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ABSTRACT

Photoluminescent composites play a critical role of light converters in light-emitting devices, especially in high-power light-emitting diodes
and laser diodes, while the nonradiative Stokes loss in photoluminescent particles not only generates thermal phonons with temperature rise
but also degrades their photonic/electronic properties. Moreover, these micro/nanoscale heat sources are usually dispersed in a low-thermal-
conductivity polymer matrix, which makes it tough to dissipate heat out efficiently, resulting in significant thermal quenching. Reinforcing
the heat dissipation of photoluminescent composites is considerably important and challenging since their optical performance will be
easily damaged by the thermal reinforcement processes. In this Perspective, we briefly introduce the heat generation and transportation
mechanisms in photoluminescent composites and then emphasize the recent progresses in heat manipulation of photoluminescent compos-
ites. Finally, we outline some challenges and possible solutions for addressing the thermal management of photoluminescent composites as
well as some future directions in this field.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056228

I. INTRODUCTION

After four generations of evolution, the lighting technology
has made earth-shaking progress from candle lighting, incandes-
cent lighting, and fluorescent lighting, to solid-state lighting
(SSL).1–3 The latest-generation SSL devices, mainly based on
light-emitting diodes (LEDs), have attracted numerous attention
in recent decades due to their high luminous efficiency,
cost-effective fabrication, and low power consumption
characteristics.4–6 The most conventional white LEDs (WLEDs)
are composed of blue LED chips and yellow–greenish phospho-
rescent composites (namely, the phosphor–polymer compos-
ites).7,8 Although this configuration can meet most of the
application requirements, there are still reasons for developing
new packaging structures and phosphorescent materials. On the
one hand, LED chips suffer from efficiency droop in high input
current density, which inevitably limits the highest achievable
luminous flux density of WLEDs.9,10 On the other hand, the
wide full-width-at-half-maximum (FWHM) of phosphor materi-
als makes traditional WLEDs feature a low color rendering index
(CRI) as well as limited color gamut.11,12

To remedy the defects of traditional WLEDs, the laser diode
(LD) chip and quantum dots (QDs) were proposed as alternatives
of LED chips and phosphor, respectively. Since the Auger recom-
bination in LD no longer increases after the threshold driving
current, the power-conversion efficiency of LD keeps increasing
with power density, while the efficiency of LED decreases rapidly
under increasing input power density.13,14 Moreover, LD gener-
ates nearly monochromatic and collimating light with a narrow
FWHM and a small divergent angle.15,16 With these extraordinary
characteristics, LD has been regarded as a strong competitor of
LED in the high-power SSL applications.17–21 The QDs, as lumi-
nescent nanocrystals, possess superior opto-electronic properties
like high absorption coefficients, long carrier diffusion lengths,
high quantum efficiencies, and size-tunable narrow emission
spectra.22–24 In the past few years, QDs not only have shown their
great potential in the cost-effective yet high-performance photo-
voltaic applications, such as solar cells,25,26 photodetectors,27,28

and lasers,29 but also have demonstrated commercial applications
in LED lighting with high CRI and LED displays with wide
color gamut.30–34 It is predictable that in the very near future,
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QD-WLEDs/WLDs will take the place of traditional WLEDs
across a broad range of fields.

Although the future of QD-WLEDs/WLDs is bright, several
challenges are certain to arise with the increase in input power
density, particularly the thermal quenching (TQ) of luminescent
particles under concentrated input optical power.35,36 This is
mainly attributed to the nonradiative recombination of excitons
and extremely low thermal conductivity of polymer matrix, in
which the luminescent particles are embedded.37,38 As the nonra-
diative process generates heat inside the composites, the thermal
phonons are restricted to the polymer matrix and unable to be
dissipated out efficiently, resulting in the temperature rise therein.
The high working temperature in turn decreases the quantum
efficiency of luminescent particles and aggravates the temperature
rise. Eventually, the quantum efficiency of luminescent particles
decreases sharply, known as the thermal quenching (TQ) effect.
With the increase in luminous flux density in WLEDs/WLDs, this
problem will be more severe. More than that, QDs are more easily
damaged by high temperature than crystallized phosphor because
the thermally induced permanent trap states inside QDs are origi-
nated from the intrinsic difference in thermal expansion of the
core, shell, and ligand materials.39,40 Therefore, effective solutions
are urgently needed to resolve the thermal challenge of lumines-
cent particles before it becomes the bottleneck of high-power
WLED/WLD applications.

