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Cesium lead halide perovskite nanowires
have emerged as promising low-dimensional semiconduc-
tor structures for integrated photonic applications. Under-
standing light—matter interactions in a nanowire cavity is
of both fundamental and practical interest in designing
low-power-consumption nanoscale light sources. In this
work, high-quality in-plane aligned halide perovskite
CsPbX; (X = Cl, Br, I) nanowires are synthesized by a
vapor growth method on an annealed M-plane sapphire
substrate. Large-area nanowire laser arrays have been
achieved based on the as-grown aligned CsPbX; nanowires
at room temperature with quite low pumping thresholds,
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very high quality factors, and a high degree of linear polarization. More importantly, it is found that exciton—polaritons
are formed in the nanowires under the excitation of a pulsed laser, indicating a strong exciton—photon coupling in the
optical microcavities made of cesium lead halide perovskites. The coupling strength in these CsPbX; nanowires is
dependent on the atomic composition, where the obtained room-temperature Rabi splitting energy is ~210 + 13, 146 +
9, and 103 + S meV for the CsPbCl;, CsPbBr;, and CsPblI; nanowires, respectively. This work provides fundamental
insights for the practical applications of all-inorganic perovskite CsPbX; nanowires in designing light-emitting devices and

integrated nanophotonic systems.

cesium lead halide perovskite, aligned nanowires, multicolor lasers, exciton—polaritons, Rabi splitting

anoscale light sources with low power consumption

have been intensively pursued in the past decades for

practical applications in the next-generation opto-
electronic devices and nanophotonic integrated circuits.' ™
Semiconductor nanowire lasers generated from their naturally
formed Fabry—Perot (F—P) cavities have been demonstrated
as a promising approach with well-defined one-dimensional
geometry toward on-chip integration."”'°™"* Since the lasing
behaviors and performance of a given nanowire are largely
determined by the structures and optical properties of the
materials, tremendous research efforts have been devoted to
discovering different types of high-quality nanowires and high-
performance nanowire lasers. Recently, the emerging all-
inorganic cesium lead halide perovskite (CsPbX;, X = Cl, Br, I)
semiconductor materials with excellent optical and thermal
stabilities, high quantum yield (nearly ~90%), and low trap
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state were considered as potential candidates to achieve high-
quality nanoscale lasing devices."*™* Up to now, CsPbX,
perovskite nanowire lasers have been realized with low-
threshold and wavelength-tunable properties, demonstrating
these halide perovskite nanowires as promising candidates for
on-chip lasers toward practical applications.'**%*°

However, the underlying physics of lasing and the light—
matter interactions in perovskite nanowires are not yet well
understood despite numerous reports on their performances
and applications.”” ~*° As is well known, the coupling between

photons and excitons in semiconductor materials leads to the
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Figure 1. (a) Schematic diagram of the aligned CsPbBr; nanowire lasers. (b) Diagram of the growth process for the CsPbX; nanowires on an
annealed M-plane sapphire substrate. (c—e) SEM images of the as-grown in-plane aligned CsPbCl;, CsPbBr;, and CsPbl; nanowires,
respectively. (f) Bright-field optical image of representative CsPbl; nanowires and the corresponding real-color emission image under laser
excitation (g). (h—j) Optical waveguide emission images measured from single CsPbCl;, CsPbBr;, and CsPbl; nanowires, respectively. (k)
Normalized in situ photoluminescence spectra detected from single CsPbX; nanowires. Scale bar is 5 ym.

formation of exciton—polaritons which show hybrid photonic—
electronic properties.”' > The Rabi splitting (2g) provides a
measure of coupling strength of light—matter interaction (g),
which can be expressed by the oscillator strength f and the

