LED R&BEHAY—REEE %1l

The First-Level Optics Technology in LED Lighting
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The first-level optical technology associated with LED packaging is discussed in this article. The first is a precise
optical modeling technology for LED light sources, which is based on midfield fitting technology, and can be
applied to build up a precise optical model for advanced illumination design. The second is a phosphor modeling
technology. We start the modeling from scattering property. Through the study of absorption and conversion in
phosphor, we can precisely describe optical distribution of yellow and blue lights with Monte Carlo ray tracing. The
two precise optical modeling technologies in the first-level optics have played important roles in LED lighting, and
also benefit industry.

TRIE EEER 20% HIIETIRETE R FEITE 8 50% HORTAE
LED fERSERAREATEME 1962 80— 250« 2t R DAL FE TR TTAR S 10%
WAST O LED FOSER » E10EDIH LED SBAPRE  DLE - SIRCER RS R B IE S T A -
Fi— TR - 1F 1994 45 + FEIRES A HI S (Nichia) FIREDSE LED 5B A TR S o
ATIIRERHE " (S. Nakamura) 7E5ULEE (GaN) ) ZEBE Y HIOLHEE « ATHIEEDE LED HEA
PORL B EAZERS - (P LED BN R - R MR R TR - (hE

FOUREE » MDAESE LED f5Hd & (1 ek ik oAb RAF RIS (RO R o A REFyE fE AR
fIESE LED B2 FE IR a iy BAEM « FFE5 JE » ATREREMURIEAT « AIRER M A B - TR
H » B¢ LED HYZERAECASH:E 150 Im/W - i FEMER DR RRGT - — LSRRI E EE -
SRR 2 BUEROCIRAYFOLARE - R R B AR PEOLERELET T - LED SBIRRELZ IR IS MR LR
HE ~ BEREY - SEEEERSENES - B At MYLAR o FEASCH > T e — RN
Ot LED YR B R & 28 IR EH IR - (58 2006 FFHIEBIEUE LED SEIRIEAL « Mg, O

FHEFAR 200 HA 103.9 85



HEAh - R E BB EE SR E O
LED At KHs 2 » HMEFEE—EHERR
2008 FHIBIEER AP o bk —fEmA
—HISA LED SEE ST ARG IEmBVERL - —Hl
A HY LED HHEEE Y BB R R E 2 -

— - jigiak

R TREHEMABNRATEX - fERIAE R
sHEfE R - fESLIRAYE M B RO BT RS
B et BB - RE—HEEREE EHEHF 20
HEENRZR  BELEE  BEAE - B
(color temperature) » EHEE (color rendering index,
CRI) ~ SEHRE A0 ~ LUK H AR 58 A P 7 1 e
(illuminance) 7T AHELREE TR SE » HEEFRFERY
AT K - B B R EOR B T i B v 43
AR TR TS - HEsERE DL T B
#R o W7 SRR e L BLAE 22 A A e O
SHAR - RITR DRI iR RS B a0
PHEE NRYZ2 s A - T E DUES
PHEE AT 1S 2 22 e A T IR TRE R
B IR p s SRS S B SR S TS SR
EEMEREZ S RHRRSHRHELAE
HRRESERNES ~ H ~ K~ /YT - TERNE T/NR
EIGERREE N ETIRBARRET - MEDUESGREEK
T TR ET - —RER - MR R E R
VRRZE RS AT Ry - RIA 5 B3 E B bl fe

FER AR IR ZIFM -

HERIE - AFZEEERR 2006 FEE—HE
(Midfiled) &iE" - G HARH T e if KT
FEHERYEE Y —MifEg (light-emitting diode, LED) ¢
Al - AN 1 P ARSI R A BR B AT 43 B
—{EH#E - %5 (near-field region) * H1 (midfield
region) DAKGEY (far-field region) #i[E - ST —
&Y (vector region) ~ JEEIY; » (EFENEE
REOKFREEAN - WA Z IR 5 R A
I (evanescent wave) Al EEDUBI SR H 59547 -
H LRGSR M E B E  E5H]
EfE LR — R - EE BN
FEBECCEB ML - (R (angular field) @ FLEF
RS A EREE DB - RIHOESSE A 22 M A
PO - TAEDCEERE T - Sl AT Ry — R T A)
HISEIR - ot 2 IR e A —(E LR - LT
B LG & i R A B R B A R E ) - e
5 RERECIRNE—EEAERDEERE - (68
JRFrE D ERRE IR A - SEIP & e A FIRIEE
B L - TELIRMTREE B iR B E s - R
PTG ELES 8 - 1 S & B N 2 AN PR T
HE BE ZBe Rt - B— Bt IR A TEE
PEZIF5AT » HRAE L B A AT Ry AT AR &=
T ER G ARG T BIES - R —MES
(scalar field) o “N[RIFYSEIR AT GEFFAE & MHIA HYEE;
KA - ABE MRS B LA HEIE] - &
DUE DLESEI s AT — IR B 2 T - HF

emitter

(Light pattern varies from a distance to another)

