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Abstract

Slim-format LCD-TV had been a trend for the current display market. However,
conventional backlight systems suffered from insufficient uniformity when module thickness
decreased. Designing ultra-slim-format baeklight-systems with high uniformity was the key
factor to develop slim-format LCD-TVs. Basing ‘on. the External Photo-fluorescent
Technology, this thesis proposed two light-excited flat lighting systems, the UV Excited Flat
Lighting (UFL) System and ‘the. Blue-Light.'Excited . Flat Lighting (BFL) System, for
large-sized direct-emitting type ‘backlight units:: However, these proposed systems
encountered complex wavelength-converting mechanisms and lacked of suitable simulation
models for optimizing before manufacturing in practical. To solve this issue, an available
wavelength-converting simulation model was proposed in this thesis. By this simulation
model, the optical properties in the UFL and BFL systems were successfully analyzed.
Furthermore, a lenticular film was designed for enhancing on-axis luminance and suppressing
off-axis color deviation in the BFL system. By simulation and experimental results, the UFL
and BFL systems successfully exhibited high uniform output with slim module thickness.
Moreover, by embedding the lenticular film in the BFL system, the on-axis luminance was

increased and the off-axis color deviation was suppressed effectively.
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Chapter 1

Introduction

Slim format LCDs had been a trend in the current display market. For producing a bright
display image in large-sized LCD-TVs, direct-emitting backlight systems are used to provide
sufficient brightness and uniform luminosity for the LC layer. However, the slim profile
design of conventional direct-emitting backlights suffers from inadequate uniformity and the
Mura defects. In this thesis, two novel light-excited backlight systems, the UV Excited Flat
Lighting (UFL)™M system and the ‘Blue-Light Excited Flat Lighting (BFL)23* system, are
proposed. Both of them are based jon-the external photo-fluorescent technology and have the

potential for fabricating slim format backlight unit for large-sized LCD applications.

1.1 Liquid crystal displays (LCDs)

In liquid crystal displays (LCDs), the liquid crystal (LC) acts as an electro-optic shutter
which modulates the amount of incident light. Typical LCD configuration is shown in Fig.1-1
and consists of glass substrates, the LC layer, transparent electrodes, thin film transistors
(TFTs), color filters, and polarizers®®. The LC layer is placed between two glass substrates
(e.g. indium tin oxide, ITO) and driven by a TFT to modulate the light transmission in each
pixel of the LCD. The RGB color filter array is fabricated on the top glass substrate to mix the
three monochromatic primary colors and produce full color images. The backlight system is
assembled behind the LC panel to provide a uniform light source for the LCD because the LC

modulates light only.
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Fig. 1-1 Schematic configuration of a liquid crystal display.

In generally, the backlight system can be classified into two types depending on the
position of the light source (e.g. cold cathode fluorescent lamp (CCFL)). The light source at
the edge of, and directly behind, the .LCD is called side-emitting and direct-emitting
backlights, respectively. A sidesemitting backlight-is typically used in small and middle-sized
LCDs because of its small_form factor and.low power consumption. However, large-sized
LCDs, such as LCD-TVs, have a large display area, thus an increased light source is needed
to achieve the specified brightness. Because-side=emitting backlights are limited in increasing

the light source, direct-emitting backlights are generally applied to large-sized LCDs.

1.2 Direct-emitting backlight systems

The conventional direct-emitting backlight systems consist of a diffusive plate, optical
films, and light sources, as shown in Fig. 1-2[%. The light sources, which are CCFL lamps or
LEDs, are arranged parallel to the LC panel. A diffusive plate with diffusive particles inside
the substrate is laid at a distance from the light source. When light is emitted from the light
source, it is diffused by the diffusive plate and reflected by the reflector. Then, a bottom
diffusive sheet, with adjusted scattering ability, is applied to obtain a more uniform light
distribution. A prism sheet is then used to redirect the light from a large inclined angle in the

normal directiont”). Thus brightness can be enhanced in the normal viewing direction. Finally,



a top diffusive sheet, placed on top of the backlight system, is applied to protect the

micro-structure of the prism sheet and to reduce Moiré patterns .

/ Top diffuser ~_ W
?4 Prism film %
Bottom diffuser — /

Diffusive plate

Reflector
CCFL LED

(a) CCFL backlight (b) LED backlight

Fig. 1-2 Schematic configuration-of the conventianal direct-emitting backlight systems.

Such conventional configuration ' had already met. a bottleneck in satisfying the
requirements of slim format displays: slim, bright, and economic production simultaneously.
The slim profile design causes fow:uniformity-and induces Lamp-Mura defect™ in the CCFL
backlight, which used linear-souree-like CCFLs-as a light source, and Spot-Mura defect™ in
the LED backlight, which applied point-source-like LEDs to emit light rays, as shown in
Fig.1-3. Currently, to improve Mura defects, there are straightforward methods that have been
summarized by Schiavon™: 1) enlarging the gap between light sources and diffusive films. 2)
multiplying the amount of diffusive films, and 3) increasing the number of light sources.
However, the enlarged gap induces heavy system volume. Moreover, the multiplied amount
of diffusive films and the increased light source number results in low optical efficiency and
high cost. None of the methods mentioned above are adequate to the future slim format
displays. Therefore, developing backlight systems which emit light rays directly from a flat

surface as a planar light source is the oncoming objective.



Fig. 1-3 Lamp-Mura defect of a 32-inch direct-emitting CCFL backlight systems captured by
a charge-coupled device (CCD).

1.3 External photo-fluorescent technology

External photo-fluorescent technology, was firstly developed for LED packaging since
Nadarajah’s research (2005)!*2L°A Tight-excited illuminating device configuring with remote
phosphor structure is so-called external photo-fluorescent.technology. Fig. 1-4(a) shows the
scheme of the conventional™ pcLED which utizes=a blue LED chip irradiating
Cerium(l11)-doped Y3AlsO%. phosphort=(YAG=phosphor) to obtain white light emission.
The broadband YAG-phosphor is-coated on the LED"die surface and packaged inside the
device. This configuration has low efficiency because the diffuse phosphor directs 60% of
total white light emission back toward the chip and leads losses of energy. Nadarajah et al.
proposed the scattered photon extraction (SPE) pcLEDM? which contained a remote
YAG-phosphor. The remote phosphor was coated outside the LED chips as shown in Fig.
1-4(b). Due to the separation of LED die and extraction of backward-emitted rays, the
efficiency of SPE pcLED was 61% higher than conventional pcLED. Besides the SPE pcLED
proposed by Nadarajah, the pcLED configuration of Fig. 1-4(c) introduced by Luo et al.
(2005) utilized a remote phosphor, reflector cup, and hemispherical dome to minimize amount
of trapped light'**l. In addition, Allen et al. (2008) proposed the enhanced light extraction by

internal reflection (EIiXIR) pcLED™*®! which utilized a semitransparent phosphor that is



separated from the chip by an air gap, as shown in Fig.1-4(d). The semitransparent phosphor
allows light to pass without deflection and escape device more easily. Beside, internal
reflection at phosphor/air interface redirects much of the backward phosphor emission away
from the die and reflective surface without loss.

The external photo-fluorescent technology adopted pcLEDs utilize blue LED chips to
excite a remote phosphor for white light illumination. By separating phosphor from LED
chips, these phosphor separated pcLEDs!2*5€! optained greater extraction efficiency and
performed higher illuminating brightness when compared with conventional pcLEDs.
However, these pcLEDs were not adequate to slim format backlight units. These pcLEDs
were still point-source-like LEDs and caused spot-mura defect when module thickness of

backlight systems decreased.

(@) Conventional pcLED (b) Scattered photon extraction (SPE)
pcLED

“.._encapsulant

LED chip N,

N phosphor —

(c) Hemispherical dome (d) Enhanced light extraction by
adopted pcLED internal reflection (EIiXIR) pcLED

Fig. 1-4 Schematic configurations of light emitting diodes.



1.4 Motivation and Objectives

Slim format LCD-TVs had been a trend in the display market. However, the traditional
direct-emitting backlight unit’s uniformity has reduced while module thickness has decreased.
A backlight unit with insufficient uniformity suffers from Mura defect and causes a low
quality image. In order to evolve slim format LCD-TVs which can be mounted on a wall to
save room space, the key factor is to develop backlight systems emitting planar light in slim
profile directly.

Basing on research of the external photo-fluorescent technology adopted pcLEDs, the UV
Excited Flat Lighting (UFL) ! system and the Blue-Light Excited Flat Lighting (BFL) (234
system are proposed in this thesis. These two light-excited flat lighting systems are both
based on the external photo-fluerescent technology and configure with large-sized remote
phosphor layers coated on flat substrates, as shown in Fig.1-5. The UFL system differs from
traditional CCFL backlights and consists of UV.lamps placed inside the backlight cavity and
phosphor layers coated on.the top substrate and the bottom reflector. The BFL system differs
from conventional LED backlights -and consists of blue LED chips located on the bottom
reflector and YAG-phosphor layer coated-on the top substrate. For incident light will be
redistributed on the flat remote phosphor layer, the UFL system and the BFL system could
emit white light from the separated large-sized substrate directly. In other words, the UFL
system and the BFL system could convert the linear sources (UV Lamps) or the point
sources (blue LEDs) into a planar light source. Therefore, the UFL system and the BFL
system have the potential for fabricating ultra-slim-format backlight systems for large-sized

LCD-TV applications.
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Fig. 1-5 Schematic configuration of(a) UV Excited Flat Lighting (UFL) system and (b)

Blue-Light Excited Flat Lighting (BFL) system..

