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Highly efficient and thermally robust cyan-green
phosphor-in-glass films for high-brightness laser
lighting†

Huajun Wu, a Guo-Hui Pan, a Zhendong Hao, *a Liangliang Zhang, a

Hao Wu a and Jiahua Zhang *ab

Laser-driven white lighting has drawn great attention due to its high-brightness, high efficiency and

compact size. However, the current laser lighting usually suffers from a low color rendering (Ra B 60)

due to the presence of a wide ‘‘Cyan cavity’’ (460–530 nm) in the luminescence spectrum. Herein, we

report on the preparation and characterization of a novel cyan-green color converter, namely

Ca3Sc2Si3O12:Ce3+,Na+ phosphor-in-glass (CSS-PiG) film. The addition of Na+ as a charge compensator

greatly improved the internal quantum efficiency (IQE) of CSS:Ce3+ phosphors. Because of the good

chemical stability and the matching refractive index between the glass matrix and embedded phosphors,

the as-prepared CSS-PiG film exhibits an efficient cyan-green emission (with a peak at 508 nm and IQE

B91%) and excellent thermal stability (maintaining 75% of the room-temperature emission intensity at

300 1C). Under the excitation of a 14.5 W mm�2 blue laser, the PiG film could produce a high-

brightness white light with a forward luminous flux of 701 lm, a forward luminous efficacy of 112 lm W�1

and a Ra of 61. By coating a red-emitting CaAlSiN3:Eu2+ layer on the CSS-PiG film, the composite

CSS-PiG/CaAlSiN3 film shows an ultra-broadband emission with a full-width at half maximum (FWHM) of

196 nm, which remarkably narrows the ‘‘Cyan cavity’’ and thus provides a Ra above 90. These results

demonstrate that the CSS-PiG film is a promising candidate for laser lighting.

1. Introduction

Since the invention of gallium nitride (GaN)-based light emit-
ting diodes (LEDs) in the early 1990s, white LEDs have attracted
much attention due to their superior features, such as high
efficiency, long life time and environmental friendliness.1–4

Commercial white LEDs generate white light through a combi-
nation of blue GaN chips with various phosphors dispersed in
organic silicone resin (phosphor in silicone, PiS).5–9 However,
the quantum efficiency (QE) of blue LED chips decreases at
high input current density, which does not favor the achieve-
ment of high-efficiency and high-brightness devices using a
single LED. In contrast to the LED chips, laser diodes (LD), free
of the ‘‘Efficiency droop’’ effect and featuring controllable

shaping and focusing of laser beams, are being considered as
a novel excitation source for high-brightness white lighting.10

Phosphor-converted white laser lighting based on blue LD
activated remote phosphor systems promises cost effectiveness
and high brightness, and is now dominating the market. The
traditional organic PiS materials, however, suffer from low
thermal conductivity and poor thermal stability, and would
be damaged or burned under high-density laser irradiation.

As such, several all-inorganic color converters such as single
crystals, phosphor ceramics, phosphor in glass (PiG) and
phosphor films have been widely investigated for use in laser
lighting.11–13 Single crystals usually have excellent thermal
ability and high internal quantum efficiency (IQE) owing to
the perfect crystal structure, but they commonly have a low
light absorption efficiency (AE) and poor light uniformity owing
to the absence of light-scattering centers.14,15 Phosphor ceramics
are superior to single crystals because they offer a great tunability of
microstructure to enhance the light scattering.16–20 However, the
fabrication of phosphor ceramics is complicated and costly, and
most nitride phosphors are hard to be sintered into dense ceramics
with acceptable optical properties. In contrast, PiG shows compe-
titive advantages in terms of easy fabrication and great versatility of
various phosphors, but its application in laser lighting is limited
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due to the low endurable laser power density (B1 W mm�2) and
poor thermal conductivity (B1 Wm�1 K�1).21–24 An alternative
solution to such problem was the design of the phosphor–substrate
configuration, where a PiG film was coated on a substrate with high
thermal conductivity.25–30 Zheng et al. prepared a YAG-PiG film on
a sapphire substrate. The film could endure a laser power density of
11.2 W mm�2 and produce laser-driven white lighting with a
luminous flux of 1839 lm and a Color Rendering Index (Ra) of
63.30 Li et al. prepared a yellow-emitting La3Si6N11:Ce-PiG film and
the film gave an output of 1071 lm with a Ra of 70.26 Xu et al.
successfully fabricated the red-emitting CaAlSiN3:Ce-PiG film to
improve the Ra value.27 Presently most of the color converters are
based on yellow/red phosphor materials and the consequent color
rendering of laser lighting remains low (B60). As for laser lighting,
blue LD chips emit a narrow line-width blue laser with a full-width
at half maximum (FWHM) of B2 nm, while blue LED chips emit a
broad-band blue light with a FWHM of 20–40 nm. There always
exists a wider ‘‘Cyan cavity’’ (460–530 nm) in the emission spectrum
of phosphor-converted white laser lighting. However, much atten-
tion has been paid to the red and yellow inorganic color converters
and only a few studies have focused on green-yellow converters
such as LuAG:Ce PiG (peaking at 530 nm) or b-Sialon:Eu PiG film
(peaking at 540 nm).31–33 In addition, all of these color converters
show weak cyan emission and could not fill the ‘‘Cyan cavity’’
effectively. Hence, the development of color converters with intense
broadband cyan-green emission is in demand to improve the
optical performance of laser lighting.