Far-field

WP SR 4 R

86 FHEFTED 200 H#7 103.9

(Fraunhofer region, light
pattern does not vary)



TEPERIREFE S AR -

IRIZRIGHIRE S - BB n] DUE B T 25
AN DAER SRR I PR 2 AR &K
ETRIDERET  E 2 BARERIDEER
SHEF - MRS EIRIE A BT MU G - BREE
T H S5 [ A R AN R T 2 B B B R e v 51T
R SAHLL - I T RE L H R HE A e i F A R L
BAERIRIDE G - s T NEA LR R Ry
T —FEE T IR — MR A 5 s 5
— RO E T E E E R DR A S - At
FRERFDEIE N BT R AR I MR E Y 7
AAELT T - BEOCIFEAEFSGIERE T - Fri
02 B2 TT 1 8 51355 43 A 1 3R 2 75 7T DATE 0 HE
Ao DUNGEm - B AR LSS — Tl B ag 7 = HUR &
B - DUfgEa it & BB TIR -

2 BB SMLS AaR ETEY LED SRR Al
AR E - B T R —HIET I IE - fERE
RIRENIAZ P E o BRSO IRy 28T
BORE 28 BHBEEE T RSN 2
IS~ RIS IR R B 5
P E M REAEPE (Monte Carlo Ray
Tracing) ™ MUREEE - HETTEESHTEDE B BRGT
H - EREEE M EEN AR E 2 EE
Fetk » (A BUSAE F 85 8 B N 2 AN PR EE T 15
VARITERY

NI » B THEE LRI B B RE HE T - e
FIAT —HIAE AR A EL (normalized correlation
coefficient, NCC)“’ O DU T L AN [
PEEE N AT1S < e A R i < AR - BT
2=

Heepro I 1, Rt e et 8 By b A S o o A7
oG HR— T » EAEARER - 1 e, U
RE—EAEE » Is Fl Te 5350 RISt B B AH 3
SEPE ST AASEIIME o B NCC Fy 1 FYRFE - Rmidh
Mot REG - ERMIEET - & NCCAR 99%

W - RONE BB W AR AR R FE 5 E NCC
Ry 0 Bz - R se 2N HEL 5 & NCC
/NS O B - RORRR B AR Ry EFERA 1

B NEEF A ESER CREE A& FrdE
) LED - BI9E53 Bk XP-E K XP-G - #l1E 3 A
o BRRKERE 2 H R 2 RR R VL E R K
LED WySERIERL - A6 InDABRES - &k - B AJLet
HILM#K LED ETRAEREN - BB E A
1 LED [RENREESES G E o 1F £90 & AR AN
ie#¥ LED » fERFREHIERE TR e 1 &
FIAFEIEGT (power meter) R | Eilsk—KE
HIE - USRI EHEERE ARt dhiR - & 4(a)
EEamElRER ; A 0 B AJREE LED

L 3

LED parameters

Y

Lights emitted
from active layer

A\ J

Ray vectors recorded on
six exit faces of LED chip
and reemitting

Y

1D/2D light patterns
at various distances

Y

Normalized cross correlation
between measurement and
simulation

-

YES

Precise LED
lighting model

2. BB E S 2 FiARE@

FHEFAR 200 HA 103.9 87



(a)
3.Cree 2 4 Ff & & 09 d 2k LED"" © (a) XP-E
LED %A & (b) XP-G LED ©

—

LED

(a)

1.1+
1.04
0.9+
0.8
0.74
0.6+
0.54
0.4+
0.34
0.24
0.14
0.0+

-120-100-80 -60-40-20 0 20 40 60 80 100 120
(a) Angular displacement (degrees)

1.1 1

experiment
0.9+
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1+
0.0 T T T T T T T T T T T 1
-120-100-80 -60-40-20 0 20 40 60 80 100 120

(c) Angular displacement (degrees)

simulation
experiment

Normalized intensity

Normalized intensity

. Power meter

.

