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% Check for updates Halide perovskites have emerged as a compelling material for a broad range of

optoelectronic applications, including light-emitting diodes, phototransistors,
light-sensing and imaging systems. To enable practical application and com-
patibility with existing consumer electronics, they must be integrated with
heterogeneous electronic platforms, such as complementary metal-oxide-
semiconductor chips or thin-film transistors. Such integration is pivotal for
transitioning perovskite technologies from laboratory demonstrations to
commercial applications. In this perspective, we summarize recent progress in
the system-level integration of perovskite optoelectronics with driving back-
planes, compare key performance metrics with industrial benchmarks, discuss
major challenges, and outline future directions and application prospects for

perovskite optoelectronics.

Metal halide perovskites (MHPs) have emerged as prominent materials
for a broad range of optoelectronic devices such as solar cells, light-
emitting diodes (LEDs), photodetectors (PDs), etc., owing to their
superior optoelectronic properties and low-cost fabrication'. Their
general chemical formula is ABX;, where A is a monovalent cation
(such as methylammonium, formamidinium, or Cs*), B is a divalent
metal cation (typically Pb*"), and X represents halide anions (CI-, Br-,
or I"), enabling substantial tunability in chemical composition**. For
the crystal structure, MHPs typically adopt a three-dimensional (3D)
network of corner-sharing BX¢ octahedra with A-site cations occupy-
ing the octahedral cavities. The corner-sharing BX¢ octahedra act as
the fundamental structural unit, and geometric distortions within
them strongly influence key material properties (Fig. 1a). The valence
band maximum primarily originates from the antibonding hybridiza-
tion between metal s and halide p orbitals, while the conduction band
minimum derives from the antibonding hybridization between metal p

and halide p orbitals, all of which exhibit relatively weak bonding
characters (Fig. 1b)°®. As a result, even slight variations in the BXg
octahedra, such as changes in the B-X bond length, octahedral tilting,
or distortions, can directly alter the electronic structure and the
optoelectronic properties of MHPs.

The BX¢ octahedra can assemble into a variety of negatively
charged octahedral networks that are stabilized by appropriately
selected A-site cations. Variations in A-site cation species have a pro-
found influence on the crystal structure of MHPs, and consequently,
on their optoelectronic properties’'®. These variations enable MHPs to
exhibit diverse structural dimensionalities, including zero-dimensional
(0OD), one-dimensional (1D), two-dimensional (2D), quasi-2D and 3D
configurations, as illustrated in Fig. 1c. For instance, the incorporation
of bulky A-site cations often promotes the formation of 2D perovskites
with self-assembled quantum-well structures" ™. In addition, by pre-
cisely controlling the spacings and connectivity within the octahedral

TInternational Institute for Interdisciplinary and Frontiers, Beihang University, Beijing, China. 2Beijing Key Laboratory for Atomic Manufacturing Equipment and
Intelligent Sensing, Institute of Atomic Manufacturing, Beihang University, Beijing, China. 3State Key Laboratory for Mesoscopic Physics and Frontiers Science
Center for Nano-optoelectronics, School of Physics, Peking University, Beijing, China. *Department of Materials Science and Engineering, North Carolina State
University, Raleigh, NC, USA. ®State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources, School of New Energy, North China
Electric Power University, Beijing, China. ®Institute for Advanced Materials and Technology, University of Science and Technology Beijing, Beijing, China.

"These authors contributed equally: Wengiang Yang, Xiaoyu Yang, Rui Su. " e-mail: lczhao@ustb.edu.cn; pancaofeng@buaa.edu.cn; bhldy@buaa.edu.cn

Nature Communications | (2026)17:5076 1


http://orcid.org/0000-0002-3188-238X
http://orcid.org/0000-0002-3188-238X
http://orcid.org/0000-0002-3188-238X
http://orcid.org/0000-0002-3188-238X
http://orcid.org/0000-0002-3188-238X
http://orcid.org/0000-0002-8861-1222
http://orcid.org/0000-0002-8861-1222
http://orcid.org/0000-0002-8861-1222
http://orcid.org/0000-0002-8861-1222
http://orcid.org/0000-0002-8861-1222
http://orcid.org/0000-0003-2761-1832
http://orcid.org/0000-0003-2761-1832
http://orcid.org/0000-0003-2761-1832
http://orcid.org/0000-0003-2761-1832
http://orcid.org/0000-0003-2761-1832
http://orcid.org/0000-0003-2537-6963
http://orcid.org/0000-0003-2537-6963
http://orcid.org/0000-0003-2537-6963
http://orcid.org/0000-0003-2537-6963
http://orcid.org/0000-0003-2537-6963
http://orcid.org/0000-0002-0731-741X
http://orcid.org/0000-0002-0731-741X
http://orcid.org/0000-0002-0731-741X
http://orcid.org/0000-0002-0731-741X
http://orcid.org/0000-0002-0731-741X
http://orcid.org/0000-0001-5514-8588
http://orcid.org/0000-0001-5514-8588
http://orcid.org/0000-0001-5514-8588
http://orcid.org/0000-0001-5514-8588
http://orcid.org/0000-0001-5514-8588
http://orcid.org/0000-0001-6327-9692
http://orcid.org/0000-0001-6327-9692
http://orcid.org/0000-0001-6327-9692
http://orcid.org/0000-0001-6327-9692
http://orcid.org/0000-0001-6327-9692
http://orcid.org/0000-0002-8977-7267
http://orcid.org/0000-0002-8977-7267
http://orcid.org/0000-0002-8977-7267
http://orcid.org/0000-0002-8977-7267
http://orcid.org/0000-0002-8977-7267
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-74068-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-74068-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-74068-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-74068-y&domain=pdf
mailto:lczhao@ustb.edu.cn
mailto:pancaofeng@buaa.edu.cn
mailto:bhldy@buaa.edu.cn
www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-026-74068-y

a C 0D perovskite 1D perovskite 2D perovskite
A
IFURYCIRYY bedai ad sl alall o omenne o, o,
: IR N 2 D0 LI G Sy &y @
o : i L ta 1+l [*1° 171 ADTATAA
X i . L —e 5 % < —9 ¢ g [ o—
MAIMEMEER IV VS A TS & & & &
Y Y o Y o o P — Ve Lomn
\~\ \~\ \~\ \'\'\" '\”T“ T"f Al
b Pb 6p - | 5s* 3D perovskite quasi-2D perovskite
\ Pb 6p - | 5p* ; 1 .
> Fm o T, JE, TR S, A, A, /:i t {{'1 A :/ /‘.1 : ) ://:: :’ i:/
E) ob 6e Pb 6s - | 5p 3 3 4 3 a ° 3 i3 Y. At L 3 4 %7 ¢ ¢
5 - s
u:J | 5p orbitals | | V. V.4 . Ve Aal T /,&fu.w//““ S
Pb 6p - I 55
Ph6p-15p/\ 158 » O &2 PNOOECPO0OY
X a I A L //. v
A A ¢
Pb 6s - | 5p 3 3 3 J 3 J n=2 n=3
d e PeLED or PePD on driving backplane
Photodiode
ME Phototransistor Light emitting diode onTLFTs On CMOS
TE
CTL % ME ME Photoconductor ME CTLor CIL CTL or CIL
P ME ME CIE t MHP o MHP
MHP < > YV
L1alP ME ME
MHP y ME ME
he <( > A ~ Channel §s, . s §
CTL DL MHP CIL ' DL Gate P n p* p*
TE si Glass TE Glass p Si n well

