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ABSTRACT

All-inorganic perovskite micro/nanowire materials hold great promises as nanoscale
coherent light source due to their superior optical and electronic properties. The
coupling strength between exciton and photon in this system is important for their
optical application, however, is rarely studied. In this work, we demonstrated the
strong coupling of exciton-photon and polariton lasing in high quality CsPbBr;
micro/nanowires synthesized by a CVD method. By exploring spatial resolved PL
spectra of CsPbBr3 cavity, we observed mode volume dependent coupling strength
with a vacuum Rabi splitting up to 656 meV, as well as significant increase in group
index. Moreover, low threshold polariton lasing was achieved at room temperature
within strong coupling regime; the polariton characteristic is confirmed by comparing
lasing spectra with waveguided output spectra and the dramatically reduced lasing
threshold. Our present results provide new avenues to achieve high coupling strengths
potentially enabling application of exciting phenomena such as Bose-Einstein

condensation of polaritons, efficient light-emitting diodes and lasers.

Keywords: CsPbBr3; Nanowires, Exciton-photon Coupling, Microcavity, Waveguide,

Polariton lasing
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Lead halide perovskites have recently become a rapidly growing research field due to
their unprecedented success in next-generation solar cells.!> The power conversion of
solution-processed CH3:NH3PbX3 (X= Cl, Br, I) perovskite solar cells has reached
22.1% within few years.® Meanwhile, as a direct bandgap semiconductor, perovskites
are also promising candidates with great potential in photonic sources due to their
high optical gain, ease of bandgap engineering, large absorption coefficient, and low
defect state density.!™ "!! Recently, all-inorganic lead halide perovskites (CsPbX3,
X= Cl, Br, I) have attracted much attention due to long-term thermal and hydrolysis
stabilities comparing with their hybrid organic—inorganic counterparts, with excellent
optical properties at the same time.” '>!* For instance, Eaton et al. reported ultrastable
pure-inorganic CsPbBr; perovskite-nanowire lasers that worked in ambient and
vacuum conditions.'> The lasing behavior lasted even after 10° excitation cycles with
a low threshold of 5 pJ/cm? and an excellent lasing spectra coherence of ~0.5 nm.
All-inorganic lead halide perovskites grown by an epitaxy-free vapor phase technique
exhibit excellent optical gain properties with large exciton binding energy and
oscillator strength.'® Multicolor lasing is achieved with low threshold (~2 pJ/cm?) and
high spectra coherence (~0.14-0.15 nm), and better optical stability under high laser
flux illumination compared with hybrid perovskites. Very recently, strong
exciton-photon interaction in CsPbBr3 perovskites has been exhibited and a polariton
related lasing are proposed from these nanowires by Park and coworkers.!” Meantime,
room-temperature polariton lasing based on the all-inorganic CsPbCls nanoplatelet
microcavity has also been reported by Su et al lately.' These demonstrations
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mentioned above have motivated us to explore the mechanism of strong light-matter
coupling and the relationship between coupling strength and lasing threshold in

inorganic lead halide perovskite samples.

Exciton-polaritons,'®! bosonic quasi-particles resulting from the strong coupling
between electron-hole pairs (excitons) and photons confined in an optical microcavity,
are fundamental to many exciting phenomena.’*” The exciton-polariton coupling
strength in an optical microcavity is expressed as the Rabi splitting energy, 2hg «
2hn = f/V,,, 2% with h reduced Planck constant, n the number of oscillators, f
their oscillator strength, and V,, the mode volume. Coupling between exciton
resonance and photon is enhanced in micro/nanowire cavity due to enhancement of
oscillator strength and coupling with small mode volume low-loss optical cavities.?>
3033 Moreover, by integrating advantages of perovskites and one dimensional material,
such as ultra-compact physical sizes, highly localized coherent output, and efficient
waveguide, Zhu et al. reported the first demonstration of perovskite nanowire lasers.!!
After that, ultra-stable CsPbX3 micro/nanowires laser have also been demonstrated
with low thresholds and excellent lasing spectra coherence.** Therefore, all-inorganic
perovskite nanowires are ideal systems to study the light—matter interactions. Park et
al. found the uneven mode spacing in pulsed lasing from CsPbBrs nanowires,
suggesting the possibility of strong light-matter interactions.!” However, intrinsic
mechanism accounting for strong coupling strength occurred in CsPbX3 was not yet

