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ABSTRACT

Metal halide perovskite materials have been extensively explored in modern photonic devices. Photonic crystals (PCs) are periodic structures with
specific optical properties, such as photonic stop bands and “slow photon” effects, which can tailor the propagation and distribution of photons in
photoelectric devices. PCs have in recent years been widely explored to significantly improve the performance of perovskite luminescent materials
and/or photoelectric devices. Therefore, a full understanding of the key role of PCs and a further learning of the correct use of PCs in perovskite
photonic/photoelectric devices are essential for realizing the inherent potential of the superior performance of such devices. By means of this first
review, we aim at offering a comprehensive framework description for PCs suitable for high-performance perovskite photoelectric devices. We start
with a brief introduction to the basic aspects of PCs. Then, we summarize the influences of PCs on emission/absorption for perovskite luminescent
materials. Subsequently, we systematically discuss concepts like light extraction, light trapping, slow-light effects, and structural effects of PCs for
perovskite devices, with a particular emphasis on their theoretical descriptions. We argue that the marriage of perovskite materials with PCs can open
up a novel frontier in photoelectric devices that potentially can spawn many exciting new fields.
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I. INTRODUCTION

Over the past decade, metal halide perovskite materials, organic—
inorganic as well as all-inorganic, have attracted enormous attention
due to their high absorption coefficients, extraordinary charge carrier
transport properties, long charge-carrier diffusion length, tunable
bandgap with efficient emission, and economic cost for commercial
use.” * In general, hybrid halide perovskites process the typical crystal
structure with the chemical formula of ABX;, where A represents a
monovalent organic or inorganic cation [MA": CH;NH;, FA™:
HC(NH,)3, or Cs*], B presents a metal cation (Pb*", Sn*", or Eu**),
and X is a halide anion (typically CI", Br, and I, or mixtures
thereof).”'” They exhibit excellent performance for various optoelec-
tronic applications, for example, solar cells (SCs),'' >’ light-emitting
diodes (LEDs),”**" ** photodetectors (PDs),”” ** phototransistors,”
and lasers.” "

The first demonstration of metal halide perovskite materials
concerned organic-inorganic (MA™, FA™) metal halide perov-
skites by Weber in the 1970s.* In 2009, Kojima et al.™* first
employed MAPbBr; and MAPbI; as the photosensitizer to develop
perovskite solar cells (PSCs) and obtained initially a power conver-
sion efficiency (PCE) of around 3.8%. After that, all-inorganic
halide perovskites with excellent stability, optical, and electrical
properties, especially for CsPbX; (X=Cl ", Br, I, or their mix-
tures), have been widely explored.'"***>***% They were synthe-
sized in 1958 by Moller,"”” and a significant recent progress was
achieved by Protesescu et al.”” in 2015 who synthesized CsPbX;
nanocrystals (NCs) with tunable bandgap covering the entire visi-
ble spectral region spanning from 410 to 700 nm, obtaining a pho-
toluminescence quantum yield (PLQY) over 90% for green
CsPbBr; NCs. After over 10years of rapid development, metal
halide perovskite materials have been developing over various
dimensions, typically including zero-dimensional [e.g., quantum
dots (QDs), NCs, and nanoparticles (NPs)],"*>"040455051 gpe.
dimensional (1D),”> ™ two-dimensional (2D),”*"” and three-
dimensional (3D),"” and their hybrids (e.g., 2D-3D hybrids).”
Great improvements have been obtained for the PCE of the PSCs,
reaching an amazing 25.2%.”° The near-unity PLQY of metal
halide perovskite materials can be achieved over the wavelengths
covering the wavelength from 400 to 700 nm.”””"*" A series of
blue, green, red, and near-infrared LEDs has been realized with the
external quantum efficiency (EQE) exceeding 22%.”° The
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perovskite PDs with high responsivity, detectivity, and EQE have
also been achieved spanning from high-energy x-ray, deep-
ultraviolet (UV) to near-infrared light.”' ®° The above-reviewed
applications based on perovskite materials all relate to emission
and absorption of light, photoelectric conversion, and electro-optic
conversion. A number of approaches have been carried out to
boost the performance of perovskite photoelectric devices, and
extreme achievements have been obtained. Generally, surface pas-
sivation, ion doping, device structure optimization, and energy
bandgap engineering have been implemented to enhance the
PLQY and overall performance of perovskite devices through
reducing the non-radiative rate of the perovskite materials or
enhancing the carrier injection/extraction efficiency in the devices.
Differently, light management based on photonic crystals serves
also as a promising method to largely improve the performance of
perovskite photonic and photoelectric devices.”* "

Photonic crystals (PCs), classified into 1D, 2D, and 3D PCs,”!
composed of periodically repeated units with different dielectric con-
stants (or refractive indices) of materials, were first explored by John
and Yablonovitch in 1987.”>”* The PCs can generate unique photonic
bandgaps (PBGs) when their periodicities are comparable to the wave-
length of photons, in which photon propagation through the PCs can
be precisely controlled.”*”” Because of this capability, PCs are generally
used to boost the performance of perovskite devices in several
w ays.m??

First, spontaneous light emission of perovskite materials rep-
resents a photon emission process where an electron in an excited
state returns to a lower-energy state or ground state through
releasing a photon. The photoluminescence (PL) produced by
spontaneous emission, competing with non-radiative decay, plays
a crucial role for the highly efficient luminescence and internal
PLQY in LEDs of perovskites. PCs can spontaneously boost the
light emission via the Purcell effect to improve the PLQY of perov-
skites.”” PCs can also inhibit spontaneous light emission and redis-
tribute the light energy to increase the extraction efficiency of
LEDs.”® In addition, recent advances in light-matter interaction in
perovskite, such as phase change with polarization tuning,”” chiral-
ity,”” and optical Rashba effect,””*" are also important for the
development of perovskite photonics.

Second, light trapping and slow-photon effects in PCs can
enhance the photon incoupling and photon recycling in perovskites,
thereby significantly boosting light utilization, contributing to high
performance of the PSCs and PDs. In addition, the porous structure of
PCs implies a high surface-to-volume ratio and scattering efficiency
and affords a highly crystalline perovskite film as well.

Herein, we comprehensively review the recent progresses in the
field of PCs applied for high-performance perovskite photoelectric
devices. We start with a brief introduction to the fundamental aspects
of PCs. Next, we discuss the effects of PC structures on spontaneous
emission for luminescent perovskite materials. Then, we systematically
discuss the light extraction, light trapping, the slow-light effect, and
structural effects of PCs for lasing, LEDs, PSCs, and PDs as leading
examples, with a particular emphasis on their theoretical descriptions
and applications. The progress in the research for perovskite photo-
electric crystals is summarized in Schematic 1. Finally, we highlight
possible paths for the future development of PC-based perovskite pho-
toelectric devices.
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SCHEME 1. A timeline of the progress in the research for perovskite photoelectric crystals. (a) In 2015, Stranks et al. were the first to demonstrate enhanced amplified spontaneous
emission in perovskites using a flexible cholesteric liquid crystal reflector.”” Reproduced with permission from Stranks et al., Nano Lett. 15, 4935-4941 (2015). Copyright 2015
American Chemical Society. (b) Ooi et al. using a chemically gas-assisted focused-ion beam for subwavelength grating PSCs.** Reproduced with germ|53|on from Alias et al., J.
Phys. Chem. Lett. 7, 137-142 (2015). Copyright 2015 American Chemical Society. (c) Chen et al. using opal-like TiO, as ETL to obtain hybrid PSCs.”" Reproduced with permission
from Chen et al., Adv. Sci. 2, 1500105 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) license. (d) Snaith ef al. integrated a porous 1D PC
scaffold into a PSC, which exhibited an efficiency of 4%-9% with tunable color covering the entire visible spectrum.” Reproduced with permission from Zhang et al., Nano Lett. 15,
1698-1702 (2015). Copyright 2015 American Chemical Society. (€) In 2016, Walter Hu et al. were the first to use nanoimprint lithography to obtain nanoscale-patterned perovskite
PDs.” Reproduced with permission from Wang et al., ACS Nano 10, 10921—10928 (2016). Copyright 2016 American Chemical Society. (f) Chen et al. developed a perovskite laser
embedded within a 2D PC resonator through electron beam deposition.”” Reproduced with permission from Chen et al., ACS Nano 10, 3959-3967 (2016). Copyright 2016 American
Chemical Society. (g) In 2017, Chen et al. proposed a preparation method of waterproof organometal halide perovskite photonic crystal beads.*® Reproduced with permission from
Chen et al., Angew. Chem., Int. Ed. 56, 6648-6652 (2017). Copyrlght 2017 Wiley. (h Longgwei Yin et al. fabricated carbon-quantum-dot-sensitized inorganic CsPbBr; 10 PSCs and
utilized the slow-photon effect to enhance the photoelectric conversion efficiency of PSCs.*” Reproduced with permission from Zhou et al., Adv. Mater. 29, 1703682 (2017). Copyright
2015 Authors, licensed under a Creative Commons Attribution (CC BY) license. (i) In 2018, Yimin Xuan et al. employed photon management structure to suppressing the negative
effect of UV light on PSCs.”’ Reproduced with permission from L. Zheng and Y. Xuan, Solar Energy 173, 1216-1224 (2018). Copyright 2018 Authors, licensed under a Creative
Commons Attribution (CC BY) license. (j) Our group usmg plasmonlc photonic crystals structures realized a two-order fluorescence enhancement of blue perovskite nanocrystals,
and obtained a flexible UV PD.”” Reproduced with permission from Li, et al., Adv. Mater. 28, 1804429 (2018). Copyright 2018 Authors, licensed under a Creative Commons
Attribution (CC BY) license. (k) Chun et al. demonstrated a vertically grown halide perovskite nanopillar PD through a nanoimprinting crystallization technlque Reproduced with per-
mission from Chun et al., ACS Nano 12, 8564-8571 (2018). Copyright 2018 American Chemical Society. () In 2019, Choi et al. demonstrated that using compact 2D PC nanodisk
array as ETL can greatly enhance light harvesting of PSCs.”* Reproduced with permission from Choi et al.,, Nano Energy 56, 365-372 (2019). Copyright 2019 Authors, licensed
under a Creative Commons Attribution (CC BY) license. (m) Nanz et al. reported the photon recycling of PCs for PSCs.” Reproduced with permission from Nanz et al,, APL
Photonics 4, 076104 (2019). Copyright 2019 Authors, licensed under a Creative Commons Atfribution (CC BY) license. (n) Zhang et al. reported efficient metal halide perovskite
LEDs with greatly improved light extraction on nanophotonic substrates.” Reproduced with permission from Zhang et al., Nat. Commun. 10, 727 (2019). Copyright 2019 Authors,
licensed under a Creative Commons Attribution (CC BY) license. (0) In 2020, Liu et al. prepared color PSCs by using 2D PCs.” Reproduced with permission from Liu et al.,
Nanoscale 12, 8425-8431 (2020). Copyright 2020 Authors, licensed under a Creat|ve Commons Attribution (CC BY) license. (p) In 2021, Oh et al. demonstrated a highly flexible and
stable perovskite/microbead hybrid PDs through enhanced interfacial light trapping.”® Reproduced with permission from Oh et al., Appl. Surf. Sci. 544, 148850 (2021). Copyright
2021 Authors, licensed under a Creative Commons Attribution (CC BY) license. (q) Wang et al. first reported that a kind of encapsulat|on—enabled perovskite-PMMA film combined
with a micro-LED can be used in white-light communication.”” Reproduced with permission from Wang et al., ACS Appl. Mater. Interfaces 13(45), 54143-54151 (2021). Copyright
2021 American Chemical Somety (r) In 2022, Daem et al. were the first to demonstrate, theoretically and experimentally, the effect of the 3D IO photonic nanostructuration of perov-
skite photoactive layer in PSCs.” Reproduced with permission from Daem e al., ACS Appl. Nano Mater. 5(9), 1358313593 (2022). Copyright 2022 American Chemical Society.