In this Perspective, we first briefly introduce the heat genera-
tion and dissipation process in photoluminescent composites.
Then, we mainly discuss recent progresses in heat transport
manipulation theory and method of photoluminescent compos-
ites. Finally, we present a Perspective for future directions in this
field.

II. BASIC THEORY

A. Heat generation and thermal quenching of
luminescent particles

In a macroscopic view, the heat generated in luminescent par-
ticles, including phosphors and QDs, originates from the nonradia-
tive recombination process of excitons. This heat energy causes
temperature rise and eventually results in TQ of luminescent parti-
cles, while the underlying mechanisms of the TQ are quite compli-
cated and divergent among different materials.41–44

For the Ce3+- and Eu2+-activated phosphors, there are mainly
two theories for explaining the TQ mechanisms. The crossover
theory that was proposed by Blasse and Grabmaier in the 1970s
considers that the TQ is attributed to the nonradiative relaxation of
excitons from the excited state to the ground state.45 Figure 1(a)
shows the configurational coordinate diagram in a phosphor.
In this theory, TQ is originated from the nonradiative relaxation of
an excited electron to the ground state once the temperature is high
enough to overcome the activation energy Ea

co. From the theory, it
is predictable that a more rigid phosphor host structure can reduce
the probability of nonradiative relaxation and release the TQ.
However, some phosphors with a rigid crystal structure still suffer
from TQ such as Ca7Mg(SiO4)4:Eu

2+, CaMgSi2O6:Eu
2+, and

Sr6M2Al4O15:Eu
2+ (M = Y, Lu, Sc).46,47 Therefore, Dorenbos pro-

posed another theory—the thermal ionization theory—that TQ is
because of the thermal ionization of the excited 5d electron of
Ce3+/Eu2+ to the conduction band of the host.44 In this theory, the
temperature should be high enough to overcome the activation
energy Ea

i from the excited state to the conduction band minimum
(CBM). Furthermore, Amachraa et al. unified the two dominant
theories into a single predictive model for TQ by using ab initio

FIG. 1. (a) Configurational coordinate diagram for the activator in a phosphor. Excitation is originated from the vibrational level n = 0 of the ground state to the excited
state, resulting in the absorption energy Ua. Relaxation is originated from the vibrational level m = 0 to the ground state, resulting in the emission energy. In the crossover
model, TQ is caused by the nonradiative relaxation of an excited electron to the ground state. In the thermal ionization model, TQ is caused by the promotion of excited
electrons to the conduction band minimum. Reproduced with permission from Amachraa et al., Chem. Mater. 32, 6256 (2020). Copyright 2020 American Chemical Society.
Schematic diagram of luminescence quenching mechanisms in QDs: (b) intrinsic quenching based on thermally activated crossover, (c) intrinsic quenching based on multi-
phonon relaxation theory, (d) irreversible quenching related to traps, and (e) reversible quenching related to traps. Reprinted with permission from Zhao et al., ACS Nano
6, 9058 (2012). Copyright 2012 American Chemical Society.
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molecular dynamics (AIMD) simulation.48 They constructed the
unified TQ model based on the measured TQ values of 29 oxide
phosphors. According to this model, the local activator environ-
ment distribution with temperature in AIMD simulations is the
indicator for TQ under the crossover mechanism. The host
bandgap, the centroid shift, and the approximated crystal-field
splitting are indicators for TQ under the thermal ionization mecha-
nism. This model successfully predicted the experimentally
observed TQ in 29 Ce3+- and Eu2+-activated phosphors with RMSE
less than 10%. It should be noted that, although this model is
focused on oxide phosphors, it can be extended to other chemis-
tries by adjusting the fitted parameters.