Fig. 1| Crystal structures and device architectures. a Unit cell of perovskite
crystal with the chemical formula ABX;, where A is a monovalent cation, B is a
divalent cation, and X is a halide anion. b Typical energy band structure of lead
iodide perovskites. ¢ Representative dimensionalities of perovskites, including
zero-dimensional (OD), one-dimensional (1D), two-dimensional (2D), quasi-2D and
three-dimensional (3D) structures. d Illustration of perovskite optoelectronic
device configurations. ME, metal electrode; CTL, charge-transporting layer; MHP,

metal halide perovskites; TE, transparent electrode; DL, dielectric layer; Si, silicon;
CIL, charge-injection layer. e Typical device structures of perovskite LEDs (PeLEDs)
or perovskite PDs (PePDs) integrated with driving backplanes such as thin-film
transistors (TFTs) and complementary metal-oxide-semiconductor (CMOS) cir-
cuits. PA, passivation layer; S, source; D, drain; p Si, p-type silicon; n well, n-type
silicon well; n*, heavily doped n-type silicon; p*, heavily doped p-type silicon.

network, superlattice structures can be engineered to achieve tailored
optical and electronic properties®. Moreover, long-chain organic
A-site cations can drive the formation of MHP quantum dots (QDs)
and/or nanowires, offering further opportunities for tuning material
functionality and device performance” ™. Collectively, these structural
variations highlight the remarkable versatility of MHPs and their
potential for enabling customizable applications in optoelectronic
devices.

The exceptional optoelectronic properties of MHPs have posi-
tioned them as a rising star in next-generation optoelectronic tech-
nologies. Up to now, MHPs have been widely applied in PDs,
phototransistors, photoconductors and LEDs (Fig. 1d), and their device
performance has undergone remarkable advancement over the past
decade® ', Perovskite PDs (PePDs) already exhibit performance
metrics comparable to those of commercial counterparts, while per-
ovskite LEDs (PeLEDs) have achieved high external quantum effi-
ciencies (EQEs) exceeding 28% in the green and red spectral regions
and over 20% for blue emission****°. Moreover, PeLEDs show narrow
emission linewidths that are advantageous for achieving high color
purity*>*?¢, The high color purity and energy-efficient features make
PeLEDs promising for micro-display applications, i.e., augmented
reality (AR) and virtual reality (VR) near-eye micro-displays. Despite
rapidly expanding potential, the commercial translation of PeLEDs
ultimately depends on their reliable integration with driving back-
planes, such as thin-film transistor (TFT) arrays and complementary
metal-oxide-semiconductor (CMOS) chips.

Monolithic heterogeneous integration of electrical driving back-
planes with functional optoelectronic devices represents a transfor-
mative strategy for advancing the semiconductor industry.
Representative architectures for perovskite optoelectronic devices
enabled by such heterogeneous integration are illustrated in Fig. le.
Several studies have reported the successful heterogenous integration
of PeLEDs or PePDs with TFT or CMOS circuits, achieving uniform,
high-resolution pixel arrays and fast switching speeds”. Besides,
diverse deposition and growth techniques for MHPs, such as blade
coating, epitaxial growth, and thermal evaporation, have been adop-
ted to enable large-area fabrication and compatibility with driving
backplanes, thereby broadening the processing toolkit for perovskite-
based heterogeneous integration’®°, Despite these advances,
achieving robust heterogeneous integration while maintaining excel-
lent optoelectronic device performance remains a sizable challenge.
Presently, major obstacles lie in the substantial mismatches in pro-
cessing conditions and material properties between perovskites and
conventional driving backplanes, particularly in terms of interfacial
bonding materials, fabrication environments, and material stability.
Such incompatibilities generally lead to increased defect densities,
reduced charge-transfer efficiency and overall device degradation.
These challenges are further compounded by the pronounced sensi-
tivity of perovskites to processing environments, such as polar sol-
vents, oxygen, and temperature fluctuations, which can exacerbate
chemical and structural degradation during integration®*, In addition,
scalable fabrication techniques capable of ensuring precise alignment
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and defect-free interfaces remain underdeveloped, posing additional
barriers of large-scale implementation. Overcoming these challenges
will be essential for unlocking the full potential of perovskite-based
heterogeneous devices in next-generation optoelectronic technolo-
gies, including high-resolution displays, on-chip light sources, and
advanced imaging.

In this Perspective, we first outline the key requirements for the
system-level integration of perovskite optoelectronic devices with
driving backplanes. We then summarize recent progress in the het-
erogeneous integration of PeLEDs and PePDs with established driving
backplanes. We also discuss the key challenges that limit practical
deployment, including interfacial coupling, materials compatibility,
scalability, precising patterning, and electrical and optical matching.
Finally, we highlight promising future research directions and
advanced applications of perovskite-based heterogeneous integration
devices. Particularly, the convergence of perovskite optoelectronics
with neuromorphic architectures presents an exciting emerging ave-
nue that could reshape the landscape of next-generation optoelec-
tronic technologies.

Fundamentals of perovskite heterogeneous integration
Heterogeneous integration is a critical step towards realizing the
commercial potential of perovskite optoelectronic devices, including
micro-displays, PDs, and on-chip light sources. Uniform patterning,
robust interfacial connection and reliable heterogeneous integration
technique stand out as critical prerequisites for perovskite hetero-
geneous integrations.

Perovskite patterning

Patterned perovskite optoelectronic devices are essential for hetero-
geneous integration with driving backplanes. Pre-patterned substrate
techniques represent one of the most widely explored bottom-up
methods for fabricating perovskite arrays (Fig. 2a). By leveraging
space-confined growth or hydrophilic-hydrophobic surface contrast,
the crystallization of perovskites can be effectively controlled into
well-defined patterns. Besides, nanoimprinting is a substrate-
independent patterning method that can overcome the substrate
limitation associated with heterogeneous integration (Fig. 2a). The
solution processability of halide perovskites makes them inherently
compatible with imprinting. The liquid or quasi-liquid precursor can
be confined by a patterned stamp and solidifies into the replicated
structures®. At present, nanoimprinting is regarded as the most pro-
mising candidate for overcoming the resolution and process limita-
tions of conventional photolithography, with state-of-the-art
demonstrations achieving resolutions as high as 25,400 pixels per
inch (ppi)*.