well studied. The nature of waveguiding in nanowires is different from its bulk

counterpart and light—matter interactions are expected to be strong in nanowires
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because the extent of coupling between the photon (light) and the exciton (matter) is
strengthened by the decrease in the mode volume and the high oscillator strength in
nanowires. It will be an ideal platform to investigate the fundamental properties of
exciton-polariton and to accomplish scalable and high performance polariton lasing
operated at room temperature. Very recently, we observed clear anticrossing feature
of strong exciton—photon coupling in inorganic—organic hybrid perovskite nanowires
and the coupling strength could be weakened because of carrier screening effect with
increasing pump fluence.>> At the same time, continuous wavelength (CW) lasing
from polariton modes condensed in the bottleneck region of CsPbBr; nanowires is
realized by Zhu’s research group,*® which may open the door to model systems for

polaritonics in the strong-coupling regime.

In this study, we realized size-tunable light-matter interactions and polariton
lasing in the one-dimensional cavity using all-inorganic CsPbBrs perovskite
micro/nanowires synthesized by a chemical vapor deposition (CVD) method. We
measured the spatial resolved PL spectra of the CsPbBr; nanowires waveguide with
different mode volume and analyzed the Fabry-Pérot modes that form along the
length direction of the nanowires. Strong exciton-polariton coupling strengths
characterized by a vacuum Rabi splitting of up to 656 meV, as well as a significant
increase in group index have been achieved. More significantly, by comparing the
lasing spectra with the guided PL spectra, it is confirmed that the modes of the lasing
spectra at room temperature with low threshold belong to the polariton lasing. Our

current results suggest considerable promise of inorganic lead halide perovskite
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toward low-cost, high-performance room-temperature polariton devices.

RESULTS AND DISCUSSION

Strong exciton-photon coupling can commonly be observed in optical microcavities,
especially a micro/nanowire Fabry-Pérot cavity with small mode volume and nature
of waveguiding. Photons propagate along the axial direction and oscillate between the
two end-facets of the nanowires. If the electromagnetic wave in this optical cavity is
nearly resonant with interband exciton transition, then one cannot make the distinction
between them and then cavity polaritons formed as shown in Figure 1a. Instead, the
energy oscillates between trapped photons and exciton until dissipation of this
coherent state.?” Here, we study the exciton-photon coupling in the material system of

CsPbBr; micro/nanowires with large exciton binding energy '® 3

and high intrinsic
exciton oscillator strength.** They were grown on SiO»/Si substrates using a CVD
method. A detailed description of the micro/nanowire growth method and
characterization could be found in the Supporting Information Notel. The CsPbBr3

13, 16, 34

nanowires crystallized in the cubic phase are featured with a well-defined

tri-prism shape laying on the SiO» substrate as the representative scanning electron
microscopy (SEM) shows (in Figure 1b), identical to the previous works.3* 4,
Statistical results from SEM and Atomic force microscopy (AFM) (Supporting
Information, Figure S1 —S3) demonstrate CsPbBr3; nanowires with a highly smooth

surface and an ideal size region for confining photonic mode in the nanowires and

spatial resolved measurement. The cubic crystal structure and the CsPbBr3; phase are
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affirmed by the X-ray diffraction pattern and energy-dispersive X-ray spectroscopy
(see Supporting Information, Figure S4). The optical performance of the CsPbBr;3
nanowires exhibited in Figure S5 presents that the PL from single CsPbBr3 perovskite
nanowire is centered at ~531 nm (2.34 eV) similar to previous reported*'**. While a
full width at half maximum (FWHM) of 15 nm (66 meV) is smaller than that of
highly luminescent CsPbBr; CQDs (~12.0-42.0 nm) and CsPbBr; nanowires
synthesized by solution method at room temperature, which suggests the high quality

and good optical/excitonic properties of as-grown nanowires.!* 1°

To probe the waveguide modes and polaritonic effects in CsPbBr3; nanowires, we
conducted the spatially resolved PL measurement with the nanowires as schematically
shown in Figure 1c. Light guiding of PL signals is commonly observed in CsPbBr3
nanowires as green light emitting at nanowire tips. When the nanowire is excited in a
position (red circles in Figure 1d), the nanowire is served as microcavity where PL
signals oscillate in the micro-cavity and finally leak out at the two ends of the
nanowire. Guided PL signal collected at one end of nanowire (green circles in Figure
1d) is shown in Figure 1e. The asymmetrical PL line shape and red shift of emission
peak compared to in-situ excited PL spectra have been attributed to re-absorption of

