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Review

Metal Halide Perovskite Arrays: From Construction 
to Optoelectronic Applications

Xun Han, Wenqiang Wu, Hao Chen, Dengfeng Peng, Li Qiu,* Peiguang Yan,* 
and Caofeng Pan*

Inorganic semiconductor arrays revolutionize many areas of electronics, optoelec-
tronics with the properties of multifunctionality and large-scale integration. Metal 
halide perovskites are emerging as candidates for next-generation optoelectronic 
devices due to their excellent optoelectronic properties, ease of processing, and 
compatibility with flexible substrates. To date, a series of patterning technologies 
have been applied to perovskites to realize array configurations and nano/micro-
structured surfaces to further improve device performances. Herein, various 
construction methods for perovskite crystal or thin film arrays are summarized. 
The optoelectronic applications of the perovskite arrays are also discussed, in 
particular, for photodetectors, light-emitting diodes, lasers, and nanogratings.
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in the green light emission in the past 
six years.[12] Metal halide perovskite pos-
sesses a general chemical formula of 
ABX3, in which A is a cation, B is a metal, 
and X is a halide. Typically, the A site is 
a monovalent cation (e.g., methylammo-
nium (CH3NH3

+, MA+), formamidinium 
(NH2CHNH2

+, FA+), or Cs+), the B site is 
a divalent metal cation (e.g., Pb2+ or Sn2+), 
and the X site is a halide anion (e.g., Cl−, 
Br−, or I−). The 12-fold coordinated A-site 
cations are located in the middle of a 
3D network that is surrounded by eight 
corner-shared [BX6]4− octahedra. This 
crystal structure of perovskite provides 

them vastly unique physics and chemistry.[13]

Recently, various optimizations have focused on the thin 
perovskite films to improve device performance, such as 
morphology engineering for large grain size,[14] controlled 
single-crystalline film growth,[15] and substitution of Pb with 
nontoxic ions,[16] which accelerate the commercialization pro-
gress of these devices. In addition, inspired by the patterning 
technology of conventional inorganic semiconductor, e.g., 
silicon,[17] carbon nanotubes,[18] graphene,[19] group II–VI and 
III–V compounds,[20] to optimize the parameters of various 
devices, the optical and optoelectronic characteristics of perov-
skite have demonstrated to be improved through forming novel 
nano/microstructures on the surface of perovskites or con-
structing perovskite arrays.[21] Given the soft nature of perov-
skite materials,[22] conventional photolithography, consisting of 
photoresist spin-coating, baking, and developing, which is most 
common in the current semiconductor industry, can cause 
decomposition of perovskites.[23] Nondestructive patterning 
technologies are necessary to be developed for the perovskite 
arrays. As early as 2001, Kagan et al. demonstrated a microcon-
tact printing method for layered (C6H5C2H4NH3)2SnI4 thin film 
array with a resolution of ≈3 µm.[24] The thin-film transistor 
based on the perovskite arrays exhibited improved performance 
of low operational voltage and no leakage current. In 2003, 
Cheng et  al. adopted capillary force lithography to synthesize 
the (C6H5C2H4NH3)2PbI4 stripe arrays with various widths of 
0.8, 15, and 50 µm with strong green fluorescence.[25] Subse-
quently, a series of growth methods for perovskite arrays as well 
as exciting array devices have been explored, exhibiting poten-
tially unique opportunities for integrated optoelectronics.

This review covers the recent progress of perovskite arrays of 
both single crystals and polycrystalline thin films, with a focus 
on the construction method and their optoelectronic applica-
tions. We discuss four major array growth methods, which 

1. Introduction

Metal halide perovskites have emerged as a class of semi-
conductor materials with superior optoelectronic properties, 
including high absorption coefficients,[1] long carrier diffusion 
length,[2] low trap densities,[3] efficient photoluminescence (PL), 
and broad emission range.[4] These impressive properties make 
them potential candidates for high-performance optoelectronic 
devices, such as photovoltaics,[5] photodetectors,[6] lasers,[7] and 
light-emitting diodes (LEDs).[8] Since the first perovskite solar 
cell was reported in 2009,[9] the power conversion efficiencies 
have realized an evolution from 3.8 to a certified 25.2%.[10] The 
external quantum efficiency (EQE) of LEDs also experiences 
an encouraging improvement from 8.5%[11] to exceeding 20% 
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are template-assisted growth, substrate-assisted growth, capil-
lary force-assisted growth, and direct patterning technologies 
(Figure  1). We summarize their applications in photodetector 
arrays, LED arrays, laser arrays, and nanogratings as well as 
device architectures therein. Finally, we propose some future 
prospects regarding the development of the perovskite arrays 
and integrated optoelectronics.

2. Construction of Perovskite Arrays
According to the operation procedures, we summarize the 
construction methods of perovskite arrays in four categories: 
template-assisted growth, substrate-assisted growth, capillary 
force-assisted growth, and direct patterning technologies. The 
first three growth methods are classified to the bottom-up syn-
thesis strategy. In this strategy, the geometrically confinement 
of precursors was formed through the template, prepatterned 
substrate, or capillary force to complete the patterning process 
before the perovskite synthesis. Specifically, template-assisted 
growth requires various facile templates, e.g., polydimethylsi-
loxane (PDMS), anodized aluminum oxide (AAO), specified 
roller and photoresist patterns, etc., to physically separate the 
precursor solution or metal nanoclusters. Substrate-assisted 
growth relies on the prepatterned substrates by using a special 
treatment to generate area where is favorable to precursor distri-
bution. Capillary force-assisted growth utilizes capillary bridge 

and trailing to achieve precursor solution domain array fol-
lowed by solvent evaporation and perovskite crystallization. The 
fourth growth method is a typical top-down fabrication strategy 
which achieves patterns on the as-fabricated perovskite film by 
the micromachining, including modified etching and printing 
processes. Generally, the bottom-up synthesis strategy pos-
sesses complicated and time-consuming procedures, however, it 
can establish precise control on the growth process to improve 
crystalline quality. For example, through regulating the solvent 
evaporation rate, large-scale single-crystal perovskite arrays 
were achieved through the PDMS template and capillary force-
assisted growth method. On the contrary, the top-down fabrica-
tion strategy could perform patterning process on the perovskite 
film directly and demonstrate advantages of effective control 
on the resolution, dimension, and alignment of the perovskite 
arrays. A comparison of perovskite arrays with various fab-
rication strategies and material properties is summarized in  
Table 1.

2.1. Geometrically Confined Growth

2.1.1. PDMS Template-Assisted Patterning

PDMS template is one of the most commonly used templates 
for the growth of organic semiconductor arrays due to its high 
hydrophobicity and good thermal and oxidative stability.[26] 

Figure 1. Schematic illustration showing four methods for the construction of the perovskite arrays and their optoelectronic applications.
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Table 1. Summary of the fabrication strategies and material properties of the perovskite arrays. (FTO: fluorine-doped tin oxide; ITO: indium tin oxide; 
QD: quantum dot; Y = “Yes”; N = “No”).

Materials Growth 
method

Substrate Growth  
area

Morphology Single  
crystal

Crystal 
structure

Dimensions Space  
[µm]

Ref.

Length [µm] Width [µm] Height [µm]

MAPbBr3 PDMS 
template-
assisted

Si or glass 1 cm × 1 cm Nanowire N Cubic 10–50 0.46–2.5 0.08–1 10 [27]

(BA)2(MA)n−1PbnI3n+1 
(n = 1–8)

Microring N Ruddlesden–
Popper

12, 19, 29 
(diameter)

2.5 1.6 [29]

CsPbCl3−xBrx 
(x = 0, 1, 2, 3)

SiO2/Si 1 cm × 1 cm Microplate Y Orthorhombic 2.5 ± 0.3 2.5 ± 0.3 0.6 ± 0.2 20 [28]

CsPbBr3 SiO2/Si Microwire Y Orthorhombic 500 2.5–8.6 2.4–8.2 200 [31]

MAPbI3 AAO template-
assisted

AAO 3 cm × 3 cm Vertically 
aligned 

nanowire

Y Cubic 2 [37]

CsPbBr3 2 cm2 Y Cubic 0.2–0.25 1 0.5 [39]

MASnI3 Y Cubic 0.25 0.5 [36]

MAPbI3 Roller-assisted SiO2/Si 4 in. wafer Thin film 
stripe

Y Tetragonal 10 0.2 0.4 [44]

MAPbI3 Blade-assisted SiO2/Si or 
PET

1 cm × 1 cm Microwire Y Tetragonal 2–3 [46]

MAPbI3 Modified pho-
tolithography

FTO glass Thin film 
with various 

patterns

N 0.225 [48]

MAPbBr3 FTO glass Microplate Y Cubic 3 ≈30 [50]

CsPbBr3 Si Large area QD thin film N ≈0.3 [51]

PEA-CsPbX3 
(X = Cl, Br, I)

Si or ITO 
glass

4 in. wafer Thin film 
with various 

patterns

N [53]

MAPbI3 Surface-
functionalized 

substrate-
assisted

SiO2/Si Wafer scale Microplate Y Tetragonal ≈10 ≈10 0.3–0.5 [56]

MAPbI3 Si Wafer scale Microplate Y Tetragonal 15 (edge 
length)

0.2 [57]

MAPbI3−xClx PET 6 cm × 6 cm Thin film N Tetragonal 100 100 400 [55]

CsPbX3 (X = Cl, Br) Surface-guided Mica Nanowire Y Cubic 0.16 0.03 0.015 [59]

