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A B S T R A C T   

Laser-excited white lighting, which is achieved by laser diodes and phosphor converters, has garnered increasing 
interest in recent years due to their high-power and high-brightness characteristics. Nevertheless, two long- 
standing thermal issues remain formidable: first, the photoluminescent phosphors also generate heat due to 
the Stokes loss, which are the second heat source in the packaging but long ignored; second, the phosphors are 
embedded in low-thermal-conductivity silicone and the generated heat is rather inefficient to dissipate. As a 
result, the accumulated heat leads to high temperature in phosphor particles and even thermal quenching, which 
deteriorate the luminescence, chromaticity, and reliability. In this work, these problems are successfully 
addressed by establishing three-dimensional (3D) boron nitride (BN) networks to cool the silicone-embedded 
phosphor particles in a facile and scalable method. When lighted under the driven current of 900 mA, the 
working temperature of phosphor layer is dramatically decreased by 95.2 ◦C with the 3D-BN network without 
sacrificing the luminescence and chromaticity. Such strategy with excellent cooling performance, high reliability, 
and easy scalability may hold great promise for broader optoelectronics applications beyond laser-excited white 
lighting.   

1. Introduction 

As the fourth generation of lighting source, light-emitting diodes 
(LEDs) have dominated the global lighting market in the last decade due 
to their advantages of high luminous efficiency, excellent color quality, 
and long lifetime [1–3]. However, the electro-optical conversion effi-
ciency of LEDs suffers from a rapid decline with the increase of power 
density, thus limiting their further applications in high-power scenarios 
[4,5]. Alternatively, laser diodes (LDs), which can maintain high electro- 
optical conversion efficiency under high power density, have attracted 
extensive attention in recent years [6]. In addition, LDs also exhibit 
unique superiorities like low etendue, high optical energy density, and 
good monochromaticity, which make them expected to replace LEDs in 
high-power and high-brightness applications and become the next 
generation of solid-state lighting (SSL) source [7–9]. 

The most common way to achieve laser-excited white lighting is 
utilizing blue laser diode to excite yellow cerium-doped yttrium 

aluminum garnet (YAG:Ce) phosphors, in which case the yellow light 
excited from phosphors mixes with the transmitted blue light to form the 
white light [10]. However, there exist complex optical processes in the 
phosphor layer, including absorption, scattering and photo-
luminescence, which inevitably accompany with various losses, such as 
light absorption loss, quantum efficiency loss and Stokes loss [11,12]. 
These losses are eventually converted into heat, and the accumulation of 
heat will result in a sharp temperature increase of the phosphor layer. 
Previous studies have revealed that the luminescent efficiency of phos-
phor decreases with the rise of temperature, and a high temperature 
(>200 ◦C) even leads to silicone carbonization and phosphor thermal 
quenching [13,14]. Therefore, enhancing the heat transfer in phosphor 
layer is crucial for the long-term stability of laser-excited white lighting. 

To tackle the thermal issue in the phosphor layer, many efforts have 
been devoted. For example, by resorting to high-temperature sintering 
or crystal growth technology, different kinds of phosphor composites 
were obtained to substitute the conventional phosphor colloid, 
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including phosphor in glass (PiG) [15–21], ceramic phosphor [22–26] 
and single-crystal phosphor [27–29], which possess remarkably high 
thermal conductivity and stability compared with the phosphor colloid 
materials. Nevertheless, suffering from the complex synthesis process 
and high cost, these technologies have yet to be adopted on a large scale. 
There are also researchers trying to use external heat dissipation devices, 
such as heat pipes [30], thermoelectric cooling units [31], and micro- 
channel coolers [32–34] to cool the phosphor layer. By means of these 
cooling measures, the thermal issue of phosphor layer can be alleviated 
to some extent, but the heat of local hot spots inside the phosphor layer 
cannot be dissipated effectively, and the addition of external cooling 
devices will complicate the whole system. More recently, hexagonal 
boron nitride (hBN), also known as white graphene, has been reported to 
act as the thermally conductive filler of phosphor layer under the 
premise of little influence on the optical performance [35–38]. How-
ever, by simply incorporating the hBN into the phosphor colloid, the 
enhancement of heat transfer is very limited, since the phosphor parti-
cles are discontinuously dispersed in the polymer matrix with extremely 
low thermal conductivity (~0.18 W m− 1 K− 1) [39]. To date, there is still 
a lack of simple, feasible and effective strategy to enhance the heat 

