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Paving continuous heat dissipation pathways
for quantum dots in polymer with orange-
inspired radially aligned UHMWPE fibers
Xuan Yang1, Xinfeng Zhang1, Tianxu Zhang1, Linyi Xiang1, Bin Xie2* and
Xiaobing Luo1*

Thermal management of nanoscale quantum dots (QDs) in light-emitting devices is a long-lasting challenge. The exist-
ing heat transfer reinforcement solutions for QDs-polymer composite mainly rely on thermal-conductive fillers. However,
this strategy failed to deliver the QDs’ heat generation across a long distance, and the accumulated heat still causes con-
siderable temperature rise of QDs-polymer composite, which eventually menaces the performance and reliability of light-
emitting  devices.  Inspired  by  the  radially  aligned fruit  fibers  in  oranges,  we proposed to  eliminate  this  heat  dissipation
challenge  by  establishing  long-range  ordered  heat  transfer  pathways  within  the  QDs-polymer  composite.  Ultrahigh
molecular weight polyethylene fibers (UPEF) were radially aligned throughout the polymer matrix, thus facilitating mas-
sive efficient heat dissipation of the QDs. Under a UPEF filling fraction of 24.46 vol%, the in-plane thermal conductivity of
QDs-radially aligned UPEF composite (QDs-RAPE) could reach 10.45 W m−1 K−1, which is the highest value of QDs-poly-
mer composite reported so far. As a proof of concept, the QDs’ working temperature can be reduced by 342.5 °C when
illuminated by a highly concentrated laser diode (LD) under driving current of 1000 mA, thus improving their optical per-
formance. This work may pave a new way for next generation high-power QDs lighting applications.
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Introduction
Recently, three scientists shared the 2023 Nobel Prize in
Chemistry for their  discovery and synthesis  of  quantum
dots (QDs), a kind of luminescent nanocrystals featuring
tunable  band  gap,  wide  light  absorption  spectrum,  high
quantum yield  (QY)  and superior  color  purity1−4.  These
remarkable properties  make QDs widely adopted in op-
toelectronic  fields  such  as  solar  cells5−7,
photodetectors8−10,  light-emitting  diodes  (LEDs)11,12,  and
laser  diodes  (LDs)13,14.  During  the  photoluminescence

process  of  QDs,  both  light  conversion  and  heat  genera-
tion  happen  simultaneously.  For  the  light  conversion
process,  when electron transits  between the  discrete  en-
ergy levels,  it  releases energy by emitting photons as ra-
diative  process.  For  the  heat  generation  process,  the  re-
leased energy is converted into thermal phonons as non-
radiative  process  which  generates  heat  and  leads  to  a
temperature  rise15,16.  However,  QDs  are  usually  embed-
ded in polymer matrix with extremely low thermal con-
ductivity  (lower  than  0.2  W  m−1 K−1),  which  severely 

1School  of  Energy  and  Power  Engineering,  Huazhong  University  of  Science  and  Technology,  Wuhan  430074,  China; 2School  of  Mechanical

Science and Engineering, Huazhong University of Science and Technology, Wuhan 430074, China.
*Correspondence: B Xie, E-mail: binxie@hust.edu.cn; XB Luo, E-mail: luoxb@hust.edu.cn
Received: 20 February 2024; Accepted: 11 May 2024; Published online: 5 July 2024

Opto-Electronic 
Advances 

Article
July 2024, Vol. 7, No. 7

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

240036-1

 

https://doi.org/10.29026/oea.2024.240036
mailto:binxie@hust.edu.cn
mailto:luoxb@hust.edu.cn
http://creativecommons.org/licenses/by/4.0/.


hinders the heat generated by QDs from dissipating out-
ward.  As  a  result,  the  working  temperature  of  the  com-
posites  reaches  to  a  high  level  (>  130  °C)17,18.  Unfortu-
nately,  QDs  are  sensitive  to  ambient  temperature.  High
temperature  could  irreversibly  damage  the  structure  of
QDs  and  detach  the  surface  ligands  to  form  trap  states,
causing  significant  luminescence  decline  and  even  ther-
mal quenching19−22. Thus, maintaining low QDs’ temper-
ature  is  essential  for  the  applications  of  QDs  in  light-
emitting devices23,24.