CsPbBr3 Sapphire Nanowire Y Cubic [60]

MAPbBr3 Capillary bridge 
lithography

Glass Microplate Y Cubic 3.6–4.1 3.6–4.1 0.9 ± 0.1 20 [63]

(BA)2(MA)n−1PbnI3n+1 
(n = 2–5)

Glass Nanowire Y Ruddlesden–
Popper

0.4–10.5 0.15–1.5 2–10 [64]

MAPb(I1−xBrx)3 
(x = 0–0.4)

Capillary 
trailing lithog-

raphy

SiO2/Si Nanowire Y Tetragonal 0.4 ± 0.03 [67]

CsPbBr3 SiO2/Si Nanowire Y Cubic 0.51 0.2 5 [66]

MAPbX3 (X = Cl, Br) Nanoim-
printing

SiO2/Si ≈4 cm2 Film with 
line, square, 
and hexagon 

patterns

N Cubic 
(MAPbBr3), 
tetragonal 
(MAPbI3)

0.4 0.15 0.4 [69]

MAPbI3 ITO glass 1.7 cm × 1.7 cm Grating N 0.1–0.12 [70]

MAPbBr3 FIB etching Grating 0.1368 0.1207 [72]

MAPbBr3 ICP etching Grating 0.25 0.205 0.1 [74]
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To achieve various perovskite patterns, the PDMS template 
provides the space confinement for the precursor solution to 
form liquid domains and can be removed after solvent evapo-
ration. Liu demonstrated a PDMS template-confined solution 

growth (PTCSG) method for MAPbBr3 nanowire (NW) arrays, 
as shown in Figure 2a.[27] First, a PDMS template with rectan-
gular grooves was fabricated through the soft lithography on a 
Si substrate. Then, the PDMS template was placed on a stock 

Figure 2. a) Schematic illustration showing the method of PDMS template confined solution growth of MAPbBr3 nanowire arrays. b) SEM images 
of MAPbBr3 nanowire arrays. a,b) Reproduced with permission.[27] Copyright 2017, American Chemical Society. c) In situ monitoring growth status of 
CsPbCl3 microdisk arrays. Reproduced with permission.[28] Copyright 2017, Wiley-VCH. d,e) Low-magnification fluorescence microscopy image and SEM 
image of Ruddlesden–Popper perovskites (n = 6) microring arrays. f) High-magnification SEM image of a single microring and schematic illustration 
showing multiphase in the microrings. d–f) Reproduced with permission.[29] Copyright 2018, Wiley-VCH. g) Preparation schematic of the CsPbBr3 
microwire arrays with the assist of antisolvent. h) SEM image and i) high-resolution TEM image of CsPbBr3 microwire showing the [010] zone axis.  
g–i) Reproduced with permission.[31] Copyright 2019, Wiley-VCH.

Materials Growth 
method

Substrate Growth  
area

Morphology Single  
crystal

Crystal 
structure

Dimensions Space  
[µm]

Ref.

Length [µm] Width [µm] Height [µm]

MAPbBr3 Inkjet printing Si Wafer scale Microplate Y Cubic 6.5–7.3 6.5–7.3 [76]

CsPbBr3 SiO2/Si or 
PET

4 in. wafer QD thin film N Cubic [78]

MAPbBr3 Laser-induced 
growth

Glass with 
metal

Thin film N Cubic [80]

CsPbBr3 Inside the 
transparent 

medium

QD N [84]

Table 1. Continued.
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precursor solution of MABr and PbBr2 in N,N-dimethylforma-
mide (DMF) on a target substrate with a hydrophilic surface. By 
applying mild pressure (<20 kPa) on the PDMS template, the 
solution was driven into the rectangular grooves. As slow evap-
oration of DMF (about 2–3 h), the nucleation of perovskite first 
occurred at the end position of groove, and then grew up rap-
idly along this groove. After the solvent evaporated completely, 
the PDMS template was peeled off, leaving MAPbBr3 NW 
arrays on the target substrate. As shown in the scanning elec-
tron microscopy (SEM) images of MAPbBr3 NWs (Figure 2b), 
the MAPbBr3 NWs are well-aligned and uniformly distributed 
on the substrate with the width of around 460 nm and length 
of 50 µm. By using different templates with various lengths of 
rectangular grooves, MAPbBr3 NW arrays with length varied 
from 10 to 50 µm were prepared. Furthermore, the width and 
height of NWs can also be controlled by the width of grooves 
and the concentration of the stock solution, respectively. In 
addition, through changing the shape of grooves inside the 
PDMS pad, square CsPbCl3 microdisk arrays (Figure 2c)[28] and 
2D Ruddlesden–Popper perovskites (RPPs) microring arrays 
(Figure  2d)[29] were formed on the target substrate. To reveal 
the growth process of the array, the in situ observation of the 
CsPbCl3 microdisk arrays was conducted through fluorescence 
microscopy (Figure  2c). Similar to the NW growth process in 
Figure  2a, as slow evaporation of DMF (about 2–3 h), blue 
fluorescence spot gradually appeared at the edge position of 
grooves of PDMS, which indicates the nucleation of perovskite. 
Then the primary nuclei moved to the center position of PDMS 
grooves and grew up rapidly (within 10 min) into square micro-
disk, which showing strong blue fluorescence. The PTCSG 
method is versatile and can also be applied to the growth of 2D 
RPPs ((BA)2(MA)n−1PbnBr3n+1) arrays. The fluorescence micros-
copy image (Figure  2d) and SEM image (Figure  2e) demon-
strate a large-scale microring array with uniform dimensions 
and precise position fabricated by this method. Each microring 
exhibits smooth outer surfaces and sharp edges and composes 
multiphased quantum well (Figure  2f). The phase impurity 
of 2D perovskites is also an immediate issue that needs to be 
addressed, which often increases the defect density.

The antisolvent-assisted crystallization method is a powerful 
tool to realize high-performance perovskite solar cells.[30] Yang 
et al. modified the PTCSG method by introducing CH3CN as an 
antisolvent for the growth of monocrystalline CsPbBr3 microwire 
(MW) arrays (Figure 2g).[31] After pressing the PDMS template on 
the stock solution, they placed the system into a sealed dish con-
taining 300 mL of CH3CN for 24 h. During this process, CH3CN 
diffused into the stock solution leading to the crystallization of 
CsPbBr3 MWs. The as-fabricated MWs exhibit smooth surface, 
sharp edges, and uniform width of 2.6 µm and height of 2.5 µm  
(Figure  2h). Crystalline structure was investigated through 
high-resolution transmission electron microscope (HRTEM) 
and selected area electron diffraction (SAED) (Figure 2i). These 
results prove the orthorhombic structured MW with the [010] 
zone axis. Such a growth method protects the perovskite from 
directly contacting with the moisture environment and provides 
control on the crystallization process to improve the crystalline 
quality. However, there is a challenge in the alignment between 
PDMS template and prepatterned sample, which limits its appli-
cation in the pixel-addressable device arrays.

2.1.2. AAO Template-Assisted Patterning

AAO template with spatially discrete, tunable, and oriented 
nanopores is widely used for nanomaterials growth through 
electrodeposition, such as inorganic semiconductors,[32] 
metals,[33] and polymers.[34] Recently, Ashley et  al. developed 
the uniform CH3NH3PbI3, CH3NH3PbBr3, and Cs2SnI6 NW 
arrays based on AAO templates.[35] They adopted the facilitated 
one-step method which is to inject perovskite solution into 
the nanopores of the AAO template and followed by a short 
annealing step. Gu et al. also formed a 3D perovskite NW arrays 
based on AAO templates via a novel vapor-solid-solid reac-
tion.[36] Figure  3a demonstrates the procedures of AAO tem-
plate-assisted growth of 3D perovskite NW arrays. This method 
started with two-step anodization of high-purity Al foil for AAO 
template preparation. Then, the barrier layer at the bottom of 
the AAO template was thinned down by a voltage-ramping-
down process and followed by the electrochemical deposition 
of Pb or Sn nanoclusters at the bottom of AAO channels. Then, 
Al substrate was etched away for freestanding AAO template 
preparation. Finally, the 3D perovskite NW array was formed 
through the reaction between Pb or Sn nanoclusters and MAI 
vapor in a tube furnace. The backscattered electron (BSE) mode 
SEM images of Pb nanoclusters and MAPbI3 NWs proved this 
vapor-solid-solid reaction. Pb nanoclusters were successfully 
deposited at the bottom of AAO channels (Figure  3bi) before 
NW growth, and then the reaction was confined in the chan-
nels for vertically aligned NW array growth (Figure  3b).[37] In 
addition, by changing the combinations of metal nanoclusters 
and vapors, various kinds of perovskite NWs can be synthesized 
through this method.[38] For example, the CsPbI3 NW arrays 
were fabricated through the reaction between Pb nanoclusters 
and CsI vapor (Figure  3c,d).[39] The CsPbI3 NWs are cubic in 
nature with an interplanar spacing of 0.236 nm which corre-
sponds to the distance between two neighboring (211) planes 
of cubic structure (Figure 3e). It is worth noting that the length 
of the NW synthesized via this vapor-solid-solid reaction can 
be controlled by the amount of Pb nanoclusters and the reac-
tion time. In addition, the stability of NW samples exhibits 
dramatic improvement compared with the planar film samples 
due to the protection of AAO template sidewalls.[36] As shown 
in Figure  3f, the decomposition of perovskite is attributed to 
the reaction between water molecules, oxygen, and perovskite 
materials. The sidewalls of the AAO template can block lat-
eral diffusion of water and oxygen molecules, only leaving 
the vertical diffusion path for these molecules, thus leading 
to a slow decomposition rate of perovskite materials. MASnI3 
NW arrays and planar films were synthesized to demonstrate 
this protection phenomenon. The two kinds of samples were 
exposed to the air with 70% humidity for 0, 1, and 7 d after fab-
rication for the stability comparison. For the NW sample, the 
photoluminescence (PL) peak intensity remained almost the 
same after 1 d (Day 2), subsequently experienced 35% degrada-
tion after 7 d (Day 8) (Figure 3g). However, the PL intensity of 
film samples exhibited a cliff-like drop after 12 min in air, while 
taking 7 d for NW samples to decay down to the same level, 
indicating the enhanced moisture resistivity of the NW sam-
ples (Figure 3h). Furthermore, semitransparent and nanopillar-
structured perovskite solar cell was demonstrated based on the 
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AAO template.[40] Benefitting from the ion migration suppres-
sion of nanopillar structure, the solar cell exhibits impressive 
long-term stability compared with planar devices.