transfer in the phosphor layer. 
Herein, we propose a promising approach to reinforce the heat 

transfer in phosphor layer by forming three-dimensional hBN networks 
in the phosphor composites. The formation mechanism of 3D network 
structure can be attributed to the decomposition of NH4HCO3, serving as 
sacrificial templates, and the resulting voids are filled by silicone gel to 
obtain the 3D/hBN-luminescent composites. Due to the existence of 3D/ 
hBN network structure, high thermal-conductive pathways are estab-
lished, thus enabling the heat generated by phosphor particles to be 
quickly dissipated. Moreover, the light energy can smoothly emit 
through the transparent silicone-filled voids, which guarantees the op-
tical performance. The proposed 3D/hBN-luminescent composites are 
demonstrated to possess an excellent thermal conductivity of 0.865 W 
m− 1 K− 1, approximately 2.2 times and 4.6 times higher than that of the 
randomly-distributed hBN (R/hBN) luminescent composites and tradi-
tional luminescent composites, respectively. Accordingly, the maximum 
working temperature of 3D/hBN-WLDs is sharply decreased by 58.4 ◦C 
and 95.2 ◦C compared with that of R/hBN-WLDs and traditional WLDs 
under the driven current of 900 mA, without deteriorating the optical 
performance. 

Fig. 1. (a) Schematic of the preparation process of the 3D/hBN-luminescent composites. (b)-(c) SEM images of the traditional luminescent composites under different 
magnifications. (d)-(e) SEM images of the R/hBN-luminescent composites under different magnifications. (f)-(h) SEM images of the 3D/hBN-luminescent composites 
under different magnifications. (i) Photograph of the 3D/hBN-luminescent composites. (j)-(m) SEM image and the corresponding EDS mapping images of the 3D/ 
hBN-luminescent composites. 
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2. Materials and methods 

2.1. Materials 

Ammonium hydrogen bicarbonate (NH4HCO3) was purchased from 
Sinopharm Chemical Reagent Co., Ltd. Yellow cerium-doped yttrium 
aluminum garnet (YAG:Ce) phosphor with a peak wavelength of 538 nm 
was provided by Intematix lighting Co., Ltd. Hexagonal boron nitride 
(hBN) platelets with a mean size of 12 μm were obtained from 
Momentive. Two-component silicone was purchased from Dow Corning 
(SYLGARD 184, A:B = 10:1). 

2.2. Preparation of the 3D/hBN-luminescent composites 

The preparation process of 3D/hBN-luminescent composites is 
illustrated in Fig. 1a. Specifically, 0.9 g NH4HCO3, 0.3 g YAG phosphor, 
and 0.1 g hBN powders were completely mixed using a vortex mixer 
(VORTEX-6, Kylin-Bell, China). Then, the powder mixture was put into 
the tableting mold, followed by a pressure of 600 Mpa for 20 min. The 
obtained mixture tablet was heated in a muffle oven (XMTA-8000, 
Junhong, China) at 100 ◦C for 3 h. During the heating process, NH4HCO3 
decomposed into ammonia, water vapor, and carbon dioxide, thus the 
remaining part was a three-dimensional skeleton network structure 
composed of hBN platelets and YAG phosphors. Next, the silicone and 
curing agent were evenly mixed with a weight ratio of 10:1. The ob-
tained silicone gel was infiltrated into the as-prepared 3D/hBN skeleton 
networks, followed by a vacuum treatment to make the silicone gel 
sufficiently fill up the voids of the skeleton and remove the bubbles. 
Finally, the composites were cured by heating at 85 ◦C for 1 h to obtain 
the 3D/hBN-luminescent composites. For comparison, the luminescent 
composites with randomly-distributed hBN platelets and without hBN 
platelets, namely the R/hBN-luminescent composites and traditional 
luminescent composites were also prepared. In detail, for the prepara-
tion of R/hBN-luminescent composites, YAG phosphor, hBN powders, 
and silicone gel with the same mass fraction (YAG: 30 wt%; hBN: 10 wt 
%; silicone gel: 60 wt%) were directly mixed and then cured by vacuum 
heating. For the preparation of traditional luminescent composites, the 
process is roughly the same with that of R/hBN-luminescent composites, 
except for the addition of hBN platelets. 