43-46 \which can be

high energy photons and F-P mode guiding of low energy photons,
evidenced from the propagation loss spectrum in Note2. The mode spacing of the
interference peaks is inversely proportional to nanowire length (see Supporting

Information, Note3), demonstrating that the nanowire functions as an optical

Fabry—Pérot (F-P) resonator along its length. One unique feature of F-P modes in
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conventional photonic model is the identical mode spacing toward different energy
region due to the group index almost keep a constant for different energy. While the
value of mode spacing decreases from 2.83 nm (11 meV) to 1.56 nm (5 meV) as the
mode energy increases from 565 nm (2.21 eV) to 533 nm (2.33 eV). This oscillation
mode cannot be explained by conventional photonic model, suggesting strong
light—matter interaction happened in CsPbBr; nanowires and the formation of
exciton-polaritons quasi-particles.!”#7* Thus, the observed series of resonance peaks
on the PL spectrum could be attributed to the polariton emission. Actually, the
stability of exciton-polariton is determined by the exciton binding energy.’*>! The
exciton binding energy of CsPbBr3is 38~60 meV'® 3 (see Supporting Information,
Figure S8), which is higher than the thermal disturbance at room temperature (kg7T~
26 meV). Hence, robust exciton of CsPbBrz facilitates the formation of
exciton-polaritons that can travel back and forth along the nanowire axis coherently,
making this PL guiding and microcavity oscillation more efficiently at room

temperature.

The cavity modulated spectroscopy of CsPbBr; nanowires shown in Figure le
can be fitted by a series of Lorentzian line shapes (short dot lines).
Energy-wavevector dispersion curves in the z-direction (along nanowire length) of
CsPbBr3; nanowires are shown in Figure 1f. The shape of the mode dispersion can be
determined from the maxima of F-P resonant polariton modes which are equally
spaced at integral multiples of n/L, in wavevector space, as the scatter data points in

Figure 1f. It is obvious that the mode dispersion curves determined by the
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experimental results show significant curvature deviating from the purely photonic
model.!” The solid lines represent numerical solutions for the eigenvalue equation of a
dielectric triangular prism waveguide using a phenomenological equation for CsPbBr3
permittivity (Supporting Information, NoteS). In wavevector space, the upper
polariton branch (UPB) is severely damped and these modes are actually situated on
lower polariton branch (LPB) of exciton-polariton dispersion curves. The UPB
severely damped at these energies can be explained as the dynamic of reservoir
excitons created by non-resonant high-energy excitation.’> The excited UPB
population scatter to the exciton reservoir, results in a fast non-radiative depopulation
of the UPB.>® The reserved excitons further scatter into LPB states through phonon
emission. Energy-wavevector dispersion can be well fitted by coupled oscillator
model of polaritons. The coupling strength of exciton to the fundamental guided
optical mode is displayed by the smallest energy difference between upper and lower
polariton branch, i.e., Rabi splitting energy as indicated by the red arrow in Figure 1f.
Numerical calculations and a histogram for almost one hundred nanowires of

coupling strength are given in Supporting Information, Note6.

The cavity modulated spectroscopy of different size of CsPbBr3; nanowires (with
widths of 3.31, 1.99, 1.19 and 0.78 um and lengths of 11.01, 14.02, 16.41 and 20.77
um respectively) shown in Figure 2a-d. This length-dependent phenomenon can be
seen more clearly in the Note3 of Supporting Information. Aside from the different
interference peak spacing caused by the different nanowire lengths, the whole

