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Metal halide perovskites have been regarded as remarkable materials for next-generation light-harvesting and light
emission devices. Due to their unique optical properties, such as high absorption coefficient, high optical gain, low trapping-
state density, and ease of band gap engineering, perovskites promise to be used in lasing devices. In this article, the
recent progresses of microlasers based on reduced-dimensional structures including nanoplatelets, nanowires, and quantum
dots are reviewed from both fundamental photophysics and device applications. Furthermore, perovskite-based plasmonic
nanolasers and polariton lasers are summarized. Perspectives on perovskite-based small lasers are also discussed. This
review can serve as an overview and evaluation of state-of-the-art micro/nanolaser science.
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1. Introduction

The laser technique has been successfully used for
producing high-power, ultra-fast, and small coherent light
sources. The term “laser” stems from an acronym for “light
amplification by stimulated emission of radiation”, which can
emit coherent light with a strong intensity and superior di-
rectionality through a process of optical amplification based
on the stimulated emission of electromagnetic radiation.!!=I
Due to the rapid development of nanoscience and nanotech-
nology, small solid-state lasers, with physical size compara-
ble to the optical wavelength, have been extensively utilized
in a variety of fields, such as high-density data storage, op-

1561 Tnor-

tical integration, and high-resolution bio-imaging.
ganic and organic semiconductor nanostructures in the form of
nanowires (NWs) and nanoplatelets (NPs) have been consid-
ered as active optical microcavities for achieving lasing over
the past three decades.!”! Along with technological innovation,
combining gain materials with optical cavities (such as pho-
tonic crystals or metal-clad cavities) has been deemed a vital
method to realize photonic lasing. For instance, Chen et al.
successfully realized the single mode, low threshold, and spa-

tially coherent laser operation in the near-infrared region by
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coupling a semiconductor thin film with photonic crystals.!®!
Nevertheless, due to the diffraction limit, the mode and phys-
ical dimension of the photonic laser are larger than half of
the wavelength of the optical field, which triggers a crucial
fundamental challenge to realizing ultra-compact lasers that
can directly generate coherent optical fields on a nanometer
scale.!91 The plasmonic laser, a new class of optical am-
plification and laser device, has been demonstrated to store
electromagnetic field energy in charge density waves.[!1-12] A
hybrid semiconductor—insulator-metal construction is widely
adopted to overcompensate for the losses to realize plasmonic
laser, which will be discussed in detail in Section 4.!'3] Fur-
thermore, polariton lasers have attracted great attention and
play an irreplaceable role in the field of lasing. Unlike pho-
tonic and plasmonic lasers, polariton lasers have no threshold
condition linked to the inversion of the population and also
open up a host of technological possibilities in the applica-
tions of slow light, nonlinear optics, and low-threshold coher-
ent emitters.[ 113

Metal halide perovskites with the general formula ABX3
or A,BX, are considered as the most promising materials for

future optoelectronics. In 2009, Miyasaka et al. first used
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the CH3NH;Pbl; (MAPbI3) as a light absorber in solar cells
with an initial efficiency of only 3.8%, Then, due to the im-
provement of materials and interface engineering, the effi-

[16-23] The high absorption

ciency was enhanced to over 22%.
coefficient, low nonradiative recombination rate, long diffu-
sion length, low density of defect states, and bipolar carrier-
transport property make the perovskites family uniquely suit-
able for photovoltaic applications.[!824-26] Besides, owing to
the outstanding emission properties such as high photolumi-
nescence (PL) quantum yield (QY) and widely-tuned band
gap, perovskites have been extensively utilized in the field
of optoelectronic devices, such as in light emitting diodes
and photo-detectors.>”-2°l Moreover, by virtue of high op-
tical gain, perovskites are regarded as an efficient optical
gain medium for lasing applications, including photonic las-
ing, plasmonic lasing, and polariton lasing. For example,
Xing et al. first demonstrated the amplification of spontaneous
emission (ASE) from a low temperature solution-processed
MAPbX; perovskite thin film in 2014.13%) In addition, through
laying MAPbI; NWs on Ag film with a MgF, spacer layer,
Yu et al. demonstrated Fabry—Pérot (F-P) plasmonic lasers in
perovskites.3!! Furthermore, Su et al. realized polariton las-
ing based on all-inorganic cesium lead chloride (CsPbCl3) per-
ovskite NPs at room temperature.'3?! In a nutshell, on the basis
of the advantages of low-cost fabrication, perovskite micro-
lasers and nanolasers have crucial potential applications in in-
tegrated optics. Hence, we will give a general overview about
the rapid process of perovskite-based small laser sources. This
paper is mainly divided into six parts to review the current
research status of perovskite-based small lasers. In Section
2, we will describe the structure and optical property of per-
ovskites. In Section 3, we will review the photonic lasers
based on diverged reduced-dimensional perovskites, including
NPs, NWs, quantum dots (QDs), and thin films. In Sections 4
and 5, we will briefly discuss the plasmonic laser and polariton
laser, respectively. Finally, we will provide a conclusion and
give perspectives on future research areas in perovskite small
lasers.