2.1.3. Roller and Blade Printing

Solution-based hot-casting technology has been widely used 
to improve the crystal quality of perovskite by heating the sub-
strate to accelerate the crystal growth processes.[41] Nie et  al. 
employed this method to develop millimeter-scale grains of 
perovskite for high-efficiency solar cells.[42] Epitaxial lateral 
growth is a method for high-quality single-crystal semicon-
ductor film synthesis by using geometrical confinement and 
kinetic control to restrict of crystal growth in the vertical direc-
tion.[43] Inspired by these two technologies, Lee et  al. reported 
a solution-based roller printing method to produce wafer-scale 
single-crystal patterned perovskite thin films (Figure  4a).[44] 

First, a cylindrical metal roller was wrapped up with a PDMS 
mold with periodic patterns. Then, an ink supplier filled with 
MAPbI3 precursor was mounted with the metal roller and sub-
sequently was placed in contact with a preheated substrate. The 
perovskite crystal was crystallizing immediately as the solvent 
evaporation caused by the hot substrate. With the movement of 
the roller, the seed crystals grew rapidly via instant crystalliza-
tion in the lateral direction, while vertical growth was blocked 
by the roller. The geometrical confinement in the vertical 
direction can prevent the misaligned growth of seed crystals, 
resulting in the growth of the single-crystal thin film with the 
tetragonal crystal structure. This process involves print pro-
cess of precursors and kinetic control of the perovskite crys-
tallization process, which makes it facile for the fabrication of 
large-scale, uniform, high crystalline quality stripe arrays. A 
patterned 3 × 3 in. perovskite thin film was demonstrated on 
a 4 in. wafer through this method (Figure 4b). The large-scale 
film consisted of a unidirectional array of parallel strips with a 

Figure 3. a) Schematic illustration of AAO template-assisted growth of 3D perovskite NW arrays. Reproduced with permission.[36] Copyright 2016, 
American Chemical Society. b) SEM images of i) Pb particles before NW growth, and ii) cross-section view and iii) top view of MAPbI3 NWs after growth 
in the AAO template. Reproduced with permission.[37] Copyright 2016, Wiley-VCH. c) Top view and d) cross-section view of as-synthesized CsPbI3 NWs 
in the AAO template. e) TEM image, high-resolution TEM image, and SAED pattern of CsPbI3 NW showing the [111] zone axis. c–e) Reproduced with 
permission.[39] Copyright 2017, American Chemical Society. f) Comparison of planar film sample and NWs sample in moisture showing the sidewall 
protection effect of the AAO template. g) PL emission spectra of MASnI3 NWs after exposing to air with 70% humidity for 0 (after growth), 1 and 7 d 
(insets are optical images of NW sample in the air). h) Normalized PL emission spectra from planar thin film sample and NW sample. f–h) Reproduced 
with permission.[36] Copyright 2016, American Chemical Society.
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www.afm-journal.dewww.advancedsciencenews.com

2005230 (7 of 24) © 2020 Wiley-VCH GmbH

width of 10 µm and 400 nm-wide gaps (Figure 4c). The dimen-
sions of these strips were consistent with those patterns on the 
PDMS mold, leading to a highly controllable patterned perov-
skite thin film.

Compared with the thin perovskite film, 1D perovskite micro/
nanostructure exhibits unique advantages in device applica-
tions.[45] A simple blade coating method was developed for the 
growth of 1D single-crystalline MAPbI3 MWs (Figure  4d).[46] 
With a blade dragging the MAPbI3 precursor solution across 
a heated substrate, highly oriented MAPbI3 MWs were formed 
with length up to centimeter scale. The MWs were straight and 
well-aligned with a uniform width of 2–3 µm and the smooth 
top surface (Figure 4e). The HRTEM image and SAED pattern 
(Figure  4f) demonstrated that the MWs are single-crystalline 
and X-ray diffraction (XRD) results (Figure  4g) indicated a 
tetragonal perovskite structure of the MWs.

2.1.4. Modified Photolithography

Conventional electron-beam lithography and photolithography, 
including baking, exposure, and development, are most easily 
accessible and powerful tools in the semiconductor industry 
for micro/nanopatterning.[47] However, these high-resolu-
tion lithography approaches cannot be directly applied to the 
perovskite materials due to the solubility in polar solvents and 
poor thermal stability.[48] Wu et  al. modified the conventional 
photolithography method by employing poly(4-butylphenyl-
diphenyl-amine) (poly-TPD) as the auxiliary layer to achieve 

the perovskite arrays (Figure 5a).[49] This process started with 
the poly-TPD layer spin-coating on the substrate followed by 
a conventional photolithography process to pattern the poly-
TPD layer. Subsequently, the photoresist was lifted-off in DMF 
solution leaving a patterned poly-TPD layer on the substrate. 
A precursor solution of lead acetate (Pb(Ac)2) and methylam-
monium iodide (MAI) in DMF was spin-coated on the as-fab-
ricated substrate to form perovskite films inside the poly-TPD 
pattern. Finally, the poly-TPD auxiliary layer was removed by 
chlorobenzene (CB) spin-drop-casting. Compared with the 
abovementioned methods with fixed template, the modified 
photolithography could provide high-resolution and complex 
patterns as well as excellent alignment with other prepatterned 
samples. By combining with the growth dynamics control, it 
will demonstrate potential application in the fabrication of 
large-scale, uniform, and integrated optoelectronic device 
arrays. The as-fabricated perovskite films were composed of 
close-packing small grains without pinholes uniformly dis-
tributing on the substrate (Figure  5b). Benefitting from the 
conventional photolithography process, arbitrarily shaped 
complex patterns with clear edges can be achieved through 
this approach (Figure 5c). Furthermore, the Ostwald ripening 
process can be applied for the formation of single-crystalline 
perovskite crystals.[50] Wu et al. demonstrated an Ostwald rip-
ening assisted photolithography (ORAP) process to fabricate 
single-crystalline MAPbBr3 microplate arrays.[51] By optimizing 
the isopropanol concentration, a large crystal with few small 
crystals was formed in one pixel through the as-mentioned 
poly-TPD approach. Then, the array was placed into the DMF 

Figure 4. a) Lateral growth of patterned single-crystal MAPbI3 film. Left panel: schematic of the fabrication process for MAPbI3 film with a rolling mold. 
Right panel: solvent evaporation and crystallization occurred at the end of the channel. b) Photographic image of the 3 × 3 in. MAPbI3 film fabricated 
on a 4 in. Si/SiO2 wafer. c) Enlarged view of the patterned MAPbI3 film. Inset is the SEM image of 10 µm-wide MAPbI3 stripes with a 400 nm-wide gap. 
a–c) Reproduced with permission.[44] Copyright 2017, Nature Publishing Group. d) Lateral growth of MAPbI3 microwire arrays using the blade coating 
process. e) SEM image of the MAPbI3 microwire arrays. f) TEM image of the MAPbI3 microwire and corresponding SAED pattern. g) XRD image of 
the MAPbI3 microwire arrays. d–g) Reproduced with permission.[46] Copyright 2016, Wiley-VCH.
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atmosphere with a certain concentration to only deliquesce the 
small crystals. According to the Ostwald ripening theory, the 
small crystals will be recrystallized on the large crystal. Thus, 
the single-crystalline microplate was achieved by repeating the 
Ostwald ripening process for 1–3 cycles. The MAPbBr3 micro-
plate arrays demonstrated good uniformity, smooth surface, 
and clear edges (Figure 5d).

To fully utilize the advantage of optical precision of con-
ventional photolithography, Lin et  al. developed a novel 
orthogonal lithography process for large-scale arrays with 
multicolor (binary and ternary emission) pixels.[52] They uti-
lized the fluorinated polymer and stripper to break the limita-
tion from polar–nonpolar solvents thus realizing the CsPbBr3 
quantum dots (QDs) patterning. Then the same orthogonal 
lithography process was performed to produce red-emitting 
CdSe/Cd1−xZnxSe1−ySy QDs right beside the green-emitting 
CsPbBr3 QDs (Figure  5e). The high-resolution fluorescent 
image shows the micropixel arrays consisting of binary pixels 
of red and green QD circles with a resolution of ≈1000 ppi 
(Figure  5f). The spatial distribution of PL intensity for both 
green and red pixels showed a nest-like shape with the PL 
intensity in the middle region is ≈30–40% of the maximum PL 

intensity at the rim (Figure  5g). Intriguingly, by performing 
this approach thirdly, blue-emitting CdSe/Cd1−xZnxSe1−ySy 
QDs can be integrated into the binary pixels to form an RGB 
array (Figure 5h).

