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ABSTRACT

This study-investigates planar lighting that is based on remote phosphoer conversion to
solve the problems of color deviation; nonsuniform light distribution and.low luminance
efficiency of LED<lighting. The LED is an emerging solid state light.source that could
potentially replace traditional light sources, and the interest in thewuse.of LEDs for general
illumination has been rapidly increasing. The point-type lighting of LEDs demands a focus on
illumination performance, and understanding of the features of uniformity, light distribution
and efficiency when LEDs are used in planar lighting. Conventional white LEDs is not
simultaneously satisfactory in all these respects. This study focuses on LED devices using
"conformal phosphor coating, CPC" and LED lighting module using "remote phosphor
coating, RPC" method. Eventually, a dual-sided display system was produced to realize the
color and optics performance as compared to conventional planar lighting systems.

The results of this study revea that the placement and arrangement of phosphors
critically determine both the luminous efficiency and the color deviation. Since the phosphor

in a conventional LED package is in contact with the LED die, a significant fraction of the



blue light is backscattered by the phosphor and lost by absorption by the LED chips.
Additionally, the high temperature of an operating wWLEDs causes thermal quenching,
reducing the light radiation efficiency of the phosphor and InGaN blue LEDs. Therefore, the
placing of phosphor remote to the LED chip has been explored to analyze the luminous
efficiency and color deviation of lighting module.

The study of CPC by the pulsed spray (PS) method to an array of blue LED devicesis
investigated. PS can yield a wide range.ofscolor.temperatures (Tc) from 2500 K to 9500 K
with high color accuracy. Unlike other coating-approaches, PS.s a mechanical spray-based,
environmentally friendly.method that does not produce harmful ienic pollution in chemical
reactions.

In an investigation of RPCy-aplanar lighting modul e of blue L EDs was utilized to excite
a yellow phosphor film. The phosphor film herein aects smultaneously a a wavelength
converter and alight diffuser simultaneously. The proposed configuration yields a lower color
deviation than a.conventional/wLEDSs lighting system, and a uniform luminous distribution,
from an ultra-slime structure.. Most' importantly, - the ‘configuration does not include a
conventional diffuser plate or light guide plate (LGP). Accordingly, an RPC lighting system
with excellent optical performance can berealizedin a compact. module.

Hence, an ultraviolet (UV)-excited flat 'lighting (UFL) system, comprising a RPC is
examined. An R/G/B trichromatic RPC is excited using a 254 nm UV light to achieve high
color rendering and high luminous backlighting in a slim TFT-LCD display. A UFL system
provides symmetrica dual-sided illumination without conventional optical reflectors.
Furthermore, UFL exploits the thermal radiation mechanism to release the large amount of
heat that is produced by the illumination system, preventing thermal accumulation. These
characteristics of the UFL scheme were studied and compared with those of conventional

lighting. A dual-sided display based on UFL lighting has potential for usein digital signage or

vi



public information displays, for example.

This present investigation provides clear evidence of the low color deviation of LED
devices. The color analysis and optics of an LED lighting module are studied. The findings
are important since they suggest that a dual-sided display system with thermal radiation was
low color deviation, high luminous efficiency and a compact mechanism design. The RPC
scheme is environmentally friendly that does not involve chemical reactions that generate

pollution. RPC lighting performs excellently in LLED planar lighting systems.
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Chapter 1

Introduction

1.1 Preface

This investigation considers a compact lighting oledwith a uniform and planar
distribution of bright light for use in TFT-LCD bklighting applications. LCD displays are
rapidly becoming the technologyrofichoice for aevidhnge of new applicationBig. 1-1],
including outdoor advertising, electrical signagel aisplays.that.can be read in the sunlight.
As Fig. 1-2 shows, these new applications of flat_panel disiflePD) following the Third

generation of LCD.represent the-Fourth generatfidheFPD industry.

Fig. 1-1 TFT-LCD displays are becoming the main chioe for

great diversity new applications.

Backlighting requires high brightness, a uniformhti distribution and accurate color

distribution through the display area. A convendidighting module that is constructed from



fluorescent tubes or solid-state light emittingddie (LEDs) as light source converts electrical
energy into light, but does not satisfy the opticalor, efficient and mechanical requirements
of future displays. This investigation seeks toradd this issue by developing a novel optical
mechanism of a planar light radiation system frontampact device that satisfies the
requirements of display with significantly improvesfficiency, uniformity, and thermal

characteristics over those of a conventional bgbking system.

Fig. 1-2 Fourth.generation-of the'FPD industry.

In particular, since .the development of planar tiigly LEDS are being used more as
TFT-LCD backlights or for ‘general lighting. LEDswMeathe potential to reduce pollution
considerably, save energy, save financial resopezebadd functions to various applications.
However, point-typed LEDs are difficult to achiegeuniform and planar illuminatiofi].
This investigation develops a novel lighting systiiat uses an array of blue LEDs to excite a
yellow phosphor remotely, yielding a high luminafficiency with uniform and planar light
emission. Herein, the remote phosphor simultangoasis as a wavelength converter and a
light diffuser. The optical properties of the prepd lighting system, the angular color
deviation, the locations of the phosphor and thletiemitting uniformity, are explored. A thin
lighting module with high light-emitting uniformitiput without a conventional diffuser plate
or light guiding plate (LGP) is demonstrated. A loeolor deviation was achieved.

2



Accordingly, the proposed lighting system offergpesior optical performance using a

compact modulg=ig. 1-3].

Direct-emitting Edge-emitting
@ _ _ (b) Upper Diffuser Film
o Upper Diffuser Film BEF Film
—e BEF Film i //::Lower Diffuser Film
¢ | ower Diffuser Film
. —e Diffuser Plate
-\\ /—* WLED // l LGP |
\—e Reflector Film \\__: Frame LED.J

® \Metal Back Cover Reflection Sheet

74

Proposed
(c) _/—* Micro Line Lenticular (MLL)

=1 Remote phosphor
Blue LED". " p converter (RPC)

Reflector
Metal Back Cover

Thinner Profile

Fig. 1-37=The proposed remote phosphor_converter (RB)ulighting
system in this dissertation.

In addition, planar lighting system using the U\&iad flat lighting (UFL) approach is
investigated herein. It involves the use. of a renpsiosphor film to convert the wavelength of
ultraviolet light to visible light, and has "highidgintness as well as planar and uniform
illumination. In particular, a compact UFL systenthwlow power consumption that provides
symmetrical dual-sided illumination is developedhc® future display applications will be
very diverse, including digital signage and pubhformation displays, they cannot all be
based on single-sided LCD. These characteristiaheofUFL approach motivate new-aged
applications in TFT-LCD backlighting~ig. 1-4]. For instance, dual-sided displays can add

value to public spaces by enabling two displaylse@perated simultaneously.
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sided display, employees can manage information and doubles exposure for both animated and still display on glass windows. Perfect for indoor and
while clients view information providing to them. advertisenteqts In:crowded areas: outdoor promotion.

Fig.“1-4 /A new| growth- applications of dual-sided '@play in

private or public scenes.

1.2 Issues of Current WLEDS Phosphor Distribution

The LED is_an emerging solid state light sourcet thas the. potential to replace
traditional light sources,.and interest in the w$eLEDs for TFT-LCD backlighting and
general illumination haseen rapidlysincreasingwdver, in ‘conventional phosphor-based
WLEDSs, the phosphor absorbs the short-wavelengisstom from the primary LED chip and
down-converts it to a longer-wavelength emissioor. &ample, the phosphor-based wLED
uses herein a blue GalnN LED that pumped a YA&:@ellow phosphor. The phosphor
density and thickness are selected to transmit aritaction of the blue light. The mixing of
yellow phosphorescence with the blue electrolungeese produces white light. The amount,
density and distribution of phosphor inside LED kmges are varied to optimize the

color-rendering characteristics and the deviceieificy[39)].
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Fig. 1-5 Phosphor placements.in LED.«(a) Proximatephosphor
distribution. by conventional dispensing. (b) Proxinate«conformal
phosphor distribution.(C)"Remote phosphor distribiion [39].

Since the phosphor is close to the LED die in_tih&s package, a significant fraction
of the blue light is backscattered by.the phosphmd then absorbed by the LED chips.
Additionally, theshigh temperature of an _operatwigeDs _causes thermal quenching, which
reduces the light radiation efficiency of the YAGgsphor-and the InGaN blue LEDs. Hence,
this investigation studies:distribution of phosphorthe LED package. When phosphor is
separated from the LED chip surface, itiisssaitheaemotely distributiofFig. 1-5 (c)] but
when the phosphor is close to the LED chip surfasgid to be proximately distributidgfig.

1-5 (a) & (b)]

1.2.1 Conformal Phosphor Coating

The placement and arrangement of phosphors areattior both the luminous source
efficiency and color rendering index of the wLEDSpical arrangements of phosphor in
WLEDs are shown irFig. 1-5 The conventional wLEDs are fabricated by dispsgmdhe
phosphor into epoxy within a reflector clipig. 1-5(a)] For this process, it is difficult to

control the uniformity of the phosphor distributiand result in color variation for different
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view anglesFigure 1-5(b)shows another phosphor distribution, in which phesphor layer
conformallycoats the LED chip40- 48], In this case, the color variation at differergwing
angles is reduced dramatically due to the thicknesrmity of the phosphor layer, which
provides the blue emission with an equal opticah plangth in the phosphor material,

independent of the emission direction.

In order to coat the yellow phosphor on a Galnhb danformally, several methods such
as slurry, settling and electrophoretic| depositgam,be available, and the slurry coating
scheme is most often employed for‘reasons of ‘apafficiency. and uniformityFig. 1-6].
The slurry method .is ‘widely used for manufacturingiinescent phesphor screens of color
cathode ray tubes (CRTS). ltis.based on a phospisgension in a water-soluble photoresist,
dichromated polyvinyl alcohol-(PVA), orrother phsémsitive emulsions. When phosphor
slurry was under exposure, photochemical reactamesir and result in cross-linking in the

photoresist. Then the slurry was developedwithewett obtain the patterns requirgd].

Phosphor layer
Pole [LED chip | : [ LED chip | : Pole
Dipped with slurry
Substrate ——= Substrate
(1) LED chip (2) Phosphor coating
Blue light
Phosphor layer
Developed with g e L
Pole hol-water I LED chip | Pole
Substrate = Substrate
(3) Exposure (4) Develop

Fig. 1-6 Schematic diagram of the slurry coating pscesg44].
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Fig. 1-7 CCT.vs. viewing-angle. for LEDs .with confomal
phosphor layer.shewing improvement in uniformity canpared to
traditional white LED [41].

The uniformity of conformal phosphor layer resutishigher ‘coler uniformity of the
LEDs when compared with the conventional dispensieghod. A comparison of CCT as a

function of viewing angle is shown j&ig. 1<7].

For both dispensing /and«conformal_phosphor._distiobs, /phosphors are closely
distributed around‘the LED chip..Because.the phasgsitence emission is isotropic, a large
portion of the light emitted from phosphor direcilgpinges‘on the LED chip. The contacts

and bonding metals of the LED. chip.are absorptiib@phosphorescence wavelength.

1.2.2 Remote Phosphor Coating

Placing the phosphor layer at a sufficiently ladigance from the LED chip, as shown
in [Fig. 1-5(c)] reduces the probability of the phosphoresceneeitly hitting the chip. The
phosphor forms a uniform layer on the top of thikeotor cup, which we refer to as remote
phosphor. The thickness of the remote phosphorbeanvell controlled, which results in
varying color temperaturi@9- 62]. In addition, the separation of phosphor fromUltE® chip
reduces the effect of thermal quenching, whichum tis expected to improve the LED

efficiency, reliability and lifetime.
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Fig. 1-8 (a) Uniformedistribution of thin /layer above LED chips
(remote phosphor). (b)-Remote phospher distributionin diffuse
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Fig. 1-9 Compared with typical wLEDs lighting, remde phosphor
reveals higher light output and efficacy[53].

Figure 1-8shows a remote phosphor configuration, in whicbgphor layer of uniform
thickness is distributed over the reflector cupwideer, there is still a large probability of
lights being reflected by the reflector cup andngeie-absorbed by the LED chip, as shown
by Ray 1 and Ray 3. This is due to the speculdaserof the reflector cup and its particular
geometry which can result in trapped optical mode&. Kimet al.[49] announced strongly

enhanced phosphor efficiency in GalnN wLEDs usiamate phosphor configuration and



diffused reflector cup. The improvement of lighttraxtion efficiency by using the remote

phosphor arrangement and a diffused reflector su®i4% improvement in experiments.

(@

() (d)

LED chip

%‘;:phosphor A

Fig. 1-10“Cross*sectional views of several pcLED pkages. (a)
conformal phosphor-coating; (b) remote phosphor wi.scattered
photon extraction;-(¢c)-remote phaosphor with,hemispkrical dome;
and,(d) ELiXIR [50}

In addition,"N. Narendran stated extracting‘phosfsicattered photons to improve white
LED efficiency[53]. The result illustrates the 61% more light outpnt efficacy of remote
phosphoiFig. 149]°S. C. Allen and A. J. Steckl indicated the confagion[Fig. 1-10(a)]is
least efficient because the phosphor directs 60%taf whitedight emission (consisting of
reflected blue and emitted yellow) back toward. e, where high loss occuis0]. A
remote phosphor LEDFig. 1-10(h)jwas shown more efficient than the LEBg. 1-10(a)]
because of the separation of the die and extraofitwackward-emitted rays from the sides of
the optic. Significant losses still occur inside fphosphor layer due to ray trapping by total
internal reflection (TIR). The LED configuration @fig. 1-10(c)] introduced by Lucet al.
uses a remote phosphor, diffused reflector cup,remlispherical optic to minimize trapped
light. The enhanced light extraction by internaflegtion (ELiXIR) LED [Fig. 1-10(d)]
utilizes a remote phosphor with a hemispherical edinat is separated from the chip by an air
gap. Internal reflection at the phosphor/air irdeef redirects much of the backward phosphor
emission away from the die and reflective surfagiisout loss.

9



Furthermore, Y. Itoet al. announced that all phosphors have thermal quegchin
characteristic[52]. Figure 1-11shows the temperature dependence of the relatigi@amnt
efficiency of YAG phosphor as an example. An ineee temperature from 25 °C to 100 °C
results in a 20% decrease in radiant efficiencye phosphor remotely is almost at ambient

temperature because it does not contact with the ¢Hips.

1.1 \
1 § '\

0.9 F \.\t

Relative Efficiency
=
[» 2]
T

~
0.7 § Y AG Phosphor
0.6 F | e [nGaN Blue LED
U q 1 1 1 | |
] 20 40 60 80 100 120

Ambient Temperature (deg C)

Fig. 1-11 'Ambient temperature dependence of relates.radiant
efficieney of YAG phasphor and InGaN-blue LED|[52].

Table 11 Comparison of different BLssystems.

