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Two-dimensional (2D) perovskites are hybrid layered materials in which the inorganic lattice of an octahedron is
sandwiched by organic layers. They behave as a quantum-well structure exhibiting large exciton binding energy
and high emission efficiency, which is excellent for photonic applications. Hence, the cavity modulation and
cavity devices of 2D perovskites are widely investigated. In this review, we summarize the rich photophysics,
synthetic methods of different cavity structures, and the cavity-based applications of 2D perovskites. We highlight
the strong exciton—photon coupling and photonic lasing obtained in different cavity structures. In addition,

functional optoelectronic devices using cavity structures of 2D perovskites are also reviewed.
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1. INTRODUCTION

The pursuit of novel optical-electrics with fast operation and
small size requires the efficient control of light propagating
at nanoscale. A microcavity provides a place where light can
be directed with few propagation losses and a relatively long
lifetime, which can be depicted as a quality (Q) factor. More
importantly, the confined photons can interact with matter.
The internal dissipative mechanisms, such as spontaneous
emission, can be coupled with resonant optical modes.
This leads to the observation of accelerated emitting dynamics,
local field enhancement (Purcell effect) [1], and a variety of
applications, such as light-emitting diodes (LEDs) and semi-
conductor lasers. If the coupling between optical modes and
matter overcomes their loss, the quantum entanglement be-
tween them becomes possible, and the strong coupling between
light and matter can be established. The new quasi-particle—
polaritons, exhibiting the extremely light effective mass
and notable nonlinearity from their light and matter part, bring
fantastic polaritonic effects such as slow light, Bose—
Einstein condensation (BEC), and low threshold polariton
lasers [2].

To obtain efficient light harvesting for optical-electric
devices, the choice of active materials for light emission and
propagation has been investigated for a long time, including
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traditional inorganic materials, quantum-well (QW) materials,
and organic dyes [3]. In recent years, lead halide perovskites
have become favored materials not only for solar cells [4],
but also for photon detectors [5] and light emission devices
[6] such as LEDs and microlasers. They behave with a high
absorption coefficient [7], long diffusion length [8], high defect
tolerance [9], and low rates of nonradiative recombination [10].
The typical chemical formula can be expressed as ABX;, where
A is a monovalent organic or inorganic cation (Cs*, Rb™,
CH;NHJ, NH,CH=NHJ, etc.), B is a metal cation (Pb**,
Sn?*, Ge?*, etc.), and X is a halide anion (Cl-, Br-, I-,
or their mixture). The typical three-dimensional (3D) structure
consists of an octahedral cluster [BX4]*" and A cations at eight
corners [Fig. 1(a)]. However, when the organic cations are too
large to place among the octahedral cluster, they have to be
sandwiched between two [BX]*™ octahedral cluster layers be-
cause of steric effects [Fig. 1(b)]. Here perovskites behave as a
two-dimensional (2D) layered structure with the chemical for-
mula of R,BXj. The large dielectric contrast between inorganic
and organic layers makes 2D perovskites a kind of QW struc-
ture [11]. The inorganic layers connected via coulombic inter-
actions act as “wells” and are barriered by hydrophobic,
insulating organic layers, leading to a periodic thickness of
up to a few nanometers [12] and strong quantum confinement.
After the early works of layered perovskites containing single
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Fig. 1. Crystal structure and layer-dependent excitonic properties of 2D perovskite. (a) Fundamental unit of octahedral inorganic framework
[PbXg]*, where X = Cl, Br, I; (b) crystal structure of 2D layered perovksite. The inorganic layers are surrounded by insulative organic layers,
resulting in self-assembled multiple quantum-well structures, where interlayer organic cations provide both dielectric and quantum confinement for
inorgaic stacks. (c) The exciton binding energy of 2D perovskite decreases with inorganic layer number as a result of weak quantum confinement at
large inorganic layer numbers [13]. Copyright 2018, Springer Nature. (d) and (e) are the absorpation and PL spectra of 2D perovskite
(BA),(MA),_,Pbnl;,, . at different 7 values [14]. Copyright 2020, Springer Nature.

inorganic layer (z = 1) in a well, more research has centered on
various inorganic layers (z > 1) with the chemical formula of
R,A, 1B,Xj5,. 1. The additional small organic cation (A) is to
form the multilayered “quasi-2D” perovskites with distinct
quantum confinements at different 7 values. The flexible tun-
ability of 7 values has a great influence on the exciton binding
energy and bandgap because of the well thickness and dielectric
environment [Fig. 1(c)] [13]. Therefore, 2D perovskites
have unprecedented controlling ways for optical absorption
[Fig. 1(d)] and colorful light emission [Fig. 1(e)] [14], includ-
ing halogen alloying, structure and dielectric control by organic
components, and inorganic layer thickness. The engineering
of 2D perovskites is thus advantageous for light-emitting
applications over the visible and near-infrared spectral
region [15].

In the past few years, 2D perovskites have been the subject
of fast development in cavity-based applications and funda-
mental studies. Due to the large exciton binding energy and
oscillation strength, strong exciton—photon coupling has been
observed in 2D perovskite single-crystal, Fabry—Perot (F-P)
cavities, and photonic crystal structures at room temperature
[16]. In addition, 2D perovskites are promising optical gain
media so that lasing from 2D perovskite microstructures such
as inhomogeneous thin films [17] and mechanically exfoliated
plates [18] have been reported. Compared to the 3D perov-
skites, 2D perovskites behave with improved environmental
stability and exciton confinement [11], which are more favor-
able for efficient LEDs and lasers. Additionally, large surface,
ultrathin film can be easily exfoliated from the bulk crystal

or grown by solution methods [19], which is essential for nano-
sized cavity devices. As a layered structure, it is very similar
to the transitional metal dichalcogenide (TMD) materials.
Considering the low photoluminescence quantum yield
(PLQY) of TMD materials, the value of which in ABX,
(A = Mo, W; B =S, Se.) is below 1% [20], the much easier
fabrication and better excitonic emission efficiency [21-23]
make 2D perovskites more advantageous active materials
than TMD materials. Finally, the unique structures of these
hybrid layered materials induce rich structure-related aniso-
tropic emission behaviors, which may make 2D perovskite-
based optical cavities the basis of novel functional devices with
enhanced performance, such as photodetectors, solar cells,
LEDs, light modulators, and nonlinear photonic devi-
ces [24-27].

Hence, this review captures the unique optical performance
of 2D perovskites inside the optical cavities, discusses the fun-
damental photon physics, and summarizes the potential appli-
cations of 2D perovskite-based cavities. Since 2D perovskites
have infinite tunability as discussed above, we first discuss the
structure-related optoelectronic properties, including the im-
pacts of a dielectric environment and structure order/disorder.
Second, we review the growing methods of 2D perovskite and
integration to optical cavities, including self-organized struc-
tures, vertical F-P cavities, and periodical cavity structures.
Later, we discuss the light-matter interaction and applications
of 2D perovskite-based cavities, including strong exciton—
photon coupling and photonic laser and function devices.
Finally, we discuss the challenges and limitations of the
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current performance of cavity applications and propose future
directions.

