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ABSTRACT: The  simultaneous  realization  of  high  external
quantum efficiency (EQE) and high degree of polarization (DoP)
in  circularly  polarized  light-emitting  diodes  (LEDs)  remains  a
substantial  challenge.  Here,  we  present  a  polarization-selective
photon  recycling  microcavity  integrated  into  a  top-emitting
quantum-dot  LED  (TE-QLED).  The  device  incorporates  a  chiral
Bragg-specular  reflection  microcavity,  in  which  light  with  the
opposite  handedness  to  the  Bragg  layer  is  transmitted  directly,
whereas  light  with  the  same  handedness  undergoes  chirality
reversal and exits the microcavity with the opposite handedness.
This  polarization-selective  photon recycling  mechanism enables
the  recovery  of  photons  that  would  otherwise  be  lost  in
conventional  polarized  light  generation,  thereby  overcoming  the
physical  limit  of  50%  loss  in  polarized  emission.  As  a  result,  a
circularly  polarized  QLED  with  a  DoP  of  81%
(electroluminescence  dissymmetry  factor glum(EL)  =  1.62)  and  a
high  EQE  of  20.27%  is  achieved,  with  only  17.8%  light  loss
compared  to  the  reference  device.  Furthermore,  a  proof-of-
concept  three-dimensional  display  prototype  is  demonstrated,  highlighting  the  potential  of  this  approach  for  advanced
display technologies.
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 1    Introduction
Quantum  dots  (QDs)  have  emerged  as  a  promising  class  of
luminescent material for light-emitting devices, due to their unique
optical  properties  such  as  narrow  emission  bandwidth,  tunable
spectra,  and  compatibility  with  solution-processing  techniques
[1−11]. In recent years, fully solution-processed red, green, and blue
light-emitting  diodes  based  on  QDs  (QLEDs)  have  all  achieved
external  quantum  efficiencies  (EQEs)  exceeding  20%  [12−22],
attracting considerable interest for display and lighting applications.

Building on these advances,  the development of  efficient circularly
polarized  luminescence  (CPL)  based  on  QDs  has  become
increasingly important for a range of applications, including three-
dimensional  displays  [23, 24],  optical  communications  [25],  and
quantum  technologies  [26].  Conventionally,  the  generation  of
circularly polarized light is largely dependent on external polarizers,
which can ensure a high degree of polarization (DoP; see definition
in  Note  S1  in  the  Electronic  Supplementary  Material  (ESM)).
However,  this  approach  inevitably  results  in  at  least  50%  optical
losses  and  increases  the  bulkiness  of  the  system  [27].  This
fundamental  photon  loss  is  a  significant  disadvantage  for  efficient
polarized  light  generation  and  motivates  the  development  of
intrinsically polarized LEDs [28, 29].

Currently,  intrinsically  polarized  LEDs  can  be  generally
categorized  into  three  classes  according  to  their  polarization
generation  mechanisms:  (i)  Chirality-induced  polarization,
commonly  realized  in  organic  light-emitting  systems  [30−47].
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While such LEDs can achieve high EQE, their DoP remains limited
(see  the  statistical  data  in  Table  S1  in  the  ESM).  This  constraint
originates  from  the  inherently  weaker  magnetic  dipole  transition
intensity  compared  to  electric  dipole  transitions  in  chiral  organic
molecules.  Since  the  luminescence  dissymmetry  factor  (glum)  is
proportional  to  the  ratio  of  magnetic  to  electric  dipole  transition
strengths, improving the DoP in these systems poses a fundamental
challenge.  (ii)  Anisotropy-induced  polarization,  which  employs
anisotropic  emitters  such  as  quantum  rods,  nanoplatelets,  and
nanowires [29, 48−52]. This type of LEDs generally exhibits higher
DoP,  though  their  EQE  is  often  compromised  (Table  S1  in  the
ESM). This is  because achieving a high degree of alignment in the
emissive layer typically occurs at the cost of efficient charge carrier
injection [53].  (iii)  Spin carrier-induced polarization, where charge
carriers are polarized prior to recombination [54−65]. This type of
polarized  LED  offers  a  more  balanced  performance  between  EQE
and DoP, although each metric generally falls below the maximum
values  reported  for  chiral  organic- or  anisotropic  emitter-based
LEDs (see Table S1 in the ESM). The challenge lies in the efficient
spin  injection  and  spin  preservation  during  the  carrier  transport
process.  Collectively,  existing  intrinsically  polarized  LEDs  suffer
from  a  trade-off  between  high  efficiency  and  high  polarization,
making it challenging to achieve ideal values simultaneously.

