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ABSTRACT: Blue emissive quantum dots are key materials in
emerging  light-emitting  technologies  for  display  applications.
Herein,  we  report  the  synthesis  of  ZnSeTe/CdZnSe-based
type-II  core–shell  quantum dots with a low Cd content of less
than 2.5%. By modifying the Cd content of the CdZnSe shell,
photoluminescence  emission  can  be  tuned  from  430  to  510
nm  with  a  full  width  at  half  maximum  of  less  than  26  nm.
Transient  absorption  spectra  illustrate  the  charge  transfer
between  the  conduction  band  of  ZnSeTe  and  the  conduction
band  of  CdZnSe,  as  well  as  the  recombination  between  the
valence band of ZnSeTe and the conduction band of CdZnSe.
By  subsequent  growth  of  ZnSe  and  ZnS  shells,  the  resulting
quantum dots achieved a photoluminescence quantum yield of
95%.  We  further  demonstrate  a  blue  quantum  dot  light-emitting  diode  with  an  emission  peak  at  467  nm,  showing  a
maximum external quantum efficiency of 5%, a maximum luminance of 10,376 cd·m−2,  and an extrapolated T95  lifetime of
4.7 h.
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1    Introduction
Quantum  dot  (QD)-based  electroluminescence  (EL)  technology  is
recognized  as  a  dependable  alternative  for  upgrading  display
technologies, primarily due to its high color purity, high efficiency,
and solution processability [1−3]. To date, the performance of blue
QD  light-emitting  diodes  (QLEDs),  particularly  their  lifetime,  lags
far  behind  their  red  and  green  counterparts  [4−13].  Additionally,
the  toxicity  of  Cd  is  also  a  limiting  factor  for  further
commercialization [14, 15].  So far,  the most excellent Cd-free blue
emissive  QD material  is  ZnSeTe [7, 16−20].  The devices  based on

ZnSeTe  QDs  exhibited  an  external  quantum  efficiency  (EQE)  of
over 20% and a T95 lifetime of over 30 h [7].  However,  these QDs
usually  face the problem of  spectral  broadening and tailing due to
the presence of Te states,  which adversely affects color purity [21].
In(Ga)P  QDs  [22, 23]  and  large  ZnSe  QDs  [24−26]  are  being
fabricated  as  better  alternatives  of  Cd-free  materials  with  high
photoluminescence (PL) efficiency. However, these QDs with pure-
blue  emission  still  suffer  from  the  challenge  of  size  control,  low
efficiency, and low operational stability in the application of QLEDs
[21, 24, 26−31].  Therefore,  developing blue emissive QD materials
and devices with low Cd components is crucial for promoting their
broader application.

Type-II  structure  brings  more  possibilities  for  tuning  the
emission  of  core–shell  QDs  [32−37].  However,  till  now,  there  are
only  a  few  reports  demonstrating  the  use  of  type-II  QDs  in  EL
devices  [38−41].  Recently,  our  group  reported  the  synthesis  of
ZnSe/CdZnS-based type-II QDs emitting in the blue region [42]. In
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this  work,  for  the  first  time,  we  report  the  synthesis  of
ZnSeTe/CdZnSe-based  type-II  core–shell  QDs.  By  optimizing  the
Cd content of the CdZnSe shell, the PL spectra can be tuned in the
region of 430–510 nm. With further growth of a ZnSe shell, the full
width  at  half  maximum  (FWHM)  can  be  decreased  to  less  than
22  nm.  The  formation  of  the  type-II  structure  was  justified  by
transient  absorption  (TA)  analyses.  Furthermore,  we  demonstrate
blue QLEDs with a maximum EQE of 5%, a maximum luminance
of 10,376 cd·m−2, and an extrapolated T95 lifetime of 4.7 h. 