Creating an optical simulation model is essential for designing optimal structures of the UFL
system and the BFL system. However, the optical phenomena of UFL and BFL systems are
quite different from the traditional CCFL and LED backlight units. The optical properties
which include simultaneously wavelength-converting mechanism and light-scattering
mechanism of the remote phosphor films makes such backlight systems difficult to be
simulated in commercial software. At present, there are no suitable simulation models that can

describe such optical properties. Therefore, in this thesis, a reliable simulation model is



proposed to analyze the specific optical phenomena and optimize the geometrical structure of
the UFL and BFL systems. We expect that the total module thickness of UFL system could be
reduced to 15mm and that of BFL system could be further reduces to 10mm with over 80%
uniformity. Additionally, by the developed simulation model, a lenticulr optical film is
designed for enhancing on-axis luminance and suppressing off-axis color deviation of the

BFL system.

1.5 Organization of this Thesis

The thesis is organized as follows: The principles of backlight systems are presented in
Chapter 2. In Chapter 3, the major instruments for characterizing backlight systems are
described. The modeling process. of the UFL system is described and then the simulation
results and the experimental results are verified in €Chapter 4. The BFL system model and the
experimental results are presented in Chapter.-5. Finally, conclusions of this thesis and

recommendations for the future workiare presented in Chapter 6.



Chapter 2

Principles of Backlight System

For analyzing and designing backlight systems, some optical principles, radiometry,
photometry, bidirectional transmittance and reflectance distribution function (BTDF and
BRDF), and colorimetry, are described in this chapter. The ray-tracing method simplified
behavior of light propagation. However, the optical characterizations of phosphor films,
which included light-scattering mechanism and wavelength-converting mechanism
simultaneously, were difficult to begdescribed by ray-tracing only. Accordingly, the BTDF
and BRDF based on radiometry and photemetry.are deseribed and utilized to characterize the
scattering characterization of phosphor film.-Moreover, basing on colorimetry, the CIEXYZ

and CIELUV color spaces,which specify.color numerically; are also presented in this chapter.

2.1 Principles of ray-tracing method

Ray-tracing method is based on Snell’s law, Fresnel’s equation, and other optical
principles. By electromagnetic theory, light is a kind of electromagnetic waves with time
varying electric and magnetic fields. The light waves take a spherical form when just radiated
from a point source and then behave like plane waves as traveling away the source. The path
of a hypothetical point on the wave front of light is called a ray of light. Such a light ray is an
extremely convenient fiction. Thus, the ray-tracing provides a simplified solution for
discussing the behavior of light and analyzing optical systems. Therefore, some optical
software, such as LightTools™, OSLO™ et al., apply the ray-tracing method to build optical

module for a simulated environment.



Snell’s law (Law of refraction)

Snell’s law, also known as law of refraction, defines the appearance of refraction in the
plane of incidence. A light ray making an angle & (the incidence angle) with the surface
normal strikes a boundary separating two optical media will induce a refracted ray transmitted
through the boundary and makes a new angle & (the refraction angle) with the surface normal.
Snell’s law says that the ratio of the incidence angle to the refraction angle of light equals to a

constant which depends on the opposite ratio of the refractive indices of two optical media
as*'l:

SR @2-1)
sing, n,
where n; and n; are the refractive indices of the incident and transmitting medium,

respectively.

Law of reflection
In the plane of incidence, the deviation-of-optical rays due to reflection is defined as the
following equation, which is the so-called law of reflection!*®!:
6=6, (2-2)
where & (incident angle) and & (reflected angle) are the angles made by the incident and

refracted ray with the surface normal, respectively. In other words, the reflected ray makes

equal but opposite angle with the incident ray.

Fresnel’s equations

Fresnel’s equations describe the energy of transmitted and reflected light at an interface
between two different optical media. For the P (parallel to the plane of incidence) and S
(perpendicular to the plane of incidence) polarization waves, the amplitude reflection and

transmission coefficients r and t are respectively given by!**!:
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- n, cos @ —n, coso, (2-3)
n, Cos &, +n, cos 6,
¢ 2n, cos 6, (2-4)

n, cos @ +n, cos g,

— C0s 6, —n, cos o, (2-5)
n, cos g, +n, cosé,

t = 2n, cosé, (2-6)
n, cosé, +n, cos 6,

where n; and n; are the refractive indices of the incident and transmitting medium, & and & are
the angle of incidence and angle of propagation respectively.

According to irradiance!?®, the reflectance and the transmittance for polarized light are

defined as:
RS = rsz (2'7)
T.=1-R, (2-8)
Rt (2-9)
T, =1-Rj (2-10)

where R and R, are the reflectances‘for S and P polarization light, and Ts and T, are the
transmittances for S and P polarization light; respectively. When a random polarized light (eg.
the nature light) strikes the interface, the reflectance R and transmittance T are defined as the

average of the polarized case as following equations:

R.+R

R= ; J (2-11)
T +T

T= ’; p (2-12)

Basing on laws of reflection and refraction, the ray-tracing method could analyze the way
light propagated, reflected, and refracted. Besides, by Fresnel’s equations, the energy of
reflected and transmitted light at an interface separating two media could be calculated.
Accordingly, the energy of a particular light on the defined receiver could be obtained.

Therefore, the ray-tracing method adopted optical design software, LightTools™, is adequate
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for developing simulation model to design and optimize the optical performances of the

backlight systems.

2.2 Radiometric and Photometric quantities
Radiometric quantities

Radiometry is the measurement of optical radiation within wavelengths ranging from 10
nm to 10° nm!?Y. Therefore, the optical systems which utilize ultraviolet-, visible-, and
infrared-light as a light source could all be discussed by radiometry.

Radiometric quantities include radiant energy, radiant flux, radiant intensity, irradiance,

radiant exitance, and radiance. Table 2-1 shows these fundamental radiometric quantities

=
i

i, T —— - 5 FN
l" ; . - ¥ |
il o e [ o = i a0 R
=t o L e T P ]
| ‘ y
=k Rl I i Bl e g
[ i i

- o i -
i N i =

! A =
= | ‘e

whose unit is based on energy ar]_d-ws[_unit'sm].' IR

; = e ;_.jj.'r [ S
“| Table 2°1'Radiometric units.

radiant energy J Q ) joule
radiant flux ) dQ/dt watt
radiant intensity I dd/dQ watt/sr
irradiance E dd/dA watt/m?
radiant exitance M dd/dA watt/m?
radiance L d*®/dA | dO watt/(m? - sr)

(t: time, Q: solid angle, A: area)
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Radiant energy Q defines the energy of a collection of photons (as in a laser plus).
Radiant flux @ is the measure of total power of radiation. The power may be the total emitted
from a source or the total landing on a particular surface. Basing on radiant energy Q and
radiant flux @, the other quantities are derived by various geometric normalizations.

Radiant intensity | is generally used to describe the characteristics of sources whose size
iIs infinitesimal, such as a point source. The definition of I is the radiant flux per unit solid
angle of a specified surface which the radiation is incident upon or passing though, as shown
in Fig.2-1(a).

Irradiance E describes radiation distribution on a received plane. The definition is the
radiant flux per unit area of a specified surface which the propagating radiation is incident on
or passing though, as shown in Fig."2-1(b).

If the radiant flux leaving the plane per unit area is eonsidered, the term radiant exitance

M is used instead of irradiance E but is expressed by the same equation. Radiant exitance M
describes radiation distribution on [the”plane which emits the radiation, as shown in Fig.
2-1(c).

When an extended source, sueh' as aplanar source, is considered, radiance L is used to
describe its characteristic. The definition is the radiant flux per unit project area and per unit
solid angle of a specified surface which the propagating radiation is incident on or passing
through, as shown in Fig. 2-1(d). The projected area of the plane element equals to dAcos6,

where 0 is the angle between the normal of the plane element and the direction of observation.

13



Radiant flux d®

\ ||/

Radiant flux d®

e (]
—— )
N\
. /
Solid angle element dQ Plane element dA
(a) Radiant intensity (b) Irradiance
Radiant flux d® Radiant flux d®

\

D ==
Planeelement dA Planeelement dA
(c) Radiant exitance (d) Radiance

Fig. 2-1 Defining geometry of radiometric quantities.

Photometric quantities

For human visual system, the responses to the optical radiation with different
wavelengths are dissimilar. Photometric quantity is an operationally defined quantity designed
to represent the way in which the human visual system evaluates the corresponding
radiometric quantity. Accordingly, it is also called a psychophysical quantity. In particular, the
optical radiation within the wavelengths range between 380 nm and 780 nm, so-called visible
light, are discussed by photometry.

Photometric quantities include luminous energy, luminous flux, luminous intensity,
illuminance, luminous exitance, and luminance. In geometric terms, the definitions of these

photometric quantities are the same as for the corresponding radiometric quantities. Table.2-2
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shows the photometric quantities whose unit is based on lumen (Im)!?. Lumen is defined as
‘luminous flux emitted into a solid angle of one steradian by a point source whose intensity is
1/60 of the intensity of 1 cm? of a blackbody at the temperature of platinum (2042K) under a
pressure of one atmosphere.’

