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ABSTRACT: A critical step in providing better phosphor solution for white
light emitting diode (LED) is to utilize inexpensive silicate phosphors with
strong thermal stability. Here, we demonstrate yellow silicate phosphor-
embedded glass thick films with a high luminous efficacy of ∼32 lm/W at 200
mA as a nonconventional remote-phosphor approach. The simple screen-
printing process of a paste consisting of (Ba,Sr,Ca)2SiO4:Eu

2+ phosphor and a
low softening point glass creates a planar remote structure on a regular soda
lime silicate glass with controllable film thickness and location (top vs bottom)
of the phosphor layer. The glass matrix provides promising densification and
adhesion with the substrate at the optimal low temperature of 410 °C, with the
long-term stability in luminous efficacy over 500 h of operation. The proposed phosphor structure has important implications to
overcome current limitations as phosphors.
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■ INTRODUCTION

The combination of a blue UV (ultraviolet) emitter with a
phosphor-embedded resin converter has been a practical
solution for generating a high efficiency white light-emitting
diode (LED).1−4 One issue with the current LED structure lies
in that the silicon resin encapsulant causes deterioration in the
phosphor due to thermal reaction generated upon LED
operation over an extended period of time.5,6 It results in the
serious degradation of LED performance by accompanying the
color change of phosphor resin into yellow. One proposed
solution is to change the device structure by separating the
phosphor converter from the blue chip to avoid direct contact
between them, which corresponds to the remote-phosphor
approach.7−9 Various attempts to improve the remote
phosphor have focused on optimizing the LED performance
by developing proper phosphor layers with adjusted
composition.10−12

This work introduces a screen-printing process for a
nonconventional remote phosphor layer containing low
temperature silicates phosphors on a regular soda lime silicate
(SLS) glass substrate. This printing approach differs from the
known remote phosphor approach incorporating a high
temperature-produced pellet that contains a considerable
amount of expensive phosphor powder. There have been
recent reports on the printing process of phosphors but they
are limited to the use of expensive yttrium aluminum garnet
(YAG):Ce phosphors fired at high temperatures greater than
700 °C.13,14 To use the regular SLS glass substrate, firing
temperature needs to be lower than 530 °C. Otherwise, severe

warping of the glass substrate happens as a result of firing at a
higher temperature. This low temperature process enabled by
an appropriate choice of glass frit allows the use of inexpensive
yellow silicate phosphors, M2SiO4:Eu

2+ (M = Ca, Sr, Ba). The
silicate phosphor is known to have higher potentials than the
other typical phosphors including yttrium aluminum garnet
(YAG):Ce, Ca9(Si,Al)12(O,N)12:Eu

2+, β-SiAlON:Eu2+, and
CaAlSiN4:Eu

2+ from the higher luminescence efficacy, no
obstacle of commercial utilization and cost savings.15−18 On the
other hand, the silicates phosphors are limitedly considered
because they are more susceptible to the thermal degradation of
luminescent properties with structural changes than the other
phosphors.15,16

This work demonstrates for the first time the successful
screen-printing of a phosphor thick film on glass substrate,
which consists of silicate phosphor powder with a low
temperature softening glass frit. The phosphor thick films
positioned on the top or bottom of the substrate are compared.
Luminescent properties of the LED device with different firing
temperatures and over a long-term operation are investigated to
suggest the potential of this printing process as another
practical solution for white LED.
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■ RESULTS AND DISCUSSION
Figure 1 presents the schematics of the remote phosphor
structure consisting of screen-printed phosphor thick films on

the top or bottom side of the SLS glass substrate. There have
been no comparative reports regarding the effects of the
position of the remote phosphor on luminescence properties.
The printing process generates phosphor thick films on the
glass substrate with controllable thickness of a few to tens μm
level. Here, the optimal fired thickness was ∼15 μm in terms of
luminous efficacy as demonstrated in the plots of luminous
efficacy as a function of film thickness with the cross-sectional
images in Figure 1S of the Supporting Information.
Figure 2a shows the examples of XRD patterns of