2. STRUCTURE-RELATED OPTOELECTRONIC
PROPERTIES

A. Low Trap States and High Quantum Yield

Quantum yield is an important parameter in LEDs and lasers.
To obtain high quantum yield, one would improve the rate
of radiative recombination by excitonic recombination and
bimolecular recombination or reduce the nonradiative recom-
bination. Ramirez ez al. reported the highly luminescent 2D
perovskite (PA),(MA),PbsBry (PA = propylamine, MA =
methylamine) [28], with the quantum yield of 29.6%, which
is much higher than the counterpart MAPbBr;—the value is
3.6% [Fig. 2(a)]. It shows a blueshifted and less well-defined
absorption edge. Power-dependent photoluminescence (PL)
spectra reveal a power-law function with the slope of 1.037,
an indication of an exciton radiative recombination and low
trap density [29]. The QW structure of 2D perovskites makes
their exciton binding energy much higher than their 3D coun-
terparts, and contributes to the more excitonic emission char-
acter, which is more efficient for radiative recombination. In
contrast, the excitons in 3D perovskite are more easily ionized
into free carriers, and the charge-carrier trapping reduces
the PL emission [30]. The quantum yield of 2D perovskite
can be further improved to 80% by surface passivation [31],
which is able to reduce the nonradiative recombination by
surface state.

B. Large Optical Anisotropies

2D materials usually present optical anisotropies due to the
structural inhomogeneities at different crystal axes [32], which
is also applicable to 2D perovskites where carriers are consid-
ered to be confined at the inorganic layers. By using a polarized
Fourier-resolved PL measurement, Fieramosca et al. observed
that 2D perovskites have both in-plane components and
out-of-plane components of excitons, in which the out-of-plane
excitonic emission is observed at the total internal reflection
(TIR) angle of a TM section [33]. In contrast, MoS, with full
in-plane excitons, behaves as vanishing emissions at this angle.
By using different organic ligands and the same inorganic
layers, the component of out-of-plane excitons can be further
varied from 10% to 18%, which also reveals the barrier-
dependent exciton oscillating out of the inorganic layers plane.
Later, Decrescent e al. investigated the optical constants of
both the in-plane and out-of-plane by using the momentum-
resolved optical spectra [Fig. 2(b)] [34]. The result can be well
understood by dielectric inhomogeneity rather than the elec-
tronic states of inorganic layers, which also suggests the signifi-
cant tuning of optical anisotropies by varying the organic
cation.

C. Carrier-Phonon Coupling

Compared to conventional semiconductor QWs with relatively
low binding energy, 2D perovskites exhibit distinct features,
such as more stable excitons at room temperature. More impor-
tantly, the ionic character and the “softness” of the lattice result
in carrier scattering by coupling to phonons [35]. Recent stud-
ies of vibrational spectra reveal that excitons can be coupled to

a series of phonon modes, and the coupling modes can be
tuned by the organic cation and thickness of the inorganic
layers. The low energy longitudinal optical (LO) phonons of
8—17 meV [36-38] and 12—-14 meV [38,39] can be resolved
by ultrafast transient absorption (T'A) spectroscopy. Coherent
coupling with LO phonons can be observed by high-resolution
resonant impulsive stimulated Raman spectroscopy using an
ultrashort pump pulse [Fig. 2(c)] [40]. Additionally, coherent
longitudinal acoustic (LA) phonons coupled with hot excitons
have also been observed in 2D perovskites. They propagate
along the cross-plane direction of 2D perovskites, and the
group velocity and propagation length can be varied by the per-
ovskite layer thickness [41]. Generally, carrier—phonon cou-
pling results in fast nonradiative decay, and lowers the PL
quantum yield. Reduction of molecular motion by varying
the organic ligands in 2D perovskites could be possible for bet-
ter optoelectronic performance [42].

D. Lattice Distortion and Self-Trap States

Structure distortion can be caused and stabilized by the local
potential well induced by exciton itself, resulting in a low
energy, broadband white-light emission, which is called a
self-trapped exciton [Fig. 2(d)]. These phenomena have been
observed in layered Pb-Br perovskite of different structure types
[43]. At room temperature, they behave as narrow blue PL and
small Stokes shift and are assigned to free excitonic emission. At
low temperature, a new broad PL band with a large Stokes shift
arises, which has been attributed to self-trapped exciton emis-
sion. Cortecchia ez al. reported the origin of structural
distortion in (EDBE)Pbl; [EDBE = 2, 2-(ethylenedioxy)bis
(ethylammonium)] where the large deformation of the Pb-I
bond length and I-Pb-I bond angles can result in self-trapped
states [44]. Self-trapped states can be established from free ex-
citon by electron—phonon coupling with an ultrafast time scale
of subpicoseconds or picoseconds, which can be distinguished
from defect-induced traps [45].

3. FABRICATION OF CAVITY STRUCTURES AND
MATERIAL SOURCE

In an optical cavity, light is confined and resonant-recycled with
a certain photon energy and group velocity. The most common
type of optical cavity is the F-P cavity, where light oscillates
between two end facets of the longitudinal direction. The mode
wavelength spacing of the light A1 can be expressed as [46]

/12

A= S = a@nfan]

U]

where 7 is the refractive index, L is the cavity length, and
n-2(dn/d2) is the group refractive index 7,. Another type
of cavity is the whispering-gallery mode (WGM) cavity, where
light can travel along the side faces of the cavity, providing that
total internal reflection is reached. The shape of this cavity can
be varied from square or hexagon plates, round disks, spheres,
etc. The spectral spacing A/ has the relationship with round-
trip distance L as [47]
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Fig. 2. Unique excitonic behaviors of 2D perovskite. (a) Left, absorpation spectra of (PA),(MA),Pb;Br;y and MAPbBr; thin films; right, optical
images of the two perovskite thin films under UV illumination. Adapted from [28] with permission from Royal Society of Chemistry. (b) In-plane
and out-of-plane exciton of 2D perovskite. Left, 2D Fourier image of PL in the vertical polarization (white arrow), in which out-of-plane component
locates at the TIR angle (k). Adapted with permission from [33]. Copyright 2018, American Chemical Society. Right, dielectric model of 2D
perovskite indicating the in-plane and out-of-plane electric field. Adapted with permission from [34]. Copyright 2019, American Chemical Society.
(c) Phonon coherence of (PEA),Pbly. Left, absorpation and time-resolved differential transmission spectrum at 5 K; right, oscillatory components
extracted from the time-resolved differential transmission spectrum indicating the coherent vibrational dynamics. Adapted with permission from
[40]. Copyright 2019, Springer Nature. (d) Energy diagram showing the generation of free exciton and self-trapped exciton due to the lattice
reorganization; the resulting emission spectra behave as sharp excitonic emission and broad exciton self-trapping emission at low temperature.

Adapted from [43]. Published by the Royal Society of Chemistry.

Al — A o solvent methods, or just spin coating on a substrate [55]. So far,
A= a' 2 these types of 2D perovskites have been widely used as active

In addition, periodic dielectric nanostructures such as 2D
photonic crystals [48] and distributed Bragg reflectors (DBRs)
[49] are also used as optical cavities to control the propagation
of light at arbitrary designed angles. The internal elements are
usually periodically separated at half the wavelength of the light.

2D perovskites can be easily prepared in the types of single
crystals [50,51], nanocrystals [52], microstructures [53], and
thin films [54] using chemical vapor deposition (CVD), anti-

materials of different optical cavities, as mentioned above
(Fig. 3). Based on the morphology of different material sources
and desired optical performance, we discuss the different cavity
structures as three species, i.e., self-assembled crystal cavities,
structure-templated cavity arrays, and vertical F-P cavities.
Table 1 shows the optical performance of different cavities of
2D perovskite, highlighting the materials sources and Q
factor of different cavity structures. The details are dis-
cussed below.