BL Type Dire;tLview Edggl-_view S[CBDEIY
Light Source CCFL White LED Blue LED
Large Configuration & \V4 O
Slim Configuration \V4 O --
Color Saturation O \Y% &
Luminous Efficiency O \V4 --
Thermal Releasing O \V4 O

QO Superior & Middle Y/ Inferior - - Unknow
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1.3 Motivation and Objectives

Conventional planar lighting herein has been depadoby exploiting direct-emission
using a diffuser plat¢Fig. 1-3(a)] or edge-emission using a light guide plate (LGRY.
1-3(b)] [63- 66] Direct-emission yields high luminous efficienay lighting systems, while
edge-emission is more suitable for the applicatwdrthin module configurations. These
approaches cannot easily support high luminousiefity and a thin lighting module

simultaneously.

High luminous efficiency

Phosphor f 2 ) AR AN NN NN AIANIDNNNNAINIIRR 4

1 5 ] |2

5

|_\_=./—| £ Blue LED . g
[———————]
= / A AACAAAAAA] AN AANAAAAL

UV Lamp

Lighting
]
White Light Qﬁ Py

1T

Display
System

e/

Visible CCFL
Lamp

Reflector  Blue LED

) "0@&&"’
Fig. 1-12 Three parts in this thesis.

A direct-emission BL systenie. capable of satisfying a high power efficiency dungh
color saturation requirement by mixing the emitedG and B lights, and an edge-emission

BL system, capable of generating a uniform, plaaad slim BL configurationTable 1-1

11



compares the optomechanical features of the ab@rdgiomed BL systems in large sized

backlight applications.

A direct-emission BL in contrast with edge-emissiinis especially favorable for large
TFT-LCD applications because of its high power aéincy and high luminance. The
conventional configuration of a direct-emission Bét generally consists of a metal holder
with plural light sourcese.g, CCFL and LED, inside and a diffuser plate abdwe light
source to effectively suppress the non-uniform hance distribution. The direct-emission
BL design[Fig. 1-3(a)] with, either-a”CCFL or antLED:light source, does have a slim
configuration. In contrast, edge-emission.Blg. 1-3(b)}has thin Blsoutline, but the issues
of inadequate celor saturation.of.the LED light mey LED color binning and the thermal

effect must be solved before commercializationassible[94-102]

In 2008,-SONY Corporation announced a novel renmitesphor-converter (RPC)
method, which.has been used in.wWLEDS packages, related studies.have focused on
increasing luminous efficiend3-57]. Using an array of blue LED light sources, Y. dtoal.
generated a planar.white.light for BL applicatidrysexciting a yellow.remote phosphor film.
Because of the difference between luminance-anglidribution of blue light and excited
yellow light, color deviations are easily obserasdthe viewing angle varies from a normal to

a large viewing anglg2].

In this investigation, a novel planar lighting smstthat is utilized in display applications
is selected. It has a planar and uniform luminoistridution, slim configuration, high
luminance, high color saturation, long lifetime afa$t manufacturing process, making it
effective for future use in a wide range of dispégplications, including digital signage and
public information displays, which cannot all besbd on current backlighting schemes. As
shown inFig. 1-12 this thesis has three parts and evaluates srealtabs, middle-scale
lighting module, and finally large-scale backligigiplatforms. A study of devices will focus
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on color distribution in high-quality lighting apghtions. A study of lighting modules is
conducted with a view to achieving high luminouBcédncy, uniform luminous distribution
and low color deviation. Accordingly, a novel displsystem is constructed for a wide range

of display applications.

1.4 Organization of This Thesis

Figure 1-13presents the organization of this investigatidncomprises three parts
covering devices, lighting.modules and displayeayst. First, the chapter 1 includes a preface
and considers current issues, as well as the ntiotivéor, and .the.goals of this work. Chapter
2 elucidates the theoretical background, includimgy use of photometry and colorimetry to
evaluate a lighting /'system. -Ray-tracing and bidioeal scattering ' distribution functions
(BSDFs) are utilized to develop a model for opt®ahulation. The proposed planar lighting
system is compared with conventional lighting syst&lare, haze, Moiré-and full width at

half maximum (FWHM) areintroduced and used indpg&cal evaluation:

«254 nmUV light.source
*R/G/B phosphor

«Slot die coating
«Dual-sided display
*High NTSC

«High brightness

sLow power consumption
*Thinner profile

sLight weight

*457 nm blue light source
*YAG phosphor
*Pulsed-spray coating

*457 nm blue light source
*YAG phosphor
*Slot die coating

« High CRI °H!gh Tc_ )
*Low color deviation \ - <High efficiency
*No chemical pollution = eLow color deviation

*Thinner profile

Deviation

Fig. 1-13 The organization of this investigation.

Afterwards, the Chapter 3 presents the experimemtihod and materials in this
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research. It describes the phosphor, the preparafithe remote phosphor film and related

processes. Chapters 4 to 6 present the main dewehdp of this research.

Chapter 4: low color deviation LED device, the digition of phosphor by the pulse
spraying of a conformal coating is discussed i f@ragraph. This method differs from
conventional dispensing method, settling methodjn sgoating, self-exposure or
electrophoretic deposition (EPD). The proposed qulispray process in this investigation
involves the application of phosphor by exploitingechanical principles without risk of
chemical pollution. Furthermore, it-.can be appleavire-bonded. LEDs and an array of LED
chips on a substrate to fabricate a large-areaapldlumination system of high optical

quality, which is easy to manufacture.

Chapter 5x-high luminous. efficiency LEDs _lightinthe research regarding planar
lighting in whieh-an array of blue LEDs is utilizéo excite a yellow remote phosphor film is
presented. The-proposed optics configuration camige little angular eolor deviation and
uniform luminous: distribution using an ultra-slimrueture for /TET-LCD backlighting
applications. Most_importantly; the “configurationed not exploit a. conventional diffuser
plate or a light guide plate.wAccordingly, an RBhting system with strong optical

performance in a compact module can be realized.

Chapter 6: ultra slim display system, a particolatical characteristic of UFL lighting is
elucidated. Its symmetrical illumination satisfi¢se requirements of dual-sided LCD
application. Additionally, UFL lighting exploits thermal radiation mechanism to release the
large amount of heat that is produced upon illutdma preventing thermal accumulation
over the long term, when used in displays. Theseatheristics of UFL have motivated a

wide range of lighting applications of digital sage and public informational displays.

Chapter 7 concludes this investigation. A planghting system that utilizes remote

phosphor was realized for use in TFT-LCD backliggtiand illumination applications.
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Remote phosphor provides high optical performanod &as a compact mechanical
configuration. Future work will study the combineshlization of low color deviation and
high power efficiency. Therefore, the asymmetrianiination of two sides of dual-sided
display will be studied. Furthermore, reductiontbé dependency of color filters on the
remote phosphor scheme will be increasingly impariia combing high luminance with low
power consumption. In conclusion, any innovatiyghling system that is developed in the

future should providénigh color saturatie 00% NTSC) for backlightingd high color

rendering (100% CRI) for.gener iting DAlS
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Chapter 2

Theoretical Backgrounds

The theoretical background regarding this reseatlttbe reviewed in this chapter. First
of all, the use of photometry and colorimetry t@lemate a lighting system will be introduced.
Then, ray tracing and bidirectional scattering ribsttion functions (BSDFs) are used to
develop a model for optical simulation. Moreoveamparing the conventional lighting
systems with the proposed planar lighting systemvsstigated. The measurement of glare,
haze, moiré and full width at-half maximum (FWHMgantroduced to support in optical
evaluation. In addition, color rendering (NTSC)Jazosaturation (CRI), color index, color

temperature (Tc)and color deviatioku(V’) are introduced 1o supportin color analysis too.

gar;nyr:a X-rays ultrra;:solej \\ im:r:\;:d ‘ radar FM[ TV |shorwavel AM
- .- -
10" 1012 101 = =10* 10¢ 104~ o 107 1 102 0
P =~ = o Wavelength (meters)
- . . . -
P Visible Light Sea

-
- -

500 600
Wavelength (nanometers)

Fig. 2-1 Wavelengths of electromagnetic radiationrad light [2].

2.1 Radiometry and Photometry

Radiometry deals with radiant energy (i.e., elen@gnetic radiation) of any wavelength.
The wavelength field includes the Ultra-Violt (UVYisible Light and Infra-Red (IR).
Generally, radiometry explore the characteristicelectromagnetic wavelength in the range
from 10 nm to 10 nm [Fig. 2-1] Two out of many typical units encountered are aati

energy by quantity of Joule (J) and radiant powerrédiant flux) by Watt (W). Due to the
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scale of measured energy is not too large, the and expressed by mJ and mW (m represent

the value of 1x18) customarily.

Photometry is the measurement of visible light dase the response of the average
human observerhe visible spectrum covers the wavelengths fropr@pmately 390 to 800
nm. Photometry is like radiometry except that etleng is weighted by the spectral response
of the eye. Visual photometry uses the eye as apadson detector, while physical
photometry uses either optical radiation detectarsstructed to mimic the spectral response
of the eye, or spectroradiometry coupled with appate calculations to do the eye response
weighting. Figure 2-2'shows the definition .of typical photometric unisd Table 2-1

expresses the quantities in luman){lux (Ix), and candela (cd).

The only real difference between. radiometry andi@metry is thatrradiometry includes
the entire optical radiation spectrum, while-phottiy is mited to the visible spectrum as

defined by the_response of the @yes].

Radiant flux dd,

(luminous flux dd,)
Radiant flux d®, \ | | /

(luminous flux dd,)

= B

Solid angle element d.o

Plane element d5
Radiant intensity Irradiance
(luminous intensity) illuminance

Radiant flux d®_
(luminous flux d®,) Normal

-

Plane element dS

Radiant intensity dI,
(luminous mtensity df,)
of a plane element

Plane element 4§ in a given direction

Radiant exitance Radiance (luminance)
(luminous exitance)

Fig. 2-2 Definition of radiometric and photometricquantities [3].
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Table 2-1 S| photometry units.

Quantity Symbol Sl unit Abbr.
Luminous flux D, lumen Im
Luminous intensity ¥ Candelal(n/sr) cd

_ candela per square meter _
Luminance Iy nits

(Im/sr - or cdht)

llluminance E Lux (Im/n7) Ix
Luminous exitance M Im/n?’
Luminous efficacy lumen per watt/\W)

Lok

L 0 L
400 500 600 700 780 400 500 600 700 780
EE (mn)
BRE (BYe) aRe

400 500 : 600 700 780 400 500 600 700 780

Fig. 2-3 Example of a typical spectral power distbution (SPD)[6].

2.1.1 Spectral Power Distribution

Incandescent, fluorescent, and high-intensity disgh (HID) lamps radiate across the
visible spectrum, but with varying intensity in td#ferent wavelengths. The spectral power
distribution (SPD) for a given light source shows trelative radiant power emitted by the

light source at each wavelength. Incandescent ssunave a continuous SPD, but relative
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power is low in the blue and green regions. Thdcglfy "warm" color appearance of
incandescent lamps is due to the relatively higssions in the orange and red regions of the

spectrum a§ig. 2-3shown.

2.1.2 Eye Sensitivity Functions

The eye sensitivity functions or the luminosity étions or the luminous efficiency
functions describe the different visual spectraficeincy of human eye to different
wavelength of visible light. There are two. kindseyke sensitivity functions in common usage
[Fig. 2-4]. For bright day-light'level, the photopic lumingsifunction approximates the
response of the human eye. For dark night-lightllethe responseof the human eye changes
and the scotopic curve applies=—Radiometric_questitan be converted into photometric
quantities and"vice versa by the equation (photomgtiantity,F(4)) = K(%) x (radiometric

quantity,F.(1))- The equations can be written explicitly as

R (4) =K, [F, =683 SPD{)N()d (2.1.1)
F) =K [F =17ooqspoa) ' (A)dA (2.1.2)

whereF(1), F/'(%) represents the quantity of day-light and nightdilyminous efficacie¥y,
Km represents the maximum luminous efficacies' &td, V'(1) represents the standard
luminosity function, SPDg) is the spectral power distribution of the radiatiand 4 is

wavelength in metric unit.

The standard day-light luminosity function is notimed to a peak value of unity at
555 nm and the maximum luminous efficacy of radiatior photopic vision is 688n/W.
Comparatively, the standard night-light luminodiiyction is normalized to a peak value of
unity at 507 nm and the maximum luminous efficatyaaliation for photopic vision is 1700

Im/W. It is a standard function established by @@mmission Internationale de I'Eclairage
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(CIE) and may be used to convert radiant energy lumhinous i.e., visible) energy in 1983.
For all of the optics measurement equipments, taacteristics of optical detector should
make calibration follow the curve of luminous eiiecy functions rules by CIE standard to

meet the actual eye sensitivity of human eye.

K= 1700 1m/W

1600 -

Scotopic vision

1200 - K=K, - vVin

800- K, =683 Inv'W

Photopic vision
K=K, Vi

Luminous efficacy (lm/W)

400 -

L I |
400 500 &S00 T00

Wavelength (nm)

Fig. 2-4 Eye sensitivity function<of two types of igion can be
described by photopic-and scotopic response curvgsy.

2.1.3 Solid Angle

A solid angle is used.inphotemetry to measureptirtion of @ sphere bounded by some
irregular surfacérig. 2-5]. The sphere is defined by the vertex (the cerftarlominous body)

and the center of the surface (an aperture). Aineespphere has a solid angle af gteradians

(s).

“~area=H
one steradian

Fig. 2-5 The definition of solid anglg7].

20



2.1.4 Luminous Intensity

Luminous intensity is the perceived power per goiid angle. Luminous intensity is a
measure of the wavelength weighted power emitted bght source in a particular direction
per unit solid angle, based on the spectral lunsnefiiciency curve of the human eye
sensitivity. The SI unit of luminous intensity iset candela (cd). The concept of luminous
intensity requires the assumption of a point sguoceat least a source small enough for its
dimensions to be negligible compared.to,the digdmtween light source and detector and,
in principle at least, there is also a requirentbat the measurement should be made over a

very small element of'solid angle.

2.1.5 Luminous Flux

In photometry, luminous flux or luminous-power etmeasure |of the perceived power
of light. It differs from radiant flux, thesmeasueé the total power of light emitted, in that
luminous flux isTadjusted to reflect the varyinghsi@vity of the human eye to different

wavelengths of light.

The SI unit of luminous flux is the lumeim). Onedumen is defined as the luminous
flux of light produced by a {ight source-that.enise candela of luminous intensity over a

solid angle of one steradiasr)

2.1.6 Luminance

Luminance is used for measuring the brightness tfl# source on a surface. It's
defined by the luminous flux emitted from a surf@es unit solid angle per unit area of the
source where the area is calculated by projectiramto a plane normal to the direction of
propagation. Luminance is invariant under transtdrom by a lens and also gives the same

results when measured at any distance from thesour
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2.1.7 llluminance

llluminance is the luminance flux incident on afage from all directions. The luminous
flux comes from one or several sources. What happeethe light at the surface (where if it is
reflected or absorbed) does not matter. llluminaageeasured with a detector placed on the

surface pointing toward the light source.