Interfacial connection

Interfacial connection plays a pivotal role in heterogeneous integra-
tion, serving as the functional bridge that ensures robust mechanical
adhesion, efficient charge transport and effective optical coupling
between perovskite devices and adjacent electronic components
(Fig. 2b). As directly fabricating perovskite devices on driving back-
planes, these layers may function as CTLs, passivation layers, charge-
quenching layers or multifunctional interlayers. In all cases, they must
possess chemical and thermal compatibility with both perovskites and
adjacent materials, while supporting the growth of high-quality per-
ovskite films or following functional layers with minimal interfacial
defects. When fabricating perovskite devices and driving backplanes
separately, the design of connection layers is even more critical, as
they must accommodate surface roughness, ensure mechanical con-
formity and maintain electrical continuity throughout the transfer-
printing process. In transfer processes, the adhesion between the
perovskite and the connection layer must be stronger than that

between the perovskite and the sacrificial layer to guarantee successful
pickup and release.

Heterogeneous integration techniques

Heterogeneous integration techniques can be broadly categorized
into in situ and ex situ strategies. In situ heterogeneous integration
involves directly fabricating perovskite devices on the target substrate
through techniques such as spin-coating, blade-coating or thermal
evaporation (Fig. 2c). This in-situ approach enables seamless integra-
tion of complex devices with minimal interfacial contamination or
mechanical damage, and is particularly advantageous for architectures
requiring precise alignment of stacked functional units. In contrast,
ex situ heterogeneous integration fabricates perovskite devices and
driving backplanes separately, followed by assembly through methods
such as transfer printing, lamination or deterministic pick-and-place
processes (Fig. 2d). This method provides greater flexibility in material
selection and processing conditions, allowing perovskite devices to be
processed under optimal conditions before integration, while also
offering promising compatibility with arbitrary substrates, such as
curved, textured or otherwise non-planar surfaces.

Progress and remaining challenges of perovskite heterogeneous
integration

Integrating PeLEDs on driving backplanes. PeLEDs exhibit high color
purity, tunable emission, and can be precisely patterned using thermal
evaporation, inkjet printing, in situ lithography or nanoimprint litho-
graphy, making them ideal candidates for integration with driving
backplanes to realize high-resolution full-color displays. Among these
approaches, thermal evaporation, widely used in commercial organic
LEDs manufacturing, enables the fabrication of uniform, large-area and
ultrafine patterned LED pixels through metal masks, offering com-
patibility with existing TFT manufacturing processes. Importantly,
since no organic solvents are involved, the thermally evaporated per-
ovskite films allow the deposition of multi-color PeLED pixels without
chemical cross-contamination. Li et al. developed a tri-source co-eva-
poration strategy incorporating a multifunctional Lewis-base additive
to in situ form high-quality perovskite nanocrystal films. PeLEDs fab-
ricated by this thermal evaporation route achieved a peak EQE 0f 16.4%
and were successfully integrated onto a 6.67-inch TFT backplane to
deliver an active-matrix display with a resolution of 1080 x 2400
(Fig. 3a-c)*. By constructing Cs,PbBry/CsPbBr; core-shell structures,
Du et al. reported high-resolution PeLED arrays via vacuum deposition,
achieving a record EQE of 8.0% for thermally evaporated PeLEDs and
further highlighting their compatibility —with active-matrix
architetures®. Besides, thermally evaporated PeLEDs have also been
integrated onto MoS; TFT backplanes, demonstrating the universality
of this strategy for heterogeneous integration of perovskite optoe-
lectronic devices across diverse substrates”. Overall, these results
demonstrate the promising compatibility of thermal evaporation
deposition techniques with TFT production lines and underscore the
early-stage integration feasibility of PeLEDs for integration into high-
resolution, large-area, and flexible display panels.

Li et al. developed a nanosurface reconstruction strategy to sta-
bilize CsPbl; QDs, enabling PeLEDs with a high EQE of 28.5% and
markedly improved operational stability*®. These PeLEDs were further
integrated with customized TFT backplanes to realize active-matrix
displays (Fig. 3d), achieving a peak EQE of 23.6% at 300 cd m™, high-
lighting a key advance in PeQD-based optoelectronics for hetero-
geneous integration. Building on this progress, the same group
reported microsecond-response active-matrix displays by integrating
PeLEDs with TFT backplanes using individually passivated perovskite
nanocrystals, demonstrating response speeds comparable to those of
active-matrix LEDs based on organic dyes and other QDs?. Critically,
this strategy is compatible with diverse PeQD compositions and var-
ious solution-processing techniques, enabling high-refresh-rate full-
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Fig. 2 | Fundamentals of perovskite heterogeneous integration. a Schematic
illustration of perovskite patterning techniques. b Schematic of interfacial coupling
between perovskites and underlying driving backplanes. ¢ Schematic of in situ
integration of perovskites with driving backplanes. Typically, the perovskite

precursor solution is directly deposited on the backplane, and the MHP forms upon
solvent evaporation. d Schematic of ex situ integration of perovskites with driving
backplanes. Typically, MHP films or devices are first fabricated on a temporary
substrate and subsequently transferred to the target backplanes using a stamp.

color PeLED displays (Fig. 3e-g)”. Zhang et al. further developed high-
performance sky-blue PeLEDs and successfully integrated them into an
active-matrix pixel circuit, demonstrating the feasibility of in situ
integrating perovskite optoelectronic devices directly on electronic
substrates and advancing their potential for practical display and
integrated optoelectronic systems®.

Integrating PePDs on driving backplanes. Monolithically hetero-
geneous integration of PePDs with driving backplanes has unlocked
new opportunities for highly miniaturized image sensors. Li et al.
presented an all-inorganic perovskite heterojunction film fabricated
via vapor deposition that meets TFT integration standards*’. Mono-
lithic integration of this heterojunction film with a 64 x 64 TFT array
enabled high-resolution, real-time X-ray imaging, demonstrating the

feasibility of in situ integrating perovskite materials with TFT back-
planes for next-generation, low-dose flat-panel X-ray detectors.
Beyond rigid platforms, integrating perovskite PDs with indium gal-
lium zinc oxide (IGZO) TFT panels also enables flexible image sensors.
Zou et al. demonstrated a flexible image sensor by integrating PePDs
with IGZO TFT panels, providing a low-cost, high-performance alter-
native to conventional amorphous silicon-based sensors*. To enhance
the mechanical anchoring between perovskites and TFT substrates,
Deumel et al. adopted a photoresist grid as an adhesion promoter for
thick MAPbI; layers*. Using this method, they integrated perovskite
films onto a backplane with a 640 x 480-pixel array and a pixel density
of 508 ppi, achieving a pixelated X-ray detector sensitivity of 1060 pC
Gy.ir * cm™ Jin et al. introduced a perovskite X-ray detector archi-
tecture incorporating a dark-current-shunting electrode functioning
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Fig. 3 | Integrating PeLEDs on driving backplanes. a Structural schematic dia-
gram of the display panel by integrating PeLEDs with TFT backplanes. ITO, indium
tin oxide; PI, polyimide; NPB, N,N"-bis-(1-naphthalenyl)-N,N’-bis-phenyl-(1,1"-biphe-
nyl)-4,4’-diamine; TPBi, 1,3,5-tri(N-phenylbenzimidazol-2-yl)benzene. b Cross-
sectional diagram of the TFT structure beneath each sub-pixel, with arrows indi-
cating the current flow. ACT, activated layer; GI, gate insulation layer; ILD, insula-
tion layer dielectric; PLN, planarization layer; PDL, pixel definition layer.

