microscope (Leica TCS SP8)
equipped with a Ti:Sapphire femtosecond laser (Spectra-
physics, Ma Tai HP; pulse duration: 100 fs; and repetition
rate: 80 MHz) was used for the MPA PL measurements of
CsPbCl; NWs. The emission spectra were collected accord-
ingly from the integrated hybrid detection unit coupled to the
microscopy setup. Figure 7a shows the 1-(1.. = 320 nm), 2-

exc

Figure 7. Multiphoton absorption (MPA) in CsPbCl; NWs. (a) One
(1)-, Two (2)-, and Three (3)-photon excited PL emission spectra of
self-assembled CsPbCl; NWs and (b) a schematic diagram showing
the 3-photon absorption, PL emission, and SH generation processes.
(c) Three (3)-photon (900 nm) excited PL spectrum of CsPbCl,
NWs fitted with two peaks centered, respectively, at ~423 nm (PL
emission) and ~450 nm (second harmonic generation (SHG)). (d)
Excitation power dependency of the three (3)-photon excited PL and
SHG spectra of CsPbCl; NWs.

(Aexe = 800 nm), and 3-photon (4. = 900 nm) pumped PL
spectra from CsPbCl; NWs with PL peaks centered at 416,
426, and 422 nm, respectively. These slight red shifts in
multiphoton excited PL peaks are commonly observed in NLO
materials and can be attributed to the increased reabsorption
effects experienced due to the larger penetration depth caused
by the longer wavelength TP/MP excitations.’*®' Because the
emitted photons come from deeper regions, they undergo
multiple reabsorption and re-emission cycles, and the PL peak
may be red-shifted due to energy loss to phonons or
nonradiative relaxation in each cycle. A schematic of the 3-
photon absorption and the corresponding PL emission and
SHG mechanisms under 900 nm excitation is presented in
Figure 7b. Figure 7c shows the three-photon excited PL peak
of the CsPbCl; NWs fitted with two peaks centered,
respectively, at ~423 and ~450 nm (referred to as peaks 1
and 2, respectively). Peak 1 centered at ~423 nm is very close
to the fundamental emission wavelength of CsPbCl;, while
Peak 2 centered at ~450 nm corresponds to the SH of the
excitation wavelength, A, = 900 nm. Excitation power-
dependent three-photon excited PL spectra of CsPbCl; NWs
are shown in Figure 7d. At lower excitation power, only the SH
peak is found to be dominating. However, with the increase in
the excitation power, the intensity of the fundamental
emissions from the CsPbCl; NWs at ~423 nm becomes the
dominating feature in the spectra and increases in a superlinear
way. In contrast, since the SH peak arises from the surface and
quickly saturates, its intensity remains relatively constant in
response to the increased excitation powers. All these
observations clearly suggest that CsPbCl; NWs have high
prospects as active NLO components in the miniaturized
integrated photonic and optoelectronic devices.

3.5. CsPbCl; NWs as a High-Q Cavity Resonator. It has
been established that AIHPs materials have excellent intrinsic
lasing properties and that their triangular prismatic-shaped NW
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Figure 8. Single-mode lasing and the CIE plot for typical CsPbCl; NW. (a) Pumping fluence-dependent PL spectra of self-assembled all-inorganic
CsPbCl; NW measured at 4.7 K, grown by the NC—CVD approach. (b) Nonlinear response of the PL intensity curve. (c) Single-mode lasing
emission spectrum realized at Py, ~ 130 uJ/cm? and the quality factor (Q) of the resonator cavity, and (d) the CIE plot with the PL emission from

the CsPbCl; NW.

Table 1. Quality Factor (Q) Values of Various Morphologies of the CsPbCl; Perovskite

synthesis method composition morphology measuring temp Py, Q ref

solution CsPbCl, NW RT ~6 pJ/cm? 1300 14
solution CsPbCly NwW RT ~86 pJ/cm* 690 63
solution CsPbCly microplate 83 K ~25 mJ/cm? 1400 64

CVT CsPbCl, NW RT 7 uJ/cm? 1400 65

CVD CsPbBr, NR RT ~14.1 pJ/cm?® 3500 4

CVD CsPbl, NW RT 21 uJ/cm? 2256 66

CVD CsPbCl, NW RT 11 pJ/em? 1931 66
NC-CVD CsPbCl; NW 4.7 K ~130 pJ/cm?® ~4500 this work

structures were well suited for miniaturized lasing applica-
tions. Here, as depicted in Figure 7d, the excitation power
dependency of the three-photon pumped PL spectra realized
for the AIHP CsPbCl; NWs further shed light on their
prospect for lasing like NLO applications. To explore the
prospects of the NWs for lasing applications, fluence-
dependent PL properties were measured for a typical CsPbCl,
NW sample at 4.7 K under a frequency-doubled 380 nm
excitation, and the results are shown in Figure 8. As seen from
Figure 8a, with an increase in the optical pumping fluence, the
PL peak intensity increases gradually up to a threshold power
of ~130 yJ/cm® when a sharp resonance peak emerges. A
nonlinear dependency of the PL intensity with the pumping
fluence is clearly observed from the plot of the PL peak
intensity with increasing pump power shown in Figure 8b. The
observed sharp-intense PL emission centered at A ~ 417.46 nm
with an extremely narrow line width of 64 ~ 0.091 nm excited
with a laser power density of ~130 uJ/cm? results in a high-