The cubic silicate garnet Ca3Sc2Si3O12:Ce3+ (CSS:Ce3+) has
drawn much attention for LED lighting because of its compel-
ling optical performance.34,35 First, it has more blue-shifted
emission spectrum (peaking at 505 nm) with a wide bandwidth,
making it a promising candidate to fill the ‘‘Cyan cavity’’ and
yield white light with a relatively high color rendering (Ra Z 85).
Second, the small Stokes shift helps to reduce the heat genera-
tion during the color down-conversion processes. Third,
CSS:Ce3+ phosphors have excellent chemical and thermal sta-
bility. At 600 K, the PL intensity only drops to 60% of the PL
intensity at 80 K, while the PL intensity of the famous YAG:Ce
phosphors drops to 30%.36 These fascinating properties make
CSS:Ce3+ a promising phosphor for laser lighting. However, to
the best our knowledge, the performance of CSS:Ce3+ for laser
lighting has never been studied. It is thus of great interest to
investigate the optical performance of CSS:Ce3+ under laser
excitation and to develop its application in laser-driven solid
state lighting.

In this work, pure CSS:Ce3+,Na+ phosphors, which possess
high quantum efficiency and high thermal stability, were pre-
pared by introducing charge compensatory additives Na+. The
low-melting-temperature borosilicate glass matrices with a
similar refractive index to that of CSS:Ce3+,Na+ phosphors were
carefully chosen as the inorganic binder. CSS-PiG films were
then developed by cofiring the CSS:Ce3+,Na+ phosphors and
glass powders on thermally conductive sapphire substrates.
The sintering process, phosphor content and thickness of the
PiG film were optimized for high luminescence efficiency. The
optical performance of the film in laser lighting was systematically

investigated. All the results demonstrate that our CSS-PiG film is a
promising candidate for high-quality laser lighting.

2. Experimental section
2.1 Materials

High-purity CaCO3 (Aladdin, China, 99.99%), Sc2O3 (Aladdin,
China, 99.99%), SiO2 (Aladdin, China, 99.99%), NaHCO3

(Aladdin, China, 99.99%) and CeO2 (Aladdin, China, 99.99%)
are commercially available. Terpilenol (Aladdin, China, 98%)
and ethyl cellulose (Aladdin, China, 99%) were used as the
organic solvent and organic binder, respectively. The sapphire
substrates with a size of 20 � 20 � 0.4 mm3 were bought from
Jiangsu Jeshine New Material Co. Ltd (China). Two silicone gels
(SLC-3502, A, B) were bought from Chengdu Silicone Techno-
logy Co. Ltd (China).

2.2 Fabrication of phosphors and PiG films

2.2.1 Fabrication of CSS:Ce3+,Na+ phosphors. Phosphors
with the general formula (Ca2.88Na0.06Ce0.06)Sc2Si3O12 (CSS:
Ce3+,Na+) were prepared by a solid state reaction method. The
raw materials of high-purity CaCO3, Sc2O3, SiO2, NaHCO3 and
CeO2 were weighed accurately according to stoichiometric
proportions and thoroughly blended in an agate mortar for
30 min. The mixed powders were placed in an alumina crucible
and then sintered in a tube furnace under a reducing atmo-
sphere (95%N2/5%H2) at 1360 1C for 6 h. The resulting powders
were finely ground for further characterization.