2. Crystalline structure and optical properties
2.1. Crystalline structure

On the basis of their crystalline structure, metal halide
perovskites can be mainly classified into two categories. The
first one is called a three-dimensional (3D) perovskite, with
the general chemical formula ABX3, and the other one is the
two-dimensional (2D) or layered perovskite, with the formula
A>BX4. In terms of a unit cell, A, B, and X are located at the
eight corners, the body center, and the six face centers, respec-
tively, as shown in Fig. 1(a). The B is a divalent metal (such as
Pb2* or Sn2*), X is ahalide (C1—, Br—, or I"), and A is a cation

that can be inorganic (e.g. Cs™) or organic (e.g. CH3NH;r ).
The atom B is surrounded by six X atoms to form a [BXg] oc-
tahedron, which then constructs a 3D octahedral network. Ac-
cording to the length of the carbon chain, the cation A is either
located in the center of an eight [BXg] octahedral network for
the 3D-structured perovskite (middle panel, Fig. 1(a)) or sand-
wiched between corner-sharing [BXg] octahedral layers for the
2D-structured perovskite, which is connected by a weak van
der Waals force (right panel in Fig. 1(a)).[33-36]

Understanding the underlying mechanism of the energy
band structure of perovskites is beneficial to the study of their
electron behaviors. Compared with the cation A, the [BXg] oc-
tahedron plays an essential role in constructing a perovskite
with a minimum value of the conduction band and a maxi-
mum value of the valence band. For instance, through uti-
lizing the density functional theory method, Filippetti et al.
demonstrated that the minimum value of the conduction band
of MAPbDI; is mainly contributed to from p-orbital electrons
of Pb atoms and the maximum value of the valence band
mainly originates from the s-orbitals of the Pb atoms and the
p-orbitals of the I atoms. By contrast, the cation A can only
tune the edge band structure via changing the bending and
stretching between the Pb and the halogen atoms in the [PbX]
octahedron. 37381

2.2. Optical properties

In the following section, we primarily discuss three opti-
cal properties of perovskite essential for the emission devices.
(D) Tunable emission. Owing to the ease of band gap engineer-
ing, perovskites have been considered as promising candidates
for developing the next-generation multicolor coherent and in-
coherent light sources.3*~*31 By changing the stoichiometry,
the emission spectrum can be tuned to cover the whole vis-
ible range, as shown in Fig. 1(b). The visible fully-covered
emission spectrum can be realized by the mixture of chlo-
rides and bromides, or by the mixture of bromides and iodides.
The changing of the A cation can further enlarge the emission
spectrum into the near infrared or ultraviolet region. [23-30-44-46]
(I) High PLQY. PLQY is deemed as the critical characteris-
tic for light emitters, and is defined as the ratio of the number
of converted photons to absorbed photons. The quantum ef-
ficiency depends on the exciton radiative recombination effi-
ciency, which is beneficial to large exciton oscillator strength
and the low density of trapping states. In cesium lead halides
and Br-based perovskites, their intrinsic exciton binding en-
ergies are quite high, and are further increased in reduced-
dimensional structures such as 2D perovskites, and 0D QDs.
Therefore, these perovskites are considered as promising al-
ternatives for light-emitting applications.[*>#71 (IIT) Quantum

confinement effect. Tailoring the size of the semiconductor to
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be comparable to the Bohr radius of excitons can lead to a tran-
sition from continuous to discrete energy levels for excitons.
For example, in all-inorganic CsPbBr3; perovskite QDs with an
exciton Bohr radius of ~ 7 nm, the band gap can be tuned from
2.7 eV to 2.4 eV when the QD diameter varies from 4 nm to
12 nm. 3] This provides an opportunity to tune the optical ab-
sorption and emission properties via changing the dimension
of the semiconductor, which results in potential applications
in various light emissions.[*>*”1 On account of the strength
of above-superior optical properties as well as low-cost fab-
rication processing, perovskites have been considered as im-
portant candidates for the development of the next-generation
light sources.
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Fig. 1. (color online) (a) Schematic of unit cell and crystalline structure
of typical perovskite structures. In a unit cell, A, B, and X are located
at eight corners, the body center, and six face centers of the unit cell,
respectively (left panel); crystalline structure of ABX3 (middle panel)
and AyBXy (right panel). (b) Wide wavelength tunability of emission
color throughout the whole visible region realized by controlling the
stoichiometry, such as A = Cs™, CH3NH{ , or FAT, B= Pb2t or Sn2+,
and X =CI",Br—,orI".

