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Self-polarized RGB device realized by semipolar
micro-LEDs and perovskite-in-polymer films for
backlight applications
Tingwei Lu1†, Yue Lin 1,2†, Tianqi Zhang1, Yue Huang1, Xiaotong Fan1,
Shouqiang Lai1, Yijun Lu1,2, Hao-Chung Kuo3,4, Zhong Chen1,2,
Tingzhu Wu1,2* and Rong Zhang1,2

In backlighting systems for liquid crystal displays, conventional red, green, and blue (RGB) light sources that lack polariz-
ation properties can result in a significant optical loss of up to 50% when passing through a polarizer. To address this in-
efficiency  and  optimize  energy  utilization,  this  study  presents  a  high-performance  device  designed  for  RGB  polarized
emissions.  The  device  employs  an  array  of  semipolar  blue  μLEDs with  inherent  polarization  capabilities,  coupled  with
mechanically stretched films of green-emitting CsPbBr3 nanorods and red-emitting CsPbI3-Cs4PbI6 hybrid nanocrystals.
The CsPbBr3 nanorods in the polymer film offer intrinsic polarization emission, while the aligned-wire structures formed
by the stable CsPbI3-Cs4PbI6 hybrid nanocrystals contribute to substantial anisotropic emissions, due to their high dielec-
tric constant. The resulting device achieved RGB polarization degrees of 0.26, 0.48, and 0.38, respectively, and exhib-
ited a broad color gamut, reaching 137.2% of the NTSC standard and 102.5% of the Rec. 2020 standard. When com-
pared to a device utilizing c-plane LEDs for excitation, the current approach increased the intensity of light transmitted
through the polarizer by 73.6%. This novel fabrication approach for polarized devices containing RGB components holds
considerable promise for advancing next-generation display technologies.

Keywords: halide perovskite; light-emitting-diodes; polarized emission; nanocrystals; stability
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 Introduction
Polarized light  is  crucial  in  numerous  applications,  in-

cluding liquid crystal display (LCD) backlights1, polariz-

ation  multiplexing  in  optical  communications2,3, ultra-

sensitive photodetectors4,5, and optical quantum comput-

ing6,7.  However,  the  conventional  method  of  generating
polarized  light  through  an  optical  polarizer  reduces  the
intensity  by  at  least  50% because  half  of  the  light  in  the
vertical  polarization  direction  is  completely  filtered8,9.
Therefore, significant  research  has  focused  on  develop-
ing  light-emitting  materials  with  intrinsically  polarized 
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emissions over the past few decades.
Light must be polarized in red, green, and blue (RGB)

to be applied in applications such as backlights for LCDs
and polarizer-tunable multiplexed color displays. Halide
perovskite  nanocrystals  are  promising  color  conversion
materials due to their high photoluminescence quantum
yield,  high  color  purity,  and  controlled  photovoltaic
properties10,11.  Anisotropic  perovskite  nanostructures
with polarized emission properties could be widely used
for displays in the next-generation display devices12,13. In-
dividual  nanorods  (NRs)  or  nanowires  (NWs)  have
shown  strong  polarization  emissions14,15.  However,  due
to their disordered arrangement, the degree of linear po-
larization (DOLP)  of  NW  and  NR  clusters  is  signific-
antly reduced, mostly concentrating between 0.1 and 0.3.
Furthermore, research  on  anisotropic  perovskite  struc-
tures has mostly focused on the green-emission band. In
particular, monochromatic  polarization-based  lumines-
cent components  are  impractical  for  scalable  lumines-
cence applications8,16−25. The direct synthesis of red-emit-
ting nanostructured  anisotropic  perovskites  is  challen-
ging  due  to  the  severe  morphological  instability  of  NRs
containing iodine and the decrease in polarization aniso-
tropy with time17,26,27.  Similarly, the development of blue
perovskite color-conversion layers has lagged behind. Al-
though  the  synthesis  of  CsPbX3 NRs  covering  the  full
spectrum  has  been  reported,  they  experience  stability
problems, and their RGB emission scheme relies on UV
excitation, which must be filtered with energy loss when
used  for  backlighting19.  Based  on  current  mainstream
backlight  modes  with  blue  chips  that  excite  fluorescent
materials,  this  study aimed to  ensure  stable  polarization
emission of  the  color-conversion  layer  while  maintain-
ing  the  intrinsic  polarization  emission  characteristics  of
blue chips.

Micro-LEDs  (μLEDs)  are  anticipated  to  exhibit  high
dynamic  range  characteristics  when  employed  in  LCD
backlights,  owing  to  their  capability  for  local  dimming.
These  ultra-small  pixels  are  also  capable  of  achieving  a
more homogeneous light distribution compared to tradi-
tional  LED  backlights28−30. However,  standard  commer-
cial  blue  LEDs  are  commonly  cultivated  on  (0001)  "po-
lar" c-plane sapphire substrates, which results in the un-
desirable  manifestation  of  the  quantum  confinement
Stark  effect  (QCSE)31. Moreover,  c-plane  LEDs  demon-
strate  significant  color  shifts,  especially  as  the  injection
current density  escalates,  which  are  undesirable  in  dis-
plays32.Consequently, growing LED devices in semipolar

orientations  has  been  proposed  to  circumvent  electric
field issues in conventional c-plane structures due to po-
larization, and achieve higher color stability33. Semipolar
devices exhibit  lower droop under high injection condi-
tions,  rendering  them  more  advantageous  than  c-plane
devices,  particularly when utilized as backlights in high-
power applications  such  as  outdoor  large-screen  dis-
plays.  Numerous  studies  have  indicated  that  semipolar
or  nonpolar  μLEDs  manifest  a  high  polarization  ratio
due to their  anisotropic polarized emission34.  Therefore,
the development of semipolar blue μLEDs endowed with
intrinsic  polarized  emission  constitutes  a  promising
strategy for attaining simultaneous emission of RGB-po-
larized light.  Additionally,  color  conversion films incor-
porating  embedded  anisotropic  structures  are  projected
to  demonstrate  enhanced  efficiency  when  excited  by  a
light source that is intrinsically polarized.