For QDs, irreversible quenching is due to the thermally
induced permanent structural defects that increase the trap states
[as shown in Fig. 1(d)].49 The structural defects are mainly because
of the lattice mismatch between core and shell materials that gener-
ate interfacial strain and favor dislocation of atoms. As temperature
rises, the thermal expansion difference of core and shell materials
may result in the formation of permanent trapping centers. It
should be noted that in the high-temperature synthesis process of
QDs, although the temperature is much higher (typically 200–350 °
C), the TQ did not occur since the QDs are in a high chemical
potential environment with excessive ligands and precursors.50 The
reversible quenching mechanisms of QDs may not be explained by
the traditional theories, i.e., the crossover theory [Fig. 1(b)] and
multi-phonon relaxation theory [Fig. 1(c)]. Instead, Zhao et al. pro-
posed that a thermally created temporary trap state or thermally
activated trapping process may be the underlying mechanisms of
the reversible quenching, as shown in Fig. 1(e).49 After cooled
down, the temporary traps relax back and the quantum yield (QY)
is restored. In addition, the TQ mechanisms vary in different QD
systems and further studies are necessary to obtain further under-
standing of the quenching mechanisms of QDs.

B. Heat dissipation in photoluminescent composites

Once the thermal phonons are generated from the photolumi-
nescent particles, they shall be dissipated out to the ambient by
overcoming a series of thermal resistances. Since the thermal resist-
ance is strongly related to the packaging structure, the heat dissipa-
tion condition of photoluminescent composites varies a lot from
package to package.51–53 Figure 2 shows three typical packaging
structures of WLEDs/WLDs with photoluminescent composites
and their thermal resistance network. Generally, the on-chip type
packaging is better than the remote type packaging for the heat dis-
sipation of photoluminescent composites because the composites
are directly contacted with highly thermal-conductive substrates.
Moreover, all the thermal phonons must pass through the polymer
matrix of photoluminescent composites before they can be dissi-
pated out to the ambient air. Due to the extremely low thermal
conductivity of polymer [<0.3W/(m K)], the thermal resistance of
polymer matrix is much larger than other components and domi-
nates the total thermal resistance. For example, Rj-a is in the range
of 11.05–12.37 K/W according to our previously measurement
results,54 while Rph-j can easily reach 104 K/W [thermal conductiv-
ity k = 0.17W/(m K), average thickness δ = 0.5 mm, average radius
r = 3 mm, Rph-j = δ/(k ⋅ πr2)]. Therefore, from the aspect of thermal

resistance, reducing the thermal resistance of photoluminescent
composites is critical for efficient heat dissipation toward photolu-
minescent particles. Moreover, the thermal interfacial resistance
(TIR) of thermal interfacial materials (TIMs) in the package is also
influential to the whole thermal dissipation process,55,56 but it is
beyond the scope of this paper. We focus on the heat manipulation
of photoluminescent composites.

III. INSIDE THERMAL MANAGEMENT PROGRESS

As discussed above, the thermal resistance of photolumines-
cent composites is the dominant factor that affects the efficient
heat dissipation of photoluminescent composites. In recent years,
with the increase in input electronic power and the concentration
of light beams (particularly in WLDs), the heat power generated in
photoluminescent composites is thereby increased rapidly, which is
detrimental to the optical efficiency and lifetime of photolumines-
cent particles. To solve this problem, peer researchers have devoted
their effort to revealing and controlling the heat transport in photo-
luminescent composites. In this section, recent progresses in the
modeling and manipulation of heat generation and dissipation of
photoluminescent composites are summarized.

A. Modeling of heat generation and dissipation in
photoluminescent composites

During the photoluminescence process, the photoluminescent
particles absorb a certain number of short-wavelength photons and
convert part of the absorbed photons into long-wavelength
photons. The energy conversion efficiency ηcon of a single photolu-
minescent particle can be expressed as follows:

ηcon ¼ Nemitted

Nabsorbed

hc
hc

λemitted

λabsorbed
¼ ηQE

λabsorbed
λemitted

, (1)

where ηQE is the quantum efficiency of photoluminescent particles.
Due to the nonradiative recombination processes, ηQE is usually
below unit. For conventional Ce3+-doped phosphors, ηQE is in the
level of 0.8–0.9,57,58 and the data are very close to 1 for QDs thanks
to the innovation iterations in synthesis routes, such as by utilizing
the intrinsic spin–orbit coupling of II–VI semiconductors,59 by col-
loidal organometal halide perovskite QDs with an amorphous
structure,60 and by reducing the surface defect of perovskite QDs
with surface passivation.61

Only obtaining ηQE is not enough to calculate the heat genera-
tion in photoluminescent composites because the total energy con-
version efficiency of photoluminescent composites, which is
defined as the ratio of output light energy to input light energy, is
strongly related to the absorption, scattering, and anisotropy prop-
erties of photoluminescent composites. Therefore, the absorption
coefficient (μa), scattering coefficient (μs), and anisotropy coeffi-
cient (g) are proposed to characterize the light propagation and
conversion process in the photoluminescent composites, as shown
in Fig. 3.

