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Fig. 1. (a) F-P cavity structure and resonant waveform; (b) frequency spectrum of F-P resonant cavity; (c¢)—(h) angle-resolved pho-

toluminescence spectra of exciton and F-P cavity photon in resonant/off-resonant weak coupling, intermediate coupling and strong

coupling[2223],
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Fig. 4. (a) Scanning electron microscopy images of triangular nanowires grown on sapphire substrate; (b) FEM simulation of the

lowest order waveguiding mode in a nanowire (The electric field polarization is depicted by the cyan arrows); (c) illustration of the

optical setup for time-resolved Kerr gating experiment. The linear polarization (I) becomes elliptical (II) as it passes through the

Kerr medium with the pump pulse. A final polarizer (III) filters polarization perpendicular to the original incident polarization;

(d) cartoon describing the carrier dynamics from photoexcitation which results in a hot electron hole plasma (hot EHP) through

carrier cooling to a cold electron hole plasma (cold EHP) finishing with stimulated emission coupled with plasmon emission®.
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Fig. 5. (a) Schematic structure of mixed-cation perovskite DBR laser. The sputtered dielectric DBR stack consists of 10 pairs of
H{O,/Si0y; (b) measuredreflectivity spectrum of a standalone HfO,/SiO, DBR showing a reasonably good match with pre-deposition
design simulation; (c¢) zoom-in view of the high-reflection band showing peak reflectivity of 99.5%, and a broad spectral window cover-

ing from 2.145 eV to 2.398 eV (517-578 nm) wherein reflectivity exceeds 99% 3.
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Fig. 6. (a) Schematic diagram of cavity architecture; (b) pump fluence dependence of the emission spectra for the device; (c) the
plots of integrated intensity (blue ball) and FWHM (pink diamond) of the cavity mode and the resulting lasing peak as a function
of the pump fluence; (d) intensity polar plot through a rotational analyzer (red ball). The black line is the fitting curve from Malus’s

law (36,
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Fig. 7. (a) Schematic structure of a vertically pumped perovskite laser with a long-pass filter to block the pump residue. The pulsed
pump source is acompact diode-pumped solid state laser (3.493 eV, 7= 0.34 ns, 1 kHz repetition rate). (b) Device light output
with increasing pump fluence expressed in a log-log plot with threshold energy density of 13.5+ 1.4 pJ/cm? The empty circles re-
cord the FWHM linewidth of the emission spectrum. (c¢) Emission spectra under different excitation levels. Spectrally coherent
single-mode lasing at 2.244 eV (A = 552.5 nm) with FWHM linewidth of 0.996 meV (AX = 0.245 nm) is observed. (d) Pseudo-color
plot of laser emission under different levels of excitation in a logarithmic scale demonstrating the single mode operation and large
background suppression ratio (>20 dB). (e) Near-field images of a device with pump energy densities near and above the threshold.
(f) Far-field pattern of laser emission, with ~5° divergence in the transverse plane. (g) Device (longevity) lifetime measured under
the same subnanosecond pumping source (1.5 times the threshold intensity). Green squares monitor the lasing output intensity,

while the orange circles track the FWHM linewidth of the emission, indicating persistent lasing operation [*!,
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Fig. 9. (a) PL spectra of a 20 pm long NW obtained with increasing excitation light power densities in the range of
0.25-7.80 kW /cm?. Inset (b) shows the integrated power density plotted against the power density, showing threshold near
6 kW /cm?. The right side shows fluorescence images above the polariton lasing threshold for NWs with length of (c) 20 pm, (d) 14 pm
and (e) 5 pm. Thescale bad in (c) is 5 pm. (f) Dispersions of the cavity photon (blue dashed) and exciton(green) at 77 K of the 14 pm
long NW without coupling, the red dots show the experimental CW polaritonmodes near the bottleneck region of the LPB 6],
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Fig. 10. Size-dependent light-matter coupling strength in CsPbBrsmicro/nanowires: (a)—(d) Emission spectra acquired from the
waveguided end and excited from the other end of CsPbBr; nanowires with width of 3.31, 1.99, 1.19 and 0.78 pm 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)—(f) Corresponding energy-wavevector dispersion curves in the Z-dire-
ction (along nanowire length) of above four CsPbBr; nanowires, respectively. The insets are normalized electric field distribution at