2.2.2 Fabrication of PiG films. To evaluate the optical
performance of CSS:Ce3+,Na+ phosphors under high-power
laser excitation, the PiG films were fabricated by cofiring the
CSS:Ce3+,Na+ phosphors and glass powders. Low-temperature
glass powders with the composition 26B2O3-35ZnO-12SiO2-
10La2O3-11WO3-6Li2O (in mol%) were prepared by using the
conventional melting-quenching technique. Firstly, 3 wt% ethyl
cellulose was dissolved in terpilenol by stirring with an agitator
at 80 1C for 2 h to prepare the organic solvent. Then the
CSS:Ce3+,Na+ phosphors, glass powders and organic solvent
were added into an agate mortar and thoroughly mixed. The
weight ratio of phosphors to glass powders (abbreviated as PiG
ratio) was designed to be 1 : 4, 2 : 3, 3 : 2, and 4 : 1 (P1G4, P2G3,
P3G2, P4G1). Afterwards, the resultant slurries were coated on
the sapphire substrates by blade coating. The film thickness
was controlled by the stack number of the tapes. Finally, the
dried samples were sintered in a muffle furnace at different
temperatures (600, 620, 640, 660 and 680 1C) and holding times
(10, 20, 40 and 60 min) to optimize the sintering process.

To improve the color rendering, the red CAlSiN3:Eu2+ layers
were coated on the PiG film. Firstly, the two silicone gel
components A and B were mixed together at a mass ratio of
4 : 1. Subsequently, 7 wt% CAlSiN3:Eu2+ phosphors were added
to the mixed gels and stirred thoroughly for 30 min. Then the
obtained slurry was vacuumized at 0.01 MPa for 10 min to
release the produced air bubbles. Finally, the red phosphor-in-
silicone (PiS) paste was printed on the sintered-PiG film by
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blade casting and then cured at 150 1C for 3 h in a drying oven.
The thickness of the red PiS film was B70 mm.

2.3 Characterization

The X-ray diffraction (XRD) patterns were collected by using a
powder X-ray diffractometer (D8 Advance, Bruker, Germany)
with Cu Ka radiation at 40 kV and 30 mA. The micrograph and
elemental mappings of the samples were observed by using a
scanning electron microscope (SEM, Model S-4800, Hitachi,
Japan) equipped with an energy dispersive X-ray spectroscope
(EDS). The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using a spectrometer
equipped with a 150 W Xenon lamp (F-7000, Hitachi, Japan).
The temperature-dependent PL spectra were recorded by using
a home-made measurement system, which consisted of a
452 nm blue LD, a fluorescence microscope (BX53M, Olympus,
Japan), a cooling/heating stage (THMS-600, Linkam, UK) and a
charge-coupled device (CCD) spectrometer (QEPro, Ocean
Optics, China). The samples were heated from 25 to 300 1C
with a step size of 25 1C at a heating rate of 25 1C min�1 and
held for 1 min at each temperature. The total transmittance
spectra of the samples were measured on a dual beam spectro-
photometer (UV-3600 plus, Shimadzu, Japan) equipped with an
integrating sphere. The electroluminescence (EL) properties of
the samples under laser irradiation were measured by using
an integrated test system (EVERFINE, China) including a

photoelectric characteristic testing system, a rotating integral
ball, a 452 nm LD and a high precision fast spectral radiometer
(HAAS-2000). The optical power of the blue LD, as determined
by the input current, was measured with a laser power meter
(PM100D, THORLABS, USA). The laser spot was captured by
using a beam analyzer (BC106N-VIS, THORLABS, USA) and the
beam diameter was determined according to the International
Organization for Standardization (ISO) 11146. The surface
temperature of the samples was measured by using an infrared
thermal imaging system (ETS320, FLIR, USA). The external
quantum efficiency (EQE), IQE and AE values were measured
under 445 nm excitation using an absolute photoluminescence
quantum yield measurement system (Quantaurus-QY Plus
C13534-12, Hamamatsu Photonics, Japan). All the measure-
ments were conducted at room temperature unless otherwise
stated.

