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Abstract

The optical properties in Visible-light Excited Phosphor Sheet
(VEPS) system were discussed and calculated. Different to the
conventional LED backlight with white LEDs, VEPS system
applies blue LED chips to excite the extrinsic flat YAG-phosphor
layer to perform uniform and flat lighting, that can further reduce
the backlight thickness. A theoretical model was developed to
optimize the structure of VEPS system. Consequently, the
optimized result was demonstrated on the small-sized VEPS
module.

1.  Introduction

The phosphor-converted light-emitting diodes (pcLEDs) had been
widely used in the LCD backlight system for the purpose of white
light illumination. Several different structures of the pcLEDs as
the scattered photon extraction (SPE) pcLED [1], the phosphor-
remoted hemispherical dome pcLED [2], and the enhanced light
extraction by internal reflection (EIiXIR) pcLED [3,4] were
proposed to perform high LED illuminating performance. Figure
1(a) shows the setup of the conventional direct-emitting backlight
using the point-source-like pcLEDs, where the YAG-phosphor is
coated on the surface of the blue LED chips and packaged inside
the whole device. For the demand of the high quality LCD
display, the brightness uniformity of backlight should be over
80% [5,6]. An insufficient uniformity of backlight would cause
mura effect, which was generally reduced by setting the highly
dense arrangement of LEDs array or using the diffuser plate.

Recently, an LEDs-based direct-emitting planar source backlight,
Visible-light Excited Phosphor Sheet (VEPS) system was
proposed [7]. VEPS system consists of blue LEDs and YAG-
phosphor, where the YAG-phosphor is coated on an external
substrate, as shown in Figure 1 (b). For this structure, VEPS
system could convert the point light sources into a planar light
source. Thus it could perform uniform lighting and reduce the
backlight thickness. However, due to the complicated light
emitting mechanism, the optical properties in VEPS system are
difficult to be simulated by traditional ray-tracing tools. This
paper proposes a methodology for the purpose of modeling the
VEPS system, and analyzes its optical properties. Finally, a small-
size prototype will be demonstrated to verify the discussions.
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Figure 1. Scheme of (a) conventional direct-emitting backlight
using white LEDs and (b) VEPS backlight.

2.  Light Emitting Mechanism

In VEPS system, there exists the light-diffusing process and the
wavelength-converting process simultaneously. Figure 2 shows
schematic diagram of the light emitting mechanism of VEPS
system. When the blue light radiated from blue LED chips
irradiates on the YAG-phosphor layer, one portion of the incident
blue light will be diffused. At the same time, the other portion of
the incident blue light will be excited to the yellow light. When
the diffused blue light and the excited yellow light are
redistributed through the phosphor layer, the white light will be
produced. Figure 3 shows the spectrum of the incident blue light
and the white light, respectively. Owing to such specific light
emitting mechanism, the optical properties in VEPS system are
hard to be simulated by traditional ray-tracing tools. In order to
develop a suitable model to optimize the geometrical structure of
VEPS system, the YAG-phosphor layer should be characterized
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Figure 2. Schematic diagram of the light-emitting
mechanism of VEPS system.
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Figure 3. Spectrum of the incident blue light
and the mixed white light.




3. YAG-Phosphor Layer Characterization
The YAG phosphor layer could be characterized by the measured
bidirectional transmittance distribution functions (BTDFs), which
is defined as [8,9]:
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where E; is the illuminance on the sample plane due to the
incident light, L;is the luminance of transmitted light from the
sample surface. The incident angles are represented by the polar
angle 6; and the azimuthal angle ¢ while the transmittance angles
are 6, and ¢, respectively. Since the scattering characteristics of
the YAG-phosphor layer caused by the randomly distributed
phosphor are rotationally symmetric. Therefore, the measurement
and data processing of BTDFs can be simplified by considering
only various the polar angle 8; with a fixed azimuthal angle ¢.

Owing to the two kinds of optical mechanisms under the blue
light illumination, the diffused blue light and the excited yellow
light were measured separately. Figure 4 (a) and (b) show the
measured results of the BTDFs. The angular distribution of the
excited yellow light is close to lambertian and has a wider full
width at half maximum (FWHM) than the diffused blue light. By
these two measured BTDF results, the YAG-phosphor layer could
be characterized and to develop the analyzing model of the VEPS
system.

025 (a)

0.20+

0.15+

BTDF (Sr”)

e

-

o
1

0.05+

80 60 40 20 0 20 40 60 80
Inclination Angel of Output Surface (degree)

0.04-
(b)

+0

0.03 1

0.02

BTDF (Sr”)

0.01

0.00

80 -60 40 20 0 20 40 60 80
Inclination Angel of Output Surface (degree)

Figure 4. BTDF measurement results of YAG-phosphor layer
for (a) incident blue light = diffused blue light and
(b) incident blue light =» excited yellow light.
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4.  Theoretical Model

By using the characterization of the YAG-phosphor layer, a
theoretical model was developed to calculate the luminance
distribution of VEPS system. The total luminance could be
calculated by importing four parameters into our theoretical
model: (1) the BTDF of YAG-phosphor layer, (2) the light
distribution of LED chips, (3) the gap between LED chips and
YAG-phosphor layer, and (4) the period of LED chips.