3. Photonic microlasers
3.1. NPs: whispering-gallery mode (WGM) lasers

Currently, high-quality single-crystal perovskites in the
form of NPs and microdisks have been demonstrated as ex-
cellent WGM microlasers with 2D optical confinement.[48-311
A variety of significant studies have been done in the past
In 2014, Zhang et al.
temperature microlaser based on hybrid organic—inorganic
perovskite polygonal MAPbI;_,(Cl/Br), NPs, which are de-

rived from a two-step chemical vapor deposition (CVD) route.

few years. first realized a room-

The schematic diagrams of hexagonal and triangular per-
ovskite NPs and lasing action are shown in Fig. 2(a). For

MAPDI; NPs, the lasing modes are located around 780 nm
when the NPs are pumped by a femto-second pulsed laser
above the threshold (37 wWJ .cm~2) at room temperature. The
full width at half maximum (FWHM) of the lasing is ~ 1.2 nm,
which indicates a high spectrum coherence. From the perspec-
tive of the application, perovskite lasing was also studied when
the NPs were integrated with other conductive bases, such as
Si, Au, and ITO, to probe the potential of chip-level lasing
devices.
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Fig. 2. (color online) (a) Schematic of hexagonal WGM perovskite of
CH;3NH;Pbl;_,X, (X =1, Br, Cl) and the corresponding lasing mode.5?!
(b) Schematic of small perovskite lasers based on a WGM cavity with square
shape (left panel). The PL emission image from the CsPbBr; NP above
the threshold; the green color shows PL out-coupling from the NP (mid-
dle panel). The simulation of the electric field distribution for the square
perovskite cavity; the pattern shows that the WGM is supported by the cav-
ity, and the four corners show the stronger out-coupling than that at any
other place (right panel).!3] (c) Schematic of a CsPbX3 (X = CI, Br, or I)
NP on mica substrate pumped by 400 nm laser excitation (left panel). Emis-
sion spectra with pump fluence increasing from 1.0 pJ-cm™2 to 3.2 pJ-cm™2
(right panel). The FWHM is ~ 0.15 nm and the “S” curve shows a process
from spontaneous emission to lasing. After photoexcitation with pump flu-
ence below P = 0.8P, and above threshold (= 1.2Py), TRPL decay kinetics
shows an ~ 3.0 ns spontaneous emission decay process and a < 30 ps lasing
process, respectively.!>]
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Nevertheless, compared with the hybrid organic—
inorganic lead halide perovskites, all-inorganic lead halide
perovskites exhibit better stability, larger exciton binding en-

1321 Zhang et al. demon-

ergy, and higher emission efficiency.
strated the high-quality WGM lasing from cesium lead halide
square-shaped perovskite NPs, which were synthesized by the
one-step vapor-phase van der Waals epitaxial method on a
mica substrate in 2016, as shown in Figs. 2(b) and 2(c).!’!
The absorption and PL spectra clearly show a strong exci-
tonic peak with an FWHM of 10-12 nm at room tempera-
ture, showing that the large exciton binding energies in all-
inorganic perovskites are in a range from 20 meV to 70 meV.
For CsPbBr3, with the increase in pump fluence, the input—
output curve shows a typical “S” shape, which demonstrates
the process from ASE to lasing. The lasing mode FWHM of
0.15 nm and the low threshold of 2.2 uJ-cm~2 are as small as
those of previous microlasers (Fig. 2(c)). A multicolor lasing
spectrum is achieved by compositional modulation via tuning
the ratios of Cl/Br and Br/I.

Considering the further prospects of optoelectronic ap-
plications, the arrayed small lasers should be more practi-
cal and valuable. Through fabricating patterned lead halide
perovskite NPs in periodic arrays on a silicon substrate with
micro-patterned BN film as the buffer layer, Liu ef al. realized
room-temperature high-quality WGM lasing with a thresh-
old of ~ 11 pJ-cm™2.
ity or breaking the symmetry of the cavity, single mode las-

By shortening the size of the cav-

ing can be achieved.!®*! Meanwhile, by positioning a per-
ovskite NP onto a silicon grating, Wang et al. fabricated pe-

515556

riodic nanolaser array ! In brief, apart from individual

perovskite nanolasers, the development of superior and high-
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quality integrated perovskite laser arrays may push the prepa-
ration of perovskite-based optoelectronic devices into indus-

trial manufacturing.

3.2. NWs: F-P lasers

Compared with other reduced-dimensional structures,
NWs are regarded as crucially potential building blocks for
future optoelectronic circuits. Semiconductor NWs are per-
ceived as excellent candidates for the realization of minia-

s.57-391 A5 shown in Fig. 3(a),

turized waveguides and laser
Zhu et al. demonstrated NW lasing on using perovskites in
2015.1%01 By adopting a one-step wet-chemical method, a
high-quality MAPbX3 perovskite NW Farby—Pérot (F-P) cav-
ity was fabricated, which exhibited an ultra-low lasing thresh-
old of 220 nJ-cm™2.

