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Abstract

Slim-format LCD-TV had been a trend for the current display market. Moreover,
light-emitting diode (LED) “is expected to become the backlight source of next
generation, because of.enhanced energy efficiency, a lager lifetime, the omission of
mercury, and compliance with.demand for green technologies: Since the manufacturing
effect, LEDs are classified ‘to different bin_types hy wavelength, brightness and
voltage. However, the wavelength requirement of LED is very strict in backlight
system. Therefore, LED cannot be used effectively in backlight systems, which still
have high costs, currently.

In this thesis, an analysis method was developed to calculate the optical properties
of direct-emitting backlight systems, which expands the usage of bins. The method
based on computing the radiance distribution from the measured light spreading
function and spectrum of LED. The calculation procedure includes linear spectral
superposition and color difference evaluation. The accuracy of this method was verified

by a real backlight module, which introduced the remote phosphor backlight system.



This structure could have more benefits than the traditional one, including thinner
thickness, longer life time, and wider LED bins. The conditions of acceptable color
deviation values could be simply obtained, and the different binned LEDs could be

efficiently used to reduce cost and achieve the wider binned-LEDs application purpose.
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Chapter 1

Introduction

During the past several decades, there has been rapid development of displays due
to the advanced techniques. Slim format displays can be generally classified to
different types basing on radiating methods, which are emissive and passive displays.
Emissive displays include the organic light emitting diode (OLED), the plasma
display panel (PDP), and the field emitting display (FED)™?%.. One of the passive
displays, liquid crystal display (LCD)™, is the most popular slim format display. It
should be noted, however; that there have been few attemptsto describe a calculation
method for the arrangement of color deviation and binned=LEDs, because of the
complexities of the conyentional ray tracing method. The main purpose of this thesis is
to build an efficient calculation system of direct-emitting. backlight to analyze the

optical properties and color deviation.

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, which consists of backlight, polarizer™, thin film transistors (TFTs),
LC layer, color filters, analyzer, and glass substrates. The backlight system is installed
as hindermost device in LCD to provide a planar uniform light source. These may be
cold cathode fluorescent lamps (CCFLs)™ or light emitting diodes (LEDs)["®. By
polarizer absorbing one direction light, the non-polarized light is converted to a linear

1



polarization. The linear polarized light then propagates through the LC layer, which is
placed between two glass substrates (e.g. indium tin oxide, ITO) and driven by a TFT to
modulate the linear polarized light rotating angle. According to an absorbed direction
of analyzer, the transmission in each pixel of the LCD can be defined as two types,
normally white and normally black. The RGB color filter array is fabricated on the top
glass substrate to mix the three monochromatic primary colors and produce full color

images.

Active-matrix [CD

Backlight
Polarizer

Lc TFT Glass

Color Filter
Analyzer
Glass

Fig. 1-1 Schematic configuration of a liquid crystal display.

Since the LC panel does not emit light by itself, a backlight system is required to
provide illumination. Depending on the position of the light source, the backlight
system can be classified into two types generally. One of them is called side-emitting

backlight, as shown in Fig. 1-2 (a), when the light source is at the edge of a light guide



plate (LGP). And the other type is called direct-emitting backlight, as shown in Fig.
1-2 (b), when the light source is directly behind the LCD. A side-emitting backlight is
typically used in small and middle-sized LCDs because of its small form factor and low
power consumption. For example, it usually applied in mobile products since slim
thickness and light weight. However, large-sized LCDs are more and more universal
around human lives, such as LCD-TVs and electronic billboards. Since a display area
is larger, an increased light source is needed to achieve the specified brightness.
Compared with an edge-emitting one, direct-emitting LED backlight needs space for
mixing light to maintain uniformity and has more benefits, such as application in
larger-size LCD, local dimming technology and: high-brightness display. Thus

direct-emitting backlights are generally applied.to-large-sized LCDs.

Uniform output Uniform output

Top diffuser W

Top diffuser W
, Prism sheet { &

(a) Side-emitting backlight (b) Direct-emitting backlight

Fig. 1-2 Schematic configuration of the conventional backlight systems.

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
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CCFL lamps or LEDs, are arranged parallel behind the LC layer, as shown in Fig.
1-3M. A diffusive plate with diffusive particles inside the substrate is laid at a distance,
which is called module gap, from the light source. After light is emitted from the light
source, it spreads through module gap and diffused by the diffusive plate. The
reflector is installed as a light recycle component in the bottom of whole device to
reflecting the light which is mirrored by diffusive plate partially. A bottom diffusive
sheet, with adjusted scattering ability, is applied to obtain a more uniform light
distribution. Then the light propagates into a prism sheet to redirect spreading shape
from a large inclined angle in the normal direction. Thus brightness can be enhanced in
the normal viewing direction™*!)..Finally, a top diffusive sheet is placed on top of the
backlight system, which is.applied to proteet the micro-structure of the prism sheet and

to reduce Moiré patternst*?, Then the planar uniform light is-outputted from backlight

system.
W / Top diffuser ~ W

é Prism film ?
Bottom diffuser — /
Diffusive plate

Reflector
CCFL LED
(a) CCFL backlight (b) LED backlight

Fig. 1-3 Schematic configuration of the conventional direct-emitting backlight systems.

Additionally, remote phosphor technology applied in backlight system will be

introduced in the next section.



1.3 Remote phosphor technology

Remote phosphor technology is extensively applied in white LED illumination.
According to its used functions, it can be classified to two applications, point light
source and planar light source. In point light source application, remote phosphor
technology mainly contributes to increase extraction efficiency and performed higher
illuminating brightness when compared with conventional LEDs. In the other
application, it mainly contributes to increase uniformity in planar light source.

Remote phosphor technology was firstly developed for LED packaging since
Nadarajah’s research (2005)™%). A light-excited illuminating device configuring with
external photo-fluorescent structure' is so-called remote phosphor technology. The
scheme of the conventional' pcLED which utilizes-a blue LED chip irradiating
Cerium(I11)-doped Y3AlsO1> phosphor™ (YAG-phosphar): to obtain white light
emission is shown in Fig.1-4(a). The broadband YAG-phosphor is coated on the LED
die surface of a blue LED chip and packaged inside 'the whole device. This
configuration has low efficiency because the diffuse phasphor 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) pcLED****101 \which contained a
external YAG-phosphor. The external phosphor was coated on an external substrate
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 remote phosphor sheet system could convert
the point light sources into a planar uniform light source and reduce the backlight
thickness. Moreover, the efficiency of SPE pcLED was 61% higher than conventional

pcLED.



BY- mixed white light BY- mixed white light

Blue light }mnmmxmxmxmﬂ
Blue light

Phosphor

Phosphor

Blue-light chip Blue-light chip

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

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

Basing on research of.the remote phosphor-technelogy adopted pcLEDs, the
direct-emitting backlight.with remote phosphor technology.is utilized in this thesis.
Comparing with conventional direct-emitting backlight, the configuration with
large-sized remote phosphaor layers coated.on flat substratesis shown in Fig.1-5. The
phosphor layer is placed between optical films. After light spreading through module
gap and diffusing by the diffusive plate, the point.light source is converted into planar
light source. Then the phosphor layer can be‘excited by planar blue light and emit
yellow light to produce planar white light for backlight. Due to the backward
scattering of excited yellow light, the direct-emitting backlight with remote phosphor
technology has higher optical efficiency and uniformity than conventional

direct-emitting backlight.



Top diffuser =<
; Prism sheet ——=
= Phosphor layer —=
/\ Bottom diffuser 72

Diffusive plate

\\\

Reflector

White LED Blue LED
(a) Conventional direct-emitting (b) Direct-emitting backlight with
backlight remote phosphor technology

Fig. 1-5 Schematic configuration of (a) conventional direct-emitting backlight and (b)

direct-emitting backlight with remote phosphor technology.