From the definition of lumen, the maximum value of spectral luminous efficiency could
be determined. At the wavelength 555 nm, which corresponds to the maximum spectral
efficiency of human eyes, 1 watt is equal to 680 lumens. Therefore, the luminous flux @,

emitted by a source with a radiant flux @ is given by:

@y =680V (D)D(A)d A, (2-13)

where 4 is the wavelength and V() is the spectral luminous efficiency function as shown in
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Fig.2-2. A e,

. i - : 5, -y

-" . - ¥ |
=t o = T 8 5 ]
(g e | ol [ I i | 5 b L
e 1 B | r X 5 o

r -

- Table 2-2 Photometric quantities.

o |

luminous energy _, Qe Im - s
luminous flux D, dQ./dt lumen (Im)
luminous intensity Iy dd,/dQ Im/sr (cd)
illuminance Ev dd,/dA Im/m? (lux)
luminous exitance M, dd,/dA Im/m? (lux)
luminance (brightness) Ly d?d /dA | dQ Im/(m? - sr) (nit)

(t: time, Q: solid angle, A: area)
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Fig. 2-2 Human visual response function.

2.3 Bidirectional transmission and:reflection distribution function

Basing on radiometry.and photometry, the bidirectional transmittance and reflectance
distribution functions (BTDF and“BRDF).-are, developed to describe scattered light
distributions®!. The BTDF describes the transmissive*characteristic of a sample, while the
BRDF indicate the reflective characteristic 'of a sample. In this thesis, the wavelength
corresponded BTDF and BRDF were adopted to describe the phosphor film’s light-scattering
characteristics which combine diffusing process with wavelength-converting mechanism.

The defining geometry of BTDF and BRDF is shown in Fig. 2-3, where the subscripts i,
t, and r are denoted for incident, reflected and transmitted quantities, respectively. The
notation 6 is the azimuthal angle between light direction and the normal direction of sample
surface, and ¢ is the polar angle on the sample surface. If a incident light with luminous flux
@,; and wavelength @ illuminating on the sample with area A is considered, the transmitted
and reflected light scattered from the sample could be described by BTDF and BRDF which

are defined as follows:
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Lv,t(et’¢t’a)t) _ dq)v,t(a)t)/th

BTDF(6.4.6,.¢,, @, @) = E,(0.4.0) ®,(@)c0sh

(2-14)

LG ¢.0) dO, (o)/dQ,

BRDF(6.4.6,.4, 0, 0,) = E..(0.4.0) - D, () -cosb,

(2-15)

where ax and « are the wavelengths of transmitted and reflected light, E,; is the illuminance
on the sample plane due to incident light, and L, and L, are the luminance of transmitted and

reflected light at the particular received angles, respectively.

transmitted light
Dvt wt don

Pt
5
reflected light A
@v,r r : >
Or
de2r A
sample
Normal
direction incident light

Dvi i

Fig. 2-3 Schematic diagram of BTDF and BRDF.

BTDF and BRDF describe the luminance distributions of transmitted and reflected light

scattered from a sample. Besides, the terms d®, (0)/®,;(w)and dd, (@,)/ D, () I

BTDF and BRDF mean the transmittance and reflectance of the transmitted and reflected light
in (&, &) and (6 , &) direction, which could be obtained by measuring illuminance of

incident light and luminance of the transmitted and reflected light. Moreover, the terms @ and
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ar indicate the wavelengths corresponded relation of incident light and the scattered light.
Therefore, the BTDF and BRDF provide a convenient solution to describe the way in which
the light is reflected and refracted by a sample even propagating in different wavelengths with
the incident light. Accordingly, the scattering specification of conventional diffuser films and
phosphor films could be generated, and then be utilized by optical designers, manufacturers,
and users to communicate and check requirements.

In this thesis, the BTDF and BRDF of phosphor films are measured by our designed
BTDF measurement systems and a conoscopic system operating under trasnmissive and
reflective mode. The measured BTDF and BRDF data were then imported to out optical
design software, LightTools™, to develop the simulation models that could describe the
light-scattering characteristics of, “phosphor films: . Thus, we could start our design and

optimization of UFL and BFl=backlight.systems.

2.4 Colorimetry

Colorimetry is the science relating color comparison.and matching. As mentioned earlier,
for visible light, the optical radiations within:wavelengths ranging from 380 nm to 780 nm,
the photometric quantities have provided measures to describe the amount of energy.
However, in human visual system, the optical radiations arouse not only intensity response
(brightness) but also chromatic response (chromaticity). Therefore, in this thesis, colorimetry
is imported to specify the chromatic performance of backlight units. The CIEXYZ and
CIELUV color spaces, which have been developed for denoting colors numerically, are

described in the following paragraphs.

CIEXYZ color space
The CIE XYZ system, created by the International Commission on llluminance (CIE) in

1931, is one of the first mathematically defined color systems that specify colors
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{241 The human eye has receptors for short (S), middle (M), and long (L)

numerically
wavelengths. Thus in principle, three parameters describe a color sensation. The tristimulus
values of a color are the amounts of three primary colors in a three-component additive color
model needed to match that test color?®l. In the CIE XYZ system, the tristimulus values are
called X, Y, and Z. The tristimulus values for a color with a stimulus ¥(1) can be derived

from the color matching functions, the numerical description of the chromatic response of

standard observer'?® (see Fig. 2-4), according to the following equations:

X =k [ Ww(a)x(2)d4 (2-16)
Y =k [ W(2)y(2)dA (2-17)
Z=K [ W e)z(21)d A (2-18)

where k is a constant and the.integral is;taken in‘the visible light wavelength. The y(1) is set

so that is identical to the spectral luminous efficiency function V(1) mentioned earlier. Thus

the tristimulus value Y directly expresses a photometric quantity.

P JE e S S——
1.8
1.6-
1.4
1.2-
1.0-
0.8

Tristimulus values

0.6
0.4
0.2
0.0 -

400 500 600 700
Wavelength (nm)

Fig. 2-4 Color matching functions x(1), y(4),and z(1) inthe CIE XYZ color system.
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Basing on CIE XYZ system, a color could be specified by utilizing the tristimulus values
X, Y, and Z in a three-dimensional color space, called CIEXYZ color space. Besides, for
convenient descriptions of colors, a color space specified by x, y, and Y, known as CIExyY

color space, was derived?”). The x and y are defined as following equations:

= X (2-19)
X+Y+Z
Y
= 2-20
y X+Y+Z ( )
Z
? X+Y+Z x=y ( )

The z coordinate could be omitted by providing Y parameters which is a measure of the
luminance of a color. Accordingly, the chromaticity description of a color could be expressed
more conveniently in a two-dimensional plane, which is called CIE xy chromaticity diagram

and be widely used in practice (see.Fig.2-5).

Fig. 2-5 xy chromaticity diagram of CIE XYZ color system.

However, the xy chromaticity diagram is highly non-uniform and has been found to be a
serious problem in practicel?®®!. The color difference between two colors could not be

calculated by using CIEXYZ color space or xy chromaticity diagram. Therefore, a uniform
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color space, the CIELUV color space, is proposed to replace the non-uniform CIEXYZ color

space.

CIELUV color space

The CIELUV color space adopted by CIE in 1976 is an attempt to define an encoding
with uniformity in the perceptibility of color difference®. Such a uniform color space is
based on a simple-to-compute transformation of the 1931 CIEXYZ color spacel***Y. For the
non-linear relations from CIEXYZ color space to CIELUV color space, the three-dimensinal

orthogonal coordinates adopted in CIELUV color space are defined as follows®?:

L*=116(Y /Y,)"* -16 (2-22)
ur=13L*(u'-un" (2-23)
v*=13L*(v'=wvn") (2-24)

where u’ and v’ is the coordinates of two-dimensional u’y’ chromaticity diagram (Fig.2-6)
defined as Equation 2-25-and 2-26, .Y U,’, and v, are the tristimulus value and the

chromaticity coordinates »’ and v’ of reference white, respectively.

L Femi (2-25)
4X'+15Y +3Z

v N (2-26)
X +15Y +3Z

Basing on the uniform CIELUV color space, the color difference of two colors could be
calculated. The color difference Au’v’ between two colors (uy’,v1’) and (u2’,v;’) at the u’v’

chromaticity diagram is defined as®);

AUV = [(AUDZ +(AV)? = \/(ul —u, ) (v, Vv, )P (2-26)

In this thesis, Equation 2-26 is imported to judge the chromatic performance of the backlight

units.
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Fig. 2-6 u’v’ chromaticity diagram of the CIELUV color system.

2.5 Summary

Table.2-3 summarizes the principles mentioned-earlier in this chapter. In this thesis,
ray-tracing method was used:to design backlight system in this thesis. By Snell’s law, law of
reflection, and Fresnel’ equations, the propagation trajectory and the carried energy of light
could be calculated. BesideS; " basing-0R, radiometry and photometry, the
wavelength-corresponded BTDF and BRDF provided a convenient solution to describe the
scattering characteristics of phosphor films. Therefore, the ray-tracing based optical design
software, LightTools, was utilized to simulate a backlight system. And then the measured
BTDF and BRDF data were imported to LightTools for development of simulation model for
design and optimization of the UFL system and the BFL system. Accordingly, the CIELUV
color space and the color difference Au'v’ were utilized to judge the optical performances of
the backlight units. The wavelength corresponded BTDF and BRDF of phosphor films are the
most important part for developing simulation models of UFL system and BFL system.

Therefore, the measurement instruments will be discussed in the following chapter.
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Table 2-3 Function of applied principles.

Snell’ law
Calculating propagation trajectory
Ray tracing Law of reflection
and carried energy of light.
Fresnel’s equations
Radiometry BTDF Characterizing light scattering
&
Photometry BRDF properties of phosphor films.
CIELUV color space Specifying chromaticity performance

Colorimetry

Color difference (Au’v’ of backlight output distribution.
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Chapter 3

BTDF and BRDF Measurement Instruments

A phosphor film simulation model was essential for designing and optimizing the UFL
and BFL systems. In order to specify the light scattering characteristics of phosphor films and
develop phosphor film models, BTDFs and BRDFs were first measured. The BTDFs and
BRDFs were measured using a conoscopic system and a customized BTDF measurement
system. Then, the measured BTDF and BRDF data were imported into the optical design
software, LightTools, to start modeling. The principle of conoscopic system and the specially

designed BTDF measurement:system will-be-presented in this chapter.