This  article  introduces  a  high-performance,  stable
device designed for  RGB polarized emission.  The archi-
tecture of the device incorporates an array of blue semi-
polar μLEDs with intrinsic polarization emission that ex-
cite stretched composite films of green CsPbBr3 NRs and
red CsPbI3-Cs4PbI6 hybrid nanocrystals (NCs), acting as
the color-conversion layers (Fig. 1). Besides the inherent
polarization emission from CsPbBr3 NRs encapsulated in
the  polymer  film,  the  aligned  wire  (AWs)  structure
formed  by  the  hybrid  NCs  exhibited  strong  anisotropic
emission  comparable  to  that  of  the  nanorod  structure
due to their high dielectric constant. This composite film
of  hybrid  NCs  also  demonstrated  noteworthy  stability
upon  extended  exposure  to  blue  radiation.  By  aligning
the polarization direction of the emitted blue light paral-
lel to the stretching axis, both the green and red films ab-
sorbed a greater proportion of blue light in the non-po-
larized  direction,  thereby  enhancing  both  the  degree  of
linear  polarization  (DOLP)  and  overall  efficiency.  The
RGB polarization degrees for the device were recorded as
0.26, 0.48, and 0.38, respectively. When compared with a
c-plane  device  used  as  the  excitation  source,  this  RGB
polarization  methodology,  employing  semipolar  μLEDs
with  intrinsic  polarization,  increased  the  light  intensity
passing through the polarizer by 73.6%. Additionally, the
device  attained  an  expansive  color  gamut,  registering  at
137.2% NTSC and 102.5% Rec.2020. Compared to ultra-
violet  (UV)  excitation-based  methods,  this
approach—utilizing blue chip-excited fluorescent mater-
ials with inherent polarization—aligns well with prevail-
ing  backlighting  modalities  and  obviates  the  need  for
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additional energy filtering in backlight applications. The
RGB  polarized  backlighting  system  developed  herein
holds significant  promise  for  reducing power  consump-
tion,  particularly  in  large  LCDs  anticipated  to  employ
μLED technology, thereby paving the way for broader in-
dustrial applications.

 Results and discussion

 Fabrication of CsPbBr3 NRs and CsPbI3-Cs4PbI6
hybrid NCs
CsPbBr3 NRs were  synthesized  under  ambient  condi-
tions at  room  temperature  (see  Methods).  The  Cs  pre-
cursor (Cs-oleate) was prepared by dissolving Cs2CO3 in
an  ODE  solution  containing  oleic  acid  and  heating  it.
Compared  to  other  works,  the  proportion  of  oleic  acid
was increased  to  ensure  that  Cs-oleate  remained  com-
pletely  soluble  at  room  temperature.  After  synthesizing
NWs, the  formation  of  NRs  during  dilution  can  be  ex-
plained  by  kinetic  model35. When  diluted,  the  equilibri-
um between the NWs and the ligands and perovskites is
disrupted.  The  NWs  take  up  the  ligand  and  perovskite
components  in  solution  and  form  the  NRs  structure.
CsPbI3-Cs4PbI6 hybrid NCs and pure CsPbI3 QDs were
synthesized using  the  hot-injection  method.  When  syn-
thesizing hybrid NCs, the addition of HI provides an ad-
ditional  I  fraction.  To  integrate  perovskites  films  with

polarized  emission  properties  into  existing  QD-LCD
technologies as part of the backlight, we chose ethylene-
vinyl acetate (EVA) as a solvent-resistant additive. EVA-
heterostructure films is  highly  transparent  and is  malle-
able and easy to stretch at room temperature. Compared
with other polymer additives, EVA has functional groups
interacting with  the  perovskite,  helping  tune  the  struc-
ture to realize efficient ensemble polarized emission.

 Morphology and optical properties of CsPbBr3 NRs
The resulting CsPbBr3 NRs emitted green luminescence
under  UV  irradiation  (Fig. 2(a)).  To  characterize  the
NRs, the CsPbBr3 solution was deposited on a glass sub-
strate to evaporate the solvent and subjected to X-ray dif-
fraction  (XRD)  analysis.  The  XRD  patterns  of  the  NRs
and glass substrates are illustrated in Fig. 2(b) and Fig. S1
(Supplementary information),  respectively.  The  diffrac-
tion peaks are consistent with the standard PDF cards of
the orthorhombic CsPbBr3 crystal structure. The signals
at 15.1° and 30.5°, corresponding to the (100) and (200)
facets,  appear,  and  the  sharp  diffraction  peaks  with  full
width at half-maximum (FWHM) of 0.35° and 0.42° con-
firmed the high crystallinity of  the NRs.  The absorption
and  PL  spectra  of  CsPbBr3 NRs  are  shown  in Fig. 2(c).
The PL emission wavelength was 526 nm, with a narrow
FWHM of 24 nm, implying high color purity. Moreover,

 

Semipolar blue

μLEDs array

CsPbBr3 NRs
composite film

CsPbl3-Cs4Pbl6 NCs
composite film

RGB tricolor
polarized light

Vertical polarizer
filter

Liquid crystal

Fig. 1 | Structure of an LCD based on semipolar blue μLEDs excite anisotropic perovskite NCs as backlight.
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transmission  electron  microscopy  (TEM)  images  of  the
NRs formed by dispersing the CsPbBr3 NRs in cyclohex-
ane are shown in Fig. 2(d−f) and Fig. S2. The average size
of  the  NRs  was  approximately  8×40  nm2 (Fig.  S3).  We
further  measured  the  PL  quantum  yield  (PLQY)  of  the
CsPbBr3 NRs  to  be  82.57%  under  the  excitation  of  450
nm light (Fig. S4).