In the orthogonal lithography process, using appropriate 
orthogonal solvents to remove photoresist is a critical step 
to avoid decomposition of perovskite arrays. To address the 
incompatibility between perovskites and solvents, Zou et  al. 
developed a dry lift-off approach based on the poor adhesion 
between parylene-C film and substrate for patterning perovskite 
arrays photolithographically in micrometer resolution.[53] A 
desired pattern was formed on the parylene-C film through the 
standard photolithography and reactive ion etching (RIE) pro-
cess, followed by perovskite precursor spin-coating and crystal-
lization. Then, the parylene-C film was easily peeled off, leaving 
the perovskite film array on the substrate (Figure 5i). The large-
scale perovskite film with various patterns and dimensions can 
be achieved through this protocol (Figure 5j,k). The minimum 
feature of the perovskite array can reach as small as 4 µm. By 
performing the patterning process twice, the green and red 
perovskite arrays could be formed on the substrate sequentially 
(Figure 5l).

Figure 5. a) Schematic illustration of the growth of patterned MAPbI3 with poly-TPD as the auxiliary layer. b) SEM images of MAPbI3 film with the 
circle pattern. c) Photographic and SEM images of MAPbI3 film with the tower-shape pattern. a–c) Reproduced with permission.[49] Copyright 2017, 
American Chemical Society. d) SEM images of single-crystalline MAPbBr3 microplate arrays fabricated through an additional Ostwald ripening 
assisted crystallization process. Reproduced with permission.[51] Copyright 2018, American Chemical Society. e) Schematic illustration showing 
the fabrication of QD arrays with dual-color pattern by using orthogonal lithography twice. f ) Fluorescent image of the dual-color QD pattern 
and g) corresponding spatial distribution PL spectra. h) Fluorescent image of the advanced RGB pattern. e–h) Reproduced with permission.[52]  
Copyright 2018, Wiley-VCH. i) Schematic illustration showing the fabrication of perovskite film array through parylene peeling off strategy. 
j) Optical image of the patterned perovskite film on a 4 in. wafer under UV lamp excitation. k) Fluorescent image of the green perovskite circles 
with diameters ranging from 20 to 90 µm. l) Fluorescent image of the dual-color perovskite pattern. i–l) Reproduced with permission.[53] Copyright 
2020, American Chemical Society.
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2.2. Substrate-Assisted Growth

2.2.1. Surface-Functionalized Substrate-Assisted Growth

Since the superior chemical stability, the deposition and control 
strategy of PbX2 is versatile,[54] uniform patterned PbX2 layer 
can be easily obtained. Two-step growth of perovskite materials 
can be modified for array growth, which is using the surface-
functionalized substrate for PbX2 array deposition and followed 
by conversion to perovskite.[55] Wu et  al. reported a two-step 
growth method of MAPbI3−xClx film arrays on a prepatterned 
substrate.[56] A patterned substrate was firstly prepared by the 
treatment with (octadecyl)trichlorosilane (OTS) and oxygen 
plasma, resulting in a hydrophobic surface where hydrophilic 
sites are periodically distributed (Figure  6a). Then, a mixed 
solution of PbI2 and PbCl2 was spin-coated on the as-prepared 
substrate and the thin solution film was only trapped in the 
hydrophilic regions to allow subsequent nucleation of PbI2/
PbCl2 crystals. Finally, the MAI solution was spin-coated on the 
PbI2/PbCl2 arrays to convert precursor arrays to MAPbI3−xClx 
film arrays, followed by an annealing step to improve the crys-
tallization process. A critical step of this method is to simply 
spin-coat perovskite precursor on the prepatterned substrate 

and the resolution of arrays, the dimension and shape of pixels 
can be tuned by the hydrophilic areas on the substrate. All these 
features make this method to be cost-effective, fast, suitable 
for large-scale fabrication, and compatible with various solu-
tion-processed semiconductors. The MAPbI3−xClx film arrays 
exhibited clear and uniform shapes with compact surfaces 
(Figure 6b). Large-scale MAPbI3−xClx film arrays with rectangle 
shape and complex patterns proved that the approach was ver-
satile (Figure  6c). Wang et  al. developed a single-crystalline 
MAPbI3 microplate array based on the surface-functionalized 
substrate.[57] They achieved the PbI2 seed arrays on a patterned 
substrate by dragging dilute PbI2 solution across the substrate 
surface and then seeded substrate was immersed into a satu-
rated PbI2 solution for further PbI2 microplate arrays forma-
tion. Then, the PbI2 microplate arrays converted into MAPbI3 
crystal arrays under MAI vapor in a tube furnace at 120  °C 
(Figure  6d). During the conversion process, the overall loca-
tions of crystals almost remained the same and the morphology 
of the final array was determined by the PbI2 microplate due to 
the controllability of the reaction (Figure 6e). The SAED pattern 
of a perovskite crystal showed a single set of diffraction spots 
which is indexed to the tetragonal structure (Figure 6f). In addi-
tion to patterning by an assembled monolayer of hydrophobic 

Figure 6. a) Schematic illustration of the solution-based growth method of patterned MAPbI3−xClx film on a surface-functionalized PET substrate.  
b) SEM image of patterned MAPbI3−xClx film and magnified SEM images showing the compact film surface. c) Photography of large-scale MAPbI3−xClx 
film array on PET substrate. a–c) Reproduced with permission.[56] Copyright 2018, Wiley-VCH. d) Conversion of PbI2 microplates to MAPbI3 crystal 
arrays under MAI vapor. e) SEM image of MAPbI3 microplate arrays. f) TEM image and SAED pattern of a MAPbI3 microplate. d–f) Reproduced with 
permission.[57] Copyright 2015, American Association for the Advancement of Science. g) Schematic illustration of the fabrication MAPbI3 microplate 
arrays on the prepatterned BN films. h) SEM images of MAPbI3 microplates array. g,h) Reproduced with permission.[58] Copyright 2016, Wiley-VCH.
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OTS, a buffer layer of single-layer hexagonal boron nitride 
(h-BN) can be employed to synthesize the patterned perovskites 
(Figure  6g).[58] In this method, the single-layer h-BN can be 
served not only as an intermediate layer to provide nuclei sites 
but also as a cladding layer in lasing and an insulating dielectric 
layer in the electric device due to its wide bandgap. The MAPbI3 
microplate arrays were only formed in the area covered by the 
h-BN layer with controllable shape and thickness (Figure 6h).

2.2.2. Surface-Guided Nanowire Growth

The perovskite NWs can be synthesized by the noncatalyzed 
vapor-solid (VS) growth mechanism. Through utilizing specific 
substrates, the growth direction of perovskite NWs can be reg-
ulated. Gao et  al. demonstrated the CsPbX3 (X = Br, Cl) NWs 
array with strong emission anisotropy via van der Waals incom-
mensurate epitaxy on the muscovite mica substrate.[59] The NW 
array was synthesized through a single chemical vapor deposi-
tion (CVD) method (Figure  7a). CsX and PbX2 powders were 
mixed with molar ratio 1:1 as the precursors and freshly cleaved 
mica was used as the target substrate. The synthesis procedures 
were carried out at 575 °C for CsPbBr3 and 620 °C for CsPbCl3 
with the N2 flow under the pressure of 50 Torr for CsPbBr3 and 

100 Torr for CsPbCl3. The structure of CsPbX3 NW grown on 
the mica substrate is shown in Figure  7b. Both the CsPbBr3 
and CsPbCl3 NWs were well aligned along one direction on the 
mica substrate (Figure 7c,e). The CsPbBr3 NWs demonstrated a 
triangular cross section with the top corner angle of ≈90° (inset, 
Figure 7c), indicating the cubic phase of the NW. The average 
thickness of the CsPbBr3 NW counted in an area of 6.2 ×  
6.2 µm2 was ≈15 nm (Figure 7d). Different from CsPbBr3 NW, 
the CsPbCl3 NW demonstrated a relatively small thickness of 
≈7 nm (Figure 7f) and rectangular cross section (inset, Figure 7e), 
indicating the different epitaxial surfaces of two kinds of perov-
skite NW on the mica substrate. Oksenberg et al. reported the 
graphoepitaxial and epitaxial growth mode of the CsPbBr3 NWs 
on the sapphire substrate.[60] In the graphoexpitaxial mode, the 
NWs grew along the nanogrooves on the annealed M-plane sap-
phire resulting in the alignment in one direction (Figure 7g,h). 
On the flat C-plane sapphire, the NWs grew along with six iso-
periodic directions in the epitaxial growth mode (Figure  7j,k). 
All the NWs in the two modes demonstrated a triangular cross 
section and grew along with the [001] crystallographic orien-
tation of the cubic phase CsPbBr3. By controlling the growth 
conditions, the height of NWs was ranging from 20 nm to a 
few micrometers and the typical length of NWs was a few 
tens of micrometers (Figure  7i,l). The CVD method without a 

Figure 7. a) Schematic illustration of the growth process of the CsPbX3 NW arrays. b) Schematic illustration of the cross-section view of a NW on 
the mica substrate. c) SEM images of the CsPbBr3 NW arrays. Inset is the height profile of an individual NW. d) Thickness statistics of CsPbBr3 NW 
arrays in an area of 6.2 × 6.2 µm2. e) SEM images of the CsPbCl3 NW arrays. Inset is the height profile of an individual NW. f) Thickness statistics 
of CsPbCl3 NW arrays in an area of 10 × 10 µm2. a–f) Reproduced with permission.[59] Copyright 2018, Wiley-VCH. Schematic illustration of the  
g) graphoepitaxial and j) epitaxial growth mode of the CsPbBr3 NWs on the sapphire substrate. h) Dark-field optical image and i) SEM image of CsPbBr3 
NWs obtained through graphoepitaxial growth mode. Inset is the AFM image of graphoepitaxial CsPbBr3 NWs. k) Dark-field optical image and l) SEM 
image of CsPbBr3 NWs obtained through epitaxial growth mode. Inset is the AFM image of epitaxial CsPbBr3 NWs. g–l) Reproduced with permission.[60] 
Copyright 2018, American Chemical Society.
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deliberate artificial pattern could provide a facile strategy for the 
perovskite NW arrays fabrication.