Together with ηQE, the heat generation can be calculated out
accordingly. Since μa, μs, and g vary with particle species, size, con-
centration, and distribution, these parameters are hard to calculate
theoretically. Therefore, Xie et al. proposed a precise optical
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modeling method to calculate these parameters by combining
double integrating sphere (DIS) measurement with the inverse
adding-doubling (IAD) algorithm.62 The transmittance, reflectance,
and collimating transmittance of the photoluminescent composite
samples were first measured by the DIS system. Then, the corre-
sponding μa, μs, and g were calculated by the IAD algorithm.
Subsequently, the heat generation in photoluminescent composites
can be obtained by adopting these parameters into the Monte
Carlo ray tracing simulation. Since the calculated data are based on
the measurement results, the modeling accuracy is guaranteed with
a maximum deviation of 1.16% (Fig. 4).

Considering the heat dissipation of photoluminescent com-
posites in a WLED/WLD package, Lenef et al. combined the diffu-
sion–approximation radiation transport model with the finite
element method (FEM) to study the thermal effects of WLDs.63,64

Hu et al. also have established a phosphor scattering model based

on the Kubelka–Munk (K–M) theory to study the phosphor
heating effects in WLEDs.65,66However, the above models assume
that the QE of photoluminescent particles is constant, which is
inappropriate because the QE is temperature-dependent.

To tackle this problem, Ma et al. proposed an opto-thermal
model,67 which combines the thermal resistance model with the
K–M theory. According to the thermal resistance model, the working
temperature of photoluminescent composites Tph is derived as

Tph ¼ Ta þ Rtotal � Qph, (2)

where Ta is ambient temperature and Rtotal is the total thermal resist-
ance from the composites to the ambient. Qph is the heat generation
of photoluminescent composites, which can be calculated by the K–M
theory. In addition, the TQ effect is considered by iteratively calculat-
ing Qph and Tph with a temperature-dependent QE. By using this

FIG. 2. Typical packaging structures of WLEDs/WLDs and their corresponding thermal resistance networks. (a) On-chip type. (b) Remote-transmissive type.
(c) Remote-reflective type.
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model, we observed the sharp increase in phosphor temperature from
198 to 549 °C, which finally result in silicone carbonization.67

B. Manipulating heat dissipation in photoluminescent
composites

In this section, we mainly review the strategies for efficient
heat dissipation of photoluminescent composites, from the aspect
of materials, processing, and packaging structures.

1. Phosphor-in-glass and single crystal phosphor

Typically, the photoluminescent composites are composed
of photoluminescent particles (phosphors or QDs) and polymer
matrix. Due to the intrinsically low thermal conductivity and
thermally unstable property of polymer matrix, the conventional
photoluminescent composites are incapable of dissipating the
heat out quickly as well as maintaining the original optical

performance of photoluminescent particles. To solve this
problem, one of the effective strategies is to replace photolumi-
nescent composites with phosphor-in-glass (PiG).68–72 The
PiG is fabricated by sintering the mixture of phosphor
particles and glass powders under a relatively high temperature
(600–1300 °C). Thanks to the glass component, the thermal con-
ductivity of PiG [∼0.6 W/(m K)] can be three times larger than
that of traditional phosphor silicone [∼0.18 W/(m K)]. Benefited
from the reinforced thermal conductivity and thermal stability,
the PiG demonstrates higher thermal stability than phosphor sil-
icone. For example, when heated under 200 °C for 32 days, the
PiG remains stable while the body color of silicone changes from
colorless to browner.69 Besides, Mou et al. demonstrated a
reduction in the working temperature of 46 °C by substituting
phosphor-in-silicone (PiS) with phosphor–sapphire–glass compos-
ites.73 However, due to the necessity of a high-temperature sintering
process, QDs cannot be prepared into such “QDs-in-glass”

FIG. 3. Schematic showing all the possible behaviors between incident light and the photoluminescent composites. From Xie et al., Sci. Rep. 7, 16663 (2017). Copyright
2017 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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composites because this high temperature may cause decomposition
of QDs. Thus, the application of this method is limited.