To tackle the thermal issues in QDs-polymer compos-
ites,  several  strategies  have  been  developed.  The  most
frequently used method is embedding QDs into, or coat-
ing  QDs  with  highly  thermal-conductive  matrix25,26.
However,  the optical  performances of  the light-emitting
devices  were  worsened since  the  QDs were  damaged by
the complicated fabrication process. Alternatively, incor-
porating  highly  thermal-conductive  fillers  with  ne-
glectable  absorption  of  visible  light  (such  as  hexagonal
boron nitride,  hBN) into the luminescent composites  of
silicone-based matrix is available. The loading fraction of
the  fillers  were  usually  low to  enhance  the  heat  dissipa-
tion  and  maintain  optical  performances
simultaneously20,27−32.  Nevertheless,  considerable  interfa-
cial  thermal  resistance  between  the  micro-scale  fillers
and between the fillers and matrix would make it ineffi-
cient to dissipate heat33,  which cannot fulfill  the thermal
management requirement in high-power density circum-
stances,  such  as  in  white  laser  diodes  (WLDs).  To  effi-
ciently protect QDs from high temperature, it is urgent-
ly  needed  to  constructing  continuous  heat  dissipation
channels with low interfacial thermal resistance.

Oranges  contain  massive  radially  aligned  fruit  fibers
which offers efficient pathways for transmission of water,
as  shown  in Fig. 1(a).  Through  radially  aligned  fruit
fibers, the water absorbed from environment can be effi-
ciently  delivered  from  center  to  the  whole  orange.  In-
spired by these fruit fiber networks, we proposed a QDs-
radially  aligned  UPEF  composite  (QDs-RAPE)  by  con-
structing  radially-aligned  thermal-conductive  networks
in QDs luminescent  composites  (QDs-LC),  by using ul-
trahigh  molecular  weight  polyethylene  fibers  (UHMW-
PE fibers, UPEF) with high thermal conductivity ~60 W
m−1 K−1 34,35.  The  meter-scale  length  of  UPEF  endows
them  with  continuous  and  long-range  heat  dissipation
pathways  that  considerably  reduces  the  interfacial  ther-
mal  resistance.  The  QDs-RAPE  achieved  an  in-plane
thermal  conductivity  as  high  as  10.45  W  m−1 K−1 under

UPEF volume ratio of 24.46%, which is the highest value
of QDs-polymer composites reported so far. Its excellent
thermal  conduction  ability  in  the  in-plane  direction
could  uniformly  conduct  the  concentrated  heat  to  the
whole composites and significantly decrease the temper-
ature. When excited by a blue LD under driving current
of  1000  mA,  the  QDs-RAPE  with  different  UPEF  vol-
ume  ratio  realized  a  huge  temperature  reduction  over
342.5 °C compared with traditional QDs-LC. Contribut-
ed  by  the  sharp  temperature  reduction,  the  QDs-RAPE
could operate stably under higher driving currents (1500
mA),  while  the  QDs-LC suffered  from thermal  quench-
ing when the driving current exceeded 1000 mA. More-
over, it is proved that with proper volume ratio of UPEF,
QDs-RAPE exhibited superior optical performances (lu-
minous efficiency (LE) of  155.85 lm W−1 and color  ren-
dering  index  (CRI)  of  87.9  at  700  mA)  when  compared
with  QDs-LC  (LE  of  134.04  lm  W−1 and  CRI  of  84.2  at
700  mA),  especially  under  high  driving  currents.  This
work  provides  a  promising  strategy  for  solving  the
thermal management challenge of QDs without sacrific-
ing  their  optical  performances,  which  may  pave  a  new
way  for  next  generation  high-power  QDs  lighting
applications. 

Experimental section
 

Materials
UPEF with an average diameter of 20 μm were provided
by  Dongguan  Sovetl  Special  Rope  &  Webbing  Co.,  Ltd
(China),  as  shown  in Fig.  S1.  Red-emissive  CdSe/ZnS
QDs-chloroform solution (20 mg/mL) with a peak wave-
length of 630 nm were provided by Poly Opto-Electron-
ics  (China).  Yellow-emissive  YAG:Ce  phosphor  with  a
peak wavelength of 538 nm were purchased from Intem-
atix.  Two-component  silicone  was  purchased  from
Dowsil (SYLGARD 184, A:B = 10:1). 