Il. OPTICAL CHARACTERISTICS OF PHOTONIC CRYSTALS

The concept of PCs dates back to the work by Rayleigh in 1888,”
who was able to show that multi-layer dielectric stack systems have a
one-dimensional PBG, which enables total reflectivity. However,

research in the PC field became active first in the 1980s with the intro-
duction by Yablonovitch”” and John”” of 2D and 3D PCs consisting of
periodic repeated units with different dielectric constants or refractive
indices of materials (Schematic 2). A concomitant development of
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SCHEME 2. Diagrammatic sketch of 1D, 2D, and 3D PCs.

photonic band theory took place, which can be considered as an opti-
cal analogue of solid-state electronic band theory. The theory can be
employed to calculate the dispersion characteristics of light in various
PCs and predicts the existence of a PBG-a unique frequency band for
inhibiting optical modes.'”’ To generate unique PBGs, the periodicity
of PCs should be comparable to the wavelength of photons, in which
photon propagation can be precisely controlled as traveling photons
through the PCs.'”’

By now, the concept of PCs defines a wide research field
within photonics with high potential and also already realized
applications, like reflecting laser mirrors, cavity-enhanced light
emitting diodes, various types of reflecting coatings, and topo-
logical photonics.'’” More spectacular applications, like slowed
or fully stopped light and cloaking of objects, are currently
extensively researched. The widening of applications has though
been hampered by fabrication difficulties, especially for 3D
structures and for the optical scales. A 3D PC with a PBG in the
microwave region was first established in a transparent material
with an array of holes.'’” Semiconductor techniques and materi-
als could later be used to fabricate two-dimensional PCs at opti-
cal wavelengths, see, for example, Krauss et al.'® 2D PCs have
now matured for commercial applications, in particular in the
form of photonic crystal fibers'”” that possess more advanced
properties over normal optical fibers. Other important applica-
tions of 2D PCs concern optical processing of communication
systems where the PCs are etched into integrated computer
chips.

Self-assembly principles have been applied to construct PBGs in
3D PCs, based on dielectric spheres that originally are dispersed in
solution.'” The so-called inverse opal structures with a complete PBG
can be constructed this way.”*'"” Etching techniques commonly used
for 2D PCs have also been applied for 3D constructions, in particular
for so-called woodpile structures. Modern techniques including
electron-beam lithography, dry etching, sputter deposition, and auto-
cloning applied in sequence or in combination can be used to achieve
the sought-after microperiodicity in the materials. Silica and various
metal oxides are often used as basic materials. Organic materials have
also been tried out to construct 3D photonic materials, for instance,
“3D chess boards” consisting of dendritic polymer materials with dif-
ferent dielectric constants. Biomimetic techniques have been used try-
ing to replicate photonic crystals like structures in butterflies and
insects.'"”

The basics of PCs can be understood as follows. The macroscopic
magnetic field, H(r), induced by the electromagnetic wave with

REVIEW scitation.org/journal/are

frequency o propagating through the medium with dielectric constant
&(r) can be found as

V x (%v x H(r)) = (f)zﬂ(r), 1)

where ¢ represents the propagation speed of light in vacuum. This
equation, together with the requirement of transversality, tells us
everything we need to know about the electromagnetic wave propagat-
ing through the medium. Notice that the electric component, E(r), can
be found via Maxwell’s equations.

A PC is a periodic medium, that is, having a dielectric constant
&(r) = ¢(r + R), where R= ae, + be, + cé; with 4, b, and ¢ being real
numbers, and €; are basis vectors. The basis vectors €; depend on the
dimensions of the PC: two, one, or none of them are zero for 1D, 2D,
and 3D PC, respectively. For a periodic medium (and thus for a PC),
the solution of Eq. (1) can be written in the form (according to the
Bloch-Floquet theorem)

H, i (r) = € u, 1 (r), 2

which is a plane wave modulated by a periodic function
w,(r) = u,x(r + R). For a given Bloch vector, k, the eigenvalue
equation (1) can be solved to yield a collection of nth Bloch mode
eigenfunctions H,y and eigenvalues m, (k). When plotted over the
reciprocal space, w, (k) form discrete bands, where each band is a
continuous function of k. A bandgap occurs at frequencies where
no solution exists for any possible Bloch vectors k. Noteworthy,
the eigensolutions are also periodic functions of k in the reciprocal
space with the basis vectors b; satisfying e;-b;=2rd;;, where J;; is
the Kronecker delta. Thus, it is necessary only to find solutions for
k vectors within the first Brillouin zone, defined as the region of
reciprocal space centered on k=0 in which any two wave vectors
are separated by less than a reciprocal lattice vector. We emphasize
that a solution of Eq. (1), being the wave equation, is sufficient for
getting eigenfunctions and eigenvalues, and thus for determining
the dispersion relation o = w, (k). The reason to solve the eigen-
problem for magnetic fields instead of electric fields is pure mathe-
matical convenience: the solution of the wave equation for E(r) is
unnecessarily complicated.'”’

Having established the dispersion relation and the electro-
magnetic field distribution within and near the given PC, one can
discover numerous peculiar phenomena such as omnidirectional
propagation of light, light trapping, and the enhancement of the
spontaneous emission of light. Because of the capability to manip-
ulate light propagation, PCs can be used for performance improve-
ment of perovskite devices from four aspects: (1) constructing PCs
as back mirrors to reduce light loss and increase light absorption
efficiency; (2) the “slow-photon effect” at the bandgap edge of PCs
can boost the coupling between incident photons and perovskite
materials, resulting in the improvement of excitation/emission effi-
ciency; (3) PCs can serve as scattering layers to enlarge the propa-
gation distance of light in the perovskite material, improving the
absorption efficiency by producing resonance enhancement mode;
and (4) due to the large specific surface areas, especially for three-
dimensional PCs, they can be used as supporters for substantially
increasing the loading capacity and activity of perovskite materials.
Below we discuss in detail how these aspects are used in perovskite
devices.
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11l. PC MODULATION OF LIGHT ABSORPTION
AND SPONTANEOUS EMISSION OF PEROVSKITE
MATERIALS

Recently, significant advances have taken place for the controlled
modulation of spontaneous emission in various quantum systems by
PCs (e.g., fluorescent dyes, quantum dots, 2D NCs, and upconversion
NCs)."””""* These achievements apply equally to perovskite lumines-
cent materials. The first example using 1D PCs was demonstrated by
Lova et al. in 2018'" and further developed for 2D and 3D PCs. In
this section, we will review the luminescent modulation of perovskite
materials through PCs.

A. Theoretical description

As is well known, the emission intensity of as-prepared perov-
skite materials can be expressed by the equation as follows:'' "'

I= Iexcnintnexn (3)

where L., represents the incident excitation optical field intensity,
Nine Shows photo-luminescent internal quantum efficiency, and 7,
is the extracted efficiency of emission light. The internal quantum
efficiency of perovskite materials can be calculated according to
the equation

Vrad
Vrad T Vnrad ' (4)
where 7,4 and y,,,.4 are radiative and nonradiative rates, respectively.
According to Fermi’s golden rule, the radiative transition rate is
directly impacted by the density of states of photon modes, and },,q is
determined by the following equation:''®

Nint =

2
Vead X 7” |Mr(Ea1)|*pr (Ea1)po (va1), ()

where Mry(Ey;) refers to the transition matrix element over the
electronic wave functions under a given electromagnetic field.
pr(Ear) and py(va1) are the electronic and photonic density of
states. The local density of states in a PC is in charge of altering the
dipolar spontaneous transition rates. The spatial distribution of
the emitters and the number of optical modes in a PC should be
precisely manipulated to realize regulation of spontaneous emis-
sion of perovskite materials.

The local density of electromagnetic states within PC bandgaps
can decrease or entirely vanish in all directions or in a specific direc-
tion, but will increase at the bandgap edge. This feature depends on
the type of crystal structure and the contrast between the dielectric
constant of the crystal and its surroundings. In addition, the local den-
sities of electromagnetic states change with position as a result of varia-
tion of the refractive index. Therefore, emitters occupying different
positions will exhibit different luminescence properties. In this regard,
PCs with bandgaps are exciting alternatives for manipulating the pho-
ton emission characteristics of internal light. Many previous reports
have demonstrated that PCs possess the capability to effectively con-
trol the light propagation of emitters.

The altered emission can be approximately described by the
Purcell factor, which refers to that the spontaneous emission rate of a
light source can be increased over its bulk value when a system is cou-
pled to a resonant cavity

REVIEW scitation.org/journal/are

Fp =12, ©)
7o
where 7, and yp denote the respective total rates without or with the
presence of a PC.

In addition, the two optical modes exist inside a perovskite film,
including guided modes and vertical modes. By virtue of the high
refractive index of perovskite materials, light emission confines inside
the perovskite material by the guided modes. In the contrast to the
guided modes, the vertical modes lead to penetrate the perovskite
films, thus increasing the extraction efficiency. Spontaneous emission
light of perovskite films can be coupled into both guided modes and
vertical modes. Based on the above, only the vertical modes have posi-
tive contribution to useful luminescence, but the guided modes usually
cause loss and noise. Therefore, the total spontaneous emission rate
(Y1ot) can be given by

Ytot = yguid + Vverts (7)

where gy and yye refer to the light emission rates in the form of
guided and vertical modes, respectively. Generally, the emission is
strongly limited and confined inside the space of the perovskite films
(Vguid > Vver) When perovskite films are surrounded by low refractive
index of materials (e.g., air), lowing extraction efficiency. However, the
guided modes in the perovskite films can be significantly inhibited by
reducing emission rate when the emission wavelength overlaps with
the PBG in a perovskite/PC hybrid. Meanwhile, most of the light emis-
sion is redistributed into vertical modes, leading to the improved
extraction efficiency.