2    Results and discussion
The synthesis route of ZnSe0.975Te0.025/Cd0.18Zn0.82Se/ZnSe/ZnS QDs
is  illustrated  in Fig.  1(a).  Typically,  ZnSe0.975Te0.025 cores  were
prepared  by  injecting  Se-diphenylphosphine  (Se-DPP)  and  Te-
trioctylphosphine  (Te-TOP)  precursors  into  Zn  oleate  (Zn(OA)2)
precursors, followed by continuous injection of Zn(OA)2, Cd(OA)2
with Se-TOP precursors for the growth of Zn0.82Cd0.18Se shells, and
Zn(OA)2 with Se-TOP or S-TOP precursors for the ZnSe and ZnS
shells. Figure 1(b) shows the evolution of PL and absorption spectra
during  the  synthesis.  The  ZnSe0.975Te0.025 cores  exhibited  a  PL
emission with a FWHM of 31 nm at 424 nm. After the growth of
Cd0.18Zn0.82Se  shell,  the  emission  peak  red-shifted  to  459  nm,  and
the FWHM decreased to 25 nm. Further growth of ZnSe and ZnS
shells resulted in a final peak of 463 nm with a FWHM of 18 nm.
The  PLQYs  were  enhanced  by  the  growth  of  the  shell  on
ZnSe0.975Te0.025 cores  with  a  maximum  value  of  95%  after  coating
the  ZnS  shell.  Transmission  electron  microscopy  (TEM)
characterizations  revealed that  the  size  of  ZnSe0.975Te0.025 cores  was
4.9  nm  (Fig.  1(c) and  Fig.  S1(a)  in  the  Electronic  Supplementary
Material  (ESM)).  By  coating  the  Cd0.18Zn0.82Se  shell,  the  size  was
increased  to  6.7  nm  (Fig.  1(d) and  Fig.  S1(b)  in  the  ESM),  and

further increased to 8.7 nm with the ZnSe and ZnS shells (Fig. 1(e)
and Fig.  S1(c)  in  the  ESM).  Energy  dispersive  spectroscopy (EDS)
and inductively coupled plasma optical emission spectroscopy (ICP-
OES)  characterizations  revealed  that  the  Cd  mass  fractions  of  the
ZnSe0.975Te0.025/Cd0.18Zn0.82Se/ZnSe/ZnS  QDs  are  1.32% and  2.16%,
respectively, suggesting a relatively low Cd content compared to the
currently reported blue QDs (Fig. S2 and Table S1 in the ESM) [8].
X-ray  diffraction  (XRD)  analyses  revealed  that  the  core,  C/S,  and
C/S/S/S QDs have a zinc blend crystal structure (Fig. 1(f)).

We investigated the PL evolution of CdxZn1–xSe shell growth on
ZnSe0.975Te0.025 cores  with  various  Cd  content.  As  shown  in
Figs. 2(a) and 2(b), and Fig. S3 in the ESM, the growth of ZnSe shell
on  the  ZnSe0.975Te0.025 cores  resulted  in  a  gradual  redshift  from
425  to  448  nm,  accompanied  by  an  obvious  decrease  of  FWHM
from  37  to  17  nm  [7].  As  the  amount  of  Cd  of  CdxZn1−xSe  shell
increased,  a  noticeable  redshift  occurred,  and  the  FWHM  also
became  narrower  compared  to  ZnSe0.975Te0.025 core.  The
Cd0.3Zn0.7Se  shell  growth  on  ZnSe0.975Te0.025 core  led  to  a  peak
wavelength exceeding 500 nm, with a redshift of more than 87 nm
and  an  FWHM  reduced  to  below  26  nm.  The  substantial  peak
redshift, dependent on Cd content, suggests the formation of a type-
II  structure  between  ZnSe0.975Te0.025 core  and  CdxZn1−xSe  shell.  By
growing an outer ZnSe shell,  the FWHM of the type-II  core–shell
QDs  can  be  further  decreased.  We  fabricated  three  typical  QDs
with emission peaks centered at 446, 458, and 470 nm by changing
the  Cd content  (6%,  18%,  and 30%,  respectively)  and thickness  of
CdxZn1−xSe shell. As shown in Figs. 2(c) and 2(d), and Fig. S4 in the
ESM, all the three QDs showed a redshift of a few nanometers with
the  coating  of  ZnSe  shell,  but  showed  a  significant  continuous
decrease  of  FWHM  to  below  22  nm.  These  results  suggested  that
these ZnSeTe/CdZnSe type-II core–shell QDs are emission-tunable
within the region from 430 to 510 nm with high color purity.

