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Abstract: Phosphor ceramic has been regarded as a promising color converter for high-quality laser
illumination, but it often suffers from optothermal performance degradation during high-temperature
sintering process. Herein, an optothermal-enhanced cold-sintered phosphor film@Cu (PF@Cu)
converter is developed. A low-temperature (150°C) cold sintering process (CSP) was introduced and
tunable composite pastes were prepared with geopolymer, alkali activator, and phosphor materials.
High-performance yellow-emitting PF@Cu (Y-PF@Cu) and yellow/red-emitting PF@Cu (Y/R-
PF@Cu) converters were prepared with densified PFs that tightly integrated with the Cu substrate
while effectively preserving the intrinsic luminescent properties of phosphors. The optimized Y-
PF@Cu converter achieves a record luminous flux (LF) of 9624.7 Im@35 W/mm?, a correlated color
temperature (CCT) of 5931 K and a color rendering index (CRI) of 60.7. The further optimized Y/R-
PF@Cu converter delivers excellent comprehensive performance, including a high thermal
conductivity of 50.6 W/(m-K), a LF of 2652.2 Im@17.5 W/mm?, a CCT of 2604 K, and a significantly
improved CRI of 91.2. This work demonstrates the feasibility of CSP for fabricating color converters
and provides an efficient strategy for synergistic optothermal optimization in ultra-high-brightness

laser-illumination applications.

Keywords: laser lighting; cold sintering; phosphor film; optothermal robust; inorganic phosphor

converter

1 Introduction

Laser lighting is emerging as a next-generation high-brightness semiconductor light source, with
broad applications spanning automotive lighting, advanced display and projection systems, and high-
speed optical information transmission [1-3]. Laser-excited phosphor (LEP) technology is widely
adopted for achieving high-brightness white laser light sources, in which the most straightforward and

commonly used configuration relies on blue laser diode (LD) excitation of yellow phosphor converters
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[4-6]. Driven by increasing application demands, excitation laser power has steadily increased,
prompting the replacement of traditional phosphor-in-resin converters by inorganic phosphor
converters [7,8]. Typical representatives include single crystals (SCs) [9], phosphor-in-glass (PiG) [10],
phosphor-in-glass film (PiGF) [11-13], and phosphor ceramic (PC) [14,15]. Unfortunately, the SCs
still suffer from limitations in thermal management and large-scale fabrication [16]. Both PiG and
PiGF employ glass as the host matrix, which has inherently low thermal conductivity, leading to
pronounced local heat accumulation and luminescence saturation under high-power laser excitation,
thereby limiting their long-term stability [17,18].

Conventional PC converters present outstanding advantages in thermal conductivity, which are
fabricated by uniformly mixing phosphor powders within ceramic powders, followed by densification
through high-temperature (>1500°C) sintering. The ceramic matrix not only acts as light-scattering
centers to enhance light extraction efficiency and light uniformity, but also provides intrinsically high
thermal conductivity, facilitating rapid heat transfer and dissipation around phosphors [19,20].
Consequently, the PC converters combine high heat-dissipation efficiency and tunable synergistic
optothermal properties, making them a promising option for advanced luminescent conversion
materials [21]. For high-brightness white laser illumination, Y3Als012:Ce** (YAG) yellow-emitting
phosphor is widely adopted due to its high quantum efficiency and well-established lighting system
[22,23]. Xie et al. [24] mixed the YAG phosphor with Al,O3; powders to prepare an Al,O3-YAG PC
converter, presenting enhanced overall thermal conductivity (~30 W/m-K) and an elevated laser power
density saturation threshold (LPD-ST) of 22 W/mm?. Since the emission of Ce*" in the YAG lattice is
mainly centered at ~550 nm, the red emission component is insufficient, leading to a low color
rendering index (CRI) and a high correlated color temperature (CCT), thus limiting the application in
high-quality white laser lighting [25].