¢ Photograph of the active-matrix PeLED display panel and its operating state. Scale
bar, 5 cm. FPC, flexible printed circuit; IC, integrated circuit. d Schematic of the TFT
backplane structure. The multilayers of PeLEDs uniformly cover the entire TFT

backplane, with the co-cathode connected to grounded (GND). Each pixel inte-
grates three TFTs, address TFT-1, drive TFT-2 and reset TFT-3, combined with a
storage capacitor to regulate the PeLED. a-Si, amorphous silicon; n*, n-doped
region; Vqaea, data voltage; Vsean, Scan voltage; Vpp, supply voltage. The red dashed
box denotes the capacitor area. e-g Digital photographs of the 1-inch red (e), green
() and blue (g) active-matrix PeLEDs displaying cartoon images. Panel reproduced
with permission from: (a-c), ref. 35, Copyright©2023, under exclusive license to
Springer Nature Limited. d, ref. 38, Copyright©2024, under exclusive license to
Springer Nature Limited. e-g ref. 27, Copyright©2024, under the terms of the
Creative Commons CC BY license.

as a blanking unit to effectively suppress dark current to near-zero
levels, and integrated it on a 64 x 64 In,O3 TFT backplane®. This
strategy establishes a generalizable approach for minimizing dark
current and enhancing signal-to-noise ratio, advancing high-precision
and low-noise perovskite-based X-ray and PD array technologies. Per-
ovskites can also be directly integrated with CMOS to build high-
performance imaging and sensing devices. Yen et al. proposed a
CMOS-compatible hybrid image sensor architecture by directly inte-
grating PePDs onto a 0.18 pm CMOS readout circuit, realizing a fully
integrated 40 x40 pm? hybrid perovskite-CMOS array**. This work

represented the first demonstration of perovskite-CMOS integration
under low-bias operation, showcasing the feasibility of monolithic
perovskite-CMOS platforms for compact, low-cost and high-sensitivity
imaging. Song et al. demonstrated monolithic integration of PePDs
with silicon readout integrated circuits, enabling high-resolution 2D
and 3D imaging within a unified architecture (Fig. 4a)*’. The hybrid
device enables precise 2D imaging and fast top-electrode-controlled
indirect time of flight-based 3D depth sensing (Fig. 4b, c), highlighting
the potential of in situ integrating perovskite optoelectronic devices
on CMOS-compatible substrates. Liu et al. developed a high-

Nature Communications | (2026)17:5076


www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-026-74068-y

1T0 B——
RST — oo
SEL - : Tied .DD
|| / O
5[ i
5 Hive PePD : | Pixel
2 H Arra)lg
[=] H
g |——j | 512
1 I—° Vst ; D
— oo
. _é N N N I I I |
| column Readout Circuit

Dexela, 520 nGy Qurs, 520 nGy Ours, 260 nGy
Fig. 4 | Integrating PePDs on driving backplanes. a Structural schematic of a
perovskite image sensor. RST, reset transistor; SEL, select transistor. b An optical
image of bonded and packed perovskite-based image sensors. ¢ Intensity image
captured by the prototype perovskite image sensor. d Schematic illustration of a
perovskite X-ray detector. X-ray photons generate electron-hole pairs within the
perovskite film, and the electrons drift toward the CMOS pixels under an applied
bias to finally form an X-ray image. Scale bar, 200 pm. e X-ray image of a standard
resolution test pattern. Three regions of interest (ROIs) are highlighted, and the
bars with a spatial resolution of 5.0 Ip mm™ in ROI-3 are distinctly visible.

Cc
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fRadiographic images of a mouse. The first column shows an image captured using
a commercial indirect-conversion CMOS X-ray detector with a pixel size of 74.8 um.
The second and third columns show images obtained from a direct perovskite-
CMOS X-ray detector with an 83.2 um pixel size at two different dose levels: 100%
and 50%. Scale bar, 2.0 mm. g Magnified ROIs. The skull, ribs, and pelvis captured
by the direct perovskite-CMOS X-ray detector appear significantly sharper and less
noisy, even at 50% of the radiation dose. Panels reproduced with permission from:
a-c, ref. 45, Copyright©2024, American Chemical Society. d-g, ref. 46, Copy-
right©2024, under the terms of the Creative Commons CC BY license.
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Table 1 | Representative PeLED performance metrics for dis-
play applications in comparison with industrial benchmarks

Device performance Record values Benchmarks

EQE (Green/Red) >28%>% >20%

EQE (Blue) >20%%" >15%

Too lifetime >700 h% >10,000 h

(Device operational lifetime)

Full width at half maximum <25nm* <30nm

Pixel density >100,000 ppi*® > 3000 ppi (for AR/VR)
Manufacturing uniformity 98.9%> >99.5%

Table 2 | Representative PePD performance metrics in com-
parison with industrial benchmarks

Device performance  Record values Benchmarks
Responsivity >10°AW" Y7 0.1~10 AW
Specific detectivity >10" Jones®’ >10" Jones
Lineardynamicrange 191 dB* >120dB
Response time <1us® <1ms (for image)
Stability Limited standar- ~1000 h
dized data
Manufacturing ~98.42%° Commercial standards
uniformity
X-ray sensitivity >10°uC Gyair”' 20 uC Gy, ' em™
cm20001

<1 PGy, s'00%
-1 1100]

5.5 IJGyair s’

>5 [p mm™ for radiography
and >10 lp mm™ for
mammography

X-ray detection limit

X-ray spatial
resolution

>10 lp mm

performance direct X-ray detector by screen-printing CsPbBr; directly
onto CMOS substrates, achieving a spatial resolution exceeding 5.0 Ip
mm™ (Fig. 4d, e)*. Moreover, this direct perovskite-CMOS X-ray
detector demonstrated better spatial resolution compared with
indirect CMOS detectors, while also enabling effective low-dose ima-
ging performance (Fig. 4f, g)*°. Wang et al. demonstrated hetero-
geneous monolithic integration of perovskite pixels onto CMOS
circuits, presenting a 640 x 512 image sensor chip with a high pixel-fill
factor of 98.7%"". This was realized by directly spin-coating perovskite
precursor solutions onto CMOS, thus preserving the integrity of the
underlying circuitry.