Fabrication of radially aligned UPEF-silicone
composites
A  cylindrical  template  with  a  diameter  of  25  mm  was
used  to  fabricated  radially  aligned  UPEF-silicone  com-
posites  (RA-PE)  with  different  UPEF  volume  fraction
(3.34,  8.22,  12.46,  18.11,  22.57  and  24.46  vol%).  First,
UPEF were  evenly  winded along radial  direction on the
upper  surface  of  the  cylindrical  template  to  form  radial
networks.  Then,  silicone  gel  was  poured  into  the  radial
UPEF  networks,  and  vacuum  was  applied  to  let  the
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silicone  gel  fully  infiltrate  the  network,  followed  by  a
thermal-curing process of 85 °C for 25 minutes.  Finally,
extra  UPEF  on  the  other  sides  of  the  template  were  cut
off  and  the  fabricated  RA-PE  was  removed  from  the
template. 

Fabrication of QDs-LC and QDs-RAPE
At first, 2 g silicone gel, 0.4 g phosphor and 130 μL QDs-
chloroform  solution  were  uniformed  mixed  and  well
vacuumed to prepare the QDs-phosphor gel. To fabricat-
ed  QDs-LC,  0.5  g  QDs-phosphor  gel  was  poured  into  a
circular  mold with a  diameter  of  25 mm and then ther-
mal cured for 25 minutes. For QDs-RAPE with different
UPEF  volume  fraction  (8.15,  11.93,  17.70,  21.92  and
26.70 vol%), the fabrication process was similar with that
of RA-PE. 0.5 g mixed gel were poured into the prepared
radially  aligned  UPEF  networks  and  vacuumed,  fol-
lowed by a thermal-curing process of  85 °C for 25 min-
utes, as illustrated in Fig. 1. 

Characterizations
Scanning electron microscope (SEM) images and energy-
dispersive spectroscopy (EDS) mapping images of UPEF
and QDs-RAPE were  obtained by  a  field-emission SEM
(GeminiSEM300,  Carl  Zeiss).  The  ultraviolet-visible

(UV-VIS)  absorption  spectra  of  the  samples  were  mea-
sured  by  a  UV-VIS  spectrophotometer  (UV-3600,  Shi-
madzu).  The  photoluminescence  (PL)  spectra  and  time
resolved  PL  (TRPL)  were  carried  out  by  a  Fluorescence
spectrofluorometer (EI FLS980, Edinburgh Instruments)
at a pulse excitation wavelength of 450 nm. The in-plane
and  through-plane  thermal  diffusivity α of  RA-PE  were
measured  through  a  laser  flash  analysis  (LFA457,  Net-
zsch).  Specific  heat  capacity  of Cp of  the  samples  were
obtained  by  a  differential  scanning  calorimetry  (Dia-
mond DSC, PerkinElmer). Density ρ of the samples were
tested  by  an  electron  density  meter  (XF-220SD,
LICHEN).  Thermal  conductivity κ of  the  samples  were
calculated  through κ = α·Cp·ρ.  Optical  performances
were  obtained  by  an  integrating  sphere  system  (ATA-
1000,  Everfine).  Surface  temperature  distributions  of
QDs-LC and QDs-RAPE were measured by a thermal in-
frared  imager  (SC620,  FLIR).  The  samples  were  excited
by a commercial laser diode (L450P1600MM, Thorlabs). 

Results and discussion
Figure 2(a) shows  the  as-fabricated  QDs-RAPE,  whose
surface  presents  radial  textures  formed  by  UPEF  net-
works. From the optical microscope image in Fig. 2(b), it
is  observed  that  UPEF  are  well-ordered  along  radial
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Fig. 1 | Fabrication process of QDs-RAPE. (a) SEM image of fruit fibers of oranges and diagram illustration of water transportation with the ra-

dially aligned fruit fibers networks. (b) Light conversion and heat generation process of QDs and phosphor. (c) Schematic of operated transmis-