2.1.8 Lambert's Cosine Law and Lambertian Surface

A surface that diffuses light perfectly produceminous intensity (l) in all directions
that obeys Lambert's Coesine Lawg. 2-6 & Eq. 2.1.3]where.the intensity () varies as the
cosine of the angle between-normaliand the dineabbthe intensity. measurement. The
direction of the light incident“on~the surface. h@s effect’ on.the luminous intensity, I

pattern.

|9 = Inormap0§ (213)

30° .

A

Ly

L~

Fig. 2-7 Lambertian surface[7-8].
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However, the luminance (I} of the surface does not obey Lambert's Cosine &aavit
is constant when viewed from any angle. Lambersiarface is a perfectly diffuse surface
[Fig. 2-7 & Eq. 2.1.4] This is because projected area viewed throughuthenance aperture
varies as the cosine of the angle between the na@nththe luminance measurement angle,

thus offsetting the cosine effect of the luminauemnsity.

L = Inorr'ry , |_5 = I% = Inormalcosy = Inorm%
norma A normal A normaICOS9 A normalcose A normal

LH = I—normal (2.1.49)

2.2 Ray Tracing

Ray-tracing.is /a method-based on Snell’'s' law, Fksrequation;sand other optical
principles. Through electromagnetic theory, lightiwave varies electric. and magnetic fields
to comply with time. The light takes.a sphericainiowhen radiated from a point, and then
behaves like plane waves ‘when propagating. The g@athhypothetical point on the wave
front of light is called a ray. Such aray is amremely convenient fiction for the ray-tracing.
It provides a way to discuss the behavior of lightl analyzethe optics of lighting systems.
Several optical software, such'as LightToBlsoSLO™, et al, can support the ray-tracing

function to build optical module for a simulated/@anment.

2.2.1 Law of Refraction (Snell's Law)

Snell's law, a law of refraction, defines the refien of light in the plane of incidence.
Snell's law describes the ratio of the incidencglea@;) by the refraction anglé{) equals to
a constant which depends on the opposite ratibeftéfractive indices of two optical media
as:

Sing _ N, (2.2.1)
sing, n
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where n;, and n; denote the refractive indices of the incident armhsmitted medium,

respectively9].

2.2.2 Law of Reflection

In the incident plane, the behavior of rays prordgig reflection is defined as the law of

reflection:

6 =6

1 r

(2.2.2)

where ¢, and ¢, denote theincident angle and reflected anglepecssely. For specular
reflection, the angle at.which'the wave is incidentthe surface equals to the angle at which

it is reflected 10-11};

2.2.3 Fresnel's/Equations

Fresnel's;equations describe the energy of tratesmaind reflected light at an interface
between two different optical media.For.definihe polarization waves,d? (parallel to the
plane of incidence) and (perpendicular to the plane of incidence), the lgoge of reflection
and transmission coefficientsandt, are respectively given by:

_ Nn,cosf, -n,cosf, 2 2n,cosb,

- ™~ (2.2.3)
n,cosg, +n,coss, n;COSP "+ N;COSP,

I's

_ h,cosb - n,cosb, = 2n;cosy,

= = 2.2.4
ncosd, +ncosd ' °  ncosb, +n,cosd (22.4)

P

wheren; andn; denote the refractive indices of the incident amdsmitted mediunmg, andé;

denote the angle of incidence and propagationesely.

According to the irradiance, the reflectance areltthnsmittance for polarized light are

defined as:
Re=rs , Ts=1-Rg (2.2.5)
R.=r?, T,=1-R, (2.2.6)
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whereRs andR,, denote the reflectance, aiigandT, denote the transmittance $folarized
andP-polarized light, respectively. When a nature ligtitkes onto a medium, the reflectance
(R) and transmittance (T) are defined as the aeewdgthe polarized lights as following
equations:

R:—R3+RP T=
2 ’ 2

(2.2.7)

Base on laws of reflection and refraction, the traging method could analyze the
optical behavior of propagated, reflected, andaaéd lights. Furthermore, using Fressel
equations, the energy.of reflected and transmiitgd at anvinterface separating two media
could be calculated: Accordingly,-the'energy obaipular light on.thedefined receiver could
be obtained. Commercial software; LightTddlsis adequate for development of simulated

model to optimize the optical performances of thekight system$12).

2.3 Bidirectional scattering.distribution functions (BSDFs)

Basing on radiometry and photometry, the bidireclotransmittance and reflectance
distribution functions (BTDEs and BRDFs) are depeld to describe light distributionBig.
2-8]. BSDFs is a superset and.thergeneralization ofBlR®Fs and BTDFs. The BTDFs
describes the transmitted characteristic of a seynpihile the BRDFs indicate the reflective
characteristic of a sample. The schematic setUpSiFs measurement is shownHig. 2-Q
In this thesis, the corresponded BTDFs and BRDFs va€eopted to describe the phosphor
film's light distribution characteristics which cbime diffusing with wavelength conversion

mechanism.
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Fig. 2-9 Schematic measurement setup of BSDFs [13].

Collimated incidentbeams

The defining geometry of BTDFs and BRDFs is showhig. 2-1Q where the subscripts
i, t, andr denote the quantities of incident, reflective arahsmitted raysd and gdenote the
zenith and azimuthal angles in spherical coordinated (2,») denote the solid angle,
respectively. If an incident ray with luminous flg®, ;) and solid angléw;) illuminating on

the pointP located on the sample plane, the transmitted aftelcted rays scattered from the

sample could be described by BTDFs and BRDFs &safirig equations:
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L (8¢, a) _ dP,,(6,)/dQ,
Ev,i (HI’W’a%) (Dv,i (a)|)|]:050t

BTDF(@,.9.6,.9.0,0) = (2.3.1)

L. (6.¢4.,a) do, (a)dQ,
E.(0.9.@) ®,(«x)Eoss,

BRDF@.9.6,.9.4@, ) = (2.3.2)

whereE, ; is the illuminance on the sample plane due tadieai light, and., , andL, ; are the

luminance of transmitted and reflective ray atgpecific angles, respectively.

d(t);

a
~——_ Q,
T X E
@ Tl
|
pointP/ ' 2
|
G\ Uda,
n L,

Fig. 2-10 Photometricvand geometric_quantities inhe spherical
coordinate system [16].

Besides, the terms al®, (w)/Py(wi) and ddy (w)/Pyi(w;)) in BTDFs and BRDFs,
which could be obtained by measuring illuminanceimmident ray, and luminance of the
transmitted and reflective ray. Moreover, the ligidtribution of conventional diffuser films
and phosphor films could be generated, and thenutieed by optical designers,

manufacturers, and users to communicate and clegciirements.

In this thesis, the BTDFs and BRDFs of phosphandilare measured by a conoscopic

system operating under trasnmissive and reflectivde. The measured BTDFs and BRDFs
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were then imported into commercial optical softwatdghtTools™, to develop the
simulation models that could describe the lightribsition characteristics of phosphor films.

Thus, the optimization of lighting systems couldresearchefl4- 16].

2.4 Light and Vision

Light is radiation in the form of electromagnetiawves that make vision possible to the
human eye. In this section, the full-width.at hakkximum (FWHM) is defined to describe
the light distribution. A high luminance-associat®dh a broader angle of FWHM, yields
benefits for large scale,display applications. ddition, the vision‘of light reflecting (Glare),
light scattering (Haze) and Muras;-are introduceehbe for the evaluation of light distribution

and definition of lighting performance.

f(x)

max

Yo x fmax N AP

Fig. 2-11 Fuall width at half maximum (FWHM) [17].

2.4.1 Full-width at half-maximum (FWHM)

A full width at half maximum (FWHM) is an expressi®f the extent of a function,
given by the difference between two extreme vabfebe independent variable at which the

dependent variable is equal to half of its maxinuaiue[Fig. 2-11]

FWHM is applied to such phenomena as the duratioputse waveforms and the

spectral width of sources used for optical commatndnis and the resolution of spectrometers
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[17].

2.4.2 Glare

Glare is produced by brightness (luminance) invikaal field that is sufficiently greater
than the luminance to which the eyes are adapteduse annoyance, discomfort or impair
visual performance. This term is adapted to eveltia¢ visual performance of display. The
measurement of glare is completed by BRDFs to sgmtereflection and to the measurement
of BRDFs by the use of a spectrogoniophotometahdfscreen surface with the treatment of
anti-glare, the phenomenon oflight scattering widlise'the level of glare to decrease. Low
glare refers to the reduced visibility of a targae to the presenceof a light source elsewhere
in the field. It occurs when light-from glare soeirs scattered by the ocular media. This
scattered light'forms a veil-of luminance whichuees the contrast and thus the visibility of
the target. High glare caused by the lightdirradiatirom the light source or luminarie to
harsh the eyeudirectly and influence the«visuacfiom. A bright light source in the field of
view, at a level sufficiently greater than retiaalaptation,.can cause direct glare. Direct glare
can result from many bright light sources like sgimi or ceiling light: Glare can also occur
with indirect lighting. When:glare. refers to theepence of bright, reflected light sources,

typically reflections from luminaires, is defines eeflected glar¢l8].

2.4.3 Haze

The term "Haze" in optical literature is definedtlas forward scattering of light from the
surface of a specimen viewed in transmission. Hazan important appearance attribute
which can be quantified and then used to assesgudlgy of objects such as liquids, glass,
plastics and even metals. When measuring hazeettoentage of light diffusely scattered to

the total light transmitted is reported as followin

HZ = (DF/TT)x100% (2.4.1)
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DF = (1,/1,)x100% (2.4.2)
TT =(,/1,)x100% (2.4.3)
=1+, (2.4.4)

where HZ, DF, TT denote the ratio of total transedtlight, total diffused transmitted light
and total parallel transmitted light, respectivighg. 2-12] I, k, lg, and } denote the intensity
of original input light, total transmittedrlightotaldiffused transmitted light9$2.5°, light

scattered from the incident.light) and-total paiaitansmitted light, respectivel¥9].

Test Sample O Light Receiver
9\ Ligﬁt Transmittance of ' @ degree

AN
I0
O 0’ (1)
: N Light ?i’ransminance of 0.degree
Light Source I
_,.:": p

Fig..2-12 The configuration of Haze measurement.

2.4.4 Mura

Mura is traditional general Japanese term for uneess, inconsistency in physical
matter or human spiritual condition. It is also aykconcept in the description of light

distribution uniformity in TFT-LCD display or ligiig systems.

As Fig. 2-13 shown, the luminous uniformity was evaluated b¥irdeg the 9-points

planar luminous uniformityldp,) as following

_ Min. (L, L,--Ly)
P Max.(Ly,L,--Ly)

x100% (2.4.5)

where L, takes values of nine measured luminance datadnretttire illumination area L
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Fig. 2-13 The measured point of light distributionuniformity.

2.5 Colorimetry and CIE-Chromatieity Diagram

Colorimetry, the science of color measurement auhriology’ used to quantify and
describe physically' the human color perceptionyigely .employed’ in commerce, industry
and the laboratory to. express color in numericangeand to measure color differences
between specimens. Applications include paintss,ipkastics,textiles and apparel, food and
beverages, pharmaceuticals andscosmetics, disptgreeral  lighting and other parts and
products that reflect or transmit color.| The 'bafds colorimetry was established by
International Commission on llluminatiofusually abbreviated CIE for its French name,
Commission internationale de I'éclairgge 1931 based on visual experiments. Even though
limitations are well recognized, the CIE system oblorimetry remains the only
internationally agreed metric for color measuremé&he CIE system characterizes colors by
a luminance paramet&f and two color coordinates andy which specify the point on the
chromaticity diagram. This system offers more sieci in color measurement than do the
Munsell systems because the parameters are basbd spectral power distribution (SPD) of
the light emitted from a colored object and arédesd by sensitivity curves which have been
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measured for the human eye.

Walue
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.
|
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Fig. 2-14 CIE 1931 Celor Matching Functions20].

2.5.1 Tristimulus Values

Color couldsbe matched by combination of three aries, and resultiin the basis of the

CIE colorimetry-systemi-igure 2-14shows the inear transformation of €IE 1931 XYZoco
matching functien denoted /®61)7y(1),z(1).. By using the color matching functions, light
stimuli having any spectral power distribution(SP&an< be specified for color by three
values:

X =k L AA)x(A)dA

Y = KL AA)y(A)dA (2.5.1)
Z= KL AN)z(A)dA

where ¢{1) is the spectral distribution of light stimulus an@ a normalizing constant. These
integrated values are called Tristimulus values.light sources and displayg/) is given in
quantities such as spectral irradiance and speaeiténce. Ifg1) is given in an absolute unit
andk= 683Im/W is choseny yields an absolute photometric quantity such lasihance or

luminance. For object colorg{l) is given by
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¢(4) = PA) [R(A) (2.5.2)

whereR(1) is the spectral reflectance of objeefl) is the spectral distribution of irradiating

illumination, and

K = 100/L P()y(A)dA (2.5.3)

P M R /\/\
A A
Spectral distribution Spectral re,ﬂc_c{ancc
P()) of irradiating R()) of object

illumination
PR /L P(NXR()
)[

x Y z
A Color matching A Color matching A Color matching
function x(A) ! function ¥(A) function Z(\)
PRY PRy PRT
X
Y Z
A A A

Fig. 2-15 Computation Procedure of Tristimulus XYZ[3].

As Fig. 2-15shows, actual integration can be carried out byencal summation of

spectral daté3, 20].

2.5.2 CIE Chromaticity Coordinates

By projecting the tristimulus values on to the uplane K+Y+Z=1), color can be
expressed in a two dimensional plane. Such a lemieps known as the chromaticity diagram.

The color can be specified by the chromaticity dowates(x,y) defined by
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X Y

X = Yy = 2.5.4
X+Y+Zy X+Y+Z ( )

The diagram using the chromaticity coordinafasy) is referred to the CIE 1931

chromaticity diagranjFig. 2-16]
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-- ] T (O ercast source, 1= 6770 K)

INyminant Dgs

(.0 = (03128, 0.3292)
{Duylight, T = G500 K)

4007 - : ..*:_ 0 £ 5 3 IHuminant E fequal-energy poinn)
. e fro vk = (03333, 0L3333)

v = chromaticity coordinate
=
1

Location of plnckian
black-body radintors
{planckian bocus)

L S ey e s |
o0 ol 0z 83 04 05 b6 07 0.8
v - chromaticity coprdinate

Fig. 2-16 CIE 1931 X,;y) chromaticity diagram. Monochromatic
colors are located on the perimeter and white lights located in
the center of the diagram[22].