To address this limitation, the red-emitting phosphor (typically CaAlSiN3;:Eu** (CASN)) has been

developed and extensively studied [26,27]. By co-introducing CASN with Y AG into a ceramic matrix,
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hybrid PC converters that realize synergistic yellow-red emission under blue laser excitation have been
constructed, thereby forming a broad-spectrum laser lighting system [28]. Studies by Jiang et al. [29]
and Chen et al. [30] demonstrated that as the red-emitting phosphor content increases, the CRI of white
laser light is progressively improved, while the CCT is correspondingly reduced. Nevertheless, the
fabrication of PC converters typically relies on high-temperature (>1500°C) densification processes
such as vacuum sintering [31], hot pressing [32], and spark plasma sintering [33], often requiring
prolonged holding times (>5 h) to achieve structural consolidation. These harsh conditions adversely
affect the optical performance of PC converters. On one hand, the elevated sintering temperature
induces thermal quenching of both YAG and CASN phosphors. The CASN phosphor is particularly
susceptible to high-temperature degradation, exhibiting more pronounced thermal decomposition and
nitrogen volatilization, leading to severe optical performance degradation [34,35]. On the other hand,
high-temperature sintering may trigger interfacial chemical reactions and elemental interdiffusion
between YAG and CASN, forming non-radiative recombination layers that further reduce the overall
luminous efficacy (LE) [36]. Moreover, during operation, the PC converter is subjected to high-power-
density blue laser excitation, which generates localized high temperatures at the laser spot,
exacerbating the thermal quenching of phosphor and reducing overall LE [37,38]. Therefore,
developing a low-temperature fabrication alternative strategy for the phosphor converter is of vital
importance for improving the photothermal characteristics. Recently, Wang et al. [39] proposed a
second-level fast sintering as an alternative strategy to reduce the adverse effects of prolonged high-
temperature processing, enabling Lu3zAlsO12—CaAlSiN3 composite ceramics to be rapidly densified at
1650°C within only 1-30 s. Although this strategy substantially shortens the thermal exposure time,
the phosphors are still subjected to extremely high temperatures, motivating the development of a
fundamentally low-temperature consolidation route.

The cold sintering process (CSP) offers a promising strategy for constructing novel color converters.

By using low temperatures (<350°C) and high pressures (hundreds of MPa) for uniformly mixed
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composite paste including thermal conductive matrix material and luminescent material, the CSP
facilitates matrix densification and ensures close interfacial contact between the matrix and thermally
sensitive phosphor particles, thereby forming efficient thermal conduction pathways [40]. The lattice
stability of luminescent centers, such as Ce*" in YAG and Eu*" in CASN, is maintained. The interfacial
elemental interdiffusion and chemical reactions between CASN and YAG are suppressed. Moreover,
by tuning the CSP parameters including liquid-phase composition, pressure, and holding time, precise
control over the matrix material microstructure can be achieved [41,42]. Consequently, fabricating
optothermal-enhanced phosphor film (PF) converters based on CSP is technically feasible.

Herein, cold-sintered phosphor film@Cu (PF@Cu) converter for ultra-high-brightness laser
illumination were proposed. YAG yellow-emitting phosphor (Y-Phosphor), CASN red-emitting
phosphor (R-Phosphor), and their composite (Y/R-Phosphor) were selected as the luminescent
materials, while geopolymer incorporating a trace amount of alkali activator served as the matrix
material. The materials were uniformly mixed to form a series of composite paste. Using CSP at 150°C
and 150 MPa, yellow-emitting PF@Cu (Y-PF@Cu), red-emitting PF@Cu (R-PF@Cu), and
yellow/red-emitting PF (Y/R-PF@Cu) converters were fabricated on Cu substrate. The material
properties and optothermal performances of PF@Cu converters were systematically investigated. The
optimal component for Y-PF@Cu and Y/R-PF@Cu converters were determined. The beneficial
effects of Y/R-PF@Cu converter over its Y-PF@Cu counterpart were comparatively evaluated. The

application prospects of Y-PF@Cu converter in high-brightness laser illumination were confirmed.
2 Experimental