3.1 Conoscopic system
Transmissive mode

A conoscopic system was utilized-to measure-the angular light distributions of samples. The
optical radiations within wavelength ranges between 380 nm to 780 nm, known as visible light,
were measured by this system. The measuring mode of this system could be classified into
transmissive and reflective modes. In transmissive mode (as shown in Fig. 3-1), a Fourier
transform lens was adopted to transform the received light into a two-dimensional pattern. Each
light beam emitted from the test area at incident angle, ¢, could be focused on the focal plane
at the same azimuth and at a position x=F(8). Then, a relay system was utilized to project this
transform pattern onto a CCD-array detector. In this transform pattern, each area corresponded to
one specific light propagation direction. Thus, when this pattern was projected on the CCD-array
detector, the light intensity and chromaticity versus dissimilar viewing directions were obtained
simply and quickly, without mechanical movement. Then, after combining a BTDF
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measurement system which will be described later in this chapter, the BTDFs of phosphor films
and the optical performance of backlight systems were measured using the conoscopic system in

the transmissive mode directly.

Distribution of light
Intensity vs Angle
(in the focal plane) Cooled CCD

Device Sensor

Under Test I /

‘ ‘ | i
| | _
;’ © Angle measurement path -
o
On Ais measurement path

y —
I
Fourier' ' :

A
Lens Fourier Transform Optical Relay System
Plane (Sizing, Spotsize adjustment,...)

Fig. 3-1 Schematic of the conoscopic system in transmissive mode.

Reflective mode

Besides the transmissive mode, a reflective mode in the conoscopic system is available
to measure the angular distributions of light reflected from samples. In the reflective mode (as
shown in Fig. 3-2), a light source is implemented at the Fourier transform plane to illuminate
samples from inside the conoscopic system. A collimated light struck the sample surface with
a tiny illuminated area was reflected back into the conoscopic system. Therefore, the angular
distribution of these reflected lights were obtained with the CCD-array detector. The
illuminating angle, 9, of the built-in source was easily varied by controlling the position of the
light source on Fourier transform plane. Therefore, the BRDFs of a sample were measured. In
this experiment, the BRDFs of phosphor films and reflectors were obtained by measuring the

angular distributions of reflected light under the reflective mode of conoscopic system.
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Light
Source

Fig. 3-2 Schematic of the conoscopic system in reflective mode.

3.2 BTDF measurement system

To measure the BTDFs=0f phosphor films, a. device which could provide a collimated
light in different illuminating jangles was required. The BTDF measurement system was
designed and fabricated for.this purposes,.as shown in Fig.3-3.

In the BTDF measurement system, an LED stage was connected to a slippery track
located on the side plane of the system. The-rail of the slippery track was an arc and the LED
stage slid along this rail. Besides, an aperture with small diameter is placed on the exit plane
of the LED and a circular hole with a tiny surface area was bored on the top plate of system.
In this structure, the sample placed on the top plate of this measurement system was
illuminated using a collimated light whose illuminating angle could be varied from 0 to 70
degrees.

When measuring BTDFs of phosphor films, the BTDF measurement device was placed
under the conoscopic system to serve as a light source. The optical properties in each viewing
direction were measured using the conoscopic system in transmissive mode. A photograph of

the experimental setting is shown in Fig. 3-4.
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Fig. 3-3 Schematic of designed device for BTDF measurement.
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Fig. 3-4 Diagram of BTDF measurement.
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3.3 Summary

To develop a phosphor film simulation model and design the UFL and BFL systems, the
scattering characteristics of phosphor films were first specified. A BTDF measurement system
was utilized to measure the BTDF value of phosphor films to import into LightTools to build
corresponding model. In addition, the conoscopic system was also used to measure the BRDF
of phosphor film, BRDF of the reflector, and other backlight system optical properties, such
as angular luminance distribution, color information. Accordingly, optical properties of the

UFL system and the BFL system were simulated and analyzed.
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Chapter 4

UV Excited Flat Lighting (UFL) System

Basing on research of external photo-fluorescent technology, the UV Excited Flat Light
(UFL) system was proposed. By the large-sized remote phosphor layer which simultaneously
converted UV light into visible light and diffused the excited visible light, the UFL system
emitted light as a planar light source directly. However, the specific optical properties in UFL
system were difficult to be simulated in traditional simulation method. Thus, a simulation
model was developed to describe thetlight-scattering characteristic of phosphor films in the

UFL system and further optimize such baeklight.system.

4.1 Light-emitting meehanism of UFL system

The UFL system was similar to the traditional CCFL backlight but differed in the light
source. Instead of using the conventional CCFL,-the UFL system consisted of UV lamps and
phosphor layer coated outside the lamps. Fig. 4-1 shows the configuration of the UFL system
where the UV lamps are placed inside the backlight cavity, and two phosphor layers are
coated on the bottom reflector and under the top PET plate, respectively. Fig.4-2 shows the
top view of the phosphor layer captured by a Scanning Electron Microscope (SEM). The main
differences from a CCFL backlight were that the phenomena of the UV light in free space
were different from the visible light, and the light propagation included
wavelength-converting process on phosphor layers. In the UFL system, the phosphor layers
played the roles as the wavelength converters (for UV light) and the diffusers (for visible
light), simultaneously. When the UV light radiated from UV lamps irradiated the phosphor
layers around the cavity, the Lambertian visible light was excited from the phosphor layers.
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When the visible light irradiated the phosphor layers, the visible light was diffused by the
phosphor layers again. Since the visible light was redistributed on the flat phosphor layers, the

UFL system yielded higher uniformity than the conventional CCFL backlight.

(a) (b) A c
PETPlate —— A
Top Phosphor ’ ‘%

Q\ s
UV Lamps
Bottom Phosphor *—»

Reflector B

Fig. 4-1 (a) Scheme of UFL system; 413&‘{Ffdzs'slfsjrgcture of UFL with relative modeling steps.
i
g - ‘ "E?

15.0kV  X1,000 10um WD 12.0mm

Fig. 4-2 Top view of the phosphor layer captured by a scanning electron microscope (SEM).

4.2 Simulation model of UFL system

To design the geometrical structures and optimize the optical performances of the UFL
system, a simulation model which could describe the light-scattering properties of phosphor
film was developed. The simulation software, LightTools, was adopted to develop this

simulation model. LightTools can model real objects and follows the ray-tracing method in
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simulation. Fig. 4-2 shows the scheme of the modeling process, where symbols A-E indicate
the internal processes relative to the A-E in Fig. 4-1(b). First of all, the mechanism of a
unit-lamp module was created in the software. The BSDFs (which include BTDF and BRDF)
of phosphor layers for visible-to-visible light and UV-to-visible light were respectively
applied to the simulation model. We assumed the two phosphor layers were two emitters (A
and B) to simply wavelength-converting mechanism, and the visible light was radiated to the
three surfaces (C-E). The ray-tracing was performed in three parts relative to the three
emitting modes, and the three results of the unit-lamp model were combined into one output.
Finally, the total output of a multi-lamps module was calculated from the convolution

between the unit-lamp normal luminance distribution and a one-dimensional comb function:

Lo (X Y) = 1,@GY)* > S(x=mdzy) = > 1 ,(x—md, y) (4-1)

where m and d indicated the m-th lamp and the lamp-period of the multi-lamp module, and
lotar @nd I, were the total light distribution and-the unit-lamp light distribution. Accordingly,

this method provided a flexible way to'simulate-tn-the system with variant lamp numbers.
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Fig. 4-3 Flowchart of modeling process of UFL system
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4.3 BTDF and BRDF measurement results

The phosphor layers were characterized by the measured BSDFs. The BSDFs (which
include BTDF and BRDF) of phosphor layers for UV-to-visible light and visible-to-visible
light were respectively measured and then be applied to the phosphor simulation model of the

UFL system.

BTDF/BRDF of phosphor film for UV-to-visible light

The BTDF/BRDF of phosphor films were classified into two parts: the BTDF/BRDF for
1) visible-to-visible light and 2) UV-to-visible light. The BTDF for UV-to-visible light was
measured as the database from a unit-lamp UFL module as shown in Fig. 4-3. The height and
position were varied from 0 to 18 'mm and 0 to 24 mm respectively. The conoscopic system
was utilized to measure the angularydistribution of oeutput light (visible light) at each
measuring point. The measured BTDF data are‘shown in Eig. 4-4 and 4-5. Normal direction
luminances of each measured point decreased with thesincreased heights and positions.
Besides, by wavelength-converting* mechanism, the-angular distributions of each measured
point were close to the Lambertian distribution. The UV-excited visible light emitted in all
directions on both side of phosphor film because of the wavelength-converting mechanism.
Therefore, in our experiment, the BRDF of phosphor film for UV-to-visible light was
assumed to be equal to the measured BTDF data of phosphor film for UV-to-visible light.

Conoscopic system

N Position

1
_--" Phosphorfilm
Height _--

UV Lamp

Fig. 4-4 Schematic BTDF measuring process in a unit-lamp UFL module.
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Fig. 4-6 Measured BTDFs (normalized angular distribution) of phosphor film for

UV-to-visible light at 0-mm and 12-mm position with 10-mm height.