mode volume V,, as g o< /f/V,,. Hence, a strong coupling is

usually obtained with strong oscillator strength and small mode
volume. In a one-dimensional nanowire, excitonic oscillator
strength is enhanced due to size effects in the synthesized high-
quality nanowires and the mode volume is small due to strong
confinement of resonant light in the nanowire cavity. Thus, the
strengthened photon—exciton coupling facilitates the forma-
tion of cavity polaritons; for example, it has been demonstrated
that the vacuum Rabi splitting in CdS and ZnO nanowires is
much larger than that of macroscopic values.”"** Compared to
conventional II-VI or III-V semiconductor nanowires, a
higher density of exciton states exists in CsPbX; perovskites
due to the large exciton binding energy, allowing for efficient
coupling with photons to form exciton—polaritons at room
temperature. In 2016, Park et al investigated light—matter
interactions in CsPbX; nanowires by analyzing the unusual
lasing mode spacing.”® In addition, Liu et al. studied strong
exciton—photon coupling affected by cavity size in hybrid
inorganic—organic and all-inorganic CsPbBr; perovskite
micro/nanowires, similar to those reported in traditional
semiconductor nanowires.”***° It is worth noting that Zhu et
al. have very recently reported continuous wave (cw) polariton
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lasing in CsPbBr; nanowires with low pump intensity. They
claimed that both cw and pulsed lasers originate from polariton
modes due to the existence of strong exciton—photon couplin%
in the CsPbBr; nanowires based on the lasing mode analysis.”
However, the chemical composition dependent exciton—
photon coupling has not been systematically studied in
crystalline CsPbX; perovskite nanowires, which is of high
interest for not only fundamental research but also practical
applications such as designing light sources and optoelectrical
devices. Therefore, the systematical investigation of lasing
behaviors, confined exciton—polaritons in CsPbX; nanowire
cavities, and the composition-dependent Rabi splitting is
highly desirable.

Here, high-quality in-plane aligned CsPbX; perovskite
nanowires with a smooth surface were synthesized by a
vapor growth route on annealed M-plane sapphire substrates.
Wavelength-tunable aligned CsPbX; nanowire lasers were
achieved at room temperature with quite low lasing thresholds,
high quality factors, and a high degree of linear polarization.
Furthermore, exciton—polaritons are formed in these high-
quality CsPbX; (X = Cl, Br, I) perovskite nanowire cavities
under the excitation of a pulsed laser. The energy—wavevector
dispersion relation of the lasing mode energy is well fitted by
the exciton—polariton model, from which highly composition-
dependent Rabi splitting of ~210 + 13, 146 + 9, and 103 + S
meV for the CsPbCl;, CsPbBr;, and CsPbl; nanowires,
respectively, are obtained at room temperature. Our study
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Figure 2. (a) Bright optical image of a typical CsPbBr; nanowire; scale bar is 10 gm. (b and c¢) Corresponding real-color optical images
pumped below and above the Py, respectively. (d) Pump fluence dependent PL spectra detected from the end of the CsPbBr; nanowire in
(c). (e) Log—log plot of the integrated emission intensity versus the pump fluence for the nanowire laser. (f) Gaussian fitting (red solid line)
of the dominant emission mode (black dots). (g) Typical PL decay profiles of the CsPbBr; nanowire with the excitation fluence below
(~0.8P;, black squares) and above (~1.2Pq;, red dots) the Py;,. (h) Lasing spectra of the nanowire for emission light electric field parallel
(red arrow) and perpendicular (blue arrow) to the substrate. Inset shows the schematic of the direction relation between the emission light
electric field direction and the nanowire. (i) Polar plots of integrated intensity versus detection polarization angle (¢) for the nanowire

lasing spectra.

further reveals the origin of the optical gain from the achieved
high-quality aligned CsPbX; nanowires, which may serve as a
good model for future polaritonic investigations.

RESULTS AND DISCUSSION

Figure 1a shows the schematic diagram of the in-plane aligned
halide perovskite nanowire lasers. These directional perovskite
nanowires were synthesized by a simple vapor growth route.
The process is schematically shown in Figure 1b. Due to the
thermodynamically unstable M-plane sapphire surface, it forms
V-shaped nanogroove structures (left side of Figure 1b) upon
high-temperature annealing.’® The width and depth of these
nanogrooves are ~80 nm and ~13 nm, respectively, as
confirmed by atomic force microscopy (AFM) (see Figure S1).
After starting the growth, the mixture of CsX and PbX, (X =
Cl, Br, I) vapor precursor will deposit and nucleate at the
surface of sapphire due to van der Waals epitaxy. These initial
nucleating clusters can serve as seeds to grow into one-
dimensional nanostructures, as described in previous work.*”*’
The existence of the nanogrooves at the substrate surface will
guide the growth of these wires to finally form in-plane well-
aligned nanowires, as shown on the right in Figure 1b.