2.1 Fabrication of cold-sintered PF@Cu converters

Y-PF@Cu, R-PF@Cu, and Y/R-PF@Cu converters were fabricated via CSP, as illustrated in Fig.
1(a-c). First, three types of composite pastes were prepared. The matrix material of all composite pastes
is consisted of geopolymer (metakaolin, Sinopharm, China) and alkali activator (sodium

aluminosilicate, Sinopharm, China). For the first paste, intended for Y-PF@Cu converters, the
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luminescent material was only Y-Phosphor (YAG, Intematix, USA), with geopolymer-Y-Phosphor
(G-Y) mass ratios of 1-1, 1-2, 1-3, 1-4, and 1-5. For the second paste, developed for R-PF@Cu
converters, the luminescent material was only R-Phosphor (CASN, Intematix, USA) with fixed
geopolymer-R-Phosphor (G-R) mass ratio of 1-0.5. For the third paste, prepared for optimized Y/R-
PF@Cu converters, the luminescent materials included both Y-Phosphor and R-Phosphor, with a G-
Y mass ratio fixed at 1-4 and an adjustable R-Phosphor content to obtain G-Y-R mass ratios of 1-4-
0.1, 1-4-0.2, 1-4-0.3, 1-4-0.4, and 1-4-0.5. Thereafter, the materials were weighed separately and then
mixed in a mortar. The mixture was thoroughly ground until a homogeneous paste with slight viscosity
formed, which was set aside for later use.

The material assembly form for CSP is depicted in Fig. 1(b). The central cavity of holder was
cylindrical, with a base at the bottom. On top of the base, a support block (stainless steel, diameter 30
mm, thickness 5 mm) was first placed to provide a flat supporting surface, followed by a Cu substrate
(diameter 30 mm, thickness 5 mm) serving as the heat sink for the PF@Cu converters, then the
composite paste, and finally another support block. After assembly, the holder was subjected to CSP,
and the equipment is illustrated in Fig. 1(c). During this process, a temperature of 150°C and a vertical
pressure of 150 MPa were simultaneously applied and maintained for 3 h. A series of Y-PF@Cu, R-
PF@Cu, and Y/R-PF@Cu converters with different optothermal characteristics was successfully
fabricated.

2.2 Characterization

Photographs of Y-PF@Cu and Y/R-PF@Cu converters under daylight and UV light were captured
using a digital camera (XS-10, Fujifilm, Japan). The micromorphology of the three categories of
PF@Cu converters was characterized by field-emission scanning electron microscopy (FE-SEM,
RISE-CLARA, TESCAN WITec, Czech Republic and Germany), with critical elemental distribution
determined by energy-dispersive X-ray spectroscopy (EDS) attached. In terms of material performance

characterization, the material features of Y-PF@Cu, R-PF@Cu, and Y/R-PF@Cu converters were
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examined, and the pristine Y-Phosphor and R-Phosphor were included as references. The
photoluminescence excitation (PLE), photoluminescence (PL) spectra, and fluorescence decay curves
were examined by a fluorescence spectrometer (QuantaMaster 8500, Horiba Instruments, Canada).
The temperature-dependent PL spectra and internal quantum efficiency (IQE) were measured by the
Edinburgh fluorescence spectrometer (FLS1000, UK). The phase composition was determined by X-
ray diffraction (XRD, Smart Lab 9KW, Rigaku Corporation, Japan) over a 26 range of 10°-80°.

The optical characteristics of Y-PF@Cu, R-PF@Cu, and Y/R-PF@Cu converters, including
luminous flux (LF), LE, LPD-ST, CCT, CRI, CIE chromaticity coordinates, and electroluminescence
(EL) spectra, were examined. The test system was self-developed and consisted mainly of a high-
power blue laser source (450 nm, light spot 2 mm?, adjustable power range 3~200 W, RAYCUS,
China), a spectroradiometer (HAAS-2000, EVERFINE, China), and an integrating sphere (diameter
50 cm). Inside the integrating sphere, a supporting stage was positioned at the center to fix the test
sample, ensuring concentric alignment between the sample center and the laser beam. By comparing
optical performance comprehensively, the Y/R-PF@Cu converters with the best overall optical
characteristics were selected for thermal evaluation. The thermal conductivity coefficient was
measured by thermal constant analyzer (TPS2500S, Hot Disk, Sweden). The thermostability under
long-term high-power laser irradiation at 5~15 W/mm? (0~270 s) was monitored using an infrared
thermal imager (E63, FLIR, USA).