Table 1. Optical Performance of 2D Perovskite-Based Microcavities
Cavity Types Active Materials Working Wavelength Cavity Q Application Ref.
Self-assembled crystal cavity
(PEA),PbBr, sheet 415-430 nm 379-1045 Strong coupling [50]
(BA),(MA),Pbsl;, thin flake 620-635 nm 528-903 Lasing [18]
(BA),(MA)Pb,I; bulk crystal 578 nm 1155 Lasing [57]
Vertical F-P cavity
(PEA),Pbly thin film 517 nm 25 Strong coupling [58]
564 nm 86 Strong coupling  [59]
(PEA),Pbl, flake 530-575 nm 2200 Strong coupling [60]
(PEA),Cs,Pbsl;y microcrystal 532-539 nm 665 Lasing [17]
Cavity array
(PEA),Pbly thin film in air hole 537 nm 222 Strong coupling  [61]
(BA),(MA)5Pbgl,g in PDMS template 541-547 nm 2600 Lasing [62]
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Fig. 3.

Fabrication of different 2D perovskite photonic cavities. Upper side shows the synthesis of 2D perovskite materials with different mor-

phology, including bulk crystals, microstructures, nanocrystals, and thin films. From left to right, the first image is adapted with permission from
[64]. Copyright 2016, American Chemical Society. Further permissions related to the material excerpted should be directed to the ACS. The second
image is adapted with permission from [53]. Copyright 2019, John Wiley and Sons. The third image is adapted with permission from [52].
Copyright 2015, John Wiley and Sons. The fourth image is adapted from [54]. Published by MDPI. Bottom side summarizes the different cavity
structures including F-P cavity, WGM cavity, photonic crystal cavity, and DBR cavity.

A. Self-Assembled Crystal Cavities by 2D Perovskite
Nano/Microstructures

Owing to the high reflectivity of perovskites with different
shapes, the single particle of perovskites itself can be a self-organ-
ized optical resonator [63]. Perovskite microstructures such as
nanowires or nanoplates can be used as F-P cavities or WGM
cavities, which can be directly obtained by solution methods
or CVD without further lithography or etching processes.

As a kind of layered material, 2D perovskites micro/
nanoplates can be mechanically exfoliated from their bulk
crystal with a large and flat surface. The bulk crystals are usually
obtained by liquid phase crystallization. The dissolved lead
halide and organic amine halide are mixed together at high
temperature. The crystal growth can be controlled by cool-
ing down at a certain rate or evaporating the solvent at a
slow rate. Stoumpos ¢t al. reported (BA),(MA),_Pb,I5,
(BA = butylammine, » = 1-4) by adding the neutralized
BA into the mixed hot solution of HI, H;PO,, PbO, and
further cooling down the mixture to room temperature [64].
Leng et al. also synthesized centimeter-sized single-crystal 2D
perovskites (BA),(MA),_Pb,13,., (» = 1-4) by a tempera-
ture-programmed crystallization method [65]. Evaporating the
solvent slowly can be easier and cleaner for obtaining high-
quality single crystals, such as the systemization of (HA),Pbly
(HA = n-hexylamine) by slowly evaporating the acetone sol-
vent [66] and (BA),Pb;I4Brs by slowly evaporating N,
N-dimethylformamide [67], but is a time-consuming method.

Although mechanical exfoliation is a convenient way to ob-
tain microstructures of 2D perovskites with different widths
and thicknesses, the shape is uncontrollable and is challenging
for reliable modulation of light in the cavity. Dou ez 4l ob-
tained atomically thin, uniform square-shaped 2D perovskite
(BA),PbBr4 by evaporating the mixed solution of BABr and

PbBr, in the cosolvent of dimethylformamide (DMF) and
chlorobenzene (CB) at 75°C for 10 min [68]. Shi et 4l further
reported the synthesis of highly stable, square-shaped 2D per-
ovskite lateral epitaxial heterostructures by two steps of crystal-
lization of 2D perovskite precursor solution [69]. The
formation of large 2D halide perovskite sheets was controlled
by evaporating the antisolvent of CB. Ma ¢t al. reported that
2D perovskite rectangular microplates and nanowires can
be directly obtained by a novel solution method named as
the dissolution—recrystallization process [70]. They synthesized
(PEA),PbX, (PEA = phenethylamine, X = Brand I) by plac-
ing a lead acetate film into the PEAX solution in isopropanol
for a specified time, further washed away the solution, and
dried the substrate. The obtained microplates and nanowires
have a typical size of tens of micrometers and thickness of
hundreds of nanometers. Another method to grow structured
semiconductors is CVD. It is a scalable approach for the
growth of 2D TMDs and can be applied to the growth
of 3D perovskite. The CVD growing of 2D perovskites has
been explored by Ghoshal ez al [53]. They developed a
low-temperature vacuum-assisted chemical vapor deposition
(LTCVD) method to grow (C4H9NHj;),Pbl,. Briefly, lead
iodide and n-butylammonium iodide are heated at the temper-
ature of 400°C for 10 min with argon of 30 sccm and pressure
of 600 mTorr. Based on the concentration and depending on
the distance between material source and substrates, different
growth processes form the morphology of nanoplatelet or nano-
wires with lengths from several to tens of micrometers.

B. Periodic and Photonic Crystal Cavities by
Structure-Templated 2D Perovskite

Reproducible photonic arrays are demanded for integrated in-
formation transmission and the mass production of photonic
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devices, which is still challenging by direct growth of photonic
nanostructures such as nanowires and nanoplates. Solution
processability ensures the direct fabrication of cavity arrays
by casting perovskite solution onto a periodical structure such
as SiO, etching hole lattices and Ag gratings [62,71]. This con-
venient method, however, often results in disordered grain
boundary and reducing quantity factor of cavity structures.
Miscibility of perovskite with organic matrix materials
[72,73] provides another avenue of emitted cavity array by en-
gineering the shape of perovskite-embedded organic matrix ma-
terials. Compared with solution-processed thin film, this
method can produce cavities of different shapes with a flat sur-
face and a homogeneous distribution of perovskite. The flex-
ibility has been proved in 3D perovskite by embedding
CsPbBr; nanocrystals (NCs) with poly-(methylmetacrylate)
(PMMA)  [74] or  polyacrylonitrile  (PAN)  [75].
Comparatively, 2D perovskites behave with improved flexibil-
ity and deformable properties due to the organic layers [76].
Zhang et al. designed the 2D perovskites nanowire and micro-
ring arrays by a polydimethylsiloxane (PDMS) template that
confined solution growth of 2D perovskites [61,77].
Inidally, the PDMS templates were fabricated by casting
PDMS against the silicon mother-molds of microrings or nano-
wires by photolithography. By pressing the PDMS templates
onto the top of stock solution containing BABr, MABr, and
PbBr,, the nucleation of 2D perovskites can occur inside
the PDMS templates, and the PDMS-templated 2D perovskite
cavity arrays can be obtained. The direct nucleation from com-
ixing the precursor solution, however, often induces the forma-
tion of multiple phase 2D perovskites with different inorganic
layer numbers, which is widely observed in spin-coating film of
2D perovskites. To obtain the structure templated cavity with a
pure phase of desired inorganic layer number, one would con-
sider the synthesis of 2D perovskite colloidal NCs with a single
emission peak. Chang ¢t al reported the synthesis of
(BA),(MA),_Pb, 15, (n = 1-5) quantum dots (QDs) with
an average size of 10 nm at room temperature [22]. By adjust-
ing the ratio of MAX and PbX; in the precursor solution before
its being dropped into a quenching solvent chlorobenzene,
well-dispersed perovskite QDs with different 7 values were ob-
tained. Upon increasing the 7 value, the PL spectra of these
QDs show a redshift and low FWHM of 11-21 nm, suggesting
highly pure 2D perovskite QDs. In addition, they are more
optically stable than 3D perovskite QDs, which makes them

an advantageous gain medium for structure-templated cavities.