A detailed morphology investigation of the as-grown
nanowires was conducted using scanning electron microscopy
(SEM). Figure lc shows a SEM image of the as-grown
CsPbBr; nanowire sample, which exhibits a large area and a
high density of directionally assembled nanowires. The local
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high-magnification SEM investigation of single CsPbBr;
nanowires shows that the wires are parallel to the length
direction of the nanogrooves on the annealed sapphire
substrate, with a very smooth surface, uniform element
distribution, and a well-defined triangular cross-section (see
Figure S2). The formation of these triangular cross-section
nanowires is thermodynamically favorable, the details of which
have been described in our latest work.”> By changing the
kinds of evaporation sources and adjusting the deposition
temperature, aligned CsPbCl; and CsPbl; nanowires were also
obtained, as shown in Figure 1d and e. From the results, it is
found that these nanowires are straight and grow parallel along
the same direction with an average length of about 10—20 ym
and a diameter of 200—500 nm. In addition, optical images and
X-ray diffraction (XRD) characterizations all demonstrate that
in-plane aligned CsPbCl;, CsPbBr;, and CsPbl; nanowires are
all successfully synthesized by the vapor method on an
annealed sapphire substrate (see Figures S3—S5).

We next studied the basic photoluminescence (PL)
properties of these as-grown CsPbX; nanowires. Figure 1f
and g show the bright-field optical image of the aligned CsPbl;
nanowires and the corresponding real-color emission image
under broad laser excitation. It is clearly found that the red
color originating from band edge spontaneous emission is
distributed homogeneously in each nanowire, which reveals the
high crystalline quality of these CsPbl; nanowires. Figure 1h,i
further give the optical waveguide of single CsPbCl;, CsPbBr;,
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Figure 3. (a—c) Real-color optical images of the in-plane directional CsPbCl;, CsPbBr;, and CsPbl; nanowire assembles under optical
pumping above their lasing thresholds. Scale bar is 10 gm. Dashed lines in (a) and (b) indicate the locations of the wires. (d and e) Gaussian
fitting of the dominant mode extracted from the lasing spectra detected from CsPbCl, and CsPbl; nanowires. (f) Broad wavelength tunable

lasing spectra from the directional CsPbX; and alloy nanowires.

and CsPbl; nanowires, respectively, under localized laser
excitation at the middle of the nanowire. The three
compositions all show excellent waveguide properties with
bright light emitted from both ends of the nanowires with low
optical propagation loss (see Figure S6). The corresponding
room-temperature in situ normalized PL spectra detected from
a single nanowire show very narrow full widths at half-
maximum (fwhm) of ~10.0, ~15.0, and ~26.0 nm for
CsPbCl;, CsPbBr;, and CsPbl, nanowires, respectively (Figure
1k). The fwhm of the as-grown aligned CsPbX; nanowires is
much smaller than that of reported colloidal CsPbX; quantum
dots (12.0—40.0 nm) and CsPbX; nanoplatelets (8.0—30.0
nm), which implies high exciton binding energy and low
defects of these CsPbX; nanowires.”””' The above results
confirm that high-quality in-plane aligned CsPbX; nanowires
have been achieved on the annealed M-plane sapphire.
Lasing behaviors of the as-grown in-plane directional
CsPbX; nanowires were examined at room temperature.
Figure 2a shows the optical image of a representative single
CsPbBr; nanowire (length is ~10 ym, diameter is 300 nm).
When the nanowire is pumped with low excitation density,
uniform and bright green spontaneous emission (SPE) is
observed from the whole CsPbBr; wire (Figure 2b). As the
excitation fluence increases above the Py, stimulated emission
(SE) dominates, strong lasing emission with spatial interfer-
ence patterns from the two coherent sources at the ends of the
nanowire, as shown in Figure 2c. The bright emission localized
at the two ends arises from the low-loss optical waveguiding
effect and axial F—P resonator modes (see Figure S6). Almost
no light emission is observed from the body of the wires at
high pump intensity due to the high degree of coupling of the
spontaneous emission to the cavity oscillation modes, which
further demonstrates the high crystalline quality and nearly
perfect end facets of the as-grown CsPbBr; nanowire.'” The
excitation fluence dependent photoluminescence spectrum is