Here,  we  address  this  challenge  from  a  fundamentally  different
perspective by introducing a polarization-selective photon recycling
microcavity  integrated  into  a  top-emitting  QLED  (TE-QLED).
Notably, “polarization-selective  photon  recycling” here  refers  to  a
non-absorptive optical process, where rejected photons are reflected
back  into  the  cavity  and  converted  into  the  desired  polarization
state,  rather  than  re-absorption  and  re-emission  [66].  A  solution-
processed  cholesteric  liquid  crystal  (CLC)  layer  is  monolithically
integrated  into  the  device  to  provide  handedness-selective  Bragg
reflection (Note S2 in the ESM). Notably, the emission spectrum of
the  QLED  is  matched  with  the  Bragg  reflection  band  of  the  CLC
layer,  enabling  strong  optical  coupling.  Together  with  the  highly
reflective  bottom  electrode,  the  CLC  layer  forms  a  Bragg-specular
reflection  microcavity  that  enables  polarization-selective  photon
recycling  for  highly  efficient  circularly  polarized  emission.  This
microcavity not only overcomes the 50% loss limit of conventional
polarized emission (see Methods for mechanism), but also does not
affect the carrier injection and transport properties of the QLED. As
a  result,  a  circularly  polarized  TE-QLED  with  a  DoP  of  81%
(corresponding  to  a glum(EL)  of  1.62)  and  an  EQE  of  20.27%  was
achieved.  This  result  confirms  the  simultaneous  achievement  of
high  efficiency  and  high  polarization  purity  in  circularly  polarized
QLEDs.  To  the  best  of  our  knowledge,  this  device  exhibits  the
optimal  trade-off  reported  to  date  between  EQE  and  DoP  among
LEDs  using  external  polarizers  and  intrinsically  polarized  LEDs,
corresponding  to  a  harmonic  mean  of  0.32.  Moreover,  this
approach  is  universally  applicable  and  can  be  extended  to  various
LED systems, offering broad prospects for practical applications.

 2    Results and discussion

 2.1    Mechanism  of  the  Bragg-specular  reflection
microcavity
Figure  1(a) illustrates  the  Bragg-specular  reflection  microcavity,
which  comprises  an  emitting  layer  (EML)  positioned  between  a
specular reflection interface and a Bragg reflection interface.  Bragg

reflection  is  induced  via  the  constructive  interference  of  light
reflected from the periodic interfaces of alternating dielectric layers,
which maintains the chirality of  the reflected light (Note S2 in the
ESM). This is achieved through the implementation of a CLC layer
here. Specular reflection is the reflection of the light from a smooth
surface, in which the handedness of circular polarization is inverted.
In this scenario, a silver surface functions as the specular reflector.

Light emitted from the emissive layer is intrinsically unpolarized,
and can be considered as a mixture of left-handed (LH) and right-
handed  (RH)  circularly  polarized  components.  Within  the  Bragg
reflection band of the CLC layer, light with the same handedness as
the  CLC  helix  is  selectively  Bragg-reflected  back  into  the
microcavity  without  changing  its  handedness,  while  component
with  opposite  handedness  is  transmitted  directly  [67−69].
Subsequently,  the  Bragg-reflected  light  undergoes  specular
reflection at the bottom electrode, which inverts its handedness and
enables it to pass through the Bragg layer. Thanks to this design, the
Bragg-specular  reflection  microcavity  recovers  photons  that  are
typically  lost  in  polarization  modulation,  enabling  low-loss  and
highly  circularly  polarized output  via  polarization-selective  photon
recycling [70].

As an example, Fig.  1(b) demonstrates  how LH-CPL is  emitted
from the  Bragg-specular  microcavity.  The  result  showcases  a  low-
loss,  high-purity  polarized  light  output,  in  which  the  microcavity
selectively reverses the handedness of RH-CPL, thereby overcoming
the 50% loss limit of conventional polarized emission.