Generally, when integrating perovskite materials with PCs, the
Lexo Mine> and 7. quantities can be altered, leading to modified lumi-
nescent properties. Therefore, the fluorescence enhancement or reduc-
tion can be expressed as follows:

A ‘ EPC |2 Nint;pc next;PC
Fs = AFexc X AFeyy X AFexy = X X . (8)

|EO |2 Mint;0 ’/Iext;O

where AF,.,. and AF.,, refer to the excitation and emission altered fac-
tors, and Eq and Epc are the electric field intensity without/with the
PC. 10 and ny.pc present the internal quantum efficiency of perov-
skite materials without or with PC. 17, and 7], is the extraction
efficiency without/with the PC. It is obvious that the fluorescence
enhancement is proportional to the altered excitation field, the quan-
tum efficiency, and the extraction efficiency.

B. Luminescent enhancement of perovskite by PCs
1. Perovskite materials in the front of 1D PCs

The spontaneous emission of perovskite materials can be easily
modified by altering the photonic environment surrounding it. The
most often used strategies to achieve such task by employing various
photonic structures, for example, distributed Bragg reflectors (DBRs)
and microcavities, which can realize the spectral and directional redis-
tributions of spontaneous emission of luminescent materials. Lova
et al.'"” first demonstrated in 2018 the coupling of broad-emitting 2D
perovskites (2,2-(ethylenedioxy)bis(ethylammonium)PbCl,) with a
DBR. The DBR consisted of polystyrene (n=1.58) and cellulose ace-
tate (n=1.46) with different reflective indices with controllable PBG
within 400-600 nm, overlapping with the emission of the above 2D
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perovskites. Obviously, the typical emission suppression within the
PBG region in the back configuration and enhancement at the long
wavelength side of the PBG in the front configuration were recorded
through the PBG effect [Fig. 1(a)].

2. Perovskite emitters as 2D PCs

Apart from positioning a 1D PC layer on top or back side of the
emitting layer, perovskite light emitters can serve as PCs themselves.
For example, Hou et al®” in 2019 fabricated PCs directly on all inor-
ganic perovskite films by combing techniques of electron beam lithog-
raphy (EBL) and reactive ion etching (RIE). They demonstrated the
first simultaneous emission rate inhibition and enhanced light extrac-
tion in CsPbBr, 75,5 2D PCs. They observed a significant increase in
lifetimes with the reduction of the spontaneous emission rate (7.9-
fold) and PL emission enhancement of 23.5-fold in CsPbBr; 75155 2D
PCs. These were assigned to light emission redistribution from guided
modes to vertical modes in perovskite PCs thin films by the engineer-
ing of the PBG effect [Fig. 1(b)]. Similarly, in 2020 Park et al.""” fabri-
cated nanocylinder- and nanocone-patterned CsPbBr; SiO, films
through a soft imprint lithography technique, resulting in 3.71- and 4.62-
fold PL enhancement compared with the planar counterpart. The
improvement of the PL properties of the CsPbBr; PNCs could have orig-
inated from the enhanced light absorption induced by Mie-scattering
and spontaneous emission produced by the Purcell enhancement within

a 1D PC b

Iayers

1

scitation.org/journal/are

the nanostructures. Meanwhile, the CsPbBr;-SiO, films exhibit
improved heat and water stability.

3. Perovskite emitters on the top surface of 3D PCs

In 2009, Susumu Noda experimentally evidenced that 3D PCs
are capable of controlling and manipulating photons when placing
perovskite emitters on the surface of a 3D PC. They demonstrated that
2D surface states on the surface of 3D PCs can confine and propagate
the photons.''® A lot of works reported in the literature have employed
2D surface states in 3D PCs to improve the luminescence of various
emitters, such as fluorescent dyes, quantum dots, carbon dots, and
upconversion NCs.'””"''* Our group’” assembled blue perovskite col-
loidal nanocrystals (CsPbCl; NCs, with the thickness of 50 nm) on the
top surface of 3D polymethyl methacrylate (PMMA) PCs. Compared
to the CsPbCl; NCs on the glass substrate, an optimized enhancement
of 20 folds was recorded for the CsPbCl; NCs as the PBG of the PCs
matched well with the emission wavelength of the CsPbCl; NCs,
which involves the excitation enhancement (~4.1-fold) and Purcell
enhancement (~4.5-fold) when the CsPbCl; NCs and PMMA PCs are
coupled. Localized optical manipulation by surface plasmon resonan-
ces is a promising approach to improve PL when the emitters are close
to plasmonic structures. We further coupled a 3D PC with a plasmonic
structure (Ag nanoparticles) to boost the luminescence of CsPbCl,
NCs for the first time. Through cascade optical field amplification of

3D PC
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FIG. 1. PC for luminescent modulation of perovskite materials: (a) Schematic of the (EDBE)PbCl, DBR, transmittance spectrum of an (EDBE)PbCl, DBR with PBG centering
at 560 nm (black line) and PL spectrum of (EDBE)PbCl, film (red line, |), and PL emission mtensn?/ of (EDBE)PbCI, DBR [front (||) and back (1ll)]. Reproduced with permission
from Lova et al., ACS Photonics 5, 867-874 (2018). Copyright 2019 American Chemical Society. " (b) Schematic, scanning electron microscope (SEM) image, and calculated
the spontaneous light emission rate and light extraction efficiency in the vertical direction of a 2D perovskite PC. Scan bar is 200 nm. Reproduced with permission from Hou
et al., ACS Photonics 6, 1331-1337 (2019). Copyright 2019 American Chemical Society.®” (c) SEM images (top) and simulated electric field intensity distribution (middle) of
PMMA OPCs and Ag/PMMA OPCs films; calculated and experimental enhancement factors (EFs), calculated excitation enhancement (EFg,) and the emission enhancement
(EFgm) of CsPbCl3/OPCs with different PSBs. Adapted with permission from Li et al., Adv. Mater. 28, 1804429 (2018). Copyright 2018 Authors, licensed under a Creative
Commons Attribution (CC BY) license.””
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surface plasmon and PC effects, the PL emission intensity of the
CsPbCl; NCs was enhanced ~150-fold with an emission efficiency of
~51.5% [Fig. 1(c)].”” Wang et al.'"” reported full-color polarized light
emission from inorganic CsPbX; perovskite NCs when embedded in
predefined handedness cholesteric superstructure stacks. They serve as
filters to transform the unpolarized light emission of the perovskite
NCs into angular dependence of the circularly polarized luminescence.

IV. ENHANCING THE LIGHT-EMISSION EFFICIENCY
OF LEDS

The next-generation LEDs not only require high efficiency, high
color quality, and adjustability, but also require low energetic and eco-
nomic costs of manufacturing.'*’ Although inorganic LEDs have been
commercialized and shown effective in saving energy, the preparation
of IIT-V semiconductor materials requires high temperature and strict
vacuum-based processing with epitaxial growth on expensive rigid
substrates. As the best alternative to inorganic LED, organic LEDs
(OLED:s) and colloidal quantum dots LEDs (QLEDs) have attracted
much attention,'”"'*> However, the high surface-defect concentration
of QLED:s infers strong non-radiative recombination. Apart from that,
the OLEDs based on vacuum sublimation are also unsuitable for cost-
effective fabrication of large-area devices. The above-mentioned
limitation has not been observed in perovskite materials due to their
low-temperature solution processing, direct bandgap, and low defect
densities.””'** Furthermore, perovskite LEDs have made great pro-
gress with EQEs of up to ~22% for green emission, matching that of
well-developed OLEDs."*”'*® While PL quantum efficiencies of visible
LEDs reach close to ~100%, in practice, the emitted light radiated in
vertical directions is only ~1/4n” (n is the refractive index of the lumi-
nescent films) of LEDs. Thus, most of the photons can be trapped and
eventually be re-absorbed in the films, by virtue of the contribution of
guided modes within them. Thus, the emitted light extracted from the
top surface of the devices occupies only a small proportion (~5%).
Considering the significance of light extraction, great efforts should be
paid toward designing of novel and efficient light extracting structures.
The use of PCs offers the possibility to control and improve light
extraction efficiencies in LEDs.” Experimentally, Zhang et al.”* fabri-
cated methylammonium lead bromide LEDs on anodic alumina mem-
branes/titanium dioxide (AAM/TiO,) PC substrates, consisting of a
nanodome array and a nanowire array. An optimal EQE of ~17.5% in
MAPDBr;/PC device was achieved, which enhanced two times than
that of the planar device without PC. Theoretical modeling estimated
that MAPbBr3/PC device had a light extraction efficiency of ~73.6%.
The EQE enhancement is attributed to two aspects: the nanodome
array serving as light couplers to couple more light into nanowire array
of the PCs; subsequently, the nanowire arrays work as antennas to
transform confined energy from guided modes to leaky modes, result-
ing in enhancement of light extraction efficiency in perovskite LEDs.
[Figs. 2(a) and 2(b)].

As mentioned above, because of the difference of refractive index
between perovskite materials and injection layers in devices (refractive
index of perovskite materials is larger than of injection layers), a large
portion of the generated light of perovskite LEDs is confined in guide
modes in the perovskite film, which reduces the light extraction effi-
ciency. The recent successes of achieving high EQE (> 20%) perov-
skite LEDs have been widely reported. To explain such phenomenon,
the photon recycling (PR) processes should be carefully considered for

scitation.org/journal/are

the perovskite LEDs. The outcoupling efficiency of LEDs can be esti-
mated through integral of the recursive photon recycling (PR) pro-
cesses. Therefore, the external photoluminescence quantum efficiency
(PLQE])7 (Mext) can be expressed as a series over multiple re-absorption
events =

Next = Mesc * Mint T Mesc * (1 - nesc) : niznt
+ Nesc * (1 - r]esc)z . '/I?nt+a ceey

oC
= Nesc * Mint * Z(l - nesc)k : r]fntv
k=0
_ Mint * Mesc ) (9)
L — ine + i Mese

Mo s here the photon escape probabilities from the perovskite film.
Cho et al.” theoretically analyzed the influence of photon recycling
(PR) on perfecting light extraction from perovskite LEDs and demon-
strated that the sufficiently high emission efficiency is prone to largely
boost the light extraction through repeating re-absorption and re-
emission of photons confined in the substrate and waveguide modes.
About a proportion of ~70% of the overall emission was contributed
by the PR process. In addition, they pointed out that PR process may
lead to an outcoupling efficiency of 100% theoretically, but inevitable
absorption losses originating from absorption by the electrodes limited
the practical efficiency in such device. This study’” explains the recent
success of obtaining high EQE (>20%) perovskite LEDs through
manipulating light extraction efficiency [Fig. 2(c)]. Wu et al. used
“sandwich” CsPbX; (X=Cl, Br, and I) perovskite QDs/inverse opal
PC composites to obtain white LEDs.'”* The non-wetting of inverse
opal PCs structures can prevent the exposure of perovskite QDs expo-
sure to air and contact with water, leading to the enhanced lumines-
cence stability for more than four months. Meanwhile, the inverse
opal PCs have larger inner surface areas for dispersing perovskite
QDs, which can avoid the fluorescence quenching caused by the
agglomeration of the perovskite QDs. In addition, polymethyl methac-
rylate (PMMA) can also be employed for wrapping and dispersing
perovskite nanocrystals (PNCs), in order to enhance the air stability of
the perovskite QDs. In 2021, Wang et al. fabricated PNC-PMMA films
with red and yellow emission on the GaN-based blue micro-LED (u
LED) with 75 um diameter, which was constructed for Vis light com-
munication.”” This color-converted PNC-PMMA films can realize
color rendering index and correlated color temperature of, respec-
tively, 75.7 and 5670 K, as well as achieve modulation bandwidths of
347 and 822 MHz.