2.3. Capillary Force-Assisted Growth

2.3.1. Capillary Bridge Lithography

Capillary bridge is a ubiquitous phenomenon observed 
between two neighboring solid surfaces in nature.[61] Pokroy 
et  al. demonstrated the self-organization of mesoscale bris-
tles into ordered, hierarchical helical assemblies, which 
is driven by the capillary force.[62] Feng et  al. employed the 
capillary bridge to pattern micrometer-sized droplets with 
controlled dimensions and positions, yielding patterned 
organic crystal arrays.[63] They modified this approach and 
achieved MAPbBr3 microplate arrays with precise position 
and homogeneous size.[64] The asymmetric-wettability micro-
pillars with hydrophilic top and hydrophobic sidewalls were 
adopted to regulate the location and geometry of the capil-
lary bridge. Upon contacting with perovskite solution on a 
target substrate, the top surface of micropillars was wetted 
by the liquid, forming a sandwich structure. Following slow 
evaporation of the solvent, the liquid film was split into iso-
lated capillary bridges anchored on the top of micropillars 
(Figure  8a). With further evaporation, the nucleation and 
growth of perovskite occurred in the capillary bridge induced 

by the increasing concentration of perovskite solution 
(Figure  8b). Finally, the micropillar template was peeled off 
to leave MAPbBr3 microplate arrays on the target substrate. 
The MAPbBr3 microplate arrays were in an ordered posi-
tion with uniform square shape and sharp edges (Figure 8c). 
Crystalline information was obtained by TEM, showing a 
single set of diffraction spots which indicates cubic MAPbBr3 
perovskite structure (Figure 8d). A flat surface with a homo-
geneous height of ≈900 nm was demonstrated in a 3D sur-
face topographic image (Figure  8e). Consequently, they 
designed a “capillary-bridge rise” assembly system based on 
a revised asymmetric-wettability Si template with rectangle 
pillars to fabricate the 2D RPP ((BA)2(MA)n−1PbnI3n+1) NW 
arrays.[65] When the system contacted with perovskite solu-
tion, the perovskite liquid rose inside the gap between micro-
pillars and target substrate, driven by the capillary force and 
Laplace pressure, and yielded individual capillary bridges 
anchored on the pillar tops (Figure  8f ). With annealing at 
80  °C, the nucleus of 2D RPP generated and subsequently 
grew to NW arrays. The morphology of NW arrays is revealed 
in Figure  8g, demonstrating an array with strict alignment, 
homogenous width, and precise position. Grazing inci-
dence wide-angle X-ray scattering (GIWAXS) analyses were 
performed to characterize the crystallography orientation 
of NWs (Figure  8h). The set of discrete diffraction spots in 
Figure 8h was attributed to the (101)-oriented 2D perovskite, 
indicating the single growth orientation of nanowires.

Figure 8. a) Computational fluid dynamics simulation of the dewetting process among the micropillars. b) Schematic illustration of the fabrication 
process of a single MAPbBr3 microplate. c) SEM image of MAPbBr3 microplate arrays. d) High-resolution TEM image showing a set of orthogonal 
planes. Inset is the SAED pattern of a MAPbBr3 plate. e) 3D surface topographic image of the MAPbBr3 microplate arrays. a–e) Reproduced with per-
mission.[64] Copyright 2016, Wiley-VCH. f) Schematic illustration of the 2D-perovskite NW arrays fabrication process by capillary-bridge rise method. 
g) SEM image of 2D perovskite NW arrays (n  = 4). h) Grazing incidence wide-angle X-ray scattering pattern of 2D perovskite nanowires (n  = 4).  
f–h) Reproduced with permission.[65] Copyright 2018, Nature Publishing Group.
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2.3.2. Capillary Trailing Lithography

During the dewetting process in the asymmetric wettability 
system, a “capillary trailing” is formed at the hydrophilic and 
hydrophobic boundary regulated by the capillary force.[66] 
CsPbBr3 NW arrays have been achieved via the capillary 
trailing growth method.[67] The simulation results showed 
that the liquid flow was confined between Si micropillars 
and the target substrate. With the liquid evaporation, capil-
lary trailings were generated unidirectionally along the side-
walls (Figure  9a). As for perovskite solution in this system, 
crystal nucleation and continuing growth were accompanied 
by the receding capillary trailing. The bulk liquid in front 
of the crystallization site served as a mass supplier, making 
sure the concentration in the capillary trailing was supersatu-
rated, to enable the continuing growth of NWs (Figure 9b). To 
evaluate the morphology and crystal structure of NWs, SEM 
and TEM were performed. The morphology of NW array is 
revealed in Figure  9c, showing strictly aligned NW arrays 
with homogeneous width on a SiO2 substrate. A TEM image 
(Figure 9d) demonstrated a single NW with a clear boundary, 
and corresponding SAED pattern (inset, Figure 9d) illustrated 
a [100] growth orientation in the growth direction. Deng 
et  al. adopted SU-8 photoresist stripes with nature hydro-
phobic surfaces on a hydrophilic SiO2 substrate to construct 
the asymmetric wettability system for the growth of MAPbI3 
NW arrays (Figure  9e).[68] In addition to the as-mentioned 
capillary trailing method, the saturated antisolvent (CH2Cl2) 
was employed to isolate perovskite from the air moisture, 
thus ensuring high crystal quality NWs. The SEM image in 
Figure  9f presented that the NWs grew along the two sides 
of SU-8 photoresist strips with a smooth surface and regular-
shaped edge. The atomic force microscopy (AFM) image 
(Figure 9g) showed the height profile of NWs with a height of 
300 nm and a width of 400 nm.

2.4. Direct Patterning Technologies

2.4.1. Nanoimprinting

Nanoimprinting technology has become an alternative to the 
conventional photolithography approach and has been applied 
to pattern standard semiconductor materials to obtain high 
ordered nanostructures for improving electronic and opto-
electronic properties.[69] Jeong et al. modified the conventional 
nanoimprinting, introducing a soft-gel state of perovskite solu-
tion, for patterning the MAPbBr3 film (Figure  10a).[70] Instead 
of DMF used in the aforementioned approaches, a high-boiling-
point solvent, dimethyl sulfoxide (DMSO), was employed 
in this approach to prepare the perovskite solution. This gel-
assisted imprinting approach started with spin-coating of 
perovskite solution on pretreated SiO2/Si substrate, leaving the 
moldable gel state thin film due to the slow evaporation rate of 
DMSO (Figure 10a). Subsequently, a prepatterned PDMS mold 
was pressed gently on the gel state film to allow deformation of 
the film for pattern replication from PDMS mold. Finally, with 
the substrate being annealed at 80  °C, the precursor solution 
was converted into perovskite film, followed by PDMS mold 
peeling-off to complete this approach. A large-scale micropat-
terned MAPbBr3 film was achieved with a uniform line width 
of 5 µm (Figure  10b). In addition, sub-microscale dimensions 
can also be demonstrated by this approach, shown in the top-
ographic image in Figure  10c, with a width of 400 nm and a 
height of 150 nm. The morphology of line patterns is shown in 
Figure 10d,e, revealing the smooth surface without mechanical 
cracks and physical voids. Mao et al. reported a novel nanoim-
printing method by forming a liquid-phase intermediate.[71] A 
solid thin MAPbI3 film was first prepared and was placed into 
the container filled with anhydrous methylamine (MA) vapor. 
The MA vapor penetrated into the solid film leading to a trans-
parent liquid-phase intermediate (CH3NH3PbI3⋅CH3NH2), 

Figure 9. a) Computational fluid dynamics simulation of liquid flow confined between Si micropillar and the target substrate. b) Schematic illustra-
tion of the crystallization process of CsPbBr3 NW along the lyophobic top. c) SEM image of CsPbBr3 NW arrays. d) TEM image of a single NW. 
Inset is the SAED pattern. a–d) Reproduced with permission.[67] Copyright 2017, Wiley-VCH. e) Schematic illustration of a fluid-guided antisolvent 
vapor-assisted crystallization method for the fabrication of MAPbI3 NW arrays. f) SEM image of MAPbI3 NW grown along the SU8 strips Inset is the 
cross-section view of a MAPbI3 NW. g) Height profile from the edge of SU8 stripes. e–g) Reproduced with permission.[68] Copyright 2017, American 
Chemical Society.
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which was ready to deform to make close contact with PDMS 
mold. Then, the liquid intermediate returned to solid perovskite 
after leaving the MA vapor, followed by PDMS mold peeling-off. 
As shown in Figure 10f, the periodic-structured MAPbBr3 dem-
onstrated smoother surface and larger grain size than its thin 
film counterpart, which was attributed to the recrystallization 
through the phase transformation. The large area of nanostruc-
tured MAPbBr3 film (Figure 10h) can also be demonstrated by 
this approach with uniform height and width (Figure 10g).