Moreover, the single-crystal phosphor (SCP) was also proposed
to significantly enhance the thermal conductivity of photolumines-
cent composites.74,75 SCP is fabricated by the Czochralski (Cz) tech-
nique. Due to the less impurity and more rigid crystallization, the
SCP exhibits an extremely high QE of 95% even under room temper-
ature of 300 °C.74 Moreover, SCP demonstrates a much higher
thermal conductivity [∼14W/(mK)] than the above-mentioned PiG
of phosphor silicone, which enables rapid heat dispersion within the
material. As shown in Fig. 5, when illuminated by LDs with an
optical power of 2W, the surface temperatures of the free-standing
SCP sample, SCP in the inorganic binder (PhosCera) sample, and
phosphor in the PhosCera sample were 69.7, 134.4, and 457.1 °C,
respectively. Despite these superior properties, SCP still needs to

solve the high cost and poor reproducibility problems before it can
be widely utilized.

2. Polymer matrix reinforcement

A facile processing route is essential to prepare photolumines-
cent composites with reinforced thermal properties. Since the low
thermal conductivity of photoluminescent composites is mainly
due to the low thermal conductivity of polymer matrix, directly
enhancing the thermal conductivity of polymer matrix seems a
good idea. For bulk polymers, their crystallinity is relatively low
due to the random arrangement of polymer chains and large mole-
cule mass. The unordered crystal lattice and massive boundary
defects lead to phonon scattering, resulting in low thermal
conductivity.76

Therefore, enhancing the orientation and crystallization of
polymer matrix is also a practicable strategy for enhancing the heat
dissipation ability of photoluminescent composites. Zheng et al.
fabricated a QD-polymer film by electrospinning.77 During the
electrospinning process, the polymer chains were stretched and
redirected, and a composite film with higher orientation was
obtained. Benefited from the aligned polymer chains in the electro-
spun nanofibers, the thermal conductivities in the through-plane
and in-plane directions were enhanced by 39.9% and 423.1% at

FIG. 4. Optical-thermal model consists of (a) a phosphor scattering model and
(b) a thermal resistance model. (c) The calculated and measured phosphor tem-
perature under a phosphor concentration of 0.32 g/cm3. Reproduced with per-
mission from Ma et al., Int. J. Heat Mass Transfer 116, 694 (2018). Copyright
2018 Elsevier.

FIG. 5. (a) Single-crystal phosphor plate. (b) Single-crystal powder.
Temperature rise of three different phosphors (SCP plate, PhosCera + SCP
powder, PhosCera + CPP) with different LD intensities: (c) <10 mA and (d)
1.7 A. Reproduced with permission from Villora et al., Proc. SPIE 9768, 976805
(2016). Copyright 2016 SPIE.
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25 °C, respectively. Consequently, the working temperature of QDs
was decreased from 419 to 411 K at 200 mA. Actually, the thermal
conductivity of the polymer matrix can be further enhanced by
tuning the crystallization and orientation of polymer chains. For
example, Lu et al. reported on polyethylene oxide (PEO) nanofibers
with a maximum thermal conductivity of 28.84W/(m K) by the
electrospinning method, while the thermal conductivity of PEO
bulk polymer is only 0.2W/(m K).78

In addition to orienting the molecule chains by electrospin-
ning, drawing or stretching can also orient the molecule chains of
polymers. Shen et al. prepared a polyethylene (PE) fiber which con-
sists of almost single crystals with a diameter of 50–500 nm after
stretching, and the thermal conductivity is up to 104W/(m K).79

Such a high thermal conductivity is mainly due to the restructuring
of the polymer chains by stretching that improves the fiber quality
toward a “single crystalline fiber.” This phenomenon can also be
found in amorphous polymer fibers since Singh et al. reported that
the thermal conductivity of polythiophene fibers in the amorphous
state could reach 4.4W/(m K).80

It should be noticed that these exciting progresses regarding
the thermal reinforcement of polymer matrix are in the microscale
or mesoscale. The macroscale and scalable fabrication of these
highly ordered polymer matrices remains challenging yet attractive.