Normalized intensity

(b)

Normalized intensity

(d)

HISS ARSI AETT TR » IR TG 2 2 B EE 2
g | N FIH—EDIE-REE NS
e E A B2 5B ASAP (advanced systems
analysis program, ASAP)'"? SETTHEE T - FF R
Hh o B AR R SRR FrER A 2 HIEEEE - 7R
PR A P e o g B 3 — (e A T S 1T
fr > LR 181 {E{E R - 2008 4(b) A > IS
FIRE IR fg B AR B B B S bt - 1B 5 KR 6

(b)
4. () R HaHERZTERE ' (b) KA wEE -

1.1+
1.04
0.9
0.8 -
0.7 4
0.6
0.5
0.4
0.3
0.2
0.1
0.0 e e
-120-100-80 60 40 20 0 20 40 60 80 100 120
Angular displacement (degrees)

simulation
experiment

simulation
experiment

1.19
1.0+
0.9+
0.8+
0.7+
0.6+
0.54
0.4+
0.3+
0.2+
0.1+
00 T T 1 T T A | L T " T T ) T T 1
-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
Angular displacement (degrees)

5.CREE XP-E LED /& 1~ Rl 32 T BB LBt 2 tbd © (@) 1.5cm » (b)2cm * (¢) 3 cm YA (d) 4 cm ©

88 FHEFTEN 200 HA 103.9



~=No.1

No.2

No.3
——Lambertian
— Simulation

Normalized intensity

-100-80 -60 40 -20 0O 20 40 60 80 100
(@) Angular displacement (degrees)
: ol =t
= | — No.
g 83 i No.3
< ’ — Lambertian
- 0.6 r ~ Simulation
Q 05 |
= 0.4
£ 03
§ 0.2
0.1

L L cc i A " A J
-100-80 -60 40 -20 0O 20 40 60 80 100
(c) Angular displacement (degrees)

Normalized intensity

Normalized intensity

— No.1

No.2

No.3
— Lambertian
—— Simulation

-100-80 -60 -40 -20 0 20 40 60 80 100

(b) Angular displacement (degrees)

—No.1
— No.2
No.3
— Lambertian
Simulation

-100-80 -60 -40 -20 0 20 40 60 80 100

(d) Angular displacement (degrees)

6. CREE XP-G LED /& 1~ F| s T B S i #t 2 tb#g ¢ (a) 1.5cm > (b) 3 cm * (c) 5 cm AR

(d)7cm e

535k XP-E Kz XP-G LED £ [AIfHEfE T 10 & g
B30 LL#g - XP-E Bl XP-G LED 2Ot
ARSI A (Lambertian) Y&/ » {H XP-E
LED EGHIfREYEE 2 EE (FWHM) REfEE—
BE > #TR 118 & - XP-G HIFTEy 128 & » FLERREK
LED TEA[AIERE Y E B B S RFE R - H NCC
EE SR 99.5% @ HIL A HIE NI HAmETE 2
LED ¢l o

MRAE R eIRREAL - EfTRERREET » ESElL
XP-E LED it—H®&EH% - HINRutanE — K5
SN E—E 8 - AR AT T A R =
BER - HEERE—H—EEPRENE &
MR PMMA B¢ PC » FASEITYCHl - AYeaR - 7]
FESIF AR ER MR R AR AR RE A
#H4 K 5t (total internal reflection, TIR) HJJEEE! »
ARG B G YRR » Rl S ] R L
BEEFE TIR BEEH - TIR E&EHAERB
7(a) Fi o AR FTAEE R XP-E SEIFEEA - If
BEENTE 350 mA T » DLOGERREHEE ASAP /T

fapr - RIFAM A S EIERE TIR 5% 1 &
REEHIHIE A0 HASRANE 7(b) A -
BRI ATERETHY TIR & & &8 DL E I8
{ETZEHB% (computer numerical control, CNC) & & H,
TR, » BB EAH R T+ PLk B Bl
BT | SRBERDEPIREZ R - HASRA0E 8 A
N o {EE 8 HURESR A DLEEER Bt At B e IR AR A
A]DASRE LED HEBHER S TG TR LB Et -

(b)
7. TIR #&FEHZ KE%T ¢ (a) TIR A&ES
Z 3D AR (b) 1| A RE AW EHE -

FHEFAAN 200 HA 103.9 89



300 T T "Simujation _Experiment
250
H
200 '
\Y; \
g

lllumination (lux)
-
(41
o
T

--- Simulation
—O— Experiment (Horizontal)
—C— Experiment (Vertical)

Or == 1 1 1
-60 -40 -20 0 20 40 60
Position (cm)

8. 1 2 RUR X AT B R 5 A He g g

=\ EpER

Fot LED EA 2 HE A e il
FirH Ak - B LED S EDYE - BV EDER S
SRy T R R =08 - TR EOBE E RN
AVRNE R TR B - HAEEEEY - HIFEH
MABRETALDE R LRV ek - R B &
B - HEFEERE o AU B AR B OO
YAG = ER R - DUSK AT DU e st 5 ¢ HA
Fi5t LED WA B #E AR -