 

Figure 1    Synthetic  route  and  characterizations  of  ZnSe0.975Te0.025/Cd0.18Zn0.82Se/ZnSe/ZnS  QDs.  (a)  The  schematic  synthetic  route  of  the  QDs.  (b)  PL  and  absorption
spectra of the QDs during the synthesis. TEM images of (c) ZnSe0.975Te0.025 (core), (d) ZnSe0.975Te0.025/Cd0.18Zn0.82Se (C/S), and (e) ZnSe0.975Te0.025/Cd0.18Zn0.82Se/ZnSe/ZnS
(C/S/S/S) QDs. Scale bar, 5 nm. (f) XRD patterns of the core, C/S, and C/S/S/S QDs.
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To  verify  the  type-II  structure  of  ZnSe1−yTey/CdxZn1−xSe
core–shell QDs, we conducted TA measurements with different Cd
ratio  and  Te  ratios. Figure  3(a) shows  the  band  structure  of
ZnSeTe/ZnSe QDs. The positions of each transition were analyzed
by TA spectra  and the second derivative  of  the absorption spectra
(Fig. S5 in the ESM). As shown in Fig. 3(c), three bleaching peaks at
375,  429,  and 443 nm (denoted as  A,  B,  and C,  respectively)  were
observed  in  TA  spectra  of  ZnSe0.95Te0.05/ZnSe  QDs,  which  were
assigned  as  respective  1Se–1Sh,  1Se–2Sh,  and  1Pe–1Ph transition
[43−45].  According  to  the  literature  report,  Te  doping  in  ZnSe
induces  localized  hole  states  above  the  valance  band  maximum
(VBM) of ZnSe, resulting in the relaxation of hot-carrier in several
hundred femtoseconds, with a slight contribution to the conduction
band  maximum  (CBM)  of  ZnSe  [46].  The  typical  band  edge
alignment  of  ZnSe0.95Te0.05/ZnSe  is  shown  in  the  first  figure  of
Fig.  3(b).  As  shown  in Figs.  3(d)−3(f),  when  coating  CdxZn1−xSe
shell  on  the  ZnSe0.95Te0.05 core,  the  peak  at  375  nm  split  into  two
peaks:  One  is  located  at  375  nm  (denoted  as  A1)  which  does  not
change with the increase of Cd content, meanwhile the other one is
observed in the longer wavelength region from A1 (denoted as A2)
and red-shifts with the increase of Cd content (383 nm for x = 0.12,
395 nm for x = 0.24, 409 nm for x = 0.36, respectively). In addition,
the  peaks  of  B  and  C  gradually  red-shift  (denoted  as  B'  and  C',
respectively) with the increase of Cd content (430 and 450 nm for x
= 0.12, 442 and 469 nm for x = 0.24, 456 and 485 nm for x = 0.36,
respectively).  The  decreased  energy  of  the  three  typical  transitions
(A2, B', and C') indicates that the band alignments have been tuned,
and such changes are correlated with the Cd content of the shell.

Since  the  introduction  of  alloyed  Cd  atom  in  ZnSe  results  in  a
significant  decreased  in  the  energy  of  the  CBM  and  VBM  (with
greater contribution to CBM), we attribute the above changes of the

typical  transitions  to  the  formation  of  type-II  structures  between
ZnSe0.95Te0.05 core and CdxZn1−xSe shell. Specifically, Cd alloying in
the ZnSe shell  induces  a  significant  reduction in the  energy of  the
CBM  of  ZnSe,  and  the  band-edge  recombination  is  formed  from
the  CBM  of  CdxZn1−xSe  shell  to  the  VBM  as  well  as  Te  states  of
ZnSe0.95Te0.05 core.  This  was  further  proved  by  the  TA  kinetic
analyses.  As  shown  in Fig.  3(i),  the  normalized  TA  kinetics  of
ZnSe0.95Te0.05/CdxZn1−xSe  QDs  with  various  Cd  content  show  that
the A1 bleaching signal  at  373 nm experienced a  faster  decay with
the increase of Cd content in CdxZn1−xSe shell.  This kinetic can be
assigned  to  the  excitation  of  ZnSe0.95Te0.05 core  with  following  fast
transition from the CB of ZnSe0.95Te0.05 core to the CdxZn1−xSe shell.
The  type-II  structures  and  the  typical  transition  processes  are
shown in the second and third figures of Fig. 3(b).