3. Thermally conductive fillers embedding

Compared to reinforcing the thermal conductivity of
polymer matrix, incorporating highly thermal-conductive fillers
into the photoluminescent composites is a more feasible strategy
for enhancing their thermal conductivities. This is also the most
widely used method in the research area of thermal interface
materials (TIMs).81,82 However, things get complicated when this
method is utilized in photoluminescent composites, because most
of the reinforcing fillers, such as metal-based fillers, ceramic
fillers, and carbon-based fillers, are light-absorbing materials that
will deteriorate the optical performance of photoluminescent
composites.83–85

After persistent trials, we found that hexagonal boron nitride
(hBN), known as “white graphene,” is a suitable candidate
for thermal reinforcing fillers for photoluminescent composites.
We have validated that under a low filler loading of 4.3 wt. %, hBN
successfully enhanced the heat dissipation of photoluminescent
composites, and the maximum working temperature was reduced
by 22.7 °C at 300 mA,86 without sacrificing the luminous efficiency
of WLEDs. The temperature reduction is mainly attributed to the
highspeed heat dissipation pathway provided by hBN platelets.
However, since hBN presents anisotropy thermal conductivity with
a through-plane value of 20W/(m K) and an in-plane value of
300–600W/(m K),87,88 the randomly distributed incorporating has
not utilized the maximum thermal conducting ability of hBN
platelets. To prepare photoluminescent composites with anisotropic
distributed hBN platelets, whose in-plane directions are in the
immediately thermal dissipation direction may be a better option.
Therefore, we proposed an ice-templated method to fabricate the
vertically thermal-conductive QD/hBN composites and WLEDs.89

To avoid the unacceptable absorption toward light during the
preparation, we substituted the graphene oxide by sodium

carboxymethylcellulose (SCMC) as a cross-linking agent. With the
crystallization of vertical ice templates in the freezing process, the
hBN platelets alter their orientations under the action of torque
and finally form the vertically arranged distribution. Based on these
vertical enhanced QD/hBN composites, the maximum working
temperature of WLEDs was 21 °C lower than the conventional
WLEDs under the same driving current. Moreover, hBN can be
combined with other materials to realize functions beyond heat dis-
sipation. Xie et al. proposed a sandwich structural QD-SiO2-BN
nanoplate to enhance the heat dissipation as well as long-term
stability of QDs in WLEDs.90 QDs are first encapsulated by the
SiO2 shell to effectively defend water and oxygen penetration.
Then, the QD-SiO2 is embedded into the interlayer of layer-by-
layer assembled BN nanoplates for fast heat dissipation. With these
assembly structures, the working temperature of QDs is signifi-
cantly reduced by 44.2 °C. After aging for 250 h, the photolumines-
cence (PL) intensity of QD-WLEDs only shows a slight
degradation of 1.2%. The above strategies have validated the effec-
tiveness of thermally conductive but optically nonabsorptive fillers
in the heat dissipation enhancement of photoluminescent compos-
ites. Although nonabsorptive fillers are promising for the heat dissi-
pation enhancement of luminescent composites, one drawback of
this strategy is that the scattering effect inside the luminescent com-
posites will also be enhanced with the increase in fillers loading.
This will increase the reabsorption energy loss of luminescent par-
ticles, consequently increasing the heat generation of the compos-
ites. Therefore, countermeasures must be proposed to solve this
problem. Recently, Li et al. proposed a solution to reduce the reab-
sorption loss of QD composites by incorporating QDs into SBA-15
particles.91 Benefitted from the pore boundary structure of SBA-15,
the incident light can be totally internal-reflected; thus, the reabsorp-
tion process is suppressed. As a result, WLEDs fabricated based on
this technique achieved a high luminous efficacy that exceeds
200 lm/W. Therefore, it is believed that the simultaneous enhance-
ment of heat dissipation and optical efficiency is achievable if multi-
ple techniques are combined (Fig. 6).

4. Novel packaging structures

Since the working temperature of photoluminescent compos-
ites is strongly related to the heat generation and total thermal
resistance of WLED/WLD packaging, changing and optimizing the
packaging structure of WLEDs/WLDs is a direct strategy for realiz-
ing less heat generation and faster heat dissipation toward photolu-
minescent composites.