1.4 Motivation and-objective

Both color uniformity of backlight system and cost down.are key issues in LCDs
fabrication. Moreover, .LED is expected to become the backlight source of next
generation, because of enhanced energy efficiency, a lager lifetime, the omission of
mercury, and compliance with demand for green technologies. Since the manufacturing
effect, LEDs are classified to different bin types by wavelength, brightness and
voltage. However, the wavelength requirement of LED is very strict in backlight
system. Fig. 1-6 shows a LED binning map™®, which represents the actual LEDs-bin
classified range. From the LED binning map, only the center white bin LED can be
chosen as light source in LED direct-emitting backlight. In the other words, the usable

LEDs are rare in fabricating for backlight applications.
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Fig. 1-6 Usable range of LED binning map for application in direct-emitting backlight.

It should be noted, however, that there have been few attempts to describe a
calculation method for the arrangement of color deviation and binned-LEDs, because
of the complexities of the conventional ray tracing method. The main purpose of this
thesis is to build an efficient calculation system of direct-emitting backlight to analyze
the optical properties and color deviation. By using the method, whether the phosphor
having the wider blue LED binning range and evaluate the binning range under the
required chromaticity uniformity or not is verified. According to this calculation
system, an optimized binning distribution and arrangement method were proposed. In
the last part, by applying the proposed method, the LED binning range for backlight

could be extended thus becomes more cost effective.
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1.5 Organization of this thesis

This thesis is organized as follows: The principles of backlight systems are
presented in Chapter 2. In Chapter 3, the design concepts and processes of LSF
approximation method are described. The simulation results and experimental results
to analyze the accuracy of proposed method are verified in Chapter 4. In Chapter 5,
the results of LEDs random arrangement, optimized arrangement, and reducing gap
method are discussed. Finally, conclusions of this thesis and recommendations for the

future work are presented in Chapter 6.



Chapter 2
Light Principles of Backlight Systems

For the purpose of designing and analyzing backlight systems, some optical
principles are defined in this chapter. Emitted ray from light source propagates
through an optical system, which is usually a homogeneous material, following the
linear phenomena of light reacting. Thus geometrical optics is introduced to illustrate
the light behavior in backlight systems. Moreover, results of the ray-tracing method
can be mainly interpreted by Radiometry and Photometry. Furthermore, basing on the
definition of Colorimetry,.two color-spaces, CIEXYZ and CIELUV, which specify
color numerically, are also presented-to explain the characterizations of phosphor films

in this chapter.

2.1 Geometrical optics in illumination system

By electromagnetic theory and Maxwell equations, light exhibits a phenomenon
as electromagnetic waves with time varying electric and magnetic fields when the
wavelength of light is much smaller than surrounding objects it propagates through
and around. After radiated from a point source, the light waves take a spherical form
and travel in all directions. When propagating far away from the source, the light
then behave like plane waves. The path of a hypothetical point on the wave front of
light is called a ray of light. Thus the behavior of light can be approximated and
described by ray optics (geometrical optics), including Snell’s law, Fresnel’s equation,

and other optical principles.
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2.1.1 Law of refraction (Snell’s law)

Snell’s law, also called law of refraction, defines the phenomenon of light
refraction in the plane-of-incidence, which consists of an incident ray, a reflected ray, a
refracted ray, and a normal direction of the surface. The verification of Snell’s law can
be proved by Fermat’s Principle™™. When a light ray having an angle & (the incidence
angle) with the surface normal strikes a boundary (interface) of two different optical
media, it will induce a refracted ray transmitted through the boundary and makes a new
angle & (the refraction angle) with the surface normal, as shown in Fig. 2-1. Based on

the definition of Snell’s law, the deviation of optical rays due to refraction is defined as

the following equation®?”,
(2.1)

where n; and n; are the. refrz the and transmitting medium,

respectively.

Fig. 2-1 Reflection and Refraction on a boundary surface
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2.1.2 Law of reflection

In the plane of incidence, the propagating direction of the reflected rays follows

below formula, which is also known as law of reflectiont?);
0 =0 (2-2)

where & (incident angle) and & (reflected angle) are the angles of propagation
respectively. In other words, the reflected ray and the incident ray propagate with equal

but opposite angle in the incident-of-plane of the same media.

2.1.3 Fresnel’s equations

Fresnel’s equations ideseribe the energy of transmitted .and reflected light at an
interface between two different optical media. According to' the polarization of light,
electromagnetic waves_can be classified to two types, P.polarized light, and S
polarized light, which vibrates parallel and perpendicular.to the plane of incidence,
respectively. The amplitude: ' reflection and transmission coefficients r and t are

respectively given by[??:

_ Nn;cos@ —n, coso,

r
> n,cosd +n, cosb, (23
2n, cos @
t, = (2-4)
n; cos &, +n, cos o,
_ N, cosd —n; cosb,
P n.cosé, +n, cos o, (2-9)
2n, cos 6
L (2-6)

n, cos 6. +n, cos o
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where n; and n; are the refractive indices of the incident and transmitting medium, & and
6 are the angles made by the incident and refracted ray with the surface normal,
respectively.

According to radiant flux density (irradiance)®®, which unit is W/m? the

reflectance and the transmittance for polarized light are defined as:

R, =r? (2-7)
T, =1-R, (2-8)
R, =r.? (2-9)
T, =1-R, (2-10)

where Rs and T; are the reflectances-and transmittances for.S polarization light, and R,
and T, are the reflectances and transmittances for P polarization light, respectively.
According to the conservation of energy, the reflectance R and transmittance T of a
random polarized light (eg. the nature light) striking the interface can be defined as the

average of the polarized case as following equations:

R,+R,

R= 5 (2-11)
T, +Tp

T= 5 (2-12)

Basing on laws of reflection and refraction, the behaviors of light, reflected, and
refracted, could be described by geometrical optics. Besides, by Fresnel’s equations,
the reflectances and transmittances at an interface of two media could be calculated.
Thus the energy of a particular light on the defined receiver could be obtained.

Therefore, the propagating direction of a light ray in an optical system can be

traced and simulated to design and optimize the optical performances of the backlight
13



systems.

2.2 Radiometry

Radiometry is the science of measurement in electromagnetic radiation. It can
gauge optical radiation within wavelengths ranging from 10 nm to 10° nm[*.
Consequently, the light source, which using ultraviolet-, visible-, and infrared-light, in
optical systems can be analyzed by radiometry. Radiometric quantities include radiant
energy, radiant flux, radiant intensity, irradiance, radiant exitance, and radiance. These
fundamental quantities which.characterize the energy content of radiation are used in

SI unit®®! and summarized. in Table-2-1;

Table 2-1 Radiometric units.

Radiant energy Q joule
Radiant flux ) dQ/dt watt
Radiant intensity I dd/dQ watt/sr
Irradiance E d®/dA watt/n?
Radiantexitance M dd/dA wartt/me
Radiance L d?®/dA  dQ watt/(m? - sr)

(t: time, Q: solid angle, A: area )

Radiant energy Q is the energy of a collection of photons (as in a laser plus).
According to quantum mechanics, which classified by Albert Einstein, the energy of a

single photon is hyv. Radiant flux @ is defined as the measure of total power of radiation,
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which is the total emitted from a light source or the total debarkation on a particular
surface. Basing on radiant energy Q and radiant flux @&, the other quantities are obtained
by various geometric normalizations.

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

Irradiance E clarifies radiation distribution on a received plane. The definition is
the radiant flux per unit area A of a specified surface, which the spreading radiation is

incident on or passing though, as;shown-in Fig. 2-2 (b).