BTDF/BRDF of phosphor film for visible-to-visible light

In UFL system, the phosphor films not only converted UV light into visible light but also
scattered the visible light simultaneously. Besides, the reflector at bottom would reflect the
visible light also. Therefore, the BTDF/BRDF of phosphor films and the BRDF of reflector
for visible-to-visible light were measured using the conoscopic system and then be imported

into phosphor simulation model individually.
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By Mie theory®*, the phosphor particle (particle size = 10um) would diffuse the incident
visible light. The measured BTDF and BRDFs of the phosphor film and the reflector for
visible-to-visible light are shown in Fig. 4-6. By light-scattering mechanism, the BTDF of the
phosphor film differed from that of the same phosphor film under wavelength-converting
mechanism. The BTDF for visible-to-visible light exhibited directional distribution and had
transmission light peaks at incident angles 0° to 40°, while the BTDF for UV-to-visible light
exhibited the Lambertian distribution at each incident angle. The phosphor film had
reflectance light peaks at incident angles 0° to 10°. Besides, because the reflector had white

particles on its surfaces, the specular reflections and the diffusions were occurred

simultaneously.
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Fig. 4-7 Measured BTDF of (a) phosphor film and BRDFs of (b) phosphor film and (c)

reflector, for visible-to-visible light.

34



4.4 Simulation and experimental results
By importing the measured BTDF and BRDF data of the phosphor film, the UFL system
simulation model was established. Accordingly, the geometrical structure of the UFL system

was designed and optimized by this simulation model.

4.4.1 Simulation and optimization results

To simplify the optimizing process, a UFL system with 4 pieces of UV lamps was
designed and optimized in the simulation environment. Therefore, the simulation results could
be scaled up and applied into a 32-inch UFL system.

The simulation setups of the 4-lamps UFL system are shown in Fig.4-7 and Table 4-1,
respectively. As current designs .of.the conventional 32-inch direct-emitting type backlight
system with 16 pieces of CCEL lamps;;the lamp pitches.of the UV lamps in the UFL system
were fixed at 24mm. Besides, the lamp/reflector'gap was also fixed at 1.5mm as the design of
the conventional backlight.system, Then,-in the optimizing process, the lamp/plate gap was
altered and the on-axis luminance" distribution’ was measured for discussing optical
performances of the UFL system. 4n addition; the 80%-uniformity was the critical condition
for human eye in perceiving a uniform/non-uniform luminance distribution. Therefore, the

uniformity was also calculated for examining the UFL system.

PMMA plate
Top phosphor
Lamp/plate gap Lamp/lamp pitch (24mm)
> UV lamps
Thickness of lamps jt @ @ <67
3mm .
(3mm) ¢ Lamp/reflector gap (1.5mm) Bottomphosphor

Reflector

Fig. 4-8 The configuration of the 4-lamps UFL system in simulated environment.
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Table 4-1 Specification of the 4-lamps UFL system in simulated environment.

Thickness of lamp 3
Lamp/lamp pitch 24
Lamp/reflector gap 1.5
Lamp/plate gap 2.8/5.8/8.8/11.8/14.8

The simulated on-axis luminance and the calculated lamp-mura uniformity of the
4-lamps UFL system are shown in Fig.4-8 and Fig.4-9, respectively. The lamp-mura
uniformity was defined as the following equation and calculated between two lamps at the

central position:

e dhin| 2
o UnIfOTrF:'Ey |_max befwee;ltwolamps ( )

where the Lmin and Lmax |nd|cated the mlnlmum and maximum luminance between 3x3
i

LED chips, respectively. The S|mulat|on4esu#s-mdicated that a larger lamp/plate gap of
the UFL system induced a more unlfc;rm Ol‘.ltput dlStI’IbUtIOH By simulation results, the
UFL system exhibited 89% Iamp-mura uniformity Wlth 5.8mm lamp/plate gap. Besides,
the lamp-mura uniformity of the UFL system was higher and lower than 80% when the
lamp/plate gap was larger and smaller than 5.8mm. Accordingly, the 5.8-mm lamp/plate

gap was chosen as the appropriate value for the UFL system in developing a slim-format

backlight system
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1.0 - 96% 96%

Uniformity > 80%

o
oo

e
(=}]
1 A

Uniformity
o
>

o
N
1 .

e
o
|

2.8 5.8 8.8 11.8 14.8
Lamp/plate gap (mm)
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values).
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4.4.2 Simulation model verification

A 4-lamps UFL system was fabricated in order to further verify the accuracy of the
developed UFL system simulation model. As shown in Fig.4-10, the simulation result was
compared with the experimental result at 5.8-mm lamp/plate gap of the 4-lamps UFL system.
To determine the similarity between the simulation model pattern and the experimental

measurement, the correlation coefficient was applied:

ST [ 1,0 =T |

Correlation Coefficient = —*~ : (4-3)

\/ZZ[ls(x, Y1 ] [1axy)~Tn |

X oy
where x and y indicated the x-th and y-th pixel on the output mesh, Is and I, were the light

distribution of the simulation and measurement results, and 1s(1m) was the mean value of

I.(1,), respectively. The=calculated correlation. coefficient between the simulated and

experimental results was 95.48%. And the measured uniformity was 90% between the two
lamps at the central position:

The other simulated results with different lamp/plate gap values were also verified by
calculating the correlation coefficient"(as show in Table 4-2). All of these simulation results
were correspond to the experimental results and had correlation coefficients higher than 95%.
Therefore, the UFL simulation model was available for designing and optimizing purpose of
the UFL system. Moreover, the 5.8mm lamp/plate gap was verified that it was appropriate for

designing the slim format UFL system.
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Fig. 4-11 Simulated and experimental on-axis luminance results of the 4-lamps UFL system.
(with lamp/plate gap=5.8mm and lamp/lamp piteh=24mm)

i =] ;
Table 4-2 Correlation coefficients bétw_ee__n simulatien and experimental results.
; »

Lamp/lamp pitch (mm)™= . k24 ©oipe 24 24 24

Correlation coefficient (%) | . 95.48 .96.66 96.00 97.24

4.4.3 Experimental results of optimized UFL module

According to the optimized results, a 32-inch UFL system with 5.8-mm lamp/plate gap
was demonstrated. Moreover, a conventional CCFL backlight system (with diffuser plate)
was arranged with same geometrical structure parameters for comparison. Since the visible
light was redistributed on the flat phosphor layers, the UFL system emitted light as a planar
source directly (as shown in Fig.4-11). Thus, the UFL system yielded higher uniformity than
the conventional CCFL backlight system did. Fig.4-12 shows the measured luminance results

of the slim-format UFL and CCFL systems. At the optimized lamp/plate gap (5.8mm), the
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UFL system exhibited a slight luminance deviation while the CCFL system exhibited a
serious lamp mura phenomenon. The lamp-mura uniformity of the UFL system and the BFL
system were 90% and 75%, respectively. Therefore, the optimized 5.8mm lamp/plate gap was
qualified for the slim-format UFL system in performing uniform luminance output. Besides,
the thickness of total backlight module was also reduced from 35~50mm (module thickness of
conventional backlight system) to 15mm (optimized module thickness of UFL system).
Consequently, the UFL system indeed showed the potential for fabricating the slim-format

backlight systems.

(b System-Invisible Lamp mura

Fig. 4-12 Lamp mura comparison between two backlight systems with slim-format design.
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Fig. 4-13 Measured luminance distribution of the UFL and CCFL systems (with diffuser plate)
at 5.8mm lamp/plate gap.
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4.5 Dual-sided UFL System

Owing to outstanding uniformity performance of slim format UFL system, the
single-sided concept was inherited and the dual-sided UFL system was developed!®. The
dual-side UFL system was studied by H.-T. Huang, who is also a member in our laboratory
group, and the research result was published in Society of Information Display (SID) 20009.
The demonstrated 42-inch UFL system with flat lighting surface and slim profile design is
shown in Fig. 4-13. The thickness of total module was 33mm and uniformity was 90%.

A dual-sided CCFL backlight system which consisted of two conventional single-sided
CCFL backlight units was arranged for comparison. The display optical performance of the
dual-sided UFL and CCFL backlight systems are compared in Fig.4-14. Comparing the
conventional CCFL system, the UFL system showed a gentler curve. It means the dual-sided
UFL system exhibited moresuniform-luminance performance than the conventional CCFL

system did.

(a) Side A (b) Side B
Fig. 4-14 The 42-inch Dual-sided UFL system.
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Fig. 4-15 Luminance comparison between dual-sided UFL and CCFL systems.

4.6 Summary and discussion

Since the visible light=-was redistributed-on the flat phosphor layers, the UFL system
emitted light as a planar source directly-and-yielded higher uniformity than the conventional
CCFL backlight system. Because of its competitive uniformity, the UFL system showed its
potential for thin LCD-TV applications. In“order to optimize the structures of UFL system, a
phosphor film simulation model was developed. The simulation results were verified with the
experimental results. The correlation coefficient between simulation and experimental results
was 95.48%. Thus, the developed simulation model was available for design of the external
photo-fluorescent technology adopted backlight system. Accordingly, a slim profile UFL
system war demonstrated with 5.8mm lamp/plate gap (15mm module thickness of total
backlight unit) and 90% lamp-mura uniformity. While the conventional CCFL backlight
system (with diffuser plate) had only 75% lamp-mura uniformity with the same structures.
Besides, the dual-sided UFL system was also developed especially for purpose of public

information displays and digital signage. Comparing the dual-sided CCFL system which
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consisted of two conventional CCFL backlight units and performed serious luminance
deviation, the dual-sided UFL system successfully performed higher uniformity (90%
uniformity) with 33mm module thickness.