By photometry, the illuminance E; of the incident blue light for
single-chip illumination, which is irradiating on YAG phosphor
layer at point (x,y) , could be calculated as:

1.(@, 3(9_
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where I represents the light distribution emitting from single LED
chip, which is varying with the polar angle 6; and azimuthal angle
&, while h represents the gap between the LED chips and the
YAG-phosphor layer, as shown in Figure 5. Then, the luminance
L; of the output light from YAG-phosphor layer at point (x,y)
could be calculated as:

Lt,(x,y) (at'¢() = BTDF(x,y) (al '¢| 'Ht'¢t)>< Ei,(x,y) (HI’¢I) : (3)

And then, the total output luminance Lgyp, from the YAG-
phosphor layer for multi-chip illumination could be calculated
from the convolution between the luminance distribution Ly
and a two-dimensional comb function:

Loutput (Ht ’ ¢t1 X’ y)
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where p is the chip period of multi-LED array. And n and m
indicate the n-th and m-th LED chip along x- and y-direction.
Finally, the luminance uniformity of the VEPS system could be
calculated as:

Loutput,min (Xa ' ya)

output,max (Xb ' yb) =0 , Q)
#=0

Uniformity =

where (Xa,ya) and (Xp,Yo) represent the points which have the
minimum luminance distribution and the maximum luminance
distribution at the normal viewing direction, respectively.

By this theoretical model, the output luminance distribution and
the luminance uniformity of VEPS system could be calculated.
Accordingly, by importing the BTDF of YAG-Phosphor and the
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light distribution of LED chip (ls), the optical properties of VEPS
system could be analyzed and the period of LEDs (p) and module
gap (h) could be further optimized.
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Figure 5. Scheme of theoretical model.
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5. Simulation

To practice the theoretical model and optimize the structure of
VEPS system, we utilize the commercial ray-tracing software to
accomplish this purpose. In the commercial ray-tracing software,
a VEPS system was set up as shown in Figure 6. The 5x5 blue
LED chips array were set above a reflector, covering it with the
YAG-phosphor layer. In the optimizing process, the module gap
(h) and the period of blue LED chips (p) were the variables
varying between 4 and 20 mm and the uniformity was used as the
merit.

The simulation results are shown in Figure 7 and compared to the
conventional white LEDs-based backlight (with diffuser plate).
Moreover, the uniformity with 8-mm, 10-mm, and 12-mm gap are
also shown in Figure 8 for comparison. With the equivalent
periods of LED chips and the equivalent module gaps, VEPS
system had higher uniformity than the conventional white LEDs-
based backlight system. A very important point, VEPS system
used no diffuser or diffusing plate but can yield much better
uniformity. For the slim design of backlight system (Gap=10mm),
by means of the light-redistributed mechanism on the flat YAG-
phosphor layer, VEPS system achieved 82% uniformity when the
pitch period of LED chips was equal to 10mm, while the
conventional backlight with white LEDs had 20% only.
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Figure 6. Setup of VEPS backlight system.
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Figure 7. Uniformity with varied gaps and pitch periods for
(a) VEPS system and (b) conventional LED backlight.
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Figure 8. Uniformity comparison with 8-mm, 10-mm,
and 12-mm module gap.

6. Experiment

According to the optimized results, a small-sized slim VEPS
system (70mm x 45mm x 10mm) with 30 blue LED chips (6 x 5)
was demonstrated. Besides, a conventional backlight (with
diffuser plate) with the same geometrical structure was utilized for
comparison. The brightness of VEPS system achieved 9800 nits
and the uniformity was about 86%, while the conventional
backlight had only 5600 nits and 20% uniformity at the same



module thickness and the same period of LED chips (see Figure
9). Thus, VEPS system indeed showed the potential for
fabricating the ultra-slim backlight system for the large-sized
LCD-TV applications.

(b) ©

Figure 9. (@) Slim VEPS system; (b) VEPS system emitting
uniform white light; (c) Conventional LED module combined
with diffuser only, exhibiting serious LED spot mura.

7. Conclusions and Impacts

The optical properties of Visible-light Excited Phosphor Sheet
(VEPS) system had been discussed in this paper. VEPS system
generated flat lighting and performed higher uniformity than the
conventional direct-emitting backlight with white LEDs.
However, the specific light emitting mechanism which includes
the wavelength-converting process and light-diffusing process on
the YAG-phosphor layer simultaneously makes VEPS system
hard to be analyzed. By using the characterization of the YAG-
phosphor layer, a theoretical model was developed to optimize the
geometrical structure in VEPS system. According, a small-sized
slim VEPS system had been demonstrated, achieving 86%
uniformity and 9800nits with 10-mm backlight thickness and
without using any diffuser film or plate, while the conventional
backlight system had only 20% uniformity and 5600 nits at the
same backlight module thickness and the same pitch period of
LED chips. Consequently, VEPS system is indeed the potential
technology for developing the future backlight system with high
brightness and ultra-thin module thickness.
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