Radiant flux d®

Radiaft flaxX dd \\ |
Solid angle element'd O Plane ele'ment dA
(a) Radiant intensity (b) Irradiance
Radiant frl;\x do
dA =dAcos6
W7 eV
) >
Radiant flux d®
1
Plane element dA Plane element dA
(c) Radiant exitance (d) Radiance

Fig. 2-2 Defining geometry of radiometric quantities.
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When the radiant flux leaving the plane per unit area A is considered, the term
radiant exitance M is used instead of irradiance E. But the defined in the formulas are
expressed by the same equation. Radiant exitance M clarifies radiation distribution on
the plane which emits the radiation, as shown in Fig. 2-2 (c).

If an extended source, such as a planar source, is considered, radiance L is used to
describe its characteristic. The definition of radiance L is the radiant flux & per unit
project area A and per unit solid angle Q of a specified surface, which the propagating
radiation is incident on or passing through, as shown in Fig. 2-2 (d). The projected area
of the plane element equals to dAcos6, where 6 is the angle between the normal of the

plane element and the direction of observation.

2.3 Photometry

Compared to Radiometry that describes all radiant energy, Photometry considers
the responses to the optical radiation of human visual'system, which are sensitivity at
all wavelengths of visible light. ‘Photometric quantity is an operationally defined
quantity designed to represent the way in which the human visual system evaluates the
corresponding radiometric quantity. The radiant power at each wavelength is weighted
by CIE luminous efficiency curve, and the standard model that represents response or
sensation of brightness for the eye versus wavelength is reproduced in Fig. 2-3. In
particular, the optical radiation within the wavelengths range between 380 nm and 780
nm called visible light are discussed by photometry.

Photometric quantities include luminous energy, luminous flux, luminous intensity,
illuminance, luminous exitance, and luminance. The definitions of photometric

quantities are related to the corresponding radiometric quantities through the luminous
16



efficiency curve. The photometric quantities whose unit is based on lumen (Im)®*! are
shown in Table 2-2. The unit 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.’

1800 — T T X
- 'f\'.'nv] =1 /0(' mAN

g 1600 - T
E 1400 - 1
: Scotopic
o 1200t Ki(2)=Km V(%)
=
Q2
O 1000 - i
=
W  soof K'm = 683 ImW 1
7
= 600
8 Photopic
E o K[/.):Kgn V(},]
3
=

200 i

Wavelength (nm)

Fig. 2-3 Scotopic and Photopic spectral sensitivities.

From the definition of lumen, the corresponsive maximum spectral efficiency of
human eyes, which one watt is equal to 680 lumens, is at the wavelength 555 nm. Thus,

the luminous flux @, emitted from a source with a radiant flux @,(A )is given by:

@, (1) =683 Im/w - j V,(A)®,(1)dA 03

where A is the wavelength and _[VA (4) isthe normalized luminous efficiency function

depicted in Fig. 2-41%°!,
17



Table 2-2 Photometric quantities.

Luminous energy Q, lumen - s
Luminous flux d, dQ,/dt lumen(Im)
Luminous intensity l, do,/dQ lumen/sr or candela
llluminance E, do,/dA lumen/m?or lux
Luminous exitance M, do /dA lumen/m?
Luminance L, d?® /dA  dQ lumen/(m? - sr) or nits

(t: time, Q: solid angle, A: area)

1988 C.1.E. Photopic Luminous Efficiency Function

Photopic Luminous Efficiency V(L)

| L | ' | > | S | s | = | u |
400 450 500 550 600 650 700 750
Wavelength %.(nm)

Fig. 2-4 1988 CIE Photopic Luminous Efficiency Function
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2.4 Colorimetry

Colorimetry is the science designing and quantifying color comparison and
matching in human eyes. As mentioned in prior paragraph, the photometric quantities
have provided measures to describe the amount of energy for visible light, where the
optical radiations within wavelengths range from 380 nm to 780 nm. However, in
human visual system, the optical radiations stimulate not only intensity response
(brightness) but also chromatic response (chromaticity). In human eyes, the retina
contains two major types of light-sensitive photoreceptor cells used for vision:
the rods and the cones, which are responsible for low-light monochrome vision and
for color vision, respectively. Therefore, colorimetry is imported to specify the
chromatic performance of.backlight units.in. this.thesis. The CIE 1931 xyY and CIE
1976 LUV color spaces;:which have been-developed.for denoting colors numerically,

are described in the following paragraphs.

2.4.1 CIE 1931 XYZ color space

The CIE 1931 XYZ system, created by the International Commission on
Illuminance (CIE, Commission internationale de I'éclairage) in 1931, is one of the first
mathematically defined color systems that quantify colors numerically®?”). The human
eye has three types of cones that perceive for short (S), middle (M), and long (L)
wavelengths light, often referred to as red, green, and blue, respectively. Accordingly,
in definition, three parameters are used to describe a color sensation. The tristimulus
values of a color are the amounts of three primary colors in a three-component additive
color model, which is needed to match that test color®®). In the CIE 1931 XYZ system,

the tristimulus values are called X, Y, and Z. The tristimulus values for a color with a
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stimulus ¥(A ) can be evaluated from the color matching functions, the numerical

illustration of the chromatic response of standard observer!?®! (see Fig. 2-5), according

to the following equations:

X =k j ¥ (A)x(A)dA (2.4)
Y =k[¥(A)y()dA 25)
Z =k [ W(A)z(2)d2 (2.6)

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

is set in order to identify. the value the.same.as the spectral luminous efficiency

function V(1) mentioned earlier.-Thus the tristimulus value Y directly expresses a

photometric quantity.

20T

— %)

400 500 600 700
A/nm

Fig. 2-5 Color matching functions x(2), y(4),and z(2) inthe CIE XYZ color system.
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tristimulus values X, Y, and Z i r space, called CIE 1931 XYZ
color space. Besides, for convenient descriptions of colors, a color space represented by
X, y, and Y, known as CIE 1931 xyY color space, was evaluated™®. In this color space,

the x and y are defined as following equations:

X
X+Y+Z 27
yo_Y
X+Y +Z (28)
Z= = =1-X-y
X+Y +Z (29)
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where z coordinate could be neglected by providing Y parameter which is a measured
value of the luminance of a color. Therefore, 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 custom (see Fig. 2-6).

However, the xy chromaticity diagram is highly non-uniform and has been found
to be a serious problem in custom®®Y. The color difference between two colors could not
be calculated by using CIE 1931 XYZ color space or xy chromaticity diagram.
Therefore, a uniform color space, the CIE 1976 LUV color space, is proposed to

replace the non-uniform CIE 1931 XYZ color space.

2.4.2 CIE 1976 LUV color space

The CIE 1976 LUV colorspace proposed by CIE in 1976, which is an approach to
define an encoding with uniformity-in the perceptibility of color difference®. This
uniform color space is based on‘a simple-to-compute transformation of the CIE 1931
XYZ color space®*34. For the non-linear-relations from CIE 1931 XYZ color space to
CIE 1976 LUV color space, the three-dimensinal orthogonal coordinates adopted in

CIE 1976 LUV color space are defined as follows!':

L*=116(Y /Y,)"* -16 (2.10)
u*=13L*(u'—un") (2.12)
v*=13L*(v'—Vn") (2.12)

where ©” and v’ is the coordinates of two-dimensional v’ chromaticity diagram (see
Fig. 2-7), which is used similarly to xy chromaticity diagram, defined as Equation 2.13

and 2.14. Y, up’, and v, are the tristimulus value and the chromaticity coordinates u’
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and v’ of reference white, respectively.

. 4%
AX +15Y +3Z (2.13)
o Y%
X +15Y +3Z (2.14)

Basing on the uniform CIE 1976 LUV color space, the color difference of two
colors could be calculated simply and directly without changing based domain. The
color difference u’v’ between two colors (u;’,v1’) and (u’,v,’) at the v’ chromaticity

diagram is defined ast*®!:

backlight units.