sive WLDs and comparison of heat dissipation ability of QDs-LC and QDs-RAPE. (d) SEM image and schematic of molecular chains of UPEF.
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directions.  SEM  images  in Fig. 2(c, d) and 2(e) demon-
strated that phosphors were uniformly distributed in the
silicone  matrix  and  UPEF  were  embedded  in  lumines-
cent  composites  where  the  continuous  columnar  UPEF
fibers could be observed being paved in the low thermal-
conductive  matrix. Figure 2(f) and 2(g) show  the  de-
tailed distribution of the UPEF and phosphor where the
QDs were too small to be observed. To clearly exhibited
the  distribution  of  the  phosphor,  the  UPEF  in  QDs-
RAPE  were  removed  and  it  was  shown  in Fig. 2(h) and
2(i).  The  images  illustrate  that  phosphor  were  located
closely to the UPEF which offered them with highly ther-
mal-conductive  channels.  In Fig. 2(j),  the  EDS mapping
images  show  the  distribution  of  C,  Si,  Cd  and  Y  ele-
ments  which  confirms  that  QDs  and  phosphor  are  well
dispersed  around  high  thermal-conductive  UPEF  to  be
efficiently cooled.

Furtherly,  to  investigate  the  effect  of  radially  aligned
UPEF network on the optical response of QDs and phos-
phor,  UV-VIS  absorption  spectra  and  PL  spectra  of  the
composites  were  measured  and  shown  in Fig. 3(a) and
3(b). QDs showed a strong and wide-range absorption in
silicone,  of  which  the  highest  was  located  at  400  nm,
while the light absorption of phosphor in silicone main-
ly  appeared  around  300  nm  and  450  nm.  Additionally,

being excited at 450 nm, QDs in silicone displayed a nar-
row PL spectrum with a peak wavelength of 630 nm and
a full-width-at-half-maximum (FWHM) of 32 nm, while
phosphor in silicone showed a wider PL spectrum with a
peak  wavelength  of  538  nm  and  a  FWHM  of  112  nm.
Comparing  the  absorption  and  PL  spectra  of  QDs-LC
with QDs-RAPE, it  is  proved that the addition of UPEF
networks has little influence on absorption and photolu-
minescent characteristics contributed by QDs and phos-
phor.  Moreover,  PL  lifetime  of  QDs  were  measured  to
study their luminous stability in different composites, as
shown  in Fig. 3(c).  These  TRPL  decay  curves  were  well
fitted by an exponential function I(t) = A1e−t/τ1 + A2e−t/τ2,
where I(t)  represents  the  PL  initial  intensity  at  time t.
The PL lifetime of QDs in chloroform, silicone and RA-
PE were calculated as  29.12,  17.71 and 18.43 ns,  respec-
tively. The results showed that QDs’ PL lifetime in chlo-
roform  was  higher  than  those  in  silicone  and  silicone
with radially aligned UPEF. This is mainly because of the
high  temperature  during  the  thermal  curing  process  of
silicone, which created trap states in QDs and increased
the non-radiative process. The little difference on PL life-
time in silicone and silicone with radially  aligned UPEF
demonstrated  that  UPEF networks  do  not  affect  the  lu-
minous stability of QDs.
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Fig. 2 | (a) Photograh of QDs-RAPE. (b) Partial enlarged image of QDs-RAPE under optical microscope. (c−g) SEM images of QDs-RAPE un-

der  different  magnifications.  (h−i)  SEM images  of  QDs-RAPE after  removing  UPEF under  different  magnifications.  (j)  SEM image  and  corre-

sponding EDS mapping images of QDs-RAPE.
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Figure 4 gives  through-plane  thermal  conductivities
(through-plane  TC),  in-plane  thermal  conductivities
(in-plane  TC)  and  anisotropic  degrees  of  TC  of  RA-PE
with  different  UPEF  volume  ratio  (3.34,  8.22,  12.46,
18.11,  22.57 and 24.46 vol%), respectively.  Owing to the
existence of continuous UPEF along the radial direction,
in-plane  TC  of  fabricated  RA-PE  exceeded  1.64  W  m−1

K−1 and reached as high as 10.45 W m−1 K−1 at 24.46 vol%
of UPEF, which were 10.93 and 69.66 times that of pure
silicone  (0.15  W  m−1 K−1),  respectively.  Their  through-
plane  TCs  were  much  lower,  which  range  from  0.19  to
0.46  W  m−1 K−1.  Therefore,  the  anisotropic  degrees  of
RA-PE  were  over  20  under  higher  UPEF  volume  frac-
tion.  In  previous  studies,  hBN  was  incorporated  into
QDs doped luminescent composites to improve their TC
for  its  superior  thermal-conductive  ability  and  ne-
glectable absorption of visible light. However, because of
the microscale diameter of hBN, there were considerable
interfacial  thermal  resistance  between  fillers  and  be-
tween fillers and matrix, which made it inefficient to en-
hance TC. Considering light scattering effect of hBN may
increase the probability that QDs reabsorb the light and

be  harmful  to  the  luminous  efficiency  of  luminescent
composites,  the  hBN  filling  load  was  limited  when  they
were  used,  resulting  in  a  limited  enhancement  of  TC30.
To specifically display the superiority of radially aligned
UPEF  networks  on  the  TC  enhancement  of  QDs-poly-
mer  composites,  the  TC  enhancement δ and  TC  en-
hancement efficiency η of the fillers have been calculated
as the follow equation33,36: 