2.3. Characterizations 

The scanning electron microscope (SEM) images and energy 
dispersive spectroscopy (EDS) mapping images of the proposed lumi-
nescent composites were observed by a field-emission SEM (Nova 
NanoSEM 450, FEI) operated at 15 kV. The thermal conductivity κ of the 
luminescent composites was calculated according to the relationship κ 
= αρCp. To be specific, the thermal diffusivity α was measured by laser 
flash method (LFA 457, Netzsch), where the test samples were tailored 
into disks with a diameter of 12.7 mm, and thin graphite films were 
coated on their surfaces to increase the energy absorption and the sur-
face emittance. The density ρ was measured by an electron density meter 
(XF-220SD, LICHEN, China). The specific heat capacity Cp was tested by 
a differential scanning calorimetry (Diamond DSC, Perkin Elmer). The 
optical performance was measured by an integrating sphere system 
(ATA-1000, Everfine, China). The surface temperature of WLDs was 
obtained by a thermal infrared imager (SC620, FLIR) and the surface 
emissivity was calibrated by thermocouple before the measurements. All 
of the optical photographs were taken by a digital camera (Mate 30, 
Huawei). 

3. Results and discussion 

Fig. 1b and 1c show the cross-sectional morphology of the traditional 
luminescent composites under different magnifications. It is seen that 
there are only phosphor particles dispersed in the silicone matrix. Fig. 1d 

and 1e display the cross-sectional morphology of the R/hBN- 
luminescent composites under different magnifications, from which 
we can observe that in addition to phosphor particles, the hBN platelets 
are randomly distributed in the silicone matrix. The cross-sectional 
microstructure of 3D/hBN-luminescent composites is shown in Fig. 1f. 
It can be observed that owing to the decomposition of NH4HCO3, three- 
dimensional skeleton networks are formed in the luminescent compos-
ites, with silicone gel filled in the voids between the skeletons. When the 
heat generated by phosphor particles transferred to the skeletons, it can 
be rapidly dissipated through these high thermal-conductive boron 
nitride networks, as illustrated in Fig. 1g and 1 h. Moreover, the trans-
parent silicone gel in the holes of 3D skeleton networks provides prop-
agating paths for the light energy, thus ensuring the optical 
performance. Fig. 1i displays the photograph of the proposed 3D/hBN- 
luminescent composites. It is worth mentioning that the shape and 
size of the luminescent composites can be easily adjusted by designing 
the tableting molds, which indicates the potential for large-scale 
manufacturing. In order to verify the composition of the 3D skeleton 
network structure, the energy dispersive spectroscopy (EDS) was used to 
analyze the element distribution. For a network structure shown in 
Fig. 1j, the distributions of silicon (Si), nitrogen (N), and boron (B) are 
illustrated in Fig. 2k, 2 l, and 2 m, respectively. It can be confirmed from 
EDS mapping images that the skeleton network structure is indeed 
composed of born nitride and the voids of the networks are filled with 
silicone gel. 

The measured thermal conductivity of traditional luminescent 
composites (T-composites), randomly-distributed hBN luminescent 
composites (R/hBN-composites), and three-dimensional hBN lumines-
cent composites (3D/hBN-composites) is illustrated in Fig. 2a，and the 
detailed calculation parameters are listed in the Supplementary Material 
(Table S1-S3). It is observed that the T-composites exhibit extremely low 
thermal conductivity, which is approximately 0.18 W m− 1 K− 1 in the 
ambient temperature range of 25 ◦C to 125 ◦C. The reason for the poor 
thermal conductivity is generally ascribed to the disordered molecular 
chains and weak molecular interactions in the silicone matrix. To be 
specific, the heat carriers in polymer are phonons, while the mean free 
path of heat-conducting phonons is greatly reduced due to the random 
orientation of molecular chains and weak molecular interactions [40]. 
Moreover, strong phonon scattering will occur in the amorphous regions 
of the silicone matrix, thus hindering the phonon transport [41]. When a 
quantity of boron nitride platelets is randomly mixed into the traditional 
luminescent composites, namely the R/hBN-composites, a slight 
enhancement of thermal conductivity can be observed, approximately a 
two-fold increase. This can be explained that high thermal-conductive 
hBN platelets play the role of thermal enhancement fillers, but the 
randomly-distributed hBN platelets are still discontinuously dispersed in 
the silicone matrix with extremely low thermal conductivity, thus 
limiting the performance improvement. However, with the same mass 
fraction, the 3D/hBN-composites are demonstrated to possess an 
excellent thermal conductivity of 0.865 W m− 1 K− 1 at 25 ◦C, which is 
about 2.2 times and 4.6 times higher than that of the R/hBN-composites 
and the T-composites, respectively. The significant reinforcement of 
thermal conductivity can be attributed to the existence of inter-
connected 3D skeleton networks, which provide pathways for phonon 
transport, thus promoting the heat generated by phosphor particles 
being efficiently conducted out. Note that with the increase of ambient 
temperature, the thermal conductivity of composites will experience a 
slight decrease. This can be explained by the fact that atoms in the lattice 
vibrate more violently at higher temperature, leading to stronger 
phonon scattering [42]. 