TEARE A AT IR - AR B (Mie
scattering) JRIEY  $E AR A IB BE A
B R B M ECRE YRS B UE - By
FHEE AT O G ER B R B ASAP ST
PRV B F R Ry JOERT - 55— ZGEDT
R R B ot - BEDLE AR B H
B - BEBRNTTR - BRI R —19 2 i

Phosphor layer

Light

& 9.
B AFERAZHE
o EE e

90 FHEFTEN 200 HA 103.9

T8 - HioELE ROt BRI - thiF
RIS LD SR AR 8 T 2R - HARY B RIEL
HEEHEICE 5 2B IGERMAF AR —JGE R
TOLR G EDCRIRI R AAfC sk - WA R
RIEOL - JRFEOEDIIATERT G008 - HEt
DR E 75 Ry OB B DRI ABHASICR - 3
FEEOC B R M N — A RO TR > 20 9 A
TR o

HEOREDGEA B hERT  gRREBE
WRIESER LM L RGT R - BEE R TT R
U MEFEDOCA IR AT e L 0RO
HIR I AR B OETT Rt &R - TR B R e
ES ey Cp VR NE VAEPNAN: RS T R
A ek Al e BB RG T pie » SRR DA I AP
RIBRER AN > Hrp R ARV NE IR — R A7 A
P B SRS AT 2k B (S B AT B
R/ o ERIERANE 10 A - HEERE
fak - AR YAG SO 2 PEIRIE R/ NIy
6 um °

By T LEOER R > i LA RO N B
TEERALRL T AR B O VB T - FERR R
o R TR A OR QAR At B — L T YR T
Ky » M RIS P CHR DB R B A% - B 5 =S & 52
RGBS - KRB R T Z BT R - B
SERTERB R TR IR - ST ER
PSP B R R - Wl s SR kT
2 A Bl TS SRR - IR DR 5 i s ek Ik
0 - 2R EEEERET - SRRSO B
BEAERARE - (Er AR EE T 2 LR
FE (Wo%) - AR EBEREEAN R T#E - &k
AREMFEHARRE R T ZEBRERE - FOUHE

Phosphor layer o
Emitting Flux = A*w
o L] W
% 1 l‘.‘ ‘t____'

Emitting Flux = B*w "-._ .

’ 2" Tm
source —‘_’_‘-“-\N'—’ ""
; » Emitting Flux = C*w
- -
L}
L]

Sl

s «¥
&



s —B= Gaussian distribution
0.0 # measurement -

L] LJ ] ¥ L] L) ) L) L v T T L
o1 2 3 4 5 6 7 8 9 10 11 12
Particle diameter (um)

10. B p ks 1e A o

B3 L A T
W M
Wa+ Wy + W,y @)

Hr W RS LHEBER - W, BB A BIER
W, BRI B EIE R - B - BT
EEOERR S AT - BB AR R
PNINUAR

3)

=~
Il
ISIE
+
SIEISTE

e

HAPEE YAG 88X EE D, = 4.3 g/em’ » 1] A
B B BIWBZEE D, = D, = 1 glem® » AL BETE
WHIRLTEE N, @ o HE BN &kt e i
b DA —FEEOE R FRUBSRE M58 - HETE A
W s

(4)

Hep R BEOSEHRITHE - &k - BAEEANZ
RIS F R B R A AR T B H S DB — ki
THEEN - HEtEATars

F=7nRN,, (5)

TERCS B B R GERE R - Ry 1 58 o0 [F] I &l
By B OB O AT Ry - AR A DA R Ry
632.8 nm HYRLVEE S TR - Fy 7 RE(LAEE -
TEE RS 25T - HFOERERR
/IRy 2 mm - A0 11 Frs o B BHATRDEDIERETEA
Ok E T R e L - RN RIRUN A Ot
- EhaEIZesanE 12 s - et - 3%
EHE BRI R TR - IERRE
H b PR SRR R (A S A
HBEE -

— SR SR A R AT R e I R
TR 20 sl Rk T A S R A e
g * 2 o AR EH B 1T s U R 1T
T AR R - H A IRIOR AT E B IR R BT
B k2R RO B R Rt SR E -
Bt REE LT ER St IBRE S E) (L) WIER
Hit 2R ROR L - IR T R R PL R — B e
(Beer-Lambert law) » F73 5y

I(L)=1,e"" (6)

