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TF A58 iy M Sl P O B, (R E TR SE e . Ak
KRR ICEAE IWTST. 1993 4, hiHE —AE HAH
WP AL 2~ Tk #k 58 2 4t (Nichia Corporation) i HR 1
], T GaN JFR 7 BAT wi b SO ey e fE R
KW (light emitting diode, LED), Ml i 4> %
BN A AT R, B 460 nm BT 5 GaN
BER T G55 TEH (F G R IR OGIE 1) U
KA F ik Bk, —fAE 460 nm) o] LU 42 6. H
T LED HffaEthm . Ak, 1R R 554y

AT AN Py R [ AR

H1T GaN 25 - FARADBHK IS R A S
S RAFAEAR K ZE 53, Je s IH AT ISR R 3125/
R P SR CUANBC A ER T4

SO AN L 2 o O A A OB, XS BUR D )
EARVRZ T DA e B AL 7R 2 b 26,
B S RCRARMR, — M 3%—5%. [E AT
REFE T 2T GaN JE#E % LED Y632 UK
S, IR BEot B bk BA Rk
THRLAE 01 2579, 28 BRI M K 24 I 55 % David
26 T AR LED HEAT T VRGN0 20 M, 45
Tt AR 9 LED JEHEHUAE (light extraction
efficiency, LEE) 4 BEHLEE, JHAESC50 Bk 71X
FhER I IERYE. B S K& W UR I, DG
AR AT DU R v LED [RGB 7, il
FHAG AR BEAS BIROGF AR — R D3R IR, 1
ST TR AGER Z e R 5, il R AN s R
XTI G IR T ) AR AN GO 1 S AT, PRI T
mn A S R LED SGH2 BUSCR I — > B i 1 ik
FE. T AR R O A AR s A AR S B AN
A7, 2% LED OGS AR — & (52 ).

AR SCH SE X S B ) LED #E4T T fai f, 2 or

w [B 5K H S IERE BT T & S VR (FHVE S 2009CB930503, 2009CB930501) 1 5% [ Sk FFA L4 (kS 61077043) % Bl AR,
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T GaN JE¥ % LED (1324 BL-F 2 s Ui Y, 7
ICHEA F 45 T O T AR 5 LED SGHE U8RI
Y ERNLEL. AR 5 F I8 R 22 7012 (finite difference
time domain, FDTD) K ilF Y 1 fit Xt LED #5642
U, JEXGT S A AR AE AN [RIBRB 1R AT T
T BE AT B 25 TR, O T b A b A e B mT LA
5 LED [ 63 IUCR, ST IRATE 73411
AR BT, AT T T — P B A B B 0 1 A A,
TEARZI M E G IEZ DL, HOCRBOG RIS T
SEFG TR 1.6 5. X AT S A B A G T
PRI 2 S BEAT T 43 B, 383 43 B vl 0 - it Ak
(BN 5% 53 A R G USSR AT AR R M.

2 % LED Fo ot F dh 1k

LED MG B R A m L2 h Tk 34
A REF B A 51 v 3T 30 2 22 S 1R (1), el GaN
55 LED W4T 9 A WL i yu [H A 2.5. B 1
£—/NLED S h s EE, Hah == LEHR
TR, N2 AR, e SRR, X =2
B R T — A4 B D 0. A4 Snell 474
S nysin @, = no sin O, 1] PLAF 26 M S AR HF
BES N2 A 4 SO Mol 0. = aresin (nq /no)
(ng =2.5 1, 0. = 23.8°). YANPHA/NT 0. I, HI
JZ2 6 RE A I A 3 e, I il — A kiR
[ NI KT 0. I, B2 R H IS RE
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1 A B30 2 ks LED S54RI

BOBAE 2 AL R B RN ko, 751 A
IR RBR A B = noko, PR BT
BB = B+ B, H By = Be + By HEFHIR
AL ko < B < moko I, JEfE AL FUZ Y
ISP, L 2 s (1R A S 2 5 Pl 2 TR £ S 2
H B < ko I, SBAEST R PABEIE BT, 242
JRAR A, A R AR A 2T, i 2 s