 Polarized photoluminescence of CsPbBr3 NR
stretched composite film
The  green  NR  color-conversion  layer  was  fabricated  by
mixing NRs with an EVA polymer and spin-coating the
mixture  onto  a  glass  substrate  to  form  a  thin  film  (Fig.
3(a)). The NRs must have the ability to align well to pro-
duce  the  required  polarization  properties  for  backlight.
In particular, the NRs embedded inside the polymer can
be aligned using mechanical stretching forces.  Thus,  the
composite films were stretched to approximately 300% of
their  original  freestanding  lengths  using  a  mechanical
stretcher.  The  NRs  films  showed  considerable  stability,
maintaining 85% of their PL intensity after 800 h of blue-
light irradiation (Fig. 3(b)). Since the backlight uniform-
ity is an important factor for LCD display, we measured
the  photoluminescence  uniformity  of  the  films  after
stretching.  We  selected  18  points  in  the  stretched  film
(Fig.  S5(a)).  Photoluminescence  (PL)  measurements
were performed on each point on the film separately us-

ing  a  fluorescence  spectrometer  (FLS1000). Fig.  S5(b)
shows the normalized intensities of the 18 points. It can
be  noticed  that  the  PL  intensity  is  relatively  uniform  at
the points within the sufficiently stretched region (with-
in the yellow box of Fig.  S5(a)).  Whereas,  for the points
outside  the  yellow  box,  the  PL  intensity  is  not  uniform
and  lower.  The  reason  for  this  phenomenon  is  that  the
points outside the yellow box are unevenly stretched and
partially wrinkled. During the fabrication of the RGB po-
larized  devices,  we  retained  the  region  of  the  stretched
film  inside  the  yellow  box  and  cut  the  rest  of  the  film.
The photoluminescence uniformity of the fully stretched
region is  calculated by the ratio of  the minimum PL in-
tensity to the maximum PL intensity. Thus, the uniform-
ity of the CsPbBr3 NRs stretched films was calculated to
be  92.7%,  which  indicates  a  high  uniformity  of  the
stretched films.

The DOLP  can  be  determined  by  calculating  the  dif-
ference between the intensities emitted in two orthogon-
al directions: 

P =
Imax − Imin

Imax + Imin
. (1)

For  the  unstretched  films,  weakly  polarized  emission
with  a  DOLP  of  approximately  0.12  was  observed  with
unpolarized  405  nm  light  excitation.  In  contrast,  the
stretched composite film exhibited significantly polarized
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Fig. 2 | (a)  Photograph of CsPbBr3 NR solution under 365 nm UV lamp irradiation. (b)  XRD patterns. (c)  Absorption and PL spectra and (d–f)
typical TEM images of the CsPbBr3 NRs.
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PL  emission  with  a  DOLP  of  approximately  0.44  (Fig.
3(c); Fig. S6(a)). Moreover, with 800 h of blue light radi-
ation, the CsPbBr3 NRs film still  maintained a DOLP of
0.42,  which  implies  highly  stable  polarization  emission
(Fig.  S6(b)). To  gain  insight  into  the  origin  of  polariza-
tion,  the  contribution  of  the  stretched  EVA  polymers
was investigated.  A  c-plane  green  LED  was  used  to  ex-
cite the stretched EVA film without an embedded color-
conversion material,  and the polarization characteristics
were analyzed (Fig.  S7).  Green light without anisotropic
properties exhibited only weakly polarized emission after
passing through the EVA matrix, with a polarization ra-
tio  of  0.04.  Thus,  the  strongly  polarized  PL  of  the
stretched composite film was almost independent of the
periodic arrangement of the polymer matrix molecules.

For NRs with an anisotropic arrangement, PL polariz-
ation can  be  attributed  to  the  depolarizing  field  gener-

ated by the dielectric confinement effect, which weakens
the  electric  field  perpendicular  to  the  long  axes  of  the
NRs36.  The  intensity  of  the  internal  field  perpendicular
and parallel to the long axis is 

E⊥

E//

=
2ε0

ε + ε0
, (2)

where E// and E⊥ represent the parallel and perpendicu-
lar components of the external electric field, respectively;
ε is the dielectric constant of nanomaterials; and ε0 is the
dielectric constant  of  the  polymer.  The  dielectric  con-
finement of the electric field causes emission anisotropy
and aligns the transition dipole moments along the long
axis of  the NRs,  leading to anisotropic excitons contrib-
uting to the anisotropy of optical absorption37. To meas-
ure  the  absorption  property  of  the  stretched  composite
film, absorption  spectra  were  collected  for  different  po-
larization angles (Fig. 3(d), and the absorption spectra of
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EVA  polymer  films  without  embedded  peroxides  are
presented  in Fig.  S8).  The  stretched  film  exhibited  the
highest absorption coefficient for //-polarized light (light
polarized  parallel  to  the  film  stretching  direction)  and
the weakest  absorption  for  ⊥-polarized light  (light  po-
larized  perpendicular  to  the  film  stretching  direction).
The  PLQY  of  NR  film  under  450  nm  light  excitation  is
50.18%  (Fig.  S9(a)).  In  addition,  the  QY  value  of  NW
films increased to 57.26% under //-polarized light excita-
tion, whereas it  decreased to 45.27% under ⊥-polarized
light excitation (Fig. S9(b)), due to the absorption-emis-
sion ratio of perovskites being higher under //-polarized
light  excitation  and the  effect  of  light  absorption  by  the
polymer  being  reduced.  Because  the  absorption  and
emission  ratios  of  the  electric  field  components  parallel
to the long axis of the NRs are stronger than those in the
radial  direction,  the  NR  composite  film  has  a  polarized
emission  with  a  DOLP  of  0.52  under  //-polarized  light
excitation, which drops to 0.38 under ⊥-polarized light
(Fig. 3(e, f)).  To extract  the PL polarization components
along  the  stretching  direction,  a  polarizer  was  used  to
compare the  luminescence  intensity  after  the  NR  com-
posite film was excited by // and ⊥ polarized lights (Fig.
3(g)). The PL intensity reached its peak with the polariz-
ation  angle  parallel  to  the  film  stretching  direction,
whereas it reached its valley when exiting with polarized
light perpendicular to the film stretching direction, with
a ratio of 1.47 between the maximum and minimum val-
ues. Thus, the NR composite film exhibits higher polariz-
ation emission efficiency under excitation by light polar-
ized parallel  to  the  stretching  direction,  which  demon-
strates  that  the  semipolar  blue  μLED  with  polarization
emission is expected to be an ideal light source for RGB
polarization devices.