Remaining challenges for heterogeneous integration. Hetero-
geneous integration of perovskite optoelectronic devices with driving
backplanes has progressed rapidly, yet critical gaps remain between
laboratory demonstrations and commercial translation. As summar-
ized in Tables 1 and 2, representative PeLEDs and PePDs have achieved
performance metrics approaching or even exceeding industrial
benchmarks. Notably, the primary barriers have shifted from intrinsic
device performance to reliability and manufacturability. For PeLEDs,
although efficiency, brightness, and color purity now rival industrial
standards in controlled environments, operational stability under real-
world conditions, including thermal cycling, humidity, and continuous
electrical bias, remains the defining limitation. In contrast, PePDs
already surpass commercial counterparts in key metrics such as
responsivity, detectivity, and X-ray sensitivity. In the context of PeLED-
and PePD-based heterogeneous integration, future efforts should
extend beyond achieving record values in individual metrics and
instead focus on the coordinated optimization of system-level per-
formance, integration compatibility and long-term reliability. Key
challenges include interfacial coupling and material compatibility,
which are critical for mitigating interfacial degradation, ion migration,

and parasitic chemical reactions over time. Additional challenges lie in
scalability and high-resolution patterning, as laboratory-scale pro-
cesses such as spin-coating remain incompatible with high-through-
put, large-area production, and uniform device performance across
large substrates. Electrical compatibility and optical crosstalk must
also be carefully managed to ensure reliable operation with commer-
cial driving backplanes under practical biasing conditions and com-
plex circuit architectures. Addressing these industry-relevant
challenges, rather than solely pursuing lab-scale record device metrics,
will be essential for translating the intrinsic advantages of perovskites
into commercially viable integrated optoelectronic systems.

Interfacial coupling and materials compatibility. Despite the
remarkable advances in integrating perovskite optoelectronic devices
with driving backplanes, interfacial coupling remains one of the most
critical challenges that hinders device stability, performance uni-
formity, and large-scale manufacturability. Perovskites possess the
coefficients of thermal expansion on the order of 10°-10*K™ and
often exhibit pronounced anisotropy***°, while silicon and oxide
materials typically exhibit much lower values on the order of 10°K™
5152 This disparity inevitably results in interfacial stress, cracking, and
delamination, posing constraints on achieving intimate and damage-
free films and representing a primary source of interfacial failure.
Meanwhile, mismatches in crystal structure and surface energy
between perovskite layers and underlying electronic substrates can
induce lattice strain accumulation, rough film morphology, weak
interfacial adhesion and interfacial trap states, resulting in non-
radiative recombination losses and device instability.

The electronic properties of interfacial connection layers govern
energy band alignment and carrier transport kinetics across hetero-
geneous perovskite-backplane interfaces. Misalignment between the
perovskite layer and backplane electrodes leads to charge accumula-
tion and inefficient carrier injection, while halide migration across the
interface remains a primary degradation pathway that can induce
metal corrosion, dielectric breakdown, and backplane instability. In
addition, integration is constrained by CMOS back-end-of-line thermal
budgets, which typically limit processing temperatures to below
400 °C to preserve the integrity of underlying metal interconnects.

Addressing these challenges requires interface engineering that
extends beyond the reduction of contact resistance. It is essential to
mitigate chemical incompatibility while developing scalable strategies
to accommodate the mechanical stress arising from structural and
thermal mismatches, both of which compromise long-term opera-
tional stability. Promising approaches include the incorporation of
mechanically compliant or gradient buffer layers to bridge disparities
in coefficients of thermal expansion and elastic moduli, thereby sup-
pressing stress concentration and fracture. In addition, surface-energy
modulation using self-assembled monolayers (SAMs) can optimize
wetting and nucleation while passivating interfacial trap states. The
introduction of ultrathin inorganic barrier layers, such as metal oxides
or 2D materials, offers an effective route to suppress ion diffusion and
parasitic reactions without sacrificing charge-carrier transport.

Although many strategies have been developed, including surface
passivation, SAMs, ultrathin atomic buffer layers, and low-temperature
or solvent-free integration techniques that enhance electronic cou-
pling while preserving the intrinsic optoelectronic properties of per-
ovskites, most of these approaches remain material- or process-
specific and lack general applicability across diverse architectures.
Interfacial layers may also inadvertently introduce parasitic resistance
or mechanical stress, thereby compromising overall device perfor-
mance. A limited understanding of interfacial carrier dynamics, strain
evolution and crystal distortion under real operating conditions fur-
ther constrains the rational design of interfaces. Establishing clear
structure-property-function relationships among interfacial materi-
als, device physics, and system-level performance, therefore, remains a
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critical challenge. Future efforts should combine in situ characteriza-
tion, multiscale modeling, and artificial intelligence (Al)-assisted
materials and process optimization to clarify the coupled electronic,
ionic, and mechanical processes at heterogeneous interfaces. Such
advances will be essential for developing more universal and robust
interfacial engineering strategies for system-level integrated per-
ovskite optoelectronics.

Scalability and precise patterning. Achieving uniform wafer-scale
patterned perovskite films with consistent thickness and morphology
remains challenging. Owing to the intrinsic sensitivity of solution-
processed perovskites to local surface wettability and solvent eva-
poration kinetics, large-area deposition often results in compositional
inhomogeneity and pinhole formation, which induce localized electric-
field concentration and degrade device performance. In addition,
polar aprotic solvents used in the perovskite precursor inks, such as
N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO), can
corrode metal interconnects or organic passive layers in CMOS or TFT
backplanes, thereby imposing constraints on process compatibility.
Although chemical vapor deposition and other solvent-free techniques
can improve compatibility with driving backplanes, they often suffer
from inferior device performance. Continued efforts in vapor-phase
deposition are therefore required to balance crystallization kinetics
and film uniformity, enabling industrial-scale heterogeneous
integration.

Precise alignment of perovskite pixels with driving backplanes
requires high-resolution and low-damage patterning techniques. Uti-
lizing electron beam etching, researchers have confirmed that per-
ovskite device pixel sizes can be reduced down to ~90nm,
corresponding to a record-high pixel density of 127,000 ppi®. This
resolution lies within the capability of advanced CMOS manufacturing,
thereby enabling the integration of halide perovskites with semi-
conductor technologies. However, most conventional semiconductor
etching methods, although capable of generating high-resolution
patterns, remain incompatible with the complex topographies of
practical electronic backplanes. TFT and CMOS circuits consist of
multilayer interconnects, intricate routing networks and hetero-
geneous materials, typically resulting in non-planar surface morphol-
ogies. Such features complicate perovskite pattern transfer and hinder
uniform crystallization. Surface roughness and pixel topography fun-
damentally govern the thermodynamics of heterogeneous integration
by influencing precursor wetting, nucleation kinetics and subsequent
film crystallization. Non-planar architectures result in non-uniform
precursor distribution and localized thickness variations, which in turn
trigger stochastic crystallization and defect formation, particularly at
step edges and metal interconnects. These topographic constraints
further hinder high-resolution pattern transfer and precise pixel
alignment, necessitating the development of conformal or
planarization-assisted integration strategies. Achieving wafer-scale
uniformity, therefore, requires a transition from conventional
deposition to topography-tolerant growth approaches that decouple
perovskite film quality from the underlying backplane morphology.

To mitigate the detrimental impacts of backplane roughness and
structural complexity on film crystallinity, planarization layers,
surface-energy modulation, and conformal deposition methods are
essential. For high-fidelity pixel definition, localized contact pattern-
ing, soft lithography, and self-aligned nanoimprinting have emerged as
promising high-resolution and low-damage approaches that preserve
the sensitive perovskite lattice. Vapor-phase deposition also offers
superior wafer-scale uniformity and improved compatibility with
backplanes compared with solution-based processes. A key priority is
to establish topography-tolerant and scalable patterning platforms
that preserve intrinsic optoelectronic quality across large-area sub-
strates. Achieving this goal will require the convergence of vacuum-

based growth and high-throughput patterning techniques to suppress
stochastic defects and enable reliable heterogeneous integration.