Hep I, B ASTERIADEEE » L Byt TEME S
TTERIRERE - o R FREL -

FRAU R AT {68 F 2 T AR B S LR — B E
o WG EREST - K2 EREE T RIRE
HESERIB RN - EgREE soth B

FHEFAAN 200 HA 103.9 91



12.
WA ERBHBTRAZETRE
HEE -

B 13. Bk LED bR 2245 B M1 %0 i 2 424 -

AL e - Bt BRIEE DI - FHHEL
TRy RBEZ IR - S i R B be 2 BT
B ek R RE Y R R A el - &
HIESER B BRI IRE ] - EERAAEE R EOLH
HE T2 R I B A R RE ST - BLAED LR OEER
AR SRS BE RN -

« =20 mm ", for Blue Light

X

PR R R B B B B S SR R S s M
MR Ee o BF—TIEERZEE - RS
EREOBECE LG HPEXEF R Cree &
AFTARERISE R EZ 700 » HIEW FRy 449 nm HY&Y
ki - HZEREANGE 13 Fron - HA R SRR/ N
BAMUE » HEE 50 1.5 mm ~ 1.5 mm £ 3.0
mm * FRJSEFR RE ENFA B 3.0 mm » & 7L
g R e B B EHIRRE - TEILRFSAES B/ N 3
H Bl E AR B ke -

A - IR E RN RO RES
FHHA Cree EZ700 HYEE YA R ELAG R =UA
AR RS E B AL R R IO » W DU RS B
Rt - bR ER2EAE 14 R - R

¥ GaN(n=254)

4 um I
i

100 um

v

B 14 BB A REBESHTER -

92 FHEFTEN 200 HA 103.9

«— Lambertian Light Source

<— Reflection Surface (R = 93%)

<«— Reflection Surface (R = 50%)



TR - LR R 449 nmAERELE Y
W Fe - BUREEE: LED FTEd A 20 nm &2
T HERE -

FH A R B TR [ 3 A I A SR R B 22 -
B THERD IR B A HEREE - B (A IR
T8 - XA E B S B A S SR T L
A 15 Frws > HAAEHEEEES 10 cm © DL
NCC A E B Bl e ny — 2k - e 15 2 &
B s HI RS B SR H NCC £ 99.7% @ 2 E—E
T B HOEIRE RS TR SE R

2T 2R A A L B s sk S ek
Fro A SRS R kB e R AR 2 IR 2 - &
St » SeFTE S BREHEE OO LR 2 a5 SRR B
HeaRE o RN AR B PSR Re E - i
FRAEEVL 50 mA RERENEOLEL - BHEHES
TN B P Y s SR W I A B ot
V05 o AR HE s BRI SR ST SRS - [8 16 K
T ERE IR R ek H SR AR [ -

fEEfET - BFERKE 13.5 mm B
Freg e R B IFREIRIEA BT HRREEE
FEREE B e 8 RS RT LA BT E T 2
REREC EEE - g - EEOEEHE
AR BT - BBk - #
BN EBUNBER LB - BB R B
HERVEDLINAEE - BInERE L TR - iR
1B B SR B St HH o R AR R R A A R 22
# - RIS A [FR BN [E] R 2 ek R I
280 WE 17 fs - B 17 PE LB BEHEERE
i BERIILESER A WA EEIRIR - A&8H Y
R E AR SRR ECEIE - E LR RV ERR
AFRVYR S i R AR A= ]

RSk I R R IR IR LL - BA e & -
TR AR e AR IR T O - NEEE R
FETMECE - B R HENRE BN F R R E
FTiSEIRIIR AR ESEES) - RIS EIRL IR Z W IAR
o aliE 17 FR o FHIREARR R - IR B
EHAE SR FEFERE - At — R AR S - B
==V INE

y=-0.0894 + 0.126x — 0.0009x 7

Hrb x RyEth YAG BHIRE - 1y R HER
W ERE - B (7) HBIA1S =G YAG SO LE
A JEREFE N 3% £ 10% A ERITR
W R g - I B REFE FH 2 BUE B8 EE RNk
B BB HE AT R 7340 » B2 2K A R AR
BEdskE - Bl ER AR - A
& SRR BN R R AR -

TERE R EERR A - BR TR 28 - Sk
HUEA R R E EERI 2 8 - I - 1RIB
R I e i [ W U B Y B D R EL A FA AL B
Fiofe B Ry AR (conversion efficiency factor,

1.0 -
> 0.8
‘@
c
Q
£ 06
° }
()
N
s 0.4+
€
S ! NCC > 99.7
Z 02-
E experiment
0.04 simulation
-90 -60 -30 0 30 60 90

Angle (degrees)