V. PCS FOR PEROVSKITE LASERS

Laser threshold is defined as the lowest energy density for laser
oscillation, which is a crucial index for laser device integration.
Compared with other semiconductor materials (ZnO, GaAs, and
GaN), perovskite is an ideal gain material for low-threshold lasers due
to their high optical gain. Quantum confined systems from lower-
dimensional layered perovskite materials combined with nanostruc-
tures realize a low-threshold or even no-threshold pump laser in the
form of a PC.””'*" Apart from that, solution-processed perovskites
have emerged as a prospect gain media for semiconductor lasers owing
to their large absorption coefficient, high photoluminescent efficiency,
and facile synthesis. Stimulated radiation from perovskites has been
presented in the form of random lasers,"”” whispering-gallery mode
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FIG. 2. Light-emission efficiency and photon recycling processes of perovskite LEDs. (a) Device on nanophotonic substrate, cross-sectional SEM images of free-standing
AAM film, and a perovskite LED integrating with AAM. Scale bars are 1 um. (b) EQEs of the thin films without/with AAM structures. Adapted with permission from Choi et al.,
Nano Energy 56, 365-372 (2019). Copyright 2019 Author(s);”" Adapted with permission from Zhang et al., Nat. Commun. 10, 727 (2019). Copyright 2019 Authors, licensed
under a Creative Commons Attribution (CC BY) license. (c) The influence of parameters on calculated EQEs: with PR, without PR, without re-absorption, and PR contribution
for an ideal perovskite LED as a function of perovskite thicknesses. Adapted with permission from Cho et al., Nat. Commun. 11, 611 (2020). Copyright 2020 Authors, licensed

under a Creative Commons Attribution (CC BY) license.”®

laser,”” and in vertical-cavity configurations using multilayer dielec-

tric and gold reflectors.”"'** Integrating perovskite within or on the
surface PC nanostructures can effectively decrease the pumping
threshold of lasing, and achieve a high degree of temporally and spa-
tially coherent lasing.

A. Perovskite lasers as 1D PCs

In 2018, Li and his coauthors'” demonstrated room-
temperature lasing behavior in a distributed feedback MAPbI; perov-
skite resonator (similar to those of a grating) on a silicon substrate
under continuous-wave optical pumping with the ultralow lasing
threshold of 13 W/cm?. Such high performance was attributed to the
direct patterning of perovskite by thermal nanoimprint lithography
(NIL), in which a high-Q-factor cavity with large mode gain was
formed, as well as the emission properties of perovskite was enhanced
[Fig. 3(a)).

B. Perovskite lasers on top of 2D PCs.

Perovskite QDs have a large two-photon absorption cross section
reaching up to 2 x 10° GM, simulating the applications on low-

threshold stimulated emission and lasing under multiphoton pumped,
whereas multiphoton absorption involving the participating of virtual
energy levels is usually weak contrast to single-photon processes,
which satisfies with the nth power of the excitation intensity (n is the
number of absorbed photons). Becker et al'’* investigated two-
photon pumped photoluminescence of CsPbBrs; perovskite QDs
(9.4nm) on a silicon PC slab. An enhancement of more than one
order of magnitude was observed under the two-photon excitation of
925 and 972 nm, which was assigned to near-field enhancement effects
of photonic leaky modes of the 2D PC slab [Fig. 3(b)]. Chen et al?’
developed a perovskite laser embedded within a 2D PC resonator
through electron beam deposition. A temporally and spatially coherent
lasing with well-defined directional emission was achieved around
788 nm wavelength at a pumping threshold of 68.5 = 3.0 uJ/cm? Tt
was ascribed to the formation of high-quality CH;NH;PbI; densely
packed films with an enhancement of the photon confinement and
light trapping in the 2D PC nanostructure resonators [Fig. 3(c)].

C. Perovskite lasers as 2D PCs

Pourdavoud et al.'”> demonstrated organo-metal halide perov-
skite 2D PC lasers patterned via thermal nanoimprint lithography,
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FIG. 3. Perovskite lasers based on 1D-2D PCs. (a) Perspective view SEM image and output power of the lasing wavelength of the imprinted MAPbl; DFB resonator depending
on the pump power density. Reproduced with permission from Li et al., ACS Nano 12, 1096810976 (2018). Copyright 2018 American Chemical Society."** (b) Emission spec-
tra of CsPbBr;z QDs on silicon nanohole array layer or planar silicon at the excitation of 925 nm. Inset shows SEM image of the silicon nanohole array layer on glass substrate
with drop-cast CsPbBr; QDs, and the energy-level diagram of excitation and emission of the two-photon absorption. Reproduced with permission from Becker et al., ACS
Photonics 5, 4668-4676 (2018). Copyright 2018 American Chemical Society.'** (c) Left: SEM image of a 2D PC (the scale bar is 1 um). Inset shows cross-sectional SEM
image of perovskite film on a 2D PC pattern. Right: Pumping threshold and full width at half maxima of the perovskite PC depending on excitation power density. Inset high-
lights the sharp threshold by the same plot on a logarithmic scale.. Reproduced with permission from Chen et al., ACS Nano 10, 3959-3967 (2016). Copyright 2016 American
Chemical Societ%/.87 (d) SEM of the imprinted MAPbI; perovskite layer (inset: magnified view), and emission spectra upon optical pumping with increasing energy density
1.64.7 ud cm™ 1.B,BAdapted with permission from Pourdavoud et al., Adv. Mater. 29, 1605003 (2017). Copyright 2017 Authors, licensed under a Creative Commons Attribution
(CC BY) license.

which significantly smoothened and reduced surface defects compared
to the pristine polycrystalline perovskite layer with an increased optical
density of states at the photonic band edges. The 2D-PC lasers oper-
ated with the low lasing thresholds of 3.8 uJ cm 2, lower than the
recently reported lasing threshold (68.5 uJ cm™?) for a laser, where the
perovskite layer has been deposited on top of a 2D-PC substrate [Fig.
3(d)].

D. Perovskite lasers inserted in 3D PCs

Song’s group achieved a narrow and low-threshold amplified
spontaneous emission in 3D perovskite PCs, fabricated through a typi-
cal solvent method using an opal template."** The 3D perovskite PCs
afforded stimulated radiation with a threshold of 355 m] cm 2
assigned to the strong coherent scattering and the high-intensity
resonance fields in the 3D PCs [Fig. 4(a)]. Mikosch et al"’
demonstrated a perovskite/conjugated polymer hybrid material by
integrating a methylammonium lead-halide perovskite matrix
CH3NH;Pb(BrCl(;y))s with  monodisperse  poly(fluorene-co-
divinylbenzene) particles (MPP), which was self-assembled into a PC
forming an inorganic matrix in the interstitial space. Laser emission at
fluences of 13 mJ/cm” was obtained due to energy transfer from the
perovskite to the self-assembled MPP PC. It can be seen that the
perovskite serves both as an encapsulating matrix assisting ordering of

the particles and as a donor, promoting laser emission of the MPPs.
The nonradiative energy transfer efficiency from the perovskite to the
particle was enhanced by 37% by controlling the spectral overlap of
the perovskite emission energy with the absorption of the particles
[Fig. 4(b)].

E. Perovskite lasers as 3D inverse PCs

Chen et al."** achieved the lasing emission of 3D distributed feed-
back perovskite, which was fabricated via a colloidal crystal templating
approach without the use of expensive and elaborate lithography tech-
niques. The as-prepared CH;NH;PbBr; films with inverse opal mor-
phology displayed lasing emissions with a full-width half-maximum of
0.15nm and good long-term stability under pulsed laser excitation
above the lasing threshold of 1.6 mJ cm ™ [Fig. 4(c)].

F. Chiral nematic liquid crystals (CLCs).

A liquid crystalline phase formed by chiral nematic liquid crystals
(CLCs) can spontaneously self-assemble to a macroscopic helicoidal
structure.”” Similarly to PC, when the length scale defining the peri-
odicity of the CLC helix is on the order of the wavelength of light,
Bragg reflection can be clearly observed. Stranks et al.”* sandwiched a
CH;NH;PbI; perovskite thin film with 50 nm thickness within a cavity
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FIG. 4. 3D PCs for perovskite lasers. (a) Schematic preparation process and power dependence of emission spectra of 3D perovskite OPCs. Adapted with permission from
Zhou et al., ChemPhysChem 19, 2101-2106 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license.'*® (b) Schematic of laser emis-

sion and SEM image by integrating conjugated polym
(2019). Copyright 2019 American Chemical Society. "’

er particles with a perovskite matrix. Reproduced with permission from Mikosch et al., Chem. Mater. 31, 2590-2596
(c) SEM images of MAPbBr; perovskite inverse opal PCs and polystyrene beads template, and emission spectra at the

excitation power density of 1.50 and 1.76 mJ/cm?, respectively. Reproduced with permission from Schiinemann et al., ACS Photonics 4, 2522-2528 (2017). Copyright 2017

American Chemical Society."**

composed of a CLC reflector (~ 7 um) and a metal back-reflector.
They recorded optically pumped amplified spontaneous emission at
780 nm, in which the threshold is lower by two orders of magnitude
contrast to perovskite films without the CLC layer. They assigned this
to improved coupling of the oblique and out-of-plane modes that are
reflected into the bulk in addition to any contributions from cavity
modes (Fig. 5). Chen et al."*” incorporated lead-free cesium tin halide
perovskite quantum dots into the CLC lasing cavities. The lasers
exhibit lasing features of low threshold (150 nJ/pulse) and narrow line-
width (0.20 nm), assigned to the combination effects from the suppres-
sion of emission loss induced by the quantum confinement of the
perovskite quantum dots and the enhanced emission induced by the
band edge effect of the CLC.