The (x,y) chromaticity diagram is very non-uniform in terraf color difference. The
minimum perceivable color differences in the @) diagram, known as MacAdam ellipses.
To improve this, in 1960, CIE defined an improvedgdam of CIE 196qu,v) chromaticity
diagram (now deprecated), and in 1976, a furth@raved diagram of CIE 1976 uniform

chromaticity scale (UCS) diagram, with its chroroid§i coordinatg(u’,v') given by

: 4X , 9y

u'= V= (2.5.5)
X +15Y+3Z X +15Y+3Z

The 1976(u’,v') chromaticity diagraniFig. 2-17]is significantly more uniform than the
(x,y)diagram[21].
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Planckian locus

|| Chromaticity of object |

o | when illuminated with
= reference light source gunnm

: hrommn:gy of njecl
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CIE 1976

- 470 nm f | . v uniform
0.1 chramaticily
' diagram
04 1 ' PR N T
0.0 0.1 0.2 0.3 0.4 (.5 0.6

' - chromaticity coordinate

(L'u'v") color space or CIELUV color space. In this thesiie color differencepu’’, of a

lighting system is evaluated and described as:
AUV = ((Au)? +(Av)?)M (2.5.6)

Color difference(Au'v’) is resulted from the illumination of an object kwia reference
and a test light source. In the CIE 1976 uniformoamaticity diagram, the color difference is
directly proportional to the geometric distanceeTreference light source is located on the

Planckian locus at the correlated color temperatGeeT) of the test light source. In display
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system, the color predetermination is preciselgudated by considering the spectra of all the
optical components including backlighting unit, gaer films, liquid crystal and color filters.
In the (u',v") color space, it is now required to control theocdifference to be smaller than

0.015 for commercial display applications, whichamliave no perceptible color difference.

2.5.4 Color Temperature

The color of light sources are measured and expdeby the resultant chromaticity
coordinates(x,y) or (u',v"). However, ' it.is, difficult ‘to /relate these valuesmediately to
particular colors. For sueh practical purposes,dbler of:"white light" can be expressed by
color temperature (J in the unit Kelvin (K). Because it is the stamiia@gainst which other
light sources are compared, thgof-the thermal radiation from an ideal black badgiator

is defined as equal toits surface temperatureeivik (K).

The term "black body" was introduced by Gustav Kiroff in 1860. The Planckian
locus is the path or locus that the color«of alblagdy would take in a particular chromaticity
space as the blackbody temperature changes. It fyoes deep red at low temperatures
through orange, yellowish:white, white, and finaljuish white‘at very high temperatures
[Fig. 2-18] For example, 2800 K..is immediately associatedhwte warm color of
incandescent lamps, and 9000 K'is the bluish wihaie a CRT. In Planckian locus, 6500 K
almost located in the center of CIE1931 diagram #rel color is named "neutral light".

lllumination D65 is the standard light source hagdual to 6500 K.

The NTSC and PAL TV norms call for a compliant T&feen to display an electrically
signal. Current versions of NTSC standards spexifplor temperature of 9300 K, but PAL
standards allowed this data to be 6500 KFAgs 2-18shown, 2700 K is the warmest option
that most closely approximates a standard incamedé¢dmulb. It is most often used in areas

like living rooms. 3500- 4100 K is a whiter lightdis most often selected for work spaces.
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Daylight (6000- 6500 K) is recommended for readamgas and is a more bluish white that

most closely approximates an outdoor overcast sky.

THROOK : -~ "i:-\'h.
f"_'h L ewx Overcast Sky 6500°K - 7500°K
| 4 " ' An overcast sky casts a bluish

'. : [ight measunng approximataly
E e 6,500 to 7,500 degrees Kelvin,
- M W‘K
i o
CFLs & Fluorescent
2700°K - 6500°K : Bt
Sunlight at Midday 5300°K
e The whiliest light of all measures
approximataly 5,500 degrees Kelvin,
Halogen — o
3000°K L‘ WX
2000°K
~—— it -— -
Izncandesaant 1500k Candle Light 2000°K
700°K i —— The warmest light source of
E.‘ SO00K all measures areund 2,000

degrees Kehvin,

Measursimants shows in dégnees Kebvin

Fig. 2-18 Color temperature chart of general lightsources[23].

2.5.5 Correlated Color Temperature

The correlated color temperature (CCT) is the tewtpee of the Planckian radiator
whose perceived color most closely resembles thatgiven stimulus at the same brightness
and under specified viewing conditions. The matherah procedure for determining the
CCT involves finding the closest point to the liglaiurce's white point on the Planckian locus.

The isotherms are perpendicular to the Planckiaiudpo and are drawn to indicate the
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maximum distance from the locus that the CIE cagrsidhe CCT to the meaningful 4b'v’

= +/- 0.05.

), \
e 3 ” /

Fig. 2-19 Planckian locus (thick line) and iso-temgrature lines
(finedines) [3].

Although the . CCT can be calculated for any chroaigticoordinate, the result is
meaningful only if the light'sources are nearly tehiThe CIE recommends that the concept
of CCT should not be used:if the chromaticity of test.source differs more than'v’ = +/-
0.05 from the Planckian radiator. To determine @@l from the chromaticity coordinates,
McCamys formula can be used. McCamy claims that the ftancan provide a maximum
absolute error of less than 2 degrees Kelvin fdorctemperatures ranging from 2,856 to
6,500 K (corresponding to CIE illuminants A throudd65) given a particular x(y)

chromaticity coordinate.

CCT = 437N° +3601N? + 6831N+5517 (2.5.7)
N = (x -0.3320)(0.1858 ) (2.5.8)

The calculated CCT becomes less meaningful asoinees moves further away from the
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Planckian locus. For instance, it would be possiblgenerate a CCT for a green LED, but
the value would be meaningless as the point orclinematicity diagram would be too far

from the Planckian locus. In other words, the C&Dmly meant to characterize near white

lights[3, 24].
(a) (b)
-~ c(;;FL Backlight i Green;CF LED faack{ ht
s i  Reacr Blue CF l—\\\. /
08 y —h < 0.8 i "
AR i i N Red CF
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Fig. 2-20 Spectral properties of the CCFL lighting versus
RGB-LED lighting when maitching with the Ispectral

transmittance factor of color filter {25].
2.5.6 Color'Saturation

Color saturation or color gamut is the range obcohat.a display can reproduce and is
commonly expressed as a percentage of NTSC stad&dSC stands folNational
Television System Committeghich developed television standards for Northekica, in
this instance, 100% of NTSC refers to the full mngf color that can theoretically be
displayed. Color saturation is commonly represemtedreas in the CIE 1931 chromaticity
diagram. The color saturation of conventional diggk about 72% of NTSC standard due to
the irradiation of light source at wavelengths &05and 490 nm. These two peaks of
wavelength will cause the degradation of the cdaaturation. As/Fig. 2-20] shown, the
narrow spectral distribution of RGB-LED can matchhwcolor filters perfectly and perform
color saturation over 100% NTSC standard. Therefar@isplay that can combine both high

luminance and a high percentage color gamut shouadide the best image of reproduction
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capability.

monitor

Conventional-ima yasedhiere,/ primary colors (RGB).

However, not all of t y y anney obtained by mixing three
primary colors. The

domain of displayFig. 2-21] The ( vith"a wide color gamut aseeatial if

vivid color reproduction is to be achieved. Theotadaturation of a display can be calculated

by formula as

S= %((leZ +X,Y5 T X5y 1) - (VX TYoX5 HYaX,)) (2.5.9)

NTSC(%)= x100% (2.5.10)

0.158:

The symbolS is a triangle area of display between red, gresm blue colors in

CIE1931 diagram. When a display with the color s#ttan of 72 % NTSC, it represents the
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display with the color domain of 72% when compawéth the area of three primary color

(RGB) defined by NTSC standai@6- 30].

LED Lighting Fluorescent Lighting

Fig. 2-22.The higher CRI _provides richer and fullerlooking surfaces,

merchandise @and food38].

2.5.7 Color Rendering Index

An object'looks whitish under the fluerescent |laarpd meanwhile, the same object
looks yellowishsunder the incandescent lamp.. Imeesabject looks different under different
light sources. The light source: will change theocobf objects by comparing under
fluorescent lamp, incandescent lamp, daylight aod3- 37]..Colorrendering index (CRI)
is a numerical representation to evaluate the caodering .properties of the light source.
CRI shows how accurately a sample light sourceodymmes an object color compare to the
reference light source. The CRI value of 100 mahaessample light source reproduces the
same color as the reference light source does.efdrer the higher the value of CRI, the
more it resembles to the reference light soufeg. 2-22] When evaluating CRI, the
reference light source is chosen to have the sa@€& &s the sample light source. CRI
evaluates how accurately the sample light sourcdems the 14 colors in comparison to the

reference light sourdéig. 2-23 & 2-24]

There are two types of CRI. One is general CRIcWis also named as,&nd the other
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is special CRI, which is named as Rhe definition is as:
R,=Y.(i=1t08)R x ¥/ (2.5.11)
CRI(R;) =100-4.6xAE, (i =1to14) (2.5.12)

AE; refers to the color difference between referemgiat Isource and test light on CIE

1964 (UV'W).

AE, = ((AU*)? + (AV*) 2 + (AW*)*)¥2 (2.5.13)
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rendering index (Ra) (CIE 13.3 -1995)22].

42



Power vefloetivity & 1-)

Pt eefbectivity & 1-)

T
Test enlar |

natl CIF
i sample abject
nIr B 4

st red

4k Mo 10 g

. i
L Ma. 11 .
k 15IFanE Bren| 1

[ sarong yellov

ool Ne.iz 1t Noola ]
;" {winlal blue) leaf of wee)
A D e el i ]

o0 SN G 700 B
Wivelengtlh & (o)

FT T TR T
Wavelength w (miny

43

YT T TR T
Wavelength & (it

alcula pecial



Chapter 3

Experimental Details

This chapter describes the experimental materiats @rocesses including phosphor
materials, the preparation of a remote phosphoveer (RPC), light-diffusing/collimating
optical materials and related processes. In thdystfi LED devices hereiffig. 1-12] YAG
phosphor, excited by 457 nm blue light, and theg@uispray process are introduced. Then, an
LED light module was developed using.the same r@serbut pulsed-spray process was
changed to slot-die coating, to-enable coating adargerarea.dn addition, R/G/B phosphor,
excited by 254 nm WV.ight, and the slot-die cogtimethod.were used in a dual-sided

display.

3.1 Phosphor

A phospher; is mostly solid inorganic materials, sisting of j/a/ host lattice, usually
intentionally doped. ‘with impurities, is a substantt&t exhibits the phenomenon of
luminescence. The.dmpurity concentrations geneakylow in view of.the fact that at higher
concentrations, the efficieney of.the luminescepoacess usually decreases (concentration
quenching). The required characteristics of phosplased on the applications. For example,
the application in general lighting, light emissiith broadband and continued spectrum will
be easy to reach the requirement of higher coladesng. Besides, the applications in
TFT-LCD backlighting, light emission with narrow itih and matching with the spectrum of

color filters transmittance factors can reach higlotor saturatiori70-73].

In this research, the phosphor powder that wadexxdiy blue light, was a cerium-doped
yttrium aluminum garnet (YAG:C& with a wavelength distribution (irradiating wagebths
of 490~ 680 nm)[Fig. 3-1]. As show inFig. 3-1(b) phosphor powder has an irregular

morphology[74,75] The mean size of phosphor particles (D50) is udFig. 3-1(c)] An
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indium gallium nitride (InGaN)-based blue LED, whiemits a wavelength of 457 nm, is

applied to excite YAG:C& phosphor and white light is generated by mixingsth

complementary colors.

Despite YAG phosphor already developed by Blassk Bl in 1967 [76], the early

purpose was applied on cathode ray tube. Nichigpp@ation started developing Blue LEDs

in 1989, and built up the technology for industration of GaN-based Blue LEDs in 1991.

Nichia Corporation succeeded in the'cammercialpetidn of high-brightness Blue LEDs in

November 1993. Furthef, by applying its expertiseaaphosphor manufacturer,
combining YAG phosphor with Blue.LEDs, Nichia. Corpbon developed and

commercial production of wLEDs.in. 1996 for the fitisne in the world.

Relative Spectral Distribution (a.u.)
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Fig. 3-1 (@) YAG phosphor powder[124]. (b) SEM morphology of YAG:Ce**
phosphor. (c) The size distribution of phosphor paicles. (d) The spectral

In this work, another novel lighting system, UFhat depends on a UV light to excite a



trichromatic RGB phosphor, instead of a blue lightexcite a YAG phosphor. The UFL
lighting system can combine the advantages of ecdgmission BL system.e. capable of
satisfying a high power efficiency, and an edgession BL system, capable of generating a

uniform, planar and slim BL configuration.

For TFT-LCD display, color saturation is determineg integrating the spectral
properties of the light source and the spectraisiraission factor of color filter (CF). Hence,
the phosphor adopted in UFL lighting' system /is 8exh mainly by trichromatic phosphor
with red phosphor of ¥(P,V)QEW* phase (620 nm £€mission), green phosphor of
BaM@Al 100:7.EP", Mn?fphase (515, 545.nm).and bitie phosphorefPsh)sCl:Eu** phase
(450 nm)[Fig. 3=2]. The derived.phosphor prescription shows less gihmsirradiation at
wavelengths of 590 nm and.490.am than the:convesitip adopted phosphor does, where

the two wavelength peak decreases the colorSetnij@0-21].
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Fig. 3-2 The spectral properties of the phosphor weus the spectral

transmittance factor of CF (phosphor photo cited fom [124]).
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3.2 Remote Phosphor Converter

In this research, phosphors were mixed togethdr hittders,.e. fluoride content, in a
tank and applied on the polyethylene terephthgRET) film by coating approachesigure
3-3 schematically depicts the simplified coating psedy pulsed spray method. Notably,
controlling the applied phosphor layer thicknessvithin 15-20um could yield the optimum

luminance conversion efficiency.

Silicone
Phosphor Binder Solvent
l |
Formulation
Mixer
Air I
Pressure ¥

% Needle |  Air Pressure Solution

With Disturbing |————— ‘
Time Controller System

111 Slot
Die

Fig. 3-3 The scheme of coating process in this reseh.

The phosphor film was then adhered to a plastistsate to achieve a remote phosphor
converter (RPC)Fig. 3-4]. This composite plate was used in proposed lighsiystems and
placed remotely from the light sourc@sable 3-1presents the optical characteristics of this
RPC plate with a high haze ratio. It is especiaffective at scattering incident light. Hence,
RPC can be used for simultaneous wavelength coowveand light diffusionFigure 3-5(a)
shows the YAG phosphor filnfigure 3-5(b)reveals the morphology of phosphor film is

irregular and full of voids. It contributes to ligbcattering and yields a high haze ratio.
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Plastic Substrate
PSA Adhesive

Phosphor Film

(b)

Fig. 3-5 Views of YAG phos film. (a) Appearance(b) SEM
micrograph.

Table 3-1 Optical Characteristics of RPC.

Hz' 11>  DF PT*
99.29 68.5 68.02 0.49
unit: (%)
HZ: haze ratio, HZ=(DF/TT)x100%
*TT: transmittance of total output light;
*DF: transmittance of diffused light;
*PT: transmittance of parallel light.
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3.3 Optical Materials

In this research, LED lighting module and displggtem are constructed with RPC on a
substrate with diffusion for light scattering, ewihtion for light distribution controlling or
polarization conversion for light recycling. Theidirtness Enhancement Film (BEF) uses a
translucent micro structured surface to employ bogfraction and reflection, for the
improvement of backlight efficiency and increasedaxis brightnes$§8]. Utilizing a micro
replicated prismatic structure; unusable light mi&f the normal viewing cone is reflected
back and recycled, for#e-emission at an optimuewing.angle: The BEF film substantially
boosts display brightness, and can also be useanjanction with other optical film for even

greater illumination increasésig:-3=6|.

