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Abstract: Compared with other fluorescent crystal phases, garnet has better structural
stability in a glass matrix and renders precisely controllable emissions due to the
abundant lattice control positions. In this work, we regulate the coordination field of
Ce;4 ion based on the co-substitution method, and achieve the spectra regulation in
the yellow-green range. We used Ba?*-Si** cations to replace Y3'-Al’" cations in
Y;Al501; (YAG) matrix to obtain blue-shift of the emission peak from 552 nm to 539
nm. The centroid shift and crystal field splitting decrease with decreasing covalency

of the bond between the Ce’" ion and the surrounding anions owing to the higher
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electronegativity of Si*" ions than AI3* ions. The corresponding fluorescent films were
prepared by a low-temperature co-sintering process based on the as-made Ba?*-Si*
co-substituted phosphor. XRD and SEM images showed that the fluorescence crystals
were less eroded and evenly dispersed in the glass matrix. Spectral analysis showed
that the garnet phase is protected by using lead-free borosilicate glass with a low
melting point, and the quantum efficiency of phosphor-in-glass (PiG) retains 98% of
the corresponding phosphor. By adjusting the ratio of garnet phosphor to commercial
red nitride phosphors, a warm white fluorescence with a color rendering index of 80.3
and color temperature of 3899 K was obtained. The prepared warm white film has
potential application value in the whole spectra field.

Keywords: Garnet structure; Co-substitution strategy; Yellowish-green; Phosphor-in-

Glass film.

1. Introduction

As a new generation of lighting devices, white light-emitting diodes (WLEDs)
have the advantage of high conversion efficiency. However, typical WLEDs based on
Y3Al504,:Ce3" yellow phosphors and blue chips have low color rendering index (Ra<
75) [1-31, Tts color temperature is high due to the deficiency of red light. The packaging
method is based on the mixing of phosphor powder and organic epoxy resin. As the
operation power and working time increase, the chip temperature can be as high as
150 ~ 200 °C, causing the thermal quenching of the phosphor [+, As a result, several
problems have arisen with high-power white light sources, including reduced long-

term reliability, reduced luminous performance, and color coordinate shift ["1.
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In order to overcome the shortcomings of organic packaging materials,
phosphor-in-glass (PiG) films were prepared by co-sintering of YAG:Ce phosphor
and glass powder to improve the long-term reliability of WLEDs -9 PiG can
achieve photochromatic tuning by co-sintering different fluorescent crystal phases at
low temperatures, which can be used as a preferred choice in high-power white-light
devices 1131, PiG film is used to prepare warm white light-emitting devices, which
are widely used in signal lamps, indoor and outdoor lighting, etc. ['*-17], Borosilicate
glass was selected as the phosphor matrix. Borosilicate glass matrix has obvious
advantages over other glass matrices. For example, compared with tellurite, it has
excellent sintering properties and high visible light transparency without significant
interaction with phosphors [18-20],

In this work, yellow-green phosphors with a garnet structure were prepared by
co-ion replacement and integrated into a PiG film by co-sintering at low temperatures.
The color rendering quality of warm-white-light devices is improved by making up
for blue and yellow depressions 12123l We used Ba?'-Si*" cations to replace
dodecahedral and tetrahedral sites in the garnet structure. Furthermore, SiO,-BaO-
Al,03-Zn0O-Na,O glass powder was chosen to synthesize YAG-based PiG. We tested
the properties of a series of Y;9.(Ba),Als..S1,01,:0.1Ce phosphors, which were mixed
with a certain proportion of red nitride phosphors. The structure, luminescence
properties, quantum efficiencies, and chromaticity stability of the YAG-based PiG
were studied in detail. All the results indicate the as-made prepared YAG-based PiG

with excellent thermal stability, easy synthesis, and low cost is a promising candidate
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for modular high-brightness solid-state lighting devices.
2. Experimental section

2.1 Materials and Synthesis

The Y,..(Ba),Al;.,S1,01,:0.1Ce phosphor was prepared by a high-temperature
solid phase method. High-purity raw materials Y,05(99.99%, RHAWN),
BaCO3(>99%, GENERAL-REAGENT), Si03(99.99%, Aladdin), Al,03(99.99%,
Aladdin), Ce0,(99.99%, Adamas-beta) were selected, and H;BO; was added as a
flux. After mixing evenly, the phosphor was prepared by sintering for 6 hours at 1450 °C
in the reducing atmosphere (5 vol% H, and 95 vol% N,) in the tube furnace. The
precursor glass of 28S10,-39B,05-16Zn0-17Na,O was fused in a Muffle furnace at
1100 °C for 30 minutes, and then the glass was ground into powders with an agate

mortar.