Notably, the Bragg reflection of the CLC layer originates from its
helical superstructure, which is realized by doping a nematic liquid
crystal  host  with  chiral  dopants.  The  handedness  and  the  helical
pitch  (defined  as  the  distance  over  which  the  director  rotates  by
360°)  are  determined  by  both  the  concentration  and  the  helical
twisting  power  of  the  dopants  [71].  This  self-assembled  helical
architecture  leads  to  a  photonic  bandgap  that  selectively  reflects
circularly polarized light within a specific wavelength range [72]. In
this work, CLC mixtures composed of nematic liquid crystal E8 and
chiral  dopants  S/R811 and S/R1011 are employed,  as  illustrated in
Fig.  1(c).  By  tuning  the  concentration  of  chiral  dopants,  the
reflection band of the CLC can be precisely matched to the QLED
emission,  thereby  enabling  efficient  modulation  of  the  output
polarization,  which is  critical  for  achieving high DoP (see Note S3
in the ESM and Methods).

To  evaluate  the  potential  of  the  Bragg-specular  reflection
microcavity in inducing circularly polarized emission, it is essential
to  undertake  a  preliminary  investigation  into  the
photoluminescence (PL). As shown in Fig. 2(a), the QDs EML was
excited  by  a  405  nm  light  source.  The  emitted  light  was
subsequently  passed  through  an  ultraviolet  (UV)  filter  and  a
polarizer  before  being  collected  by  a  spectrometer.  Two  device
structures  were  prepared  for  comparison,  as  shown  in Fig.  2(b).
Sample A, consisting of a silver reflector and a red QD EML (center
wavelength  at  620  nm),  serves  as  the  reference.  Sample  B
incorporates  an  additional  CLC  layer,  thereby  forming  a  Bragg-
specular  reflection  microcavity  that  enables  selective  chirality
reversal and polarized emission. Specifically, Sample B (L) employs
an RH-CLC layer  and thus  emits  LH-CPL,  whereas  Sample  B (R)
utilizes  an  LH-CLC layer  and correspondingly  emits  RH-CPL.  To
ensure efficient polarization modulation, the reflection band of the
CLC  layer  was  adjusted  to  overlap  with  the  emission  spectrum  of
the  red  QDs,  as  shown in Fig.  2(c).  This  was  achieved  by  altering
the concentration of chiral dopants in the nematic host E8, thereby
tuning the helical  pitch of  the CLC.  Specifically,  a  ternary mixture
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of  S/R811,  S/R1011,  and  E8  in  a  weight  ratio  of  10:4:86  was
prepared,  whose reflection band precisely  covers  the  QD emission
range,  enabling  strong coupling  between the  EML and the  Bragg-
specular reflection microcavity. As shown in Fig. 2(d), sample B (L)
exhibit LH-CPL emission intensities corresponding to 89.5% of the
total  emission  of  sample  A  at  normal  direction.  In  addition,  a
residual  5.1%  of  RH-emission  remains  in  sample  B  (L).  Since  the
PL  of  QDs  is  intrinsically  unpolarized,  these  results  indicate  that
approximately 39.5% of the RH-CPL component is converted into
LH-CPL through chirality  reversal  in the Bragg-specular  reflection
microcavity of sample B (L) at normal direction. The PL intensity of
LH-CPL and RH-CPL components of sample B (L) is provided in
Fig.  S7  in  the  ESM.  In Fig.  2(e),  the  angular  emission  profile  of
sample  A  and  B  (L)  is  measured.  According  to  the  result,  the
angular  emission  profile  of  sample  A  is  nearly  Lambertian.  In
contrast  to  sample  A,  sample  B  exhibits  enhanced  forward
directivity  for  the  left-handed  circularly  polarized  component.
Meanwhile, the right-handed component is significantly suppressed
in  the  forward  direction.  In  addition,  time-resolved
photoluminescence  (TRPL)  measurements  in  Fig.  S8  in  the  ESM
show identical  radiative  decay rates  of  sample  A and B,  indicating
that  the  Purcell  effect  is  negligible  in  sample  B.  Therefore,  the
observed angular emission profile can be attributed to polarization-
selective  photon  recycling  mechanism,  further  supporting  that  a

portion of the circularly polarized light undergoes chirality reversal
within the cavity.

Subsequently,  the  variation  of  DoP  with  observation  angle  is
summarized  in Fig.  2(f),  indicating  that  the  PL  samples  exhibit
distinct  angular  behaviors.  This  originates  from  the  angle-
dependent  blue  shift  of  the  Bragg  reflection  band,  which  reduces
the overlap with the emission spectrum and thus lowers the DoP at
large  viewing  angles.  The  maximum  dissymmetry  factor  of  PL
[glum(PL)]  reaches  1.83  at  normal  incidence  and  decreases  sharply
beyond  ±40°.  These  results  confirm  that  the  Bragg-specular
reflection  microcavity  enables  effective  chirality  reversal  and
handedness  modulation  by  selectively  converting  one  helicity  into
the other.