VI. PCS FOR PSCS

Kojima et al.** have developed PSCs since 2009, the first ones
with the initial the power PCE of 3.8%, achieved an amazing 25%
in ten years.”” Various approaches were implemented to boost the
efficiency and/or stability of PSCs, for example, interface engi-
neering,' """ ion doping,'”"'** passivation,'*”'** and light man-
agement.'*>'*® PCs have the ability to enhance light trapping,
reduce photon recycling, improve the stability, and construct col-
orful PSCs. Moreover, PCs can used as back mirrors placed on the
outer side of the Si SC opposite electrode,'”” in dye-sensitized
solar cells (DSSCs) or in QD-sensitized solar cells
(QDSSCs). **'°" The PC with bandgap in the infrared range is
beneficial to boost the performance of Si SCs. Meanwhile, the
introduction of PCs can efficiently decrease the fabrication costs
as well as the thickness of the Si SCs. However, with Si SCs, it is
difficult to realize flexible devices. Noteworthy, PCs are more

widely utilized in QDSSCs and DSSCs rather than PSCs. The rea-
son is the limitations of preparation technology and structure of
PC, which is difficult to meet the thickness requirements of
PSCs."™

A. Light trapping enhancement by PCs for PSCs

Improvement of light-harvesting efficiency of PSCs by employing
PCs is a promising way to improve their performance.'”” Taking a 1D
PC as an example, a typical |gold/spiro-OMeTAD|CH;NH;PbI;
|[PC|ITO| structure appears as displayed in Fig. 6(a). The structure of a
TiO,[SiO, nanoparticle multilayer consisting of 1D PC served as a
reflector to re-couple the unabsorbed light into the perovskite
CH;NH;Pbl; layer. The generalized transfer matrix approach was
used to reveal the performance of PSCs when coupling the multilayer
1D PC with PSC. The reflection (R) and transmission (T) coefficients
within each layer of PSCs can be used to calculate the absorbance (A)
or light-harvesting efficiency (LHE), determined by the following
equation:

LHE=A=1-R-T, (10)

where LHE significantly influences the incident power conversion effi-
ciency (IPCE) of PSCs, expressed by the given equation:

IPCE(2) = i (1)1 () LHE(2), (11

where 1, (2) and 5,; (1) refer to the quantum yield of charge injection
and the charge collecting efficiency by the photo-anode. The later one
is considered to be weakly dependent on the wavelength assumed to
be constant (~1). The short-circuit current density (Jsc) of PSC is the
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pulses, 10-Hz repetition rate, and ~60 pJ/cm?pulse). Reproduced with permission from Stranks et al., Nano Lett. 15, 4935-4941 (2015). Copyright 2015 American Chemical

Society.”

integration on the product of spectral photon flux irradiation on the
PSC and IPCE as follows:

Jsc = Jq -IPCE(7) - F(7.)d’.

= Jq - LHE(2) - 015(4) - ne(2) - F(2)d, (12)

where the incident photon flux of F(4) presents the ratio between the
AM 1.5 solar spectral irradiance and photon energy. q represents the
electron charge. When coupling a 1D PC with a PSC, the short-circuit
photocurrent density enhances, and the increment (AJsc) can be cal-
culated by the given expression

J [LHEpc(2)|F(2)dA — J [LHE, (/)] F(2)d)

Asc = , (13)

J [LHE,(7)|F(7)dJ

where LHEpc and LHE, represent the LHE of the PSC integrated
with/without a 1D PC, respectively.

Singh et al.'”” presented a detailed theoretical demonstration of
CH;NH;Pbl; PSCs integrated with 1D PCs. The 1D PCs consisted of
a Ti0,/SiO, nanoparticle multilayer with controllable PBG from 500
to 800 nm with different lattice parameters. The 1D PCs serve as light
reflection layers in the PSCs, contributing to the increase in both LHE

and photocurrent density (Fig. 6). Sun et al.'”* used finite-difference
time-domain (FDTD) simulations on different experimentally realistic
structures of PSCs (cylindrical nanopillar and nanohole) and opti-
mized their parameters with assistance of a neural network algorithm.
An optimized structure showed 30.48% enhancement compared to
the planar structure and with a proper design a 300-nm-thick nano-
textured structure was shown to outperform a 900-nm-thick planar
structure.

B. Experimentally improved light-harvesting efficiency
of PSCs by 1D-3D PCs
1.1D PC

The device processing (e.g., patterning) for organic—inorganic
hybrid perovskites is challenging, owing to the sensitivity of organic
moieties to solvents and temperature. Alias et al®’ employed the
chemically gas-assisted focused-ion beam etching technique to directly
pattern CH;NH;PbBr; perovskites using XeF, and I, as precursors. A
perovskite film with high (>90%) and broadband absorption
(400-1100 nm) was fabricated, owing to the uniform and periodic
structure of submicron subwavelength grating (SWG). They observed
an enhancement of light absorption (>20%) of the perovskite materi-
als and device efficiency by integrating with the SWG absorber, which
is assigned to the increase in light trapping and absorption by SWG
absorber. Jin-Hyo Boo and his coauthors'** adopted hemisphere TiO,
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FIG. 6. Theoretical description of PSCs integrated with 1D PCs. (a) Schematic of a PSC integrated with a 1D PC. (b) LHE in the perovskite layer as a function of different num-
bers of unit cells (N) of 1D PC. (c) IPCE of the PSCs with various numbers of layers of 1D PC for gold and silver as electrodes. Reproduced with permission from Singh et al.,

Appl. Opt. 58, 8046-8054 (2019). Copyright 2019 Optica.'*

PCs and employed the polystyrene beads template as electron trans-
port layer in a PSC. The power conversion efficiency of the PSC was
largely enhanced from 10.5% to 15.2%, which could be assigned to the
higher light utilization efficiency. Furthermore, the micro-
nanophotonic imprinting technique can be used to construct various
optical structures. Motivated by this fact, Yanlin Song’s group'”” fabri-
cated a perovskite-active layer with a large area grating structure in
PSC through using commercial optical disks (CD-R and DVD-R). The
first-order diffraction appeared when the perovskite grating with
period 0.7-0.8 um, which enhances the light absorption and effectively
suppresses carrier recombination for enhancing power conversion effi-
ciency. Compared with the pristine PSCs, the grating perovskite devi-
ces give higher power conversion efficiency from 16.71% to 19.71%,
higher photocurrent density from 21.67 to 23.11 mA cm ™2, and better
stability [Fig. 7(a)]. Similarly, a grating of methylammonium lead
iodide perovskite was explored by Massimo Tormen by means of
ultrafast nano-imprinting lithography.'*® Hérantner et al.'>” demon-
strated a double templating approach to fabricate highly ordered pat-
terns metal oxide scaffolds (TiO, or SiO,), which can pattern

perovskite thin films. A sacrificial template with a colloidal monolayer
of polystyrene (PS) microspheres was used to prepare micro-
structured metal oxide honeycomb films. In contrast to unstructured
PSCs, the PSCs with honeycomb structures exhibit higher open-circuit
voltage and fill factor, due to the strong absorption ability of the perov-
skite crystals within the honeycomb. Such PSCs have semi-transparent
properties and a PCE of up to 9.5% with highly average visible trans-
mission of the active layer (~37%). In addition, the honeycomb scaf-
fold in such a semi-transparent PSC can efficiently inhibit the
electronic contact between the compact TiO, and the hole-conductor,
resulting in a low shunt resistance [Fig. 7(b)].

2. 2D PC

Choi et al.”> demonstrated that a PSC with a compact 2D PC nano-
disk array electron transport layer can greatly enhance light harvesting of
PSC. The nanosphere lithography technique was employed to prepare
the 2D PC nanodisk array by using a monolayer of self-assembled poly-
mer spheres as a template with varying the size of the polymer spheres.
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FIG. 7. Light trapping enhancement of PSCs based on PCs. (a) Schematic diagram of diffracted grating PSCs and AFM image of diffraction grating perovskite film. Adapted
with permission from Wang et al., Adv. Energy Mater. 8, 1870052 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license. (b) SEM
images of TiOy/perovskite film and SiO/perovskite film. Reproduced with permission from Horantner et al., Energy Environ. Sci. 8, 20412047 (2015). Copyright 2015 Royal
Society of Chemistry.®” (c) Schematic diagram for PSCs integrating with a 2D nanodisk array (left), top view and cross-sectional SEM images of the 2D nanodisk array (right),
and SEM (cross section) image of PSC (the scale bar =1 um). Adapted with permission from Choi et al., Nano Energy 56, 365-372 (2019). Copyright 2019 Authors, licensed
under a Creative Commons Attribution (CC BY) license. (d) Schematic diagram of TiO, inverse opal electron transport layer-based PSCs, and SEM image of TiO, inverse
opal-like electron transport layer. Adapted with permission from Chen et al., J. Phys. Chem. C 7, 137 (2015). Copyright 2015 Authors, licensed under a Creative Commons
Attribution (CC BY) license.® (e) Schematic diagram of CQD/CsPbBrs inverse opal PSCs, and SEM image of a CQD/CsPbBrs inverse opal film. Adapted with permission from

Zhou et al., Adv. Mater. 29, 1703682 (2017). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) license.”

They found that the light harvesting in the perovskite layer was signifi-
cantly enhanced by integrating with nanodisk arrays, which displayed
strong forward scattering and confinement effects. Meanwhile, the
charge transport was also enhanced owing to reducing contact resistance
between the ND array electron transport layer and the perovskite layer.
The power conversion efficiency of PSCs with ND arrays as electron
transport layers reached 19%, with low photocurrent-voltage hysteresis,
which was ~13% higher than that of the pristine PSC [Fig. 7(c)].

3.3DPC

Chen et al* replaced traditional compact layers and scaffold
layers with a multifunctional inverse opal-like TiO, electron transport
layer (IOT-ETL) in PSCs. Benefitting from the PC effect of the IOT-
ETL film, the light harvesting efficiency was improved, leading to an
improvement of the . of the PSCs. Moreover, the bottom of the IOT-
ETL film significantly restricted the charge recombination, which
resulted in an increase in the open circuit voltage. Eventually, the PCE
of the IOT-ETL-based PSC reached a value of ~13.11%, while that of
the conventional P25 mesoporous layer-based perovskite solar cells is
~11.00% [Fig. 7(d)]. Recently, perovskite quantum-dot-based PSCs
have been extensively explored, but their PCEs are still somewhat
restricted, limited by the relatively weak light utilization ability of
perovskite quantum dots owing to wide bandgap, resulting in a

relatively low photocurrent density. Zhou et al”” used a template-
assisted method to fabricate the CsPbBr; perovskite inverse opal (IO)
films and further integrated with carbon quantum dots (CQD)
through the spin-coating approach. CsPbBr; IO films served as sup-
porters with tunable photonic bandgaps within the visible region,
which introduced a slow-photon effect to enhance light absorption
ability. CQDs attached on the IO frameworks acted as a sensitizer to
broaden the light absorption range and accelerate charge transfer pro-
cess. In contrast to pristine CsPbBr; PSCs, the PCE of CQD/CsPbBr;
10 PSCs reached ~8.29%, which enhanced more than two times
[~3.48% in CsPbBr; PSCs; Fig. 7(e)]. Daem et al. theoretically simu-
lated the optimum pore size of a 3D inverse opal (3D-IO) photonic
nanostructuration through a home-made genetic algorithm (GA) and
a coupled-wave analysis (RCWA), and could experimentally demon-
strated that the MAPbI;-PS500 3D-IO photonic nanostructuration
with 500-nm-diameter spherical pores obtained optimal light
absorption.”