 Morphology and optical properties of CsPbI3-
Cs4PbI6 hybrid NCs
The  susceptibility  of  CsPbI3 black polycrystals  to  envir-
onmental  degradation  poses  a  significant  challenge  for
obtaining  stable  iodine-containing  perovskite  NRs38.
Notably,  the  stability  of  γ-CsPbI3 NCs  encapsulated
within  a  Cs4PbI6 crystalline matrix  was  markedly  en-
hanced,  surpassing  even  the  stability  improvements
achieved through B-site doping39. Furthermore, the high
dielectric constant of Cs4PbI6 is expected to improve the
anisotropy of the emission, rendering it a viable candid-
ate for red color conversion in LCD backplane illumina-
tion applications.

CsPbI3-Cs4PbI6 hybrid  NCs  displayed  red-emission
properties  closely  resembling  those  of  unadulterated
CsPbI3 NCs (Fig. 4(a)). XRD patterns corresponded with
the  Cs4PbI6 phase  (Fig. 4(b)).  The  photoluminescence
(PL)  peak  of  these  hybrid  NCs  was  located  at  674  nm
with a FWHM of 32 nm (Fig. 4(c)). The absorption spec-
trum of the hybrid NCs in hexane exhibited a dominant
peak at 368 nm, consistent with the Cs4PbI6 phase, along
with another absorption peak approximately at  660 nm,
aligned with pure CsPbI3 quantum dots (QDs) (Fig. 4(c)
inset). TEM  images  of  the  hybrid  NCs  were  also  ac-
quired  and  are  depicted  in Fig. 4(d, e),  and  Figure  S10.
The lattice stripe spacing of 3.68 Å in the hybrid NCs is
congruent  with  Cs4PbI6.  A  larger  lattice  spacing  of  8.55
Å  results  from  the  overlap  between  the  lattice  of  the
guest (CsPbI3) particles and the matrix (Cs4PbI6), a char-
acteristic  comparable  to  previously  reported  findings40.
Under  excitation  with  450  nm  light,  the  hybrid  NCs
achieved  a  remarkably  high  photoluminescence
quantum  yield  (PLQY)  of  95.31%,  thereby  indicating
their  considerable  potential  in  full-color  μLED  displays
(Fig. S11).

Similarly,  CsPbI3-Cs4PbI6 composite films  were  fab-
ricated  based  on  EVA  polymer.  The  stability  of  the
CsPbI3 QDs was enhanced when they were embedded in
Cs4PbI6.  Moreover,  to  compare  the  stability  of  the
CsPbI3-Cs4PbI6 hybrid  NC  film  with  that  of  pure  γ-
CsPbI3 QDs  (corresponding  TEM  images  are  presented
in Fig.  S12), films of  both were  fabricated and encapsu-
lated  in  the  same  polymer  under  blue  irradiation.  The
lifetime  results  are  shown  in Fig. 4(f),  where  the  pure
CsPbI3 QD  films  exhibited  faster  degradation  rates.  In
contrast,  the  hybrid  NC composite  film exhibited  phase
stability for several  weeks,  demonstrating that the phase
stability  of  γ-CsPbI3 was  enhanced  in  the  presence  of
Cs4PbI6 (Fig. S13(a)). The enhanced phase stability of γ-
CsPbI3 embedded  in  Cs4PbI6 can  be  explained  by  the
lower Gibbs free energy,  resulting in a  higher activation
energy  barrier  for  the  conversion  of  γ-CsPbI3 from  the
black phase to the yellow phase that becomes higher (Fig.
S13(b))41. These results suggest that the hybrid NC films
could  be  integrated  into  existing  QD-LCD  technologies
with  good  stability  in  natural  environments  or  under
blue light radiation.

 Polarized photoluminescence of hybrid NC
stretched composite film
As  CsPbI3 was  embedded  within  Cs4PbI6 in  the  hybrid
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NCs, growing them into nanorods was challenging.  The
perovskite NCs in the composite film can be oriented in-
to  wires  along  the  stretching  direction,  and  this  NC-
aligned wire  (NC-AW) structure  also  can  exhibit  polar-
ized emission8. Considering this aspect, we stretched the
film to 300% of its original length and performed polar-
ization measurements.  The  surface  of  the  stretched film
was analyzed using backscattered electron scanning elec-
tron  microscopy,  which  revealed  the  presence  of  larger
particles  with  cracks  along the  stretching direction (Fig.
S14). In contrast to other reported polymers, EVA poly-
mer  has  functional  groups  interacting  with
perovskites42−44. Furthermore,  Fourier  transform  in-
frared  spectroscopy  (FTIR)  measurements  were  applied
to  study  the  interaction  between  PNC  and  EVA  (Fig.
5(a), Fig.  S15).  The  spectrum of  the  pure  EVA polymer
shows a distinct carbonyl peak at 1736 cm–1, identified as
the C=O stretching vibration of  the vinyl  acetate  group.
For the composite films with embedded hybrid NCs, the
peak  of  this  absorption  band  shifts  toward  a  lower
wavenumber (1728 cm–1), suggesting a chemical interac-
tion  between  EVA  and  perovskite.  Non-coordinating
empty 6p orbital of Pb2+ in the NCs will interact with the
carboxyl  group of  EVA (Fig. 5(b)). This chemical  bond-
ing combined with the use of a polymer provides a pos-