To further explore the underlying mechanism for the thermal con-
ductivity enhancement of these composites, a two-dimensional finite 
element simulation was carried out, and the details about the physical 
models and boundary conditions are presented in the Fig. S1. Fig. 2b-2d 
display the simulated temperature distributions of the three kinds of 
composites, where cycles represent phosphor particles, rectangles 
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represent hBN platelets, and other regions represent silicone gel. It can 
be observed that under the same bottom-side temperature, the top-side 
temperature of 3D/hBN-composites is obviously the highest among the 
three composites, namely the temperature difference is the smallest, 
indicating the heat transfer in the 3D/hBN-composites is the most effi-
cient. Furthermore, from the simulated heat flux distributions illustrated 
in Fig. 2e-2 g, we can clearly find that the heat flux density in hBN is 
remarkably higher than that in silicone gel or phosphor particles, 
revealing that the heat transfer in the composites mainly depends on the 
hBN. In the R/hBN-composites, although the heat flux density increases 
with the addition of hBN when compared with that of T-composites, the 
improvement is limited because the silicone gel between hBN platelets 
also creates obstacles for the phonon transport. Unlike the other two 
composites, there exist continuous heat transfer channels in the 3D/ 
hBN-composites due to the interconnected hBN platelets, which 

provide pathways for the heat-conducting phonons and can be consid-
ered as the key to reinforce the heat transfer performance. 

In order to study the optical performance of the proposed compos-
ites, they were combined with a blue laser diode to form simple white 
lighting devices, where the composites were fixed on an aluminum-alloy 
heat sink coated with reflective coatings and positioned at specific an-
gles to the light path of the laser diode. These luminescent devices were 
placed into an integrating sphere for optical performance test, as illus-
trated in Fig. 3a. Fig. 3b displays the spectral power distributions and 
their corresponding optical properties of the white lighting devices 
composed of T-composites (T-WLDs), R/hBN-composites (R/hBN- 
WLDs), and 3D/hBN-composites (3D/hBN-WLDs), respectively, under 
the driving current of 700 mA. It can be observed that the spectral dis-
tributions of the three luminescent devices are similar under the same 
driving current, including blue light peaks and the excited yellow light 

Fig. 2. (a) Measured thermal conductivity of T-composites, R/hBN-composites, and 3D/hBN-composites under different ambient temperature. Simulated temper-
ature distributions of (b) T-composites, (c) R/hBN-composites, and (d) 3D/hBN-composites. Simulated heat flux distributions of (e) T-composites, (f) R/hBN- 
composites, and (g) 3D/hBN-composites. 
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spectrum, which are consistent with the principle of laser-excited white 
lighting. Moreover, the T-WLDs are found to possess highest yellow light 
intensity, indicating that the yellow light excited in the T-composites is 
the most among the three kinds of composites. The yellow light intensity 
of 3D/hBN-WLDs is slightly lower than that of T-WLDs, leading to a 
moderate increase in correlated color temperature (CCT) from 6151 K to 
7408 K, which is still within the acceptable range considering the 
comprehensive performance. It is seen that the yellow light intensity of 
R/hBN-WLDs is the lowest, corresponding to the highest CCT among 
these WLDs. The insets in Fig. 3b display the actual illuminated photo-
graphs of the three devices, which are in good agreement with the 
spectral measurement results. The coordinates of these WLDs in the CIE 
1931 diagram under the driving current of 700 mA are illustrated in 
Fig. 3c, from which we can observe that the location of 3D/hBN-WLDs is 
close to the central region of Planck blackbody curve, and is between the 
coordinates of T-WLDs and R/hBN-WLDs. Fig. 3d-3f provide the lumi-
nous efficiency (LE), the correlated color temperature (CCT), and the 
luminous power of these WLDs under different currents from 300 to 
1200 mA. The results suggest that with the increase of driving current, 