C. Colorful PSCs by using 1D-2D PCs
1. 1D colorful PSCs

After the development of past few years, the PCE of PSCs has
reached more than ~25% and is likely to make a further
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breakthrough. However, the color gamut of PSCs in the built envi-
ronment is very limited, which is a disadvantage in market compe-
tition with organic photovoltaics devices. In addition to the LHE
enhancement, the 1D PC can be utilized to construct colorful PSCs
depending on the reflective properties of the PC. For example,
Zhang et al.” integrated a porous 1D PC scaffold into a PSC,
which consists of alternating layers of dense TiO, and porous SiO,.
The photovoltaic devices presented an efficiency of 4%-9% with
tunable color covering the entire visible spectrum [Figs. 8(a)-8(c)].
Ramirez Quiroz et al.'”® combined semitransparent PSCs with
dielectric mirrors, which simultaneously offers the desired color
and enhances the light harvesting of PSCs. Such colorful PSC dem-
onstrates an improved photocurrent density with dielectric mirrors
~21%, and high device transparency values (~31%), as shown in
Fig. 8(d). Similarly, Yoo et al."”” integrated 1D PC filter of a non-
periodic SiO,/TiO, multi-monolayer with PSC to develop colorful
(red, green, and blue) PSCs. Compared with a control PSC with
PCE of ~20.1%, the PCEs of the PSCs with 1D PC filter show a
small loss (<10%), owing to the narrow bandwidth of 1D PC filter
originating from the advantages of multilayering nonperiodic
high-index TiO,/low-index SiO,. In addition, the photostability of
the PSCs with 1D PC filter was enhanced due to UV blocking by
TiO, layers [Figs. 8(e) and 8(f)].
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2. 2D colorful PSCs

Meng et al.'® prepared two-dimensional inverse-opal MAPbI,
films with vivid reflection colors via template removal method. The
PCSs with MAPbI; films as light absorbing layers show vivid colors as
well as a respectable PCE of ~11.2%. The same group further fabri-
cated two kinds of ETLs with 2D PC structures, including SnO, and
an SnO,-TiO, composite with the similar method. These two ETLs
were shown to exhibit large-scale 2D superlattice structures and tun-
able structural colors with varying viewing angles. The MAPbI;-based
PSCs achieved an efficiency of 16.8% with structural colors when
incorporated ETLs into them, owing to the excellent electron transfer
ability and vivid colors [Figs. 8(g)-8(i)].”> Similarly, Limin Qf’s
group'®' realized colorful PSCs when integrating TiO, nanobowl
arrays as ETLs, which displayed angle-dependent vivid colors, and
produced an efficiency of 16.94% [Figs. 8(j)-8(1)].

D. Photon recycling of PCs for PSCs

Generally, photon recycling has a significant impact on the total
open-circuit voltage in PSCs.'®* The amount of light coupled out from
a PSC strongly depends the structures of the cells themselves. In a pla-
nar device, only a part of the photons can emit into the escape cone
that leads to emission, while most of the photons encounter total
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FIG. 8. Colorful PSCs based on 1D PC. (a)—(c) Schematic illustration, cross-sectional SEM image, devices colors integrating different PCs. (a)-c) Reproduced with permission
from Zhang et al., Nano Lett. 15, 1698-1702 (2015). Copyright 2015 American Chemical Society.*® (d) Devices architecture and digital images of a 1D PC-based PSC, and
1D PC consists of alternative SiO, and TiO, layers. Reproduced with permission from Ramirez Quiroz et al., ACS Nano 10, 5104-5112 (2016). Copyright 2016 American
Chemical Society.'*” (e) and (f) Schematic diagram of 1D PC made from periodic stacking of alternative TiO, and SiO; layers, EQE spectra of 1D PC-based PSCs with various
bandwidths at blue, green, and red, respectively. The inset presents a digital photo.'*” Reproduced with permission from Yoo et al., ACS Nano 13, 10129-10139 (2019).
Copyright 2019 American Chemical Society. (g) and (h) SEM images of the inverse opal structured SnO, and inverse opal structured SnO,~TiO, composite films on FTO sub-
strates. (i) Digital photos of the 2D PC perovskite films as a function of angle.”® Reproduced with permission from Liu et al., Nanoscale 12, 8425-8431 (2020). Copyright 2020
Authors, licensed under a Creative Commons Attribution (CC BY) license. (j) and (k) SEM images of TiO, and PVK@TiO, nanodisk array. (I) Digital photos of colorful PSCs
with varying viewing angles.'®' Reproduced with permission from Wang et al., Sci. China Mater. 36, 35-46 (2020). Copyright 2020 Springer Nature.
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internal reflection and are subsequently re-absorbed, and all photons
are virtually desired to be emitted via optimal coupling in a device.
The theoretical analysis was carried out by Nanz et al,”” where the
careful wave-optical calculations are demanded to ascertain the open-
circuit voltage enhancement (AVoc™). Considering the absorption,
the probability of radiative emission, and photon recycling in a device,
AVoc™ can be determined by the following equation:

1

1—pe— Pu)“/mt) ’
where p, and p, present the probabilities of a regenerated photon
being reabsorbed and radiatively re-emitted. kg, e, and T¢ are the
Boltzmann constant, the elementary charge, and the operating temper-
ature of solar cells assuming to be T¢= 300 K. They revealed that pho-
ton recycling relies on both the optical and electronic character of the
solar cells and they divided the maximum improvement of open-
circuit voltage into two cases: (i) 50-100 mV for an inefficient outcou-
pling device (e.g., planar devices), and (ii) 10-50 mV for an efficient
outcoupling device (e.g., textured devices). Meanwhile, light trapping
in devices enhances the light outcoupling accompanying by decreasing
the proportion of reabsorbed photons, which further improves the car-
rier concentration and the photovoltage of the devices. Thus, when
designing the light trapping structures, photon recycling is reduced in
contrast to a planar device. In contrast, the light incoupling into the
cells increases as implanting the nanotextured interfaces, resulting in
an increase in the short-circuit current density instead of the open-
circuit voltage. Hence, it is significant to fully comprehend how the
photon recycling impacts on light emission and open-circuit voltage in
PSCs. Nanz et al.”” integrated a nanotextured biperiodic perovskite
(2D PC) thin film into PSCs with multilayer stack and quantitatively
analyzed the influence of photon recycling on the open circuit voltage
relying on a full-wave optical simulation, in which open-circuit voltage
in PSCs can achieve an increase in 2%. Moreover, the nanopattern
structure presented a bigger photon recycling rate than that of the
ideal Lambertian case. Previously, the design of PSCs has been mainly
focused on the optimization of light harvesting, while photon recycling
is often ignored and it is important in future designs of PSCs.

ksT
AVocPR = BeCIn<1 — (14)

E. Others: UV illumination stability and energy transfer

The instability and performance deterioration of PSCs under UV
illumination still limits the practical applications. The PC structure
can effectively prevent direct illumination of UV light on PSCs. Zheng
and Xuan” employed a photon management structure including a
1D-PC stacking alternately two materials with different refractive indi-
ces and a self-cleaning biomimetic moth-eye structure for simulta-
neously screening the semitransparent CH;NH;PbI; PSCs from the
harmful UV irradiation and boosting the light harvesting for
visible-near-infrared (Vis-NIR) lights. With optimizing the photon
management structure in PSCs, they achieved a high reflection for the
UV band as well as low reflection for the Vis-NIR band. This signifi-
cantly suppresses the adverse effects of UV light, thereby enhancing
the performance of PSCs. Zhou et al'® fabricated a CsPbBr; 10
through the template removable method, and further integrated it
with crystalized Si QDs, which remarkably enhanced the solar energy
utilization efficiency owing to a fluorescence resonance energy transfer
process from the Si QDs to the CsPbBr; IO. Si QDs act as donor to

REVIEW scitation.org/journal/are

emit photoluminescence, which can be absorbed by CsPbBr; (accep-
tor), bringing about an increase in the carrier population in PSCs. An
enhanced power conversion efficiency up to 8.31% along with an
improved photocurrent density up to 7.8 mA cm™ > was observed in
PSCs after integrating with Si QDs.

Lead with halogen atoms, atoms of organic groups and perovskite
compounds show an outstanding photovoltaic performance, for
instance, t suitable forbidden band widths, wide range of spectral
absorption, high carrier diffusion lengths, and so on. However, the
toxicity issue and water solubility of lead hinders large-scale commer-
cial applications, especially for PSCs.'** Therefore, in order to develop
environmentally friendly lead-free PSCs, it is necessary to explore
non- or low-toxic perovskite materials. Generally, some of the less
toxic metal cations, such as Bi*", Sb>", Ge?", Sn®", Cu®", and Mn?,
were used to replace Pb*" in perovskite to form lead-free perovskites.
The lead-free perovskites based on these metal cations not only
increase the diversity of species, but also change the environmental sta-
bility of the PSCs. Among these non- or low-toxic perovskite materi-
als, Sn*"-based lead-free perovskite exhibits excellent photoelectric
properties. Due to the similar electronic structures and ionic radii of
Sn*" and Pb*", the PCE of Sn®"-based PSCs can reach more than
10%.'*” Tt is worth noting that in practical applications, the absorbing
layer of PSCs is required to be stable under illumination, humidity, air
exposure, and high-temperature conditions. Unfortunately, Sn?" will
spontaneously oxidize to Sn*" in air, which hinders the development
of Sn**-based PSCs. The decomposition results in product Snl,, which
has the same toxicity as Pbl,.'*” Ge** is also considered to be a suit-
able alternative to Pb>". However, due to the small ionic radius of
Ge*" and the low solubility of the precursor in polar solvents, the
Ge*"-based perovskite has a relatively wide bandgap. Furthermore,
the morphology is difficult to control, the performance of the PSCs is
poor, and the PCE is low. In addition, Ge*t will also change to the
more stable ionic state Ge**, so reducing the stability of the Ge**-
based PSCs.'®” Although Cu®" is in a stable oxidation state, its ionic
radius is small and is difficult to crystallize into an ideal perovskite
structure, which leads to low intrinsic conductivity and absorption
coefficient of the Cu*"-based perovskite layer.'*® By this token, the
development of lead-free perovskites and perovskite devices based on
photonic crystals deserves more efforts.