C. Vertical F-P Cavities Containing 2D Perovskite
Thin Film or Single Crystals

A vertical F-P cavity means that the F-P oscillation modes are
perpendicular to the plane of active material. It consists of two
strictly parallel mirrors separated by the active material. The
reflectivity of the two mirrors has a great impact on the cavity
loss and Q factor. Metallic mirrors behave as the constant re-
flectivity of a broad wavelength, which may not be suitable for
the transmission of light at certain wavelengths. Bragg mirrors
can also be used as mirror pairs of an F-P cavity, which is equiv-
alently called the DBR cavity. A Bragg mirror is produced by
periodically stacking a quarter-wave thickness of two dielectric
materials with different refractive indices, resulting in ultrahigh

reflectivity at the designed wavelength [78]. In a typical DBR
cavity, two Bragg mirrors are sandwiched by a gain medium,
resulting in a vertical F-P cavity mode across the gain medium.
If the resonance energy of the vertical F-P cavity is within the
high-reflectivity energy region of two Bragg mirrors, the DBR
cavity with a high Q factor can be established [79]. Early work
on 2D perovskite-embedded vertical F-P cavities usually used a
solution-processed 2D perovskite thin film as the gain medium
between Bragg mirrors and a metal surface, which behave at the
low Q factor of 25 [80,81]. A higher Q factor of 86 was later
obtained in a two-Bragg-mirror structure containing 60 nm
of spin-coated (PEA),Pbly film [59]. The Q factor can be fur-
ther improved by using a 2D perovskite single-crystal structure
as the gain medium inside two Bragg mirrors. For example,
Wang et al fabricated a DBR cavity containing
(PEA),PbX; (X = Br, I) bulk crystal and a high Q factor
0f 2200 [60]. 2D perovskite-embedded DBR cavities have wit-
nessed the strong exciton—photon coupling and vertical cavity
surface-emitting lasers (VCSELSs) at room temperature.

4. LIGHT-MATTER INTERACTIONS AND
OPTOELECTRONIC APPLICATIONS OF
2D PEROVSKITE CAVITY STRUCTURES

2D perovskites exhibit unique optical properties, combining the
advantage of atomic thin 2D materials and the high quantum
efficiency of perovskite, as discussed in Section 2. Moreover,
the ease of fabrication and integration with different optical
cavities makes 2D perovskites attractive active materials for vari-
ous photonic applications. In optical cavities, the excitonic tran-
sition of a semiconductor can be coupled to the external optical
field. Based on the architecture of the cavities and the excitation
conditions, the light-matter interaction can be in the strong cou-
pling region or weak coupling region. Consequently, various op-
tical performances and optoelectronic applications of 2D
perovskites can be expected, such as exciton—polariton, lasing,
and functional devices of different photonic structures.

A. Strong Exciton-Photon Coupling of 2D Perovskite
Cavity Structures

The establishment of strong exciton-photon coupling requires
the robust exciton to be well overlapped with the antinode
of the optical field inside a cavity [3]. A typical structure is
shown in Fig. 4(a), in which the active material is inserted
between two mirrors, and excitons are coupled with the F-P
cavity mode. The resulting quasi-particle, exciton polariton be-
haves as two separating energy branches named as upper polar-
iton branches (UPBs) and lower polariton branches (LPBs) in
a dispersion curve [Fig. 4(b)], which stems from the crossed
dispersion of exciton Ey and cavity mode E . The dispersion
relation of the two polariton branches can be expressed as

E:%(EC—i-EX:I: M), @)

in which A = E - Ey is the detuning energy, and Q is the
Rabi splitting, related to the coupling strength of the exciton
and photon [2].

Traditional III-V and 1I-VI semiconductors such as GaAs
and ZnTe were initially demonstrated as exciton—photon cou-
pling [82—85]. Their QW structures exhibit a narrow exciton
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linewidth and a large exciton Bohr radius, indicating low
loss and sizeable nonlinear interaction with polaritons [3].
However, their weak exciton binding energy restricts the oper-
ating temperature to below 100 K. Wide bandgap inorganic
materials such as GaN and ZnO possess large exciton binding
energy (45—60 meV) and oscillator strength, making the polar-
iton operation at room temperature necessary [86,87]. The in-
trinsic small exciton Bohr radius of these materials indicates
weak exciton—exciton interaction, which is a drawback because
the nonlinear polariton interaction is hindered [88].
A similar situation also exists in organic dyes and polymers with
Frenkel excitons [89].

Metal-halide perovskites have been considered competitive
materials for room temperature polaritons due to their large
exciton binding energy and high quantum yield [10,90].
In the past several years, room temperature exciton polari-
tons [91-94] and polariton condensation [92,95,96] have
been demonstrated in 3D perovskite [97]. Continuous-wave
pumped lasers have also been reported in CsPbBr; nanowires
due to the large refractive index induced by the exciton—
polariton effect [98,99]. The investigation of exciton—polariton
in 2D perovskites with much higher binding energy is essen-
tially much earlier. Due to the ease of the solution process, most
of the early work was focused on the polycrystalline film
coupled with different cavities, which often results in a low
Q factor [81,100,101]. The investigation is accelerated along
with the pursuit for high-quality cavity structure, leading to the
observation of attractive polariton effects that are different from
their 3D counterparts [33,102]. 2D perovskites coupled with
different cavity structures are reviewed below.

1. Exciton-Polariton in Self-Assembled Crystal Cavities of
2D Perovskite

Fieramosca er al. reported the first observation of exciton
polaritons in 2D perovskite single-crystal flakes [33]. Light in-
side the single crystal of 2D perovskites can be a self-assembled
cavity in which light can oscillate between two smooth inter-
faces of a single crystal or propagate along the plane of the flake
[Fig. 5(a)]. The latter was verified by the PL image in Fig. 5(b).
Apart from the bright spot representing the excitation region,
the bright boundary of flakes is induced by the leakage of
guided light at the edges of the flake because light can propagate

for tens of microns without being scattered by defects.
Polarization-dependent and angle-resolved reflection spectra
indicate the strong coupling of multi-F-P modes with either
in-plane or out-of-plane oscillating dipoles when close to the
excitonic resonance. Moreover, by increasing the length of the
organic ligand, the out-of-plane oscillator strength is weakened.
The observations suggest the organic interlayer plays a signifi-
cant role in the anisotropy of the exciton and exciton polariton,
rather than a passive insulating barrier. Later, they observed the
blueshift of polariton modes in single crystals of 2D perovskites
(PEA),Pbly, which is related to polariton nonlinearity [102].
By injecting a linearly polarized laser beam beyond the crystal—
air TIR angle [green region in Fig. 5(c)], the blueshift of two
LPBs (LP1, LP2) is characterized by increasing the incident
power. The LP1, with more excitonic fraction, behaves with
a larger blueshift, which confirms the inherent excitonic inter-
action with the interaction constant g~ 1+ 0.2 peV - pm?
per inorganic layer. This value is much higher than the value
in organic excitons and is comparable with the value estimated
for a GaAs QW [103]. In another type of 2D perovskite
(PEA),PbBry, Zhang er al. reported exciton polaritons with
Rabi splitting of ~259 meV in a millimeter-sized single crystal
sheet [56]. By the microregion PL measurement at different
sites of the 2D perovskite sheet, they found the enhanced
PL emission from the edge of the sheet exhibiting F-P mode
oscillation. The mode spacing is reduced when approaching the
excitonic resonant energy, in indication of strong exciton—pho-
ton coupling. The oscillating mode energies in energy-wave
vector coordinates can be well fitted by a coupled oscillator
model describing the strong coupling of light and matter
[104]. A sensitive detection of the F—P oscillation is realized
in 2D perovskite sheets with an extremely smooth top surface
and both edges. In the bottom of Fig. 5(d), the PL mapping of
the selected area overlaps with an evident interference pattern,
which concludes as the oscillating modes are induced by the
exciton—photon coupling.