50 530 540
0.6

510

680
500
0.5

0.4 %

0.1

0 0.1 02 ® u 0.3 0.4 0.5 0.6

Fig. 2-7 u’v’ chromaticity diagram of the CIELUV color system.
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2.5 Summary

Table 2-3 summarizes the principles mentioned earlier in this chapter. In this thesis,
ray-tracing method was used to explain properties of light spread function (LSF). By
Snell’s law, law of reflection, and Fresnel’ equations, the propagation trajectory and the
carried energy of light could be calculated. Besides, basing on radiometry and
photometry, the wavelength-corresponded spectrums with different detected locations
of backlight illustrated the compositions of emitted (blue) and stimulated (yellow)
light. Furthermore, the flux and chromaticity distribution of the backlight can be
simulated by the numerical superposition in commercial calculated software,
MATLAB. Accordingly, the CIELUV color space and the color difference Au’v’ were
utilized to judge the optical performances.of the-backlight units, which are the most
important part for developing simulation ‘models of backlight system. Therefore, the

measurement framework will be discussed in the following chapter.

Table 2-3 Functions of applied principles.

Snell’s law
_ Calculating propagation
Ray tracing Law of reflection trajectory and carried energy
Fresnel’s equations CRERE
Radiometry Light flux properties Characterizing light
& ; o scattering properties of
Photometry Photopic spectral sensitivity phosphor films.
CIE LUV color space Specifying chromaticity
Colorimetry ; » performance of backlight
Color difference (Au’v’) output distribution.
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Chapter 3
Concept of LSF Approximation Method

The purpose of this thesis is to extend the blue LED binning range for remote
phosphor backlight system. The first step is to build an accurate calculation model for
the system. Here the chromaticity and luminance uniformity of the phosphor can be
effectively calculated by the spectral distributions of the different binned LEDs under
the considered configuration. As the structural parameters, including the pitch, gap, and
optical films, are defined, the light spreading function (LSF) by single LED is measured
first. Therefore, we can calculate-the-chromaticity distribution of the backlight by the

numerical superposition.of the L.SF against the conventional ray-tracing computation.

3.1 LSF approximation.method

The LSF approximation method was built.to analyze the optical property and
color uniformity of backlight system before manufactured process in a factory. Here
the procedures of calculated method could be summarized to the flowchart in Fig. 3-1.
Based on the calculation of LSF approximation method, a color deviation of a
backlight could be computed and controlled less than the required light flux and
chromaticity uniformity by choosing acceptable binning ranges, which are defined by
wavelength, flux, and V. Moreover, by designing and optimizing binning distribution
and arrangement, the more outer binned-type and binned-ratio of LEDs could be
chosen to use in LCD backlights. In other words, according to this calculation system,

the LEDs information of a good enough color uniformity backlight, which Au’v’ less
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than an acceptable value of color deviation, were evaluated by the simulation.

[ LSF H Convolution

Binning
Factors

CIELUV

[[Random Arrangement}

Acceptable
Results

A

. . . )
Gaussian Binning

Pnm()

> Distribution

(wavelength) )

. . )
Gaussian Binning

i m)

— .

Distribution
(intensity)

/

Change distributing factor

Auv’<
Acceptable
Deviation
Value

Fig. 3-1 Calculation model flowchart of backlight.chromaticity.

3.1.1 Light spread function (LSF)

The first step of the procedureswas to measure-the light spread function (LSF)®"!
of the backlight system module under single LED illuminating. The measurement setup
was shown as Fig. 3-2. Since the LSF would be changed with the varying LED, module
gap and optical films, the parameters should be defined before measuring it. Therefore,

the measured LSF completely characterized the parameters of the backlight system

configuration.

In a case of this thesis analyzing, the gap of module is 30 millimeter, and the
encapsulation style of LED, whose driving voltage is about 3.2 V, is a bare chip made
by Everlight Electronics CO., LTD. Besides, the optical films from bottom to top are

diffuser plate, phosphor sheet, which is also called PEBBLE made by Sony CO.,
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diffuser sheet, BEF and DBEF, sequentially. Under these conditions, the LSF of single
LED (Fig. 3-3) was measured by CCD camera (ProMetric 1603F-1)18 as shown in
Fig. 3-4. Since the LSFs are similar under the same encapsulation style of LED and
module structure, this step of procedure could be just measured once, and the result
indicates to represent LSF of every LED. According to the measured data of LSF, a
intensity affected weight of LED in every backlight location could be obtained, and
the flux uniformity of backlight system can be superposed. Furthermore, considering
the difference of color composition in varied binned-LEDs, the color deviation of

backlight system could be calculated, which are described in the following paragraphs.

Blue LED Array

-

PhosphdiShiet

Fig. 3-2 Measurement setup of light spread function.
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Fig. 3-3 Light spread function of single LED illumination with phosphor.

Fig. 3-4 CCD camera (ProMetric 1603F-1).

3.1.2 Binning factors and spectrums

After the LSF measurement, the spectral distribution of the various binned LEDs
with the considered phosphor film would be measured. Fig. 3-5 illustrates the
measurement setup. The spectral distributions were varied with the different binned

LEDs, so the relative spectrums® represented the binning factors.
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Blue LED Chip Phosphor Sheet
/ ISpectrometer
i . v

Fig. 3-5 Spectral measurement of binned LED with phosphor film.

It is worth noting that the spectral radiance has varied composition on different
locations and viewing-angles. It’s caused from the diverse angular radiance
distributions of the excitation and emission light. The phosphor-scattered blue light
has higher directivity than the phosphor-emitted yellow light, so there is the color
dispersion pattern of measured LSF;.as shown in Fig.3-6:

In this section, spectrums measured by spectrometer (Topcon SR-UL1RMY, see
Fig. 3-7) are shown in Fig. 3-8 and Fig. 3-9 with the same conditions in the prior LSF
section. According to principles of remote phosphor technology, a spectrum could be
analyzed and classified to two parts: one is short wavelength range, which composing
the blue light emitted by LED, and the other is long wavelength range, which
consisting of yellow light stimulated by phosphor sheet.

Fig. 3-7 shows measured spectrums with the same LED and phosphor sheet in
the different locations of backlight system. By normalizing the maximum intensity of

spectrums, when a distance with the location above LED is farther, the intensity ratio
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of yellow light divided by blue light in spectral configuration is higher. This
phenomenon occurs by different field shapes of emitted blue light and stimulated
yellow light. Since field shapes of blue light and yellow light are directional and
lambertian, respectively, the blue component is higher than yellow one in normal

detection, as mentioned in the previous paragraph.

N

Fig. 3-7 Spectrometer (Topcon SR-UL1R).
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Fig. 3-8 Spectrums ofiblue LED with.remote phosphor.in different locations.

The normalized spectrums of various binned-LEDs with a phosphor sheet are

shown in Fig. 3-9. Comparing different curves of this picture, the compositions of

blue emitted light in spectrums ‘are just shifted by each other, and the flux shapes of

yellow stimulated light are almost the-same but have different intensity maxima,

which can be explained by phosphor emission and excitation data, as shown in Fig.

3-10. Based on phosphor materials, a phosphor sheet composed red and green

stimulated light™®!, which is made by Sony CO., is chosen for the better color

rendering index. The dashed lines indicate the phosphor sheet absorptive ability in

different wavelengths of blue LEDs, which is proportional to the maximal excitations

of red and green light. Besides, the solid lines illustrate the spectral distribution of red

and green emissive light.