sible  mechanism  to  form  anisotropic  structures  of  the
hybrid  NCs  during  stretching.  The  interaction  between
the  NCs  and  polymer  chains  led  to  the  migration  and
linear alignment  of  the  hybrid  NCs along the  EVA mo-
lecular  chains  during stretching,  resulting in  a  model  of
the  NC-AWs  embedded  in  the  polymer  (Fig. 5(c)).  The
polarization  anisotropy  of  the  NC-AWs  is  attributed  to
the difference  in  the  dielectric  constants  of  the  align-
ment  lines  and their  surrounding  environments.  Unlike
NRs, the  NC-AWs  in  stretched  composite  films  are  ap-
proximated  particles  with  periodic  arrangements  with
grain  boundaries.  Therefore,  the  dielectric  constant  of
the overall  alignment  line  should  be  considered  for  hy-
brid NCs and polymers. The hybrid NCs are assumed to
be packed into cubes, and the vacancies between the NCs
are  assumed to  be  filled  by  the  polymer  (Fig. 5(d)).  The
dielectric constant of a compound can be described by45
 

3
√
ε =

∑
ci 3
√
εi . (3)

The  NC-AWs  in  this  study  mainly  consisted  of
CsPbI3,  Cs4PbI6,  and  polymers.  Thus,  a  combination  of
these three substances is required to calculate the dielec-
tric constants. The relative dielectric constant of Cs4PbI6

was  9.6,  which  is  higher  than  that  of  CsPbI3 (5.946,47).
Thus,  the relative dielectric  constant of  the AWs will  be
higher than that of the pure CsPbI3 NCs made using this
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method. This high dielectric constant in the visible range
increases the  dielectric  contrast  with  EVA,  further  en-
hancing  the  depolarization  field.  Consequently,  the
CsPbI3-Cs4PbI6 hybrid  NCs  were  expected  to  exhibit
stronger anisotropic emissions (Fig. 5(e)).

No emission polarization was observed in the compos-
ite  films  before  stretching,  whereas  the  DOLP  of  the
stretched composite films reached 0.37 with unpolarized
405 nm light excitation (Fig. 5(f); Fig. S16(a)). Moreover,
with  672  h  of  blue  light  radiation,  the  hybrid  NCs  film
still  maintained  a  DOLP  of  0.33,  which  implies  highly
stable  polarization  emission  (Fig.  S16(b)). As  the  per-
centage of CsPbI3 in the hybrid NCs is relatively low, the
AWs were assumed mainly to consist  of  Cs4PbI6 stacks,
with the  gaps  between  the  particles  filled  by  EVA.  Ac-

cording to Eq. (3), assuming that the volume ratio of hy-
brid  NCs  in  AWs  is  approximately  0.4,  the  dielectric
constant of the AWs is approximately 4.24. According to
Eq. (2), the theoretical polarization ratio of the stretched
composite film is 0.39, which agrees well with the experi-
mental value. For comparison, pure CsPbI3 QD stretched
films  were  also  fabricated  using  the  same  process.  The
DOLP of  the  pure  CsPbI3 QD film was  calculated to  be
0.21 (Fig.  S17),  which was lower than that of the hybrid
NCs  films,  supporting  the  conclusions.  With  a  single
nanomaterial  of  CsPbI3 embedded  in  the  polymer,  the
relative  permittivity  of  the  AWs  was  calculated  to  be
3.29.  Therefore,  the  theoretical  polarization  ratio  of  the
CsPbI3 QD  stretching  composite  film  emission  is  0.24,
which  is  also  consistent  with  the  measured  value.
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Therefore,  the  arrangement  of  hybrid  NCs  based  on
CsPbI3-Cs4PbI6 has good stability in strong polarization
emission  and  is  suitable  for  making  color-conversion
materials for LCD backlights.

The PL polarization characteristics of  the hybrid NC-
stretched films  under  linearly  polarized  optical  excita-
tion were measured (Fig. 5(g)). The DOLP of the hybrid
NCs film under //-polarized light excitation is about 0.4,
which  is  comparable  with  that  of  in  other  work  about
red-emitting  perovskite  NRs17,18,27,48,49.  In  contrast  to  the
NR composite films, the absorption anisotropy of the hy-
brid  NC  composite  films  was  insignificant,  with  only  a
10%  difference  between  the  maximum  and  minimum
values.  As  mentioned previously,  for  NRs,  the  dielectric
confinement of the electric field aligns the transition di-
pole moments along the long axis, and the generated an-
isotropic  excitons  lead  to  anisotropic  absorption.
However,  unlike  NRs,  the  weak  anisotropic  absorption
properties of  NC-AWs  consisting  of  linear  arrange-
ments of NCs is due to the excitation of individual NCs
with  small  difference  between  the  long  and  short  axes.
The PLQY of 55.38% was measured for hybrid NC films,
and it increased to 59.41% under //-polarized light excit-
ation  (Fig.  S18).  The  PL  polarization  component  along
the stretching direction was also extracted using a polar-
izer, and I///I⊥ was measured to be 1.13 (Fig. 5(h)). Sim-
ilarly,  uniformity  of  red  hybrid  NCs  stretched  film  was
measured (Fig. S19). The uniformity of the red stretched
films was calculated to be 91.2%. As a result, the red and
green stretched films have high uniformity  in  the  target
region. And the  uniformity  of  the  backlight  will  be  fur-
ther increased after passing through the light guide plate
in the backlight module.

 RGB polarized device based on semipolar μLEDs
and stretched perovskite films
A LCD  backlight  system  was  developed  using  a  semi-
polar blue LED array and perovskite composite films. A
schematic cross-section  of  the  semipolar  2×2  μLED  ar-
ray  with  a  diameter  of  30  μm  is  shown  in Figure 6(a).
The semipolar  (20-21)  GaN  layer  was  grown  on  pat-
terned  sapphire  substrates  (PSSs)  using  an  orientation-
controlled  epitaxy  process.  Details  of  the  PSS  and  bulk
GaN epitaxy can be found in our previous research50. Fig.
6(b) displays an SEM image of the epitaxial layer, where
the crystalline planes of GaN are oriented normal to the
(20-21) plane. A TEM image of the quantum-well layer is
included in Fig. S20.