Prism Effect PCF Effect -

PCF: Polarization Conversion Film
BEF: Brightness Enhancement Film

06 0.6 *
H0° 300 0° 300 60° 60° -30° 0° 30° 60°
AN

— Polarizer

e
1—? l‘::;?;—— C/F Glass

- TFT-Array Glass

.
T~ PCF

Prism Sheets
(BEF)

Lamp Reflector Reflector Sheet LGP Diffuser

Fig. 3-6 The scheme reveals the effective functiosf BEF and
PCF materials[67].

Polarization Conversion Film (PCF) works through lap@ation recycling. A

conventional lighting system emiBsandS polarized light. A typical polarizer absorBsbut
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PCF reflectsS into the lighting system, where it is recycledoift and S light. With PCF,
more P-polarized light is available to be transmitted tigb the LCD, increasing on-axis

luminance by up to 60% ~ 97% for TFT-LCD backligigtiapplication$69].

The BEF and PCF are commonly used optical matenat&cklighting applications. In
this research, these two materials are also intedldto modify the output light distribution

and increase on-axis luminance to meet backlighaptacal requirement.

3.4 Experiment Proces

The pulsed spray method is adopted.to prepare ing in this investigation.

Figure 3-7shows,th \‘ elocity of the spray,

the amount of _phosphor in .tk s and' the, spraying interval

Fig. 3-7 Mechanical structure of pulsed-spray coate
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Fig. 3-9 Mechanical structure of slot-die coater.
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Chapter 4
Low Color Deviation LED Devices using Conformal

Phosphor Coating

4.1 Why Conformal Phosphor

White LEDs are becoming increasingly important fighources for illumination
applications, because they are compact, mercuey-fand energy-efficient. However,
conventional wLEDs that are fabricated by dispemsinig. 323], settling method, spin
coating, self-exposure or electrophoretic depasit{&@PD) haveproblem$40-42]. The
dispensing method.is the most-popular approachdanstry, but the 'settling of the phosphor
powder beforereuring.causes disharmony betweenllgbeand yellowslight. Additionally,
the settling approach is a chemical reaction”andires a flip-chip LED-with a flat surface
for phosphor_.coating. Spin/ coating centrifugally paates phasphor from slurry.
Self-exposure or EPD.can produce an uniform _phasebating, but'these chemical processes
causes Cr ion pollution. Therefore, an environmigntaendly phosphor coating on InGaN
chips with uniform thickness was formed to optimite performance of wLEDs. This
investigation uses a novel approach that-appliesptiised spray (PS) process to ensure that

the phosphor coating confirms to the LED chip oatli

This coating is called the conformal phosphor ¢cap(iCPC). The PS approach with an
interval control is used to feed phosphor slurmptiyghan air atomizing nozzle to spray and
pile up the phosphor layer by layer. It yields mtluniform phosphor along the perimeter of
the chip[Fig. 4-1]. Experimental results show that the PS approactbeaused to form LEDs
with an accurate color distribution achieving a evichnge of color temperatures (Tc from
2500 to 9500 K), for use in a great diversity oplagations, including TFT-LCD backlights
and general lighting. Additionally, PS can be apglio LED chips of the wire-bonded type.
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Therefore, this investigation uses a lighting systeith an array of blue LED chips on a
board (COB), which are coated with yellow phosphgrthe aforementioned PS scheme for
evaluation[Fig. 4-1(a)] Additionally, as one of the means of phosphottiogaPS is fast and

inexpensive, and yields a uniform phosphor layer r@producible results.

4.2 Color Distril

The phosphor ®odare both uncomplicated

0 , dispensing metho
and involves no chemical ;reactio N the lowiniipe. color distribution, the color

temperature and the other optical performance

petiens) will be evaluated for these two

methods and comparéd7,78]

The color deviation of a lighting systemy’v’ [Eqgs. (2.5.5) & (2.5.6)]is evaluated. For
dispensing method, the suspended phosphor is edsigminated by gravity before the
silicone binder is cured, causing color deviatibwarious viewing anglef-ig. 4-2(a)} LED
packages must therefore be sorted and when negdsisaed before use, resulting in high
production costs. The experiment&l'v’ value reveals that the PS scheme yields a much

greater spatial color uniformity~ig. 4-2(b) 4u'v' of 0.07] than does the dispensing method
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(4u'v' of 0.23) when the light is emitted at angles fr&6@° to +60°. Therefore, PS scheme
allows the accurate control of color distributiar high-quality lighting applicationslable

4-1 summarizes the comparison of optical data reggrdamventional dispensing method and
CPC by PS scheme. When controlling Tc of experina@otind 9500 K, CPC by PS reveals

accurate color distribution and higher luminousceify (8% improvement).
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Fig. 4-2 CIE 1976 chromaticity indices versus angal distribution of LED
when the light is emitted at angles from -60° to #%. (a) Conventional
dispensing; (b) conformal coating using PS.
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Table 4-1. Optical comparison between conventionalispensing and

CPC by PS.
Y Tc
Cx u'v’
Y m) (K)
Conventional 595 276 4880 023 9533
dispensing

CPC by PS 0284, :0.290 ' 52.70 0.07 9519

#Power consumption: 05 W (forward voltage-M3.5 V, forward current §: 150 mA).
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Phosphor Loading (mg/cm 2)

Fig. 4-3 Relationship between phosphor loading (mgh?) and
color temperature (Tc).

4.3 Color Temperature Range

Different applications have different Tc requirerteeMFT-LCD TV applications require
illumination at a high color temperature (Tc> 90KD However, general lighting has a Tc
range of 3000 K (warm white) to 5000 K (cool whit&his work studies the dependence of
Tc for white light on phosphor loading (mg/8niFig. 4-3]. The experimental results reveal

that wLEDs based on the PS scheme have a Tc vialiast inversely proportional to the

55



phosphor loading. Whereas a low Tc is achievedgt phosphor loading (point C), a high
Tc is achieved at low phosphor loading (point Ajd @ associated with strongly non-uniform
color distribution[48]. Therefore, the color distribution of wLEDs at higc was explored.
As shown inFig. 4-4(a) the conventional dispensing approach cannot\easisure color

uniformity with a Tc at 9533 K.
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Conventional dispensing; (b) conformal‘coating usigPS.
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Fig. 4-5 (a) Conoscopic measured point and rangedm +60° ~ 0° ~ -60°.

(b) Color temperature (Tc)-angular distribution.

The chromaticity indices display a severe variatoth the viewing angle from -60° to
+60°. When the PS approach is used at a phospadinkp of 1.20 mg/chy the resulted Tc is

9519 K[Fig. 4-4(b) & Fig. 4-5]with a harmonic chromaticity distribution. When tsgraying
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interval in PS is varied to control the amount @jpdsited phosphor, a thin and uniform
phosphor layer can be coated on the surface oL Ei2 chips. In this case, when a higher
percentage of yellow light (complementary wavel@hgs mixed in, the Tc is shifted toward
the yellow side (low Tc)Figures 4-3 and 4-feveal that a Tc of 5100 K (cool white, point B),
a Tc of 4174 K (warm white, point C) and a Tc ofl9K (high color temperature, point A)

can be achieved using the PS approach.
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Fig. 4-6 The CIE 1931 chromaticity diagram. Red" trangle

denotes thewhiteypoint with different colortempeature (Tc).

4.4 Environmental Influence

In contrast with conventional approaches, PS yi@dsenvironmentally friendly and
uniform phosphor coating. After PS process, theléir(silicone based) in slurry will be cured
(100 °C heating for 4 hours) and the solvent (aligsed) will be evaporated. However, the
aforementioned EPD or self-exposure process usesoamm dichromate ((NH4Tr.0O-)
ADC solution as a photosensitizer, producing Csitmat can reduce the intensity of emitted
light [43,44] Additionally, ionic Cr is a hazardous substanoeelectrical and electronic
equipments, which is restricted by the Restrichbidazardous Substances (RoHS) directive.
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Since EPD is performed using a water soluble plesist in exposure reactions, polyvinyl
alcohol ([-CH-CH(OH)-],) PVA and ADC in slurry can be introduced into thleosphor
coating. When the photochemical oxidation of theAPAhd the reduction of th&DC occur,
cross-links are formed between the PVA chains, ted CF* ions are generated by the
reduction of the Cf ion. Cr ions that are in the phosphor layer ndy @ontaminate the
irradiative recombination sites of phosphor, bgbatause the light intensity to be low, since
Cr®" ions absorb light. However, the_PSsapproach applf®sphor by exploiting mechanical

appr:
|

principles without pollution e

.........
......
.........

A B B N N N ]
™ (I EE N NN

phosphor coating usi

a) Top view; (b)
cross-sectiafEiew: idhting. Madte With phdsphior coated by
PS.

By EPD or self-expe gsilip-chip mounted with a flat

emitting surfacg44]; the top of t st'be free of wire thgads. In contrast,
LED chips that are coated by PS need not haveteeffatting surface, as shown |rig.
4-1(b)]. Although the surface of the diode is still coneelcusing gold wires to an electrode
pad, PS can be applied uniformly to the surfaceEdds. Figure 4-7(ajpresents a top view of
a PS coated LED with phosphor particles in thecaile binder.Figure 4-7(b)presents a
cross-sectional view with an uniform mean coatinghkness of 45um and the left side of

[Fig. 4-7(c)]is an illuminated demonstration of LEDs array aratn coated by PS scheme.

The right side offFig.4-7(c)] is CPC covered with another diffuser plate to geplanar
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illumination.

4.5 Summary

This investigation proposes a novel pulsed spr&) (Rethod of conformal phosphor
coating (CPC) for LED illumination applications. &phosphor is applied directly to LED
chips of the wire-bonded type. This approach is alsplied to an array of blue LED chips as
an inexpensive method with a high.manufacturingpughput. The PS vyields LEDs with
superior optical characteristics including-low:gotteviation ¢gu'v’ of 0.07) when observed
from various illuminatioen angles (-60° to +60°). ditdonally,.PS.can yield a wide range of
color temperatures(T¢) from-2500 K to 9500 K witlgh color accuracy, supporting a
diversity of TFT-LCD backlights-and general liglgimpplications. Meanwhile, unlike other
coating schemes, such as dispensing, the settlietipad, spin coating; self-exposure and
electrophoretiesdeposition (EPD), PS is'a mechampeay-based, environmentally friendly
method that does not cause.harmful ion pollutioncbgmical reactions:. This investigation

successfully demonstrates CPC by PS for future v Eghting systems.
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Chapter 5
High Efficiency LED Lighting Module using Remote
Phosphor Scheme

5.1 Why Remote Phosphor

In recent years, wLEDs have become more imporight kources of illumination in
TFT-LCD BL and general lighting applications thamneentional incandescent, fluorescent
or halogen lamps, because'WLEDs are compact, mefae, and energy-efficieritz9,80]
However, in conventional WLEDS,-phosphor is dispdrer an epoxy.resin that surrounds the
LED die [Fig. 5-1(a)} Since the phosphoris close to the LED die inwhé&Ds package, a
significant propertion of the blue light is back#eaed by the phosphaor and lost by absorption
by the LED chipg49-51]. Additionally, the high temperature of.an opergtmLEDs causes
thermal quenching, which reduces the-light radragéficiency of the YAG_phosphor and the
InGaN blue LEDS52,81]. Hence,. the placing phosphor away/from.the dienas remote
phosphor converter (RPC),:has been developed tease luminous, efficiendyig. 5-1(b)]
The RPC method enables the backscattered photdms@atracted and the effect of thermal
quenching to be reduced, increasing the ultimaaraililight output and luminous efficiency

[82,83]

Earlier studies have shown that RPC method canfisigntly improve the luminous
efficiency of a single wLEDs packagd®3-55] However, studies of the application of the
RPC method to large-area illumination are relayivfelv. Conventional planar lighting herein
has been developed by exploiting direct-emissiomgus diffuser platgFig. 1-3(a)] or
edge-emission using a light guide plate (LGP)g. 1-3(b)] Direct-emission yields high
luminance efficiency in lighting systems, while edgmission is more suitable for the
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application of thin module configurations. Theseyraaches cannot easily support high
luminous efficiency and a thin lighting module sitaneously. Therefore, the use of an array
of blue LEDs to excite a remote yellow RPC film agdnerate an area of white light
distribution is demonstrated herein. In this inigegion, the optical characteristics of RPC
lighting system are studied. Subsequently, a tightihg module with high brightness,

uniform luminance and low color deviation is propdsproviding as a planar lighting system.
It can be used in a wide range-of TFT-LCD BL andegal:lighting applicationg34-88].

(a) (b)

Mixed White Light Mixed White Light
Remote Phosphor

é ol ﬁ / Converter
= lue Light
N é
Dispensing . Blue LED

Phaosphor Chip

Fig. 5-1 Schematically.depicts the packing methodfo
LED. (a) The package of dispensing phosphor; (b)

The package of remote phosphor.

High luminous efficiency
Micro line lenticular

Qﬁéa /—* (MLL)
Remote phosphor

converter (RPC)
-\\ I—o Blue LED /-/

\—0 Reflector

Metal back cover

Thinner profile

Fig. 5-2 The proposed light-emission system constited by RPC.

5.2 Sample Preparation

This section elucidates the experimental componehta remote phosphor converter

(RPC), the manufacturing method and the configonatif proposed lighting module.
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The phosphor powder that was used in this expetimes a cerium-doped yttrium
aluminum garnet (YAG:C&) with a wavelength distribution (irradiating waeabths of
490~ 680 nm). As show ifrig. 3-1(b)} phosphor powder has an irregular morphology. The
mean size of phosphor particles (D50) is 744 [Fig. 34-1(c)] An indium gallium nitride
(InGaN)-based blue LED, which emits a wavelength4&f/ nm, is applied to excite

YAG:Ce* phosphor and white light is generated by mixirgsthcomplementary colors.

NTHU MSE SEI 10.0kV X250 1002#m  WD9.2mm

Fig. 5-3 The SEMpicture of the plastic.substrate ith
micro line lenticular (MLL) arrays. (pitch: 80 um,
height: 80 pm).

As shown in[Fig. 5-4(a)} the aluminum substrate that is used in the lighthodule is
7inch diagonal. Blue LEDs are directly mounted ba substrate. The total input power of
this lighting system is 28 p¢ at 150 mA and the power consumption is 4.2 W. Negptical
sheets using micro line lenticular (MLL) structyrég. 5-3] are exploited to integrate with
the RPC film and blue LEDs light source in this estment. As presented iifrig. 5-4(b)]
MLL structure along they-axis can convert the light from an array of pollEDs into
horizontal light. MLL along the-axis can yield vertical light; crossed MLL can Idiglanar

blue light to excite the assembled YAG RPC. Thewmark indicates the direction of the
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MLL structure. MLL arrays are not only functionarfthe improvement of on-axis luminance,

but also contribute to luminous distribution insthighting module configuration.

Fig. 5-4 (a) Thedighting module integrates an arra of blue LEDs with

YAG RPC layer; (b) The.obverse view.of RPC coupledith two sheets of
micro ‘line /lenticular—(MLL) array (arrow marked the  structural

direction on MLL).