(Ba,Sr,Ca)2SiO4:Eu
2+ phosphor thick films fired at 410 and

450 °C. For comparison, the patterns of the phosphor powder
and Bi silicate glass frit were included. The patterns fired at 410
and 450 °C match well with that of phosphor, indicating that
the phosphor is chemically stable with the glass frit upon firing.
It is important to maintain the chemical inertness of phosphors
with glass at high temperatures since the unwanted diffusion or
substitution of elements can change the chemistry of phosphors
or induce the crystallization of glass.18,19

Selected SEM images of the printed phosphor layer fired at
390 and 410 °C are seen in Figure 2b and c. The remarkable
degree of densification seems to happen already via viscous flow
of the glass frit at the low temperature of 390 °C, with the
remaining enclosed pores dispersed uniformly throughout the
film surface. Note that the softening point of the glass frit is
∼385 °C. An increase in temperature to 410 °C was enough to

generate nearly full densification. For better visualization on the
progress of densification, enlarged surface images of the
samples fired at different temperatures were included as
Supporting Information Figure S2. Well-dispersed phosphor
particles are evident on the surface microstructure. The
particles on the surface were confirmed as phosphor particles
as shown in the elemental EDS mapping of Supporting
Information Figures S3 and S4. The cross-sectional image at
410 °C in Figure 2d confirms the phosphor particles well-
embedded in the glass matrix. As the densification of the thick
film becomes almost complete, the phosphor particles are likely
to protrude from the surface with a substantial reduction in
thickness. The smooth interface between glass matrix and
phosphor particles suggests very good wettability of the melted
glass on the phosphor particles at elevated temperatures. The
printed phosphor layer was rough with an estimated surface
roughness of ∼0.73 μm and a film thickness of ∼15 μm,
although its thickness is controllable by adjusting the number of
printing. For the optimal performance as a phosphor, a proper
thickness with desirable roughness is preferred since the light
emitted from a LED chip needs to be excited effectively by the
phosphor layer without the loss of photons by reflection or
absorption on the neighboring or surface phosphors. The
adhesion between the thick film and glass substrate is expected
to be excellent since the glass frit in the thick film participates
primarily in bonding with the glass substrate upon firing. The
simple pencil adhesion test could not quantify the level of
adhesion for the thick films fired above 410 °C since they
surpassed the highest standard of the evaluation.
Photoluminescence (PL) spectra of the phosphor layer fired

at different firing temperatures are shown in Figure 3. A
distinguishable broad emission band in the range of 470−740
nm was found regardless of firing temperature, which was
obtained by applying a UV light source with an excitation
spectrum at λexc = 365 nm. The intense band is known to
originate from the 5d−4f transition of Eu2+ ions because of the

Figure 1. Schematic illustrations of white LED structures consisting of
phosphor-embedded glass thick films printed on the (a) bottom and
(b) top sides of SLS glass substrate.

Figure 2. (a) XRD patterns of the phosphor layer fired at 410 and 450
°C. For comparison, XRD patterns of phosphor and glass alone are
included. Surface SEM images of the phosphor thick films fired at (b)
390 and (c) 410 °C. The panel d image corresponds to the cross
section of the thick film fired at 410 °C.

Figure 3. PL spectra of the phosphor layer fired at different
temperatures. As insets, the variation in peak intensity at ∼547 nm
relative to that of 410 °C with firing temperature is shown with an
actual example of yellow emission from the printed phosphor layer.
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strong coupling of the 5d electrons with host lattices.20,21 The
intensity of the band depends on the firing temperature of the
phosphor layer, which shows the maximum intensity at 410 °C
and then the substantial decreases as firing temperature
increases up to 510 °C. The decreasing trend of the emission
intensity at temperature above 410 °C was expressed with the
variation of peak intensity at 547 nm, which was normalized to
the maximum value at 410 °C as represented as an inset of
Figure 3. The peak intensity at 547 nm corresponds to the
expected yellow emission of the silicate phosphors used here.
Another inset of the actual sample fired at 410 °C confirms the
intense yellow emission as a result of the 365 nm excitation.
XPS spectra were investigated to understand how luminance