2. Exciton—Polariton in 2D Perovskite-Embedded Vertical
F-P Cavities

Deleporte’s group demonstrated the first vertical F-P cavity
containing 2D perovskite (PEA),Pbl, thin film between a di-
electric mirror and a silver mirror [80]. The strong coupling
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Fig. 5. Polariton in 2D perovskite self-organized crystal cavity. (a) Schematic diagram showing the oscillation of light between top and bottom
interface of 2D perovskite single crystal (green arrow) and in-plane transmission of light inside the perovskite crystal (yellow arrow). (b) In-plane and
out-of-plane exciton polariton in (PEAI),Pbly crystal. Top left is the PL image of perovskite crystal; right is the real-space intensity image of a
resonant injected beam in the perovskite crystal; bottom, energy-momentum resolved reflection spectra of TE (left) and TM (middle) polarizations;
the calculated reflection minima with (blue lines) and without (red lines) the interaction of excitonic resonance indicating the strong light-matter
coupling. Adapted with permission from [33]. Copyright 2018, American Chemical Society. (c) Energy dispersion of a 2D perovskite (PEAI),Pbly
single crystal showing the multimode exciton polaritons. The two low polariton modes (blue region) under different pumping power show energy
blueshift of different values, indicating the exciton polariton nonlinearity. Adapted from [102]. Copyright 2019, AAAS. (d) Upper side, PL spectra
consisting of a series of oscillating modes in a 2D perovskite planar cavity. The relation of oscillating modes versus wave vector can be fitted by a
polariton model with a large Rabi splitting. Bottom is the PL mapping of a selected area of 2D perovskite planar crystal cavity. The interference
pattern indicates the oscillating emission of exciton polariton. Adapted with permission from [56]. Copyright 2020, American Chemical Society.

of exciton and F-P mode photon was verified by reflectivity
spectra at different incident angles. Two dips with an angle-
dependent energy position, linewidth, and intensity were
observed with anticrossing behavior—a sign of strong exciton—
photon coupling. Two dips at different angles can thus be as-
cribed to the LPB and UPB of polariton dispersion with Rabi
splitting of 140 meV [Fig. 6(a)]. They also found that by
changing the thickness of spacer layers or perovskite film, the
detuning and Rabi splitting can be precisely controlled [81].
Pradeesh er al. investigated the exciton—photon coupling in
an all-metal cavity containing two silver mirrors and sand-
wiched 2D perovskite (C4HoC,H4NH;),Pbl, [Fig. 6(b)]
[101]. Compared with open metal-perovskite—air cavity, this
cavity enhances the Rabi splitting from 130 meV to 160 meV
due to the greater field confinement. However, these cavities
often possess low Q factor—no more than 100, which restrains
the study of stimulated polaritonic effects. Han ¢# a/. improved

the Q factor by designing a DBR cavity containing two DBR
mirrors and the inserted perovskite (CsHsC,H/NH;),Pbly
layer [59]. During the fabrication, the top dielectric mirror
was migrated in liquid to avoid the degradation of perovskite.
The far-field emission map in Fig. 6(c) reveals the dominated
emission from middle polariton branches (MPBs); the line-
width of the MPB is 26 meV, corresponding to a Q factor
of 86. In recent years, the Q factor of vertical F-P cavities
has significantly improved due to the use of DBR cavities
coupled with 2D perovskite single crystals, which promotes
the observation of new polaritonic effects. Wang ez al. observed
that in a DBR cavity containing 2D perovskite crystal micro-
plates, multimode polariton barchans are not only from the
strong coupling of excitons and cavity modes, but also the
Bragg modes from the Bragg mirrors [60]. Thus, the reversible
energetic exchange can be established in these three states.
In DBR cavity of (PEA),Pbl,, Fieramosca et al. found that
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the polariton blueshift is sensitive to the polarization of the
pump laser. The blueshift obtained with a circularly polarized
laser is higher than the blueshift obtained by using a linearly
polarized laser. This indicates the existence of different spins
of polaritons influencing the polariton—polariton interaction
[102]. The spin-dependent nonlinearities can be applied to
spintronics, which is only available at cryogenic temperatures
for GaAs-based systems [105]. Very recently, Polimeno ez /.
reported the polariton condensation in a vertical cavity contain-
ing exfoliated (PEA),Pbl; sandwiched between a bottom
Bragg mirror and a top silver mirror at liquid helium temper-
ature [106]. This was confirmed by a two-laser threshold
behavior under increasing pump fluence. The first laser thresh-
old was assigned to a biexciton lasing action above the bottom
of the LPB. Further increasing the pump fluence led to shut-
down of the biexciton lasing and the population collapse to the
bottom of the LPB as a sign of bosonic condensate. The author
thus argued that a simple two-level system is not adapted
to such material because of the energetically competitive
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lasing action. This stimulated polariton phenomenon suggests
the exploration of quantum coherent states based on 2D
perovskites.

3. Exciton—Polariton in Photonic Crystals of 2D Perovskite

2D perovskite can be effectively coupled with a period lattice
structure owing to its solution processing and soft nature,
allowing the mismatched growth on different substrates. The
first attempt was done by Fujita ez /. [100]. They fabricated
a distributed feedback (DFB) cavity on a quartz substrate and
spin-coated a 30 nm thick (PEA),Pbly film followed with a
polystyrene film [Fig. 7(a)]. The dispersion of DFB-guided
wave-like modes and coupling with excitons were obtained by
plotting the transmission dip at different angles. Anticrossing
behaviors can be observed at 2.4-2.5 eV with polariton split-
ting of ~100 meV. The dielectric DFB structure can be further
replaced by silver gratings. Niu ez 4/ reported the strong cou-
pling of excitons and the surface plasmon polaritons (SPPs)
in this kind of structure [Fig. 7(b)] [71]. In this structure,
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Fig. 6. Polariton in vertical F-P cavities coupled with 2D perovskite. (a) Sketch of a microcavity containing 2D perovksite thin film. Anticrossing
is observed in angle-resolved reflectivity spectra as two series of dips. Adapted from [81]. Copyright IOP Publishing and Deutsche Physikalische
Gesellschaft. Reproduced by permission of IOP Publishing. All rights reserved. (b) Vertical F-P cavity of 2D perovskite thin flim formed by top and
bottom silver films. Two polariton branches can be observed in angle-resolved transmission spectra with Rabi splitting of 160 meV. Adapted with
permission from [101]. Copyright The Optical Society. (c) Energy dispersion of micro PL spectrum in a 2D perovskite cavity with relatively high Q
factor; the emission of MPB is as narrow as 26 meV. Adapted with permission from [59]. Copyright The Optical Society. (d) Strong coupling of
exciton with vertical cavity mode and Bragg modes in a DBR cavity of 2D perovskite. Left, cavity structure consisting of exfoliated 2D perovskite
microflakes between top and bottom Bragg mirrors; right, angle-resolved reflection and emission spectra. Adapted with permission from [60].
Copyright 2018, American Chemical Society. (e) Polarization-sensitive polariton nonlinearity of 2D perovskite. Left, cavity structure of a
DBR cavity; middle, energy momentum 4 emission; right, polariton blueshift at different pump powers by using a linearly polarized (L) laser
and a circularly polarized (C) laser. Adapted from [102]. Copyright 2019, AAAS. (f) Formation of biexciton laser (left) and polariton condensate
(right) in a (PEA),Pbly vertical cavity at liquid helium temperature. Adapted from [106]. Copyright 2020, John Wiley and Sons.
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emission (left) and corresponding simulation of photonic crystal polariton dispersion (right) with a Rabi splitting of 205 meV. Adapted with

permission from [62]. Copyright 2020, American Chemical Society.