5.3 RPC Light-emission Measurement

The optical'mechanism. of the RPC method-will ‘be ebed as it differs from that of
illumination by conventional WLEDs. Because of tlcemplexity of the experiments,
theoretical calculations will be:madesand. a. simofaimodel established to determine the
values of the parameters LED gdp @nd LED pitch |) [refer toFig. 5-2] that optimize an
RPC lighting system. Subsequently, a mockup sartiidé uses the RPC method will be
demonstrated to achieve uniform luminous distriimutivhen applied in an ultra-slim lighting

module.
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Fig. 55 Measured BTDFs result of (a)_diffused bludight, (b) up
converted«yellow light; (c) light-emitting mechanisa’ of RPC lighting
system; measured BRDFs result of (d) reflected-blukght, (e) down

converted yellow light.

In the RPC lighting system, light scattering arghticonverting occur simultaneously, as
presented irfFig. 5-5]. The diffused blue light and the excited yelloghli were measured
separately in this experiment to identify the ogttimechanism of RPC method, owing to
these two kinds of lights with different light digtution. First of all, the optical characteristics
of the RPC lighting system are described usingréational scatter distribution functions
(BSDFs). The BSDFs is typically split into refledtand transmitted components, which are

treated separately as the bidirectional transnma@adhistribution functions (BTDFs) and the
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bidirectional reflectance distribution functionsRBFs)[14,16,89]

Relative Luminance (a.u.)

+ RPC lighting
= Conventional lighting

e ——

-80 -60===40-= -20 0 200 40 - 60 .80
Angular Distributioni(Degrees)

Fig. 5-6 The comparison of luminance in angular
distribution, between conventional lighting and RPC
lighting.

When the biue light radiated from LEDs to excite-RPC, some of the incident blue
light are converted«o yellow light with Lambertiamstribution{Fig. 5=5(b)] The rest of the
incident blue light is diffusedFig.. 5-5(a)] Figure 5-5(d)and(e) represent the reflective
distribution of blue light and‘yellow light, respeely. ‘Finally, these rays are mixed to
generate a white light distribution with broad alaguistribution[Fig. 5-6, blue ling. By
these measured BTDFs and BRDFs results, the RP@orhatould be characterized to

develop the light-emitting mechanism.

5.4 Theoretical Modeling

The optimal parameters of RPC configuration likeDLGap ) and LED pitch ) are

difficult to determine the relationship with lumim® distribution. Therefore, we setup an
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optical simulation model used light-emitting mecisam of RPC method to predict the
optimal configuration. Firstly, the light-emittingroperties of RPC could be characterized by
the measured BTDFs and BRDFs. In order to simpti&/analysis, we restrict the discussion
to the transmitted type (BTDFE)O]. Certainly, the investigation can be easily agptie the

reflected type (BRDFs) without loss of generalifiie BTDFs is defined as

BTDFs@,4.6,.4) =% (5.4.1)

whereE; is the illuminance.on.the sample plane due tartbielent blue-light}; stands for the
luminance of emitted light from_the sample surfatge .incident and emitted angles are
represented by.the coordinateslofd, %) and(hy.0, @), whereh, 8 and @denote the radius,
zenith angle and azimuthal angles in spherical dioate; respectively. Since the scattering
characteristics of ' RPC caused by thes randomly idigegd phosphor are rotationally
symmetric, the data processing.of BTDFs can be Ifiepp by merely considering the
variance of zenith-angikalong a constant azimuthal ange 90°.

Qt
L{(&.a)

RPC

sgxeqemx#ze -
- ,
Q_\

n=1 /1, a Blue LEDs
b (Q/w:solid angle)
Fig. 5-7 The definition of photometric in this thewetical calculation.
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There are four parameters of the RPC lighting gurétion regarding the theoretical
calculation: (a) the BTDFs of RPC, (b) the intepddistribution (s) of LED chips, (c) the
LED gap 6), and (d) the LED pitchpj. Through the definition of photometriEig. 5-7], the
illuminance E) of the RPC at the poift excited by the blue light can be calculated as

_ 1,8, ¢) [eos’q
h

E (6.9) (5.4.2)

Then, the emitted luminanck from the RPC at poir2.can be transferred from Eq. (1)

as

L.(6,,%) = | BTDFs(8,,¢:0.:4) [E, (6,,¢)d )
Q;

5 (5.4.3)
6.¢)eos’6 .

h !

= jBTDFs(Hi,(pI,ﬁt,(pt)dS(

Finally, the total radiating luminancéifp) from the RPC lighting system can be
calculated by the_convolution between the singl®LUEminancel; and a two dimensional

comb function as

L output(gt | ¢t) =

o (5.4.4)

Ldw Dd(a- np,b- mp)

22 jBTDFs(Hi,qyl,gt,ﬂ)ds(enﬂzlﬁtoé

where the counting number n and m indicate the aathm-th LED along andb direction,
respectively. In this case, the summation and natemn were performed by Monte Carlo

simulation[91].

Then, we import the measured BSDFs into the comialesoftware LightTool§8" to
accomplish the optical simulation of RPC lightingstem. In order to keep the luminous
uniformity of lighting system as the first merihet ratio f/p) of LED gap b) to the LED

pitch (p) were modulated as parameter to simulate theigakttip with luminous uniformity
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(Upp). The definition ofUp, refers toEq. 2.4.5]

Gap/Pitch (h/p) Ratio
1/4 1/3 1/2 11 0

1
(1/2.4)’ 1

1
80
1
70 | / /
1
60
wl/
10 ——RPC lighting
¥

=4 Conventional lighting

100

Luminous Uniformity (%)

Fig. 5-8 The comparison of luminous uniformity Ue,)
with (h/p). ratio:

The simulated results are shown [ifg. 58| to compare 'the conventional wLEDs
lighting with the RPC lighting. ‘The target of lunoims uniformity is set at 80% to keep an
acceptable vision qualitj92,93] The smaller LED gaphf and larger LED pitchp), the
luminous uniformity is.worse. The acceptable rdlifp) of RPC lighting by simulated result

is (1/2.4).

5.5 Optimized Configuration and Luminous Uniformity

As a result of the phosphor particles inside theCRie stacked with voids during
coating[Fig. 3-5(b)] the air contained in the voids is easily to catlse light scattering.
Therefore, the function of RPC is similar to a dgér with a high haze valliéable 3-1]and
contributes to thin the thickness of lighting systé&igure 5-5(ajshows the light distribution
of transmitted blue light with diffusing characsics. Moreover, the converted yellow light

reveals a Lambertian distributidirig. 5-5(b)} Then, these two type of lights are mixed
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together and displays a broader angle of full-width half-maximum, Opwum= £74°,
subsequently contributing to reduce the lightingdole thickness than with conventional

lighting system by WLEDHrwHv= +48°[Fig. 5-6].

Additional, the cross MLL sheets integrates with(RBIso contributes to luminous

uniformity too [Fig. 5-4(b)] A cross MLL sheets can achieve a planar and tmifblue

a uniform luming ion without the use
of convention The luminous
uniformity of enti diti ratio equals to

1/2.4 demons : ). same situation, the
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IR R R R R R
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B TEREE LR B

LA RSN 0
I A A R R TR
li..."r'l'l'!

Fig. 5-9 The comparison of luminous uniformity Up.) at (h)= 5 mm
and (p)= 12 mm. (a) conventional wLEDs lighting, (b) RPQighting
integrated with MLL sheets.

5.6 Color Temperature

The RPC method reportedly has a higher luminougieficy than conventional
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phosphor coating methods when applied to individtiEeD package$53-55]. However, the
applications at TFT-LCD backlighting and color merhance of the RPC method have not
been comprehensively explored. Therefore, the fadtmat affect the color temperature (Tc),

angular color deviationdu'v’) of an RPC lighting system are analyzed herein.

This investigation will investigate such parametesshe thickness of the phosphor layer,
the LED gap ) and the LED driving current to elucidate theitatenships with color

temperature (Tc) of achieved using the'RPC method:

CIEy

0.8

&
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Complementary
nWFI\IPlF ngth

0.4

E 4507

0.2

Dom
wavyel

0.0 0.2 0.4 0.6 0.8

Fig. 5-10 The CIE 1931 chromaticity diagram. Red cross-ark

denotes the white point with different color tempeature (Tc).

As presented ifFig. 5-10] white light that is forming by mixing blue lights: 457 nm,
dominant wavelength) and yellow light&,( 570 nm, complementary wavelength, where
suffix p denotes peak wavelength) exhibits a linganction of chromaticityx against
chromaticityy in CIE 1931 diagram. As the percentage of comptearg light in the optical

mixture increases, the white point moves along lihis and toward the yellow side (low Tc,
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such as at point C). In contrast, as the percentagiee dominant wavelength increases, the

white point moves to the blue side (high Tc, sushatipoint A). Experimental resulfsig.

5-11(a)] reveal that adjusting the thickness of the phosgleating can change the ratio of

yellow to blue light intensities. Point C corresparto a thick phosphor layer (38n) with a

high percentage of yellow light, and a Tc of 385#int A corresponds to the low phosphor

thickness (15um) with a high percentage of blue light, and a T&200K. The LED driving

current is also investigate#ligure 5-11(bjindicates that'Tc is unrelated to the LED driving

current when the tested eurrentis less than therman LED: current rating (320 mA).
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Fig. 5-11 Relationship between Tc and (a) phosphdhickness, (b) LED
driving current, (c) LED gap. (d) The relationship of luminous flux with

LED gap.
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As presented ifiFig. 5-11(c)] the LED gaplf) affects the Tc of an RPC lighting system.
As the LED gap lf) increases, Tc gradually increases. As the LED pncreases, the
luminous flux declines exponentiallyrig. 5-11(d)] Therefore, the LED gaph) in this
investigation was kept less than 10 mm to mairganigh luminous flux. A small LED gaj)

also supports the design of ultra-slim modules too.

5.7 Angular Color Deviation

To evaluate the angular color deviation of RPCtliggnsystem, the conoscopic approach
is applied to measure.the optical characteristies fvaried viewinganglg=ig. 5-12(a)] The
zenith-axis is assumed to be-the-surface norma.ZEmith-angled) and the azimuthal angle
(@ are varied fromg= 260° to +60° andz= 0° to 360° in_measurement, respectively. For the
compared of conventional WLEDS lighting system WRRC lighting systentigures. 5-12(b)
and (c)plot the color distribution.over.the angular disition in diagram of CIE 1976,
respectively. The'color, deviation of a lighting &ya, 4u'v{Eqs. 2.5.5 & 2.5.6]is limited to

0.015 for commercial display applications, whichsmnliave noperceptible color deviation.

For conventional WLEDs lighting,.the coler“deviatiat various viewing angles is
serious[Fig. 5-12(b)] It comes from the /dispensing of phosphor slumtoadhe LED surface
is easily delaminated by gravity before cured. Ekperimentaldu'v’ value reveals that the
conventional wLEDs lighting yields a worse colorasal uniformity [Fig. 5-12(b),Au'v'=
0.098]than does the RPC lighting systéhig. 5-12(c),4u'v'= 0.025] Meanwhile,Figures.

5-12(d), (e) and (frompared the spectral properties between poige 0°, &= 0°) and point

Y, Y (¢= 0°, &= 60°) of tested lighting systems.
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Fig. 5-12 (a) The measurement of optical charactesiics by conoscopic
approachmThe color distribution of (b)‘conventiond WLEDs lighting system,
(c) RPClighting system when view angle varies frorfi= 0° to #= 60° at fixed
¢@= 0°. (d).The spectral properties of both conventiwal and/RPC.lighting at
view point of = 0°, ¢= 0°. The spectral properties:of (e) conventional kEDs

lighting system, (f),.RPC lighting system at= 60°, ¢= 0%

For conventional lighting, the:portion of yellovgiit increase when the viewing angé (
increase from@= 0° to & 60° [compared Fig. 5-5(b) & (d)]Iit causes the illuminated white
light with a yellow ring at large light-emitting gle. Comparatively, RPC method indicates
less increase of yellow portioftompared Fig. 5-5(b) & (f)]Jand revealed a low color
deviation [Fig. 5-12(c)] Therefore, the RPC lighting system allows theua&i® control of
color distribution for high-quality illumination g@fications. Table 5-1 makes an optical

comparison of these two types lighting at Tc aro@580K.

Eventually, when the RPC lighting combines with TETCD panel (with 4.5%
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transmittance), the high performance display caadbgeved. It integrates the slim feature of
conventional edge-emission lighting and the highihance of direct-emission backlighting.

The volume of the proposed TFT-LCDs configurati@n de reduced to 9.5 mm without

deteriorating the optical behavior, the luminare&04 cd/m at 7inch size, and the luminous

efficiency is 12.8% higher (64.71in/W to 72.99Im/W) than those of a conventional wLEDs

lighting system. Additionally, the power consumptis 4.2\W.

Table 5-1 Optical.comparison between conventionaighting and
RPC lighting.®®

Central

Cx Cy (-Irs AUV Luminance Egir?]if\;\]/():y
(cd/m?)
RPClighing 589 0300 9487 0025 504 72.99
system
Conventienal
WLEDs lighting.  0.28%. ' 02864 9364 0.008 447 64.71
system

#Power consumption:4.2W;. TFT-LED, panel with 4.5%nsmittancey coler'gamut: 72% NTSC
Conventional lighting.system and RPCdighting systese the same specifications of blue LEDs & phosph

5.8 Summary

This work presents a novel lighting system thatdestructed from a yellow YAG:Cé
phosphor film and placed away from the blue LEDhtigource. Unlike a conventional
WLEDs lighting system, the proposed configurati@an g/ield less angular color deviation
(4u'v'= 0.025), higher luminous efficiency (72.949/W) and uniform luminous distribution
(Up = 82%) at an ultra-slim structure (module thickn@€s mm) for TFT-LCD backlighting
or general lighting applications. Most importantthe configuration is without the use of
conventional diffuser plate or light guide plateGR). Meanwhile, the optical simulation by

Monte Carto is used to predict an optimal LED daypt¢ LED pitch @) ratio of h/p= 1/2.9
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and successfully been demonstrated by a 7inch igatkat )=5 mm and (§)=12 mm
conditions. Additional, the RPC lighting assembledith TFT-LCD panel (with 4.5%
transmittance) can achieve a display with luminanic04 cd/m at power consumption of
4.2 W. Therefore, an RPC lighting system with sgraptical performance in a compact
module can be obtained. Furthermore, the use ofdsdocoating to prepare RPC is also an

inexpensive process with high manufacturing thrgugh thus can be possible for an

economical mass production
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Chapter 6
Ultra Slim Dual-sided Display System using
UV-excited Fluorescent Lighting (UFL)

6.1 Why Dual-sided Display

The great diversity of future display.applicatiossich as digital signage and public
information displays, among others cannet.all beebdaon single-sided LCDs. Dual-sided
display can create added value in public spacesdiopping centers, stations, airports and
etc., by way of «funning two_displays synchronously8]. Conventionally, two sets of
single-sided LCDs are installed.-back-to-back t@ldig in‘two.directions;as presentedg.
6-1(a)]l The oceupied volume is very large; the systeimeavy, thermalrelease is poor, and
power consumption is high. Therefore, a LCD systeith dual-sided screens is studied by
several research.tearfi€9,140]" As presented ifFig. 6-1(b)] this work.constructs a novel
lighting inside dual-sided LCD systemuith symmetrical  illumination. In order to reach
uniform display performance, this illumination skabirradiate lightiin two opposite surface

brightly and uniformly.