δ = TC/TC0 , (1)
 

η= (TC− TC0)/(100φTC0)× 100% , (2)

where  TC  and  TC0 are  the  thermal  conductivities  of
QDs-polymer  composites  with  certain  loading  of  fillers
(UPEF  and  hBN)  and  polymer  matrix,  respectively. φ
represents  the  loading  fraction  of  fillers  in  the  compos-
ites. The calculated results are listed in Table 1. It can be
seen that  the  loading  fraction of  hBN is  generally  lower
than  15  wt%  considering  their  negative  effects  on  light
output.  Therefore,  the  composites  exhibited  low  TC  (<
0.5 W m−1 K−1) and η (< 35%) due to the enormous inter-
facial  thermal  resistance  between  the  unconnected  hBN
platelets.  In  contrast,  RA-PE  with  continuous  and
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long-range  heat  dissipation  pathways  showed  superior
characteristics  of  high  TC  with η of  around  300%.  This
comparison  demonstrated  that  radially  aligned  UPEF
networks show superior ability to enhance thermal con-
ductivity  and  potential  to  be  used  in  the  QDs-polymer
composites for thermal management.
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Figure 1(b) illustrates  light  conversion  process  within

luminescent  composites.  QDs/phosphor  absorb  blue
light and then emit red/yellow light.  Due to the non-ra-
diative  process,  heat  generates  during  light  conversion
process  which  raises  the  temperature  of  illuminated
QDs-polymer composites. Figure 1(c) gives the schemat-
ic of operated transmissive WLDs. A LD emits collimat-
ed  blue  laser  beam which  incidents  downward  onto  the
geometric center of QDs-polymer composites. Part of the
incident  blue  light  is  absorbed  by  QDs/phosphor  and
converted  to  red/yellow  light.  Then,  the  unconverted
blue  light  mixes  with  converted  red  and  yellow  light  to
form  white  light.  In  QDs-RAPE,  massive  UPEF  are  in-
corporated.  The  highly  stretched  UPEF  contain
polyethylene  chains  which  transports  phonon  in  a  high
speed35,37. Thanks to the radially aligned UPEF networks,
QDs-RAPE  can  solve  the  thermal  issue  of  WLDs  of

which heat  is  concentrated  in  the  center  of  luminescent
composites. According to Fig. 1(c), the generated heat in
the center  of  QDs-RAPE could be radially  dissipated by
the UPEF networks, while the heat is aggregated in QDs-
LC and forms high  temperature.  To  study  the  tempera-
ture  and  heat  flux  distribution  of  QDs-LC  and  QDs-
RAPE,  finite  element  method  (FEM)  was  utilized,  as
shown  in Fig. 5.  The  related  thermal  parameters  and
boundary  conditions  are  shown  in Fig.  S2.  The  heat
source  was  located  on  the  center  to  simulated  the  heat
generation  of  WLDs.  Under  the  same  boundary  condi-
tion of fixed temperatures, it can be seen that the radial-
ly  aligned  UPEF  networks  construct  rapid  heat  transfer
pathways  to  realize  a  much  more  uniform  temperature
distribution, while that of QDs-LC is concentrated in the
center. Concretely, the heat flux in the UPEF is consider-
ably  higher  than  that  in  silicone,  and  it  can  be  main-
tained along the whole radial direction due to the contin-
uous UPEF. Additionally, the heat transfer mechanism of
three-dimensional hBN network was investigated in our
previously study30. We built interconnected thermal-con-
ductive  channels  by  contacting  hBN  platelets  with  each
other  to  reduce  interfacial  thermal  resistance.  However,
the huge interfacial  thermal resistance between the con-
tact  hBN platelets  were  still  non-negligible  which  creat-
ed  a  break  in  the  heat  dissipation  channels  and  de-
stroyed the continuity of the heat flux. Thus, the contin-
uous  heat  dissipation  pathways  in  long-range  built  by
UPEF was proved to be the key to the high thermal-con-
ductive ability of QDs-RAPE.