15. B AR RAE A 2K B S R PR e A 5R T ML
i -

1.0 - Bare chip
3%_0.2 mm
3%_0.4 mm
3%_0.6 mm
5%_0.2 mm
5%_0.4 mm
5%_0.6 mm
——7.5%_0.2 mm
—— 7.5%_0.4 mm
——7.5%_0.6 mm
10%_0.2 mm
10%_0.4 mm
10%_0.6 mm

0.8

0.6

0.44

A4

0.0 T T T ¥
400 450 500 550 600 650 700 750 800

Wavelengh (nm)

Relative power

B 16. &% LED ## 1~ Fl% & YAG &A% H 2
IR -

E

FHEFAR 200 HA 103.9 93



1.6
—=&— Experiment-3%

1.4 4 ~#— Experiment-5%
’é‘ & Experiment-7.5%
E 12+ —a— Experiment-10%
Z — - T
5 104 T |
o )
5 08 T3 :
3 = -
S 06 é“‘u,.___
=4 e s e
[ %
g 04
2 —a

0.2 -

0.0

| L} B G S SRR L]  —
00 02 04 06 08 10 12 14 16 18 20
Thickness (mm)

17. % & YAG %0 R q 3 -

Cirp) * LA (isotropic) f7 =00 » Bl n] 15 2wk
AR BB DL ThER

Py =Py X Cppp )]

Hrp Py BASEIRRATEDEINE » Py, R B RS
WHIBE AR o BURE - Ry T RG(LAEEY » fERAIhEs
L YAG B A HIE LR R DU — & 540 nm >
AU SRy B SR T A

AEIR AR ARIEE b & A =0T R AR
B P R LR R - BRI SRS A ] R
JEE R Ry T OB CR R IR 18 P - [ 18 H
BOMBREHERETD  SEWItEChEE - 10
EHFR - RIS RS B R B E
0.7541 » ME LB R EHRARYRE /B R AGR
FEHEE

B T LA R 2 RAE
N B ACETT BB o AR RS SR S
B RAVEDOLE SOt IR - HEEH
¢ LED ¥14588 » HEgH 2 A MER - 05
T R T R S A5 2 Y B — 7 R B S B B e
UJ/A\EJ?E‘ZE S St P B S R S AR RE

TR BT E /rbi%fézé’ﬂél%im%ﬁﬁiaa
5‘&  FIIFHFES BREHIEE O LED ZHESEEY - B
Ry N BRSO i B i e B R

94 FHEFTED 200 H#7 103.9

1.2

1.1 4 ~a— Experiment-3%
@ Experiment-5%

- 1.04 === Experiment-7.5%
_5 0.9 « o Experiment-10%
L
% 0.8 = l—-_l,-v—"g' .
8 —— - -
c 07 B
S i
P 064
9]
g
S 054
O

0.4 =

0.3 =

0.2

0.0 02 04 06 08 10 12 14 16 18 20

Thickness (mm)

18. % & YAG %t < ik i -

HERLLL 20 mA ZKEEEEESELED - #:2 - M
FRy 448 nm ZENE RGO E A 1IEFH
T ERE RS AERY - NSRS » i)
Sy B AR BEAAERE - 200E 14(b) Fix - fEIES
Bt LED EEESBRy &5 H VBRI AERE R - o Bl
HAERERRETh R EE—(b - T BT LRSS R
EOLEIEOIm TR » R ET RS EIRVE el
HARGEEAR BN - BIn{S 2R HeRE » 5
HILERHSETE - EMISE AR Gl -« e
HEEEEPRI - BRI EREAE 19 Fr
T o

BN AR A bt 2 OB SRR RT E A 0 A
BRI LR R CETT B S % LED 4568
HEREE - fEE IS - AR A AR HETH
% LED £4& » Ho i B AR 1.5 mm »
BEFHF S 3 mm » MEEKIEBE SR 3%
5% ~ 7.5% B 10% » F5BCAU5E Ry Cree EZ 700 HYEE
it A

MAEBHRRIE S - DRI B i 458 2 2]
ZERS AR E B 2 BUR TR - FEHE
B R IS BN FRE Z &t R & - 5
FoEEihs S 2 B v B i TR - FIAE 20 &
HARGE T BMAZ ARG T B R AR EAERY - B
FELE By SO 2 MRS RN E 21 PR o HARE
R B R N R YR IR B s (A