 2.2    Circularly polarized QLED
In addition to the chirality  reversal  property  of  the Bragg-specular
reflection microcavity,  another  significant  advantage  of  this  design
is  its  capacity  to  facilitate  monolithic  integration  with  QLEDs
without  compromising  their  electrical  performance.  As
demonstrated in Fig. 3(a), this integration was achieved using a TE-
QLED structure (see Note S4 in the ESM), wherein a CLC layer was
directly  fabricated  above  the  QLED  (see  Methods).  In  this
configuration, a highly transparent IZO (100 nm) cathode ensures

 

Figure 1    Design and working principle of the Bragg-specular reflection microcavity. (a) Schematic structure of a Bragg-specular reflection microcavity. (b) Mechanism of
the  Bragg-specular  microcavity  induced  circularly  polarized  emission.  (c)  Chemical  structures  of  the  nematic  liquid  crystal  host  (E8)  and  chiral  dopants  (S/R811  and
S/R1011), which self-assemble into CLC helical superstructure.
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efficient  electron  injection  and  output  of  light,  while  the  bottom
Ag/IZO  (100  nm/10  nm)  anode  serves  as  a  specular  reflector.
Together,  the  CLC-based  Bragg  reflector  and  the  metallic  anode
form  a  Bragg-specular  microcavity  that  yields  polarized  emission.
This  architecture  exhibits  broad  compatibility  and  can  be
monolithically  integrated  into  a  wide  range  of  LED  systems.  The
electro-optical  performance  of  the  polarized  QLEDs  was  then
evaluated using the characterization setup shown in Fig.  3(b).  The
source meter provides step driving voltages to the device, while the
photodetector  collects  emitted  photons.  The  photon  counts  are
then  converted  to  optical  power  using  the  measured  EL  spectra,
from  which  the  EQE  and J–V–L characteristics  are  derived.
Notably, the polarizer is applied for measuring the angular emission
profile,  whereas  EQEs  are  measured  without  it.  The  CLC  layer  is
highly  sensitive  to  temperature,  and  QLEDs  generate  substantial
heat during prolonged operation at  high brightness.  Therefore,  we
first  evaluated  the  thermal  stability  of  the  polarized-QLED.  Our
results show that when the device operates at a brightness ranging
from 5000 to 100,000 cd/m2, the temperature remains below 35  °C
(Figs.  3(c) and 3(d)),  which is  well  within the range that  preserves
the  optical  performance  of  the  CLC  layer. Figure  3(c) presents
infrared  imaging  of  the  QLED  during  operation,  revealing  a
temperature increase from 21.3 °C at 2 V (210 cd/m2) to 33.8 °C at
6 V (75670 cd/m2). Figure 3(d) displays the temperature-dependent
transmittance  of  the  CLC  layer  and  the  corresponding  operating
temperature  from  21.3  to  33.8  °C  of  the  QLED  under  different
applied voltages,  revealing that  the  optical  properties  of  CLC layer
maintain stability within this temperature range.

The  Bragg-specular  microcavity  exhibits  outstanding
polarization output characteristics,  enabling the EL intensity of the
LH-CPL  to  be  regulated  to  88.38%  of  the  total  emission  (see
Fig.  3(e)).  It  is  noted  that  a  minor  proportion  of  photons  are
emitted  as  RH-CPL,  which  can  be  attributed  to  factors  such  as

defects in the CLC layer or large emission angles. Subsequently, the
CLC  layer  with  micrometer-scale  thickness  was  monolithically
integrated  into  the  QLED,  without  adversely  affecting  the  carrier
injection  and  transport.  The  EL  intensity  of  the  RH-polarized
QLED,  along  with  its  LH-CPL  and  RH-CPL  components,  is
provided in Fig. S9 in the ESM. As shown in Fig. 3(f), the turn-on
voltage  and  current  density  remain  essentially  unchanged.  The
luminance of the polarized QLED reaches approximately 82.2% of
that  of  the  reference  device,  indicating  that  the  integration  of  the
Bragg-specular  reflection  microcavity  results  in  only  a  slight  light
loss of 17.8%, which is far below the fundamental 50% loss imposed
by  an  ideal  external  polarizer.  Ultimately,  the  EQE comparison  in
Fig. 3(g) shows that the polarized-QLED maintains a high EQE of
20.27%, while the maximum EQE of the reference device is 24.66%.