6173

shown in Figure 2d. A broad spontaneous emission spectrum
was observed with the peak centered at 525 nm under low-
fluence pumping (2.7 ] cm™). Significantly, once the pump
fluence was enhanced to ~3.6 4] cm ™2, a series of narrow peaks
appeared at the low energy edge of the spontaneous emission
band, and the intensity grows rapidly with further increasing
the excitation fluence, indicating the lasing action of the
CsPbBr; nanowires. For single CsPbCl; and CsPbl; nanowires,
optically pumped F—P cavity lasers are also realized at room
temperature (see Figures S7 and S8). These results
demonstrate that these as-grown CsPbX; nanowires can
work as efficient optical waveguides to achieve high-quality
lasers.

Figure 2e shows the excitation fluence dependent output
intensity of the guided nanowires, which follows a typical
nonlinear “S”-curve shape and gives a threshold of ~4 uJ cm™2.
The result further reveals the transition from spontaneous
emission via amplified spontaneous emission to finally
stimulated radiation with increasing excitation fluence. It is
noted that the fwhm (64) of the dominating lasing mode at
535 nm is only ~0.20 nm (fitted by a Gaussian function,
Figure 2f), which corresponds to an estimated quality factor of
~2256 calculated by using the relationship Q = A/64. The
quality factor of the nanowire is higher than that of the
reported CsPbX; nanowires synthesized by a vapor growth
method,”® indicating the high quality of the achieved in-plane
aligned CsPbX; nanowires.

To demonstrate the dynamic process of the lasing action,
time-resolved photoluminescence (TRPL) spectroscopy of
single CsPbBr; nanowires is performed by a streak-camera
system. Figure 2g shows the TRPL decay curves at different
excitation fluences spanning from SPE to SE processes. As
pumped with low-excitation fluences (~0.8Pyy, black squares),
the SPE decay profile fitted by an exponential function yields a
lifetime of 7gpg = 1.4 ns, while a very fast decay time of ~80 ps
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Figure 4. (a) Real-color optical images of CsPbBr; nanowires with different length pumped above the Pry,. Scale bar is 5 ym. (b) Lasing
spectra recorded for different length nanowires. (c) Plot of mode spacings as a function of the inverse of the nanowire length. The solid line
is the linear least-squares fitting. (d) Left panel: plot of photon energy—wavevector (E—k) dispersion (pink line) and the exciton—polariton
E—k dispersion (black line) curves for the wire with a length of ~10 pm. The green scatter dots represent the lasing peaks’ energy
(corresponding to the spectra in the right panel) that can be fitted by the exciton—polariton model. The red arrow indicates the Rabi
splitting. (e) Pump fluence dependent energy—wavevector dispersion curves of the same wire used in (d).

is obtained when the excitation fluence is above the threshold
(~1.2Pp, red dots), also indicating the occurrence of a
stimulated emission process and lasing action with the
CsPbBr; nanowire cavity. Further analysis demonstrated that
the achieved CsPbBr; nanowire lasers have a very high degree
of linear polarization. Figure 2h shows the polarization-
dependent spectra for the lasing when the electric field of
emission light is separately parallel (E,, red curves) and
perpendicular (E,, blue curves) to the substrate, as shown
schematically in the inset of Figure 2h. The zero degree of the
polarization detection angle is defined as the direction parallel
to E,. It is clearly found that the polarization of the lasing mode
exhibits a maximizing value (I,,,) in the E, component (red)
and minimizing (I,;,) in the E, component (blue). The
polarization relationship of the lasing emission is further
demonstrated by the detection polarization angle (¢) depend-
ent integrated intensities (Figure 2i). The result is plotted in
polar coordinates with the maximum value at ~90°. We define
the degree of polarization (DOP) as DOP = (I.x — Innin)/ (Inax
+ I;), and from the formula the DOP is calculated as 98%,
which demonstrates the high degree of linear polarization of
the CsPbBr; nanowire lasers. The polarization of the lasing
emission is determined by the modes coupled to the lasing
cavity and is further confirmed by the numerical simulation
results (see Figure S9). Clearly, the polarization of the electric
field at the fundamental mode is dominant in the width (x)
direction with a very weak component in the length (y) and
thickness (z) direction, which agrees well with the
experimental results.