3 Results and discussion

Fig. 1(d) presents the photographs of Y-PF@Cu and Y/R-PF converters under daylight and UV light.
Under daylight, the Y-PF@Cu and Y/R-PF@Cu converters exhibit distinct color variations. As the Y-
Phosphor content increases, the Y-PF@Cu converters transition from dark yellow to bright yellow;
with rising R-Phosphor content, the Y/R-PF@Cu converters change from light orange to deep orange.
Under UV light, both types of converters exhibit uniform fluorescent emission, with intensity

increasing proportionally to phosphor content. The Y-PF@Cu converters shift from dark yellow to
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bright yellow with increasing Y-Phosphor content, while the Y/R-PF@Cu converters evolve from
bright orange to bright red with higher R-Phosphor content. The Y-PF@Cu and Y/R-PF@Cu
converters exhibit uniform macroscopic appearances under daylight and relatively uniform
fluorescence emission under UV irradiation, indicating successful fabrication of the PF@Cu
converters by CSP.

Fig. 1(e-m) presents the surface and cross-sectional microstructure and elemental distribution of
Y/R-PF@Cu converter. As shown in Fig. 1(¢e), the phosphor powders are uniformly distributed within
the matrix with no observable interfacial defects or cracks, confirming that the CSP process ensures
the structural integrity of Y/R-PF@Cu converter. In the EDS elemental mapping images (Fig. 1(f-1)),
Y, Ca, and Al are detected. Y is the characteristic element of Y-Phosphor and is extensively distributed
across the entire surface due to its high content. Ca, the characteristic element of R-Phosphor, is present
in smaller amounts and maintains a slightly sparse and uniform distribution. Al exists in the
geopolymer, alkali activator, Y-Phosphor, and R-Phosphor, distributing across the entire surface with
localized aggregation. For the cross-section shown in Fig. 1(j), the PF remains tightly bonded to the
Cu substrate without noticeable gaps. The intimate PF/Cu interface can be mainly attributed to the
pressure-assisted consolidation during CSP. Under a pressure of 150 MPa, the wet composite paste is
compacted against the Cu surface, which promotes conformal contact, reduces interfacial voids, and
increases the effective contact area. Meanwhile, the liquid phase introduced by the alkali activator
facilitates particle rearrangement and geopolymer consolidation at 150°C, helping to retain the
compact interface after solidification and thereby reducing the interfacial thermal resistance. The
elemental distribution characteristics of cross-section are illustrated in Fig. 1(k-m). The upper region
corresponds to the PF, where Si and Y are enriched. Si is distributed across the entire cross-section
and originates mainly from the geopolymer, R-Phosphor, and alkali activator. Y, as the characteristic
element of Y-Phosphor, is uniformly distributed within the matrix. These results demonstrate that after

CSP, the geopolymer and alkali activator form the complete skeleton of matrix, effectively supporting
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the PF structure. Both Y-Phosphor and R-Phosphor are distributed uniformly in the matrix and
maintain good structural integrity with no interfacial reaction. The intimate contact between phosphor
powders and surrounding matrix ensures excellent heat dissipation, providing crucial structural support

for optothermal enhancement.
(a) ~\

Geopolymer / {’/ —_—
Y/R .'f;

Support
Phosphor

block

—_
(=7
~

Day light

UV light

M

{1-1-0.1]1-1-0.2
Ratio : G-

Cu Substrate

Fig.1 CSP of PF@Cu converters. (a) Preparation of composite paste. (b) Material assembly form and
(c) equipment. (d) Fabricated Y-PF@Cu and Y/R-PF@Cu converters. Micromorphology and EDS
elemental mapping images of Y/R-PF@Cu converter (e-1) surface and (j-m) cross-section.