However, the mercury in the UV lamps will leak out from the tube and contaminate our
environment when lamps are broken. Besides, the UV light decayed rapidly when propagated
in atmosphere (Fig. 4-16). The UV light decayed faster than the visible light and this would
cause optical loss in the UFL system. Furthermore, the conventional CCFL backlight system
had been widely accepted by the current display market. Therefore, the factory owners do not
have strong interest to develop such CCFL-backlight-liked UFL system. As a result, another
LEDs-based backlight system, the Blue Light Excited Flat Lighting (BFL) system, was

proposed.
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Fig. 4-16 Measured and the fitting curve of UV light intensity.
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Chapter 5

Blue-Light Excited Flat Lighting (BFL) System

The Blue-Light Excited Flat Lighting (BFL) system was similar to the UFL system but
differed in the types of light source and phosphor layer. The BFL system applied blue LED
chips to excite an extrinsic flat YAG-phosphor layer to perform uniform and flat lighting.
Comparing conventional CCFL backlight units and the proposed UFL system, the BFL
system showed advantages, such as mercuryless, lower power consumption, and a thinner
profile, for future backlight system_ development: In this chapter, the geometrical structures of
BFL system were designed s«and- the opticals properties were optimized by the proposed
simulation model. Beside, by utilizing a double-crossed lenticular film on the BFL system, the
on-axis luminance was enhanced and:'the off-axis celor deviation was successfully

suppressed.

5.1 The Light-emitting Mechanism of the BFL System

The BFL system configuration is shown in Fig. 5-1 and consists of blue LED chips, the
YAG-phosphor layer, and the reflector. The blue LED chips are placed on the bottom
reflector and emit blue light toward the YAG-phosphor layer. The YAG-phosphor layer
coated on a PET plate acts as a wavelength converter and a simultaneous diffuser. Under blue
light illumination, one portion of the blue light is diffused and reflected by the YAG-phosphor
layer (as A and B shown in Fig. 5-1 (b)). The other portion of the blue light is excited and be
converted to Lambertian yellow lights (as C and D in Fig. 5-1 (b)). The Lambertian yellow
lights are propagated on both sides of the YAG-phosphor layer. The downward propagated
yellow light is then reflected by the reflector on the backlight module’s base and irradiates the
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YAG-phosphor layer. Under yellow light illumination, the yellow light is scattered again by
the YAG-phosphor layer (as E and F in Fig. 5-1 (b)). When the transmitted blue and yellow
lights are redistributed through the Y AG-phosphor layer, white light is produced.

The YAG-phosphor layer converts point sources into a planar source. Thus the BFL
system could perform uniform lighting and be utilized to develop the ultra-slim backlight
systems. To design the BFL system, the light scattering characteristics of YAG-phosphor
layer were measured. And then, the BFL system simulation model was proposed for

optimizing optical properties of the BFL system.

PETPlate ——

YAG Phosphor ——"" @
&
~ '7'
&

a & |
"—BlueLED chips
X — Reflector
Light-scattering Wavelength-converting
mechanism mechanism

r A N\ /J\

=pYellowlight  mm Blue light

Fig. 5-1 (a) Configuration of the BFL system; (b) Cross-structure of the BFL system with

light-emitting mechainsim.
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5.2 Simulation model of BFL system

The concept of UFL system simulation model was continued to develop the optical
simulation model for optimizing BFL system. The modeling process of BFL system
simulation model is shown in Fig.5-2. To begin with, a unit-chip BFL system was utilized to
measure the light distribution of a blue LED chip. Then, the scattering characterization of the
YAG-phosphor layer under different illumination cases were separated into two stages and
considered respectively. The light-scattering and the wavelength-converting mechanisms of
the YAG-phosphor layer under blue light illumination were considered in the first stage. Then,
in the second stage, the light-scattering mechanism of the YAG-phosphor layer under yellow
light illumination was taken into consideration.

In first stage, by the light-scattering mechanism;(which diffused and reflected blue light)
and the wavelength-converting mechanism (which converted blue light into excited yellow
light), one portion of the blue and yellow lights (A and C, as shown in Fig.5-1) would
transmit through the YAG-phosphar layer. Then, another pertion of the blue and yellow lights
would continue to propagate.within:the BFL system (B and D). In second stage, by the
light-scattering mechanism, the yellow light-illuminated upon Y AG-phosphor layer would be
partially diffused and reflected (E and F) as the scattered blue light in first stage.

Three measured BTDF/BRDF sets (which will be described in the following section)
were imported into the simulation model to describe light-scattering characteristics of the
YAG-phosphor layer under blue light and yellow light illuminations. The ray-tracing method
was then performed in this simulation model. In addition, the down-propagation lights (the
reflected blue-to-blue light, the downward propagated blue-to-yellow light, and the reflected
yellow-to-yellow light) re-entered the first and second stages again. Finally, the total output of
the transmitted blue and yellow light were combined into one output. By this developed
simulation model, the optical performances of BFL system were analyzed. Furthermore, the

geometrical structures of BFL system was designed and further optimized.
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The BTDF and BRDF were (utilized 'te analyze light scattering characteristics of the

YAG-phosphor layer. Table 5-1 lists-the BTDEs/BRDFs measured in this experiment. The

BTDFs and BRDFs are classified into six items according to different illumination conditions

and scattering mechanisms of the YAG-phosphor layer. Under blue light illumination, the

wavelength-converting and light-scattering mechanisms were considered. Under yellow light

illumination, only the light-scattering mechanism of the YAG-phosphor layer was taken into

account. Each BTDF and BRDF of the YAG-phosphor layer was individually measured and

then been imported into the BFL system optical simulation model. The experimental setup

and the BTDF/BRDF measurement results will be discussed in the following sections.
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Table 5-1 Measured BTDFs and BRDFs of the YAG-phosphor layer.

Blue-to-blue light
BTDF .
. . (transmitted)
Light-scattering -
BRDF Blue-to-blue light
Blue light (reflected)
illumination Blue-to-yellow light
BTDF . .
. (excited & transmitted)
Wavelength-converting -
Blue-to-yellow light
BRDF .
(excited & reflected)
Yellow-to-yellow light
. BTDF .
Yellow light ) ) (transmitted)
_ o Light-scattering -
illumination L. Yellow-to-yellow light
4 Gt - ,BRDF
. (reflected)

BTDF/BRDF of the YAG= phOsphor Iayer under b,Iue Ilght illumination

The BTDF of YAG- phosphoriayer under blue light |IIUm|nat|on was measured using the
conoscopic system and the éleslgned BTDWF me::\;urement system mentioned in Chapter 3. A
blue LED with a peak Wavelength at 450 nm was |mplemented as a light source in the BTDF
measurement system. The emission spectrum of the blue LED was located at the absorbed
spectral region of the YAG-phosphor layer. Thus, the blue light was partially diffused and
partially converted (converted to the Lambertian yellow light) by the YAG-phosphor layer.

The measured BTDFs of the YAG-phosphor layer are shown in Fig. 5-3. The diffused
blue-to-blue light exhibited directional distribution and the excited blue-to-yellow light
exhibited a close-to-lambertian distribution. The directional distribution of the diffused blue
light resulted from the light-scattering of the YAG-phosphor layer. And the

close-to-lambertian distribution of the excited yellow light was induced by the

wavelength-converting mechanism of the YAG-phosphor layer.
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Fig. 5-3 Measured BTDFs of YAG-phosphor for (a) transmitted blue-to-blue light and (b)

excited blue-to-yellow light.
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Fig. 5-4 Measured BRDFs of YAG-phosphor for reflected blue-to-blue light.

The BRDF of the YAG-phosphor layer was measured using a conoscopic system in
reflective mode as mentioned in chapter 3. The same blue LED utilized for BTDF
measurement under blue light illumination was implemented in the conoscopic system as a
light source. Thus, two different optical mechanisms of the YAG-phosphor layer were
considered under reflective characteristic measurement.

Fig. 5-3 shows the measured BRDF data of the YAG-phosphor layer. The reflected

blue-to-blue light exhibited a specular reflection at small incident angles. Besides, under blue
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light illumination, the reflected blue-to-yellow light was emitted in all directions. Therefore,
in the BFL system simulation model, the BRDF and BTDF of the YAG-phosphor layer for

blue-to-yellow light were assumed to be equal.

BTDF/BRDF of the YAG-phosphor layer under yellow light illumination

The BTDF/BRDF of the YAG-phosphor layer under yellow light illumination was also
measured using the conoscopic system in transmissive/reflective mode. Fig.5-5 shows the
measured BTDF and BRDF results of the YAG-phosphor layer under yellow light
illumination. The spectrum of the yellow light was located out of the absorbed spectral region
of the YAG-phosphor layer. Thus, the yellow light was scattered by the YAG-phosphor layer
as transmitted and reflected blue-to-blue lights; Therefore, diffused yellow-to-yellow light
exhibited a directional distribution-and- reflected yellow-to-yellow light showed a specular

distribution at small incident angles.
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Fig. 5-5 Measured (a) BTDF and (b)BRDF of the YAG-phosphor layer for transmitted and

reflected yellow-to-yellow lights.
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5.4 Simulation results of the BFL system

By importing the measured BTDFs and BRDFs of the YAG-phosphor layer, the BFL
system simulation model was developed. Accordingly, by this developed simulation model,
the geometrical structures and optical properties of the BFL system were designed and further
optimized. The uniformity and chromaticity performance of backlight output distribution will

be discussed in the following sections.

5.4.1 Uniformity versus LED pitch and module gap

In the uniformity optimizing process, the LED pitch and the module gap were variables
and the uniformity was used as criterion. The uniformity larger than 80% indicates an
acceptable range for human eye and:that suppress mura effect successfully.