We further analyzed the influence of Te on the type-II structure
of ZnSe1−yTey/Cd0.24Zn0.76Se QDs. As shown in Figs. 3(g), 3(e), and
3(h),  with  the  increase  of  Te  content  from  2.5%  to  5%  and  10%,
both A1 and A2 signal positions remain at 375 and 395 nm, and the
TA  kinetics  of  A1 and  A2 bleaching  signals  show  similar
characterizations  (Fig.  3(j)).  These  results  suggest  that  Te  content
shows  no  effects  on  the  transition  from 1Ph of  ZnSe1−yTey core  to
the  CB  of  Cd0.24Zn0.76Se  shell  (the  fourth  figure  of Fig.  3(b)).  In
addition,  B'  and  C'  signal  positions  gradually  red-shift,  suggesting
the  subsequent  transition  of  hot-carrier  and  the  recombination
contributed by the localized Te states of ZnSe1−yTey core with CB of
Cd0.24Zn0.76Se  shell.  As  shown  in  Fig.  S6  in  the  ESM,  we
demonstrate that the PL emission can also be tuned by varying the
Te ratio (peak of 472 nm for 2.5%, 483 nm for 5%, and 505 nm for
10%), however, the increase of Te content results in broader spectra
(FWHM of 24 nm for 2.5%, 38 nm for 5%, and 57 nm for 10%).

We  fabricated  QLEDs  with  a  structure  of  indium  tin  oxide

 

Figure 2    PL evolution of CdxZn1−xSe and ZnSe shell growth. (a) PL peak evolution and (b) FWHM evolution of CdxZn1−xSe shell growth on ZnSe0.975Te0.025 cores with
various Cd content. (c) PL peak evolution and (d) FWHM evolution of ZnSe shell growth on ZnSe0.975Te0.025/CdxZn1−xSe core–shell QDs.
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(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/poly((9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’-(N-(4-
sec-butylphenyl)diphenylamine))(TFB)/QDs/ZnMgO/aluminum
(Al), as shown in Fig. 4(a). The devices were encapsulated with an
acid-free ultraviolet curable resin without any post-treatment before
testing.  The  EL  spectra  under  various  forward  biased  peaks  at
467 nm with a FWHM of 24 nm (Fig. 4(b)), corresponding to the
Commission  Internationale  de  l’Eclairage  (CIE)  color  coordinates
of  (0.13,  0.12).  The  current  density–luminance–voltage  and
EQE–current density curves of  the devices are shown in Figs.  4(c)
and 4(d).  The  device  exhibits  a  sub-bandgap  turn-on  voltage  at
2.2  V  with  the  luminance  of  1  cd·m−2 (Fig.  4(c)),  indicating  an
efficient  electron  and  hole  injection.  A  maximum  luminance  of
10,376  cd·m−2 is  achieved  at  7.2  V  with  a  current  density  of
320.2 mA·cm−2 (Fig. 4(c)), and a maximum EQE of 5.0% is achieved
at 3.8 V with a luminance of 1293 cd·m−2 (Fig. 4(d)). A histogram of
EQEs for 30 devices shows an average value of 4.4% (Fig. S7 in the
ESM),  indicating  the  good  reproducibility.  Furthermore,  we
conducted  operational  stability  test.  The  blue  QLED  shows  a T95

lifetime of 6.2 h at the initial luminance of 854 cd·m−2, which can be
extrapolated to 4.7 h at 1000 cd·m−2 (Fig. S8 in the ESM).
 

3    Conclusion
Hence, we report the synthesis of ZnSeTe/CdZnSe-based QDs with
a type-II structure. With the change of Cd content, PL emission can
be tuned in the region of 430–510 nm with a FWHM of less than
26 nm.  These  ZnSeTe/CdZnSe  type-II  core–shell  QDs have  a  low
Cd content of less than 2.5%. As indicated by the TA analyses, the
blue emission originates from the recombination between the VB of
ZnSeTe core and the CB of CdZnSe shell. By further shell coating,
the  ZnSe0.975Te0.025/Cd0.18Zn0.82Se/ZnSe/ZnS  QDs  exhibited  a  high
PLQY  of  95%.  The  QLED  based  on  these  QDs  exhibited  a
maximum  EQE  of  5%,  a  maximum  luminance  of  10,376  cd·m−2,
and  an  extrapolated T95 lifetime  of  4.7  h.  In  all,  the  type-II
core–shell  QDs  are  alternative  blue  emitters  to  promote  the
development of QLEDs for display applications.
 