polariton emission spectra shows red shift of 7 meV and 18 meV for 16.9 um and
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24.1 um length of nanowires compared to nanowire of 10.1 pm, indicating enhanced
polariton relaxation before polariton emission from edge of CsPbBr3 crystal. Fitting
result of Rabi splitting energy for nanowires in Figure 2a-d dramatically increased
from 401 to 656 meV shown in Figure 2e-h. Rabi splitting energy of 656 meV is
obviously much larger than that in most inorganic semiconductor materials ** (~200
meV for CdS; ~150 meV for ZnO) and CsPbCl3 nanoplatelets in DBR microcavity
(265 meV),!® indicating large oscillator strength. A comparison of CsPbBrs; and
traditional semiconductors (ZnO and CdS) in oscillator strength is summarized in
Table 1. This can be advantaged for stable polariton state up to or beyond room
temperature so long as vacuum Rabi frequency (QQ/h) is larger than the exciton
dephasing rate.>* We should note that even the length of nanowires in Figure 2b-d
increase to 14.02, 16.41 and 20.77 pm, the geometric volume decrease from 24.96 to
2.59 um?, suggesting that the micro/nanowire dimension plays an important role in
altering light-matter coupling strength. To illuminate the role of individual nanowire
dimension playing on the exciton-polariton coupling strength, the electric-field
properties of F-P microcavity with different nanowire dimensions are investigated
with the finite difference eigenmode solver in Mode Solution (Supporting Information,
Note7). The normalized electric-field distribution |£]? at 540 nm of CsPbBrs
nanowires with different cross-section area are described in the insets of Figure 2e-h.
The electric-field distribution at the cross-section for the four given nanowires reveals
that the energy of electric field is well confined in the nanowires, and the scattering
into the surrounding air and substrate is quite limited. Lateral confinement of
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nanowire lead to the decrease of effective volume in smaller cross-section nanowires.
However, when the cross-section reduces further (0.04 umz in our experiment), the
electric field begin to scatter into the air and the substrate to some extent resulting in

the decrease of light-matter coupling strength (Supporting Information, Figure S10).

. L d
The group refractive index n, along the nanowire is calculated by vg=£ and
Il

Ng— Ui 3 Plots of wavelength dependence of group refractive index n, for nanowires
g

with Rabi splitting energy of 401 meV, 440 meV, 499 meV and 656 meV are shown
in Figure 3a, which indicates that n, is about 3 at longer wavelength for four
nanowires and suddenly increases up to 15 for nanowire with Rabi splitting energy of
401 meV and 21 for nanowire with Rabi splitting energy of 656 meV at shorter
wavelength. The enhancement group refractive index shows strong dispersion in high
photon energy bands, which is characteristic of exciton-polariton from the strong
coupling between excitons and photons (A detailed analysis in Supporting
Information, Note8).!”*® 3 Then, we summarized the results for the Rabi frequency,
g and Rabi splitting energy, versus effective mode volume for nanowire waveguides
with diameters ranging from 160-3500 nm and lengths ranging from 2.45 to 21 pm in
Figure 3b (calculation methods are available in Supporting Information, Note7).
Herein we use the effective mode volume instead of the mode volume to quantify the
average field strength instead of the maximum field strength since excitons occur
throughout the whole nanowire.*® When the effective volume is larger than 10 um?,
the Rabi frequency g and the Rabi splitting energy present lower value, and increase

slowly with the V.4 decrease from 100 to 10 um™. However, with the further decrease
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of the V.p, the Rabi frequency g increases sharply by up to 2.4 times where coupling
strength is strongly enhanced in this cavity. This strongly proved the size-dependent
coupling strength. The relation between Rabi splitting energy and effective volume in
this small effective volume region can be fitted by equation S1 with effective
oscillator strength n(V) X f(V) of 1.4915x10'° as a fit parameter (the red dash dot
curve line in Figure 3b), indicating that oscillator strength is significantly increased

with the decreasing number of oscillators.

We analyzed the essential reason of the remarkable enhancement of light-matter
coupling strength in the CsPbBr3; nanowire microcavities. Firstly, the decrease of the
effective mode volume could increase the electromagnetic energy density in the
nanowire cavity, directly resulting in coupling strength increased. Secondly,
considering the high ordering of CsPbBr; due to the distinct size and charge of the Cs
and Pb ions,!® the coherently filling of exciton wavefunction in nanocrystals is
promoted until scattering limits the exciton coherence volume.’” This enhancement of
exciton oscillator strength presented in the inset of Figure 3b has also been observed
in CdSe,” ZnO quantum dots®® and CdS nanowire’® when the crystal dimension
approaches the wavelength of light. In this regard, several oscillators coherently
combine into one larger dipole mediated by coupling to the same optical mode. In
addition, we also carried out the temperature-dependent studies and associated fitting.
(Supporting Information, Note9) Our conclusion of Rabi splitting energy changing
with temperature is inconsistent with that reported before,® which is needed further

study.
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Polariton lasers act as coherent light sources very similar to conventional lasers,
the main difference being that polariton lasing occurs without necessary for
population inversion, deriving from the formation mechanism of stimulated relaxation