Moreover, the glum(EL) can be calculated from the EL spectra, as
shown  in Fig.  4(a).  The  LH  and  RH  polarized  QLED  exhibit  the
maximum EL of 1.62 and −1.61, corresponding to DoP of 81% and
80.5%,  respectively.  The  angular  emission  characteristics  are
presented  in Fig.  4(b),  taking  the  LH  polarized  QLED  as  an
example.  At  normal  observation  (perpendicular  to  the  device
surface),  the  RH-CPL  component  is  strongly  suppressed,  yielding
the  maximum  EL  of  1.62.  As  the  viewing  angle  increases,  the
suppression  of  the  opposite  helicity  weakens.  Eventually,  the
emission  becomes  nearly  unpolarized  at  an  angle  of  40°.  Notably,
the PL samples exhibit a near-Lambertian emission profile because
the  external  excitation  uniformly  excites  the  emitters  and  their
dipoles  are  randomly  oriented,  leading  to  isotropic  emission.  In
contrast,  the  EL  samples  exhibit  a  significant  angular  dependence
due  to  microcavity  effects  originating  from  the  functional  layers.
Consequently,  the  angular  emission  profiles  of  the  PL  and  EL
samples are slightly different, with the PL sample exhibiting a high
DoP over a wider range of observation angles. The variation of DoP
with  observation  angle  is  summarized  in Fig.  4(c),  illustrating  the

 

Figure 2    PL  characterization  of  Bragg-specular  reflection  microcavities.  (a)  Experimental  setup  for  PL  measurements.  (b)  Reference  sample  A (without  a  cavity)  and
sample B (L/R) with a Bragg-specular reflection microcavity composed of LH/RH CLCs, which emits RH- and LH-CPL, respectively. (c) Emission spectrum of red QDs
and transmittance of LH/RH CLC cells. (d) PL spectra of sample A and sample B (L) under photoexcitation, where sample B is further divided into LH-CPL and RH-CPL
components. (e) Angular emission profiles of PL sample A and B. (f) Dissymmetry factor glum(PL) at different emission angles.
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angular dependence of polarization retention in the Bragg-specular
reflection microcavity.  Finally, Fig.  4(d) compares  our  results  with
previous  publications  on  polarized  LEDs  based  on  different
polarization  mechanisms,  including  chirality-induced,  anisotropy-
induced, and spin carriers-induced polarization. Earlier approaches
have generally been unable to achieve both high DoP and high EQE
simultaneously.  In  contrast,  the  Bragg-specular  reflection
microcavity  offers  an  innovative  solution  that  achieves  a  DoP  of
81%  and  an  EQE  of  20.27%,  representing  a  promising  balance
between  DoP  and  EQE.  To  further  quantify  the  balance  between
the EQE and the DoP, we introduce the Harmonic mean (H) as a
quantitative metric. It is defined by the formula

H=
(2×EQE×DoP)
(EQE+DoP) (1)

The Harmonic  mean exhibits  a  high sensitivity  to  lower  values;
consequently, it yields a high value only when both EQE and DoP

are high and decreases significantly if either value is low. As shown
in Fig.  4(d),  our  polarized  QLED  achieves  a  Harmonic  mean  of
0.32. Notably, the theoretical maximum H is 0.4 (when EQE = 25%
and  DoP  =  1).  This  high  value  demonstrates  the  successful  co-
realization  of  high-efficiency  and  high-purity  circularly  polarized
EL.