quality lasing cavity Q = 5—2 of ~4500. This is higher than most

reported CsPbCl; cavities Q-value obtained for low- and room-
temperature measured ASE/lasing. Note that Gradecak et al.
carried out a comparative finite-difference time-domain
(FDTD) analysis and demonstrated a higher Q value for
triangular GaN nanowire than that of its near cylindrical
geometric counterpart.'” Also, it is reported that the optical
scattering loss at the edge-substrate planar interface for a
triangular NW cavity is significantly suppressed compared to
that of the point interface for a cylindrical NW®” and hence
promote higher Q value. In our NC—CVD growth process, the
high-temperature materials treatment facilitated the growth of
triangular geometric semiconducting nanowires.* Moreover,
compared to other traditional vapor growths like catalytic-
CVD, NC—CVD favors semiconductor nanostructures’ growth
with higher crystalline quality with low defect density.””*'
Therefore, the high Q value obtained here for the CsPbCl,
NW cavity resonator can be attributed to its high-quality
single-crystalline triangular geometry obtained from NC—CVD
growth. Table 1 compares the “Q” value obtained in this work
with reported Q values for various CsPbCl;/ATHP morphol-
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ogies measured at low to room temperatures and under one-
and multiphoton excitations.

We note that lasing from our CsPbCl; NWs was not realized
at room temperature. We believe that although CsPbX; has a
high exciton binding energy (~30—80 meV), at room
temperature, they dissociate into free carriers because of
thermal fluctuations. Therefore, at RT, instead of excitonic
emissions, photoexcited band to band emissions occur due to
free carrier recombination, which, however, has a larger optical
loss than that caused by the excitonic emissions. This
suppresses the ASE and thus the lasing from the CsPbX;
cavities during the room temperature measurements.”>%” Also,
we suspect that the surface degradation of the sample might
also contribute to the absence of the room temperature lasing
since the CsPbCl; NW samples were kept in a drybox for over
a year before the ASE/lasing setup was available for our
measurements. However, it is possible that such surface
degradation can be overcome via physical or chemical
passivation processes68 and thus realize room temperature
lasing. Therefore, in addition to surface passivation, avoidance
of material aging should also be taken into account in the
future to achieve room temperature lasing from these types of
halide NWs. In addition, another possible reason may lie in the
chloride vacancy-related trap states within the bandgap of
CsPbCl; which may escalate nonradiative recombination and
thereby results in a sharp reduction in the PLQY.
Consequently, this may increase the lasing threshold value
and hinder the appearance of the room temperature ASE in
CsPbCl, nanowires.””****’® Moreover, the smaller modal
volume of the cavity may also be responsible for the increased
lasing threshold of these NWs.***® Nevertheless, the nonlinear
PL intensity response shown in Figure 8b demonstrates lasing
generation in the NW cavity with a threshold value of ~130
uJ/cm?, which is relatively high for such systems, probably due
to the surface degradation of the NW sample. The single-mode
lasing spectrum shown in Figure 8c can be attributed to the
one-dimensional triangular morphology of the CsPbCl; NW
cavity along with its high-quality singe-crystalline nature. Here,
we note the FDTD study of the electric field intensity
distribution in NWs with triangular cross-section by Zhou et al.
which demonstrated that single-mode lasing occurs in this type
of nanowires. Furthermore, the triangular geometry-induced
intrinsic excellent optical field confinement™' along with
extremely narrow gain region offered by the distinctive size of
the nanowire as nanocavity resonator’*” could also promote
the observed single-mode lasing in CsPbCl; NWs. These
optical properties confirm that CsPbCl; NWs have high
potential for cavity as well as gain medium applications.
Moreover, the Commission Internationale de L’Eclairage
(CIE) chromaticity plot obtained for the emission spectrum
in Figure 8c is shown in Figure 8d. It is seen that the PL
emission from the CsPbCl; NW at ~415 nm is located at the
bottom of the CIE diagram. The blue emission from the NC—
CVD grown self-assembled AIHP CsPbCl; NWs further
demonstrates their prospect for future color display device
applications.

4. CONCLUSIONS

In this work, we report on the emission properties of CsPbCl;
nanowires with particular emphasis on the SHG and lasing
with a high quality factor. Our results suggest that these
CsPbCl; NWs are single-crystalline with a high crystalline
quality. The narrow, intense violet-blue (~415 nm) PL
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emission, excellent response to the two- and multiphoton
absorption-related excitations along with SHG from these
CsPbCl; NWs show their prospects for various light generation
and manipulation applications, namely, miniaturized color
display devices and lasers, fluorescence imaging, multiphoton
microscopy, biological imaging, photodynamic therapy, laser
tomography, and so on. Also, both temperature- and power-
dependent PL measurements verify that the PL emissions from
the CsPbCl; NWs originate from excitonic transitions.
Excellent lasing with a single-mode lasing spectrum is also
realized at a lasing threshold ~130 uJ/cm” The narrow line
width of the lasing spectrum (64 ~ 0.091 nm) enables the
nanocavity to achieve a quality factor value of Q ~ 4500, much
higher than most reported values on this material with different
structures, dimensions, and measurement temperature. We
believe that these findings advance and promote the one- and
multiphoton absorption-related cavity and gain medium
applications of CsPbX; (X = Cl, Br, and I) perovskites and
their miniaturizations as well. The insights of the photophysical
transition mechanism disclosed here for CsPbCl; NWs may
also be relevant to enhance the understanding of the
photophysics of other wide bandgap semiconductors.
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