O as opposed to stimulated emission of photons. As a consequence, it

of polaritons °
has been predicted and observed that the threshold for polariton lasing is several
orders of magnitude smaller than the conventional photon lasing threshold.®'** Given
this, we delved deeper into the lasing behaviors, the influence of exciton-polariton
coupling strength on the lasing behaviors and mechanism. Figure 4a depicts the PL
spectra of a CsPbBr3 nanowire with L=12.4 um, as a function of pump fluences. The
PL emission shows a clearly nonlinear behavior: at low pump fluence of 3 plJ/cm?,
the PL spectrum displays broad spontaneous emission at 525 nm. Upon increasing the
pump fluence from 6 pJ/cm? to 8 pJ/cm?, strong laser emission develops as a set of
sharp peaks at the right shoulder of spontaneous emission peak, indicating the
polariton resonant cavity modes. With further increase of pump fluence, these modes
become dominant in the PL spectra, as indicated by the orange line in Figure 4a
recorded at 10 pJ/cm? And the individual cavity mode presents a line-width as
narrow as 0.4 nm. Figure 4b shows the bright-field optical microscopy image (down)
and emission images at low (middle) and high (top) pump fluence of a typical
CsPbBr; nanowire. Compared with the uniform emission from the entire nanowire
under low pump fluence, a strong emission was observed at both ends with the high
pump fluence, indicating the transition from random spontaneous emission to

directional stimulated radiation. At the same time, we can distinguish the interference
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pattern from the two ends in this emission image, which is the evident of coherent
light. Each pattern is thought to be resulted from the interference of diffracted
coherent light escaping from two ends of the nanowire cavity.'! > % Figure 4¢ shows
the emission intensities as a function of pump fluence in a log-log scale, showing
clearly an intersection point at Py = 8 uJ/cm? defined as the lasing threshold. A
typical “S” shape power dependent emission relationship also indicates a transition
from a sublinear regime to a superlinear regime.® ¢ Meanwhile, a slight broadening of
the FWHM below threshold is also observed as the recently work by Su et.al.,'
which is attributed to exciton - polariton interaction. Then, the FWHM dramatically
decreases from 20 nm at 6 pJ/cm? to 0.4 nm at 10 pJ/cm?, indicating a sharp increase

of the temporal coherence.

Figure Sa-c depicts the comparison of the lasing spectra and the guided PL
spectra for three different coupling strengths with Rabi splitting of 357 meV, 434
meV, 554 meV. It is found that the lasing modes of the three CsPbBr; nanowires
observed above threshold are in different positions comparing with those guided F-P
modes observed below threshold. Specifically, the lasing spectrum sited at the left of
the peak of its corresponding waveguide mode spectrum for nanowire with Rabi
splitting of 357meV in Figure Sa; the lasing spectrum located at the middle of the
peak of the corresponding waveguide mode spectrum for nanowire with Rabi splitting
of 434meV in Figure 5b; the position of the lasing spectrum is a little right relative to
the peak of its corresponding waveguide mode spectrum for nanowire with Rabi

splitting of 554meV in Figure Sc. The overlap range between multiple F-P
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interference peaks and lasing peaks is larger with the coupling strength increasing,
meaning the increasing proportion of polariton in the lasing spectra. By further
analyzing, the lasing modes were found to be occurred in lower energy for larger
coupling strength comparing with corresponding guided PL spectrum. It means that
the more efficient cooling of the polaritons by acoustic phonon scattering moves the
condensate state further down the bottleneck region on the LPB.>* % The increased
relaxation efficiency has been attributed to the larger excitonic character of the
exciton-polaritons in the LPB as discussed by Coles et al.®” A larger excitonic fraction
improves relaxation due to increased polariton lifetime and the resulting flatter
dispersion supports polatiton-phonon scattering. % Also, the overall relative redshift
of lasing modes with Rabi splitting increase is consistent with the redshift of
maximum polariton emission by increasing the Rabi splitting. © We summarize the
threshold evolution versus the Rabi splitting in Figure Sd. The threshold appears to
be minishing greatly when the Rabi splitting increased as the eye-guided line indicates.
The threshold of the nanowire laser with Rabi splitting of ~550 meV 1is one order of
magnitude smaller than that of nanowire with Rabi splitting of ~350 meV. The
dramatical reduction of the laser thresholds is an unambiguous (although indirect)
evidence that the lasing is from the polariton resonances for the nanowire with strong
coupling, and we are indeed in presence of both polariton lasing (with Rabi splitting
larger than ~ 500 meV), and conventional photon lasing (with Rabi splitting smaller ~
400 meV). Moreover, the discovery of lasing mode blueshift with the increase of
pump fluence and different quantity of blueshift for nanowires with different Rabi