As presented in Fig. 2(a), the Y-PF@Cu converter with G-Y mass ratios of 1-4 has an excitation
peak centered at approximately 468 nm originating from the Ce**: 5d—4f electron transition in PLE
spectra, and displays broadband emission centered at approximately 535 nm under 450 nm light

excitation in PL spectra. The R-PF@Cu with G-R mass ratios of 1-0.5 converter exhibits broadband
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emission from 300 nm to 600 nm in PLE spectra, deriving from 5d—4f electron transitions of Eu?",

while displaying broadband emission at about 657 nm in PL spectra under 450 nm light excitation.
Notably, the PLE and PL spectra of both the Y-PF@Cu converter and the R-PF@Cu converter are
similar to those of raw phosphors, indicating that the prepared PF@Cu converters maintain the
luminescent properties of Y-Phosphor and R-Phosphor under CSP. For the Y/R-PF@Cu converter
with G-Y-R mass ratios of 1-4-0.5, the PLE spectra integrate the excitation features of both Y-
Phosphor and R-Phosphor, exhibiting a broad excitation band spanning approximately 430~500 nm,
with a dominant peak centered at 535 nm. Under 450 nm light excitation, the PL spectra display a
broad emission band coverage across the yellow-to-red region with a peak centered at about 655 nm.
No obvious shift or degradation of the raw Y-Phosphor and R-Phosphor is observed.

The IQE values are shown in Fig. 2(b). The Y-PF@Cu and R-PF@Cu converters exhibited only
slight attenuation relative to the raw phosphors, with IQE decreasing from 95.4% to 92.5% and from
88.1% to 86.6%, respectively. Notably, the Y/R-PF@Cu converter achieves a high IQE of 90.1%.
According to the phase composition in Fig. 2(c), the diffraction peaks of Y-Phosphor and Y-PF@Cu
converter, as well as those of R-Phosphor and R-PF@Cu converter, are highly consistent, with only
minor differences in peak intensity, indicating that both Y-Phosphor and R-Phosphor maintain an
intact crystal within the matrix of PF@Cu converters. As presented in Fig. 2(d), the fluorescence
lifetimes of Y-Phosphor, Y-PF@Cu converter, R-Phosphor, R-PF@Cu converter, and Y/R-PF@Cu
converter are 67.43, 62.81, 719.12, 718.73, and 761.43 ns, respectively, resulting in negligible lifetime
differences between PF@Cu converters and the corresponding raw phosphor. Particularly, the Y/R-
PF@Cu converter exhibits the longest fluorescence lifetime, which is dominated by the longer-lived
R-Phosphor component, and additional radiative reabsorption/reemission between the two phosphor
phases may further prolong the effective lifetime. In the temperature-dependent PL spectra (Fig. 2 (e)),
the spectra intensity of Y-Phosphor, Y-PF@Cu converter, R-Phosphor, R-PF@Cu converter, and Y/R-
PF@Cu converter decreases with temperature from 20°C to 230°C, with Y-Phosphor and R-Phosphor

10
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showing a higher decline rate than their PF@Cu counterparts. Collectively, these beneficial effects are
attributed to the intrinsic phosphor properties preservation and matrix densification by CSP, which
enables efficient heat dissipation around the phosphor particles, thereby ensuring stable luminescence

in the PF@Cu converters.
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Fig. 2 Material characteristics of PF@Cu converters. (a) PLE and PL spectra, (b) IQE, (c) phase
composition, (d) fluorescence decay curves, and (e) temperature-dependent PL spectra.

The optical performances of Y-PF@Cu converters with different G-Y mass ratios under varying
LPD are summarized in Fig. 3. As shown in Fig. 3(a), the LF initially increases with LPD until reaching
LPD-ST. In Fig. 3(b), the LE gradually decreases with LPD until LPD-ST, and continuously increases
with higher phosphor content. The LPD-ST and the corresponding max LF in Fig. 3(c) both first
increase and then decrease with G-Y mass ratio, reaching their optimal values at a G-Y mass ratio of
1-4, corresponding to an LPD-ST of 35 W/mm? and a maximum LF of 9624.7 Im. As shown in Fig.
3(d), the CCT remains stable below the LPD-ST but increases sharply once it is exceeded. In Fig. 3(e),
the CRI shows minor fluctuations with LPD, remaining in the range of 60~62, indicating generally
limited color quality. The CIE chromaticity coordinates in Fig. 3(f) shift along the Planck curve with

increasing G-Y mass ratio, accompanied by a decrease in CCT from 23351 K to 5443 K. These