3. Results and discussion
3.1 Properties of CSS:Ce3+,Na+ phosphors

The CSS host has a cubic Garnet-type structure with the Ia3d
space group (No. 230).37,38 In the structure, each Ca2+ is
surrounded by eight O2� ions to form a distorted dodecahe-
dron. One Sc3+ ion and six O2� ions constitute an octahedron,
while Si4+ and O2� ions constitute a tetrahedron. The synthesis
of phase-pure CSS:Ce3+ phosphors by solid-state methods

Fig. 1 (a) XRD patterns of the phosphors with and without Na+ addition; (b) PL and PLE spectra of CSS:Ce3+,Na+ phosphors, and PL spectrum of
LuAG:Ce3+ phosphors; the inset is photographs of the CSS:Ce3+,Na+ phosphors under daylight and 365 nm UV light; (c) AE, IQE and EQE of phosphors
with and without Na+ addition under 445 nm excitation; (d) SEM image and (e) fluorescence microscope photograph of CSS:Ce3+,Na+ phosphors, and
the inset is a zoom-in picture of a single particle; and (g–i) the corresponding EDS mapping of Ca, Sc, Si, Na and O, respectively.
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remains an on-going issue due to the presence of impurity
phases, which would degrade the luminescence performance.
In this study, Na+ ions are additionally introduced into the CSS
host and serve as a charge compensator, which was found to
effectively eliminate the impurity phase. The XRD patterns of
CSS phosphors without and with Na+ doping are shown in
Fig. 1a. The XRD patterns of both phosphors are in agreement
with the standard card of Ca3Sc2Si3O12 (ICSS No 72-1969).
Impurity phases of Sc2O3 and CeO2 always appear in the
absence of Na+ and they disappear when codoping with Na+.
In the CSS host trivalent Ce3+ is expected to substitute for
divalent Ca2+ (a dodecahedral site),34 leaving an effective posi-
tive charge around the local site, leading to some structural
disorder and lattice defects around Ce3+ due to the charge
mismatch. For Na+ ions in the CSS host, due to the similar ionic
radius, they prefer to occupy Ca2+ sites with an effective
negative charge therein. The charge imbalance is greatly wea-
kened, which then contributes to enhance the solubility of Ce3+

in the CSS phosphors while eliminating the impurity phase.
Fig. 1b depicts the PL and PLE spectra of CSS:Ce3+,Na+

phosphors. The PLE spectrum shows a broad excitation peak
at 445 nm, which is attributed to the absorption of the allowed
transition from 4f to 5d1 of Ce3+. This makes the CSS:Ce3+,Na+

phosphors to be effectively excited by commercial blue LED/LD
chips. The PL spectrum (lex = 445 nm) exhibits a broad and
strong cyan emission band with a peak at 508 nm and a FWHM
of B109 nm. Compared with the Ce3+ emission peaking at
530 nm in LuAG, CSS:Ce3+,Na+ phosphors are expected to fill
the aforementioned ‘‘Cyan cavity’’ and achieve extra-high color
rendering because their PL intensity at 490 nm still remains at
70% of that at 508 nm (Fig. S1, ESI†). The asymmetric emission
band can be decomposed into two Gaussian bands centered at
19 920 cm�1 (ca. 502 nm) and 18 414 cm�1 (ca. 543 nm) with an
energy difference of 1506 cm�1, which derive from the transi-
tions of Ce3+ from the 5d excited state to the 2F5/2 and 2F7/2

ground state (Fig. S1, ESI†). Furthermore, with the codoping of
Na+, the emission spectrum exhibits a slight red shift of B3 nm
from 505 nm to 508 nm, which was caused mainly by the
increase of Ce3+ concentration.39 The CSS:Ce3+,Na+ phosphors
are light green under daylight and exhibit bright green emis-
sion when exposed to UV lamp irradiation (the inset in Fig. 1b).

The PL performance of CSS:Ce3+,Na+ phosphors can be
evaluated in terms of AE, IQE and EQE, as shown in Fig. 1c.
By the introduction of Na+ into phosphors, the IQE value was
improved from 75% to as high as 85% due to the reduced
crystal defects. The AE value also increased from 55% to 63%
because of the increased Ce3+ concentration incorporated in

the CSS host. Moreover, the enhanced crystallinity of phos-
phors also plays an important role in increasing the IQE. Thus,
highly efficient CSS:Ce3+,Na+ cyan-green phosphors with an
EQE (54%) comparable to that of commercial green LuAG:Ce3+

phosphors (with IQE, AE and EQE values of 97%, 58% and 56%,
respectively) were obtained. SEM images in Fig. 1d display that
the phosphors have an irregular shape and their particle size
ranges from 7 to 15 mm. Fig. 1e shows the fluorescence
microscope picture of CSS:Ce3+,Na+ phosphors in which the
phosphors emit bright green light under blue light excitation.
The EDS elemental mapping (Fig. 1f–k) of a selected
CSS:Ce3+,Na+ particle shows the uniform distribution of Ca,
Sc, Si and Na elements in phosphors, providing further evi-
dence that the dopant Na+ ions have been incorporated into the
CSS host lattice.