Normalized power Normalized power

Normalized power

AL R R PR FIT 5.2 25 IR R CO AR AT - AN [F)ER
e R R B B B R R AR AR (H AR 0.01
AR e

BB UM R - N EOE IR
Hy-FBRETSehe R I (H B /NR 0.012 - FEILRE
HIEE 1 YAG B0 FROCR AL e - 8] 22
Ry B RO ek BRI BT AR E - O - AT
B F R R Otk E T S EE R E
- R R RIS E T RS - SRR
TR - ISR M A (R - B R ek T
W SERE AR OT B O LIRS SRR A IE 22 B - iRtk
HIFHA A F S E R R E 8 LED BfEEHE KR
AR R AR -

g I\Egﬁ

LED HJ—FEUERRE T LED K CEIRER Y
M > ARG T — AR R R E ZEFER
® o ESlE LED SBIRIEALE - FEERPISATES
RS H— D IRbE & RS R 2 M AR I -
EVHISA S B S A REENER
N AR SR A RS E AR R R AL - WIiFRE
R AT AMSCR iR AU B 350, » BRI (E E By
S e o BAMHEASC PR e — (BRSO
IR AT B H S NIRRT R E & - £
AREB AL RS ORI E A N R - 15
B2 PR E B NS E 2R - f£5

180
1.04 1604
< 1404
0.8 % 120
0.61 1 4z 00 7~ EE S R AL = = 100
: 8 RBEECE RS E % g0
g ]
041 B—L2ERaEE g 607
5 404
0.2+ z 20
0.0 04

B O S —

300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)
. - 180 ; , . .
1.0 160+
_ 1401
0.81 $ 1201
" e 2 1001
0.61 RIS SRS T a0
N

4] & Btz EaeE Eg 60
5 401
0.2 2 50!
0.0 01
-20

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

180 . . . . 180 180 . . . .

160 4 160 160

1401 140 _ 140

120 1 120 % 120

1001 < 100 S 100

G “RE

604 °7 60 T 60

40 40 g 40

20 20 Z 20

01 0 0

3 -20 . : : . . —20 . . . : .

300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

19, B3 Z R EHEES AT &R -

FHEFAR 200 HA 103.9 95




1.2
1 0_' Experiment-3%_1
’ Experiment-3%_2
_ 0s8d = = = Simulation (With g = 0.65)
[}
2
<}
a
o
=
©
[}
e
T T T T T T T
400 500 600 700 800
(a) Wavelength (nm)
1.2
) Experiment-5%_1
1.0 4 Experiment-5%_2
1 Experiment-5%_3
o 0.8 —— Experiment-5%_4
= 1 - Simulation (With § = 0.81)
8 0.64
o .
=
T 044
[3)
& ]
0.2
0.0
400 500 600 700 800
(b) Wavelength (nm)

B 20. ¥ & YAG & HXmRE 25 S (a) 3%  (b) 5%
Z LED 3R 88 2 B Br & A LB SR 58 o

YeR AL | ERYEDEAE R e IR i th R
B FOLHEDO U RS IR — B E - 15
RICP BB AR ~ B H RSN T E - 38
(EBFE T S T SRR L E R - A RE— T
PO R IRIEEIZ2 B - RERRAEASI SO EH AL -
PR B A TLAYZE — BRI DL TEAL - 2R
PESTHR B A — (R TR EOE AL - B 2008
BRI AR E 8 LED 257 #(EHa -
ALFFREAEE S -

bt {E — RO AME RS T ERYE A
MIEAEZER DEHE ZHER - HERIRRE A 8
+%Z% - £ LED RIHAEERE E - DAREHAH
RIBHIHIL -

96 FHEFTEN 200 HA 103.9

N ———— S— 121 W]V

i M Experiment

B 21. % & YAG %00 R RIEEZ LED HER T
B2 iR LA HE & JEAZ o

Ed

&!I

A X4y LED &S BEAL 808 by B A #7F 52 31
AR R AR BCE AR FF A 0 A 0 BB -
sesh © B BRO 2 a #4512 ASAP #) %35t
R 0 T EGH o RERRHMIAERIIETRE
ik AR M AT R G R S BOA A RO Y
FRIES - T B EBIR KT« 53] R Tk
Btk i S ) SR T R 0 AT &R TR
WIZATAR TR - s —HEEGH -

SENR

1.C.C. Sun, T. X. Lee, S. H. Ma, Y. L. Lee, and S. M Huang, Opt.
Lett., 31,2193 (2006).

2.C. C. Sun, C. Y. Chen, H. Y. He, C. C. Chen, W. T. Chien, T. X.
Lee, and T. H. Yang, Optics Express, 16, 20060 (2008).