6174

Due to the high quality and uniformity of the as-grown
nanowires, simultaneous laser operation can be achieved from
aligned CsPbX; nanowire assembles. Figure 3a—c show the
real-color optical images of the nanowires under the broad
illumination of a femtosecond pulse laser at 400 nm for
CsPbCl; and 470 nm for CsPbBr; and CsPbl; above their
thresholds. It is found from Figure 3a—c that bright light emits
from the two ends of all these directional CsPbX; nanowires,
confirming the realization of high-quality in-plane aligned
CsPbX; nanowire lasing action. More importantly, the blue
(CsPbCly), green (CsPbBr;), and red (CsPbl;) laser emissions
comprise basic components of three primary colors, which will
be beneficial for white light emitting devices and full color
displays. Figure 3d and e are the zoom-in of dominant lasing
modes for CsPbCl; and CsPbl; nanowires, respectively. The
lasing peaks are well fitted by a Gaussian function with fwhms
of 0.22 and 0.32 nm, yielding a quality factor of ~1931 and
~2256 for CsPbCl; and CsPbl; nanowires, respectively. To
further extend the application of the in-plane directional
nanowire lasers, multicolor nanolasers are realized based on
the controllable chemical stoichiometry of perovskites. Figure
3f shows the broad-wavelength-tunable lasing spectra detected
from directional CsPb(CLBr,_,); and CsPb(Br,,_,); nano-
wires at room temperature, ranging from 425 to 722 nm,
almost covering the whole visible light region. The above
results further confirm the realization of high-quality and
multicolor perovskite nanowire lasers through the in-plane
directional growth approach.
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Figure S. (a, b) Energy—wavevector dispersion curves of the lasing peaks’ energy fitted by the exciton—polariton model for the CsPbCl, and
CsPbl; nanowires, respectively. (c) Rabi splitting energy for the CsPbCl;, CsPbBr;, and CsPbl; nanowires with the same length (~10 gm).
The error bars are derived from the changing of oscillator strength of the nanowire cavity when pumped with different excitation intensity.

In addition to the excellent lasing characteristics, we now
focus on the investigation of the origin of lasing modes and the
light—matter interactions in these nanowires. To experimen-
tally investigate the progression of exciton—photon inter-
actions and the coupling strength in these directional CsPbX;
nanowires, we extract the lasing mode energy to construct the
energy—wave vector dispersions.'”*" We first check the lasing
modes and their mode spacing from several CsPbBr;
nanowires. Figure 4a shows the real-color dark-field optical
images of CsPbBr; nanowires with different lengths pumped
above their Pr;. Bright light spots emit from both ends of each
wire, which indicates lasing action occurs with these wires. The
corresponding lasing modes are recorded and shown in Figure
4b. It is found that the lasing spectra change from single mode
to multimode and the modes’ wavelengths shift continuously
from ~527 nm (2.35 eV) to ~534 nm (2.32 eV) with the
length (L) increasing from 3.5 ym to 34.2 ym. This red
shifting comes from the band tail state induced self-absorption
of the guided light in the nanowire cavities.*”** Figure 4c
shows the inverse of length-dependent mode spacing for four
nanowires. The mode spacing is linear inversely to the length
of these guided wires, which is consistent with the F—P-like
lasing mode characteristics. However, in contrast to the
classical pure photonic model in the F—P cavity, it is noted
that the mode spacing decreases with increasing mode number
for a given nanowire (see Figure S10). This unusual mode
spacing is expected from the occurrence of exciton—photon
coupling induced formation of polaritons in the anticrossing
negative curvature low polariton branches.””