 

Figure 3    Type-II  band  structure  analyses  of  ZnSeTe/CdZnSe  QDs.  (a)  Schematic  diagram  of  energy  level  with  the  transitions  of  ZnSeTe/ZnSe  QDs.  (b)  Schematic
diagram  of  band  structure  with  the  transitions  of  ZnSeTe/CdZnSe  QDs.  TA  spectra  at  various  delay  times  for  ZnSe1−yTey/CdxZn1−xSe  QDs  with  various  Cd  and  Te
content: (c) x = 0, y = 0.05; (d) x = 0.12, y = 0.05; (e) x = 0.24, y = 0.05; (f) x = 0.36, y = 0.05; (g) x = 0.24, y = 0.025; and (h) x = 0.24, y = 0.1. (i) TA kinetics of the peak A1

(373 nm) of ZnSe0.95Te0.05/CdxZn1−xSe QDs with various Cd content.  (j)  TA kinetics of the peaks A1 (373 nm) and A2 (395 nm) of ZnSe1−yTey/Cd0.24Zn0.76Se QDs with
various Te content.
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4    Experimental section
 

4.1    Materials
Zinc  acetate  (ZnAc2,  99.99%),  CdO  (99.99%),  Se  (99.99%),  Te
(99.8%),  S  (99.998%),  oleic  acid  (OA,  90%),  1-octadecene  (ODE,
90%),  TOP  (97%),  zinc  acetate  dihydrate  (ZnAc2·2H2O,  99.999%),
tetramethylammonium  hydroxide  pentahydrate  (TMAH·5H2O,
97%),  dimethyl  sulfoxide  (DMSO,  anhydrous,  99.9%),
chlorobenzene  (anhydrous,  99.8%),  ethanol  (anhydrous,  99.5%),
and octane (anhydrous, 99%) were purchased from Sigma-Aldrich.
DPP  (95%)  was  purchased  from  Aladdin.  PEDOT:PSS  was
purchased  from  Xi’an  Polymer  Light  Technology  Corp.  TFB  was
purchased from American Dye Source. 

4.2    Preparation of precursor solutions
Se-DPP  precursor  was  prepared  in  a  nitrogen-filled  glove  box  by
dissolving  0.4  mmol  Se  in  1  mL  DPP.  Te-TOP  precursor  was
prepared in a nitrogen-filled glove box by dissolving 0.01 mmol Te
in 1 mL TOP. Se-TOP precursor was prepared in a nitrogen-filled
glove  box  by  dissolving  20  mmol  Se  in  10  mL  TOP.  S-TOP
precursor was prepared in a nitrogen-filled glove box by dissolving
20 mmol  S  in  10  mL TOP.  Zn(OA)2 precursor  was  prepared in  a
three-neck  flask  by  dissolving  20  mmol  ZnAc2 in  20  mL  OA  and
20  mL  ODE,  and  degassed  at  120  °C  under  vacuum  for  1  h.
Cd(OA)2 precursor was prepared in a three-neck flask by dissolving
20 mmol CdO in 20 mL OA and 20 mL ODE, and degassed at 120
°C under vacuum for 30 min, followed by reaction at 250 °C for 1
h. The Zn(OA)2 and Cd(OA)2 precursor solutions were kept at 80
°C under argon for further use. 

4.3    Synthesis of QDs
0.5 mmol ZnAc2 with 1 mL OA and 8 mL ODE in a 50 mL three-

neck flask were degassed at 120 °C under vacuum for 1 h, followed
by  heating  at  300  °C  under  argon.  Then,  0.5  mL  Se-DPP  mixed
with 0.51 mL Te-TOP was swiftly injected into the flask and reacted
for  40  min.  For  the  Zn0.82Cd0.18Se  shell,  a  mixture  of  0.492  mL
Zn(OA)2,  0.108 mL Cd(OA)2,  and 0.15 mL Se-TOP precursor was
injected  at  a  rate  of  3  mL·h−1.  For  the  ZnSe  shell,  a  mixture  of
0.8  mL  Zn(OA)2 and  0.2  mL  Se-TOP  precursor  was  injected  at  a
rate  of  3  mL·h−1.  For  the  ZnS  shell,  a  mixture  of  0.4  mL Zn(OA)2
and 0.1 mL S-TOP precursor was injected at a rate of 2 mL·h−1. The
solution  was  then  cooled  to  room  temperature,  followed  by
purification with ethanol and hexane. 

4.4    Synthesis of ZnMgO nanocrystals
Colloidal  Zn0.9Mg0.1O  QDs  were  synthesized  by  dropping  an
ethanol solution (10 mL) of TMAH·5H2O (5 mmol) into a DMSO
solution  (30  mL)  of  ZnAc2·2H2O  (2.7  mmol)  and  MgAc2·4H2O
(0.3  mmol),  followed  by  stirring  for  1  h.  Then  the  QDs  were
purified  from  the  solution  with  ethyl  acetate  and  dispersed  in
ethanol. 