Electrical compatibility and optical crosstalk. These represent key
challenges in the heterogeneous integration of perovskites with TFT
and CMOS backplanes. Electrical compatibility remains a critical bot-
tleneck. Perovskite materials intrinsically exhibit ion migration, inter-
facial polarization and hysteresis, which interfere with precise voltage
and current control required for stable circuit operation. lon accu-
mulation at interfaces substantially deteriorates charge injection and
extraction, leading to pronounced hysteresis under electrical or opti-
cal excitation. Moreover, ion buildup alters the local electric-field
distribution and impedes carrier transport across the heterogeneous
interfaces, particularly when perovskite films are directly deposited on
TFT or CMOS substrates. When perovskites are monolithically inte-
grated onto TFT or CMOS substrates, multilayer device stacks inevi-
tably introduce parasitic capacitance, which slows charge transport
and limits temporal response. The high dielectric constant and ionic
polarizability of perovskites further exacerbate capacitive hysteresis
and dynamic instability under alternating bias condition®**. In addi-
tion, lateral ion migration and charge diffusion within perovskite films
can induce crosstalk currents, thereby decreasing spatial resolution
and signal fidelity’*”’. The limited electromagnetic shielding of per-
ovskite layers also allows noise from underlying drive circuits to cou-
ple into the top active devices, which degrades the signal-to-noise
ratio®®.

In addition to electrical compatibility, optical crosstalk is another
important concern in backplane-integrated architectures, particularly
in dense pixel arrays used for imaging and display applications. Optical
crosstalk typically originates from lateral photon propagation within
the perovskite layer, scattering in adjacent transport layers, and
reflections from underlying metal interconnects and dielectric stacks.
Such optical leakage degrades spatial resolution, distorts image con-
trast and reduces detection accuracy in high-density optoelectronic
arrays.

Several strategies can be employed to address these challenges.
For electrical compatibility, low-capacitance device architectures,
together with optimized transport-layer thickness and dielectric
design, can minimize resistance-capacitance delay and voltage lag.
Compensation driving schemes, shielding structures, and pixel isola-
tion designs can further suppress capacitive coupling and electrical
crosstalk. For optical crosstalk, effective approaches include pixel-
level optical isolation, optical confinement layers with refractive-index
contrast to suppress lateral photon propagation, and optical stack
engineering to reduce scattering and parasitic reflections. In addition,
microcavity designs, directional outcoupling structures, and pat-
terned absorptive or reflective interlayers can enhance light confine-
ment within individual pixels. The key objective is to establish
electrically stable, optically confined, and array-compatible integration
strategies that preserve signal fidelity under practical addressing
conditions. Achieving this will be essential for translating the intrinsic
optoelectronic advantages of perovskites into high-resolution, high-
speed, and reliable backplane-integrated systems.

Enhancing fundamental material design and device integration
In this section, we outline promising research directions that could
propel the next major advances in heterogeneous integrated per-
ovskite optoelectronic systems. A particular emphasis is on Al-driven
materials discovery, which offers the potential to accelerate the iden-
tification, screening and optimization of perovskite compositions and
interfacial materials for robust device integration. Meanwhile, bio- and
nature-inspired patterning methods for solution-processed perovskite
films and QDs are explored as means to achieve precise, scalable, and
high-performance device architectures. By addressing the remaining
challenges through a synergistic approach combining materials
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molecular transformer; RNN, recurrent neural network; GraphVAE, graph varia-
tional autoencoder; DiffDock, diffusion-based docking; CGCNN, crystal graph
convolutional neural network. b Strategies for interfacial coupling and bonding,
including die-to-die (D2D), die-to-wafer (D2W), and wafer-to-wafer (W2W).

science, device engineering, and Al-driven innovation, future research
may enable a new generation of high-performance perovskite optoe-
lectronic devices seamlessly integrated with CMOS and/or TFT
backplanes.

Al-driven materials discovery and screening. Traditionally, materials
discovery and screening have relied on trial-and-error experiments
and density functional theory (DFT) calculations, both of which are
time-consuming and computationally intensive. These conventional
approaches typically require iterative synthesis, characterization and
parameter optimization, limiting the efficient exploration of the vast
chemical space. Besides, advances in characterization techniques have
generated increasingly large and complex datasets, posing challenges

in uncovering the meaningful structure-property relationship. In
recent years, Al has begun to revolutionize scientific research and
materials innovation (Fig. 5a). Al-driven methods can mine extensive
materials datasets, learn structure-property relationships and rapidly
predict optimal chemical compositions, electronic structures and
crystal configurations. This approach thereby significantly reduces the
need for trial-and-error experimentation and offers a transformative
approach to discover new materials with higher speed, accuracy, and
efficiency. By incorporating scientific knowledge and experiment
intuition into Al models through appropriate algorithms, including
generative models, reinforcement learning and self-supervised learn-
ing, researchers can effectively guide the design of next-generation
perovskite and interfacial materials.
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Al-driven methods can extract latent knowledge from the litera-
ture, enabling researchers to identify promising directions for mate-
rials design. This capability is particularly valuable for developing
multi-functional materials, where complex chemical, mechanical and
electronic requirements must be simultaneously satisfied. Besides, Al-
driven methods can involve diverse data types, including X-ray dif-
fraction, Raman spectra, molecular structures, electronic structures,
and morphological information, allowing the construction of unified
models that correlate structural, optical, and electronic properties,
thereby yielding deeper insights into material behavior. For instance,
Xie et al. developed a natural language processing (NLP) task called
structured information inference to extract the complex device-level
information®. By fine-tuning GPT-3 on an existing PSC FAIR (Findable,
Accessible, Interoperable, Reusable) dataset, they achieved >91%
accuracy and expanded the dataset for further analysis. Furthermore,
Al methods trained on high-throughput DFT calculations can predict
key materials properties, such as bandgap, stability, carrier mobility
and defect tolerance. For example, Li et al. combined the data-mining
machine learning techniques with the non-equilibrium Green'’s func-
tion method and DFT to rapidly predict the electronic properties of
MAPbI;°.

Al also offers a data-driven, property-guided, and highly efficient
approach to materials design, leveraging large amounts of unlabeled
data. By identifying promising candidates before conducting costly
experiments, Al-driven workflows can drastically reduce unnecessary
trials, allowing researchers to focus on the most promising materials.
Shetty et al. addressed the challenge of extracting chemistry-structure-
property relationships from the rapidly expanding materials science
literature using NLP®. They obtained -300,000 material property
entries from ~ 130,000 abstracts within 60 h, spanning fields including
fuel cells, supercapacitors, and polymer solar cells, thereby revealing
valuable insights. A key advantage of an Al-driven method is the cap-
ability to perform inverse design, enabling the prediction of materials
with specific target properties. For example, Noh et al. presented an
inverse materials design framework that computationally generates
new solid-state materials by learning a continuous representation of m
known compounds, producing approximately 20,000 hypothetical
materials®%.