 2.3    Three-dimensional  display  based  on  circularly
polarized QLEDs
To provide a visualized demonstration, three QLEDs with different
polarization  statuses  (LH,  unpolarized,  and  RH)  were  integrated
sequentially  from  left  to  right  on  a  single  glass  substrate.  This
configuration enables direct visual comparison of their polarization
properties  under  identical  conditions.  As  shown  in Fig.  5(a),
without  any  polarization  filter,  the  three  devices  exhibit  similar
brightness. When a LH circular polarizer is applied (Fig. 5(b)), the
LH  device  appears  darker,  while  the  unpolarized  and  RH  devices

 

Figure 3    The thermal and electro-optical performance of polarized QLEDs. (a) Device structure of the Bragg-specular reflection microcavity-based polarized QLED. (b)
Schematic of the experimental setup used for EL characterization. (c) Infrared imaging photographs of the QLED in operation. (d) Temperature-dependent transmittance
of the CLC layer and the corresponding operating temperature of the QLED under different applied voltages. (e) EL spectra of the LH-polarized QLED, showing total
emission and the decomposed LH-CPL and RH-CPL components. (f) J–V–L characteristics of the polarized QLED compared with the unpolarized reference QLED. (g)
EQE comparison between the polarized QLED and the reference QLED.
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remain bright. In contrast,  with a RH circular polarizer (Fig. 5(c)),
the  LH  and  unpolarized  devices  appear  bright,  whereas  the  RH
device  is  strongly  suppressed.  These  results  provide  a  clear  and
straightforward  verification  of  the  circular  polarization
characteristics  of  the  devices.  To  further  verify  the  potential  of
circularly  polarized  QLEDs  for  three-dimensional  (3D)  display
applications,  a  proof-of-concept  3D  visualization  prototype  was
demonstrated, as illustrated in Figs. 5(d)–5(h). A QLED device was
patterned  with  a  shape  of  flower  encoded  into  LH  and  RH
polarization  channels,  which  can  be  selectively  observed  through
corresponding  circular  polarizers  in  3D  glasses. Figures  5(e) and
5(f) show the images observed by the left and right eyes (also watch
Video S1 in the ESM), respectively: under a LH polarizer, only the
right-side  flower  is  visible,  whereas  under  a  RH  polarizer,  the
left-side  flower  is  visible.  The  working  principle  is  illustrated  in
Figs. 5(g) and 5(h). When the left eye observes the right-side image
and  the  right  eye  observes  the  left-side  image,  the  human  brain
fuses  the  two  views  into  a  virtual  image  projected  in  front  of  the
screen (Fig.  5(g)).  In contrast,  when the left  eye  views the left-side
image  and  the  right  eye  views  the  right-side  image,  the  virtual
image  is  perceived  behind  the  screen(Fig.  5(h)).  These  results
demonstrate  the  potential  of  Bragg-specular  microcavity-induced
QLEDs to realize 3D displays.

 3    Conclusion
We  demonstrate  a  circularly  polarized  QLED  that  simultaneously
achieves  high  polarization  and  high  efficiency  via  polarization-
selective  photon  recycling  enabled  by  a  Bragg-specular  reflection
microcavity.  This  device  design  effectively  mitigates  the  inherent
photon  loss  in  the  polarization  modulation  while  preserving  the
intrinsic  electrical  characteristics  of  the  QLED.  Consequently,  a
polarized  QLED  with  a  DoP  of  81%  and  an  EQE  of  20.27%  is
realized,  exhibiting  only  an  17.8%  photon  loss  compared  to  an
unpolarized  QLED  with  an  identical  structure.  These  results
demonstrate a circular polarization conversion efficiency exceeding
50% enabled  by  the  Bragg-specular  reflection  microcavity,  thereby
overcoming  the  fundamental  physical  limit  imposed  by
conventional  polarization  filtering.  Additionally,  the  harmonic
mean of the EQE and DoP reaches 0.32,  which, to the best of our
knowledge,  is  the  highest  value  reported  to  date  for  intrinsically
polarized  LEDs  and  underscores  an  excellent  balance  between
efficiency and polarization performance. Notably, the polarization-
selective photon recycling microcavity is applicable to various LED
systems.  Furthermore,  we  highlight  the  potential  of  the  developed
polarized  QLED  for  applications  in  3D  display  technologies.
Overall, this work demonstrates that a polarization-selective photon
recycling  mechanism  enabled  by  a  Bragg-specular  reflection

 

Figure 4    Electroluminescence dissymmetry characteristics of polarized QLEDs. (a) Calculated EL dissymmetry factor (glum(EL)) and E-CPL values. (b) Angular emission
profiles of the P-QLED, including total,  LH-CPL, and RH-CPL components. (c) Dissymmetry factor glum(EL) at different emission angles. (d) Comparison of DoP and
EQE with previous work with Harmonic mean (H).
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microcavity  can  surpass  the  conventional  50%  polarization  loss
limit, offering a promising solution toward highly efficient circularly
polarized light sources.