15/29



splitting give us the further evidence of polariton lasing. (Supporting Information,

Notel0)

CONCLUSION

In summary, CsPbBr; perovskite micro/nanowires were synthesized by chemical
vapor deposition method. Using scanning-excitation single nanowire emission
spectroscopy with a laser as a spatially resolved excitation source, we observe
standing-wave exciton-polariton in the CsPbBrs nanowires. The Rabi splitting and
group index can be tunable by the varied dimensions of the nanowires. Thus, the
observation of polariton lasing with exceptionally large vacuum Rabi splitting of 656
meV and almost one order of magnitude low threshold opens the door not only to low
power coherent light sources and model systems for polaritonics, but also to a better

understanding of this class of material in optoelectronics applications.
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Methods

Characterization of CsPbBr3; nanowires: The morphology of the as-grown samples
were characterized using AFM (Veeco Dimension 3100) in the tapping mode,
scanning electron microscopy (SEM, NOVA NanoSEM 430) equipped with Energy
Disperse Spectroscopy (EDS, Oxford: X-Max80), X-ray powder diffraction (XRD,
D/max-TTRIII, Cu Ka radiation) in the 6—260 geometry, and an optical microscope
(Olympus BX53),. Absorption spectra were measured by the optical microscope

equipped with a halogen lamp, operating in transmission mode.

Steady-State and spatial resolved Photoluminescence measurements: The
steady-state PL spectra measurements were performed with excitation light from a
CW laser (A = 405 nm) and the pumping power was adjusted using neutral density
filters. The laser was focused on the sample by a 100x objective lens (NA = 0.95).
Backscattered signal was either projected onto a small CCD for color imaging or
collected through the focusing lens into an optical fiber that was coupled to a
Princeton Instrument SP25001 spectrometer with a liquid nitrogen cooled charge
coupled device detector. A pin hole fixed on two dimensional stages was arranged
before backscattered signal could be projected to CCD or optical fiber. Light could be

collected from specific parts of the nanowire with a spatial resolution of ~200 nm.

Lasing Spectroscopy: The lasing spectroscopy was carried out on the optical
microscope (Olympus BX53). A 400 nm pulsed laser was used as the excitation
source, which was frequency doubled by a BBO crystal from an amplifier laser source.
The amplifier laser source was the 800 nm laser pulses which were from a Coherent
Astrella regenerative amplifier (80 fs, 1 kHz, 2.5 mJ/pulse), seeded by a Coherent
Vitara-s oscillator (35 fs, 80 MHz). The 400 nm wavelength laser pulses were focused
on the sample with a 10x objective lens (NA = 0.35). All the other optical paths are

identical to steady-state PL. measurements.

ASSOCIATED CONTENT
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Supporting Information. Chemical vapor deposition and characterization, spatially
resolved PL and propagation loss spectrum, confirmation of Fabry-Pérot cavity mode,
fitting of exciton binding energy, the exciton-polariton model and fitting of the
dispersion curve, mode simulation and effective volume, numerical calculations of
coupling strength of CsPbBr3; nanowires, group index of a CsPbBr3; nanowire modeled
with different coupling strength, temperature-dependent study of Rabi splitting energy,
power dependent lasing energy blueshift, and oscillator strengths of different
semiconductor materials. This material is available free of charge via the Internet at