31



T T T T T T
0.010 -
_— — - —450nm
= - 452.5nm
E 0.008 |- — 455nm B
& uuuL T
2 /=
7 0.006 |- ) E
= S
7)) =
c Y 4 @
S 0.0041 ’ z
- V4 c
£ ’ E
= 0.002} 7~ 3
(U \ X o000 L .
@ ‘ ~ 500 500 70
© - Wavelength (nm)
@ 0.000 | -.J ~-’/ =
m 1 1 1 L 1 " 1
300 400 500 600 700 800

Wavelength (nm)

Fig. 3-9 Spectrums of various hinned=LEDs with remote phosphor.
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Fig. 3-10 Phosphor emission and excitation data.

3.1.3 Gaussian binning distribution

The effect of chromaticity uniformity in the backlight system would be strongly
affected by the LED binning distribution, which be sorted by wavelength and flux. In

Fig. 3-11 (a) and (b), the discrete curve represents the practical wavelength bin
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distribution, including 0", +1% and +2" bin types. This discrete distribution is described

by the applied Gaussian function?,

ol el RS
R(/l) - o X (272_)0.5 exp( J y (31)

2x o2
where R(4) is bin distribution sorted by wavelength L. The ; symbol defines the
peaked wavelength in the standard bin. And the waist of the Gaussian function c
indicates the width of this bin distribution. Since the Gaussian function, R(4), is
continuous, it should be convolution with the comb function to transform into the

discrete one, and be multiplication with the rectangular function to limit the range width

of bins,
R'(n):{R(A)* ié‘(l—n-A)}x I’ect(NnA)_ (3.2)

Where R’(2) could be simply characterized the amount ratio in the different
binned-LEDs. The n and N are the order and total of bin types, and A indicates the
wavelength width range” of single bin. Moreover, the bin sorted by flux is also

characterized by the same process.

0.2 . . . . ‘ : .
s~ Bin type: - /\ o=2 -
0.16 | : : |
2 -glofet 2
o L ; .
3 o1 — —
o 1 o
<. Ul I\l
oo f RN
%AO 41.12 444 4:16 41.18 4‘:50 452 4:54 456 458 460 (4]40 4t‘12 444 446 448 4.50 452 454 456 458 460
Wavelength (nm) Wavelength (nm)
(a) (b)

Fig. 3-11 Gaussian function with the waist (a)o=2; (b) 0=4, and the ordinals of each bin.
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3.1.4 Convolution

Basing on the normalized LSF, the luminance distribution of the LED array with

phosphor would be summed by the superposition,

L, Y, 2) = 33 [LSF (6, ) * (L Py (D) -8(x=5p,, y=1p,))],  (3.3)

where the weights Py and |y of the sampling function & (x-spy, y-tpy) are the spectral
binning factors (normalized spectral distribution) and flux binning factors (maximum
luminance of the LSF obtained from binned LED) varied with the LED position (s,t).
The spectral radiance distribution at any point (X, y) on the phosphor emission surface

could be obtained by this function, which is defined as spatially spectral distribution.

3.1.5 Comparing results

The chromaticity distribution, of the backlight system module at the considered
position could be transformed from the spatially spectral distribution function by the

definition of the CIELUV color space. The evaluating factor is defined as

1 1 2 1 1 2
Ay =AU (X, Y) —U) + (VG Y) -V, 39
where the (s, t) indicates the position exactly above the LED at the s-th line and t-th row.
Here the data were compared with the expected value. One set of the calculated results

would be verified with the experimental measurement of a small-size prototype.
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3.2 Summary

To develop a simulation model to test color deviation of backlight system and
design an acceptable binned distribution, the backlight configurations, which were
integrated a direct-emitting backlight with the remote phosphor technology, were first
specified. In the LSF approximation method, a CCD camera measured LSF
completely characterized the conditions of LED encapsulation style, module gap and
optical films. Moreover, the spectral distribution of the various binned LEDs with the
considered phosphor film was measured by spectrometer. Combing the radiant
distribution of LSF and the binning factors of spectrum, the chromaticity distribution
of backlight with controlling binned amount were calculated by commercial software,
MATLAB. Therefore, the. color coordinate .in-every place of backlight can be
simulated simply by procedures of the-LSF approximation method. Further, the

accuracy of proposed module would be analyzed in the following chapter.

35



Chapter 4

Verification

In this thesis, the remote phosphor sheet direct-emitting backlight system was
chosen as the analyzed structure. According to the procedures of LSF approximation
method mentioned in previous chapter, the color deviation of backlight system, which
could be evaluated by software simulating, is the key issue of this thesis. Thus, the

accuracy of proposed method is very important and would be analyzed in this chapter.

4.1 Accuracy of LSFapproximation method

To evaluate the direct-emitting backlight witha specific LED binning distribution,
the commercially mathematical software was utilized to accomplish this purpose. In the
software, the remote phosphor sheet direct-emitting backlight system was set up as
shown in Fig. 4-1, which composed.of blue LED.chips, reflector white, diffuser plate,
phosphor sheet, diffuser sheet, BEF and"DBEF. In the simulation, the module gap (h)
and the period of blue LED chips (p) were both 30 mm. The range of blue LED peak
wavelengths in the center bin (0™) was from 455.0 nm to 457.5 nm, and the others were
every 2.5 nm nearby the center one. Besides, in the same conditions, a small-sized
remote phosphor sheet direct-emitting backlight system (180 mm x 180 mm x 30 mm)
with 36 blue LED chips (6 x 6) was demonstrated to verify the calculation model, as
shown in Fig. 4-2 (a) and (b). According to the target of the thesis, the acceptable color
deviation of whole backlight was 0.014. This required condition was strict, so the

accuracy of computation was very important. In this section, the errors between
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simulation and measurement were discussed step by step.

Diffuser sheet

BEF
Phosphor sheet
z Diffuser plate ~ [ / D/BEF
y \
X

Reflector white \ %»\/
Pitch(p Blue LED

Fig. 4-1 Structures of simulated remote phosphor direct-emitting backlight model.

Fig. 4-2 Ten inch direct-emitting prototype of (a) blue LEDs; and (b) phosphor sheet

and optical films with LED illuminating.

4.1.1 Correctness of LSF superposition method

The first step is to exam the correctness of the proposed LSF superposition method.

Fig. 4-3 (a) shows the experiment setup for verification. Considering the 3x3 LED
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array, the calculation result is derive from the superposition of the nine LSF, as shown
in Fig. 4-4. From Table 4-1, the color difference between measurement and calculation
is 0.0007. The errors are caused from the limitation of the spectrometer dynamic range.
Here the electronic noise and straight light strongly affect the spectrum distribution of

the superposition.

v SR-7

l speclromeler L4 spectromeler

(a) (b)

Fig. 4-3 Spectrums measurement setup with turning on (a) 3x3 LEDs; and (b) 5x5 LEDs.
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Fig. 4-4 Simulated spectrums superposition compared with measurement data.
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Table 4-1 Color difference between simulated superposition and measurement.

Color Coordinates In Center Place [

—— Measurement (3x3) 0.1905,0.4560
— Calculation (3x3) 0.1908,0.4554
Difference 0.0007

4.1.2 Tolerance of self-fabricated module

Second, we found out the tolerance [of the. measurement set up. The deviation
between different times measurement is 0.0012. There are two main reasons. One is the
unstable of the self-fabricated module, and the small tilt angle (0) between the panel
normal and the axis of objective, as shown in Fig. 4-5. The other is the radiance

tolerance of the instrument, where the noise rises as the increased exposure time.

Blue LED Chip FPhgsphorShoct

/ - Spectrometer

\}\9 [

4 SR-1

spectrometer

Fig. 4-5 Measurement deviation by small tilt angle between panel normal and detector.
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4.1.3 Affected color composition range of LED

Thirdly, we compared the measured 5x5 and 6x6 data with the calculated 3x3
result to verify the approximation of 3x3 LSF superposition. We assume the LEDs of
outer ring from 3x3 matrix wouldn’t affect the color composition in the center. The
comparisons are shown in Table 4-2. Here the color difference is 0.0071 and 0.0130
respectively. The huge deviation shows that the 3x3 assumption is incomplete for this
case. However, the calculated 5x5 case has small color difference from the
measurement results. Therefore, the 5x5 approximation is more suitable to simulation

the color deviation.