Figure 6 compared the thermal performances of QDs-
LC- and QDs-RAPE- converted WLDs from 300 to 1500
mA,  under  different  UPEF  volume  ratio  of  8.15,  11.93,
17.70, 21.92 and 26.70 vol%. The thermal conductivity of
QDs-RAPE is nearly equal to RA-PE with the same UP-
EF volume fraction due to the small size and low volume
fraction of phosphor (about 13 μm and 5 vol%) and QDs

 

Table 1 | Comparison of κ, δ and η of this work with previously reported related QDs-polymer composites.
 

Matrix Filler Loading fraction Aligned architecture κ (W m−1 K−1) δ η Year

Silicone hBN 2 vol% None κ⊥ = 0.27 1.50 25.00% 201820

Silicone hBN 2 wt% Vertically arranging κ⊥ = 0.17 1.23 11.43% 202027

Silicone hBN 15 wt% None κ⊥ = 0.27 1.82 5.51% 202128

Silicone hBN 4.5 wt% 3D-interconnected κ⊥ = 0.37 2.49 33.19% 202230

Silicone hBN 10 wt% 3D-interconnected κ⊥ = 0.87 4.83 38.33% 202329

Silicone UPEF 3.34 vol% Radially aligned κ∥ = 1.64 10.93 297.41% This work

Silicone UPEF 8.22 vol% Radially aligned κ∥ = 3.88 25.86 302.67% This work

Silicone UPEF 24.46 vol% Radially aligned κ∥ = 10.45 69.66 280.83% This work
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(about 10 nm and 0.04 vol%), which is proved by calcula-
tion  in  supplementary  information  and  the  results  are
listed in Table S2. The composites were prepared by con-
trolling  the  same  mass  of  QDs-phosphor  gel  and
embedding  UPEF  with  different  volume  ratio.  Surface
temperature  distributions  of  the  WLDs  under  700  and
1000 mA were measured by an infrared thermal imager,
as  illustrated  in Fig. 6(a) and 6(b),  respectively.  Surface
emissivity  of  the  tested samples  was  set  as  0.98,  and the
distance between samples and camera lens was set to 0.3
m, as  shown in Fig. 6(c).  It  should be noted that  the re-
sults  were  recorded  after  the  temperature  were  stable.
Figure  S3 compares  the  heat  power  of  the  samples.  The
differences  among  QDs-LC  and  the  QDs-RAPEs  are
small,  and as the UPEF volume ratio increased, the heat
power  of  QDs-RAPE  increased  slightly.  Temperature
distributions  of  QDs-LC,  8.15  and  26.70  vol%  QDs-
RAPE  showed  that  the  maximum  surface  temperature
was  located  in  the  center  of  the  samples,  and  that  of
QDs-RAPE was much more uniform than QDs-LC. Un-
der driving current of 1000 mA, the maximum tempera-
ture  of  QDs-LC was  429  °C  and  the  temperature  gradi-
ent (listed in Table S3) along the radial  direction was as
high as 32146.4 K m−1. Thanks to the marvelous heat dis-
sipation  ability  of  QDs-RAPE,  the  8.15  vol%  and  26.70
vol% QDs-RAPE showed much lower maximum surface
temperatures  of  86.5  and  68.8  °C,  and  much  more  uni-

form temperature distributions of temperature gradients
of  4856  and  3224  K  m−1 under  1000  mA,  respectively.
Compared  with  QDs-LC,  8.15  and  26.70  vol%  QDs-
RAPE  reduced  the  maximum  surface  temperatures  by
342.5  and  360.2  °C,  and  the  temperature  gradients  by
84.9%  and  90.0%,  respectively. Figure 6(d) gives  varia-
tion  curve  of  maximum  surface  temperatures  of  differ-
ent  samples  under  increasing driving currents  from 300
mA to 1500 mA. The temperature of QDs-LC was high-
er  than  QDs-RAPE  under  each  driving  current  and  the
differences  were  enlarged  as  the  driving  currents  in-
crease. When the driving current reached 1000 mA, sur-
face temperature of QDs-LC was too high, which caused
thermal quenching. QDs-RAPE maintained much lower
temperature from 300 mA to the maximum driving cur-
rents  (1500  mA)  of  the  blue-emissive  laser  diode,  and
temperatures  were  decreased  as  UPEF  volume  ratio  in-
creased.  The  results  showed that  QDs-RAPE owned su-
perior cooling ability on the application of QDs-convert-
ed WLDs. The sharp reduction on the temperature of lu-
minescent composites would be beneficial for the optical
performances of QDs-converted WLDs.