From the aspect of reducing heat generation, to separate
photoluminescent particles with different emission wavelengths is
a commonly used method. Yu et al. investigated the optical and
thermal performance of three different WLEDs, including
QD-phosphor mixed type, QD-inside type, and QD-outside
type.92 Their results show that the QD-outside type WLEDs show
a 27% decrease of maximum nanocomposite temperature at
400 mA compared with the mixed-type WLEDs. This temperature
reduction is attributed to the reduced reabsorption between
phosphor and QDs; thus, the total heat generation is reduced.
Similarly, we have validated that the vertically separated
phosphor-QD layer structure is also beneficial for reducing their
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reabsorption loss and thus reducing the maximum working tem-
perature.93 At 300 mA, the QDs’ working temperature can reach
30.3 °C.

From the aspect of enhancing heat dissipation, one of the
main ideas is to attach the photoluminescent composites onto a
highly thermal-conductive substrate. This strategy requires that the
substrate is optically transparent or the whole system is in reflective
type. For example, we proposed to stack the QD films on a phos-
phor–sapphire composite (PSC) plate.94 The PSC was fabricated by
sintering phosphor glass onto a highly thermal-conductive sapphire
substrate for fast heat dissipation. Compared with the traditional
WLEDs, the QD-PSC-based WLEDs gained a reduction in working
temperature of 65 °C at 1000 mA. Furthermore, we proposed a
heat-conducting PiG with dual-sapphire plates for WLDs.95 The
PiG sapphires were fabricated by sintering the phosphor glass film

between two sapphire plates. Benefited from the dual-sapphire con-
figuration, the PiG sapphires present a low working temperature
(<50 °C) under various laser powers, while the working temperature
of referenced PiG can easily exceed 150 °C at 4.5W power after 60 s.

In the meantime, Li et al. proposed a liquid cooling remote
QD film structure to realize the 100W level application of
QD-WLEDs.96 In their prototype, the QD film was removed from
the LED chip and was assembled on a transparent glass chamber
filled with flowing water for extremely fast heat dissipation. Cooled
by the flowing water with high thermal capacity, the QDs’ tempera-
ture in this water-cooling remote structure was stabilized at 71 °C
at a driving power of 100W, while those in traditional remote
structure and on-chip structures were 265 and 453 °C, respectively.
Similarly, Li proposed a sealed liquid cooling system in which the
phosphor film was immersed (Fig. 7).97

FIG. 6. (a) Schematic showing the preparation of QDs/hBN composites and the fabrication of QDs/hBN-WLEDs. (b) (i) Photograph of the QDs/hBN-WLEDs and
QDs-WLEDs. (ii) and (iii) show the measured temperature fields of these two WLEDs at 60 and 300 mA, respectively. Reproduced with permission from Xie et al., Adv.
Funct. Mater. 28, 1801407 (2018). Copyright 2018 John Wiley & Sons. (c) (i) and (ii) show the scanning electron microscope (SEM) images of the SCMC skeleton in a
direction parallel to the surface of the templates. (iii) and (iv) show the hBN/SCMC/phosphor skeleton in a direction perpendicular to the template surface. (d) The mea-
sured templated fields of conventional QD-WLEDs [(i) and (iv)], isotropic-enhanced QD-WLEDs [(ii) and (v)], and vertical enhanced QD-WLEDs [(iii) and (vi)]. Reproduced
with permission from Zhou et al., ACS Appl. Nano Mater. 3, 814 (2020). Copyright 2020 American Chemical Society. (e) Schematic showing the QD-SiO2-boron nitride
nanoplate assembly (BNAs) and their WLEDs. (f ) The measured temperature fields of the WLEDs fabricated with (i) QDs-SiO2, (ii) QDs/BN, and (iii) QD-SiO2-BNAs.
Reproduced with permission from Xie et al., ACS Appl. Mater. Interfaces 12, 1539 (2020). Copyright 2020 American Chemical Society.
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IV. SUMMARY AND OUTLOOK

In this Perspective, we have summarized the recent advances in
heat manipulation theories and strategies of photoluminescent com-
posites. Both the heat generation and transportation mechanisms
and the recent progresses in heat manipulation of photoluminescent
composites are discussed. We emphasize the package-inside thermal
management solutions for WLEDs/WLDs since they are the most
promising strategy for reducing the working temperature of photolu-
minescent composites, without deteriorating their optical perfor-
mances. Despite great advances, there are still many challenges and
opportunities in accelerating the maturation of this attractive field.