2.2 Fabrication of PiG films

NN\ <l
: d -
= .
Green phosphor and  Mixture with organic Spinning coating Low temperature co-sintering PiG film
glass powder vehicle in Muffle furnace

Fig. 1. Fabrication of PiG films by the spin coating technique.
The organic vehicle (terpineol and ethyl cellulose) was evenly mixed at a mass
ratio of 10:1 and stirred at 60 °C for 12 hours. Then the organic solvent, phosphor,

and glass powder were mixed evenly according to the mass ratio of 2:3:2 to prepare a
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non-precipitating, uniform fluorescent slurry. The fluorescent paste is uniformly
coated on the quartz glass substrate by a rotating coating method, and then dried for 4
hours in a 150 °C electric blast drying oven to fully volatilize the organic matter.
Finally, the fluorescent glass film was obtained after secondary co-sintering at 570 °C

for 20 minutes, which is depicted in Fig. 1.

2.3 Characterizations

The X-ray powder diffractometer (XRD) patterns of phosphor powder and PiG film
were determined by X-ray powder diffractometer (TD-3500, Dandong, China).
Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were
recorded by a Hitachi F-7000 Xenon discharge lamp spectrometer. Field emission
scanning microscopy (SEM), and energy dispersive X-ray spectroscopy (EDX) were
used to observe the microstructure and element map (Zeiss Gemini 300). The
spherical fluorescence spectrometer (SC-30) recorded the quantum efficiency (QE)
and the fluorescence spectrometer (FLS920) measured the decay curve. The optical
characteristics of the WLEDs, containing electroluminescence, chromaticity
coordinate (CIE), correlation color temperature (CCT) and color-rendering index (R,),

were measured in the integrating sphere (HAAS-2000).
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3. Result and Discussion

3.1 Microstructure and luminescence of Y, 9..(Ba).Al;5.Si,0;,:0.1Ce phosphors
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Fig. 2. (a) The crystal structure of Y3Als0,; typical unit cell and the substitution of
Ba?*-Si#*. (b) XRD patterns of (Y, Ba);(Si, Al)s0;,:0.1Ce phosphors.
In the garnet YAG-based host, the Ba?*-Si*" substitution involves dodecahedral
and tetrahedral. Fig. 2(a) shows the crystal structure of Y;Al;0;, and the substitution

of Ba2*-Si*". The Ba?* (CN=8, Rp,2*=1.42 A) and Si** (CN=6, Rg**=0.4 A) ions were
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introduced into the typical garnet unit cell, occupying the site of Y3* (CN=8,
Ry3*=1.019 A) and Alpy** (CN=4, Rx>*=0.39 A), respectively. In the octahedral
position, the ionic radius of Aljy** (CN=4, R,**=0.535A) is much larger than that of
Si*" (CN=6, Rg*'=0.4 A) and Si** (CN=4, Rs;*'=0.26 A), so Si*" ions cannot replace
the octahedral position. The XRD patterns of a series of phosphors were presented in
Fig. 2(b). All diffraction peaks can be well indexed with that of standard data of
Y;Al50,, (PDF#79-1891) without noticeable impurity or secondary phases, indicating
the successful incorporation of Ba?*-Si*" in the garnet lattice. In Fig. 2(b), From the
magnified XRD pattern in the 33-34°, that the diffraction peaks of the (420) plane
presented a gradual shift to the lower angle side range as the Ba2+-Si4+ ratio
increases. The lattice expansion due to the substitution of larger Ba?>" (CN=8,

Rg.2"=1.42 A) ions for Y3* (CN=8, Ry**=1.019 A).
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Fig. 3. Schematics of the changes in 5d energy levels of the activator Ce3".
The interaction of Ce3+ with the ligand significantly affects its luminescence
properties. Thus, the chemical environment around Ce3+ is affected with the

introduction of Ba2+-Si4+ ions. The energy level structure of Ce3+ is given in Figure
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3, which shows the decrease D of the lowest 5d energy level relative to the free ion
energy level. The electronegativity of each ion is as follows: Ba>* (EN=0.89), Si*"
(EN=1.90), Y* (EN=1.22), AI** (EN=1.61), and Ce*" (EN=1.12). Covalency gives
rise to a centroid shift & of the degeneracy weighted average 5d energy. The crystal
field splitting depends on the bond lengths from the activator ion to the coordinating
anions, and the following equation can determine crystal field splitting (Dy): [24-26]
D, =~Ze*. )
where e is the electron charge, r is the radius of the d wave function, and R is the bond

length which mainly affects the field splitting (D,), Z is the anion charge.
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Fig. 4. (a) PLE spectra, (b) PL spectra, (c¢) luminescence decay curve (detected at 451
nm), and (d) QE of phosphors.