an “image biexciton” is formed by the out-of-plane interaction
of exciton and the electromagnetic field near the silver surface.
By increasing the incident angle from 0° to 90°, the exciton
splitting increases, the grating modes become more dispersive,
and the plasmonic modes are more resonant with the exciton
and image biexciton energy. As a result, strong coupling be-
tween SPPs and exciton/image biexciton can be observed with
Rabi splitting of 150 and 125 meV, respectively. In addition, a
2D periodic lattice cavity coupled with 2D perovskite was also
reported recently [Fig. 7(c)] [62]. The cavity was fabricated
through infiltrating (PEA),Pbl,/DMEF solution inside the
air hole of a periodically patterned SiO, backbone. Angle-
resolved reflection and PL spectra reveal the strong coupling
between Bloch modes with (PEA),Pbly excitons, along with
a Rabi splitting of ~200 meV. Many polariton-dispersive prop-
erties such as linearity, slow light, and multivalley polariton
mode can also be modified in this 2D lattice cavity.

B. Optical Gain and Photonic Laser of 2D Perovskite

Cavity Structures

The generation of lasers requires high optical gain material
coupled with a suitable optical cavity. The gain materials that
can amplify light through stimulated emission play the impor-
tant role in laser performance and encourage the discovering of
new optical gain materials. Perovskites have shown excellent
optical gain coefficients that are comparable to industrial gain
materials such as GaAs [10] Room temperature low-threshold
and even continuous-wave pumped lasers have been reported
abundantly in 3D perovskites of different cavity structures
[63,107—-110] since the first observation of room temperature
amplified spontaneous emission (ASE) in 3D perovskites in
2014 [111]. Comparatively, the ASE of a 2D perovskite was
first observed in 1998 without much attention due to the op-
eration at cryogenic temperatures [112]. Although both 3D
and 2D perovskites possess some similar photoelectric perfor-

mance such as efficient LEDs and high photoelectric conver-
sion efficiency (PCE) of solar cells [6,113], the intrinsic
differences in crystal and electrical structures are still consider-
able in photophysical processes such as recombination of pho-
ton-excited states.

In 3D perovskites, the exciton binding energy is generally
modest, which indicates the coexistence of free carriers and ex-
citons [114]. Based on the Saha—Langmuir equation describing
the population distribution of free carriers and excitons [115],
the exciton fabrication should be increased at high excitation
density. However, this relation becomes invalidated when the
carrier density approaches the Mott density, indicating the tran-
sition from exciton to free carriers [Fig. 8(a)] [116]. For 3D per-
ovskite with low binding energy, such as MAPbI;, free carriers
dominate, even below Mott density, and the origin of lasing can
be argued as the electron-hole recombination [117]. The
judgment becomes complicated when the threshold density is
located near the Mott density where the excitons are not a minor-
ity in CsPbBr; [118,119]. Marongiu ez al. compared the power
law of instantaneous PL intensity versus injected carrier density
for 3D perovskite MAPbI; and 2D perovskite BA,PbBr, under
the pulse excitation of a 50 ps window [Fig. 8(b)] [120]. The
quadratic behaviors in MAPbI; indicate bimolecular recombina-
tion at an all-density region at room temperature; a linear relation
only exists in a low excitation region at cryogenic temperatures.
In 2D perovskite with large binding energy, the linear relation in
all the excitation ranges suggests the majority of excitons
and only a neglectable fraction of ionized excitons, in sharp
contrast to 3D perovskite. Indeed, excitonic ASE and lasing
of 2D perovskite have been verified in recent years, as is discussed
below.

1. Optical Gain in 2D Perovskite
Room temperature optical gain was first observed in 2D perov-
Skite (NMA)Z(FA)n—lpan3n+l (NMA = C10H7CH2NH;)
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by Li et al [121]. During the formation of 2D perovskite
thin film, multiple QW phases of different 7z values were
arranged vertically to substrate from small to large 7.
These self-organized QWs naturally form an energy cascade,
allowing the ultrafast exciton transfer from small 7 values to
large 7 values with decreasing bandgap [Fig. 9(a)]. ASE was
observed by pumping the perovskite thin film with a rectangle
strip of femtosecond laser. Below the threshold, emission from
large 7 values (n > 5) follows a power law of ~0.86, which is
close to 1, indicating the excitonic recombination of sponta-
neous emission. When above the threshold, a sharp peak
arises from the red side of the spontaneous emission (SE)

peak. The optical gain value of (NMA),FAPb,Br; can reach

330 cm™!, which is much larger than that of 3D perovskite
film with a similar thickness [111,122]. Moreover, the ASE
peak can be shifted from 530 to 810 nm by changing the
stoichiometry, and the ASE stability at ambient conditions
also shows better performance than 3D perovskite thin films
[Fig. 9(b)]. In contrast, 2D perovskites with small 7 values
still have difficulty in obtaining room temperature ASE and
lasing. Chong ez al. developed a theoretical model of charge
carrier relaxation in 7z = 1 perovskite (PEA),Pbl and ex-
plained the limitation of optical gain in this 2D perovskite
[123]. The modeling consists of the interaction of free exci-
ton, bound exciton, and bound biexciton in Fig. 9(c). The
free exciton trapping and formation of bound exciton can

(a) n=1 n=2
;/6\\ ‘,@‘ . ‘ ‘ : 10)
Excitation (¢~ L a4 A 4 "‘ . :);))
i$ ET &€ ET € " > 0Q 2
" : 4** J‘i.’j g XXg)
L el o b o6 ¢ & o
' i 4. 4. Py VS ,
¢ s
Biexciton Auger Recombination
; |
d o0 0 l
(b) Laser shots (-107) () ” H H
(NMA),(FA)Pb Br I, 0 2 4 6 8 12 [ ]
y=1 y=4; 3 2 1310 14 ' Q
- o CEEEEER
_ & (NMA),(FA)PbBr 1 |
3 £ Rl |
£ o1 = CIECEIOR)
5 g =l
P =25 pl/em’ ':]
LB B B B I B I | 0.01 +— T T T -
450 500 550 600 650 700 750 800 850 900 0 5 10 15
Wavelength(nm) Time (h)

Fig.9. Optical gain in 2D perovskites. (a) Cascade energy transfer from wide-bandgap QWs to large QW's with increasing 7-value; (b) wavelength
tunability of 2D perovskite with different y values by mixing precursor solutions and the stability of ASE over 30 h. The inset shows the ASE spectra
at the start and after 30 h. Adapted with permission from [121]. Copyright 2018, John Wiley and Sons. (c) Proposed relaxation channels of excitons
in (PEA),Pbl,. Adapted from [123]. Published by the PCCP Owner Societies. (d) Schematic shows the biexciton Auger recombination in 2D
perovskites with 72 values of 2 and 4. Auger recombination becomes stronger at small 7 values as a result of narrow well and larger spatial confinement
of exciton. Adapted with permission from [18]. Copyright 2019, John Wiley and Sons.
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effectively compete with biexciton gain, leading to a large
biexciton ASE threshold beyond the damage threshold of these
materials. Liang ez al. systemically investigated the PL decay
and temperature-dependent PL of pure phase (7 value) of
(BA),(MA),_,Pb,1;,. | (n = 2-5) and attributed the large laser
threshold of small 7 value 2D perovskites to fast Auger recom-
bination and large exciton-LO phonon coupling in these mate-
rials [Fig. 9(d)] [18]. Nonradioactive recombination of these
processes restrains the optical gain, which is more obvious at
small 7 values with increased quantum confinement and lattice
deformation.