First, polymers such as silicone and epoxy are the main matrix
for photoluminescent particles in WLEDs/WLDs, which are often
thought to be thermally resistive materials due to their poor
thermal conductivities [<0.5W/(m K) in their amorphous state].
However, improved thermal conductivity of polymers by increasing
their crystallite orientation and crystallinity has been constantly
reported. The stretched film with a thermal conductivity of
65W/(m K),98 fibers with a thermal conductivity of 51W/(m K),99

and polyethylene nanofibers with a metal-like thermal conductivity
of 104W/(m K),100 have shown huge potential in realizing highly
thermal-conductive polymers in macroscopic scale. However, there
is still a long way before the highly thermal-conductive bulk

FIG. 7. (a) (i) Surface temperature of QD-PSC-, QD-PiG-, and QD-PiS-based WLEDs under different driving currents. Infrared thermal images of WLEDs packaged by
(ii) QD-PSC, (iii) QD-PiG, and (iv) QD-PiS at 600 and 1000 mA, respectively. Reproduced with permission from Peng et al., IEEE Trans. Electron Devices 66, 2637
(2019). Copyright 2019 IEEE. (b) (i) Fabrication process of PiG_sapphire for WLDs. (ii) Working temperature of PiG_sapphire and reference PiG under different laser
powers after the operation time of 60 s. (iii) Working temperatures of PiG_sapphire and reference PiG with the increase in operation time under a laser power of 4.5 W.
(iv) Surface temperature images of PiG_sapphire and reference PiG at 4.5 W after 60 s. Reproduced with permission from Peng et al., J. Alloys Compd. 790, 744 (2019).
Copyright 2019 Elsevier. (c) (i) Schematic diagram and photographs of the liquid cooling device structure for phosphor film. (ii) Maximum steady temperature of
QD-WLEDs with the liquid cooling remote structure under different working conditions. (iii) Maximum steady temperatures of QD-WLEDs with traditional on-chip and
remote structures under different input power. Reproduced with permission from Li et al., Appl. Therm. Eng. 179, 115666 (2020). Copyright 2020 Elsevier.
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polymers are produced. To achieve this goal, more intensive works
should be carried out to uncover the thermal transport mechanisms
of amorphous/aligned/crystalline polymers, and a novel manufactur-
ing platform must be invented to realize micro-to-macro scale-up
production toward highly thermal-conductive bulk polymers.

Second, before the breakthrough in thermal-conductive poly-
mers was made, the most promising way for reinforcing the heat dis-
sipation of photoluminescent composites is to construct an efficient
thermal dissipation network inside the composites. As we have
emphasized before, the established filler network must not deterio-
rate the photonic performance of WLEDs/WLDs. In this sense, both
the filler type and filling volume fraction are limited. Currently, ther-
mally conductive but optically nonabsorptive fillers are scarce.
Ceramic fillers like boron nitride, aluminum oxide, and aluminum
nitride can be adopted under a relatively low filling load but need a
careful design on the filler network topology. Basically, under the
same filling volume fraction, a three-dimensional (3D) interconnec-
ted network is superior to a single-directional aligned network in
heat dissipation performance. However, the formation of a 3D
network usually requires a large amount of fillers. Therefore, to con-
struct a 3D thermal network in photoluminescent composites under
a relatively low filling load is probably an optimal strategy for both
optical and thermal design. However, state-of-the-art strategies for
realizing a 3D thermal network, such as the magnetic-field assisted
method,101 the hot-pressing method,102 and the templates-directed
method,103,104 are either high-temperature/pressure needed or extra
light-absorbing additive needed, which cannot achieve the goal of
high opto-thermal performance. To realize this goal, more works
should be done to find a novel fabrication theory and methodology
regarding the efficient construction of 3D heat dissipation network.
Fortunately, peer researchers have already found some practical solu-
tions, such as the air-bubbles-assembly method.105,106

Third, with the sharp rise of current density and heat flux
density in light-emitting devices, the above-mentioned passive
cooling strategies, including thermal-conductive polymers and 3D
thermal network, toward photoluminescent composites may be
insufficient in the foreseeable future. Therefore, active cooling
designs with compact structures are expected to appear in the
thermal management of photoluminescent composites. However,
the-state-of-art active cooling solutions toward photoluminescent
composites (mainly the liquid cooling) are far from compact,
which is disadvantageous for practical applications for cooling pho-
toluminescent composites.
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