 4    Methods

 4.1    Materials
All  materials  were  commercially  available.  CdSe  QDs  suspension
(λc at  620 nm,  25  mg/mL in  octane)  was  purchased from Suzhou
Xingshuo  Nanotech  Co.,  Ltd.  ZnMgO  suspension  (50  mg/mL  in
Ethanol)  was  purchased  from  Guangdong  Poly  Optoelectronics
Co.,  Ltd.  Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’-(N-
(pbutylphenyl))diphenylamine)] (TFB) was purchased from VOLT-
AMP  Optoelectronic  Technology  Co.,  Ltd.  PEDOT:PSS
4083  (poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate),
1.3  wt.%–1.7  wt.%  in  water)  was  purchased  from  Luminescence
Technology  Corp.  IZO,  Ag  target  materials  were  purchased  from
Zhongnuoxincai Co., Ltd. Ethanol, chlorobenzene, and octane were
purchased from Aladdin Industrial Corp. Liquid crystal mixture E8,
chiral dopants S/R 811, and S/R 1011 were purchased from Nanjing
Xinyao  Technology  Co.,  Ltd.  The  UV-curable  adhesives  NOA63
and  NOA89  were  purchased  from  Norland  Products,  Inc.  CdSe

QDs  suspension  was  diluted  to  a  concentration  of  15  mg/mL  in
octane.  ZnMgO  suspension  was  diluted  to  a  concentration  of
25  mg/mL  in  ethanol.  TFB  was  dissolved  in  chlorobenzene  at  a
concentration  of  6  mg/mL.  L-CLC  was  prepared  by  doping  S811
and  S1011  into  the  nematic  host  E8  at  a  weight  ratio  of  10:4:86,
followed by stirring at 80 °C until fully homogenized. Similarly, R-
CLC  was  prepared  by  replacing  the  chiral  dopants  with  R811,
R1011 in the same procedure.

 4.2    Device structure
For  the  PL  experiment,  sample  A  comprised  Glass/Ag
(100  nm)/red  QDs  (20  nm)/Glass,  containing  only  the  silver
specular  reflector  and  QD  emitting  layer  (λc at  620  nm).  The
structure of sample B is Glass/Ag (100 nm)/red QDs (20 nm)/CLC
(10 µm)/PVA (130 nm)/Glass. In sample B, the PVA layer served as
an  alignment  layer  to  ensure  a  uniform  orientation  of  the  CLC
material  at  the  surface.  The  thickness  of  the  CLC  layer  can  be
controlled  by  adjusting  the  injected  volume  of  the  CLC  material
according  to  the  area  of  the  top  substrate.  In  this  work,  the  CLC
layer  thickness  was  chosen to  be  10  µm,  ensuring  complete  Bragg
reflection  within  the  designed  spectral  range.  Further  details  are
provided in the ESM.

For the EL experiment, the polarized QLED was fabricated with

 

Figure 5    Demonstration of 3D display using circularly polarized QLEDs. (a)–(c) Photographs of three QLED pixels (left-handed, unpolarized, right-handed) integrated
on a  single  glass  substrate  under  different  observation conditions:  (a)  without  a  polarizer,  (b)  with  an  LH-polarizer,  and (c)  with  an  RH-polarizer.  (d)  Observation of
patterned polarized QLED using 3D glasses.  (e)  and (f)  Images observed by the left  and right  eyes,  respectively,  when viewing a  QLED with a  flower pattern.  (g)  and
(h) Working principle of stereoscopic imaging: (g) the left eye viewing the right image while the right eye viewing the left image (virtual image in front of the device), and
(h) the left eye viewing the left image while the right eye viewing the right image (virtual image behind the device).
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Glass/Ag  (100  nm)/IZO  (10  nm)/PEDOT:PSS  (35  nm)/TFB
(25  nm)/QDs  (20  nm)/ZnMgO  (55  nm)/Al  (2  nm)/IZO
(100 nm)/NOA 89 (3 µm)/CLC (10 µm)/PVA (130 nm)/Glass. The
reference  TE-QLED  was  fabricated  with  Glass/Ag  (100  nm)/IZO
(10 nm)/PEDOT:PSS (35 nm)/TFB (25 nm)/QDs (20 nm)/ZnMgO
(55 nm)/Al (2 nm)/IZO (100 nm).