Although Al-driven methods are increasingly being introduced
into materials discovery, their application to the heterogeneous inte-
gration of perovskites with driving backplanes remains at an early
stage. Previous studies have primarily focused on related aspects of
system-level heterogeneous integration, such as machine-learning-
assisted design of buried interface material materials®®, Bayesian-
optimization for perovskite synthesis and process optimization®*, and
deep-learning-based monitoring of large-area film formation®. These
efforts demonstrate the potential of data-driven approaches to accel-
erate the identification of compatible interfacial materials, optimize
fabrication windows, and improve process reproducibility. However,
the extension of such approaches to full system-level integration of
perovskite optoelectronic devices remains limited. In particular, future
Al-guided integration should address coupled constraints, including
interfacial coupling, scalability and electrical matching with driving
backplanes. By enabling efficient information extraction, multi-modal
data analysis, high-throughput computation, accurate property pre-
diction, inverse design and cost reduction, Al-driven methods are
poised to reshape the development pipeline for heterogeneous inte-
gration toward system-level deployment.

Interfacial coupling and bonding technologies. Taking advantage of
mature experience from advanced thin-film micro-display chips, cur-
rent heterogeneous integration of halide perovskites mainly refers to
the traditional thin-film device protocols®, i.e., the layer-by-layer
deposition onto driving backplanes. However, unlike commercial
organic semiconductors deposited by vacuum evaporation, high-

quality perovskite films are predominantly solution-processed and
highly sensitive to underlying substrates. For example, large mis-
matches in coefficients of thermal expansion between the substrate
and perovskite layer can impose undesired strain, compromising film
integrity and crystallinity®”*®. To fully unlock the potential of
perovskite-based optoelectronics, one must recognize that there are
appreciable differences in transparent conductive oxides and com-
mercial heterogeneous electronic backplanes. The interfacial bonding
layers offer a promising approach to address this issue by adjusting
surface properties and regulating perovskite crystallization toward
ideal growth conditions®*’°. Achieving this requires a fundamental
understanding of perovskite nucleation and growth dynamics on
heterogeneous backplanes.

Strategies to heterogeneous integration can learn from advanced
display or semiconductor packing technologies, where functional
chips are bonded onto driving backplanes with high precision. Taking
micro-LED displays as an example, bonding technologies are generally
categorized as die-to-die (D2D), die-to-wafer (D2W), and wafer-to-
wafer (W2W) (Fig. 5b), with D2W bonding emerging as the most pop-
ular options owing to mature equipment, low cost, and high produc-
tion yield”"”, Bonding strategies offer a key advantage for perovskite
integration, as devices can be deposited onto desired substrates prior
to integration, thereby avoiding substrate-dependent crystallization
variations. However, isolated dies are incompatible with thin-film
perovskite devices, making W2W bonding the most rational strategy
for heterogeneous integration. Within W2W bonding, both point-to-
point and global bonding approaches are feasible. Point-to-point
bonding requires high alignment accuracy, especially high-density
integration, while global bonding is easier but typically needs post-
etching that may damage fragile perovskite layers. Furthermore,
bonding materials and process temperatures must be strictly opti-
mized to prevent device degradation. Thermal-compression and laser-
assisted bonding expose perovskite layers to high temperatures, while
plasma-activated bonding can degrade the surface. In contrast,
eutectic bonding, which employs a low-melting-point alloy to achieve
bonding below 150 °C, emerges as a promising strategy for perovskite
heterogeneous integration. Nevertheless, both bonding and conven-
tional thin-film integration techniques remain at an early stage, and
their limited maturity continues to constrain the development of
perovskite-based on-chip optoelectronics, highlighting a critical area
for future research.

Full-color PeLED integration on driving backplanes presents a
stringent multidimensional challenge. Beyond reliable coupling to the
backplane, it requires the simultaneous realization of high-
performance red, green, and blue subpixels, precise pixel definition,
and process compatibility among distinct emissive materials.
Sequential integration is particularly challenging, as the sensitivity of
perovskites to solvent exposure and cross-contamination often leads
to performance degradation. In addition, mismatches in operating
voltage and stability, especially for blue emitters, further complicate
circuit-level integration. Achieving full-color micro-displays, therefore,
requires the co-optimization of materials selection, subpixel isolation,
and driving circuitry. Promising strategies include orthogonal-solvent
processing, transfer printing of monochromatic subpixels, and color-
conversion schemes. However, both bonding-based and thin-film
integration strategies remain at an early stage of development. Pro-
gress toward commercially viable systems will depend on the con-
vergence of stable blue emitters, scalable high-resolution patterning,
and low-damage heterogeneous integration strategies that bridge
materials engineering with display-oriented circuit design.

Nature-inspired solution patterning approaches. Nature-inspired
patterning leverages evolved biological principles, such as hierarchical
self-assembly and programmable surface wettability, to overcome the
stochastic limitations of conventional top-down fabrication. By
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mimicking natural architectures, these strategies extend beyond
structural replication to introduce intrinsic functionalities, including
omnidirectional light extraction and enhanced environmental stabi-
lity, without compromising the optoelectronic properties of the
material. For instance, replicating the hierarchical multilayer struc-
tures found in iridescent fish scales can reduce internal reflection and
enhance light outcoupling, while simultaneously providing a biomi-
metic barrier against moisture ingress’. Strategies such as pro-
grammed coffee-ring effect, peptide-mediated self-assembly, and
biomineralization-inspired growth have demonstrated the ability to
regulate perovskite nucleation kinetics with sub-micron precision.
These bio-inspired strategies therefore provide a robust and low-
damage route to achieving high-fidelity pixel arrays and long-term
operational stability, which are essential for next-generation micro-
displays.

Patterned surface wettability, inspired by the lotus leaf effect, is
one of the most popular techniques for fabricating patterned optoe-
lectronic devices. By creating hydrophilic-hydrophobic regions, the
selective deposition of functional materials can be guided. The con-
trast in surface energy between hydrophilic and hydrophobic domains
is critical for patterning accuracy, as solution-processed perovskites
are highly sensitive to local wettability. Patterned substrates with
controlled wettability and template geometries can induce directional
forces that guide nanocrystal positioning during growth, potentially
achieving resolutions beyond the conventional lithographic limits”.
Diverse approaches to create such patterned wettability include UV
Ozone exposure and oxygen plasma treatment. which generate
oxygen-rich surface layers to enhance hydrophilicity. These strategies
have been successfully applied to fabricate patterned perovskite
optoelectronic devices”®”’. Besides, chemical functional materials,
including poly(methyl methacrylate) (PMMA), poly(N,N’-bis-4-butyl-
phenyl-N,N’-bisphenyl)benzidine (Poly-TPD) and SAMs, have also been
adopted to achieve high-contrast wettability patterns™’’.

The coffee-ring effect provides another bio-inspired patterning
method. During solvent evaporation, non-volatile solutes in a droplet
mitigate toward the pinned contact line, forming a characteristic ring-
shaped pattern. While this effect is typically undesired due to non-
uniformity, it can be harnessed to deposit materials selectively when
carefully controlled. For example, Li et al. confined solution droplets
within pre-patterned hydrophilic regions, enabling nanoparticles to
self-assemble into well-defined circuits through the coffee-ring effect,
yielding large-area patterns with diverse geometries within one minute
while preserving nanoparticle properties®®. Thus, such strategies can
similarly be applied to perovskite films for high-precision patterning.