Figure 7 shows optical  performances of QDs-LC- and
QDs-RAPE- converted WLDs. The samples were excited
by  blue  laser  diodes  with  a  peak  wavelength  of  450  nm
under  different  driving  currents. Figure 7(a) displays
spectra  power  distribution  of  QDs-LC,  8.15  and  21.92
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vol%  QDs-RAPE  under  driving  current  of  700  mA,  re-
spectively.  8.15  and  21.92  vol%  QDs-RAPE  exhibited
high LE of 155.85 and 127.92 lm W−1 as well as high CRI
of  87.9  and 88.7.  For  QDs-LC,  it  had a  LE of  134.04 lm
W−1 and a lower CRI of  84.2.  Meanwhile,  CCT of  QDs-
RAPE of different UPEF volume ratio were around 4500

K,  while  that  of  QDs-LC was 8187 K.  The above results
indicated  that  adding  radially  aligned  UPEF  could  be
beneficial for the LE and CRI, and reduce the CCT of the
WLDs.  Under  lower  UPEF volume ratio,  LE can be  en-
hanced. Figure 7(b) displays the spectral power distribu-
tion  of  the  QDs-RAPE-based  WLDs  under  driving
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current of 1500 mA. It is seen that the CRI of 21.92 vol%

QDs-RAPE  reached  as  high  as  90.1,  representing  its

marvelous  color  rendering  ability. Figure 7(c) illustrates

the location of the WLDs in the CIE 1931 diagram. QDs-

RAPE  converted  WLDs  distributed  near  the  central  re-

gion of Planck blackbody curve, implying they were neu-

tral white light with high quality. It can be seen from Fig.

7(d) that,  LE of  QDs-RAPE and QDs-LC was decreased
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Fig. 7 | (a) Spectral power distributions and optical properties of QDs-LC, 8.15 vol% and 21.92 vol% QDs-RAPE under driving current of 700 mA.

Inset  is  the photograph of  QDs-RAPE with  illumination.  (b)  Spectral  power  distribution and optical  properties  of  21.92 vol% QDs-RAPE under

driving current of 1500 mA. (c) The coordinates of the luminescent composites in the CIE 1931 diagram. (d) LE, (e) CRI and (f) CCT of QDs-

RAPE (8.15, 11.93, 17.70, 21.92 and 26.70 vol%) and QDs-LC under different driving currents from 300 to 1500 mA.
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as the driving currents increased, which was attributed to
the  rising  temperature.  From  300  to  1000  mA,  that  the
LE of QDs-LC decreased by 38.63%. Comparing to QDs-
LC,  LE  of  QDs-RAPE  showed  a  more  stable  trend.  It
only slightly decreased from 300 to 1000 mA and the de-
crease  was  lower  than  10%  when  driving  currents
reached  1500  mA.  As  the  volume  fraction  of  UPEF  in-
creased, Fig. 7(e) gives  the  variation  of  CRI  under  in-
creasing driving currents. It is seen that CRI of QDs-LC
was lower than 85, and decreased as the driving currents
increased.  In  contrast,  CRI  of  QDs-RAPE  of  different
UPEF volume ratio were generally higher than QDs-LC,
and  it  exceeded  90  with  21.92  vol%  QDs-RAPE  under
1500 mA. It is noting that under low UPEF volume ratio
(8.15 and 11.93 vol%), CRI of QDs-RAPE decreased un-
der the increasing driving currents, but the trend of CRI
became  opposite  of  the  higher  ones  (17.70,  21.92  and
26.70  vol%).  In  addition,  CCT  of  QDs-LC  increased
sharply from 5287 K to 27540 K as  the driving currents
increased,  while  that  of  QDs-RAPE  were  stable,  which
only  variated  in  a  small  range  of  neutral  white  light
(from  4000  K  to  5500  K).  In  a  word,  QDs-RAPE-con-
verted WLDs exhibited more superior and stable optical
performances compared with QDs-LC.