In the simulation environment,-a-BFL system.was set up as shown in Fig. 5-6. The 7x7
blue LED chips with a*60: ~diverging angle were Set above a reflector. And the
Y AG-phosphor layer imported with the.measured BTDF and BRDF data was placed on top of
the LED module. Then, the LED pitch ('P) and the module gap (h) were alternatively varied
and the spot-mura uniformity between 3x3 LED chips was calculated for discussion. The

spot-mura uniformity was defined as the following equation:

Uniformity = IL_mln

(5-1)

MaX | between 3x3LED chips
1

where the Lmin and Lmax indicated the minimum and maximum luminance between 3x3

LED chips, respectively.
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Fig. 5-6 Setup of the BFL system in the simulated environment.

The uniformity simulation results are shown. in. Fig. 5-7 and compared to conventional
LED-based backlight system (combined with only. 80%-haze diffuser) with the same
geometrical structure parameters. The uniformity compared results with 8-mm, 10-mm, and
12-mm module gaps are alse shown in Fig:'5-8 for clear comparison. With slim profile design
(10-mm module gap), the spet=mura uniformity of-the. BFL system was higher than 80%
when LED pitch was equal to or,smaller than 10-mm. The BFL system achieved 86%
spot-mura uniformity with 10-mm LED pitch and 10-mm module gap. While compared with
the diffuser-combined LED backlight system, the conventional design had lower uniformity at
the equivalent LED pitches and module gaps. The diffuser-combined LED backlight system
had only 20% spot-mura uniformity with 10-mm LED pitch and 10-mm module gap.

By means of the light-redistributed process of the YAG-phosphor layer, the BFL system
yielded higher uniformity without using any diffuser or diffusing plate. Therefore, the output
distribution of the BFL system was more uniform than that of the 80%-haze-diffuse combined
LED system. According to the simulation results, the 10-mm module gap and was chosen as

appropriate value for further optimization of the slim-designed BFL system.
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Fig. 5-7 Uniformity with varied pitches and gaps for (a) the BFL system and (b) the

conventional LED backlight (with 80% haze diffuser only).
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Fig. 5-8 Uniformity comparison between the BFL system and the LED backlight system (with
80% haze diffuser alone) with 8-mm, 10-mm, and 12-mm module gaps.
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5.4.2 Angular color deviation versus LED pitch
Off-axis color deviation was another issue of the BFL system. Based on the uniformity
optimizing process of the BFL system, the 10-mm module gaps were chosen as the

appropriate parameters for the slim backlight design of the BFL system. Therefore, in the
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BFL system chromaticity optimizing process, the module gap was fixed at 10-mm and the
LED pitch (p) was used as the variable. Then, the chromaticity at the center of 3x3 LEDs (as
show in Fig.5-9) was measured and the color difference (Au’v’) versus different viewing

angles () was evaluated as criterion in discussing the color deviation phenomenon.

YAG-Phosphor Layer Chromaticity

N [  measured point
y ¥ N
< X1
1 3<
e \‘ : [
< L= Y >

,:*ii: \“é-(;f/ Gap (h) = 10mm
Pitch (p) \ / p (h)
Blue LED Chips

Reflector

Fig. 5-9 Setup:of the-BFL system in.the simulated environment.

The u’v’ chromaticity diagrams and the.corresponding=Au v’ evaluated results are shown
in Fig. 5-10 and Fig 5-11.*The blue rhombus, red square, and green triangle in Fig. 5-10
represent the colors observed on‘0™-;;30°-, and 60:~Viewing directions, respectively. The Au’v’
values in Fig 5-11 indicate the color difference observed on the off-axis viewing directions
(6=30" and 6=60") when compared with the color perceived on the on-axis viewing direction
(6=0°). Comparing the BFL system with 20-mm LED pitch, the BFL system with 10-mm
LED pitch exhibited a light color deviation at large viewing angles. Besides, comparing the
BFL system with other pitch values, the BFL systems with 10-mm LED pitches showed the
smallest Au'v’ value. The Au’v’ values of the BFL system with 10-mm pitches were 0.021
and 0.046 at 30°- and 60°- viewing directions. This occurred because of the ratios of blue and
yellow lights between 30°- and 60°- viewing directions was closer to each other with 10mm
LED pitch than with other ptich values. Thus, the 10mm pitch induced the smallest Au'v’

value at 10mm pitch.
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Fig. 5-10 The u'v’ chromaticity*diaiéram of the BF.L"sy_stem with (a) 10-mm module gap and
o i .

10-mm LED pitch and (b) 16me moddl_{qjapland-?o-mr_ﬁ LED pitch.
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Fig. 5-11 The color difference value (Au’v’) of the BFL system with a fixed module gap

(10mm) and varied LED pitches (4-20mm).
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In the optimizing process, the 10-mm module gap and 10-mm LED pitch were chosen as
appropriate geometrical structure parameters for the BFL system in developing slim backlight
system. However, owing to the angular distribution of the transmitted blue and yellow lights
were different. The blue light had a narrow angular distribution while the yellow light had a
broad angular distribution. Therefore, the BFL system still suffered from a
yellowish-phenomenon on large viewing angles. Consequently, a double-crossed lenticular

film was design to further suppress the color deviation at large viewing angles.

5.4.3 Lenticular films and angular color deviation

The yellowish-phenomenon of the BFL system was still an issue of the BFL system with
optimized geometrical structures. (10-mm LED pitch and 10-mm module gap). Besides,
on-axis luminance was vital for backlight systems. Therefore, a double-crossed lenticular film
was proposed to enhance gn-axis luminance and-further suppress off-axis color deviation in
the BFL system. The double-crossed lenticular film consisted of two crisscross lenticular
films and was attached on top.of the BFL system as show in Fig. 5-12. The aspect ratio (AR)
was defined as Eq. 5-1 and used to describe-the structure of the lenticular films, where a was

the length on the x-y plane and b was the height along the z-axis:

AR =2 (5-2)

a

A larger AR value means a steeper slope of bumps on the lenticular film. By adjusting values
of the length (a) and height (b), the AR value of the double-crossed lenticular film was
modified. Then, the on-axis luminance and the off-axis color deviation versus different AR
values were discussed. Finally, the optical properties of the double-crossed lenticular film

combined BFL system were optimized.
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Fig. 5-12 Scheme of (a) ?’:'_1 icularfilm and | le~BFL system with double-crossed

lenticular film.

In the optimizing process, the length (a) of the double-crossed lenticular film was fixed
as 250um and the height (b) was set as a variable. The on-axis luminance and the off-axis
color difference measured at the center of 3x3 LEDs were used as criterion. The optimized
results are shown in Fig. 5-13 to Fig. 5-15. As show in Fig. 5-13 and Fig 5-14, the
double-crossed lenticular film suppressed the color deviation successfully by using a 0.4 AR
value. The color difference values Au’v’ were suppressed from 0.021 to 0.010 at 30°-viewing
angle and from 0.046 to 0.017 at 60°-viewing angle (Fig. 5-13). Besides, comparing the
on-axis luminance of the BFL system without using double-crossed lenticular film, the
on-axis luminance of the BFL system using a 0.4-AR-value double-crossed lenticular film

was enhanced by 1.2 times (Fig. 5-15). This occurred because of the lights were redirected
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toward on-axis viewing direction by the lenticular film. Thus, the transmitted blue and yellow
lights acquired the equivalent angular distributions. By Chromaticity, the Au v’ values which
were less than 0.020 indicated that the color difference would not be perceived by human eye.
Therefore, the yellowish phenomenon could be successfully suppressed by the double-crossed
lenticualr film. Accordingly, by simulation results, the AR of 0.4 was one of the optimized
values for the double-crossed lenticular film in suppressing off-axis color deviation and

enhancing on-axis luminance of the BFL system.

I Au'v' at 9=30°
0.05 0.046 Il Au'v' at 9=60°

None AR=0.1 AR=02 AR=03 AR=04 AR=0.5

Fig. 5-13 The color difference Au’v’ in off-axis viewing direcitons of the double-crossed

lenticular film adopted BFL system.
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Fig. 5-14 The u’v’ chromaticity diagramtofsthe BFL system (a) without double-crossed

lenticular film and (b) adopted with the double-crossed-tenticular film (AR=0.4).
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Fig. 5-15 The luminance in on-axis viewing direciton of the double-crossed lenticular film

adopted BFL system.
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5.5 Experimental results of the BFL system

According to the optimized results, a 7-inch BFL system was demonstrated (as shown in
Fig.5-16). Besides, a double-crossed lenticular film was also fabricated by the printing
technology for suppressing the yellowish-phenomenon of the BFL system (as shown in
Fig.5-17). The specification of the demonstrated BFL module and the double-crossed
lenticular film are listed in Table 5-2. The uniformity, on-axis luminance, and the off-axis

color deviation of the BFL system are discussed in the following sections.

Fig. 5-17 The top view of the double-crossed lenticular film captured by a charge-coupled
device.
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Table 5-2 Specification of the BFL system and the double-crossed lenticular film.