characteristics varied with firing temperature. All samples
revealed photoelectron peaks corresponding to Bi 5d, Sr 3d,
Sr 3p, Bi 4d, Bi 4p, Ba 3d, Zn 2p, and Eu 3d5 emissions
(Supporting Information Figure S5). Figure 4 shows the XPS

spectra only in the binding energy range of 1120−1140 eV,
corresponding to the Eu 3d5 core level with identifiable Eu2+

and Eu3+ peaks. For clear visualization of the relative peak
variation, the Eu2+/(Eu2+ + Eu3+) ratio was plotted as a function
of firing temperature as shown in the inset of Figure 4. The
ratio decreases distinctively at temperatures above 410 °C. The
result is directly related to the observed luminance degradation
at higher temperatures than 410 °C in the PL spectra of Figure
3, which is attributed to thermal degradation with the change in
the Eu2+/(Eu2+ + Eu3+) ratio.22,23 The decrease in the relative
ratio of Eu2+ to Eu3+ has been understood by the oxidation
mechanism in phosphors.22−25 The gaseous oxygen atom
adsorbed on the phosphor surface is responsible for the
decrease of Eu2+ ions by the electronic transfer between the
oxygen atom and Eu2+ ion. This reaction ultimately results in
the transition into Eu3+ ions at elevated temperatures by lattice
diffusion. Our result matches very well with the reported
reduction in the concentration of Eu2+ ions in the BaMgAl10O17
phosphor above ∼400 °C.25

The luminous performance of the phosphor layers was
characterized by exciting the LED samples using a blue diode
with λexc = 443 nm. Figure 5a shows the variation in luminous
efficacy as a function of firing temperature in the bottom
printing. Actual emitted samples of the white light conversion

for the phosphor layers fired at 410 and 450 °C are seen as
insets. The luminous efficacy of the phosphor layer was
obtained by the simple relation of η = L/Pinput, where L is the
luminous flux (lumens) and Pinput is the input power of the blue
chip. The luminous efficacy was the maximum as ∼32 lm/W at
410 °C and then decreased gradually at higher temperatures.
The varying tendency of the efficacy matches well with that of
PL intensity. Since the absolute value of the luminous efficacy
depends on the choice of blue chip, only the varying tendency
with respect to temperature may be meaningful here.
It should be mentioned that a lower luminous efficacy value

of ∼27.2 lm/W was obtained at 410 °C when the printed
phosphor was applied to the top side of the substrate. The
higher luminance value in the bottom printing is believed due
to the lack of photon absorption by the glass substrate itself
prior to the excitation of phosphors. The light intensity is
reduced when the emitted photons from the blue chip pass
through the glass substrate. The hypothesis was confirmed by
observing strong absorption peaks in the range of 380−480 nm
in the UV−vis spectrum of the glass substrate alone
(Supporting Information Figure S6). It indicates that a portion
of the photon energy is absorbed when the light passes through
the glass substrate.

Figure 4. XPS spectra of the phosphor thick films fired at 390, 410,
430, and 450 °C. The variation of the Eu2+/(Eu2+ + Eu3+) ratio with
firing temperature is shown as an inset.

Figure 5. (a) Changes in luminous efficacy of the phosphor thick film
device as a function of firing temperature in the bottom and top
printing cases, with actual samples excited at 443 nm, and (b) their
resultant CIE color coordinates.
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Figure 5b shows a Commission Internationale de l’Eclairage
(CIE) chromaticity diagram for the phosphor thick films fired
at different temperature in the case of the bottom printing,
which was obtained under the blue LED excitation. As
expected, the results are highly dependent on firing temper-
ature. The coordinates (0.319, 0.412) obtained at 390 °C
shifted to the blue region with increasing temperature up to
510 °C. This color coordinate (x, y) shift is believed to be a
result of the decreased yellow emission intensity in the PL
spectra because of the decreased concentration of Eu2+ at
higher temperatures.9 All samples had correlated color
temperatures (CCT) ranging from 6295 to 6812 K, which
correspond to the true daylight CCT of about 6500 K.26