from near-infrared to visible wavelength was also been ob-

Broad tunability covering the region

served in their work. Such remarkable lasing performance
is attributed to the long carrier lifetime and low nonradiative
recombination rate in perovskite NWs. When the excitation
fluence is below the threshold, the entire NW has a uniform
red color; as the excitation fluence exceeds the threshold, two
bright spots appear at either end of the NW, indicating the
emergence of lasing. Furthermore, Xing efr al. synthesized
perovskite NWs through a two-step vapor-phase synthesis by
transferring PbX, into MAPbX3; as shown in Fig. 3(b).[o!]
Under the optical pumping condition, the NWs show near-
infrared lasing with a wavelength of 777 nm, a low threshold
of 11 W .cm~2, and a spectral coherence length of 1.9 nm
(laser pulse width: 120 fs). Meanwhile, the lasing behaviors
of MAPbBr3 and MAPDI,Cl;_, NWs have been measured,

|csPbCl,  CsPbBr, CsPbl,

o
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T
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o
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Fig. 3. (color online) (a) Schematic of perovskite NW F-P cavity laser (upper panel); bright-field optical, spontaneous emission, and lasing images of single
CH3NH;3Pbl; NWs (middle panel); lasing spectra of single CH3;NH3zPblz NWs (bottom panel).[ﬁoJ (b) Optical image of CH3NH3Pblz; NWs grown on silicon
substrate (upper panel) and lasing spectra of CH3NH;3Pbl;, CH3NH3PbBr3, and CH3NH3PbL,Cl;_, (lower panel).[(’l] The excitation power is 20 pJ cm™2,
60 pJ-cm~2, and 11 wJ-cm~2, respectively. (c) SEM images of CsPbBr; NWs and NPs grown on quartz substrate (upper panel), and power-dependent emission
spectra of CsPbBr; NWs (lower panel).[%?! (d) Lasing images of CsPbBr; NWs directionally grown on sapphire substrate above the lasing threshold (upper
panel), and wide range lasing spectra from the directional CsPbX3 and alloy NWs (lower panel). 3]
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and the results show that the lasing wavelength (threshold)
is 770-744 nm (20 wJ-cm~2) and 551 nm (60 pJ-cm~?) for
MAPDI,Cl;_, and MAPbBr3, respectively.[°! Despite the su-
perior lasing performance, the intrinsic poor stability of hy-
brid perovskite NWs is a problem. Aiming to solve this prob-
lem, Eaton e al. demonstrated an ultra-stable all-inorganic
CsPbBr3 perovskite NW laser working in ambient and vac-
uum conditions (Fig. 3(c)). After experiencing 109 excitation
cycles, the NW laser kept a low threshold of 5 pJ-cm™2 and
a spectral coherence length of ~ 0.5 nm, providing abundant
proof of the good stability of all-inorganic CsPbBrz NWs, [©2]
Moreover, Wang et al. demonstrated high-quality in-plane
aligned CsPbX3 NWs grown on an annealed M-plane sap-
phire substrate by the vapor growth method (Fig. 3(d)). Ex-
tracted from the input—output curve of CsPbBrz NW, the las-
ing threshold and FWHM are 3.6 uJ-cm™2 and 0.2 nm, respec-
tively, verifying that the NWs are efficient optical waveguides
to achieve high-quality lasers. At the same time, by tuning the
chemical stoichiometry, multicolor nanolasers can be achieved

at room temperature. ¢3!

3.3. QD lasers

The semiconductor QD is a type of nanostructure with
a size lower than the Bohr radius in three dimensions, and
possess a variety of unique optical and electronic properties
due to the quantum confinement effect. Based on the superior
characteristics of size tunability and structure flexibility, QDs
show large optical oscillator strength, high PLQY, and large
extinction coefficients, which promise a bright future in flex-
ible display and communication technologies. Recently, per-
ovskite QDs have also attracted more and more attention in the
development of incoherent and coherent light sources.[04-¢7]
In 2015, Protesescu et al. demonstrated all-inorganic CsPbX3
colloidal QDs synthesized by a one-step reaction between
The PL covers
all the visible spectrum via compositional control with the
FWHM in a range of 12-42 nm, as shown in Fig. 4(a).1#]
Exciting the drop-casting CsPbBr3 colloidal solution on a

PbX, and Cs-oleate in nonpolar solvent.

glass substrate, Yakunin et al. demonstrated the ASE with
a threshold of 5 uJ-cm~2 (right panel, Fig. 4(a)).[®8] Mean-
while, by using cubic-shaped colloidal CsPbX3 thin films,
Wang et al. also demonstrated ASE in the visible spectral
range in (Fig. 4(b)).[%] Besides, QD structures with differ-
ent compositions have been coupled with all sorts of cav-
ities, including distributed Bragg reflectors (DBRs), micro-
spheres, and photonic crystals, and their good lasing perfor-
mances have been demonstrated.[”>-7?! By the conformal de-
position method, Sutherland et al. achieved WGM lasing in
MAPDI; perovskite-coated microspheres at 80 K, as shown in
Fig. 4(c).”!) On the basis of the in situ growth method, Leng