To quantitatively analyze the exciton—polariton dispersion
and the Rabi splitting of the polariton branches in the CsPbBr;
nanowires, we use the exciton—photon coupling model, where
the energy of the polaritons is defined by the equation'”

fick

Je(w, k)

where 7 represents the reduced Plank constant, ¢ is the velocity
of light in a vacuum, k is the wave vector, w is the frequency of
the exciton—polaritons, and &(w, k) is the dielectric function of
the material, which varies as the frequency w. Hence the
dielectric function &(w, k) determines the energy—wave vector
dispersion relation of exciton—polaritons. According to the

dielectric function of a microscopic model, &(w, k) of the
12,44,45

E(w, k) = 0
1

nanowire cavity is then given by
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f

e(w, k) = g1 + Q—5——

2)

k, = m— + k,
L, 3)

where &, is the background dielectric constant, £ is a prefactor,
and f is the oscillator strength of the nanowire cavity, which is
defined by the transverse (wp) and longitudinal (wy)
resonance frequencies (f = w;> — wg?). ko represents the
wave vector of the lowest energy mode, which can be regarded
as a fitting parameter together with f.

Considering the exciton—polariton dispersion, the energies
of these lasing peaks with different mode spacing are equally
spaced at an integer number of 7/L, (L, wire length) in the
wave vector space. Thus, when the lasing peak energy is
plotted versus incremental wave vector multiples of z/L,
according to eqs 2 and 3, the shape of the energy—wave
vector dispersion and the Rabi splitting energy can be
determined by eq 1.***” Figure 4d shows the photonic mode
dispersion (pink line) and the polariton dispersion curve
(black line) in the CsPbBr; nanowire cavity with a length of
~10 pm. The energy of the lasing peaks (green scatter dots) is
well fitted by the exciton—polariton model and situated on the
lower polariton branch, as shown in the left panel of Figure 4d.
It is worth mentioning that the exciton—photon coupling only
occurs in the lower energy range, which is ascribed to the large
scattering and absorption loss of higher energy photons due to
the intrinsic existence of an Urbach tail in the semiconductor
nanowires.”” The fitting yields a room-temperature Rabi
splitting energy of ~146 meV. The obtained large Rabi
splitting of the CsPbBr; nanowire reveals the existence of
strong light—matter interaction of the aligned CsPbBr;
nanowire, which is mainly attributed to the large oscillator
strength of the confined nanowire cavity and large exciton
binding energy of this class of materials at room temperature.
Indeed, the reasons for the large Rabi splitting of the
perovskite nanowire are complex. Many factors will impact
the Rabi splitting energy for a nanoscale structure such as
carrier densities, crystalline quality, and the dimension of the
cross-sections.”*"***” Figure 4e shows the energy—wave-
vector relations of the lasing modes with the increasing of
pump fluence. It is found that each mode shifts gradually to
high energy and can be well fitted with the exciton—polariton
model, indicating the light—matter interaction is preserved at
high pump fluence. However, the fitting E—k curves show that
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the oscillator strength (f) of the nanowire decreased ~10% at a
pump fluence of 5.1 uJ/cm* compared with that pumped at a
low fluence of ~3.0 uJ/cm? which is attributed to the reduced
exciton binding energy by free carrier screening.'>** Thus, the
exciton—photon coupling strength is also weakened and yields
Rabi splitting ranging from 137 to 155 meV for the same wire
at different pump fluences above the Py,. The above results
also demonstrate that the lasing modes exhibit a hybrid of
photonic and polariton mode characteristics due to the
occurrence of strong exciton—photon coupling in the nanowire
cavity.

We further investigate the composition-dependent exciton—
photon coupling of the aligned CsPbX; nanowires, and their
Rabi splitting energies are also quantitatively obtained by the
exciton—photon coupling model. Figure Sa and b show the
fitted energy—wavevector dispersion relations of the modes;
energy extracted from lasing spectra for single CsPbCl; and
CsPbl; nanowires. From these results, we obtained a Rabi
splitting of ~103 and ~210 meV for CsPbl; and CsPbCl;
nanowires, respectively. Figure Sc further plots the statistics
result of Rabi splitting of the three representative composition
CsPbX; (X = CL Br, I) nanowires with a similar cavity
geometry (length ~10 pm, diameter ~300 nm). The result
indicates a large difference in the exciton-coupling strength for
the three compositions. Generally, the exciton—photon
coupling strength of a given nanowire is mainly affected by
the cavity oscillator strength and the exciton binding energy of
the material. The quality factor of the nanowire for the three
compositions is demonstrated in the same range with a value of
~2000, as shown in Figures 2 and 3. The exciton binding
energy of CsPbCl;, CsPbBr;, and CsPbl; crystals is reported to
be ~72, ~40, and ~20 meV, respectively.zo’21 Generally, a
larger exciton binding energy implies higher density exciton
states against the free carriers when the nanowire is excited
with a laser, which enables strong coupling with the confined
photons in the nanowire cavity, leading to a larger Rabi
splitting energy.””** In addition, the obtained Rabi splitting is
comparable to the values from CsPbBr; nanowires by the
solution method and CsPbCl; nanoplates in distributed Bragg
reflectors.””** Although these dispersion curves are fitted with
parameters from bulk samples, which might yield the obtained
Rabi splitting energy with possible errors, our analysis provides
a convincing composition-dependent Rabi splitting variation
tendency. This result experimentally demonstrates that the
exciton—photon coupling strength of CsPbX; perovskite
nanowires is highly composition dependent and reveals the
strong room-temperature light—matter interactions in the
photon-confined CsPbX; nanowire cavities.