the LE of these WLDs exhibits the trend of increasing in the early stage 
and slightly decreasing later. This is mainly determined by the charac-
teristics of laser diodes, specifically, their electro-optical conversion 
efficiency will increase with the increase of the driving current, but 
when the current is too large, the rise of temperature will lead to a slight 
decrease in their efficiency, further resulting in the decrease of LE. In 
addition, it is noted that the LE of 3D/hBN-WLDs is found to be higher 
than that of T-WLDs or R/hBN-WLDs. This can be explained by the fact 
that the 3D/hBN-composites absorb the least blue laser light and have 
the highest light conversion ratio (the ratio of converted yellow light to 
absorbed blue laser light) among the three composites, which are 
illustrated in Fig. S2a-2b. From Fig. 3e, we can observe that the CCT of 
3D/hBN-WLDs and T-WLDs remains stable with the increase of driving 
current, and the CCT of R/hBN-WLDs is found to be the highest among 
the three composites. Fig. 3f shows the luminous power of these com-
posites. It is seen that under different driving currents, the luminous 
power of 3D/hBN-WLDs is the largest, while that of T-WLDs remains the 
smallest. To better understand the reasons for the above optical per-
formance, the optical processes in the three composites are described in 

Fig. 3. (a) Schematic of optical performance test. (b) Spectral power distributions and optical properties of the three kinds of WLDs under the driving current of 700 
mA. The insets show their illuminated photographs. (c) The coordinates of these WLDs in the CIE 1931 diagram under the driving current of 700 mA. (d) Luminous 
efficiency (LE) of these WLDs under different currents from 300 to 1200 mA. (e) Correlated color temperature (CCT) of these WLDs under different currents from 300 
to 1200 mA. (f) Luminous power of these WLDs under different currents from 300 to 1200 mA. Schematic of the optical processes in (g) T-composites, (h) R/hBN- 
composites, and (i) 3D/hBN-composites. 
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Fig. 3g-3i, where yellow circles represent phosphor particles, gray 
rectangles represent hBN platelets, and blue regions represent silicone 
gel. Concretely, for T-composites, there are only phosphor particles and 
silicone gel in the composites, enabling a longer optical path as well as a 
deeper penetration depth of the incident blue light. Thus, the blue light 
can excite more phosphor particles to emit yellow light during the 
propagation in the luminescent layer, resulting in lower CCT. Mean-
while, the loss caused by photoluminescence will also increase, which 
will lead to the reduction of luminous power. For R/hBN-composites 
where hBN platelets are added, the deposition effect during the prepa-
ration process makes the hBN platelets tend to be aligned in parallel. The 
horizontally dispersed hBN platelets will scatter the incident blue light, 
resulting in a shortened penetration depth of blue light and conse-
quently a decrease of excited yellow light, which in turn increases the 
CCT. Accordingly, the photoluminescence loss will decrease, thus 
obtaining higher luminous power. Compared with 3D network structure, 
this parallel structure will greatly reduce the optical path of the incident 
blue light, in which case the excited yellow light will be reduced and the 
CCT will consequently increase. Moreover, the densely aligned hBN 
platelets will increase the scattering of the incident blue light, leading to 
the loss of luminous power, and thus the R/hBN-WLDs exhibit lower 
luminous power than that of 3D/hBN-WLDs. Since the LE is determined 
by both luminous power and spectral intensity, the 3D/hBN-WLDs 

possess the highest LE, followed by R/hBN-WLDs and T-WLDs. The 
above results have demonstrated that the 3D network structure dose not 
deteriorate the optical performance of 3D/hBN-composites when 
compared with that of T-composites. 

To investigate the thermal performance of these WLDs, we first 
measured and calculated the heat power in the three kinds of lumines-
cent composites under different driving currents according to the law of 
energy conservation, as shown in Fig. 4a. The obtained results reveal 
that the heat generation increases with the increase of driving current, 
and the luminescent composites of T-WLDs generate the most heat 
among three composites, while the heat generated in the 3D/hBN-WLDs 
is the least. Based on the calculated heat power, the steady-state tem-
perature fields of three luminescent devices were simulated by finite 
element method. Fig. 4b illustrates the physical model of the simula-
tions, and the details about the simulation process are presented in the 
Supplementary Material. From the simulated temperature distributions 
shown in Fig. 4c-4d, it can be observed that under the driving current of 
700 mA, there occurs obvious heat accumulation in the laser irradiation 
area of T-WLDs, leading to localized high temperature of 117.6 ◦C in the 
luminescent composites. When randomly-distributed hBN is added, 
namely the R/hBN-WLDs, the maximum temperature is reduced to 
73.5 ◦C. However, with the same mass fraction of hBN, the temperature 
of 3D/hBN-WLDs containing interconnected network structure is 