3. J. W. Goodman, Introduction to Fourier Optics, 2" ed. (1996).

0.8



nser phosphor
Scattering — plate
modeli
ing e o~ o
\ b WM AA
A phosphor plate ,....__"// [ Bl
-~
2
> Absorption P - phosphor
coefficient plate
—T
I~ _— g
Conversion N
1 ﬁ EfﬁcienCy Vﬁ
(B Factor)
Bad BI ¢
ue :
- Spectrum
Verification
with
Successful h real LEDs Yellow
phosphor model <
Good Spectrum

22. B &R APHA 2 TR -

4.C. C. Sun, W. T. Chien, 1. Moreno, C. C. Hsich, and Y. C. Lo,
Opt. Express, 17, 13918 (2009).
5. 1. Moreno and C. C. Sun, Opt. Express, 16, 1808 (2008).
6.S. Ulam, R. D. Richtmyer, and J. von Neumann, Los Alamos
Scientific Laboratory Report LAMS-551 (1947).
7. N. Metropolis and S. Ulam, J. Am. Stat. Assoc., 44, 335 (1949).
8. W. B. Joyce, R. Z. Bachrach, R. W. Dixon, and D. A. Sealer, J.
Appl. Phys., 45,2229 (1974).
9.D. Z.Y. Ting and T. C. McGill, Opt. Eng., 34, 3545 (1995).
10.J. P. Lewis, in Vision Interface 95 , 120 (1995).
11. Cree, Inc., http://www.cree.com/.
12. Breault Research Organization, Inc., http://www.breault.com/
index.php.
13. £REERL, FERERIBUMER, 55 iR - 2EREIE/LF (2014).
14.N. Narendran and L. Deng, Proc. SPIE, 4776, 61 (2002).
15. A. Doicu and T. Wriedt, Appl. Opt., 3,204 (2001).
16.D. Toublanc, Appl. Opt., 35,3270 (1996).
17. A. Borbely and S. G. Johnson, Opt. Eng., 44, 111308 (2005).
18.Y. Shuai, N. T. Tran, and F. G. Shi, /EEE Photon. Technol. Lett.,
23,552 (2011).
19. C. C. Chang, R. Chern, C. C. Chang, C. Chu, J. Y. Chi, J. Su, L.
M. Chan, and J. T. Wang, Jpn. J. Appl. Phys., 44, 6056 (2005).
20. M. Kerker, H. Chew, P. J. McNulty, J. P. Kratohvil, D. D. Cooke,
M. Sculley, and M. P. Lee, J. Histochem. Cytochem., 27, 250
(1979).
21.Q. Fu and W. Sun, Appl. Opt., 40, 1354 (2001).
22.1. W. Sudiarta and P. Chylek, J. Opt. Soc. Am. A, 18, 1275 (2001).
23.T. H. Yang, C. Y. Chen, Y. Y. Chang, B. Glorieux, Y. N. Peng,
H. X. Chen, Te-Y. Chung, T. X. Lee, and C. C. Sun, /[EEE
Photonics Journal (2014).

FRERBRABLFRREREW
+ BEELFRARENEREER
B FAERELEFQEME -

Ching-Cherng Sun received his Ph.D.
in optical sciences from National
Central University. He is currently a chair professor in the
Department of Optics and Photonics at National Central
University, and also serves as the Director of Optical

Science Center.

ZEHEERBAIFTRRERNER
T+ HAEBEIFRRELEFOHEL
BAHE R o

Xuan-Hao Lee received his Ph.D. in
optics and photonics from National
Central University. He is currently a postdoctoral fellow in

Optical Science Center at National Central University.

REBEEF/AELTRRERER
HEEEA -

Yu-Yu Chang is currently a Ph.D.
candidate in the Department of Optics

and Photonics at National Central

University.

FHEFAR 200 HA 103.9 97



KEHGRERBIFTRRENEH
T HAAHBELFRAREREARAE LR
EA

Jhih-You Cai received his M.S. in optics

and photonics from National Central
University. He is currently a Ph.D. candidate in the
Department of Optics and Photonics at National Central

University.

RERNEAELFRRELER
t o HEREETRBAERAFEE
T A2

Ching-Yi Chen received her Ph.D. in

optics and photonics from National
Central University. She is currently a principal engineer in

Lextar Electronics Corporation.

BN EEHBE LT RRENREN
T HAEBEILFRARELEFOHEL
BHTHR R ©

Yi-Chien Lo received his Ph.D. in

optics and photonics from National
Central University. He is currently a postdoctoral fellow in

Optical Science Center at National Central University.

98 FHEFFN 200 H7 103.9

REHEELTEAREAELER
+ BEMFEMARAS TRE
Wei-Shih Ji received his M.S. in
photonics engineering from Yuan Ze
University. He is currently an engineer
in LCFUTURECENTER Inc.

MIE@AELEBBELFRRELER
+ HEFRACHABZHRAFE
B o

Cheng-Chien Chen received her Ph.D.
in optics and photonics from National
Central University. He is currently a RD Manager in

Witslight Technology Group.