3.2 Fabrication and microstructure of the CSS-PiG film

To demonstrate their potential in high-power laser lighting, the
CSS-PiG films were fabricated by cofiring the mixture of glass
powders and CSS:Ce3+,Na+ phosphors on a high-thermal-
conductivity sapphire substrate. The schematic illustration of
the preparation process is shown in Fig. 2. A low-melting-
temperature borosilicate glass with the composition 26B2O3-
35ZnO-12SiO2-10La2O3-11WO3-6Li2O (in mol%) was chosen as
an inorganic adhesive.40 The glass was designed to match its
refractive index (n B 1.77, Fig. S2, ESI†) with that of CSS
phosphors (n B 1.78),41 which favors to relieve the adverse
light scattering and thus improve the luminescence efficiency
of PiG films. Moreover, the glass matrix has a similar expansion
coefficient to that of sapphire, which can eliminate the cracking
and delamination of the PiG film.40

In order to achieve the outstanding performance of the
CSS-PiG films, the sintering temperature and holding time
were carefully controlled. These two key sintering parameters
were optimized by examining the AE, IQE and EQE values of the
PiG films under 445 nm excitation (Fig. 3). It can be seen that
the IQE of the film increases with increasing sintering tem-
perature. When the sintering temperature increases up to
700 1C, the IQE increases by B10% and reaches as high as
92%. Both IQE and AE values are obviously improved when the
sintering temperature increases from 600 to 640 1C. However,
the AE value starts to decrease gradually as the sintering
temperature further increases. Higher sintering temperature
does not benefit the AE of the PiG film due to the decreased
transmittance of the glass matrix (Fig. S3, ESI†). When con-
sidering the EQE, the optimal sintering temperature is 640 1C.
Similarity, the holding time is optimized to be 40 min.

Fig. 2 Fabrication schematic of the PiG film.
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The maximum transmittance of the blank glass film and PiG
film (P2G3, 73 mm) sintered at 640 1C for 40 min can achieve
77% and 48% in the whole region above 500 nm (Fig. S3 and S4,
ESI†). Thus, 640 1C and 40 min are the optimal sintering
temperature and holding time.

Interestingly, the IQE of the PiG film is higher than that of
its raw phosphors, which was found to be commonly decreased
after the additional sintering into the PiG film.42,43 This
improvement is probably caused by the mild interface reactions
between the phosphor surface and the glass matrix, which
contributes to minimize the surface defects. In our experi-
ments, CSS phosphors, prepared by the solid-state reaction,
were fully ground to achieve micron size particles. Many surface
defects or traps are produced from this pulverization process,

which can quench the luminescence in the phosphor par-
ticles.44 On the other hand, the mild interface reaction between
the phosphor surface and the glass matrix would minimize the
surface defects and improve the IQE of the PiG film. In
addition, the good refractive index matching between the glass
matrix and the CSS phosphor also contributes to improve the
IQE of the PiG film. The maximal IQE and EQE of the PiG film
(P2G3, 73 mm) are 89% and 57%, respectively.

The top view image of the CSS-PiG films showed that the CSS
phosphors were well-wetted and adequately embedded in the
glass matrix (Fig. 4a). Due to the viscous flow of the glass matrix
during the sintering process, the PiG film is characterized by a
relatively flat surface and a fully dense structure. The words
under the PiG film can be observed clearly, which indicates the

Fig. 3 Variations of the IQE, EQE and AE of CSS-PiG samples (P2G3, 73 mm) fired (a) at different temperatures for 20 min, and (b) at 640 1C for varying
holding times.

Fig. 4 (a) Top view image of the P2G3 film (50 mm) and the inset is the photograph of the film; (b–e) cross-sectional SEM images of PiG films with
different PiG ratios at a fixed thickness of B50 mm (P1G4, P2G3, P3G2 and P4G1, respectively); (f) XRD patterns of the glass powders and the PiG film
(P2G3, 73 mm); and (g–k) EDS mappings of the P1G4 film.
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dense structure of the film. Fig. 4b–e are the cross-sectional
SEM images of PiG films with different PiG ratios (P1G4, P2G3,
P3G2 and P4G1, respectively) at a fixed thickness of B50 mm. It
is found that all PiG films are tightly bonded to the sapphire
substrate. The phosphor particles are uniformly dispersed in
the glass matrix and residual pores are difficult to observe in
the P1G4 film. With the increase of the phosphor content, more
pores are observed in the PiG film because the reduced glass
content makes it difficult to remove the trapped holes during
the sintering process. As a result, the total transmittance of the
PiG film decreases dramatically at higher phosphor content
(Fig. S4a, ESI†). For the same PiG ratio, the total transmittance
also decreased with the increase of the thickness (Fig. S4b,
ESI†). The XRD patterns of the CSS-PiG film (P2G3, 73 mm)
present obvious diffraction peaks belonging to the CSS phos-
phors and an amorphous hump from the glass matrix (Fig. 4f).
No phase transition occurs during the sintering process. It can
also be confirmed by the clear boundary between the CSS
phosphors and the glass matrix, as shown in Fig. 4g–k.