Fig. 4(a-b) depicts the PLE and PL (4,,=451 nm) of (Y, Ba)s(Si, Al)sO;,:0.1Ce**
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phosphor as a function of Ba?*-Si*" content (x values=0.1, 0.3, 0.5, 0.7, 1). In Fig. 4(a),
the two excitation bands observed at approximately 340 nm and 450 nm are attributed
to electronic transitions of Ce3* from the 4f level to the 5d, and 5d; levels. Fig. 4(b)
shows that the emission peak, originating from the 5d, to 4f transition, shifts from 552
nm to 539 nm with the increase of Ba>*-Si*"concentration. In the garnet Y AG-based
host, the BaZ™-Si*" substitution involves dodecahedral and tetrahedral sites in the
garnet structure. This leads to the formation of solid-solution garnets and allows for a
continuous variation of the local environment of Ce**. The ion radius of Ba?" is bigger
than that of Y37, but the radius of Si*" is far smaller than AI3*. Then the bond length
(Rce-0) increased when Si** ions substituted for the Al ;**. According to equation (1),
the Dy is reduced, shifting the bottom of Ce*" 5d level to higher energy. And at the
same time, the electronegativity of Si** (EN=1.90) is bigger than that of A"
(EN=1.61) ions, and the ability to attract electrons of Si*' is richer. Thus, with the
increase of Si*' ion, the covalence of Ce** ion and surrounding anions reduces, that is,
the centroid shift (&) decreases. In summary, the decrease of crystal field splitting (D,)
and centroid shift (&) leads to the blue-shift of the spectrum.

Fig. 4(c) indicates the luminescence decay curve of the phosphor measured at
451 nm, which were fitted well with the exponential function [?7-281. The introduction
of Ba?*-Si*" ions did not significantly change the luminescence lifetime of Ce’" ions
[291. Fig. 4(d) is the quantum efficiency of the sample Y,o.,Ba,Als.,Si,01,:0.1Ce
phosphor. When x=0.3, the internal quantum efficiency reaches the maximum value

of 85.52%. The internal quantum efficiency of the phosphors with x=0.1, 0.3, and 0.5
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are all higher than 80%. It can be seen that the quantum efficiency increases steadily
and then gradually decreases. The decrease in quantum efficiency is due to lattice
distortion, high solid solubility, and increased lattice disorder. The quantum efficiency
of the phosphor sample prepared in this subject is higher than that of (Y, Ca);(Al,
Mg),(Al, Si);01,:Ce3* phosphor prepared by Tu and co-workers (78.56%) [3°1. The
phosphor performance is also superior to that of (Y, Ca)s(Al, Si)sO;,:Ce* synthesized

under the same conditions (Figs. S1 and S2).
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3.2 Microstructure and luminescence of Y, ..(Ba)Al;.,Si,0;,:0.1Ce PiG films
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47 mapping images.

50 In Fig. 5(a), the XRD patterns of Y,..(Ba),Als,S1,01,:0.1Ce PiG films match
the standard PDF card No. 79-1891, indicating that the crystallinity of the phosphors
55 was hardly affected during the low-temperature sintering process. Furthermore, PiG
58 film with an x value of 0.3 was selected to explore possible reactions between the

60 glass and the phosphor. Fig. 5(b) shows the cross-sectional image of sample.
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Obviously, the phosphor layer adhered well to the surface of the quartz glass substrate
after sintering, and a uniform phosphor layer with a thickness of about 170 pm was
observed. Moreover, it manifests the microparticles are even-distributed and
embedded in the porous glass matrix. The proper pores were beneficial to reducing
the reflection of incident light and improve the utilization of light. Fig. 5(c) shows the
surface morphology of the film. It can be observed that the surface of the film is
uniform, indicating that the phosphor is well distributed in the glass system. There
were no detectable intermediate products formed during sintering, as revealed by the

EDX spectrum in Fig. 5(d) and elemental maps in Fig. 5(e-1).
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Fig. 6. (a-e) Emission spectral intensity(Ae=451nm) of Y ¢.(Ba),Al;5,S1,01,:0.1Ce
(value x=0.1-1.0) films in the temperature range of 25-300 °C. (f) Temperature
dependent emission intensity at different ion co-substitution concentrations.