2.4.2. Focused Ion Beam (FIB) and Inductively Coupled Plasma 
(ICP) Etching

The FIB technology provides the capability of direct patterning 
on as-prepared films without assistance of template and mask, 
thus simplifying the fabrication procedures and minimizing 
the damage of materials during the patterning process. Alias 
et  al. investigated the essential FIB etching parameters, for 
example, scan pass, dwell time, and ion dose, to optimize 
the perovskite etching process and achieved patterned binary 
and circular MAPbBr3 subwavelength grating (SWG) reflec-
tors (Figure  11a,b).[72] Benefiting from the precise etching, 
the SWG reflector exhibited high reflectivity of above 90% at 

a 23 nm-wide spectrum centered at 570 nm. Unfortunately, 
the surface damage, induced from ion implantation and sur-
face amorphization, and the redeposition of perovskite film 
in the etching process severely limited its application in opto-
electronic and electronic devices. Alias et al. further improved 
the FIB etching by introducing halide gaseous precursors of 
XeF2 and I2 into the etching process (Figure 11c).[73] Compared 
with conventional FIB etching, the gas-assisted FIB demon-
strated enhanced etching and controllability, reduced surface 
damage, and minimized redeposition effect, thus leading 
seven times enhancement in PL intensity and narrower PL 
peak (Figure 11d).

ICP etching cooperated with electron-beam lithography 
(EBL) can also be utilized to achieve nanostructures on bulk 
materials.[74] Gao et  al. demonstrated a MAPbBr3 grating with 
controlled spatial resolution and the highest resolution of 
7257 dpi.[75] Various extrinsic structural colors emitted from 
the MAPbBr3 grating of different spatial resolutions, indicating 
the light–matter interaction (Figure  11e). The etching method 
is a straightforward patterning strategy performed with the 
nanoscale resolution, which realized unique optical properties 
through the light–matter interaction. However, it can introduce 
inevitable damage to the perovskite film, such as the degrada-
tion of the PL intensity after FIB etching.

Figure 10. a) Schematic illustration of the solvent-assisted gel printing method for MAPbBr3 film patterning. b) Optical image of MAPbBr3 line pat-
terns. Inset is the photography of this pattern exhibiting light interference. c) 3D topographic and AFM image of MAPbBr3 line patterns with a period 
of ≈800 nm. d) SEM image and e) a magnified SEM image of MAPbBr3 line patterns. a–e) Reproduced with permission.[70] Copyright 2016, American 
Chemical Society. f) Construction of MAPbI3 gratings from a planar thin film through the thermal nanoimprinting approach. g) Height profile and  
h) photography of 735 nm period MAPbI3 gratings. f–h) Reproduced with permission.[71] Copyright 2017, Wiley-VCH.
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2.4.3. Inkjet Printing

Inkjet printing technology is another mask-free method to 
realize perovskite arrays.[76] Gu et  al. fabricated MAPbBr3 
single-crystal microplate arrays on various substrates by inkjet 
printing (Figure  12a).[77] Benefiting from the precise and flex-
ible manipulation at the single pixel level, versatile perovskite 
single crystal arrays were achieved (Figure  12b). Additionally, 
adhesion force and temperature of the substrate that have 
great influences on formation of perovskite crystals, were 
investigated as shown in Figure 12c,d. With the adhesion force 
decreasing, the morphology of perovskite changed from mul-
tiple crystals to single crystal, which may be attributed to the 

solid-liquid-gas contact line behavior during solvent evapora-
tion (Figure  12c).[78] For the substrate with low adhesion, the 
contact line retracted as the solvent evaporates, resulting in 
formation of single crystal with regular shape in the center 
of the droplet. In contrast, long-time pinning of contact line 
occurred on the high adhesion force substrate during solvent 
evaporation, leading to multiple crystals distributed around the 
droplet. Moreover, the single crystal was favorable to be formed 
at the temperature range of 8–10 °C, which can be explained by 
the Marangoni convection within the droplet (Figure  12d). By 
using different inks, a large-scale CsPbBr3 QD array was also 
achieved by inkjet printing (Figure  12e,f).[79] The inhomoge-
neous distribution was observed on the Au electrodes, which 

Figure 11. SEM images of a) binary and b) circular MAPbBr3 subwavelength grating formed by FIB etching. a,b) Reproduced with permission.[72] 
Copyright 2015, American Vacuum Society. c) Schematic of injection of XeF2 and I2 gas during FIB etching for enhanced etching controllability and 
marginal surface damage. d) Comparison of PL emission spectrums from MAPbBr3 gratings fabricated via FIB and gas-assisted FIB etching process. 
c,d) Reproduced with permission.[73] Copyright 2015, American Chemical Society. e) Optical images of MAPbBr3 grating with different spatial resolu-
tions under white light illumination. The insets around the logo are the relevant pixel unit SEM image. Reproduced with permission.[75] Copyright 2018, 
American Chemical Society.

Figure 12. a) Schematic illustration of the fabrication of MAPbBr3 single crystal microplate arrays by inkjet printing. b) Fluorescence image of large-scale 
MAPbBr3 microplate arrays. Crystal morphology of MAPbBr3 microplates formed on various substrates with c) different adhesive force and d) tempera-
ture. a–d) Reproduced with permission.[77] Copyright 2017, Wiley-VCH. e) Schematic illustration of the fabrication procedures for CsPbBr3 QDs devices 
by inkjet printing. f) Photography of CsPbBr3 QDs based X-ray detector arrays on a 4 in. wafer. g) Optical image and h) height profile of the printed 
CsPbBr3 QDs film. i) High-resolution TEM image and SAED pattern of CsPbBr3 QDs. e–i) Reproduced with permission.[79] Copyright 2019, Wiley-VCH.
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was attributed to the coffee ring effect (Figure 12g). The thick-
ness of the printed dot was around 20 nm with a surface rough-
ness of 4 nm (Figure  12h). As shown in the HRTEM image 
(Figure  12i), the interplanar distance of the QD was 0.58 nm, 
which was consistent with the lattice space of (100) plane of the 
α-phase CsPbBr3.

2.4.4. Laser-Induced Growth

The perovskite precursors solution (e.g., MABr·PbBr2 in DMF) 
presents an inversed relationship between solubility and tem-
perature.[80] Inspired by this relationship, Chou et al. developed 
a laser direct-write (LDW) method by utilizing the laser irradia-
tion to generate a temperature gradient to control crystal nuclei 
sites.[81] In this approach, Au or C thin film was sputtered on the 

coverglass as a light absorber to generate localized heat, thus 
enabling precise control of perovskite seed growth (Figure 13a). 
By applying laser irradiation (1 mW) on the target film, an 
80  °C temperature rise was generated at the beam-focused 
position, which is high enough to induce local crystallization 
(Figure 13b). As moving the beam position, arbitrary shapes of 
perovskite seed could be formed on the substrate, which was 
further grown to bulk crystals by pausing the beam movement 
(Figure 13c). To minimize dissolution, these patterns were syn-
thesized in the near-saturated perovskite precursors solution.

Benefiting from the capability of rapid distribution of atoms, 
the ultrafast laser, e.g., femtosecond laser, has been applied to 
construct 3D photonic structures,[82] to introduce microcracks 
and to change microarea reflective index.[83] In addition, it has 
been proved that the perovskite materials can be morphologi-
cally reshaped and decomposed by photon–matter interaction.[84] 

Figure 13. a) Schematic illustration of the laser direct-write method for the MAPbBr3 patterns. b) Simulation of the temperature gradient at the 
substrate–solution surface induced by laser. c) Optical images of MAPbBr3 seed (left panel) and MAPbBr3 pattern (right panel) after further growth. 
a–c) Reproduced with permission.[81] Copyright 2016, American Chemical Society. d) Schematic of the femtosecond laser writing system for CsPbBr3 
QD pattern fabrication. e) Optical images of the CsPbBr3 QD pattern formed at different laser power densities and exposure times under UV illumina-
tion. f) Optical images (upper) and corresponding signal intensities (lower) of the CsPbBr3 QD pattern during the erasing–recovery cycles under UV 
illumination. d–f) Reproduced with permission.[85] Copyright 2019, Nature Publishing Group.
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Huang et al. proposed a method of reversible in situ formation 
and decomposition of CsPbBr3 QDs through femtosecond laser 
irradiation.[85] In this method, the 3D structures comprised of 
CsPbBr3 QDs can be formed by femtosecond laser irradiation, 
decomposed under further laser irradiation and subsequently 
recovered by low-temperature annealing inside the glass con-
taining Cs, Pb, and Br elements (Figure 13d). The parameters of 
QDs formation, for example, laser wavelength, power density, 
exposure time, and annealing temperature, were investigated 
and optimized. Benefiting from these parameters, the intense 
green luminescence was observed under UV light indicating the 
formation of CsPbBr3 QD circles (Figure 13e). Furthermore, by 
using a computer-controlled 3D XYZ stage, CsPbBr3 QD arrays 
can be formed inside the glass (Figure 13f). The repeating cycle 
of erasing and recovery processes demonstrated the rewritability 
of the QD arrays. In addition, benefiting from the protection of 
the glass matrix, the QD arrays demonstrated much improved 
long-term stability, which can be stored in water for 30 d with 
unchanged function and PL properties.