Figure 6(c) illustrates  the  external  quantum efficiency
(EQE)  of  both  the  blue  semipolar  μLED  array  and  the
reference  c-plane  μLED  array,  which  share  the  same
structural design. Although the c-plane device displays a
higher peak EQE compared to its semipolar counterpart,
the latter manifests  superior efficiency retention at  elev-
ated  injection  currents.  Specifically,  the  EQE  and  light
output  power  (LOP)  for  the  semipolar  device  stand  at
10.4% and 5.8  mW, respectively,  at  an  injection current
density  of  707  A/cm2 (corresponding  to  20  mA).  These
metrics surpass  those  of  the  c-plane  device,  which  re-
gisters an  EQE  and  LOP  of  6.9%  and  3.8  mW,  respect-
ively (Figure S21). This trend is similar to other work30,51.
Considering the higher brightness requirements of LCD
backlight, the μLEDs devices in this work will operate at
relatively  high  current  densities  (much  higher  than  100
A/cm2)  when  used  as  backlight  sources.  From Fig. 6(c),
the semipolar  device  has  a  higher  luminescence  effi-
ciency as current density higher than 100 A/cm2. In addi-
tion,  the  advantages  of  semipolar  devices  as  a  backlight
source will be even more obvious in high-power displays
for  outdoor  displays  with  higher  average  brightness.
Moreover,  a  minimal  shift  in  wavelength  and
FWHM—3.8 nm and 2.5 nm, respectively—was noted as
the injection current density escalated to 707 A/cm2 (Fig.
6(d)).  This  high  wavelength  stability  is  ascribed  to  the
mitigation of  the  polarization electric  field  and the  QC-
SE  facilitated  by  the  multiple  quantum  wells  (MQW)
grown on the GaN semipolar plane. Unlike the isotropic
strain observed in c-plane devices, the anisotropic strain
in  semipolar  planes  engenders  a  modification  in  crystal
symmetry,  thus  leading  to  the  device's polarized  emis-
sion characteristics52,53. Further examination of the optic-
al polarization characteristics of the semipolar μLED ar-
ray yielded a DOLP PμLED value of  0.37 (Fig. 6(e)).  This
finding  suggests  that  the  semipolar  μLED  is  capable  of
delivering a  blue  polarized  light  component  when  util-
ized as an excitation source.

The process for fabricating the RGB polarized system
is depicted in Fig. 7(a), where a semipolar blue μLED ar-
ray was used at the base, pumping the green NR film and
red  hybrid  NC  film  sequentially  in  the  through-plane
orientation.  To  affix  the  color  conversion  films  to  the
μLEDs,  we used a  colorless  and transparent  epoxy resin
adhesive that did not impact color conversion. A photo-
graph  of  the  device  is  presented  in Fig. 7(b).  The  blue
μLED efficiently excited the red and green color conver-
sion layers,  producing bright white light from the entire
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device.  The  emission  spectrum  exhibited  three  primary
peaks located at 451, 525, and 676 nm (Fig. 7(c)), indicat-
ing the production of white light. Subsequently, the col-
or  space  of  the  device  was  analyzed  at  injection  current
densities of 10–707 A/cm2 (Fig. 7(d)). Due to the narrow
EL spectrum, the RGB polarized devices assembled from
the  blue  semipolar  μLEDs  array  and  perovskite  color
conversion layer exhibited a wide color gamut of 137.2%
of  the  NTSC  and  102.5%  of  Rec.  2020.  In  addition,  the
CsPbBr3 NRs and hybrid NC films exhibited high QYs of
55.14% and 57.02%, respectively, under the excitation of
semipolar blue μLEDs array (Fig. S22). Furthermore, the
device exhibited significant color stability due to the low-
wavelength shift  of  the  semipolar  blue  LEDs.  As  the  in-
jection current increased,  the color gamut of  the system
remained  almost  constant,  highlighting  its  potential  for
display backlight applications. Figure S23 shows the nor-
malized EL spectra of the whole device after 0 h and 600
h of  operation.  Owing  to  the  high  stability  of  the  per-
ovskite stretched composite film, after continuous opera-
tion of 600 h, the whole device shows just 12.9% degrad-
ation  of  the  luminous  intensity.  The  stability  of  the
devices in this work is relatively high compared to other
devices based  on  perovskite  color  conversion  layer  fab-
rication54. In the future, the deposition of protective lay-
er by  atomic  layer  deposition  (ALD)  is  expected  to  fur-
ther  protect  the  perovskite  color  conversion  materials
against water and oxygen and increase the stability.

The  RGB  polarized  μLED  device  described  in  this
study  utilizes  CsPbBr3 NRs  and  CsPbI3-Cs4PbI6 hybrid
NC composite  films  with  anisotropic  emission  proper-
ties to  provide  the  green  and  red  components,  respect-
ively. In addition, the semipolar blue LED array provides
the  blue  component  of  polarized emission,  enabling  the
device to emit polarized light containing RGB trichrome.
For  effective  transmission  through  the  first  polarizer
within  the  LCD backplane,  the  polarization direction of
the blue light is parallel to the stretching direction of the
composite film.