3.3 Photoluminous and thermal stability of the CSS-PiG film

As shown in Fig. 5a, the PLE and PL spectra of the PiG film are
similar to those of the corresponding CSS:Ce3+,Na+ phosphors.
However, due to the absorption of the glass matrix in the
ultraviolet range, the 310 nm excitation band of the PiG film
is much lower than that of phosphors, while the blue excitation
is not significantly affected by the surrounding glass matrix.
The decay curves of the phosphors and PiG are shown in

Fig. 5b. The lifetimes of the CSS-PiG film and the phosphors
were calculated to be 72.8 ns and 69.6 ns, respectively. They
almost have the same decays. The thermal stability of the
phosphor converter is a critical parameter for high-power
density laser lighting, which determines the reliability
and efficiency of the whole device. Fig. 5c presents the
temperature-dependent normalized PL intensity of the PiG
film under 0.2 W blue laser excitation. For the CSS-PiG film,
the integrated PL intensity exhibits quite a linear decrease
upon increasing the temperature from 25 to 300 1C. For the
YAG-PiG film, the intensity shows a slight decline between 25
and 175 1C, followed by a dramatic decrease at higher
temperature. In comparison with the YAG-PiG film, the
CSS-PiG film exhibits much better thermal stability espe-
cially at temperature higher than 200 1C, in agreement with
the previous reports.45 The emission intensity of the CSS-PiG
film drops to 89.5% of the initial intensity when the tem-
perature rises from 25 to 200 1C and remains at 75% at
300 1C. In contrast, the commercial YAG:Ce maintains only
62% at 300 1C. The excellent thermal stability of the CSS-PiG
film suggests its promising potential for application in
efficient high-power-density laser lighting, which commonly
requires high thermal stability of luminescence at least up to
200 1C.30,46 It should be noted that the thermal stability of
CSS-PiG is comparable to that of the corresponding phos-
phors. The unimpaired luminescence properties of the PiG
film imply that the intactness of CSS:Ce3+,Na+ phosphors is
well preserved during the sintering process.

Fig. 5 Normalized PL and PLE spectra (a) and decay curves (b) of the CSS:Ce3+,Na+ phosphors and the CSS-PiG film (P2G3, 73 mm); temperature-
dependent integrated emission intensity (c) and the corresponding emission spectra of the CSS-PiG film (d). The measuring temperature was varied from
25 to 300 1C.
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3.4 Optical properties of the CSS-PiG film under blue laser
excitation

The performance of the CSS-PiG films in laser lighting was
evaluated under blue laser excitation. The measurement was
conducted in a transmissive configuration equipped with a
452 nm blue laser, as illustrated in Fig. 6. To determine the
optimized phosphor content, PiG films with different PiG ratios
were investigated at a fixed thickness of B73 mm under a
0.97 W blue laser. As the PiG ratio increases, the transmitted
blue light decreases significantly because of the enhanced blue
absorption, whereas the forward converted cyan-green light
reaches its maximum at the PiG ratio of 2 : 3 (Fig. 7b). With
the further increase of the phosphor content, the forward cyan-
green light decreases slowly due to the increased backscattering
loss. The forward optical-to-optical conversion efficiency,
defined as the ratio of the forward converted cyan-green light
power to the reduced blue light power (i.e., the difference
between the incident blue laser power and the transmitted
blue light power), is shown in Fig. 7b. It reaches a maximum of
43% at the PiG ratio of 2 : 3. The corresponding CIE color
coordinates of the constructed white laser lighting change from

blue to white and finally to green, which are in accordance with
their luminescence images (the insets in Fig. 7c). Therefore, the
optimized PiG ratio of P2G3 results in both high light conver-
sion efficiency and satisfied CIE color coordinates. In addition,
the thickness-dependent optical properties of the PiG films
were also investigated with a fixed PiG ratio of 2 : 3. The
transmitted blue light exhibits a monotonous decrement with
its increasing thickness, and the color coordinates correspond-
ingly shift from blue to white and finally to green (Fig. 7d). The
forward cyan-green light reaches its maximum at a thickness of
95 mm. Upon considering the forward conversion efficiency and
color coordinates, the film with a PiG ratio of 2 : 3 and a
thickness of 73 mm shows the superior performance for laser
lighting.