et al. demonstrated the nonblinking ASE in a QD/SiO; core-
shell structure with an effective improvement of the moisture
resistance and enhanced photostability (Fig. 4(d)).l”3! These
studies indicate that the perovskite QDs greatly promise flexi-
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Fig. 4. (color online) (a) Picture of CsPbX3 QD in a solution of toluene,
which is excited by an ultraviolet lamp; the corresponding PL spectra are the
shown in the bottom (left panel). Pump intensity-dependent PL spectra from
CsPbBr3 nanocrystal film (right panel), with inset showing transmission
electron microscopy of CsPbBr3 nanocrystals. 4308691 (b) Power-dependent
PL spectra from a thin film of CsPbBr; QDs, with the inset showing the
fabrication of the device, including the excitation beam (EB), cylindrical
lens (CL), collection lens set (CLS), and charged coupled device (CCD)
(left panel). The integrated PL intensity and FWHM versus pump intensity
exhibits a threshold behavior.[%°! (c) Power-dependent MAPDI3 perovskite-
coated microsphere emission at 80 K, with the inset showing the device’s
schematic.!”! (d) Evolution from PL to ASE with increasing pump inten-
sity in a silicon-microsphere resonator embedded with a CsPbBr3 QD.[73!

1.61 163 165 167

3.4. Thin film lasers

The cavity-free solution-processed films provide an effec-
tive solution to realizing one-chip laser sources integratable
into various substrates. Xing et al. first illustrated the tunable,
robust ASE from MAPbX3 (X = Cl, Br, I, and their mixtures)
with a striking low threshold of ~ 12 uJ-cm~2. By embedding
the films into a wide range of cavity resonators, a variety of
lasing can be achieved.!”*! A photonic crystal is constructed by
periodically aligning two media with different dielectric func-
tions, and possesses a widely controllable band gap through
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changing the period and dielectric functions (Fig. 5(a)).[”>~77]
Attributed to this advantage, most industrial laser diodes are
fabricated by using DBRs as mirrors, which are typical one-
dimensional photonic crystals. Through coupling with the
photonic crystal, Chen ef al. successfully realized a single
mode, low threshold, spatially coherent laser operated in the
near-infrared region. Besides, by varying the periodic pitch
from 430 nm to 460 nm, Nurmikko et al. realized single mode
lasing tuned in the spectrum range from 768 nm to 795 nm
(Fig. 5(b)).[8]
high-reflectivity DBRs, Chen et al. achieved a vertical-cavity
2

By embedding uniform MAPbI; film into two

surface-emitting laser with a low threshold of 7.6 pJ.-cm™= at

[78] Furthermore, Sal-

room temperature, as shown in Fig. 5(c).
iba et al. achieved low-threshold and tunable distributed feed-
back lasing via evaporating the perovskite thin film into the

photoresist grating structure.[””! Achieving the ultimate goal
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of electrically pumped laser emission is still a great challenge,
but the realization of continuous-wave (CW) optically pumped
lasing is widely considered as a vital stepping stone on the
path to overcome it. Recently, Jia et al. achieved CW lasing
in MAPbI; film, which was deposited on the etched alumina
grating on the substrate of sapphire. Figure 5(d) shows the pro-
cess from spontaneous emission to stimulated emission under
CW excitation by the InGaN pump diode at a low temperature
of 102 K, and the threshold is about 17 kW-cm~2. When the
pump fluence increases to above the threshold, a tendency of
redshift is clearly observed, and the FWHM is about 0.25 nm

180] More and more efforts should

at the highest pump intensity.
be encouraged to demonstrate the first CW lasing by using per-
ovskite as a gain medium in low-threshold small lasers. Con-
sidering their excellent electric properties, it is very promising

to realize chip-level lasing devices based on perovskites.
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Fig. 5. (color online) (a) Schematic of photonic crystal (left panel), and the band structure of the photonic crystal (right panel). (b) SEM
image of 2D photonic crystal nanostructured pattern (left panel), and lasing output from perovskite photonic crystal with the pitch in a range of

430-460 nm. Single mode lasing is observed separately at 768.4 nm, 777.3 nm, 788.1 nm, and 795.8 nm (right panel).®]

(c) Schematic diagram

of GaN-based DBRs (left panel), and the single mode lasing spectrum varying with pump fluence at 778.4 nm and FWHM of 0.24 nm. 78! (d)
Cross-sectional scanning electron micrograph of the DBR laser architecture, consisting of a CH3NH3Pblz (MAPbI3) film deposited on an 80
nm thick etched alumina grating on a sapphire substrate (left panel), and input—output curve showing the process from spontaneous emission to
lasing. The threshold is about 17 kW-cm~2, and the inset indicates that the emission spectrum above the threshold is strongly TE-polarized. (8!