The  DOLP  of  the  blue  light  decreased  from  0.37  to
0.29 after the excitation of the green NR composite film
alone (Fig. 8(a)). Due to the weak absorption anisotropy
of the  "hybrid  NC alignment,"  the  polarization  only  de-
creased to 0.26 when the overlapping green and red com-
posite  films  were  excited  simultaneously.  As  mentioned
previously, the  absorption  of  the  stretched  EVA  poly-
mers has slightly effects on the polarization properties of
the excitation light. Therefore, the decrease in the DOLP
of  the  excitation  blue  light  mainly  stems  from  the
stronger  absorption  of  polarized  light  parallel  to  the  c-
axis of the NRs and NC-AWs. The DOLPs of the device
were calculated to be 0.26, 0.48, and 0.38 for blue, green,
and red, respectively (Fig. 8(b, c)). The calculated DOLPs
of the device with semipolar blue μLED array excitation
indicate  the  polarization  characteristics  of  the  polarized
device  when  actually  applied  to  backlight.  Due  to  the
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weak  absorption  anisotropy  of  the  red  hybrid  NC-AWs
and low absorption in the green wavelength, the red film
causes  almost  no  effect  on  the  green  light  polarization
characteristics. In an LCD, the backlight causes signific-
ant  power  loss  after  passing  through  a  polarizer.  When
the  light  from  the  RGB  polarized  device  in  this  study
passes  through  the  polarizer,  the  transmittance  of  the
blue, green, and red components is 63%, 74%, and 69%,
respectively. Therefore, this RGB polarized device is po-
tentially usable as an LCD backlight.

Figure 8(d) summarizes  the  polarized  emission  using
perovskites  as  the  color  conversion  layer.  Compared  to
current  research focusing on the  green band,  the  device
in  this  study  can  emit  stable  polarized  light  containing
RGB trichromatic colors. This solution, which employs a

blue  chip  to  excite  the  red  and  green  conversion  layers,
requires  no  filtering  of  the  additional  UV  component
and maximizes  energy  utilization  when  used  in  back-
lighting applications. Furthermore, the power consump-
tion of the backlight module was found to be more than
40%  less  than  that  of  the  LCD.  Based  on  the  backlight
power  consumption  of  120  W  for  a  typical  70"  LCD
screen on the market,  the backlight manufactured using
this  method  could  save  approximately  48  W  of  power,
which is beneficial for industrialization.

To elucidate the advantages of utilizing semipolar blue
LEDs as excitation sources in RGB polarized devices, we
conducted  experiments  by  replacing  the  semipolar  blue
μLED  arrays  with  c-plane  μLEDs  in  our  system  and
measuring  the  optical  properties  (Fig.  S24).  Due  to  the
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anisotropic  absorption  properties  of  the  stretched  films,
the  unpolarized  blue  light  emanating  from  the  c-plane
μLEDs  undergoes  polarization  orthogonal  to  the  green
and red emissions  upon traversing the  color  conversion
layer.  This  phenomenon leads  to  a  diminished intensity
of  blue  light  capable  of  passing  through  the  polarizer.
The  calculated  polarizabilities  for  the  green  and  red
emissions were  0.41  and  0.36,  respectively.  When  com-
pared to the excation scenario involving a semipolar blue
LED, both green and red emissions exhibited a decrease
in polarization  ratios.  For  applications  requiring  polar-
ized backlights,  only  a  singular  direction  of  linearly  po-
larized light is essential. Thus, we measured the intensit-
ies of the devices along the polarization axis, using differ-
ent excitation sources for comparison. When the LOP of
the  semipolar  and  c-plane  device  was  equated  to  5.8
mW, the aggregate intensity of the device using the semi-
polar  μLED  as  the  excitation  source  after  passing
through the polarizer increased by 32.2% relative to its c-
plane  counterpart.  Specifically,  the  blue,  green,  and  red
components increased  by  46.7%,  28.9%,  and  13%,  re-
spectively  (Fig. 8(e)). Upon  equating  the  injection  cur-
rents  of  both  c-plane  and  semipolar  devices  to  20  mA,
the intensity  of  the RGB polarized device  improved sig-
nificantly  owing  to  the  superior  luminous  efficiency  of
the semipolar configuration. In fact, the total intensity of

the device, when excited by a semipolar LED and meas-
ured through the polarizer, surged by 73.6% in compar-
ison  to  the  c-plane-excited  device.  Within  this  context,
the  blue,  green,  and  red  components  escalated  by
122.4%, 104.5%, and 48.1%, respectively (Fig. 8(f)).

These observations further validate the high efficiency
of  the RGB polarized device  delineated in this  study for
polarized backlight applications. Currently, the industri-
al  film  bidirectional  synchronous  tensile  equipment  is
capable  of  manufacturing  large-scale  stretched  polymer
films. The perovskite-EVA films in this work were malle-
able and easy to stretch with high stability.  Therefore,  it
is capable  of  realizing  large-scale  manufacturing  of  per-
ovskite  quantum  dot  color  enhanced  color  conversion
stretched film for backlighting of LCD TVs or displays.

 Conclusions
This study has demonstrated the potential of a highly ef-
ficient  and  stable  RGB  polarized  device  that  is  well-
suited  for  backlights  for  LCD  and  polarizer-adjustable
multiplexed color  displays.  The  proposed  device  incor-
porates an array of  blue semipolar μLEDs with inherent
polarization  properties  as  the  excitation  source.  These
μLEDs  illuminate  stretched  composite  films,  composed
of  green  CsPbBr3 NRs  and  red  CsPbI3-Cs4PbI6 hybrid
NCs,  which  serve  as  the  color-conversion  layers.  In
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addition to the inherent polarized emission of the CsPb-
Br3 NRs  within  the  polymer  film,  the  device  benefits
from strong anisotropic emissions generated by the AWs
structures  in  the  CsPbI3-Cs4PbI6 hybrid  NCs.  These
AWs structures have exhibited exceptional stability upon
prolonged exposure to blue radiation. The integration of
these elements results in high degrees of polarization for
the  device:  0.26,  0.48,  and  0.38  for  blue,  green,  and  red
emissions, respectively.  Furthermore,  the  device  mani-
fests a broad and stable color gamut, fulfilling 137.2% of
the NTSC standard and 102.5% of the Rec.2020 specific-
ation.  In  comparison  to  devices  that  employ  c-plane
LEDs for  excitation,  our  approach,  which  utilizes  semi-
polar  μLEDs  with  intrinsic  polarization  characteristics,
enhances the  light  intensity  passing  through  the  polar-
izer  by  73.6%.  In  summary,  this  investigation  offers  a
novel  framework for the development of  RGB polarized
optoelectronic devices,  employing  anisotropically  struc-
tured  building  blocks  encased  in  polymer  matrices  and
μLED technology.