The long-term stability of the printed phosphor thick film
was estimated in the standard condition of 85 °C and 85 RH%.
Figure 6 shows the changes of luminous efficacy with aging for

up to 500 h as expressed as the percentage change from the
initial value at zero time. The values were obtained for the
bottom-printed samples fired at 410 °C. For comparison, the
corresponding performance of the identical phosphors
encapsulated in a common Si resin was also evaluated. The
printed phosphors demonstrate less degradation over the
course of the test as compared to the typical Si resin-treated
phosphors. As an example, the printed phosphors show ∼7%
degradation while the phosphors in Si resin exhibit ∼12%
degradation after 500 h. This result indicates that the glass
matrix leads to a higher thermal stability associated with less
color change and minimal structural damages in phosphors.
Glass usually has a higher bonding strength than resin and is
capable of producing less internal stress due to its higher
thermal conductivity and lower thermal expansion compared to
the resin.27

■ CONCLUSIONS
Silicate phosphor/glass thick film screen-printed on a SLS
substrate demonstrates the potential as a remote phosphor with
high luminescence performance when excited by a commercial
blue LED. The PL emission intensity of the phosphor film at
∼547 nm depends on firing temperature, the level of porosity,

the ratio of Eu2+/(Eu2+ + Eu3+) and optical transmittance. The
firing temperature is limited to ∼410 °C because of thermal
degradation of the phosphor as confirmed by the lowered
luminescence efficacy and the promoted oxidation of Eu2+. The
bottom printing of the phosphors is beneficial for minimizing
the loss of emitted light. The long-term stability of the printed
thick film phosphor is another advantage over the common Si
resin approach for white LEDs.

■ EXPERIMENTAL PROCEDURES

A yellow silicate phosphor (Ba,Sr,Ca)2SiO4:Eu
2+ (PA556,

Force4 Co., Korea) was selected to form a composite-type
phosphor layer with dispersion of the phosphor particles within
a glass matrix. A commercially available Bi2O3−ZnO−B2O3
glass frit (BSP718, DAION Co., Incheon, Korea) with a
softening point of ∼385 °C and an average particle size of ∼2.7
μm was used. The relative ratio of phosphor to glass frit was
fixed at 40 wt %.
Viscous ink paste was prepared by admixing the glass frit and

silicate phosphor with an organic vehicle composed of 7.4 vol %
ethyl cellulose (Kanto Chemical Co., Ltd., Tokyo, Japan), 66.2
vol % α-terpineol (90%, Aldrich, Milwaukee, WI, U.S.A.) and
26.4 vol % lauric acid (98%, Aldrich, Milwaukee, WI, U.S.A.) at
1400 rpm for ∼6 min by using a paste mixer. The organic
vehicle was separately prepared at ∼80 °C for 10 h to become a
complete viscous mixture. The resultant paste with a viscosity
of ∼150 cps was printed 3 times using a 250 mesh screen on a
common soda lime silicate (SLS) glass substrate by manual
operation to obtain a dried film thickness of ∼30 μm. The
pattern size was 10 mm × 10 mm. The printed paste was dried
at 120 °C for 1 h and then fired at a temperature between 370
and 510 °C for 30 min.
Phase evolution was analyzed using an X-ray diffractometer

(XRD Max-2500, Rigaku, Japan). Surface and cross-sectional
microstructures of the phosphor thick film were observed by
field emission scanning electron microscopy (FESEM JEOL,
JSM-5400, USA). Photoluminescence (PL) spectra of the fired
phosphor layers were measured using a fluorescence
spectrophotometer (F-7000, Hitachi, Japan) with a Xe lamp
at room temperature. Valence states of the ions present in the
phosphor films were analyzed by X-ray photoelectron spec-
troscopy (XPS K-alpha, Thermo U.K.). Luminous efficacy was
obtained by an integrating sphere system (ISP 1000, Instru-
ment systems, Germany). The Commission Internationale de
l’Eclairage (CIE) chromaticity coordinate was measured in a 1°
measuring view field using a colorimeter (PR-650, Photo
research, USA) with a 443 nm blue diode as an excitation
source.
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