To furtherly investigate the mechanism of optical per-
formances improvement brought by radially aligned UP-
EF networks, enhancement ratio of yellow- and red- light
intensity of QDs-RAPE to QDs-LC from 300 to 1000 mA
were  calculated,  as  shown  in Fig. 8 and Table  S4.  Both
enhancement ratio of  yellow- and red-light intensity in-
creased  with  increasing  driving  currents.  This  is  mainly
because  that  the  much  lower  working  temperature  of

QDs-RAPE  strengthened  the  light-converted  ability  of
QDs/phosphor  particles  under  the  same power  as  QDs-
LC.  Being  attributed  to  the  poorer  thermal  stability  of
QDs, enhancement ratios of red light were sharply high-
er than that of yellow light,  implying that thermal man-
agement  plays  crucial  role  in  high-performance  lighting
application of QDs. Moreover, adding UPEF with an av-
erage diameter of 20 μm helps reinforcing the light scat-
tering effect,  which may cause light  loss  in the lumines-
cent  composites.  As  UPEF  volume  ratio  increased,  en-
hancement  ratio  of  yellow- and  red- light  intensity  de-
creased, which was mainly due to the light loss from the
enhanced light absorption of QDs caused by the scatter-
ing  effect.  Under  lower  driving  currents,  light  loss
brought  by  UPEF  was  stronger  than  light  enhancement
brought  by  temperature  reduction,  resulting  in  negative
effect  on  the  enhancement  of  light  intensity.  The  en-
hancement  ratio  of  yellow  light  was  significantly
dropped as UPEF volume ratio increased, while the drop
was much smaller of red light. The dropped light intensi-
ty  of  QDs-RAPE  under  increasing  UPEF  volume  ratio
resulted in a decrease in LE. The above analysis indicat-
ed that  overloading of  UPEF is  inadvisable  and the  vol-
ume fraction of UPEF should be controlled in a suitable
range (8.15, 11.93 and 17.70 vol% in this work) to retain
the optical performance. It can be concluded that, intro-
ducing  radially  aligned  UPEF  networks  into  QDs-poly-
mer  composites  is  conducive  to  optical  performance  of
the  corresponding  WLDs  due  to  its  advanced  cooling
ability, especially under high power conditions. 

Conclusion
QDs  are  usually  embedded  in  polymer  matrix  with
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extremely  low  thermal  conductivity  which  leads  to
severely  thermal  issues.  Common  solutions  for  QDs’
thermal  managements  are  based  on  incorporating  mi-
croscale hBN fillers into the composites. However, due to
the existing enormous interfacial thermal resistance, this
strategy is inefficiency to transfer heat across a long dis-
tance. To solve this issue, we proposed to establish long-
range radial heat dissipation pathways by establishing ra-
dially aligned UPEF networks in QDs-polymer compos-
ites.  The  composites  of  different  volume  ratio  of  UPEF
(3.34,  8.22,  12.46,  18.11,  22.57  and  24.46  vol%)  showed
high  thermal  conductivity  of  exceeding  1.64  W  m−1 K−1

and  reached  as  high  as  10.45  W  m−1 K−1 of  24.46  vol%,
which  were  10.93  and  69.66  times  that  of  pure  silicone,
respectively.  Both  thermal  and  optical  performances  of
QDs-LC  and  QDs-RAPE  were  characterized.  Under
driving current of 1000 mA, QDs-RAPE of different UP-
EF  volume  ratio  could  realize  much  lower  temperature
over  342.5  °C  than  QDs-LC.  Benefiting  from  the  sharp
temperature  reduction,  QDs-RAPE could  stably  operate
under  higher  driving  currents  (1500  mA),  while  the
QDs-LC suffered thermal quenching at 1000 mA. Under
driving current of  700 mA, 8.15 vol% QDs-RAPE could
achieve  neutral  white  light  with  CCT  of  4732K,  LE  of
155.85 lm W−1 and CRI of 87.9, while that of QDs-LC are
8187  K,  134.04  lm  W−1 and  84.2,  respectively.  In  addi-
tion, the CRI of 21.92 vol% QDs-RAPE could exceed 90
under driving current of 1500 mA to exhibit objects with
true colors.  The proposed strategy is promising for pro-
moting  the  application  of  QDs  in  high-power  optoelec-
tronic areas.
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