2. Lasing in Self-Assembled 2D Perovskite Crystal Cavities
Li et al. demonstrated the room temperature microlaser in
solution-processed 2D perovskite (OA),(MA),_Pb,Br3,
(OA = octylamine) with mixed layers of different 7 values
[124]. Multimode WGM laser can be obtained by pumping
a single microplate above the threshold of 8.5 pJ/cm?, which
is lower than the ASE threshold of 3D perovskite MAPbBr;
film with a similar thickness. Dual-wavelength lasing can be
observed in a single microplate with higher content of low-
dimensional layers [Fig. 10(a), top], and no lasing is observed
in microplates with pure low-dimensional 2D perovskite
(n = 5). Micro-area transient absorption (TA) spectroscopy re-
veals the fast exciton localization from the lower to higher di-
mensional perovskite layers within 1 ps, which is much shorter
than the lasing lifetime. Therefore, efficient exciton localization
contributes to the low-threshold lasing [125]. In addition, las-
ing from these 2D perovskite microplates shows linearly polar-
ized emission [Fig. 10(a), bottom], indicating the photon
confinement of higher-dimensional perovskite layers given
by the cladding layers of lower-dimensional perovskite layers
(small refractive index). However, high-quality homologous
2D perovskite single crystals are still essential for the deep
understanding of the fundamental physical properties.
Raghavan ez al. observed the room temperature low-threshold
lasing from (BA),(MA),_,Pb, 13, homologous single crystal
with different 7 (1, 2, and 3) in Fig. 10(b) [57]. Laser modes
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consist of several small spikes around a few strong sharp peaks,
which can be proposed as random lasing or light-trapping in-
side the crystals [126,127]. Since 2D perovskite can be exfo-
liated from the bulk crystals, Liang er 4l investigated the
lasing behaviors of (BA),(MA), 1Pb,l5,,, thin flakes with
thicknesses of 100-300 nm in Fig. 10(c) [18]. For the micro-
flakes of » = 3 perovskite, lasing can occur at pump fluence of
2.6 pJ/cm? and temperature of 78 K. Since the shapes of mi-
croflakes are not well defined, light can leak out from the edge
of the in-plane cavity. However, no stimulated emission was
obtained in 7 = 1, 2 microflakes, even at a low temperature
of 78 K, which is different from the lasing in bulk crystals.
At higher temperatures, the laser threshold dramatically in-
creases as a result of increased electron—phonon scattering.
The steeper increase of threshold at small 7 values indicates
the weak thermal stability and large optical losses in low-dimen-
sional perovskite layers.

3. Lasing in 2D Perovskite Cavity Arrays

Integrated laser arrays can be applied in full color display and
sensing applications [128]. 2D perovskites hold great advan-
tages for laser array engineering, considering the ease of inte-
gration to different cavity structures and for high optical gain.
Zhang et al. demonstrated 2D perovskite laser arrays composed
of microrings and nanowires by the structure-templated meth-
ods [61,77]. The desired (BA),(MA),_,Pb,Brs, | cavity with
nominal value of 2 actually consists of QWs with 7> 2
to oo, resulting in different exciton energy values [Fig. 11(a)].
As discussed above, such energy cascades can result in efficient
energy transfer between QWs from small 7 values to large 7
values. ASE measurement on 2D perovskite film showed that
no ASE was obtained at small 7 values 1-3, and 7 = 6 perov-
skite thin film exhibited the best ASE performance with low
threshold and high gain [Fig. 11(b)]. Consequently, they se-
lected the » = 6 2D perovskite as the gain medium of micro-
ring laser arrays. Upon the pumping by a 400 nm pulsed laser,
microring cavity arrays generated laser modes around 543 nm
with a high Q factor of 2600. Similarly, nanowire laser arrays
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Fig. 11.

Lasing behaviors of 2D perovskite microcavity array. (a) SEM image and schematics show the microring and nanowire structures con-

sisiting of multi-QW structure; (b) top, light harvesting of the nominal 7 = 2 perovskite thin film for ASE; bottom, gain coefficient and PLQY for
perovskite thin film with different nominal 7 values; (c) emission images and lasing spectra of microring (upper) and nanowire (lower) arrays at
different pump fluences; (d) relation of lasing mode spacing versus ring diameter or nanowire length indicating the WGM lasing mode of microring
array (left) and F-P lasing mode of nanowire array (right). Adapted with permission from [61,77]. Copyright 2018, John Wiley and Sons.

were also fabricated, and a multimode laser was obtained
around 548 nm with a laser threshold of 72.5 pJ/cm?
[Fig. 11(c)]. The oscillating type of microring and nanowire
arrays were confirmed as WGM mode and F-P mode by com-
paring the mode spacing of adjacent laser modes versus the
cavity length of different sizes of microrings and nanowires,
respectively [Fig. 11(d)] [129,130].

4. Lasing in 2D Perovskite-Embedded Vertical F-P Cavities
Vertical cavity structures consisting of Bragg mirrors and/or
metallic reflectors are essential for the fabrication of
VCSELs with a high Q factor and a reduced threshold
[131]. A room-temperature VCSEL of a quasi-2D perovskite
(PEA),Cs,,_Pb,Brs, | is obtained in a vertical cavity em-
bedded with the microcrystals of the quasi-2D perovskite
[Fig. 12(a)] [17]. The active layer is designed as a sandwich
structure of perovskite/PMMA/perovskite, resulting in the
self-organized segregated patterns and surrounding thinner
smooth film of quasi-2D perovskite with diverse phases
(7 values). Interestingly, lasing can only be observed in segre-
gated areas under the nanosecond pulsed laser, which might
benefit from the reduction of the surface trap by long-chain
PEA and energy transfer within the crystal [121]. A single-
mode laser occurred at 532 nm, which slightly blueshifts to

the cavity mode at 534 nm. The lasing threshold of
~500 pJ/cm? is the same order of VCSEL in CsPbBr; QDs
and 3D perovskite film pumped by a nanosecond laser
[132,133], which suggests the possibility of continuous-wave
pumped laser of 2D perovskite. In the vertical cavity of another
2D perovskite (DA),Pbl, (DA = dodecylammonium), biexci-
ton lasing is even observed at an intermediate temperature up
to 125 K [Fig. 12(b)] [134], which is much higher than the
biexciton lasing of 2D perovskite (HA),Pbl, [112] at 16 K.
The cavity is fabricated by spin-coating 25 nm of DA,Pbly
and a spacer layer of PMMA between a Bragg mirror and a
silver layer. Biexcitons of DA,Pbly were found to have a large
binding energy of 50 meV, which was ready for the operation
of biexciton lasing at high temperature. Lasing occurs from the
low-energy tail of biexciton emission spectra and supports the
narrowing peak and the s-like curve of emission intensity at
different pump fluence. Room temperature laser in this
material can be expected with improved fabrication of cavity
structure and material source.