 4.3    Device fabrication
For the PL experiment, sample A was fabricated using the following
procedure. Initially, a glass substrate was first coated with 100 nm of
Ag  via  sputter  deposition.  Subsequently,  the  red  CdSe  QD
suspension (15 mg/mL in octane) was spin-coated on the Ag layer
at  3000  rpm  for  45  s  and  then  baked  at  100  °C  for  5  min  to
evaporate the solvent. The surface morphology of the QD layer was
characterized by atomic force microscopy (AFM), as shown in Fig.
S10 in the ESM. The sample was then sealed with a cover glass by
UV-curable  adhesive  NOA  63.  Sample  B  included  an  extra  CLC
layer  and  a  PVA  layer.  Sample  B  followed  the  same  procedure  as
sample  A,  but  included  an  additional  CLC  and  PVA  layer.  PVA
(5  wt.%  in  water)  was  spin-coated  on  a  clean  cover  glass  at
3000  rpm  to  achieve  a  130  nm  film,  baked  at  100  °C  for  10  min,
and  unidirectionally  rubbed  with  a  nylon  cloth  to  form  the
alignment  layer.  Afterwards,  2  µL  of  the  CLC  material  was
dispensed onto an unsealed sample A and uniformly spread using a
2 cm2 PVA-coated cover glass.

For the EL experiment, the reference TE-QLEDs were fabricated
following  a  sequential  layer  deposition  process.  First,  the  bottom
electrodes  were  prepared by  sputter-coating  a  silver  layer  followed
by an IZO layer onto glass substrates. PEDOT:PSS layer (4083) was
then  spin-coated  at  3000  rpm  for  45  s  and  baked  at  130  °C  for
20 min. Subsequently, a TFB layer was spin-coated at 2000 rpm for
45 s and baked at 120 °C for 20 min. The QD layer was spin-coated
at  3000  rpm  for  45  s  and  baked  at  100  °C  for  5  min.  A  ZnMgO
layer  was  then  spin-coated  at  3000  rpm  and  baked  at  100  °C  for
10 min. To improve electron injection and device performance, an
aluminum layer with a thickness of 2 nm was evaporated, followed
by  sputter  deposition  of  a  100  nm-thick  IZO  top  electrode  as  the
cathode.  Polarized  QLEDs  were  fabricated  following  the  same
procedure  as  the  TE-QLEDs  described  above,  with  an  additional
isolation  layer,  CLC  layer,  and  PVA  alignment  layer.  UV-curable
adhesive  NOA  89  was  used  as  an  isolation  layer  to  prevent  CLC-
induced damage to the existing device structure (see Note S5 in the
ESM). Based on the TE-QLED structure, NOA 89 was spin-coated
onto  the  IZO cathode  at  3000  rpm for  45  s  and  cured  under  UV
light for 2 min, with a thickness of 3 µm. Subsequently, 4 µL of the
CLC  material  was  dropped  onto  the  adhesive  layer  and  spread
evenly using a 4 cm2 PVA-coated cover glass.

 4.4    Characterization
The  thicknesses  of  the  functional  layers  were  measured  through  a
KLA  Tencor  P-7  Stylus  Profiler.  Differential  scanning  calorimetry
(DSC, DSC 300 Caliris Select, NETZSCH) was used to measure the
phase  transition  temperatures  of  the  CLC  material.  The  surface
morphology  of  the  QD  layer  was  characterized  using  an  AFM
(Dimension Icon, Bruker). The spectrum of PL and EL at different
wavelengths  was  measured  with  an  Ocean  Optics  spectrometer
(USB2000).  The  transmittance  of  CLC cells  was  also  measured  by
USB2000  using  transmittance  mode. J–V–L,  EQE  properties  were
characterized  by  a  dual-channel  programmable  source  meter
(Keithley  2612B)  with  a  PIN-25D–calibrated  silicon  photodiode.

The emission solid angle  of  the QLED was measured by the Xipu
Optoelectronics Angle Resolution Test System.
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the  TE-QLED;  (5)  selection  and  processing  of  the  isolation  layer;
(6)  spectrum  of  exciting  light  and  absorption  of  red  QDs;  (7)  PL
spectra  of  RH-polarized QLED; (8)  TrPL of  samples  A and B;  (9)
EL spectra  of  RH-polarized QLED; (10)  AFM image of  QD layer;
(11) summary of previous studies on polarized LEDs) is available in
the  online  version  of  this  article  at https://doi.org/10.26599/NR.
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