 Methods

 Fabrication of array of blue semipolar μLEDs
First, indium tin oxide (ITO) was deposited as the p-con-
tact  layer.  A  mesa  with  a  depth  of  approximately  1  μm
was then etched into the ITO layer using a hydrochloric
acid solution and an inductively coupled plasma reactive
ion  etching  (ICP-RIE)  machine.  Subsequently,
Ti/Al/Ti/Au metal contacts were deposited using photo-
lithography and an electron gun. Next, 30-nm-thick alu-
minum oxide and SiO2 passivation layers were deposited
via atomic layer deposition and plasma-enhanced chem-
ical  vapor  deposition,  respectively.  Finally,  Ni/Au  was
deposited as the p-metal electrode using ICP-RIE, and a
distributed  Bragg  reflector  was  deposited  on  the  back
surface of  the  wafer  to  improve  the  light  output  effi-
ciency.

 Synthesis of Cs-Oleate
To prepare a Cs-precursor,  0.55 g of  Cs2CO3 powder in
the mixed solution of 20 mL of Oct and 2 mL of OlAc at
130 °C in a vacuum.

 Synthesis of CsPbBr3 NRs
Here, 0.1395 g PbBr2, 12 mL of ODE, 1 mL of OAm, and
0.7 mL of OlAc were poured into a three-necked round-
bottom  flask,  heated  to  120  °C  in  a  vacuum,  and  then

cooled  to  room  temperature.  Afterward,  0.6  mL  of  Cs
source precursor was injected into Pb precursor, and the
mixture  was  allowed  to  react  for  2  h.  The  sample  was
centrifuged at 12000 r/min for 3 min and the precipitate
formed nanowires. The precipitate was diluted into 2 mL
of  hexane,  and the  solution was  left  to  react  for  48  h  to
form the nanorods.

 Synthesis of γ-CsPbI3 QDs
In this step, 0.092 g PbI2, 10 mL of ODE, 1 mL of OlAc,
and 1 mL of OlAm were degassed in a three-necked flask
for  approximately  1  h  at  120  °C.  Then,  0.6  mL  of  Cs-
oleate was  injected  into  the  Pb  precursor  at  155  °C  un-
der a vacuum. After 7–8 s, the reaction was quenched in
an ice bath.  The obtained NCs were centrifuged at 8000
rpm  for  5  min.  The  supernatant  was  discarded,  and  10
mL  of  hexane  was  added.  Lastly,  the  obtained  hexane
solution was centrifuged at 6000 rpm for 5 min.

 Synthesis of CsPbI3-Cs4PbI6 NCs
In particular, 0.058 g PbI2, 10 mL of ODE, 1 mL of OlAc,
1 mL of OlAm, and 80 μL of HI were degassed in a three-
necked flask  for  approximately  1  h  at  120  °C.  Sub-
sequently, 1.7 mL of Cs source precursor was injected in-
to Pb precursor at 155 °C under vacuum. After 7–8 s, the
reaction was quenched in an ice-bath. The obtained NCs
were centrifuged  at  7300  rpm  for  5  min.  The  super-
natant was discarded, and 10 mL of hexane was added to
the  precipitate.  The  obtained  hexane  solution  was  then
centrifuged at 4900 rpm for 5 min.

 Preparation of tensile polymer films
For  typical  film  preparation,  nanorods  or  hybrid  NCs
were added to a solution of 5% wt. EVA polymer in tolu-
ene.  The  solutions  were  added  to  the  glass  substrate  to
cover  the  entire  area,  and  the  sample  was  placed  under
vacuum  at  room  temperature  for  12  h.  The  resulting
polymer  composites  were  peeled  off  after  a  complete
evaporation  of  the  solvent.  The  separated  films  were
stretched to 300% of their original length using a stretch-
ing machine.

 Measurement of polarization emission
Unpolarized light or // and ⊥ polarized light at 405 nm
was  used  as  the  excitation  source  in  the  polarization
characterization of  the  individual  green  or  red  per-
ovskite  stretched films.  The unpolarized 405 nm light  is
generated  by  xenon  lamp  and  monochromator;  the  //
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and ⊥ polarized light is generated by a 405 nm laser di-
ode after passing through a polarizer in the correspond-
ing  direction.  For  the  subsequent  final  RGB  polarized
devices, the excitation sources were semipolar blue μLED
array  or  c-plane  blue  μLED  array,  respectively.  The
transmitted emission was collected and filtered through a
polarizer and an appropriate bandpass filter. The collec-
ted light was further filtered by a suitable h-bandpass fil-
ter and sent to a spectrometer (QE65 Pro, Ocean Optics)
to measure its intensity at varying angles through the ro-
tation of  the  polarizer.  Finally,  the  excitation  polariza-
tion  was  regulated  by  another  polarizer  situated  in  the
excitation beam path.

 Aging test
As the light  sources,  450 nm blue LEDs under an injec-
ted  current  of  20  mA  were  employed.  The  distance
between the blue-LED and color conversion layer was 1
cm.  After  the  corresponding  aging  time,  the  PL  spectra
of  the  films  were  measured  under  the  excitation  of  356
nm LEDs  using  a  spectrometer  (QE65  Pro,  Ocean  Op-
tics).

 Characterizations
A SmartLab  SE (Rigaku,  Japan)  instrument  was  used  to
perform the XRD measurements of the samples for a 2θ
range  of  10°–60°.  TEM  images  were  acquired  using  a
JEM  2100  (JEOL,  Japan)  and  a  Talos  F200X  (Thermo
Fisher, USA).  The  samples  were  prepared  using  a  fo-
cused ion beam by a  Helios  660 (Thermo Fisher,  USA).
The absolute PLQYs (λex = 450 nm) were measured in a
steady-state/transient  fluorescence  spectrometer
(FLS1000).
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