(1) S 2 /N[5 P8 PN S5 19035 2. 5 6 AN AT ) 2,
AT AR RS AR, DR A S S A B AT A
I AR 2. EARSE = LED MG HR IR,
LB 2 (1) SR N SR ST AR R R
A6 BRREPE I N 3 R P A s 5 4, e L
IR a, 76 —4EE 0N R A J0H £nT LS BT T
g

(o]
— —ipGox
€= g gpe” PEOT

p=—o00
Go = 2. )

a
R AT V6% A R e 181 W, DI DI A T A%
I, o n] LS ik

Br = Bm + pGo. (2)

2 TR AR AR SR R R

B FYCAEII I T AL AR B R IR K- 23 1,
PR SEANBE AT B2 RTST 25 1 8, el 1ok
T A P A DA A N R A B R R &k
Bl 2 B, KPR B, (RE IR ) 16 AN fE A
IS b R B h 2, 2 p = —1 I, KPR
K B BN T Br, 2

Br = Bm — Go < ko. 3)

Br AESLE/INE 8 A, HATRE AT i 1075
2%, W 2 Bos. 61 R R 220 TR A A%
Bt 2> 5w FRUANAR 2 18] (R S .

3 Bl ES A

AR FDTD 67 diAk LED #4715 B,
AR L ROR, THE R T e K, T B
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FER I T BB A 2S (GPU) Xf FDTD R /74T
T, AR TR B AR R, vH R ECA 15000
B, H B A T 18—k CPU (Intel Core i7
2600K) Iy 1528.95 min, GPU (2 /™ Nvidia Tesla
C2070) FHI 4 119.93 min, Hohnigk bt 4 12.75. GaN
FL¥EO'G LED i 1 BHW 3R 7 2 A kOt #E n] B
T zoy “F1H 1 HLABAR 7ok 2528 0. 25 T i
Bl LED A 52 ROG, 75545 xoy ~F1fl (RIAA IR
J2 P AE BT ) TRCE A2 88 50 H 1 AR AR 1R, B
Gevk A A IR ILRIE R A R A e
S GaN BE #5016 LED &6, 2 T IA 1 oh EAL
BB A AP 1) BRI, 0 K 20 1) LA B Ut e AN AT
B, PER 55861 i Ak LED Y64 B % i H Ak
AR R URE W —> 200 nmx 200 nm e 4
BEHLIEE 10 4> mi (N BRI 2L R 1), A5
A © T ARG y 7 1) B AR A
W75 P IR LED FIGHEHUHCR, Fea Htix 20
TS RGP BIEAE ) LED DGR BUSE.

NI a7 TH S 0 R = N I M N
A 6 umx6 umx4 um, & 3 Fros, BT R
07 BRI FE RN AL, 1 R i B AR IR R
JEFE 1000 nm [ ¥ 5 41 47 I, n-GaN, 1 Y5 )2 F1 p-
GaN. I Y05 2 PR 25 Tt H ' T (1) 26 2524 200 nm,
A GaN 2 JEJE 2k 2000 nm, 2 [ 6 T 5 AR 1) %)
PRYRFE N d , G RO R K IE ) 460 nm. 1E
A THE DY AN T 5E L ULELJZE (perfectly
matched layer, PML), F KW I~ Sk 31 F gk 4 9
i S Ol B 30T 4 A9 211K LED Y6
R B IG &5 SR BRATTIRE STk [12] g s
SER AT T E, T AR R 6.37%, T SCHkH I
SIS A RIL BT 24%. ARSI E AR TR T i
P[RR B 6T LED 1RG5 B0 (1) 5 i, DA R A4
It — i B AT A S SRR 1) O 1 AR 4 R LED 1)
FEHEHOR R, DA AR ST T 0 AR LA 58 20 1
A& LED W5 45 R AE 5%

p-GaN
AR
n-GaN

I

K3 Stk LED —4inER

AL R G 7 O B AT = Ak S
FUBR I 7 b A, 3 R AR b 7 TE s O 1
T, =S R G R B S A b 8L ok
e AR AR BN o, BARALBRIIEARN R, A
K1 1] AR IR A

2nR?