3. Optoelectronic Applications of Perovskite 
Arrays
The perovskite has led to great success in photovoltaics, which 
becomes an impetus to exploit various optoelectronic applica-
tions, including photodetectors, lasers, LEDs, and nanogratings. 
The large-scale integrated device arrays offer multidimensional 
information and many exciting applications in comparison 
with the traditional single device. Recently, the perovskite-based 
devices with array configuration have attracted tremendous 
attention.

3.1. Photodetector Arrays

Photodetection relies on the semiconductor, which is widely 
used in modern industries such as silicon[86] or III–V com-
pounds,[87] that are able to transduce photons to electrical sig-
nals for the following processing. Rapid advancing applications, 
e.g., optical communication, electronic skin, and digital display, 
create an increasing demand for innovations in photodetec-
tors.[88] Wu and co-authors reported a 10 × 10 flexible photo-
detector array with a resolution of 63.5 dpi for photoimaging and 
real-time light trajectory tracking.[56] The large-scale patterned 
CH3NH3PbI3−xClx perovskite films were prepared on a polyeth-
ylene terephthalate (PET) substrate with periodic hydrophilic–
hydrophobic surface functionalization as the photosensing 
layer. Each pixel consisted of a perovskite film precisely formed 
on the as-prepared interdigital electrodes and then encap-
sulated with a thin layer of PDMS to improve device stability 
(Figure  14a). The photodetector arrays demonstrated satisfac-
tory electric uniformity under both dark and illumination con-
ditions, with the statistical dark current of 1.14 ± 0.64 nA with 
a 97.5% confidence interval (Figure 14b,c). A customized multi-
channel data acquisition system was adopted to characterize the 
photoimaging performance by converting the photocurrent into 
voltage changes. As shown in Figure  14d, the moveable light 
spot was applied on a single pixel through a shadow mask, and 

an obvious voltage increasing occurred as the light spot went 
through corresponding pixel (from pixel no. 1 to 5). Addition-
ally, a designed mask with the letter “H” was utilized to realize 
the light distribution on the device for photoimaging. The 
pixels under illumination demonstrated the increase of output 
voltage while others which were blocked by the mask remained 
almost unchanged, thus leading to a clear letter “H” from the 
output voltage (Figure 14e).

The large atomic number of the perovskite constituents, 
e.g., Pb, Cs, and Sn, combined with high carrier mobility ena-
bles the perovskite to be a potential candidate for an X-ray 
detector.[89] Liu and co-workers demonstrated a flexible soft 
X-ray detector array based on CsPbBr3 QDs through the inkjet 
printing method (Figure 14f).[79] Au electrodes were adopted in 
the detector and output current demonstrated a linear depend-
ence on the applied voltage, indicating Ohmic contact between 
electrodes and QDs (Figure  14g). As shown in Figure  14h, 
the device demonstrated good stability with remaining nearly 
constant under different dose rates, and fast response with 
the rising time of 30 ms and falling time of 27 ms under  
7.33 mGyair s−1 dose rate. Additively, the output current increased 
linearly with the dose rates at the range of 0.5–7 mGyair s−1 and 
the highest sensitivity was calculated to be 1450 µC Gyair

−1 cm−2 
with the dose rate of 0.0172 mGyair s−1, which suggested the 
superior capability of CsPbBr3 for the conversion of X-ray into 
electrical signals (Figure 14i).

3.2. LED Arrays

Perovskites possess high color purity, intense photolumines-
cence, and balanced charge carrier mobility, which make them 
potential candidates for next-generation LEDs.[90] Lei and co-
workers demonstrated a LED array with the single-crystalline 
MAPbBr3 pillar as a single pixel.[91] The pillar arrays were formed 
on a bulk MAPbBr3 crystal through the homoepitaxial growth in 
the perovskite precursor solution. The crystal position, dimen-
sion, morphology, and orientation can be controlled through the 
open sites and time durations for epitaxial growth (Figure 15a,b). 
Subsequently, poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) layer which served as the hole-transporting 
and electron-blocking layer was adopted to build the LED arrays 
(Figure 15c). The LED arrays can be lighted up at a low voltage of 
2–3 V resulting in the uniform and intense light emission from 
each pixel (Figure 15d). The light intensity increased with drive 
voltage increasing from 2 V and rapidly saturated at 8 V, which 
indicates the efficient carrier injection and transport and low 
leakage current (Figure 15e). A slight decrease of electrolumines-
cence intensity was observed after saturation, which is attributed 
to the heating effect. The external quantum efficiency (EQE) of 
the device can reach 6.1% under 9.0 V driving voltage, yielding 
the internal quantum efficiency of 28.2% at 21.6% top electrode 
transmission, which was superior to the similar device with poly-
crystalline perovskites (Figure 15f). Zou and co-workers demon-
strated a perovskite LED array for RGB displays based on the dry 
lift-off approach. The function layers of the LED array consisted 
of PEDOT:PSS, perovskite, and 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi). The SiO2 insulating layer 
was adopted to avoid leakage current (Figure  15g). Uniform 
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light emission of the LEDs with either square pixels or a com-
plex logo pattern was observed (Figure 15h,i). The light intensity 
increased with the driven voltage and pure color emission with a 
narrow line width of 19 nm in the EL spectra was also obtained 
(Figure  15j). The LED array with 100 square pixels (pixel size: 
30 µm) exhibited a typical diode characteristic and its luminance 
increased sharply after driven voltage exceeding the turn-on 
voltage (3.4 V) (Figure  15k). After 8.4 V, the decrease of lumi-
nance occurred due to the Joule heat and Auger recombination. 
Compared with the nonpatterned LEDs, the LED array demon-
strated deteriorated performance in EQE, which was attributed 
to the large leakage current caused by a few bad pixels and 
imperfect pixel edges (Figure 15l).

3.3. Laser Arrays: Fabry–Perot (FP) and Whispering Gallery 
Mode (WGM)

Perovskite NWs have demonstrated satisfactory lasing perfor-
mance due to the superior optoelectronic properties.[92] Each 

perovskite NW with smooth surface could serve as a waveguide 
along its axial direction and two parallel end facets of the NW 
form a FP cavity.[7a] Liu and co-workers reported a perovskite 
NW laser array with identical optical mode (Figure  16a).[27] 
Under optical excitation, these MAPbBr3 NWs lased at room 
temperature with a set of peaks at ≈543 nm emitted mostly 
come from the two end facets (Figure 16b). The s-curve for laser 
oscillation is observed in Figure 16c. It indicates that the spon-
taneous emission transited to amplified spontaneous emis-
sion at thresholds of 12.3 µJ cm−2, and further laser oscillation 
occurred at 18.3 µJ cm−2. The effect of NW length on the cavity 
was investigated (Figure  16d). It demonstrated a clear linear 
relationship between the mode spacing and 1/length, which 
confirmed an FP microcavity formed along the length.

WGM resonant cavity can also be built inside the perov-
skite wires. Yang et  al. demonstrated a single-mode WGM 
laser array based on the CsPbBr3 MWs.[31] As shown in 
Figure  16e, with increasing the optical excitation up to the 
thresholds, the transition from spontaneous emission to 
stimulated emission occurred, leading to a single sharp peak 

Figure 14. a) Schematic structure of the photodetector arrays. Inset is the SEM image of the array device and a single pixel. b) Statistical dark current 
of the photodetector arrays. c) Average output current from the photodetector arrays under different illumination intensities. d) Demonstration of 
real-time light trajectory tracking: i) schematic illustration of the light spot movement and ii) the light trajectory on the device (from pixel no. 1 to pixel 
no. 5), and iii) the change of output voltage from corresponding pixels while light went through the device. e) The output voltage to image the light 
distribution. a–e) Reproduced with permission.[56] Copyright 2018, Wiley-VCH. f) Schematic of an X-ray detector array on PET substrate. g) I–V curves 
and h) photocurrent response to X-ray from a single pixel under different X-ray dose rates. i) Photocurrents and sensitivity as a function of X-ray dose 
rate with 0.1 V bias voltage. f–i) Reproduced with permission.[79] Copyright 2019, Wiley-VCH.
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that grew rapidly with further pump density increasing. 
By plotting the PL intensity as a function of pump density, 
an inflection point, which is the threshold, was obtained 
in this process, and full-width at half-maximum (FWHM) 
experienced a sharp decrease after this point (Figure  16f ). 
It is worth noting that no other lasing peaks appeared with 

increasing pump density while a blueshift less than 1 nm 
happened due to the band filling effect, which confirmed the 
single-mode lasing behavior. The laser peak was well fitted 
with a Lorentzian function with the FWHM of 0.35 nm and 
Q factor of ≈1555 (Figure 16g). Additionally, the free spectral 
range presents a linear relationship with the MW length, 

Figure 15. a) Top view and b) tilted view SEM images of an epitaxial MAPbBr3 crystal array. c) Band energy diagram of the LEDs. d) Optical image of 
a working LED array and an enlarged view of a single pixel (inset). e) Normalized EL intensity at different driven voltage, which saturates at around 
8 V (inset). f) Quantum efficiency and transmission of the LED array. a–f) Reproduced with permission.[91] Copyright 2018, Wiley-VCH. g) Schematic 
illustration of the structure of the LED array. Optical image of a working LED array: h) 30 µm square pixel, and i) University of Washington logo.  
j) Normalized EL intensity at different driven voltages from 3 to 5 V. The inset is a photography of a working LED (2 × 2 mm2). k) Dependence of current 
density and luminance on the driven voltage. l) Dependence of EQE and current efficiency on the current density. g–l) Reproduced with permission.[53] 
Copyright 2020, American Chemical Society.
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which coincides with the laser behavior from a square WGM 
cavity (Figure 16h).