4.5    Device fabrication
The  patterned  ITO  substrates  were  sequentially  cleaned  with
deionized water, acetone, ethanol, and isopropanol in an ultrasonic
bath.  The  dried  substrates  were  treated  under  oxygen  plasma
etching  for  3  min.  PEDOT:PSS  was  first  spin-coated  onto  the
substrates at 4000 rpm for 40 s and baked at 150 °C for 20 min in
air,  then  the  samples  were  transferred  into  a  nitrogen-filled  glove
box  (O2 ≤  1  ppm,  H2O  ≤  1  ppm).  TFB  (in  chlorobenzene,
8  mg·mL−1)  was  spin-coated  at  2000  rpm  for  40  s  and  baked  at
150  °C  for  30  min.  Blue  QDs  (in  octane,  18  mg·mL−1)  were  spin-
coated at 2000 rpm for 40 s. Zn0.9Mg0.1O nanocrystals (30 mg·mL−1)
were  spin-coated  at  3000  rpm  for  40  s  and  baked  at  80  °C  for
20 min. Finally, Al (100 nm) was deposited by thermal evaporation

 

Figure 4    Characteristics  of  the  best-performance  blue  QLED.  (a)  Device  structure  diagram.  (b)  EL spectra  at  various  voltage.  (c)  Current  density–luminance–voltage
curves. (d) EQE–current density curve.

Nano Research | Vol. 18, No. 9 Ramzan et al.

94907267 (5 of 7) Nano Research, 2025, 18, 94907267

https://www.sciopen.com/article/10.26599/NR.2025.94907267
https://www.sciopen.com/article/10.26599/NR.2025.94907267
https://www.sciopen.com/article/10.26599/NR.2025.94907267
https://www.sciopen.com/article/10.26599/NR.2025.94907267
https://www.sciopen.com/article/10.26599/NR.2025.94907267
https://www.sciopen.com/article/10.26599/NR.2025.94907267
https://www.sciopen.com/article/10.26599/NR.2025.94907267
https://www.sciopen.com/article/10.26599/NR.2025.94907267


under a high vacuum of 10−4 Pa. The devices were encapsulated in a
glove box by using an acid-free ultraviolet curable resin (LOCTITE
3335), followed by annealing at 80 °C for 30 min. The active area of
the device was 4 mm2. 

4.6    Characterization
Steady-state  PL  spectra  were  recorded  on  a  Tianjin  Gangdong  F-
380  fluorescence  spectrometer  (excitation:  365  nm).  Steady-state
ultraviolet–visible (UV–vis) absorption spectra were recorded on a
Mapada  UV-6100  UV–vis  spectrophotometer.  The  PLQYs  of  the
films were tested by using a Hamamatsu C9920-02 absolute PLQY
measurement  system  composed  of  a  PMA-12  photonic
multichannel  analyzer  and  an  integrating  sphere  (excitation:
365 nm). TEM and EDS images were recorded on a FEI Tecnai G2
F30  transmission  electron  microscopy.  ICP–OES  measurements
were  conducted  using  a  Thermo  Scientific  iCAP  7200  ICP–OES
spectrophotometer.  XRD  patterns  were  recorded  on  a  Bruker  D8
Advance X-ray diffractometer with a Cu Kα radiation source (λ =
1.5406 Å). TA measurements were carried out at room temperature
using  a  Helios  pump–probe  system  (Ultrafast  Systems)  combined
with a regenerative-amplified Ti:sapphire laser system (Legend Elite-
1K-HE, 800 nm, 25 fs, 4 mJ·pulse−1, and 1 kHz repetition rate) and
an  optical  parametric  amplifier  system.  The  wavelength  of  the
pump  pulse  was  350  nm.  Current  density–voltage–luminance
characteristics  and  EL  spectra  were  measured  with  a  system
consisting  of  a  digital  source  meter  (Keithley  2400)  and  an
integrating sphere (FOIS, Ocean Optics) coupled to a spectrometer
(QE  Pro,  Ocean  Optics).  The  absolute  spectral  radiant  flux  is
calibrated  by  using  a  NIST-traceable  radiant-flux  standard  lamp
(HL-3 plus, Ocean Optics). The EQEs of the devices were calculated
with the assumption of Lambertian emission pattern, according to
the previously reported method [47]. 

Electronic  Supplementary  Material: Supplementary  material
(TEM images,  integrated  EDS spectra,  PL  spectra,  and  absorption
spectra)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907267 . 
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