Table 4-2 Color difference between different considered LEDs and measurement.

Color Differences | Measurement (5x5) | Measurement (6 x6)

(Auv’) 0.1915,0.4625 0.1908,0.4554

Calculation (3x3)

0.0071 0.0130
0.1908,0.4554

Calculation (5x5) 0.0006 0.0060

0.1921,0.4623

4.1.4 Built-in tolerance from bin width

The forth step is to exam the calculation tolerance caused from bin width. We
consider the situation that the 457.7 nm and 460.0 nm blue LEDs are all in 457.5~460.0
nm bin. The color difference between them by measuring 3x3 LEDs is 0.0034, as

shown in Table 4-3.
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Table 4-3 Color difference between two different wavelength LEDs in the same bin.

Peak wavelength (nm) Color coordinate (u’v’)

457.7 0.1901,0.4604

460.0 0.1887,0.4635
Difference 0.0034
Difference 0.0043

(intensity variable £5%)

The real manufacture of 3x3 single bin LEDs, which composing varied peak
wavelengths, was constructed for testing the built-in error, as shown in Fig. 4-6. The
color coordinates measured from module is compared with the simulated condition,

which LEDs peak wavelengths are all in;the bin edge, as compared in Table 4-4.

Pitch x=30 mm =30 mm

Fig. 4-6 Peak wavelengths of LEDs in the same bin to test the built-in errors.
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Table 4-4 Built-in color errors by a width of peak wavelength in the same bin.

Peak wavelength (nm) Color coordinate (u’v’)

(1) Mixed LEDs of single bin 0.1886,0.4615
(2) 457.7 0.1901,0.4604
Difference between (1) & (2) 0.0019
(3) 460.0 0.1887,0.4635
Difference between (2) & (3) 0.0020

4.1.5 Boundary effect by light reflection

The last step is discussing ‘the boundary ‘effect. The color uniformity was
influenced since the light reflected by the panel frame. Adiffuse white frame is to cause
the diffuse reflection, and an absorption black frame is to mimic the situation that there
IS no boundary, as shown'in Fig. 4-7, Fig. 4-8 (a) and (b).

By measuring the backlight systems, the color difference between these two types
is compared in Table 4-5, where € 18 defined as the color error value. According to the
results, the € in the outer rings 1s larger than-the-inner locations, which are far away from
the boundary. Also, the black boundary model is more similar to the proposed approach,

as shown in Table 4-6.

Table 4-5 Color difference between the white boundary and black boundary modules.

EEEEEE Avg.  Max.
EEREEE .
R
|||
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Fig. 4-7 Prototype wi hite boundary.

(a) Phospt 5 HTrkr . perfect
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Without
Boundary

Reflector White
Blue LED

Fig. 4-8 Prototypes (a) without boundary; and (b) with black boundary.
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Table 4-6 Color accuracy of simulation and black / white boundary prototypes.

Color errors with measurement | Black boundary |White boundary

Au’v’ average 0.0041 0.0287
AU’V maximum 0.0099 0.0338
Au’V’ minimum 0.0003 0.0260

4.1.6 Total difference between calculation and experiment

0.020 T T T T T T T T T T T T T T

. . I
0.018 _—:‘— Difference of Color Coordinates |

0.016 4
0.014

0.012

0.010

Auv’

0.008
0.006
0.004

0.002

0.000

5 10 15 20 25 30 35
Sample Points

Fig. 4-9 Total differences between simulation and measurement in LUV color space.

All for all, combing all the steps of verification, we can find that the color
deviation value by measuring 10-inch prototype is 0.0118, which is similar to the result
of simulation one, 0.0196.

Moreover, by comparing the color difference between calculation and experiment,
the average error value is £0.0019 and the maximum error value is 0.0087, which is

small enough to verify the accuracy of calculation model, as shown in Fig. 4-9.
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4.2 Summary

After comparing simulated results and measured data of prototype, the maximum
error value is 0.0087 in CIE 1976 LUV color space, which is acceptable but could be
reduced. Therefore, the simulated module was classified to many parts to analyze
errors step by step. According to the results in this chapter, the color errors are small
enough in the steps of correctness of LSF superposition method, and tolerance of
self-fabricated module. Moreover, the tolerances of bin width are built-in errors, which
could not improve anymore. However, the errors caused from affected color
composition range of LED cannot be ignored. All these errors are attributed to
reflected light by diffuser plate.and reflector white. It means that the distance of
emitted light guiding in madule cavity is-lenger. than predieted value, as shown in Fig.
4-10. Accordingly, to enhance the accuracy of proposed methed, the affected intensity
ratio of far LEDs must be considered when: calculating the color coordinate in
backlight system. Finally, designing the“boundary effect, the black frame is to mimic
the situation that there is no boundary. In this structure; the results are more similar to

the proposed approach since there are without-the unpredictable reflected light.

——— DBEF
A BEF
~ Diffuser sheet
Diffuser plate Phosphor sheet
A ,
Gap ‘ \
=30mm \ V4
Blue LED ‘»
v
<
Pitch=30mm X

Fig. 4-10 Effected LEDs light by multi-reflection between reflector and diffuser plate.
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Chapter 5

Results

After the verification of the calculation model, the color uniformity of backlight
system could be computed handily in any conditions. The compositions of this chapter
could be briefly classified to three parts. The first part is to calculate the color
uniformity of backlight system with LED random arrangement. Furthermore, with the
same conditions, the optimized best arrangement of different binned-LEDs designed to
get the highest color uniformity. is analyzed in the second part. Finally, some ideas of

reducing gap were proposed.

5.1 Random arrangement

The color uniformity of backlight system with random arrangement would be
calculated by controlling the width eof Gaussian function, o, which fixing the amount
ratio of different binned LEDs, in the steady module structure. This condition was
simulated as the LEDs which manufactured by factories were directly used in the
backlight system without classified the bin.

There are two LEDs sampling methods, as shown in Fig. 5-1 and Fig. 5-2. One is
selecting the exactly number of each binned LEDs, which is controlled by the waist of
the Gaussian function 6. The other way is that so many LEDs are collocated by the
fixed ratio of bins, and randomly chooses the required LED amount. This method
simulates the procedure of selecting backlight LEDs in the factory. So the LED amount

of each bin is not equal in these two methods.
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The results are analyzed by two different approaches. One is the statistics of color
deviation which including the maximum, minimum and average data by computing 100
times. The other one is to calculate the worst case in the fixed conditions, which is

occurred rarely in practical cases.

@ Selecting LEDs exactly number Method

Gaussian curve
g

N o=1 |
|

|Bin

j‘_ﬁ‘, type:
\[ -2 .io 142

FoaTs

Radiant intensity (uW/nm)

e e o s w
wavelength (nm)

Fig. 5-1 Amount binned- LEDs-of selecting LEDs exactly number method.

@ Picking up, LEDs randomly-Method

i
<

LED factbry: many LEDs. »32 inch LCD: 299 LED

Gaussian curve Gaussian curve

o=1 | &

| @ ..|Bin type:
.| Bin type: 2 1] 0)+1+2
" -2-io 142 | @@ l/ E

s o o e s W LT e e e e s &
wavelength (nm) wavelength (nm)

Radiant intensity (uW/nm)

Radiant intensity (uW/nm)

Fig. 5-2 Amount binned- LEDs of picking up LEDs randomly method.