In general, nature-inspired solution patterning approaches have
demonstrated considerable promise for scalable high-precision per-
ovskite device fabrication. Despite remaining challenges such as lim-
ited patterning resolution, scalable uniformity, material stability and
integration with conventional semiconductor processing, the initial
results suggest a highly promising route for future heterogeneous
integration of perovskite optoelectronic devices.

Outlook on perovskite-based optoelectronic applications

Perovskite integration for AR/VR. Heterogeneous integration is
emerging as a cornerstone for deploying PeLEDs in next-generation
AR/VR near-eye micro-displays. The monolithic integration of PeLEDs
with waveguides, sensory arrays, and logic units is expected to enable
ultra-compact, high-performance systems with unprecedented pixel
density and hardware-level intelligence. By bridging emissive materials
with advanced CMOS backplanes, such integrated platforms can
overcome current limitations in brightness and efficiency, and accel-
erate the transition from standalone displays to immersive spatial
computing environments. In AR applications, LEDs operate under
high-intensity ambient light and therefore require high luminance to
ensure virtual imagery remains visible against real-world backgrounds.

In VR systems, both brightness and spatial uniformity are essential for
an immersive experience, as non-uniformity or luminance imbalance
can lead to visual artifacts, discomfort, and a reduced sense of pre-
sence. Although PeLEDs have achieved EQEs exceeding 20%, a large
fraction of emitted photons remains trapped within the device stack
and is dissipated through various lossy channels due to the inefficient
light outcoupling®*®2. This limitation arises in part from the pre-
dominantly isotropic orientation of emissive dipoles in polycrystalline
PeLEDs®, whereas low-dimensional perovskites provide potential
routes to induce preferential dipole orientation®>®*, Moreover, the
high refractive indices of perovskites relative to commonly employed
charge-injection materials®, combined with the large refractive index
contrast between the substrate and the air, confines photons in
waveguide modes and further limits light extraction. Effective light
management strategies are therefore imperative to enhance light
outcoupling and improve the feasibility of PeLEDs for AR/VR
applications.

Light management strategies can be broadly categorized into
extrinsic and intrinsic outcoupling techniques (Fig. 6a). Extrinsic
strategies enhance photon extraction by introducing textured
structures or optical microcavities that scatter or diffract light
beyond the critical angles. For example, Lee et al. reported tandem
hybrid OLED-PeLED devices achieving a green EQE of 37% with a
narrow spectral width of 27.3nm®, attributed to enhanced light
extraction via optical microcavities. The intrinsic outcoupling stra-
tegies, focusing on engineering the orientation of transition dipole
moments, reducing the effective refractive index, and enhancing
photon recycling. For instance, Sun et al. utilized an anisotropic low-
index electron-injection layer, 9,10-bis(4-(2-phenyl-1Hbenzo[d]imi-
dazole-1-yl)phenyl) anthracene (BPBiPA), in green PeLEDs, producing
preferably in-plane transition dipole moments orientation®”, This
design yielded EQEs exceeding 30% because of the enhanced light
outcoupling efficiency.

Light management in AR/VR systems presents challenges that
extend well beyond those encountered in individual LED devices, as
emission must be co-optimized with complex downstream optical
components. In practical architectures, substantial losses from wave-
guides, beam splitters, and polarizers prevent high EQEs from trans-
lating into the system-level brightness required for operation.
Furthermore, conventional outcoupling strategies developed for
large-area devices are often incompatible with micro-displays, where
pixel miniaturization, angular emission control, and suppression of
optical crosstalk are critical. Light management for AR/VR-integrated
PeLEDs must therefore move beyond simple light extraction and
instead focus on controlled emission directionality and compatibility
with compact optical systems. Realizing high-performance micro-dis-
plays will require the co-design of emissive materials, outcoupling
structures, and holistic optical architectures.

Perovskite integration with neuromorphic devices. Artificial neuro-
morphic devices, inspired by the architecture and function of the
biological brain, emulate synaptic plasticity and neuronal behavior in
hardware systems (Fig. 6b). Unlike conventional von Neuman archi-
tectures, which separate memory and computation units, neuro-
morphic systems integrate sensing, storage, and processing within a
unified framework, thereby enabling low-power and highly efficient
data handling. Such architectures are particularly advantageous for
emerging Al applications. The excellent intrinsic properties of per-
ovskites, such as high absorption coefficients, tunable bandgaps and
long carrier diffusion lengths, make them promising candidates for
constructing neuromorphic synapses that directly couple optical sti-
muli with electronic responses. Since 2016, when Xu et al. demon-
strated an artificial synapse based on MAPbBr;, perovskite-based
synaptic devices have attracted increasing attention® . The key
mechanism that enables perovskites to mimic synaptic functionalities
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is ion migration. Under electrical or optical stimulation, halide ions
redistribute within the perovskite lattice, modulating device con-
ductance in a manner analogous to synaptic weight adaptation in
biological synapses’”.

Neuromorphic behavior in perovskite-based devices is primarily
governed by ion migration, but also arises from the interplay of trap-
assisted charge storage and interfacial electrochemical processes.
While these mechanisms enable essential synaptic functions such as
conductance plasticity, temporal integration, and history-dependent
responses, they simultaneously introduce instability. Uncontrolled ion
migration accelerates material degradation, promotes trap formation,
and induces fluctuations in operating voltage and current. This
inherent duality indicates that the same physical processes responsible
for neuromorphic functionality can compromise device durability and
signal reliability. Achieving reproducible and energy-efficient opera-
tion, therefore, requires a transition from empirical material optimi-
zation to precise regulation of these dynamic processes. This challenge
is particularly critical for backplane-integrated systems, where array-
level uniformity and long-term operational stability are as important as
the synaptic functionalities themselves.

Beyond adopting perovskites as active materials, integrating
perovskites with neuromorphic architectures represents a transfor-
mative route for next-generation optoelectronics. Such integration
enables near-sensor computing and memory, where perception occurs
in perovskite devices while memory and processing are realized in
neuromorphic circuits. For example, Seung et al. reported an inte-
grated system combining synaptic phototransistors with QD LEDs,
enabling on-device preprocessing that filters noise and amplifies signal
contrast via threshold-driven illumination®. Similarly, Shan et al.
developed a sensory-memory processing platform using a tribo-
electric nanogenerator as the sensory receptor and QD LEDs as an
artificial synapse, demonstrating multi-wavelength synapse-like opti-
cal outputs and efficient multimodal information recognition’. Such
integrated perovskite-neuromorphic devices offer significant potential

for intelligent vision sensors, self-adaptive imaging arrays, and multi-
modal Al systems. Therefore, we anticipate that perovskite-
neuromorphic integration is poised to enable next-generation adap-
tive optoelectronic interfaces and advanced human-machine com-
munication technologies.
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