When conventional light sources (such as fluoreskeanps (FLs) or LEDS) are used in
dual-sided illumination system, the elimination roktal back holder and optical reflector
[compareFig. 6-1(a) & (b)]from single-sided BL affect not only the uniforgiof light
distribution, but also the dissipation of the lam@mount of heat that is generated by plural
light sources. The elimination of the optical reftar causes a lack of reflected light, such that
a dark area exists between the light sources. Aaegly, the light is not distributed
uniformly. Additionally, the remove of metal backlter will lose the thermal releasing by
thermal conduction mechanism. Hence, ultravioleiter flat lighting (UFL) is employed in

76



this work as a solution of dual-sided lighting €yse{111,112]
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Fig. 6-1 Dual-sided.application constructed by (ap cenventional pair
of single-sided display-—applied" back-to-back;" (b) BL ‘dual-sided
display.

6.2 What UV-excited Flat Lighting(UFL)

UFL scheme.is based ‘on a direct-emission BL cordigon with a UV light source to
excite phosphor film placed remotely. Charactersstof the UFL schemes.g, luminous
uniformity, luminance, slim eonfiguration, color iformity-and color saturation are discussed.
Such features are especially attractive for laxgdesTET-LCD applications. With respect to
UFL BL, the 254 nm wavelength is irradiated by WAmlps. The UV rays are then converted
by RPC to achieve a visible, uniform and planahtlidistribution. Therefore, the UFL could
yield a thinner backlighting system than that o¢ #tonventional direct-emission BL with

CCFL or a wLEDSs light source.

The proposed UFL BL design can also ensure an atiequiformity and lifetime of
phosphor coating. For conventional CCFL lamps, armity of phosphor coating inside the

lamp tube by siphon theorem worsens with an inangdamp tube size. Meanwhile, the ion
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bombardment and 185 nm UV deteriorate the phospbating, subsequently decreasing the
lifetime of CCFL lampg105-107] However, in this work, phosphor is coated usilog-gie
coating[Figs. 3-7 & 3-8]and has a longer lifetime than in conventional CGi#nps owing to

its ability to prevent phosphor from contactingiwé vapored mercury atom and 185 nm UV
wavelength radiations directly. Therefore, UFL suokeallows for phosphor to achieve
uniform coating and a long lifetime simultaneousen applied to large scale display

applications.

6.3 Experimentallndices Definition

According to[Fig. 6-2], the-included anglesf denotes:that the angle of neighboring
adjacent lamps'is linked-to-point-“O" located-oe thottom surface of the diffuser plate and in
the central position of two lamps. Notably, a‘latgeimplies a distant pitchR) or a close gap

(d).

The mechanical \configuration and luminouds unifoymif lighting system were
evaluated by defining the included angh dnd the 9-points planar luminous uniformityy()

as[Egs. (6.3.1) & (2.4.5)]respectively:
4, P
IncludedAngle,d = 2tan (%) (6.3.1)

By using triangular relationsg) is then determined by the function of lamp gdpand
lamp pitch P), as shown inEq. (6.3.1)] In our experiment involving 42-inch BL)(

represents 135PE 24.6 mmd= 5.1 mm).
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Fig. 6-3 The relationship betweend) and (Up.) according

to UFL and conventional direct-emission BL system.

These equations are also appropriate for a lighéygjem with a CCFL or LED type
light source. In this investigation, however, tight source focuses mainly on the UV lamp

since 254 nm UV-LED is insufficient for practicg@ications.

According toFig. 6-3 (0) 105° represents a point in which UFL BL must hawainous

uniformity superior to that of conventional diremnission BL system. Varying) from 105°

79



to 135° ensures that UFL BL always displays a bettriformity (Up.: 86%) than
conventional direct-emission BLUg: 67%). When {) exceeds 120°, theUg,) of
conventional direct-emission BL is 79% and may saitsfy BL application requirement. The
variation of illumination is maintained under areeage value of +15% to ensure uniformity

(Upy) of at least 85% for large scale TFT-LCD applicag[100].

6.4 Sample Preparation

In this experiment; UV was applied to a UFL hglgtisystem to ensure satisfactory
dual-sided display.“Since the UV LED light sourcesnot be produced efficiently, mercury
vapor lamps are‘used to produce-UV radiation-ia work..The lamp is chosen to ensure the
efficient conversion of-UV rays-with.-a wavelength 264 nm. For UFL with a remote
phosphor converter (RPC), Huang et al. have rededie experimental procedure related to
the manufacturing of the sample®)3,404].To form RPC plate, trichromatic phosphors were

blended and thenapplied on PMMA substrate bydilieoating method:

In the proposed dual-sided lighting systgny. 6-1(b)] UV irradiates two opposite RPC
plates surfaces and is convertedyinto visible light. Muver, the phosphor prescription
eliminates irradiation at wavelengths of 590 nm @488 nm, achieving a high color rendering
(HCR) at 92% of the NTSC standdf®il| for digital signage applications with vivid color
distributions. Additionally, UFL lighting reporteglyields high luminance uniformity, high

brightness, compact configuration, low power congtiom, and a long lifetimgL04,104]
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Fig. 6-4 (a) Measurement..construction . of angular-lminance
distribution. (b) & (c): ray tracing and fuminous distribution of FLs
dual-sided illumination. (d) & (e): ray tracing and Iluminous

distribution of UFL illumination.

6.5 Luminous Uniformity Analysis

Figure 6-5demonstrates the luminous uniformity simulatiosute using[Eq. 5.4.4]by
LighTools™. The predicted uniformityl{p.) by [Eq. 2.4.5] can be over 90%. As a result of

the undesirable lamp mura is difficult to elimindig using conventional direct-emission
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structure for slim backlightigure 6-6(f)displays the quality of UFL BL without undesirable
lamp mura-related phenomena issue when comparddowmitventional direct-emission BL
[Fig. 6-6(c)] at the same parameters 6f € 135° andd) = 5.1 mm. Obviously, UFL BL can
alleviate undesirable lamp mura-related issue, #mgs, slim thickness with uniform
luminance distribution can be achieved. AccordimHig. 6-6(d)] the luminance difference
of UFL BL is smaller than that of conventional direénission BL at the samé)( as shown in
[Fig. 6-6(a)] By ray tracing analysis, conventional direct-vi@k shows the Lambertian

distribution center of visible light'located on tlaenps|Fig. 6-6(b)}|

Fig. 6-5 The luminous uniformity simulation result.

UFL BL exhibits a trend in which the visible lighambertian distribution center moves
from lamps to the remote phosphor layeiy 6-6(e)} Therefore, for UFL BL system, the
entire surface of RPC (includes the area betweeratips) has visible light irradiation with
Lambertian distribution and the luminance differenicetween lamps can be eliminated

effectively.
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6.6 Dual-sided L

The optical characteristic al-Si @gigplare verified using 42-in
configurations of UFL lighting and FLs lighting. &hangular-luminance distribution was
measured using the conoscofi®] approactiFig. 6-4(a)] Firstly, measurements are made at
position (A), the area above the lamp, and thercttmoscope is moved to position (B), in the
area half way between the lampsgures 6-4(b) & (ckrace the rays and plot the luminous
distribution of FLs lighting in a dual-sided illumation sampleFigures 6-4(d) & (epresent

the optical behavior of an UFL-illuminated sample.

Ray tracing for FLs illuminatiofiFig. 6-4(b)] reveals that the normally transmitted beam
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(L1), which is in the direction of the incident Ipeais the strongest ray at position (A). In
contrast, the reflected beam (L3) is weak at pmsi{B), when observed &= 0° direction.
By the same rules as were applied to the case &f dual-sided illuminatiorfFig. 6-4(d)},
the transmitted beams (D) lare all normal to the illuminated surface at bptisitions (A) and
(B). The Lt are also associated with reflected beams)(lhich illuminate the dark area at

position (B).

The luminous distribution® at positions(A) and (Bhen 6= 0° (normal view) is
compared with that‘ag= 40° (oblique view). Under. FLs: illuminatiof-ig. 6-4(c)] the
relative luminance at position-(A)-s-higher andttat position (B) is lower when observed at
6= 0°. Similarly, the relative fuminance.is'lower @asition’ (A). and higher at position (B)
when observed &= 40°. Large luminance differencal() causes the non-uniform luminance
distribution (lamp mura). However, in UFL dual-sidéumination|Fig. 6-4(e)] a slightAL
between positions (A) and (B) existrat-bofh 0°+and-40°. Therefore, dual-sided UFL
illumination can eliminate undesired lamp mura kght conversion over a complete RPC
surface with Lambertian distribution. Uniform luraimcecis<achieved without the use of
optical reflectors. Figure 6-7/demonstrates..the’ luminous distribution of duakdid

illumination by FLs lightingand by UFL lighting.

Table 6-1 The comparison of different dual-sided diplay.

Dual—sideq display UFL d_ual—sided Improvement
(back-to-back installation) display
LCD Weight 30 kg 15kg 50%
LCD Thickness 79.0 mm 43.4 mm 45%
Power Consumption 350 W 245 W 30%
Lamps number (piece) 40 22
Luminance 527 cdim? 567 cd/m? 8%
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Figures 6-7(c) & (d)s a construction of 42-in, dual-sided UFL illuration. When this
illumination is combined with two TFT-LCD panelsti4.5% transmittance, the dual-sided
display can provide an average luminance of 56mtdrhe total power consumption is 245
W. Table 6-1summarizes the UFL dual-sided display featurescmdpares them with those
of a conventional pair of single-sided displays leggpbback to back. The UFL dual-sided
display has luminous uniformity of 92% at a smatidule thickness of as low as 43.4 mm
(The backlighting module thickness s _28.8 mm, mefeétoFig. 6-9. It reduced the volume
by 45% and the weight'by 50% because of the remuiviide metal back holders and simple
optomechanical construction. The power consumgBarduced by 30% by less number of
lamps adopted (40 to 22 pieces)~Additionally, tbsulting color gamut reaches 92% of the

NTSC standard.

Sla
-

Fig. 6-7 Luminous distribution of dual-sided illumination (a) FLs
lighting; (b) UFL lighting, (c) UFL front view, (d) UFL back view.
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6.7 Thermal,Releasing-Analysis

In a UFL dual-sided display, the metal backsholt&t is used in_a single display is
removed. In conventional single-sided FLs BL, thetah back holder was considered to
release the heat from the lamps bysthermal conaluatiechanism. The most popular metal
back holder material is aluminum, which has a tl@roonductivity of 237 W/m-K. This
material is therefore"a good thermal condudttmwever,.in our proposed structure, there is
no metal back holder. There/are two. RPC. plates lwlae plastic with a low thermal
conductivity of 6 W/m-K, were placed on both siadgsUV lamps. Therefore, the thermal
releasing mechanism from the RPC plates has to&lgzed. According to prior reparit13],
the thermal emissivity] of a plastic plate is 0.94 and that of a metdl.®B2. The equation of

thermal radiation power,dRp, is expressed as follows:
Peao = OE(A)T* (6-6-1)

whereo denote the Stefan-Boltzmann constantienote the thermal emissivity, (A) denote

the radiation area and T denote the absolute teahper From[Eq. (6-6-1)] thermal
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radiation dominates the thermal release from a d&&l-sided display because the radiation

area (A) is doubles that of a conventional singgied display.

A computational fluid dynamic tool, FlIoTHERM and a thermal infrared camera,
FLIR®, are adopted to analyze the thermal distributibexperimental displays. Due to the
poor thermal conductivity of the plastic compogitate, dual-sided display lost good thermal

conduction mechanism; hence, thermal radiationlagtit composite plate will be evaluated

for thermal releasing. Therefc the main thermal releasing

, - dual-sided UFL lighting

orm.thermal distribution

mechanism is ther
system with Alumint
compared with sorig The variation in

and _uniform thermal

color represents
distribution wa ature variationT() is

defined as

AT =T, -Ta (6-6-2)

...........................

K=237 W/m-K
£=0.22

UFL dual side lighting
Thermal radiation

K=6 W/m-K |:>
£=0.94 Il .
Optimal thermal releasing

Fig. 6-9 Thermal simulation by FloTHERM®.
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Fig. 6-10 Thermal distribution measurement by FloTHERM® regarding (a)
FLs dual-sided BL; (b) UFL dual-sided Bl

Table 6-2 Comparison of-measured temperature of caentional single-sided
display-with-dFL UFL dual-sided display®

Top surface of Metal back Inside the
AT ’ ! B
display holder illumination
single-sided 2.8°C 40°C 47°C 5319°C
display
UFL dual-sideg 2.0°C 38.9°C L §2.2°C

display

FLIR® measured result agrees'with.thermalssimulatiodiptien. The thermal radiation

mechanism from UFL dual-sided BL )yields, a lower pemature variation AT= 2.0 °C)

compare with the thermal conduction mechanism éoraventional single-sided BIAT= 2.8

°C). Moreover, the single-sided BL also revealsghér metal back holder temperature (47.0

°C). Table 6-2presents the temperature measured in practicg Ustygpe thermocouples at

an ambient temperature of 25 °C. (Power suppligmth BL were 245 W). The data indicate

that the UFL dual-sided display has a lower todfasue temperature (38.9 °C) than that of

conventional single-sided display (40.0 °C), anel tbhmperatures inside of the UFL lighting

are also lower (52.2 °C < 53.9 °C). These dateacatdi that thermal radiation mechanism can
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efficiently release heat from the UFL dual-sidedptty when compared with thermal

conduction mechanism of conventional single-sidiegldy.

6.8 Summary

In summary, UFL dual-sided scheme effectively efiatedthe darkarea between lamps,
yielding a symmetrical, dual-sided illumination aut the need for conventional optical
reflectors. The UFL dual-sided-display ‘can yieltrahtness of 567 cd/mwith a luminous
uniformity of 92% and.a color gamut of 92% NTSC. perfectly satisfies the optical
requirement for display applications. The thickniss45% lower. (79.0 mm to 43.4 mm); the
weight is 50% lower (30 kg to-15-kg) and the ‘powensumption is 30% lower (350 W to
245 W) than those/ of.a-conventional -pair of sirgjteed displays applied back-to-back. The
mechanism ofithermal radiation from the UFL dudlesi system can replace the conventional
thermal conduetion mechanism, lowering the tempegeaboth on the surface (38.9 °C) and
inside (52.2 °C).the"illumination system withouetmal accumulation. Consequently, the
proposed UFL dualsided. illumination was succe$gfdémonstrated.for dual-sided display

applications with high optical;. thermal and meclkahperformance.
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Chapter 7

Conclusion and Future Works

7.1 Conclusion

In summary, the RPC lighting scheme differs frotundination using conventional
fluorescent lamps or LEDs. It involves using a wamgth conversion mechanism, providing
high brightness, planar and uniferm illumination. darticular, RPC lighting that is used in
UFL can be realized using.a compact size with“leawegr consumption and symmetrical
dual-sided illumination. Additionally, RPC: lightingan. eliminatethe thermal quenching
effect associatedswith' phospher-which producesgelamount of heat:during illumination.
These characteristics of the RPE-scheme are eagloitwide range of lighting applications
and a great _diversity of new backlighting® applioas, including outdoor advertising,

electrical signage and displays that can beredaesunlight.