47



In the simulation process, the conditions of module were the same as in the
verification part, as shown in Table. 5-3. But the panel size of backlight was selected in
32 inch, which included 23x12 blue LED chips array. The arrangement of different bin
LEDs in the LCD was random; in other words, the results were not always the same in
different simulated times. The waist of the Gaussian function, o, could be chosen as any
values in different cases in simulation.

Both the peak wavelength and the intensity of LED influence the color uniformity
of backlight, and the LED numbers distributed along the two binning factor have the
characteristics of normal distribution. So we define the 61 and 62 values as the
Gaussian waist of the different bins classified by peak wavelength and intensity.

According to the statistic value of LED. factories, the 6l varied from one to four, as

shown in Table 5-1, andithe 62 was fixed as four.

Table 5-1 Conditions of simulation in LSF approximation method.

Wavelength (nm)

-2nd -1st Oth +1st +2nd
450~452.5 452.5~455 455~457.5 457.5~460 460~462.5

Intensity Other parameters

Bin width Simulated times Cost time
5% 100 90 minutes

5.1.1 Results of LEDs random arrangement:
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(A) Method: select binned LEDs amount exactly; Arrangement: random
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Fig. 5-3 Color deviation with g1=1 in-selecting LEDsexactly method.
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Fig. 5-4 Color deviation with 61=2 in selecting LEDs exactly method.
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Fig. 5-5 Color deviation with 61=3 in-selecting LEDs exactly method.
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Fig. 5-6 Color deviation with c1=4 in selecting LEDs exactly method.
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(B)Method: select binned LEDs amount randomly; Arrangement: random
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Fig. 5-7 Color deviation with a1=1 n picking up LEDs randomly method.
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Fig. 5-8 Color deviation with 61=2 in picking up LEDs randomly method.
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Fig. 5-9 Color dewiation with a1=3 n picking up LEDs randomly method.
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Fig. 5-10 Color deviation with 61=4 in picking up LEDs randomly method.
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(C) Method: select binned LEDs amount exactly; Arrangement: worst case
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Fig. 5-12 Color deviation with 61=2 in the worst case.
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Fig. 5-14 Color deviation with 61=4 in the worst case.
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5.1.2 Discussion:

With the given structure of direct-emitting backlight, the color uniformly was
simple simulated by this method. Also, the best backlight binned LEDs arrangements of
simulating 100 times were obtained. Moreover, the color coordinates of the positions
above every LED in the whole panel were also calculated. Therefore, whether the color
deviation was acceptable in these fixed conditions could be simply found.

Comparing and analyzing the results as shown above, firstly, the A u’v’=0.014
curve is defined as the acceptable color deviation of backlight system in this thesis.
When the waist of Gaussian curve, o1, is wider, the LED numbers of the edge bins are
larger inducing worse color uniformity. Generally, the worst case (see Fig. 5-11 — Fig.
5-14) in the fixed conditions is occurred-rarely since few edge binned-LEDs need to be
arranged nearby each ether. Because the binned ratio of LEDs is fixed and stable
when the Gaussian waist'Is wide enough, the curves of 61=3 and c1=4 are almost the
same in the worst case.. In the selecting the exactly number of each binned LEDs
method (see Fig. 5-3 — Fig. 5-6), the color deviations are larger than in picking up
LEDs randomly method (see Fig. 5-7 — Fig. 5-10) when the total bin width is 7.5nm
or 12.5nm. This phenomenon is occurred from the amount of edge binned-LEDs,
which is fixed in the selecting exactly method and may be zero in selecting randomly
method, probably.

However, since the arrangement was random, the color uniformity would be
changed case by case. For the minimizing color deviation purpose, we proposed the

method of optimized LED arrangement further.
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5.2 Optimized arrangement

The purpose is to optimize the best arrangement of different binned-LEDs, where
had the highest color uniformity. Attributing to the too much ways of the arrangements,
we use the 3x3 LEDs superposition method in this part to reduce the calculated time,

which was different to the random simulation case.

/LED Binning Factors\
- N N [ Best ArrangementJ
ovalue —>| Bins’Ratio T Amount of of Whole Panel
- s [\ Every Bin’s LED | 1
Combine and shift
{LCD ) [ LED ) v . each array units.
size > T | Basic Array Unit
Total Amount
& 2 j [(same ratio of bins) Best Arrangement
| of Basic Array Unit
N
(] Calculate the Best Arrangement )
Yes

Bin limitation

Center Location:
Farthest Bins’ LED
NO0={-2,+2}

Find NC
and arrangement

T o=+l M=MN,

Fig. 5-15 Flowchart of the optimized arrangement method.

Fig. 5-15 shows the flowchart of optimized arrangement. The first step is to fix the
LED binning factors, which represent the LED amounts of different bins. When the
width of Gaussian function ¢ is defined, the count of each binned LEDs could be
obtained. Then the sum of total LEDs is easily calculated by clarifying the size (inch),
the gap (h) and the pitch (p) of the panel. In the simulation, the o equaled 2, the size of
the panel was 32 inches, and both the gap and pitch were 30 millimeter. The wavelength
binning distribution was the same as that in the previous case.

Basing on these definitions, the number of the LED distribution should be defined
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as
M(n)=R'(n)xC, (5.1)

where the C is the integer corrective factor. Therefore, the basic LED amount is
dominated by the summation of M, which indicates that the LEDs quantity of each bin
is an integer and as small as possible, when the ratio of total would be kept. Basing on

the basic LED amount,
D> M(n), (5.2)
n

which can be summed by each binned LEDs, we can find the rectangular unit array to
arrange. The LED amount should,be 'satisfied the geometrical condition of the
considered unit array.

In the Fig. 5-16, thesnumber of each 3x3 cm? grille indicates the bin type of LED,

which located in the center of grid. Also, the amount of £2" binned-LED is just one in

this figure.

3 0101 m 0
1 0+1+1 0 1 +1 0

111. -2 +2 -1 1
0i+1 ;T\i 0

0o a1 +1
\1&]\11&1?? 0
X0

Fig. 5-16 Optimized arrangement of each bin in basic unit array.

First, the LEDs of the edge bins, which have the largest interval in the color

coordinates, are placed on the center of a basic unit array and nearby each other for the
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purpose of color balance. Then the LEDs of the more inner bin should be arranged
efficiently on the wider concentric circle until the center binned LEDs were arranged on
the most outer ring. In each considered circle, all cases of LED arrangements were
discussed. Through this rule, the best arrangement of one basic array unit could be
derived. As shown in Fig. 5-17, the arrangement of whole panel can be formed by the
combination of the multiple unit arrays. The last step is to shift the relative position of

each basic unit array to eliminate the non-uniform effect on the boundary.

OOy O

Fig. 5-17 Arrangement of whole panel with considering boundary effects.

Moreover, the prototype of optimized LED arrangement was built, and
demonstrated the high color uniformity, as shown in Fig. 5-18. Compared with average
color deviation, 0.0054, in the random arrangement with three of o,, the optimized one
was 0.0030, which definitely improved the color characterization of direct-emitting

backlight, as shown in Fig. 5-19 (a) and (b).
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Fig. 5-18 Optical films and illuminating prototype of optimized LEDs arrangement.

0.008 16
0007 AA=125nm || 114} A u’v’=0.003
0.006 {7 __12}
5 0.005} g 10}
"S5 0.004| I'E 8}
0.003/ '< 6}
< 0.002/ I 4
0.001} I 2}
0.000 0

om om
Rrand cent opt"™ eme“‘ rand ment opt\

nt

(a) (b)
Fig. 5-19 Enhanced color uniformity of optimized arrangement than random

arrangement with fixing (a) total wavelength range; (b) color deviation.
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5.3 Method for reducing gap
In this project, the module gap of prototype is 30 millimeter. To reduce model gap
is the main purpose of this section. By changing the LED angular distribution, we can

produce the similar LSF under reduced module gap, which is illustrated in Fig. 5-20 (a)

and (b).
Fixing the structure of optical films
DBEF
BEF
= Diffuser sheet ———
Diffuser plate Phosphor sheet Diffuser plate
—m e e e e e == NN N - - - - - = == ————— — = —
!. Gap=10mm !.
Detector Blue LED Detector
Gap=30mm » — — —
Blue LED Pitch=30mm
v — — —
)
Pitch=30mm

(a) (b)

Fig. 5-20 Simulated structures with (a) gap=30mm; and (b) gap=10mm.