Fig. 4. (a) Measured heat power in T-WLDs, R/hBN-WLDs, and 3D/hBN-WLDs under different driving currents from 300 to 1200 mA. (b) Physical model for the 
thermal simulation. Simulated temperature distributions of the three WLDs under driving currents of (c) 700 mA and (d) 900 mA, respectively. 
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dramatically decreased to 40.4 ◦C, which is 77.2 ◦C and 33.1 ◦C lower 
than that of T-WLDs and R/hBN-WLDs, respectively. Moreover, it is 
worth mentioning that the thermal performance of 3D/hBN-WLDs is 
more significant at higher driving current. Concretely, when the driving 
current is increased to 900 mA, the maximum temperature of 3D/hBN- 
WLDs remains low value of 52.4 ◦C, but the temperature of T-WLDs and 
R/hBN-WLDs increased to 160.3 ◦C and 100.7 ◦C, which are 107.9 ◦C 
and 48.3 ◦C higher than that of 3D/hBN-WLDs. Consequently, it is 
demonstrated from the above results that the 3D-hBN network structure 
can effectively reduce the working temperature of luminescent devices. 

To validate the accuracy of the simulation results, the surface tem-
perature distributions of these WLDs under 700 mA and 900 mA were 
measured by a thermal infrared imager, as illustrated in Fig. 5a-5b. The 
surface emissivity of the test samples was set as 0.96, and the distance 
between the camera lens and the samples was set to 0.3 m, as shown in 
Fig. 5c. Note that all test results were recorded after the temperature had 
reached stability, and the values given in the figures are the highest 
temperature in the spot regions. It can be seen from these infrared im-
ages that the actual working temperature is in good agreement with the 
results obtained by finite element simulation, and the maximum relative 

deviation between the experiment and simulation is 14.1%, which is 
within the permissible range of error. Moreover, the experimental re-
sults also demonstrate the excellent thermal performance of the 3D/ 
hBN-WLDs. To be specific, when 3D/hBN-composites were utilized to 
replace T-composites, a significant temperature reduction of 68.1 ◦C can 
be observed under the driving current of 700 mA. And when the driving 
current increases to 900 mA, the cooling effect reaches 95.2 ◦C. 
Furthermore, the variation of maximum surface temperature under 
different driving currents from 300 to 1200 mA of these WLDs were 
measured and illustrated in Fig. 5d. The results reveal that with the 
increase of driving current, the maximum surface temperature of the 
three devices exhibits approximately linear increase trend, among which 
the temperature rise of 3D/hBN-WLDs is the slowest. Besides, the 
excellent thermal performance of 3D/hBN-WLDs is more distinct under 
higher driving current. It is noted that a sudden jump in temperature can 
be observed when the driving current increases to 1200 mA, indicating 
that the thermal quenching effect occurs at this moment. A more serious 
consequence is that continuous working under this current will further 
aggravate the thermal quenching phenomenon, and even lead to 
carbonization of silicone gel, as shown in the inset of Fig. 5d. The above 

Fig. 5. Measured surface temperature distributions of the three WLDs under driving currents of (a) 700 mA and (b) 900 mA, respectively. (c) Temperature mea-
surement setup. (d) Measured maximum surface temperature of these WLDs under different driving currents from 300 to 1200 mA. The inset shows the thermal 
quenching phenomenon of the luminescent composites. 
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results have proven the critical role of thermal management of the 
luminescent composites, which is key to achieve high-power laser- 
excited white lighting. 

4. Conclusions 

To summarize, we demonstrated an effective cooling approach to 
enhance the heat transfer in phosphor layer by establishing 3D-hBN 
networks inside the luminescent composites. Benefited from the hBN 
network structure, the proposed 3D/hBN-composites possess remark-
ably high thermal conductivity of 0.865 W m− 1 K− 1, approximately 2.2 
times and 4.6 times higher than that of the R/hBN-composites and T- 
composites, respectively. When applied to laser-excited white lighting 
devices, the maximum working temperature of 3D/hBN-WLDs is 
dramatically decreased by 58.4 ◦C and 95.2 ◦C compared with that of R/ 
hBN-WLDs and T-WLDs under the driving current of 900 mA, without 
deteriorating the optical performance. This work opens up a new op-
portunity to solve the thermal issue in the phosphor layer, which is 
expected to promote further applications of laser-excited white lighting 
in high-power and high-brightness scenarios, and beyond. 
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