Figures 6(a-e) show the temperature-dependent peak emission intensity variation
of the films at different concentrations of ion co-substitution , and temperature range
of 25-300°C. In Fig. (f), the curve is fitted according to the Arrhenius equation /;/I,

=[1+D exp (-E,/kT)]""> where I, is the intensity at 7=25 °C, Iy is the intensity at
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different temperatures 7, D is a constant, Ea is the thermal burst activation energy,

and k is the Boltzmann constant [3!-32], The highest temperature-dependent emission

intensity of the film is up to 85% when the temperature is 500 K. The above shows

that the prepared films have excellent thermal stability.
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Fig. 7. (a) excitation spectra, (b) emission spectra, (c) decay curves of the PiG films,

and (d) QE.

The excitation and emission spectra of Y;q.,(Ba),Als.,S1,01,:0.1Ce (0.1=x<1)

PiG films were shown in Fig. 7. In Fig. 7(a), the excitation spectra make up of two

broad bands attributed to the 4f—5d, and 4f—5d, electronic transition of Ce3*. In Fig.

7(b), the emission (4,=451 nm) peak to the 5d,—4f transition was observed with a

distinct spectrum blue-shift range from 552 nm to 542 nm. The decay curve of films

shown in Fig. 7(c) is consistent with the original phosphor. The phosphors maintained
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efficient luminescence in the PiG films, demonstrating a high quantum efficiency of
84.1% at x=0.3 (Fig. 7d). At high co-substitution concentrations (i.e., x=1.0), the
quantum efficiency decreased significantly. The possible reason is that the glass
significantly affects the photons absorption of phosphor in excitation as the

concentration of ion co-substitution increases [331.

substitution concentration of Ba>*-Si*" into garnet phosphor is around x=0.3.

Therefore, the optimal co-

3.3 Electroluminescence performance of Y, 9..(Ba),Al;5.Si,0;,:0.1Ce PiG films
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Fig. 8. (a) Color temperature and (b) color render index of the PiG films composed of Y 9.

«(Ba),Als,S1,01,:0.1Ce (x=0.3) and red nitride phosphor at the ratios of 100:1, 80:1, 60:1,

Table 1

40:1, and 20:1 respectively.

Comparison of CCT and Ra among different phosphors.

Group Phosphor CCT(K) Ra Ref.
1 Y>74Cag oAl ¢Mg 4Al 4Sip6012:0.06Ce** 4858 74.4 [30]
2 5 wt% of commercial Y;Als01,:Ce’*  3700-4200 60 [34]
3 YAG:Ce polycrystalline ceramics with 5351 75.9 [35]
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different Si10,

4 La,LiTaO4:Mn* 5500 72 [36]

oNOYTULT D WN =

5 Y2.6B30.3A14.7Si()‘301210. 1CC3+ <4000 80.3 This work

1 The photoluminescence properties of PiG films can be adjusted by adding
14 heterogeneous phosphors. The green phosphors obtained in this study lacked red light,
so a certain proportion of commercial red nitride phosphors should be added to
19 prepare polychromatic fluorescent films. The ratio of green powder to red powder
2 (GtR) was 100:1, 80:1, 60:1, 40:1, and 20:1, respectively. The relevant color
24 temperature and color rendering indexes are shown in Fig. 8(a) and (b), respectively.
27 At the ratios of 100:1, 40:1, and 20:1, the color temperature of these three samples is
29 lower than 4000 K. Meanwhile, high color rendering indices of 83.3, 81.6, and 82
32 were achieved at the ratios of 80:1, 60:1, and 20:1. These results provide an idea for
35 the preparation of the color converter of warm white devices with low color
37 temperature and high color rendering index. For comparison, the color temperature
40 and color rendering index reported in other works are compiled in Table 1 [30-34-36] Tt
can be seen that this sample has a significant advantage of low color temperature and
45 high color rendering index, which can effectively compensate for the yellow-blue

48 depression and can be used to prepare high-quality warm white color converters.
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Fig. 9. (a) Photographs, (b) electroluminescence spectra, and (¢) CIE chromaticity
coordinates of the PiG films of Y, ..(Ba),Als.,S1,01,:0.1Ce (0.1=<x<1) with a red to
green phosphor (GtR) ratio of 80:1.