The luminescence properties of the optimized film (P2G3,
73 mm) in laser lighting were detailed by varying the incident
blue laser power. On increasing the incident laser power from
0.52 to 6.24 W, the emission intensity of the film increases
monotonously (Fig. 8a). But when the laser power increases to
6.61 W, luminous saturation is observed and the emission
intensity of the film drops sharply. The increase of emission

Fig. 6 Schematic illustration of measuring the laser lighting performance of the PiG film in a transmissive configuration.

Fig. 7 EL spectra (a), transmitted blue laser power, forward converted cyan-green light power, and the forward optical to optical conversion efficiency
(b) and the corresponding CIE color coordinates (c) of the film with different PiG ratios (B73 mm); EL spectra (d), transmitted blue laser power, forward
converted cyan-green light power, and the forward light conversion efficiency (e) and the corresponding CIE color coordinates (f) of the film with varying
film thickness (P2G3). The insets are the corresponding luminescence images.
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intensity arises from the increased absorption and photon
conversion of the blue light to cyan-green light by Ce3+ ions.
The sudden decrease in luminous flux can be attributed to the
severe thermal quenching due to the dramatically elevated
temperature under high-density laser excitation. When the
incident laser power is higher than a threshold value, the heat
cannot be efficiently dissipated but accumulates and increases
the temperature of the sample continuously. The high tem-
perature would quench the luminescence by transforming the
excitation light energy into phonons. The luminous saturation
would accordingly occur and the forward luminous efficacy (LE)
would drop sharply. The maximum forward luminous flux (LF)
reaches 701 lm at an incident laser power of 6.24 W and the
corresponding laser power density is 14.5 W mm�2 (Fig. 8b). As
shown in Fig. 8c, the laser spot temperature of the film
attached to a polished pure aluminum block was measured
by an infrared thermal image. With the increase of the incident

laser power, the peak temperature of the laser spot increases
dramatically. At a laser power of 6.24 W, the temperature
reaches an equilibrium temperature as high as 143 1C in
40 seconds (Fig. 8c and Fig. S5, ESI†). The emission
band shows a red shift due to the thermal effect, which is
similar to that observed in Fig. 3 (Fig. S6, ESI†). On the other
hand, the CIE color coordinates move towards the blue region
due to the increased transmittance of blue light and the
declined conversion efficiency at elevated temperature
(Fig. 8f). The inset in Fig. 8f shows intense cyan emission,
due to the mixing of the cyan-green emission with transmitted
blue light. Moreover, when pumped by a blue laser with larger
laser spot size, luminescence saturation does not occur and
the luminous efficacy is also improved due to the reduced
thermal quenching (Fig. 8d). Thus, the laser spot size in laser
lighting should be carefully controlled to balance the bright-
ness and LE.

Fig. 8 EL spectra (a), LF and LE (b), and surface temperature (c) of the CSS-PiG film (P2G3, 73 mm) pumped by varying blue laser power with a laser spot
size of 0.43 mm2; (d) LF and LE of the film excited with varying laser spot size; (e) photograph of the laser lighting device with blue LD off; and (f) the CIE
color coordinate of the film excited by varying blue laser power (0.43 mm2). The inset of (c) is the thermal infrared image of the CSS film under the 6.24 W
blue laser excitation and the inset of (f) is the corresponding lighting image.

Fig. 9 (a) EL spectra, (b) LF and LE and (c) the corresponding CIE color coordinate of the composite film (CSS-PiG/CaAlSiN3) driven by varying blue laser
power. The inset of (a) is the photograph of the composite film; the inset of (c) is the lighting image of the composite film under the excitation of a 5.79 W
blue laser.
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3.5 Optical properties of the composite PiG film under blue
laser excitation