According to the photometry, the illuminamce Eq4 projected from a LED source
with distance z can be written as

do, dA, x cos & cos @ cos® &
d = :Is 2 :Is 2:|s 2 (5.3)
dA, dA, xr (z/cos6) z©

where I is the luminous intensity of a LED, and 6 is the angle between the considered
area and the source normal. In general cases, I is Lambertian distribution, 1o,c0s6. The

geometrical parameters are schematically illustrated in Fig. 5-21.
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Fig. 5-21 Detected area of analyzed structure in Photometry.

Through the scatter and emission property, the illumiance Eq4on the phosphor sheet
is proportional to LSF. We assume the LSF,-3, under z = 30 mm as a target distribution
LSF,=30. Thus, the expected inténsity I’under a reduced gap z’ can be inversely derived
from the target distribution

I'(€) x.cos* & _ g cos’ @

2 2 =LSF,
Z Z &
” : (5.4)
The relationship between 0 and 0’ is illustrated as
’ ’ ’ -1 VA
ztangd=z'tand = 0 =tan™ —tano (5.5)

yA
Therefore, I’(6) under 10-mm gap is derived as the distribution shown in Fig. 5-22 (a)
and (b).

Based on the calculated light emitting shape of LEDs, the commercial light tracing
software, Light Tools, was used to reproduce the LSF. The two commercially available
LED packages (in Fig. 5-23 (a) and (b)) were chosen as the light sources in these two
conditions. The reproduced LSFs are compared in Fig. 5-24. The close agreement
shows the LED with batwing intensity pattern can keep the LSF and replaces for the

10-mm gap application.
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2?:'0 2?:'0
(a) (b)
Fig. 5-22 Emitting light shapes of (a) normal LEDs (module gap=30mm); and (b)

calculated LEDs (module.gap=10mm).

Mechanical model Intensity Pattern

Fig. 5-23 Emitting light shape of real LEDs in the commercial when gap=30mm.

Mechanical model Intensity Pattern

Fig. 5-24 Emitting light shape of real LED in the commercial when gap=10mm.
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Fig. 5-25 Simulated illuminances-in software with 30mm and 10mm module gaps.

5.4 Summary

In this chapter, the simulated-results could be classified to three parts. The first
part is to calculate the color deviation of-backlight system with binned-LEDs random
arrangement. All methods of the worst case, selecting LEDs exactly number, and
picking up LEDs randomly were completed and analyzed. From these results, the
color uniformly was simple simulated with the given structure of direct-emitting
backlight. Therefore, whether the color deviation was acceptable in these fixed
conditions could be simply found.

The second part is discussing the optimized LED arrangement to minimize color
deviation, furthermore. Based on keeping the ratio of total amount and dividing the
greatest common divisor, the unit array would be obtained and the different

binned-LEDs were arranged from center to the most outer circle efficiently by color
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complementary. According to the results of simulation, the color deviation, Au’v’, was
reduced from 0.0054 to 0.0030 by using optimized LEDs arrangement with keeping
total bin types. In the other words, basing on this method, the range of usable bin
wavelength could be enhanced from 7.5nm to 12.5nm with fixing acceptable color
deviation.

The final part is to discuss the method of reducing module gap. Basing on the
Photometry, the emitting light shapes of LEDs would be designed to keep the same

illuminance of backlight output with fixing optical films and optical properties.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Slim format LCDs has been widely used in the current display market. To display
high quality images from LCDs, direct-emitting backlight systems are used to provide
sufficient bright and uniform light source for the LC panel. Moreover, LED is
expected to become the major backlight source .now because of enhanced energy
efficiency, a lager lifetime, the eamission of mercury;-and.compliance with demand for
green technologies. Since:the manufacturing effect, LEDs are classified to different bin
types by wavelength, brightness, and voltage. However, the wavelength requirement of
LED is very strict in LCD backlight.

To solve this issue.and extend the usable range of binned-LEDs, the LSF
approximation method was built to-analyze the optical properties and color deviation
of direct-emitting backlight system. Also, the remote phosphor technology, which has
the benefits of high optical efficiency and uniformity, was used. In this thesis, the LSF
approximated method, which requiring the luminance and spectrum data of single LED,
was proposed. By using the idea of light mixing and superposition, the color uniformity
information of backlight could be simulated simply. Comparing the simulation with
experiment, the average color difference between them is £0.0019. Moreover, after
verifying, the 5x5 approximation is more suitable to simulate the color deviation.

In the software, the remote phosphor sheet direct-emitting backlight system was

set up, which composed of blue LED chips, reflector white, diffuser plate, phosphor
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sheet, diffuser sheet, BEF and DBEF. In the simulation, the module gap (h) and the
period of blue LED chips (p) were both 30 mm. The range of blue LED peak
wavelengths in the center bin (0™) was from 455.0 nm to 457.5 nm, and the others were
every 2.5 nm nearby the center one.

For the random arrangement results, the LED binning distribution, which be
sorted by wavelength and flux, is described by the Gaussian function. The results of
random arrangement with selecting LEDs exactly and selecting LEDs randomly were
accomplished, where the largest color deviations are similar to 0.009 in the conditions
with 61 equaling 4 and 12.5nm LED wavelength range. Moreover, the maximum color
deviation of LED worst arrangement that selecting LEDs amount exactly is about 0.013,
which is smaller than the limited value; .0.014. Furthermore, the best backlight
arrangements of binned LEDs are also obtained, where the simulation times is 100.

For the optimized.arrangement results, the LEDs of the edge bins are placed on
the center of a basic unit.array and nearby each other for the purpose of color balance.
The more inner bin should be arranged efficiently on the wider concentric circle until
the center binned LEDs were arranged onthe-mast outer ring. Then the relative position
of each basic unit array is shifted to eliminate the non-uniform effect on the boundary.
According to the simulation results, the color deviation by using the optimized
arrangement method could be reduced about 0.002 than the random arrangement with
the same conditions.

For the reducing gap method, by simulating the new LED angular distribution
with fixing all optical films in the light tracing commercial software, Light Tools, the
optical characteristics of module cell gap=10mm are similar to that of gap=30mm since

the alike illuminances of backlight.
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6.2 Future works

The LSF approximation method was developed successfully to analyze the
optical properties and color deviation of direct-emitting backlight system. However,
basing on the convenience to use widely, there are some issues to be improved. The
first one is to build a relative function between LSF and spectrum. Since the spectral
radiance has varied composition on different locations and viewing angles, the
spectrometer needs to move in the necessary places when measuring the spectrums.
By building the relative function of LSF and spectrum, the spectrums could be
inserted in everywhere and the measured time and data would be reduced.

The second one is reducing ‘the system errors: by superposition more effected
spectrums of LEDs when calculating the.celor.coordinates:of backlight. According to
the relative function of.LSF and spectrum; the spectrums-of far LEDs could be
inserted by calculation and considered in the convolution process to solve the problem
that the distance of guiding light in module cavity is longer than predicted.

Recently, the technologies. of side-emitting backlight system are grown suddenly
and are widely used in LCDS. In response-to-the trend of the times, an efficient
calculation system to analyze the side-emitting backlight optical properties and color

deviation is needed to build by the similar processes of LSF approximation method.
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