In a further set of experiments, the PiG films were encapsulated with commercial
blue chips for warm white light emission (Fig. S3). Fig. 9(a) shows the luminescence
performance test of Y, .,(Ba),Als,Si,01,:0.1Ce (0.1<x<1) PiG films with GtR of 80:1
at 40 mA. The corresponding electroluminescence spectra are shown in Fig. 9(b). The
broad emission band centered at about 570 nm is assigned to Ce*":5d;—4f transition
under excitation of 450 nm. In Fig. 9(c), the CIE chromaticity coordinate of PiG-
based white WLEDs locates at the warm white light region, which shifts from
yellowish-green to yellowish-white, in consistency with their actual illumination
photographs in Fig. 9(a). The substitution of Y3*-A3* ions by larger Ba>*-Si*" ions in

garnet crystal provides a feasibility strategy for chromaticity-tunable remote WLEDs.

4. Conclusion

In the work of this subject, Y,o..(Ba),Al5,Si,012:0.1Ce phosphors were

prepared by a high-temperature solid-phase method. The blue shift of emission
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spectra is realized from 552 nm to 539 nm, with an optimum quantum efficiency of
85.52%. We further obtained fluorescent glass films by spin coating and post
sintering. The PiG maintained a high quantum efficiency of 84.1%, and the emission
profile can be fine-tuned by the inclusion of a secondary phosphor of borosilicate
glass at precisely controlled ratios. By using the PiG engineering strategy, we
demonstrated a robust light converter that can be used to prepare high-quality warm
white light with a blue LED chip.
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The fluorescence decay curve was fitted with the following exponential function:
I;= I+ Al =D + A,e(=t/D
where I:is the luminous intensity at time ¢, Iy is constant and 7 is the radiative decay

time, A, and A, are decay constants. The following function can be used to

calculate the fluorescence decay time (Texp):

Texp = (Alr% + Alt%)/(Alrl + AZTZ)
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Fig. S1. (a) The crystal structure of Y3Al50, typical unit cell and the substitution of
43 Ca?*-Si*'. (b) XRD patterns of (Y, Ca);(Si, Al)sO;,: 0.1Ce phosphors.

46 Fig. S1(a) shows the crystal structure of Y3Al50;, and the substitution of Ca?*-Si**.
48 The Ca** (CN=8, R, 2*=1.12 A), Si** (CN=6, Rg*'=0.4 A) ions were introduced into
51 the typical garnet unit cell, which occupy the site of Y3* (CN=8, Ry**=1.019 A) and
Al (CN=4, R5**=0.39 A), respectively. The XRD patterns of a series of phosphors
56 are presented in Fig. 2(b). All diffraction peaks can be well indexed with that of standard

59 data of Y;Als0;; (JCPDS No.79-1891) without noticeable impurity or secondary
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phases. Fig. S2(b) shows that the diffraction peaks of the (420) plane displayed a

gradual shift to the higher angle from the magnified XRD pattern in the 33-34° range

as the Ca?*-Si*" ratio increases. The results are ascribed to the smaller ionic radii of Si**

(CN=4, Rg*'=0.26 A) and Si4+ (CN=6, Rs*'=0.4 A) than those of Al(1)3* (CN=4,

RA>"=0.535 A) and Al(2)* (CN=4, R**=0.39 A), leading to polycondensation of the

crystal lattice.
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Fig. S2. (a) PLE spectra, (b) PL spectra, (c)luminescence decay curve (detected at 451

nm), and (d) QE of the as-prepared phosphors.

As a control experiment, ion co-substitution of Ca?-Si*" was studied,

demonstrating a spectrum blue shift from 556 nm to 543 nm (Fig. S2). Compared with

Ba?"-Si*', the decay time is reduced by 6.8 ns on average, and the highest quantum

efficiency is 74.44%. Therefore, Ba?*-Si*' co-substituted solid solution phosphors are
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superior to the co-substitution of Ca?*-Si*" in terms of fluorescence decay time and

quantum efficiency.
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Fig. S3. WLED device fabrication process. (a) The LED capsulation jig. (b) blue LED
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chip. (c) The LED capsulation jig accompanied with blue LED chip. (d) PiG films. (e)
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WLED encapsulated by PiG film. (g) PiG film based WLED in operation.
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Brief Summary
By used Ba?*-Si*" cations to replace Y3*-Al3* cations in Y3Al501, matrix to obtain
yellowish-green phosphor with a quantum efficiency of 85.52%. The corresponding
fluorescent films were prepared with a color rendering index of 80.3 color and

temperature of 3899 K.
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