http://pubs.acs.org.
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Figure 1| Schematic of PL probing of cavity exciton-polaritons. (a) Polaritons
emerge from strong coupling between the exciton and the photonic mode of a
micro/nanowire cavity. (b) SEM image of a representative being investigated
tri-prism CsPbBr; nanowire on the SiO; substrate. The top right inset is a magnified
SEM image showing flat end facets and triangular cross section. (¢) Diagram of the
experimental setup showing a CsPbBr; nanowire laying on the substrate. The
nanowire is excited at the upper end and only the waveguided polaritonic emission is
collected at the lower end, in order to resolve the Fabry-Pérot cavity modes. (d)
Corresponding optical micrograph of the PL resulting from exciting the CsPbBr3
nanowire from the upper point outlined by red dash circle. A clear polaritonic
emission spot can be seen at the both end of the CsPbBr3; nanowire which is caused by
guiding from the exciting point. (e) PL emission spectra of the waveguided emission
and (f) corresponding energy-wavevector dispersion curves in the z-direction (along
nanowire length). The scatter data points indicate the Fabry-Pérot maxima, which
have been placed in wavevector space at integer values of 7/L.. The solid lines are the
results of numerical solutions for the eigenvalue equation of a dielectric triangular
prism using a phenomenological equation for CsPbBr; permittivity including
light-matter coupling with the CsPbBr; exciton (dotted horizontal line). Importantly,
the Rabi splitting is shown by the arrows indicating A=2x /g.
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Figure 2| Size-dependent light-matter coupling strength in CsPbBr3
micro/nanowires (a-d) Emission spectra acquired from the waveguided end and
excited from the other end of CsPbBr3; nanowires with width of 3.31, 1.99, 1.19 and
0.78 um and lengths of 11.01, 14.02, 16.41 and 20.77 pm, respectively. The spectra
show multiple Fabry-Pérot interference peaks which have been fitted by Lorentzian
line shapes to determine the resonance energies. (e-h) Corresponding
energy-wavevector dispersion curves in the z-direction (along nanowire length) of
above four CsPbBr3; nanowires, respectively. The insets are normalized electric field
distribution |£]? at the cross-section of these four CsPbBr3 nanowires, respectively.
The Vi is decreasing with the cross-section of CsPbBr3; nanowires decreasing within
the range of our nanowires.
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Figure 3| Numerical mode volume calculations of CsPbBr3 nanowire waveguide
cavities. (a) Wavelength dependence of group refractive index for nanowire with Rabi
splitting energy of 401 meV, 440 meV, 499 meV and 656 meV. (b) Coupling strength,
g and Rabi splitting energy, versus effective mode volume for 21 nanowire
waveguides with diameters ranging from 160-3500 nm and lengths ranging from 2.45
to 21 um. For larger effective volumes, the coupling strength remains constant. For

smaller volumes, the coupling strength g increases by up to 2.4 times. Inset is the
calculated oscillator strength.
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Figure 4/ Characterizations of CsPbBr3 waveguide cavity polariton lasing. (a) PL
spectra of CsPbBr3; nanowire as a function of pump fluence with excitation laser at
400 nm. A sharp increase of emission intensity occurs beyond 1.0 P, suggesting the
transition to the nonlinear regime. (b) Optical image (down) of a single CsPbBr;3
nanowire; the middle and up images show the nanowire emission below and above
the threshold P, respectively. (¢) The power-dependence profile of integrated PL
intensities and full width at half maximum (FWHM) as a function of pump fluence. A
linewidth narrowing occurs near the threshold of Py, = 8 uJ/cm?, along with a sharp
increase of emission intensity.
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Figure 5| Lasing behavior of CsPbBr3; nanowires with different Rabi splitting energy. (a-c)
Comparison of lasing spectrum and guided PL spectrum for three different CsPbBr3
nanowires with different coupling strength (A represents Rabi splitting) of 357 meV,
434 meV, 554 meV, respectively. The overlap range between multiple Fabry-Pérot
interference peaks and lasing peaks located in the splitting region with increasing the
coupling strength. (d) Measured laser threshold as a function of the Rabi splitting.
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Strong Exciton-Photon Coupling and lasing behavior in

All-Inorganic CsPbBr3; Micro/nanowire Fabry-Pérot cavity

Wenna Du,”* Shuai Zhang,”** Jia Shi ¥ Jie Chen,”* Zhiyong Wu,” Yang Mi,’
Zhixiong Liu,* Yuanzheng Li," Xinyu Sui,”* Rui Wang,” Xiaohui Qiu," Tom Wu, ™
Yunfeng Xiao,"" Qing Zhang,*" and Xinfeng Liu™""

All-inorganic perovskite micro/nanowire hold great promises as nanoscale coherent
light source due to their superior optical and electronic properties. The coupling
strength between exciton and photon in this system is vital important for their optical
application. We firstly demonstrated strong coupling of exciton-photon with vacuum

Rabi splitting up to 656 meV and low threshold polariton lasing in CsPbBr3

micro/nanowires.
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