4. Plasmon nanolasers

Hindered by the optical diffraction limit, the physical size
of a photonic laser is constrained above half of the light wave-
length. Nanolaser devices based on the amplification of sur-
face plasmons by stimulated emission of radiation are utilized
to push the dimensions of laser devices into the nanometer
region beyond the diffraction limit.!!'’:!381-8¢1 Qulton et al.
proposed a hybrid plasmonic waveguide for subwavelength
confinement and long-range propagation, which consists of
a semiconductor NW separated from a metal surface by a
nanoscale dielectric gap. Owing to the continuity of the elec-
tric displacement near the dielectric spacer layer, the mode of

perovskite NW is confined to an ultra-small mode volume in
the dielectric gap region. The coupling between the plasmonic
and waveguide modes across the gap makes it possible to store
optical energy like a capacitor that allows effective subwave-
length transmission in a nonmetallic region with low loss, as
shown in Fig. 6(a).%”! On this basis, a deep subwavelength
mode confinement of 12/400 to A%/40 can be obtained, and
more importantly, surface plasmon polaritons can propagate
large distances of 40—150 um. Based on the structures, plas-
monic lasing in the nanometer scale has been realized sepa-
rately in CdS, GaN, and ZnO NWs. [13,88.89] Recently, Yu et al.

demonstrated F-P plasmonic lasers based on perovskite NWs.
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Figure 6(b) shows a schematic of the plasmonic nanolaser: a
single MAPbIz NW sitting on a Ag film with a 10 nm MgF,
spacer layer. Figure 6(c) shows the calculated cross-sectional
electric field distribution and polarization direction of the hy-
brid plasmonic mode at the emission wavelength of perovskite
(790 nm). The optical feedback is provided by the two end
facets of the NW, which can serve as mirrors to form an F—
P cavity for forming the plasmon lasing.3!! Compared with
the photonic NW laser, where a NW is placed on quartz di-
rectly, the plasmonic laser can support optical modes of a free
diffraction limit on a nanometer scale where photonic modes
cannot even exist. As indicated by the vertical dotted line in
Fig. 6(d), the calculated fundamental mode of photonic lasing
goes through a cut off point at the diameter of about 146 nm.
However, the fundamental mode of hybrid plasmon lasing

(a)

(d)
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B . N S I S I N )
ohvhdomoidd
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does not experience any cut off point, which further demon-
strates the superiority in this respect. Figure 6(e) shows the
plasmonic lasing emission spectra varying with pump power.
The Q-factor of the sample here is evaluated to be 151, and
the Purcell factor is estimated at 8.3, showing good perfor-
mance of the lasing characteristics.[3!! The research on per-
ovskite plasmonic lasing is still quite limited, and the inter-
action between perovskite and plasmonic structures is rarely
explored. Actually, the underlying photophysics in the new
emergent perovskites is not well understood. The hybridiza-
tion of perovskite and plasmonic structures, i.e. how to use
plasmonic structure to tune the exciton properties and there-
fore reduce the optical losses, is an interesting topic, and more
technologies can be generated for lasing applications accord-

ingly.
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Fig. 6. (color online) F-P NW plasmonic lasers. (a) Hybrid plasmonic waveguide.”! (b) Schematic of plasmonic nanolaser: a single
CH;3NH;Pbl; (MAPbI3) NW on Ag film with a MgF, spacer layer.3!l (¢) Calculated NW mode distribution for MAPbI; NW on Ag film
with a 10 nm MgF, spacer layer at a wavelength of 790 nm.3! (d) Calculated effective mode index against NW height for plasmonic and
photonic lasing geometry.3!! (e) Emission spectra for different pump intensities, with the inset showing an optical image of the plasmonic

lasing NW.31]
5. Polariton lasers

Comparing with photonic and plasmonic lasing, the con-
cept of polariton lasing was first proposed theoretically in
1996. Unlike photonic lasing accomplished by light ampli-
fication through the process of stimulated emission with pop-
ulation inversion, polariton laser based on the Bose—FEinstein
condensation (BEC) of exciton—polariton is a type of coher-
ent emission without population inversion. '43290-921 1n semi-
conductor microcavities, exciton—polaritons are formed when
the interaction time between exciton and polaritons is shorter
than their escaping time, which is the so-called strong inter-
action regime. As shown in Fig. 7(a), the most widely used

microcavities for polariton lasing are similar to vertical cavity

surface emitting lasing consisting of a planar F-P resonator
embedded in two reflectors (usually DBR mirrors) and quan-
tum wells or 2D NPs as the source of excitons. Excitons, as
bosons, can couple with cavity photons to form new half-light,
half-matter bosonic quasiparticles called polaritons whose ef-
fective mass is around 10* times less than that of free elec-
trons. According to theoretical analysis, the small effective
mass is beneficial to the realization of BEC. Strongly coupled
exciton—polaritons then generate the upper polariton branch
(UPB) and the lower polariton branch (LPB) in the dispersion
relation of energy. Considering that the lifetime of polaritons
in the strong coupling regime is extremely short, the whole
process cannot reach thermal equilibrium; however the relax-
ation time is also very short to ensure the final production of
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thermalized polariton gas. !