Although the CSS-PiG film exhibits excellent thermal stability
and high LE, the CRI of this phosphor converted white light
is low (B61) due to the deficiency of the red component.
A composite film was designed by coating the red-emitting
layer of CaAlSiN3-PiS on the CSS-PiG film to improve the color
rendering of white laser lighting. Fig. 9 and Table 1 present the
optical performance of the composite CSS-PiG/CaAlSiN3 film.
Overall, the composite film shows an ultra-broadband emission
from 470 to 750 nm with a FWHM of B196 nm. With increas-
ing laser power from 0.88 to 5.79 W, the emission intensity of
the sample increases monotonously (Fig. 9a). The LE decreases
at the higher incident laser power; however, the CIE chroma-
ticity coordinates almost remain constant, indicating the super
chromaticity stability of the composite film. As shown in
Table 1, the sample yields a uniform white light with a max-
imum LF of 448 lm, a LE of 78 lm W�1, chromaticity coordi-
nates of (0.3018, 0.3227) and an Ra of 91 under 5.79 W
blue laser excitation (13.5 W mm�2). In comparison with the
CSS-PiG film, the composite film shows much higher color
rendering at the expense of a relatively lower LE. As shown in
Fig. S7 (ESI†), there is a big spectral overlap between the
emission spectrum of CSS:Ce3+ and the excitation spectrum
of CaAlSiN3:Eu2+. Therefore, much of the converted cyan-green
light from the PiG film undergoes reabsorption loss when
passing through the CaAlSiN3 layer. Thus, there is a large space
to optimize the optical performance of the composite film for
laser lighting. For example, we can select more suitable red
phosphors, which can avoid the reabsorption effect. In addi-
tion, the LE of the CSS-PiG film can also be improved through
coating a blue-pass filter and an antireflection layer on the

sapphire, which would improve the blue transmittance and
simultaneously hold back the backward emission of the
phosphors.30 But anyhow, the CSS-PiG film is a promising
candidate for high-power laser-driven white lighting.

The luminescence performance of the white laser light
encapsulated with the YAG-PiG film, LuAG/CaAlSiN3-PiG film
and CSS-PiG/CAlSiN3 film is shown in Fig. 10. The ‘‘Cyan
cavity’’ between the incident blue laser and the converted
emission peak was measured by the FWHM of the cavity, as
shown in Fig. 10a. Compared with other films, the CSS-PiG/
CAlSiN3 film has a much wider emission spectrum, which
remarkably narrows the ‘‘Cyan cavity’’ and thus provides a Ra

above 90 (Fig. 10a). The photographs of a cyan cup taken under
different light are shown in Fig. 10b. There is an obvious
discrepancy among them. The cup is light cyan under laser
light with a Ra of 64, while it is bright cyan under laser light
with higher Ra. These results confirm that the composite CSS-
PiG/CAlSiN3 film offers great potential for application in laser
lighting with excellent color rendering.

4. Conclusion

In summary, phase-pure CSS:Ce3+,Na+ phosphors with high
IQE (85%) were developed by introducing charge compensatory
additive Na+ into the CSS lattice. A CSS-PiG film was further
prepared by cofiring the CSS:Ce3+,Na+ phosphors and glass
powders on a sapphire substrate, providing cyan emission
peaking at 508 nm. After the optimized co-firing process
(640 1C, 40 min), the IQE of the film was further improved to
91%. Moreover, the PiG film exhibits excellent thermal stability
with an integrated emission of 75% even at 300 1C. By optimiz-
ing the phosphor content and film thickness (P2G3, 73 mm), a

Fig. 10 (a) Normalized EL spectra of the white laser light encapsulated with the YAG-PiG film, LuAG/CaAlSiN3-PiG film and CSS-PiG/CAlSiN3 film; and
(b–d) photographs of a cyan cup under different laser light or daylight.

Table 1 LF, LE, CRI, CCT, and chromaticity coordinates (x, y) of the composite film driven by different laser power

Laser power (W) Power density (W mm�2) LF (lm) LE (lm W�1) CIE-x CIE-y Ra CCT (K)

0.87 2.0 104 120 0.307 0.319 93 6937
2.19 5.2 257 117 0.302 0.311 93 7357
3.51 8.2 373 106 0.296 0.304 93 7944
5.01 11.7 434 86 0.294 0.306 92 8082
5.79 13.5 448 77 0.302 0.323 91 7203
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maximum forward optical-to-optical conversion efficiency of
43% was obtained for the PiG film. Under the 14.5 W mm�2

blue laser excitation, the film yields a white light with a LF of
701 lm, a LE of 112 lm W�1 and a Ra of 61. A higher Ra of 93 was
obtained by further coating the red CaAlSiN3 layer onto the CSS-
PiG film. These results make the composite film a promising
candidate for high-brightness laser-driven white lighting with
excellent color rendering.
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