VII. PCS FOR PDS

PDs are key components for converting optical signals into elec-
trical signals in a variety of applications, such as optical communica-
tions, imaging, and environment monitoring. Semiconductor
materials are the core component of the PDs. Up to now, multiple
kinds of semiconductor materials have been explored in PDs, includ-
ing Si, carbon nanotubes, and III-V compounds. However, PDs based
on the above-mentioned semiconductor materials usually require
expensive equipment, strict fabrication processes, and operating condi-
tions. Perovskite materials have been recognized as a promising semi-
conductor for various optoelectronic devices due to their large optical
absorption coefficient, long carrier diffusion length, high carrier mobil-
ity, and tunable bandgap.’*'®” More importantly, the preparation cost
of low-temperature solution-processing perovskite materials is low
using the simple production process. Perovskite PDs seize the oppor-
tunity to integrate with the most advanced circuits, which offer high
sensitivity and ultrafast response speed. Some significant parameters
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are employed to perform the performance of PDs: The spectral
responsivity (R) is a representative parameter to examine the photode-
tecting ability of the PDs, which can be expressed as’’

Lpn — Liark
ps

where I, presents the photocurrent, Iy, is the dark current, P repre-

sents the light power density, and S is the effective area under irradia-

tion. The detectivity (D*) reflects the capability to acquire weak signals

from the noise environment, expressed as

R

D= (16)
(Zeldark/S)l/z

R= (15)

Currently, perovskite PDs with a planar metal—semiconductor—metal
(MSM) structure have been extensively explored because of their sim-
plicity and integration advantages. Hu et al.'”’ reported the first perov-
skite MSM PD with an ITO—perovskite—ITO structure and achieved
high photoresponsivities of 3.49 and 0.0367 A/W at 365 and 780 nm,
respectively. Hereafter, a lot of efforts have been devoted to further

REVIEW scitation.org/journal/are

enhance the performance of PDs by perfecting light harvesting and
the charge carrier diffusion length and mobility, etc., which could be
improved with better morphology and higher crystalline quality of
perovskite. Very recently, PCs were adopted to boost the performance
of perovskite PDs through improving the light harvesting, interfacial-
tunneling effect, and enhancing the quality of the perovskite films. In
this section, we will review the main progress of perovskite PDs based
on PCs.

A.1D PC

Liu et al.'”" fabricated CsPbBr; nanonet films (NFs) grown in
the preferred (110) orientation through a confined growth method
of monolayer nano-PS sphere. Such a system was beneficial for
facilitating charge carrier transport and enhancing light harvest-
ing efficiency. The (110)-orientation-preferred CsPbBr; NFs-
based PDs demonstrated the best performance, which displayed
the largest linear dynamic range of up to 120 dB; meanwhile, the
responsivity and detectivity of 2.84 AW ' and 5.47 x 10'? Jones
were also realized [Figs. 9(a) and 9(b)]. Wang et al.”® employed
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FIG. 9. PC for perovskite PDs. (a) and (b) Schematic illustration of a perovskite nanonet PD, and SEM image of CsPbBr; nanonet film. Reproduced with permission from Liu
et al., Nanoscale 11, 9302-9309 (2019). Copyright 2019 Royal Society of Chemistry."”" (c) and (d) Schematic illustration of a nanograting perovskite PD, and SEM image of a
nonimprinted perovskite CH3NH3Pbl thin film imprinted with a Si nanograting mold. Reproduced with permission from Wang et al., ACS Nano 10, 10921-10928 (2016).
Copyright 2016 American Chemical Society.”® (e) and (f) lllustration of 1D nanograting bonded porous 2D-PC perovskite PD. Reproduced with permission from Angew. Chem.,
Int. Ed. 131, 1660816614 (2019). Copyright 2019 Wiley.'”” (g) Cross-sectional SEM image of the PD device. (h) Design of charge-tunneling-layer enhanced CsPbBr;-based
PDs: Sketch of tunneling effect of carriers (h™) after laser excitation. (i) SEM image of a space-confined CsPbBr; 10 film.'”* Reproduced with permission from Zeng et al.,
Adv. Funct. Mater. 29, 1904461 (2019). Copyright 2019 Wiley. (j) SEM image of a CsPbBr3 0 film with large area. (k) and (I) SEM images of conventional and space-confined
CsPbBr; film.'” Reproduced with permission from Zeng et al., Adv. Funct. Mater. 28, 1804394 (2018). Copyright 2018 Wiley. (m) Schematic of the CsPbCl; on Ag/OPCs PD.
(n) and (o) SEM images of PMMA OPCs, CsPbCl3/OPCs, Ag/OPCs, and CsPbCl3/Ag/OPCs hybrids film. Adapted with permission from Li et al., Adv. Mater. 28, 1804429
(2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license.””
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the nanoimprint lithography to obtain nanoscale-patterned
perovskite PDs. Compared to the nonimprinted conventional
thin-film PDs, the performance of the nanoimprinted metal—
semiconductor—metal PDs was remarkably boosted, approxi-
mately 35 times improvement of responsivity. The nanograting
PDs achieve a high responsivity of 24.1 and 58.5 A/W at the wave-
length of 466 and 635 nm, respectively, with a bias voltage of 1 V.
The performance of the nanograting PD is ~30 times higher than
that of the reference PD and more than two orders of magnitude
better than the commercial Si PD. Such enhancement was attrib-
uted to a nanograting-induced better photon absorption and
charge carrier transport, and higher crystallinity [Figs. 9(c)
and 9(d)].

B. 2D PC

With the rapid development of information technology, perov-
skite PDs with high-responsivity and the ability of polarization-
sensitive light detection are demanded. Zhan et al.'’” designed and
fabricated a 1D nanograting bonded porous 2D photonic crystal
perovskite photodetector (G-PC-PD) using a commercial DVD master
and 2D crystalline colloidal arrays template. The coupling effect from
grating diffraction and reflection of the PC stop band efficiently
enhanced light harvesting of G-PC-PD. Meanwhile, the porous scaf-
fold and nanoimprinting process offer a highly crystalline perovskite
film. The G-PC-PD showed a high light responsivity and detectivity of
12.67 AW ' and 6.28 x 10" Jones and improved 6-7 times that of a
pristine perovskite PD. In addition, the polarization-sensitive light
detection was realized by using the ordered nanograting arrays of G-
PC-PD with a rate of @0.72 nA° ', The butterfly-inspired hierarchical
light-trapping structured perovskite provides a promising prospect for
employing morphology engineering toward high-performance opto-
electronic devices [Figs. 9(e) and 9(f)]. Chun et al”’ demonstrated a
vertically grown halide perovskite (VGHP) nanopillar PD through a
nanoimprinting crystallization technique, employing the nanopat-
terned polymer stamps to form VGHP nanopillars (CH;NH;Pbl;)
film. The CH;NH;Pbl; films present low defect density (5.27 x 10"
t0 9.81 x 10"°cm™3) and high conductivity. Two-terminal lateral PDs
based on the VGHP nanopillar films exhibited a significantly
improved photoresponse.

Inorganic perovskite-based PDs usually showed high responsivity
and fast response speed, while with low detectivity owing to the high
dark current of the PDs. Haibo Zeng’s group'”” introduced a tunneling
organic layer into the PDs, in which the photogenerated charge car-
riers flowed across the interfacial poly(methyl methacrylate) PC layer
by the called Fowler-Nordheim tunneling effect. The photo-/dark-
current ratio of PD reaches a giant value of 2.13 x 10%, and the detec-
tivity is as high as 1.24 x 10" Jones. The PD array realized the imaging
week light signals of 244 pW. The hydrophobic organic layer effec-
tively inhibited the destruction of the perovskites caused by moisture
and ion migration [Figs. 9(g)-9(i)].

C.3DPC

The poor perovskite film quality with the low solubility of
precursor and uncontrollable film growth restricts their applica-
tions in PDs. Haibo Zeng’s group'’* employed a space-confined
growth strategy with 3D inverse opal PC to conquer the low
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solubility and fast crystal growth disadvantages through freezing
the precursor solution within the gaps of ordered polystyrene
sphere templates. CsPbBr; polycrystalline high-quality films with
low trap density (3.07 x 102 cm™) and high carrier mobility
(9.27 cm? V™' s7') were obtained. PDs based on these films exhib-
ited a responsivity of 216 A W', a response speed (<5 us), and
high detectivity of 7.55 x 10"* and 3.1 x 10> Hz >dB bandwidth
[Figs. 9(j)-9(1)]. Our group combined surface plasmon and pho-
tonic crystal effects (3D PMMA PC), in which the luminescent
intensity of CsPbCl; NCs in CsPbCl;/Ag/OPCs hybrids was
enhanced more than 150-fold. The high-performance flexible UV
PD was fabricated using these hybrids, exhibiting a high detectiv-
ity of 9 x 10 Jones and narrow response linewidth of 30 nm,
much better than the commercial silicon PDs. The photocurrent
enhances 682%, and the response time reduces 42.5% and 40.4%
in CsPbCls/Ag/OPCs flexible film [Figs. 9(m)-9(0)].”” Heeyoon
et al. utilized a transfer-printed PS microbead monolayer on
perovskite/PMMA to enhance the mechanical durability, environ-
mental stability, and optical properties of the perovskite PDs. The
optimal D* of PMMA/PS PDs is 16.1 x 10'° Jones for 700 nm
light.”® Our group obtained double narrowband flexible NIR
PDs based on PMMA/NaYF,:Yb*>", Er¥* @NaYF,:Nd*"/MAPbI,
hybrids, which have the photoresponse to the 808 and 980 nm
light with 3.01 x 10" Jones and 2.68 x 10"" Jones of D*, respec-
tively.'”> We divided the perovskite photonic crystal devices into
four categories, including PSCs, LED, laser, and PDs. Related per-
formance parameters are summarized in Table I.

VIll. SUMMARY AND OUTLOOK

A rapid progress in the research on PC (1D, 2D, and 3D)-
based perovskite photonic/photoelectric devices has recently been
witnessed. A timely and concise summary on the earlier and cur-
rent achievements is therefore called for in order to assist the fur-
ther progress of a formulated development of this very promising
research field. In this article, we divided the perovskite photonic
crystal devices into four categories as shown in Schematic 3. We
reviewed perovskite PCs from both theoretical and experimental
points of view. Among other aspects, we recapitulated the
improvement of PCs concerning light absorption and spontaneous
emission using perovskite materials, the enhanced light-emission/
extraction efficiency of LEDs, and the reduction of the pumping
threshold of perovskite lasers. We attended the fact that PC-
generated enhancement of the light harvesting of perovskite
materials has been employed to construct highly sensitive PDs and
colorful and efficient PSCs. Such improvements are attributed to
photonic bandgap and slow photon effects, photon recycling, and/
or structural effects.