Figure 7(b) shows the mechanism of ideal polariton lasing

n.[% There are two different meth-

without population inversio
ods to achieve polariton production: nonresonant excitation at
k)| = 0, and resonant excitation at a larger angle. Under exter-
nal high-energy excitation, i.e. from an optical pump, a mass
of polaritons are created and later fall into the LPB from the
UPB through phonon emission. After occupying the exciton-
like reservoir in the LPB, polaritons continue to relax mainly
by phonon emission until they reach the theoretical value at
k= 0. However in this process, phonons with a bigger mo-
mentum sharply reduce the probability of emission, causing
the relaxation to be not in one step and polaritons to have to
“jump down” via losing tiny amounts of energy each time.
Due to the fact that phonon—polariton scattering becomes diffi-
cult and the lifetime of polaritons decreases close to that of the
photon-like final states, the bottleneck effect will occur, which
has been observed in several experiments. For further con-
densation, polariton—polariton scattering is considered as the
primary interaction to realize polariton population accumula-
tion in the minimum energy state. Specifically, two polaritons
stuck in the bottleneck can exchange energy with each other to
make one leap into the area near k| = 0, and the other polariton
regains a higher momentum. Then, the latter repeats first-stage
relaxation once more, eventually inducing polaritons to ex-
clude the bottleneck region as a whole. In the ensuing discus-
sion, we can see, via image analysis, two kinds of scatterings
leading to relaxation successively. Finally, the condensate po-
laritons emit bright coherent light through their photonic com-
ponent, similar to the scenario of photonic lasing, which can
explain the origin of polariton lasing. It is worth mentioning
that polariton emission usually shows a continuous blueshift
due to the loss of strong coupling under higher pumping or the
excitonic part of polaritons under lower pumping, which has
been reported in different polariton structures. !4

In light of the above, strong exciton—photon coupling
is the prerequisite for realizing polariton lasing. Over the
past two decades, polariton lasing has been demonstrated in
inorganic and organic semiconductors. In the earliest re-
search, CdTe, GaAs, and InP have fulfilled potential in po-
lariton condensation below 70 K due to small exciton bind-
ing energy. In a subsequent study, room temperature exciton—
polariton lasing was achieved in a ZnO- and GaN-microcavity
with much higher oscillator strengths and exciton binding

90.93-971 For organic semiconductors, generally speak-

energy.!
ing, Frankel excitons exhibit larger exciton binding energy but
weaker Coulomb interaction, which is against polariton relax-
ation. In view of the facts presented above, the perovskite sys-
tem can combine the advantages of both organic and inorganic

materials, such as large exciton binding energy, easy fabrica-

tion, low trapping states density, and inter-system transition,
to achieve high-performance polariton lasing devices.[*%-101]

The exciton—polariton has been observed in the
system of perovskites, such as (C¢HoC,H4NH3),Pbly,
(C¢HsC,H4NH3),Pbly, and CsPbX3. Figure 7(c) shows the
conventional energy—wave vector (E—k) dispersion of one
MAPDbBr3; NW with width x length dimensions of 0.32 pm
X 3.66 um. Meanwhile, the obvious anticrossing feature in-
dicates the occurrence of strong coupling, just like in previous
research results. The longitudinal—transverse (L-T) splitting
(AEr7) is an index of coupling strength, and the L-T splitting
energy here is 33 meV, which increases with the decrease in
perovskite microcavity size.['>] Another important parameter,
the vacuum Rabi splitting energy in MAPbBr3 is ~ 390 meV,
describing a large oscillator strength. Nevertheless, subse-
quent experiments prove that the lasing here should be pho-
tonic lasing rather than polariton lasing. In Fig. 7(d), the lasing
peaks are not located in the final state above the threshold, and
polariton condensation does not finish, probably due to the
low efficiency of relaxation in the bottleneck region. Besides,
the continuous blueshift at higher power is almost not visible,
suggesting that it is not polariton lasing. Further research re-
mains to be done, and they do offer the possibility of polariton
lasing applications in perovskite systems. (!

Although room temperature, strong exciton—photon cou-
pling in perovskite material has been observed over the past
twenty years, the realization of polariton condensation is still
a recent breakthrough. In 2017, Su et al. first reported polari-
ton lasing in CsPbCl3 NPs at room temperature.??) The all-
inorganic lead chloride perovskites were grown by epitaxial-
free CVD and then dry-transferred to a bottom DBR composed
of 13 HfO,/SiO; pairs. Through standard e-beam evapora-
tion, seven other pairs were deposited continuously over NPs
to form a complete DBR microcavity structure (Fig. 7(e)). The
thicknesses of HfO, and SiO; were precisely designed to sup-
port F-P oscillations, and due to the high crystalline quality,
the Q-factor of the optical microcavity was estimated to be
300. In order to verify the existence of polariton lasing in
the system, the method of different off-resonant excitations
was utilized to the probe power-dependent angle-resolved PL
spectrum. As the pump fluence increases, the ground state
emission intensity at k) = 0 shows a transition from a lin-
ear region to nonlinear region at the threshold point (Py, =
12 uJ-cm~2), the FWHM narrows rapidly, and the intensity
increases sharply by more than three orders of magnitude, just
like the behaviors in traditional photonic lasing. Under the
lower pumping condition, the LPB dispersion exhibits an av-
erage emission distribution at all angles, and the emission in-
tensity at k|| = 0 becomes dramatically stronger than the others