11



Journal of Advanced Ceramics https://mc03.manuscriptcentral.com/jacer
behaviors are attributed to the trade-off between enhanced light extraction at higher phosphor loading
and deteriorated heat dissipation due to reduced matrix content. Consequently, a G-Y mass ratio of 1-

4 achieves the best optothermal balance.
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Fig. 3 Optical performance of Y-PF@Cu converters with different G-Y mass ratios. (a) LF, (b) LE, (c)
LPD-ST and corresponding max LF, (d) CCT, (e) CRI, and (f) CIE chromaticity coordinates at LPD
of 35 W/mm?.

Since the CCT and CRI of the optimal Y-PF@Cu converters still have room for improvement, R-
Phosphor was introduced with adjustable content to form Y/R-PF@Cu converters. The optical
performances of Y/R-PF@Cu converters with different G-Y-R mass ratios under varying LPD are
summarized in Fig. 4. As shown in Fig. 4(a), the LF initially increases with LPD until reaching LPD-
ST, while decreasing with R-Phosphor content. In Fig. 4(b), the LE not only gradually decreases with
LPD until LPD-ST, but also decreases with R-Phosphor content. The LPD-ST and corresponding max
LF in Fig. 4(c) both decrease from 9624.7 Im to 2652.2 Im with the G-Y-R mass ratio, which still
maintained a relatively high value. As shown in Fig. 4(d), the CCT decreases with R-Phosphor content,

and remains stable below LPD-ST but increases sharply once the threshold is exceeded. In Fig. 4(e),
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the yellow emission intensity decreases continuously, while the red emission intensity gradually
increases with the G-Y-R mass ratio, centered at 535 nm and 653 nm, respectively. The CIE
chromaticity coordinates in Fig. 4(f) shift across the Planck curve with increasing G-Y-R mass ratio,
accompanied by a decrease in CCT from 4741 K to 2604 K, indicating a transition toward warm white
light. In Fig. 4(f), the CRI initially increases rapidly with the G-Y-R mass ratio and then gradually
stabilizes, reaching a maximum value of 91.2. Overall, the optimal Y/R-PF@Cu converter is obtained
at a G-Y-R mass ratio of 1-4-0.5. In Fig. 4(h), billiards with various colors are illuminated by the
optimized Y-PF@Cu converter-based (G-Y = 1-4), Y/R-PF@Cu converter-based (G-Y-R = 1-4-0.5)
white LD sources, and under daylight, respectively. The Y/R-PF@Cu converter enables high-quality
white LD emission, rendering objects with more vivid, natural colors that closely match those observed

under daylight illumination.
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Fig. 4 Optical performance of Y/R-PF@Cu converters with different G-Y-R mass ratios. (a) LF, (b)
LE, (c) LPD-ST and corresponding max LF, (d) CCT, (e) EL spectra, (f) CIE chromaticity coordinates,
and (g) CRI at LPD of 17.5 W/mm?. (h) Demonstration experiment of illuminating billiards under the
Y-PF@Cu converter-based (G-Y = 1-4), Y/R-PF@Cu converter-based (G-Y-R = 1-4-0.5) white LD
sources, and daylight.

The optothermal enhancement mechanism of Y/R-PF@Cu converter can be explained by the
schematic shown in Fig. 5(a). In the reflective configuration, the geopolymer serves as a high-thermal-
conductivity matrix, tightly encapsulating the embedded Y-Phosphor and R-Phosphor to form efficient
heat-transfer pathways. Meanwhile, the Cu substrate is intimately bonded to the PF and acts as an

effective heat sink, facilitating rapid heat dissipation. These synergistic effects significantly enhance

14



Journal of Advanced Ceramics https://mc03.manuscriptcentral.com/jacer
the thermal management of both phosphors and effectively suppress thermal quenching under high-
power blue laser excitation. Table 1 broadly compares the optical performance of representative
reflective converters driven by blue LD. Despite differences in materials, fabrication methods, and
testing conditions, the results highlight the potential advantages of CSP-based PF@Cu converters in
low-temperature fabrication and overall optical performance.

Table 1 Reported optical performance of reflective color converters.