Moreover, the CsPbBr3 materials possess intrinsic piezo-
electric and ferroelectric properties, which can modulate cru-
cial lasing parameters, e.g., bandgap and refractive index.[93] 
Consequently, the MWs were transferred onto a flexible 
PET substrate to analyze the strain effect on the microcavity 
(Figure  16i). Both the PL emission and lasing mode demon-
strated a similar trend that a redshift occurred with tensile 
strain while the blueshift was caused by compressive strain 
(Figure  16j). However, the slopes of these shifts with strains 
in PL and lasing mode were different, indicating various 
underlying mechanisms (Figure  16k). The shift of PL emis-
sion was attributed to the bandgap changing induced by 
lattice deformation while the refractive index changing was 
induced by piezoelectric polarization effect resulting in the 
lasing movement.

3.4. Nanogratings

Nanostructured semiconductors exhibit unique optical prop-
erties, such as enhanced absorption,[94] broadband light 
emitting,[95] and increased binding energy.[96] Alias et al. demon-
strated a SWG of MAPbBr3 with broadband absorption through 
the gas-assisted FIB etching method.[73] Benefitting from opti-
mized parameters of the period, thickness and fill factor, the 
SWG absorber realized high absorption of >90% at a broadband 
spectrum of 500–1000 nm for both transverse electric (TE) and 
transverse magnetic (TM) polarization (Figure  17a). The com-
puted TE and TM electric field distributions confirmed the 
high absorption (Figure  17b,c). The incident light was trapped 
between the grating and air interface without light distribution 
in air media, which indicates that light was absorbed by the 
gratings for both polarization. Additionally, the perovskite mate-
rials can provide two types of colors that are extrinsic structural 

Figure 16. a) Fluorescence image of a MAPbBr3 NW array above the laser threshold. b) PL spectrum of a single NW at different pump densities. Insets 
are the corresponding fluorescence images below (left) and above (right) the laser threshold. c) Integrated PL intensity as a function of pump density. 
d) Mode spacing Δλ around λ = 543 nm as a function of 1/length of NW. a–d) Reproduced with permission.[27] Copyright 2017, American Chemical 
Society. e) PL spectrum of a single CsPbBr3 microwire at different pump densities. f) Integrated PL intensity and FWHM as a function of pump density. 
g) Lorentzian fitting of a lasing peak, showing the Q factor of 1555 and the FWHM of 0.35 nm. h) FSR as a function of 1/length of CsPbBr3 microwire. 
i) Schematic of a CsPbBr3 microwire under tensile strain. j) Stimulated PL spectrum and spontaneous emission from a CsPbBr3 microwire under dif-
ferent stain states. k) The blue/redshift of a CsPbBr3 microwire at PL and lasing mode under different strain states. e–k) Reproduced with permission.[31] 
Copyright 2019, Wiley-VCH.
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color, tuned by the grating period, and intrinsic emission color, 
controlled by external pumping density.[97] By mixing these two 
types of colors, Gao et al. proposed a concept of in situ dynamic 
color display, which consisted of a MAPbBr3 grating with a 
certain period and the color was tuned by excitation density.[75] 
Under only white light illumination, a red reflection color is 
extrinsic structural color, centered at ≈625 nm was observed 
in the panel I of Figure  17d. Subsequently, when the grating 
was illuminated with laser simultaneously, an additional green 
color, intrinsic emission color, centered at 515 nm appeared, 
leading to a mixed color emission. The brightness of green color 
increased with pumping density while the reflection red color 
was suppressed, thus enabling display color to dynamically 
transit from red to orange and finally to green (Figure 17d). The 
corresponding color was plotted in the CIE 1931 color map to 
demonstrate the display color transition path (Figure 17e). More-
over, the suppressed red color can recover to the original level by 
decreasing the laser intensity to realize reversible color tuning. 
The color gamut can also be enriched by varying the grating 
period and changing the stoichiometry of MAPbX3.

4. Conclusions and Outlook

Metal halide perovskite arrays have attracted widespread atten-
tion as a promising component for integrated optoelectronics, 

due to their superior optoelectronic properties, facile low-tem-
perature fabrication, and compatibility with the flexible sub-
strate. Here, we reviewed the state-of-the-art perovskite material 
arrays with the construction methods for single/polycrystalline 
wires or films, including template-assisted growth, substrate-
assisted growth, capillary force-assisted growth, and direct 
patterning technologies, and their applications in various inte-
grated optoelectronic devices.

In general, the abovementioned construction methods are 
universal for various perovskite arrays. By using different pre-
cursor combinations, various perovskites can be synthesized 
through similar method, such as that both MAPbBr3 micro-
plates and layered perovskite ((BA)2(MA)n−1PbnI3n+1) NWs can 
be synthesized through capillary bridge lithography method; 
MAPbI3, CsPbBr3, and lead-free perovskite (MASnI3) NW 
arrays were demonstrated via AAO template-assisted growth 
method. Considering the specific requirements on the material 
properties and the compatibility with subsequent application, 
there is optimal construction method of the perovskite array 
for each device. For example, the polarization-sensitive photo-
detector was realized by NW arrays through capillary trailing 
lithography, while WGM mode laser array was fabricated 
through the PDMS template with square grooves.

Although the construction method of the perovskite arrays 
has experienced rapid development, many challenges remain 
regarding the large-scale integration and practical applications.

Figure 17. a) Absorption of a MAPbBr3 subwavelength grating on the broadband spectrum for both TE and TM polarizations. b,c) Electric field dis-
tribution of TE and TM polarizations from a period of gratings. a–c) Reproduced with permission.[73] Copyright 2015, American Chemical Society.  
d) Recorded spectrum and corresponding colors of MAPbBr3 gratings under the illumination of white light and Ti:sapphire laser. e) Plot of corresponding 
colors from (d) in the CIE 1931 color map. d,e) Reproduced with permission.[75] Copyright 2018, American Chemical Society.
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i) Compared with the polycrystalline thin film, single-crystal 
perovskite is free of grain boundaries and demonstrates 
minimized charge trap state density and enhanced carrier 
mobility, which is the optimal choice for array configura-
tions. Currently, most of the single-crystal perovskite arrays 
are realized through the solution-processed template-assisted 
growth, which lacks in precise control on the pixel position 
and dimensions. The fabrication of large-scale, high-resolu-
tion single-crystal perovskite arrays with desired morphology 
and dimension is still a challenge, especially considering the 
compatibility with flexible substrate.

ii) The uniformity and reproducibility of perovskite arrays 
need to be improved for the integrated optoelectronics. 
The material properties of each pixel such as the trap state 
density and mobility demonstrate wide variation from dif-
ferent batches. It may be attributed to the uncontrollable 
nucleation during the rapid reaction of the two precursors. 
Compared with mixing the precursors for one-step crystal-
lization, the seed deposition followed by crystal epitaxial 
growth can effectively control the nuclei sites and suppress 
the random nucleation process to improve the array uni-
formity and reproducibility, which will attract more atten-
tion in the future research.

iii) The family of perovskite in the array configuration will con-
tinue to expand. Compositional engineering, by substituting 
lead with nontoxic metal ions, will result in more environ-
mentally friendly materials with novel properties. In addi-
tion, specific growth methods should be applied to various 
perovskite systems, such as 2D layered perovskites with im-
proved stability and optoelectronic properties. Considering 
the structural diversity, there is a large scope for the construc-
tion of novel perovskite arrays.

iv) The long-term stability of perovskite arrays needs to be im-
proved in optoelectronic devices. Encapsulation is a cost-
effective strategy to improve stability. The encapsulation layer 
should protect the perovskite array from moisture corrosion 
and oxygen penetration as well as avoid thermal accumula-
tion. However, the encapsulation layer usually largely in-
creases the thickness of devices up to tens or hundreds of 
micrometers. It will, therefore, be of urgent need to develop 
the ultrathin encapsulation for enhanced stability and paving 
the way for flexible perovskite devices.

v) The integrated perovskite devices array should provide the 
working mode that can operate electrically/optically on a 
single or a few devices in the array. That requires an ex-
cellent alignment between perovskite arrays and separated 
electrodes or patterned samples. Perovskite photodetector 
arrays and LED arrays have demonstrated these functions 
through employing separated electrodes; however, the pix-
el-addressable laser arrays are still absent. Modified photo-
lithography combined with the optimized crystallization 
process, enabling precise control of the position, resolu-
tion, dimension, and morphology of each pixels as well 
as facilitating the alignment, will be a promising method 
to achieve the high-resolution and pixel-addressable inte-
grated array devices. Novel device structures employing 
advanced technologies such as multiplexing are expected 
for data collection and transmission in high-resolution 
device arrays.

In short, an ideal and common array construction method 
should be performed at low-temperature condition on the rigid 
or flexible substrate, be compatible with conventional photo-
lithography to enable high-resolution and precise control on 
pixels, possess good reproducibility, and be facile for the fabri-
cation of large-scale array devices. With much achieved encour-
aging processes in perovskite arrays, we expect the perovskite 
arrays could potentially revolutionize technological applica-
tions, and promote the development of such integrated opto-
electronic and photonic devices.
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