corresponding to polariton condensation upon approaching the

114209-8



Chin. Phys. B Vol. 27, No. 11 (2018) 114209

threshold fluence. When the excitation power reaches 1.3Py,
almost only the ground state near the minimum of the LPB
dispersion is massively occupied, whose energy is ~ 120 meV
lower than that of the minimum of the uncoupled cavity mode,
indicating the difference between polariton lasing and pho-
tonic lasing shown in Fig. 7(f). In the process of polariton con-
densation, electron-hole pair relaxation is mainly connected
with the polariton—reservoir (in fact the excitons in the reser-
voir) interaction and polariton—polariton interaction. They can
lead to two distinct polariton emission energy blueshift trends,
which are observed to be consistent with the theoretical re-
sults. Meanwhile, polariton condensation emerges clearly.
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Finally, we summarize polariton lasing in perovskites.
Strong exciton—photon coupling and polariton condensation
are the latest concepts, and related studies are still underway.
Light-matter interactions in perovskites have been proved
constantly, however, in addition to large coupling strength and
high polariton density, the realization of a complete relaxation
process is also a key points. Devices based on DBR microcav-
ities or NW F-P cavities are feasible, and how to improve the
cavity quality will be the next problem for scientists to achieve
novel polariton lasing. As a matter of fact, when under higher
pumping, polariton lasing can transform into photonic lasing;
hence, this also indicates a better future for polariton lasing.
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Fig. 7. (color online) Polariton lasing based on perovskites. (a) Microcavity consisting of a planar F-P resonator embedded in two reflectors. Excitons
in an active layer and cavity photons can strongly couple with each other to generate new quasiparticles, exciton—polaritons. (b) Mechanism of ideal
polariton lasing. Under high-energy excitation, polaritons are created and then leave the UPB for the LPB via phonon emission. Next, they leap down
mainly through polariton—phonon scattering before reaching the bottleneck region and through polariton—polariton scattering after reaching the bottle-
neck to relax continuously to the final state k| = 0. 1901 (¢) Energy—wave vector (E—k) dispersion curves of CH;NH3PbBr; (MAPbBr3) micro/nanowire
with a width of 0.32 pm and length of 3.66 pm. The L-T splitting energy (AErr) is about 33 meV, which shows the strong coupling strength. The
inset shows a normalized electric field distribution |E|? at the cross-section of each corresponding wire.!!>! (d) Lasing emission spectra (green line) and
spatially resolved PL spectra (blue line) of a MAPbBr3 wire in the same condition. The red dots displayed in wave vector space with integer values of
/L, are F-P peaks extracted from spatially resolved PL spectra, which can be fitted with the polariton dispersion curve (red line).!'>! (¢) Schematic

diagram of the microcavity structure, where CsPbCl3 NPs are embedded in two DBR mirrors consisting of 7 and 13 HfO,/SiO; pairs, respectively.

[32]

(f) Angle-resolved PL spectrum at high pump fluence of 1.3R,. Almost all areas around the final state k|| = 0 are occupied, indicating the realization of

the whole polariton condensation. %!
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6. Conclusions and challenges

In this review, we have taken a holistic view to introduce
the current status and rapid process of micro-sized and nano-
sized lasers based on metal halide perovskites. According to
the quantum particles involved in the coherent emission pro-
cess, lasers are divided into three categories, i.e. photonic
lasers, plasmon lasers, and polariton lasers. Due to the ex-
cellent properties of high absorption and gain coefficient, low
density of trapping states, and tunable emission, metal halide
perovskites promise to be used for low-cost, multicolor lasing
devices. This is a good opportunity for developing polariton
lasing by using perovskite as the gain medium, which is at-
tributed to their large exciton binding energy.

However, challenges still remain. The long-standing
problem of poor structural stability due to ionic chemical
bonds casts a shadow on practical applications. The 2D struc-
ture perovskites exhibit higher stability than their 3D counter-
parts. The 2D and 3D hybrid structure perovskites provide a
solution to the stability issue. Electrical and CW optical pump-
ing is another central challenge to making small perovskite
lasers for industrial applications. Although the outstanding
electric properties of perovskites have been proven widely
in the solar cell research field, small, electrically driven per-
ovskite lasers are rarely explored. The reason for this may lie
in the instability of perovskite exposed to air, heat, and organic
solvents during the fabrication of microdevices. The high las-
ing threshold is the other obstacle for electrically driven lasers.
Although polariton lasing can reduce the threshold by two-
three orders theoretically, the threshold of the as-demonstrated
polariton lasers is still quite high. By using MAPbI3, the first
CW pumped lasing was developed due to local gain enhance-
ment near the phase transition temperature. However, the un-
derlying physics and universality of the method remain to be
confirmed. Interdisciplinary studies on structural engineer-
ing, device fabrication, and fundamental photophysics will be
helpful for the application of small perovskite lasers.
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