the cross-section of these four CsPbBry nanowires [V,
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Fig. 11. Characterizations of CsPbCl; microcavity polariton lasing: (a) Ground-state emission spectra under different pumping flu-
ences; (b) ground-state emission intensity and full width at half maximum as a function of pump fluence. A line width narrowing
occurs near the threshold of Py= 12 pJ/cm? along with a sharp increase of emission intensity; (c) energy blueshift with respect to
the polariton emission energy at the lowest pump fluence as a function of pump fluence. The blueshift trend below the threshold is
attributed to polariton-reservoir interaction while the trend above the threshold corresponds to polariton—polariton interaction %],
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Fig. 12. Polariton distributions at different energy and momentum with different detuning energy: (a) Polariton population (log
scale) versus energy at threshold and below threshold for detuning energies of —36 (blue squares), -85 (green circles), and —118 meV
(red triangles), respectively. The values are normalized to the population of the emission peak at the threshold. The polariton popu-
lation at a detuning energy of —36 meV can be fitted (blue solid line) using the Maxwell-Boltzmann distribution below threshold or
Bose—Einstein distribution at threshold; (b) threshold (blue dots and circles) of the polariton condensation and corresponding coup-
ling strength (pink squares) as a function of detuning energy. Two different regions indicated by different colors of the background
and green dash line represent detuning for generating polariton condensation at stationary (at finite momentum) and metastable
states (zero momentum); (c) normalized emission (below threshold, black solid line) and reflection spectral (red solid line) of per-
ovskite/DBR cavity with increasing perovskite thickness (also the more negative detuned energy) from bottom to up. Based on dif-
ferent relaxation processes of polaritons at different detuning energies, three different regions (I-III) are introduced. Region I: A =
-28 and -56 meV. Region II: A = —64, -80, ~103, and ~114 meV. Region III: A = ~129 and 182 meV 0%,
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Lead halide perovskites Fabry-Pérot resonant cavity laser
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Abstract

With the advent of the post-Moore era, the demand for large-capacity and high-speed information
processing has caused the application of semiconductor devices to shift from electronic integration to photonic
integration. High-performance micro-nano lasers are an important part of achieving photonic integration.
Varieties of semiconductor materials have promoted the rapid development of semiconductor micro-nano lasers.
In recent years, with the advent of a large number of new semiconductor materials (such as two-dimensional
semiconductors, lead halide perovskites, etc.), it is expected that the performances of semiconductor micro-nano
lasers will be further improved. Perovskite materials have excellent optical properties such as high light
absorptions, high defect tolerances, and large exciton binding energy, which them excellent candidate materials
for high-gain, low-threshold semiconductor micro-nano lasers. The Fabry-Perot (F-P) resonator laser is a type of
perovskite laser with extensive research, simple structure and high application value. In this paper, we take lead
halide perovskite F-P resonator laser for example, and summarize its working mechanism and recent research
results, by starting from two aspects of photon laser with exciton and photon weak coupling and strong
coupling polariton laser. And we introduce the lasing principle and influencing factors of F-P structure lasers
with perovskite materials as both gain medium and resonant cavity and F-P cavity lasers with perovskite as
only gain medium in detail. Finally, the current challenges of perovskite F-P resonant lasers are summarized,
and the possible prospects of its further development are also presented.
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PACS: 42.55.—f, 42.60.—v, 42.70.—a, 71.36.4+c DOI: 10.7498 /aps.70.20201302

1 Corresponding author. E-mail: phyljp@seu.edu.cn

1 Corresponding author. E-mail: zhni@seu.edu.cn

054205-15


http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acs.nanolett.7b01956
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsnano.8b03737
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1021/acsphotonics.9b01240
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.1039/C9RA07442B
http://doi.org/10.7498/aps.70.20201302
http://doi.org/10.7498/aps.70.20201302
mailto:phyljp@seu.edu.cn
mailto:phyljp@seu.edu.cn
mailto:zhni@seu.edu.cn
mailto:zhni@seu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