In future studies, we believe that the following several points
should be taken into account and emphasized. First of all, PCs divide
into opal and inverse opal, as well as 1D, 2D, and 3D classes, with
advantages and disadvantages. Because of different pore sizes and
volume-surface ratios, 2D and 3D inverse opal PCs are more suitable
for PSCs than 1D PCs. However, 1D PCs process the superiority of
faster charge transport, lower exciton recombination rates, and higher
transparency, which may be more suitable for PDs. On the other
hand, compared with the 1D and 3D PCs, 2D PCs or arrays have the
advantages of high controllability that the light-induced electrons can
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TABLE I. Summary of device performance of perovskite photonic crystal devices.
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oo Voo FE g With or
PCs for PSCs PCs Methods (mA/cm?) V) (%) A(%) without PC Reference
Light trapping 1D perovskite CD/DVD 21.67 1.078  71.52 16.71 W.0. 156
enhancement grating imprinted 23.11 L1111 76.75 19.71 Grating
Monolayer TiO,- Monolayer 10.1 0.76 52 4.0 Pristine 157
§i0, 1D PC lithography 17.1 084 66 95 1D PC
Hemisphere TiO, Nano-imprint 18.0 0.93 62.8 105 Pristine 155
PC technique 26.5 092 624 152 PC
2D perovskite Template etching 20.58 1.06 0.69 15.51 Pristine 92
nanodisk array 22.73 1.11 0.71 18.70 Nanodisk
3D IOPC TiO, Template removal 19.90 I .-+ 11.00 Pristine 84
ETL method 23.93 0.972.8 61 13.11 3D IOPC
CQD/CsPbBr; I0  Template removal 7.46 0.82 0.57 3.48 Pristine 89
method 925 093 0.61 525  CsPbBr; IOPC
11.34 1.06 0.69 829 CQD/CsPbBr; 10
Colorful PSCs Si0,/TiO, 1D PC Alternated 13.44 0.98 0.67 838 Blue 85
(Inside the PSC) deposition 10.4 0.95 071 7.0 Blue-green
9.9 0.92 074 6.7 Green
9.9 0.95 071 6.6 Orange
7.6 0.93 0.62 45 Red
SiO,/TiO, multi ~ Depositing alterna- 23.0 1.15 76 20.1 Control 159
Nanolayer filter tively 20.9 1.12 77 18 Red
1D PC high- and low- 213 113 77 186 Green
(Outside the PSC) index 204 L1378 194 Blue
materials
Dielectric mirrors 5.40 1.03 65.6 3.6 Pristine 158
6.06 1.03 65.6 4.1 A=490 nm
5.96 1.03 65.6 4.0 A=570nm
6.33 1.03 65.6 4.3 A=650nm
6.23 1.03 65.6 4.2 A=750nm
2D inverse opal Template removal 20.2 0.98 51 10.2 SnO, ETL PC 95
SnO, TiO, ETL PC method 20.3 1.09 75 16.8  SnO, TiO, ETL PC
TiO, nanobowl Interfacial 2.59 1.04 720 1694  TiO, nanobowl 161
arrays ETL lithography
Photon recycling for PSCs . e 18.1 0.02 W.0. 93
Energy
Lasing  density
threshold threshold Linewidth With
PCs for perovskite Lasers PCs Methods W/em?  pJ/em?® nm  or without PC Reference
1D PCs Distributed feedback cavity Thermal nanoimprint 13 0.7 Grating 133
lithography process
On top of 2D PCs Si PC slabs Nanoimprint lithography, ~40 2D PCs 134
Si thin-film deposition,
and crystallization techniques
PMMA PCs Template fabrication 685*+3.0 0.24 2D PCs 87
2D PCs MAPbI; thermal imprint Thermal nanoimprint 3.8 0.13 2D PCs 135
Inserted in 3D PCs Poly(St-MMA-AA) Self-assembly method 35.5 4.6 3D PCs 136
Conjugated polymer particles  Self-assembly method 1.3x10* <05 3D PCs 137
3D PCs PS Templating approach 1.6 x 10*  0.15 3D IO PCs 138
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Energy
Lasing  density

threshold threshold Linewidth With

PCs for perovskite Lasers PCs Methods Wiem?®  uJ/cm? nm  or without PC Reference
CLCs Glass/CLC/ALLOs/ 50 e 1D PCs 82
MAPDI;/PMMA/Au
All-inorganic perovskite 0.15 0.2 1D PCs 140
QDs doped CLCs
EQE PLQY
PCs for perovskite LEDs PCs Methods (%) (%) With or without PC Reference
Perovskite TiO, Two-step 17.5 35 Anodic alumina 94
nanophotonic anodization membranes
substrates
Response With or
PCs for PDs PCs Methods Wavelengthnm R A/W D" Jones  without PC  Reference
1D PC PS 473 284 547 x 10" 1D PC 149
Perovskite Nanoimprint 466 24.1 Grating 86
nano-grating 635 58.5 e
2D PC 1D nano-grating DVD/2D crystalline White light 1267 628 x 10” 1Dand2DPC 171
bonded colloidal arrays template
porous 2D PC
Two-terminal Vertically grown 520 1 5x 10° 1D nanoarrays 91
lateral PDs
ITO/ZnO/CsPbBr;- Template removal method 442 0.34 1.24 x 107 IO PC 173
PMMA/PTAA
3D PC CsPbBr; 10 film Template removal method 442 216 7.55 x 10" 3D PC 174
CsPbCl;/Ag/OPCs hybrids  Self-assembly method 365 8.1 9x 10" 3DPMMAPC 77
PMMA/PS bead Unidirectional rubbing 465 349 x 1072 1.33 x 10" 3D PC 96
and assembled method 500 423 x 1072 1.61 x 10"
610 238 x 10°% 8.76 x 10"
700 1.9 x 1072 722 x 10"
PMMA/NaYF,:Yb*>", Self-assembly method 808 8.1 3.01 x 10" 3DPMMAPC 175
Er’"@NaYF:Nd™/ 980 81  2.68x 10"
MAPDbI; hybrids

be transferred along the tube wall and of a decreased exciton recombi-
nation at the intergranular interface. Therefore, a proper choice of PCs
is essential for a good device performance. Second, it still remains a
great challenge to apply conventional patterning techniques to con-
struct compact, dense, and functional PC structures for devices. The
present fabrication techniques for PCs, such as self-assembling, usually
induce inevitable stacking faults and disorders, which lead to poor PC
bandgaps with broad and low reflection, and moderate band edges. It
reduces the PC ability to enhance luminescence and localize the light
efficiently. In addition, it is difficult to satisfy the thickness require-
ments for perovskite photoelectric devices, especially for PSCs, due to
the limitations in the preparation technologies of the PCs. Currently,
the photoelectric conversion efficiency of PC-based PSCs is still

lagging. Therefore, the development of new strategies for fabricat-
ing large-area and high-quality thin PCs and exploring new func-
tionalities of PCs will probably become a future development
direction of PC-based devices. Third, combing PCs and other light
management strategies (e.g., plasmonic enhancement, use of
organic antennas) into devices at the same time could be a promis-
ing way to further improve the performance of devices. Fourthly,
for practical applications, the stability of PCs (e.g., thermal,
mechanical, and light stability) should be paid more attention.
Thus, the scope is very wide and versatile for future research of
PCs in perovskite photonic/photoelectric devices, bringing broad
ramifications for technology as well as for the fundamental under-
standing of these promising systems.
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SCHEME 3. The categories of perovskite photoelectric crystal devices. The solar cells.” Reproduced with permission from Choi et al., Nano Energy 56, 365-372 (2019).
Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license. The single-photon source.'*’ Reproduced with permission from Mikosch e al.,
Chem. Mater. 31, 2590-2596 (2019). Copyright 2019 American Chemical Society. The light-emitting diodes.” Reproduced with germission from Zhang et al., Nat. Commun.

10, 727 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license. The photodetectors.'

et al., Angew. Chem., Int. Ed. 131, 16608-16614 (2019). Copyright 2019 Wiley.
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NOMENCLATURE

A Absorbance
AAM/TiO,  Anodic alumina membranes/titanium dioxide
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CLCs  Chiral nematic liquid crystals E(r)  Electric component
CQD  Carbon quantum dots Epc  Electric field intensity with the photonic crystal
D" Detectivity Ey  Electric field intensity without the photonic crystal
DBRs  Distributed Bragg reflectors F(J) Incident photon flux
EQE External quantum efficiency H, . nth Bloch mode eigenfunctions
EFs  Enhancement factors I«c Incident excitation optical field intensity
EBL  Electron beam lithography Iisk  Dark current
FDTD  Finite-difference time-domain L, Photocurrent
G-PC-PD 2D photonic crystal perovskite photodetector Jsc  Short circuit current density
IO  Inverse opal k  Bloch vector
IOT-ETL  Inverse opal-like electron transport layer kg Boltzmann constant
IPCE Incident power conversion efficiency LHE Light harvesting efficiency
LEDs Light-emitting diodes LHEpc  Light harvesting efficiency with photonic crystal
LHE Light harvesting efficiency LHE, Light harvesting efficiency without photonic crystal
MPP  Monodisperse poly(fluorene-co-divinylbenzene) Mr(E;;)  Transition matrix element
particles n  Refractive index
MSM  Metal—semiconductor—metal P Light power density
NCs  Nanocrystals pa  The probabilities of a regenerated photon being reab-
NFs  Nanonet films sorbed re-emitted
NIL  Nanoimprint lithography pe  The probabilities of a regenerated photon being radia-
NPs  Nanoparticles tively re-emitted
OLEDs  Organic LEDs po(va1)  Photonic density of states
PBGs Photonic bandgaps pr(Ez1)  Electronic density of states
PCE  Power conversion efficiency S Effective irradiation area
PCs  Photonic crystals Tc  Operating temperature
PSCs  Perovskite solar cells Yrada  Radiative rates
PDs  Photodetectors Vot  Total spontaneous emission rate
PL  Photoluminescence Jgud  Light emission rate in the form of guided mode
PLQE Photoluminescence quantum efficiency Yvert  Light emission rate in the form of vertical mode
PLQY Photoluminescence quantum yield Ynrada  Nonradiative rates
PR Photon recycling AVoc™  Open-circuit voltage enhancement
PS  Polystyrene AJsc  Short-circuit photocurrent density increment
PMMA  Polymethyl methacrylate 5; Kronecker delta
QDs  Quantum dots ¢(r)  Dielectric constant
RIE Reacti\{e ion etching New  Extracted efficiency of emission light
R Reﬂectlo.n. Neo  Extraction efficiency of perovskite materials without the
R Responsivity photonic crystal
SCs  Solar cells N  Photo-luminescent internal quantum efficiency
SEM  Scanning electron microscope N  Photon escape probabilities
SWG Subwave.:le.ngth grating NMnepc  Extraction efficiency of perovskite materials with the
T Transm1351on ’ photonic crystal
UV Ultra violet fexe ~ External photoluminescence quantum efficiency
VGHP  Vertically grown halide perovskite Nineo  Internal quantum efficiency of perovskite materials
Vis-NIR  Visible-near-infrared " without the photonic crystal
1D One-dimensional Nimepc ~ Internal quantum efficiency of perovskite materials
2D Two-dimensional 7 with the photonic crystal
3D Three-dimensional Minj(4)  Quantum yield of charge injection efficiency by the
photo-anode
Symbol Neo(4)  Quantum vyield of charge collecting efficiency by the
AFs  Fluorescence enhancement or reduction photo-anode
AF... Excitation altered factors o  Frequency
AF., Emission altered factors
b,  Basis vectors
¢ Propagation speed of light in vacuum REFERENCES
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e; Basis vectors
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