CONCLUSIONS

In summary, high-quality in-plane aligned CsPbX; perovskite
nanowires were synthesized via a vapor growth method on an
annealed sapphire substrate with very smooth surfaces and
uniform size. The nanowires themselves can act as efficient
gain mediums and low-loss optical cavities, based on which
multicolor aligned nanolasers are achieved with very low lasing
threshold, high quality factor, and high degree of linear
polarizations at room temperature. More importantly,
exciton—polaritons are formed and investigated under the
pulsed laser excitation from these aligned CsPbX; nanowires.
We fitted the energy—wavevector dispersion of the detected
lasing mode energy using the exciton—photon coupling model,
which shows a large Rabi splitting energy of 210 + 13, 146 =+

9, and 103 + S meV for the CsPbCl;, CsPbBr;, and CsPbl,
nanowires, respectively. This work makes an important step
toward miniaturized nanolasers and provides fundamental
insight into light—matter interactions in CsPbX; peroviskites
nanowires. More interestingly, the cavity polariton formation
may lead to the observation of a Bose—Einstein condensate,
which is of fundamental significance for the realization of a
low-threshold continuous-wave polariton laser.

METHODS

Synthesis of the In-Plane Directional Nanowires. M-plane
sapphire was annealed at 1400 °C for 10 h with ambient air
protection. Prior to use, the substrates were sonicated for 10 min in
acetone, 10 min in isopropyl alcohol, and 10 min in distilled H,O and
blow-dried in N,. CsPbX; guided nanowires were synthesized based
on the thermal evaporation of CsX and PbX,. First, a mixture of CsX
and PbX, powders were placed at the center of a heating zone with a
molar ratio of 1:1. Several pieces of annealed M-plane sapphire
substrates were placed on the alumina boat at the downstream. High-
purity N, gas was introduced into the quartz tube with a constant
flowing rate (60 sccm) to purge the O,. Then the furnace was rapidly
heated to 560—630 °C and maintained at this temperature for 30 min,
keeping the pressure inside the tube at 250—300 Torr. Semiconductor
CsPbX; products were deposited on the surface of the sapphire
substrate at the deposition temperature of 300—400 °C. After the
growth, a large number of directional nanowires on the sapphire
surface were obtained.

Optical Characterization. The optical properties were measured
with the confocal y-PL system (WITec, alpha-300). A 488 nm CW
laser was used as the excitation source for PL and waveguide
measurements of the CsPbBr; nanowires. The laser was introduced to
the confocal system and focused onto the samples through a 10X
objective from the bottom of the samples. The in situ PL signals and
waveguide emission were collected by another 100X objective and
detected by a spectrometer (300 g/mm grating). A Spectra Physics
Ti:sapphire laser at 470 nm (100 fs, 1 kHz) was used for CsPbBr; and
CsPbl; nanowire lasing measurements, while the CsPbCl; nanowire is
pumped with a 400 nm (100 fs, 1 kHz) wavelength laser. The
excitation light sources are obliquely focused to the sample by a lens.
The real-color images of these large-area in-plane aligned lasers are
taken by a CCD camera, and the corresponding laser spectra are also
detected by a spectrometer. TRPL is measured by a streak camera
(Hasmamatsu Universal, C10910) with a resolution of ~80 ps for a
long time range mode of about 5 ns. All experiments were performed
at room temperature.
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