Power consumption 10Watt
BFL system module Module gap (h) 10mm
LED pitch (p) 10mm
Length (a) 250um
Double-crossed lenticular film
Height (b) 80um

Uniformity and on-axis luminance of the BFL system

The brightness and uniformity of the demonstrated 7-inch BLBL system were measured
by a charge-coupled device (CCD) as show in Flg 5 16 and Fig. 5-17. Besides, a LED
backlight combined with a 80% haze dlffﬁlser p.l.ate was utilized for comparison. Table 5-3
lists the measured brlghtness results an(J unrfoémltles hetween 3x3 LED chips of two
backlight systems. With same .geometrl‘c_:_ai structures, the b_rlghtness of VEPS system achieved
15000 nits and the spot-mJl;ég-:unif.c'Jrn:iity.V\ié;-'z:ll')'out 86% while the conventional backlight
had only 5600 nits and 200/(; ..'Spbt'-_mura uqif_orr;ﬁ't.)./. Moreover, after adopting with the
double-crossed lenticular film, the brightness of the BFL system was further enhanced to
20000 nits and the uniformity was maintained simultaneously. And the optical efficiency was
92%. Therefore, the BFL system indeed showed the potential for developing slim-format

backlight systems.
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Table 5-3 Measured uniformity and brightness of two backlight systems.

SpotMura | gq 194 87.6 % 18.8%
Uniformity
Brightness 15000 nits 20000 nits 5600 nits
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Fig. 5-18 The images captured by.a charge-coupled device of the BFL system and the
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Fig. 5-19 The measured uniformityies of the BFL system and the diffuser-combined LED
module.




Off-axis color deviation of the BFL system

The chromaticity performances of the BFL system with and without the double-crossed
lenticular film were measured for discussing the off-axis color deviation, respectively. As the
measured results shown in Fig. 5-20 and Fig. 5-21, the double-crossed lenticular film
suppressed the color deviation of the BFL system successfully. The color difference values
Au’v’ were reduced from 0.018 to 0.011 and 0.058 to 0.018 at 30°- and 60°-viewing angles,
respectively. In other words, the yellowish-phenomenon of the BFL system was suppressed
effectively by the designed double-crossed lenticular film.

Sony also proposed a method to suppress the off-axis color difference®® at Society of
Information Display (SID) 2008. They proposed utilizing diffuser plates to diffuse and
broaden the angular distributions,of the blue and' yellow lights. Nevertheless, the diffuser
plates decreased the color differenceand reduced theson-axis luminance simultaneously.
Therefore, thus method was net suitable for.the LCD-TV application’s backlight systems
which require high output luminance. -Accordingly, '‘camparing the diffuser plate, the
double-crossed lenticular film.was the 'more suitable choice for the BFL system in developing
slim-format and high-brightness backlight systems.

\
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(@) (b)
Fig. 5-20 The u'’v chromat|C|ty dlagram of thje BFL System (a) without double-crossed

lenticular film and (b) adopte,d W|th the dqule crossgad 1eht|cular film.

0.058 H Au'v' at 0=30°
I Au'v' at 0=60°

0.06 -

0.05

0.04 -

Au'v'

BLFL system
BLFLsystem  \yith double-crossed lenticular film

Fig. 5-21 The color difference values Au v’ in off-axis viewing direcitons of the BFL system.
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5.6 Summary and discussion

By applying blue LED chips to excite the flat YAG-phosphor layer, the BFL system
exhibited a uniform output distribution directly. Owing to the specific light-redistribution on
the YAG-phosphor layer, a BFL system simulation model was developed for analyzing
optical properties and optimizing geometrical properties of the BFL system. Besides, a
double-crossed lenticular film was designed for suppressing off-axis color deviation (the
yellowish-phenomenon) and enhancing on-axis luminance of the BFL system. The
bidirectional transmission and reflection distribution function (BTDF and BRDF) were used
for characterizing the light-scattering and wavelength-converting mechanisms of the
YAG-phosphor. Then, the BFL system simulation model was established in the optical
simulation model, LightTools, by importing ‘the scattering characterizations of the
YAG-phosphor layer.

According to the optimized results, the® BFLsystem exhibited a uniform output
distribution with a slim «format_ design” (module gap=10mm). Besides, owing to the
light-redistribution on the YAG-phosphor, there was:.no.need for diffuser or diffusive plates.
Thus, the BFL system performed a‘bright light distribution simultaneously. The demonstrated
BFL system exhibited 15000nits brightness and 86% spot-mura uniformity, while the diffuser
combined LED module (with 80%-haze diffuser alone) had only 5600nits and about 20%
spot-mura uniformity at the same geometrical structure.

After combining with a double-crossed lenticular film with 0.4 AR value, the brightness
of BFL system was further enhanced to 20000nits. Furthermore, the color difference values
Au’v’ were reduced from 0.018 to 0.011 and 0.058 to 0.018 at 30°- and 60°-viewing angles,
respectively. By Chromaticity, the Au’v’ values which were less than 0.020 indicated that the
color difference would not be perceived by human eye. This indicated that the

yellowish-phenomenon of the BFL system was suppressed successfully.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

Slim-format LCDs had been a trend in the current display market. To display high quality
images from LCDs, direct-emitting systems are used to provide sufficient bright and uniform
light source for the LC panel. However, the slim profile design causes low uniformity and
induces Lamp-Mura defect in the conventional CCFL backlight and Spot-Mura defect in the
conventional LED backlight.

To solve this issue, two nevel-light-exeited backlight systems were proposed in this thesis:
the UV Excited Flat Lighting (UFL) system-and.the Blue Light Excited Flat Lighting (BFL)
system. These two proposed systems were based on the external photo-fluorescent technology
and configured with large-sized remote phosphor layers-on flat substrates. By applying UV
lamps (in the UFL system) and blue-LED chips(in‘the BFL system) to excite the external
phosphor layers, the UFL and BFL systems directly performed high uniform and planar
output lights from the phosphor layers. Thus, these two proposed backlight systems had the
potential for fabricating slim format backlight units for large-sized LCD applications.

However, the proposed UFL and BFL systems encountered complex optical mechanisms
which included wavelength-converting and light-scattering mechanisms simultaneously on
the phosphor layers. Besides, the BFL system suffered from yellowish phenomenon at large
viewing directions. Until now, there lacked of suitable simulation models for designing the
UFL and BFL systems’ geometrical structures and further optimizing their optical
performances. Therefore, basing on the wavelength-corresponded BTDFs and BRDFs, an
available phosphor simulation model was proposed in this thesis. By measuring and importing
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the wavelength-corresponded BTDFs and BRDFs into the optical simulation software,
LightTools, the light-scattering and wavelength-converting characteristics of the phosphor
layers were established. Accordingly, the available simulation model was developed to design
and optimize geometrical structures and optical performances of the UFL and BFL systems.
Besides, a double-crossed lenticular film was designed for enhancing on-axis luminance and
suppressing off-axis color deviation of the BFL system.

According to the simulation and experimental results, the UFL system exhibited
lamp-mura uniformity over 90% with 5.8mm lamp/plate gap (15mm total module thickness)
while the conventional CCFL backlight (with diffuser plate) had only 75% lamp-mura
uniformity at the same parameters. The BFL system performed 86% pot-mura uniformity with
10mm module gap while the diffuser-combined”LED module had only 20% spot-mura
uniformity with the same geometrical structures. Besides, after combining a lenticualr film
with aspect ratio (AR) value equal to 0.4, the on-axis luminance of the BFL system was
enhanced by a factor of 1.2. The brightness was. enhanced to 20000nits and the spot-mura
uniformity was maintained. Moreover, the color difference values Au’'v’ were reduced from
0.018 to 0.011 and 0.058 to 0.018 at 30°=-and 60 - viewing directions. The decreased color
difference value indicated the insensible color deviation of human vision. By Chromaticity,
the Au'v’ values which were less than 0.020 indicated that the color difference would not be
perceived by human eye. In other words, the yellowish phenomenon of the BFL system was
successfully suppressed by using the double-crossed lenticular film. Therefore, the UFL
system and the BFL system indeed showed their potential for fabricating the future backlight

systems with slim format, high brightness, and large panel size.

6.2 Future Work
We had already successfully developed the UFL and BFL systems which are suitable for

the future backlight units with high brightness, slim format, and large display scale. However,
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local dimming technology is a trend in the current display market. The LCD’s dynamic range
can be effectively improved and the power consumption can be greatly reduced by controlling
backlight individually®"3334%411 " According to the research by C.H. Chent? in our laboratory,
the Lorentz distribution is the most appropriate light spread function for the locally dimmable
backlight systems. By applying the Lorentz distribution into each backlight division’s output
profile, the image quality can be improved in boundary perception.

The BFL system is a potential system for developing the local dimmable backlight units.
By controlling LED chips individually, the output pattern radiated from the YAG-phosphor
layer can be adjusted. However, the uniform output profile should be revised before adopting
the local dimming technology. Fig.6-1 shows the light distribution of the optimized BFL
system. For single-chip illuminating case, the light distribution is closed to Lorentz
distribution. For multi-chip illuminating case, the. BFL system performed a uniform output
profile. Nevertheless, such_tuniform distribution‘is narrower and the illuminating intensity on
edge is lower than the Lorentz distribution.” In other words; such output profile is not suitable

for the locally dimmable backlight systems.
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Fig. 6-1 Light distributions of the BFL system with blue LED chips illuminating in different

numbers,
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Therefore, in the future, we can embed a Fresnel lens structure into the BFL system to
enlarge illuminating intensity on edges and further optimize the BFL system’s output profile.
As shown in Fig. 6-2, by embedding a Fresnel lens between the blue LEDs and the
YAG-phosphor layer, the edge-emitting lights can be redirected toward center and the
luminance on the central position can be maintained.

By this method, the output profile of BFL system will be modified to Lorentz
distribution. Thus, the BFL system will be appropriate for developing the locally dimmable

backlight systems.

K Original Light Distribution \ K Lorentz Distribution \
RN
,,, \\\ /\
YAG-phosphor ‘ N .

oY N 4 R N
N - =L

Fig. 6-2 Schematic configuration of the Fresnel lens embedded BFL system.
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