C. Functional Devices of 2D Perovskite Photonic
Structures

Optical cavities can enhance the emission or absorption and
modulate the guided optical modes in a desired energy region.
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The cooperation of photonic structures and optoelectronic de-
vices is expected to enhance the device performance and/or real-
ize new device functions [90,135].

Liu ez al. developed a perovskite-microsphere hybrid struc-
ture to enhance the two-photon absorption-induced PL (TPL)
of 2D perovskite (PEA),Pbl, [136]. This was done by trans-
ferring the SiO, microspheres onto a perovskite flake under a
microscope. Under the pumping of pulsed laser of 800 nm
(8 fs, 80 MHz), TPL from the perovskite flake exhibited a small
green spot with a modest emission intensity. In contrast, TPL
from the perovskite-microsphere structure was much stronger
and appeared as a large “bright ball” [Fig. 13(a)]. TPL spectra
revealed the enhanced TPL by 2 orders of magnitude from the
perovskite-microsphere structure [Fig. 13(b)], which can be ex-
plained as a nanofocusing enhanced optical field [137] and im-
proved TPL detection efficiency [138] by the sphere cavity.
Field-enhanced operation can also be obtained by plasmonic
effects or photonic crystals, which have been reported in 3D
perovskite-based solar cells and photodetectors [139-142].

2D perovskite nanowires with optical anisotropy have also
been adopted in efficient light detection devices. Feng ez 4l.
fabricated a photodetector consisting of 2D perovskite nano-
wire arrays between two silver electrodes [Fig. 14(a)] [143].
Unlike polycrystalline film with many surface defects and grain
boundaries, single-crystalline nanowires with pure (101) crys-
tallographic orientation allow the efficient excitons to diffuse to
the edge along the short length side and dissociate into free
carriers through exciton edge states [144]. In addition, efficient
charge transport in well layers and photocarriers concentration
at the surface of layer edges result in a high photoconductivity
channel at the layer edges. The detector exhibits high average

responsivities of 1.5 x 10* A/W and detectivities over 7 x 10!
Jones with suppressing dark currents. Later, Ghoshal
et al. observed the highly polarized PL from 2D perovskite
(BA),Pbl; nanowires and further the anisotropic photocurrent
[Fig. 14(b)] [53]. PL emission is boosted when the polarization
of excited light is parallel to the length of nanowire and weak-
ened when it is perpendicular to the nanowire. The polarization
ratio increases up to 0.73 with reduced lateral width as a result
of dielectric confinements. Further, polarized photodetection is
demonstrated, consisting of a graphene/(BA),Pbl; nanowire
heterostructure. The bump at 518 nm is consistent with the
excitonic absorption, indicating the photocurrent response
from the optical behaviors of the perovskite nanowire.

(a) (b)
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Fig. 13. Enhanced TPL emission from a 2D perovskite-
microsphere cavity structure. (a) Emission images of pure perovskite
flake and with SiO, microsphere under the pump power of 0.1 mW/;
(b) TPL spectra of bare perovskite flake and perovskite-microsphere
cavity structures with different sizes of microspheres. Adapted with
permission from [136]. Copyright 2018, John Wiley and Sons.
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Polarized light detection can be observed, as the photocurrent
is strongly dependent on the angle between the polarization
of incident light and the orientation of nanowires, which is sim-
ilar to the polarized PL spectra. Apart from photodetection,
nanowires can also be applied in optical logical gates, wave-
guides, etc. [145-147], which need further exploration in
2D perovskites.

5. SUMMARY AND OUTLOOK

2D perovskites have become attractive active materials for
photonic applications over the past few years. The advantages
of these materials lies in the quantum-well-like structures
sustaining strong excitonic emission with large binding energy,
and ease of integration with different kinds of optical cavities.
The review summarizes the recent advances in the cavity
application of 2D perovskites, as well as the inherent photo-
physics and light-matter interaction in the cavity structures
of 2D perovskites. The accelerating investigations in 2D
perovskite-based photonics reveal fantastic structure-related
optoelectronics that are different from their 3D counterparts
and conventional layered semiconductors to some degree.
Moreover, the flexibility of organic ligands, halide ions, and di-
mensionality highly expands their optoelectronic behaviors.
New types of photonic devices can thus be expected in 2D per-
ovskite-based photonic structures. We should also note that
there are still many issues concerning the practical usage and
production of 2D perovskite-based photonics that need further
investigation.

Different synthetic methods have been explored for 2D
perovskites. The most convenient and productive way is spin-
coating the as-prepared solution to form 2D perovskite thin
film on different structures. However, the intrinsic surface traps
and grain boundaries of thin film are drawbacks for efficient
device performance. Single-crystal form 2D perovskite-based
photonic structures usually behave with better cavity Q factor

and radiative efficiency. Antisolvent methods have shown ad-
vantages in fabrication of large-area single-crystalline bulk film,
which are still time-consuming and uncontrollable in shape and
limited by the substrates. Vapor-phase syntheses by CVD are
relatively few, partly due to the complexity of organic compo-
nents and the uncontrollability of gas flow, which are sensitive
factors for different phases of 2D perovskites. Large-scale
growth of 2D perovskite single-crystalline film with controlled
thickness on desired substrates and structures still calls for fur-
ther exploration.

Strong exciton—photon coupling and lasing behaviors of 2D
perovskite-based cavities, which are still not yet clearly under-
stood, are highlighted in the review. In 2D perovskite with low
quantum-well thickness, i.e., 7 value, photon-induced excitons
are believed to be a dominating factor, and lasing machines are
considered as excitonic optical gains. However, with increasing
n value and a trend to a more 3D-like perovskite, the evolution
of lasing machines needs further investigation, considering the
increasing fabrication of free carriers and possible optical di-
poles between different inorganic layers. In addition, strong
exciton—photon coupling of 2D perovskites is robust, with large
Rabi splitting energy; however, so far, stimulated polariton
behavior is only found in 7z = 1 type of 2D perovskites at cryo-
genic temperatures. Compared to 3D perovskites, charge car-
riers’ dynamics of 2D perovskites are found to be rather
intricate, such as the formation of edge states in the interface
of perovskites [144] and excitonic transport [14] between dif-
ferent layer numbers. The interplay of excitonic dynamics and
optical oscillation of photonic cavities are thus unique in vari-
ous kinds of 2D perovskites. Hence, the dynamics of laser gen-
eration and the formation of polariton on different 2D
perovskite active materials should be investigated in order to
give better understanding of the light-matter interaction and
pave the way for practical coherent photonic and polaritonic
applications.
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Functional devices can be expected in the integration of 2D
perovskites with photonic cavities. For example, the observed
nonlinear optics in 2D perovskites such as second harmonic
generation (SHG) and TPL [26], and chiral photonics of
2D perovskites by introducing chiral organic ligands [148]
can be amplified and/or guided by the coupled photonic
cavities. Cavity enhancement or modification of these effects
provides enormous potential in obtaining lower-power and
highly sensitive optoelectrical devices. The limitations of 2D
perovskites for practical functional devices are their potential
toxicity and low stability under ambient environments,
although they are believed to be more tolerant than 3D perov-
skites. We believe that these problems can be relieved in future
works with developed tactics including lead-free perovskite and
encapsulating technology.
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