Preparation Optical performance

Color converter teml()oeéz;ture (%nl;“) CRI C(I(é;[ (I{;]’/Dniiz) Ref

PiGF@AIL,0; 640 4510 80.0 3541 16.9 [6]

YAG:Ce PC 1780 1250 59.5 4478 20.3 [19]

Lu3AlsO12:Ce'/(Sr,Ca)AlSiN3:Eu?* 1760 428.5 95.6 3344 28.76 [20]

Y3Al5012:Ce*' /AL O3 1700 1554 61.4 3769.7 48.5 [37]

YAG-YAG:Ce 1350 1060 66 5298 6.68 [32]

Y-PF@Cu 150 9624.7 62 5443 35 )

Y/R-PF@Cu 150 2652.2 91.2 2604 17.5 This work

The overall thermal conductivity of Y/R-PF@Cu converter is measured to be 50.6 W/(m-K). The
corresponding thermal behavior is presented in Fig. 5(b-c). Under continuous laser irradiation for 5
min, the Y/R-PF@Cu converter exhibits excellent heat dissipation capability and thermal stability. As
the LPD increases from 5 to 15 W/mm?, the surface temperature of Y/R-PF@Cu converter rises rapidly
at the initial stage and then reaches a steady state with prolonged irradiation. The highest temperature
is observed at the laser spot, while the surrounding regions also gradually increase with time, indicating
efficient intrinsic heat conduction. At a power density of 15 W/mm?, the maximum temperature is only
327°C, further confirming the superior thermal performance of the Y/R-PF@Cu converter. The
compact PF/Cu interface and rapid heat spreading of the Cu substrate help reduce thermal stress,

thereby suppressing delamination and cracking of the overall structure.
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Fig. 5 Thermal performance of optimized Y/R-PF@Cu converter. (a) Schematic of optical-heat
transfer in the Y/R-PF@Cu converter. (b) Max temperature under various LPD and irradiation times.
(¢) Temperature distribution of Y/R-PF@Cu converter under various irradiation times with LPD of 15

W/mm?.
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4 Conclusions

In this work, we developed optothermal-enhanced cold-sintered PF@Cu converters for ultra-high-
brightness laser illumination. The Y-PF@Cu and Y/R-PF@Cu converters were fabricated on Cu
substrates using a series of composite pastes containing geopolymer, alkali activator, and fluorescent
material via CSP at 150°C and 150 MPa. The optothermal performance of Y-PF@Cu converter and
Y/R-PF@Cu converter was continuously optimized by adjusting the mass ratios of G-Y and G-Y-R.
The effect of low-damage CSP on the optothermal performance of Y-PF@Cu and Y/R-PF@Cu
converters was investigated at various LPDs. The optimal component ratios for Y-PF@Cu and Y/R-
PF@Cu converters were determined. Compared with the Y-PF@Cu counterpart, the Y/R-PF@Cu
converter exhibits significantly enhanced overall performance. The optimized Y-PF@Cu converter
with a G-Y mass ratio of 1-4 achieves an LPD-ST of 35 W/mm?, a max LF of 9624.7 Im, a CCT of
5931 K, and a CRI of 60.7. In contrast, the further-optimized Y/R-PF@Cu converter with a G-Y-R
mass ratio of 1-4-0.5 delivers an LPD-ST of 17.5 W/mm?, a LF of 2652.2 Im, a CCT of 2604 K, and
a significantly improved CRI of 91.2. The superior optical performance is attributed to the effective
protection of phosphor properties enabled by the CSP process, which preserves luminescent efficiency
under high-power excitation. At an LPD of 10 W/mm?, the Y/R-PF@Cu converter exhibits a high
thermal conductivity of 50.6 W/(m-K), along with excellent heat dissipation and a peak hotspot
temperature of 327°C, resulting from the synergistic thermal management provided by the matrix and
Cu substrate. The optimized Y/R-PF@Cu-based white laser source delivers high luminance with vivid,
natural color rendering, closely matching daylight conditions. This work proposes a low-temperature
PF fabrication strategy for strongly alternative color converters, expanding their application scope and

enhancing overall performance.
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