7.1.1 Part I LED Devices

Part | of this investigation solves the problencofor deviation.in a conventional white
light-emitting diodes (WLEDS) devicesusing. a comfi@al_phosphor coating. The use of pulsed
spray to coat phosphor is a physical, environmBntaéndly method that does not generate
polluting ions. Furthermore, in other methods, LERps must be of the flip-chip-mounted
type and have a flat emitting surface. Pulsed spgagan be performed to apply phosphor

uniformly to wire-bonded type LEDs.

Accordingly, different conformal coating technologys compared iifrig. 7-1 Except
NCTU scheme, all others are chemical reaction gwigt It means the chip will be limited to
flip chip, the process with chemical pollution ameportantly the high process cost. NCTU

pulsed-spray scheme is a mechanical process atsbian environmentally friendly process.
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Fig. 7-1 Conformal coating technology comparison.

7.1.2 Partll: LED Lighting Moedule

In the second part of this workghting module),.the.remote phasphor conversion (RPC)
method is used 'in‘ a lighting’ module. The configoratis .optimized by developing a
mathematical model far use.inwan optical simulatiand its" effectiveness is verified using
practical samples. Base on/the results of this' wdne phosphor film herein serves
simultaneously as a wavelength converter and & tigfuser. The proposed configuration
with a micro line lenticular (MLL) microstructurean be utilized in a lighting module with
high luminous efficiency, high luminous uniformignd high color uniformity. Its optical
behavior was elucidateéigure 7-2plots the relationship between lighting modulekhiess
with luminous efficiency for various types of planigghting modules. RPC lighting has
outstanding optical performance with a very compaeichanism. In particular, the RPC
lighting method generates 1.5 times as much lungnefliciency in lighting module as

side-emission method.
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In 2008, SONY states RPC can apply.to large siz&liggnt module with 20% luminous
improvement due«to release. thermal quenching efféetvever,there.is no certain data to
support it and therefis also.no data regarding slonfiguration.” Therefore, we repeated
SONY conditions and found serious._color shiftinguisin spite of high luminous efficiency.
Figure 7-3 demonstrates the ratio of blue-lighyetlow-light is different from angle 0°, 30°
to 45°. SONY states the inserted diffuser can alevthis issue, but our repeated data shows
the effect is limited. The mechanism of light ddfon for blue light didn’t work effectively
[Fig. 7-4(a)] In contrary, [Fig. 7-4(b)] shows light collimation can modify yellow-light
distribution to fit blue-light distribution effeately. Finally, we achieves RPC scheme with
high brightness and low color deviation. CIE 197&ows the same result that light

collimation is good than light diffusiojirig. 7-5].

Compared with conventional direct-emission and eslgéssion backlighting, PRC
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reveals a 1.5 times improvement of efficiency ungleiilar mechanical thicknesBigure 7-6
compares NCTU RPC backlighting with other RPC saheitnexhibits UV light combines
with color-filter-less has the chance to improveninous efficiency[120-122] but high
energy of UV light will cause liquid crystal to lmamaged. Therefore, Univ. of Cincinnati
change UV light to lower energy of violet light23], but it should combine with special
wavelength conversion materials. In 2008, SONY amced the RPC scheme using blue
light excitation[52]. In 2009, NCTU published.RPC using light collinoatican solve color

deviation effectively and.also.  contributertowshegk the lighting module configuration

[85-86]
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Fig. 7-3 BTDF-angular.distribution of (a) blue exeiation; (b) yellow emission.
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7.1.3 Part lll: Dual-sided Display System

Fig..7-7 Ultra-slim dual-sided display.system usind@JFL lighting
by RPC scheme.

Fig. 7-8 Ineffective applications of two conventioal sets of
single-sided LCDs installed back-to-back.
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In the third part of this workdisplay systen), the RPC method in which UV light is
used to excite trichromatic phosphor (UFL lightingas studied. Novel planar lighting
provides high luminance, low power consumption dadl-sided illumination in an ultra-slim
display system{Fig. 7-7]. In contrast,Fig. 7-8 presents an ineffective application of two
conventional sets of single-sided LCDs installedkaim-back. UV light (wavelength 254 nm)
is invisible and does not participate in color mgiafter wavelength conversion. Accordingly,
it can be utilized in flat lighting to _prevent ;arigrcolor deviation. In this investigation,
phosphor with a particular.spectrum that-doesimdtide emission at a wavelength of 590 nm
and 490 nm generate planar lighting with high caaturation. Dual-sided illumination can
be used in a symmetrical dual-sided display withthé need for conventional optical

reflectors. It is useful for large-T=T-LCD displapplications:

AUO Dankook Univ: NCTU
TAIWAN, 2006 KOREA, 2009 TAIWAN, 2009

21 e

/ 222 295 /222’/’ 223 225

[ 7 A~ 2104
a{[> Ol [@) 6] @) [oXY|
L

F— 2108

2238

UV.Lamp
(b) BDFFL
CCFL External electrode UV lamp
fluorescent lamp (EEFL)
Lamp mura Heavy & high power Ideal optical & low
consumption power consumption

Fig. 7-9 Dual-sided lighting technology comparison.

Indeed, dual-sided display has the potential fodiveersity of future public display
applications, there are other teams announcedsildedt display by different methods. AUO
states CCFL schem@10], but we consider it will result in low brightneas overcoming

serious lamp mura issue. The way by Dankook Umivhaavy and high power consumption
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[109]. Therefore, NCTU demonstrate this dual-sided diggderformance successfullyig.
7-9].

7.1.4 Conclusion

Part | already demonstrated LED device using putgedy conformal phosphor coating
with low color deviationFig. 7-10]. Part Il demonstrated LED lighting module using oden
phosphor scheme with high luminance, low color deéon, uniform luminous distribution
and compact configuratiorig. 7-11] Part lll,,demonstrated dual-sided display systeth
ultra slim configuration; attractive appearancey [mwerconsumption and light weiglitig.

7-12].

(@)

SEM HV: 15.00 kV WD: 19.56 mm MIRAY% TESCAN
SEM MAG: 140 x Det: BSE 200 pm il
View field: 1.55 mm AMKOR"
e

(b) 0-656 (C) psed 50" O ss0m sounm

2 0.50- 500 nm TDUnm

¢ aceEn 0.45-

x U ooU

—~ 040

2 0.354

-‘.9_5. 0.450 > 030

£ 480 nm

s [ . 0.25-

-LE) .i - 0350 — %] 0.20+

i » Tc9519K 015

R Y™ B o10-

b’ . 5 - -
E—J) = y/Digits 235 380 nm
’X/D'g'ts o ‘ ‘ e w0 na DA 05 06 07
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Angular Distribution (Degrees)

Fig. 7-10 Part | accomplished LED device using pusl-spary with low

color deviation.
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Fig. 7-11 Part_Jl" accomplished LED lighting .module using remote
phosphor scheme with high brightness, low colordeéation, uniform

luminous distributiongand-slim-configuration.

Top View
5II
Single-Side Dual-Side l;ﬁ:IIJ- ‘Q'L‘S
LCD X 2
[ — 1 ] o8
45% volume shrinkage
L3 . .
:O;
:s:,"‘ :O:
<2 |l [©;
i

Fig. 7-12 Part 1l accomplished dual-sided displaysystem using UV-excited
fluorescent light (UFL) with high brightness, high color saturation, slim

configuration and attractive appearance.

Figure 7-13summarizes the three stages accomplishment ohtrestigation. In the part
on the device, the proposed CPC scheme that in#dhesnovel pulsed-spray coating method
improve luminous efficiency by 8% and dramaticallgcrease color deviation by 70% in a

3inch COB array sample. This process involves macha deposition without a chemical
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reaction. In the part on the lighting module, achirdighting module is realized using the
proposed RPC scheme. The sample improves brightne3% and luminous efficiency by
13%; it also greatly reduces the thickness by 7B%he finally part, a 42inch dual-sided
display system based on UFL lighting by the RPCesuh is demonstrated. Relative to a
traditional display system, the brightness is inve by 8%, the power consumption is

reduced by 30%, and the size (includes the systerkness and weight) is reduced by almost

half.

High luminous efficiency

sla

.
L ]
-
Q
£
£ Blue LED
[ AALANAAANAAAAA LA AAANAAAR YYYYVYVYVVYVYY
e |

JER

Jsuuiyl

Y (Im) 8% 4 L (cd/m?) 7% ¢ L (Cdim 2) 8% 4

AUV 70% | Y (Im) 13% ¢ Power 30% |

No Cr contamination AUV 74% | Thickness 45% |
Thickness 79% | Weight 50% |

Lighting
;

Fig. 7-13 The accomplishment of objectives in thisivestigation.

Accordingly, this investigation optimizes the RP€heme with high brightness, low
color deviation, high luminous uniformity includirglijm configuration; meanwhile, this study
achieves the world's first dual-sided display systesing RPC scheme with perfect optics

performance, low power consumption, productive essc including an attractive

configuration.
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Fig. 7-14 The applications meet the requirement ohAsymmetry dual-sided

display.

7.2 Future Works

This thesis presented many.results concerning ppécation of cenformal and remote
phosphor coating methods to.forming planarlightmgdules. In part l,.we achieves LED
devices using pulsed-spray conformal phosphor Woili color deviation. However, the
dependence of temperature on this pulsed-sprayppbodilm should be investigated. To
conduct the lifetime test under'a condition of higmperature (60°C);and high humid (90%
RH) continuallytis necessary. After test, the Cal@viation, the dJuminance decay and the
adhesion strength‘of phosphor-layer will be comghavéh conventional dispensing coating

and ensured the proposed pulsed=spray system tisiy $ar'commercial application.

After that, the intension of this work is to develan optical mechanism in a dual-sided
display that uniformly. However, dual-sided disptayffers application limitation including in
particular conditiongFig. 7-14] Since the illumination is different between indcand
outdoor [Fig. 7-15], the preferred dual-sided display is asymmetiigmilnation. For the
reason that symmetrical dual-sided display is gustarting point, future works will address
display systems with asymmetrical illumination bypkiting a transflective methofFig.
7-16(c)} Further, the light source will be altered from UAmp to blue LED light source to

reduce pollution considerably and save enéfrgy. 7-16(d)]
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Fig. 7-16 The future works of RPC scheme in dual-ded display system. From
picture (a) to (b), it illustrates the current accanplishment; whereas, from picture
(b) to (c) to (d), these suggest proposal of asymtneillumination and blue LED

light source in future works.
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(@) (b)

ON area
ON area @
@ onarea
X y X y
0.2203 0.1800 0.2613 0.2551
0.2764 0.2806 0.2384 0.2141

* RP film / BS-912 / BEF-III

Fig. 7-17 To verifyithe color variation of RPC schee using TFT-LCD display
system with loeal dimming functionz(a) Small arecON pattern, and (b) small

area dimming pattern.

To improve display.optical contrast and.reduce bglaing power consumption, current
TFT-LCD displays utilize backlighting dimming funah to control’ localy area luminance
complying with.the gray scale of display content Ag. 7-17 shows, experimental result
exhibits serious_color deviation when RPC backlghiapplied to a TEIT-LCD display with
local dimming functien., Point Avand B indicate timeasured point‘of.color indices on display
surface. This problem will impact the applicaticosfsSRPC backlighting and require further

investigation.

Professor W. A. Crossland of Cambridge Univ. préseasults obtained by combing
UFL with a color-filter-less to increase the lumuso efficiency of TFT-LCD display
[120-122} As shown in[Fig. 7-18(b)], method (b) presented by Prof. Crossland increased
luminance of method (a) by 30%. High energy UV figbstroys liquid crystals of TFT-LCD
panel as longer-time operation. In the future wahie UV light source may be replaced by
blue LEDs using in the RPC approach, as presentéayi 7-18(c) In addition, methods of
ominidirectional reflectiori116], short wave-pass filtef417] or a remote phosphor with ring
structure[118] are other luminous improvement solutions that migh integrated into
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proposed RPC lighting system.

(@)
Polarizer Analyzer
—_—
—
—_—
—
—_——
— —
—_——
—_— —_—
—_——
—_— —_—
—_—
[ — VIS
—_—
—
10%
VIS Backlight TFT Color Filter
Polarizer Analyzer

—
—*

—*

VIS

< 30%

UV Backlight TFT R/G/B Phosphor

(©)

Analyzer Polarizer

IO

VIS

> 30%

Blue Light / TET
SoEEE YAG Phosphor

Fig. 7-18 The proposal ‘of RPC scheme associated fwicolor filter less to
increase luminance »efficiency. (a) Conventional THFLCD module; (b)
Philips presentation; (¢) NCTU. proposal(partly information cited from
[122]).

Consistent with OIDA predictiofl19], TFT-LCD display has 50-65n/W efficiency
when apply 100m/W efficiency wLEDs devicdFig. 7-19] In contrary, the proposed RPC
backlighting can achieve 60-8@n/W efficiency based on the same blue LEDs in this
investigation. Afterwards, the new propofaly. 7-18(c)]can raise the efficiency to 105-120
Im/W on account of color-filter-lesg-ig. 7-19] Accordingly, when the wLEDs device has
200 Im/W efficiency by year 202(JTable 7-1] RPC backlighting with 160-190m/W

efficiency is assumed to be achieved using colterfless and other announced solutions
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[116-119]in the near future.

White light source luminous efficacy:
conventional vs. LEDs

200
Conventional Light Sources 1, (Im/W)
500W High-pressure Na ~ 150 q
140W Metal Halide 122 1
g *TL HE' Tube Fluorescent 105 Best |GWI
Halogen-IR Incandescent 30 o W2 power
Ry -
= 150 Standard Incandescent 16 E (355\) ¥ LEDI
_— o
= ¢
S ; /
= “-\a\\é‘e 10
- e
- s /
8 e I
S 100 : e s
&= ad Best high- ¥ & J W 2
m arge LED x by,
iy 4 fluorescent POWEL, .Iol =
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of en”
3 Hg\]ﬂ‘) “3\0%’\
halogen \
t = £
f incandescent d
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Fig. 7-19 Evolution of luminous efficacy performane of white 'light sources.
Commercially-available high-power LED performance & indicated by.the points
along the solid blue curve. The U.S. Department dEnergy (DOE) projections is
indicated by the-dashed ‘purples line[125]. The efficiency prediction of RPC

backlighting in this investigation.is,indicated byback dash line:

Table 7-1 The efficiency prediction of ' RPC backligting.

LED Device Conventional RPC
Year Efficiency  Backlighting Backlighting
(Im/W) (Im/W) (Im/W)
2010 100 50-65 60-80
2015 130 65-85 105-120
2020 200 100-130 160-190
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