= e “
o F BRI SASHL, Sk A 7S LRI ZI il
IREESE, X LED HJGHE IR (15 2 AR, R
TAE T8 %42 506 LED 64 BUSCR (1) 5% 1,
e A FE P AR H [ e HoAh 25, SR p— 2
AT HI I v, ARG s A e =
200 nm FZ)HERE d = 150 nm KB HLF, it ik
AR AL AR R AR AN 78 K160 LED D62 Bk
. B 4 4T OGIRBUSCR I AR L 2 [H] 1)
AR ZR . YIE TS LUAE 0.4 2 AT I, TS FE R BHREL
RO P)5 M LU N, 3K 5 SCHR [14] 45 H I 25 AR RF
G BRI AR G 7 A il i FE b, AL AR TR
72 B — e Ja [, HEXF LED Je4 BUS0R 5%
i) L /).
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0.0 0.2 0.4 0.6 0.8
HART

K4 LED YGHHCEIRMITEN 7 IR IR R

AXKHTEECTRENZSH N R =
60 nm, a = 200 nm, IHAK 1 f ~ 0.33, 3CHR [4]
SR EOAuE] T R A XM 45 2 0T
AR LAT RO AR = Ol LED (G BREECCR. FAl]
7E 6 umx6 pm 71 _EFEHLE R T 10 LB G
g, Forp SRS EE A 1010 A4S, HB A AL
BRI, B 5 2o mR Kl B 6 2
SEFIGT ik LED FHEREEGT 4 7 LED [OG42
RO BT A 2R B (AR G R, (8] R b 5
KT ARG U B ' 1 Al AR IR B AR AT
KA. B R B o061 al iR ] LA 2t 32 = LED
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PR EUHCR, JUIR ZI R /E 100—250 nm 2
i), JEPEHOBCRAT BN TR PP T, R0 R FE
T 50 nm W], JGFRHUSFR AR A LLR/DS, BHTZ0il
(R B LU0, G IR RO 1 d A4 T B VR RORE, T
R (T HUR 5 BOC TR RN 0, 4 20 il
JELE 50—100 nm 2 [], Y64 HURLR 148 4k LA 1
G TG T b AR IR BE AN T 5 A SRR S 1
FAK R (4 57 S A AR VR T LA 595 24 0 ol
IRBEAE 100—250 nm, 61 & 7R 1E 20 DR B O 480
JERZHCF R AE, R SR U AT Z)
PR FE Ky 250 nm B D21 382 T 35 KA. M%) iR
KF 250 nm I}, LED [ /64 BUSCR I B gk Sl
K, B TS, R LED (A a0k 40 bt H 20
BB R A,

K5 bR rDL TR AR
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B 7 267 ek LED i3 7 i _E st
AT << ) v - K % N N S E 7 a9 S I R T E
F nppe KA, npno ~ 2.1, HoF A H £

epne = F + (1 — F) EGaN- (®)]

B 7 a1, I0 02 S, I 46 A AL
B > npncko MR (A T) HIRTHS R % (RN
5067 W AR IORS £ 1 ) Bl 220 Tk P 3 T 4 K
Brm < npncko IR (WD) AT R8BI
o T AR RS S AR D) By el vk 131, X g A
ZV R FE KT 250 nm 5, D fe ORI 8l 1
JEU AL AL, D67 S AR 2 B VR S, GRS T
ZVh IR B, IFANRERY N LED FGHEHUSR, s
SN LED AU RE.
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Bl 6 T s e A T il AR B
RO R G HOB R B 2 R R AR R R
566 B ARAS [, 4 20 R BE /T 50 nm
I, 5 B b IR O O R G B4k BT, RO
i A O0) T AR () A A AR A B AR 99, 1 T O A
iy B AR, A8 FOB 4 A, W BT ) H A, A
iM% 0 T LED 62 B 151610 ) 8 ok
TR AR R AR S5 A A U Y, O 1 AR A T I
1E 0.28 < a/X < 0.35, B 1.63ko < B < 2.0kg. M
A S, G TR AR T B, T H U TM
1R A AR AR AR AT, DR I FE G 1 i AR 1 A AT ok
$& 75 LED (163 IR I A BEAR. 1 20 Bl B2 K
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7+ 100 nm I, Yo7 i AT R AR, AEAR 7 A 1 3
B R T AR KR o o 2133, LED [
JePe USRS, — H R ZI MR ) 160 nm
I, JK BT BR AR, 24K 25208 T 2 o iR P 6 3R BOHOR
LT ¥esh.

[l 7T UM U AT D' o (0 £ BE SR 3 A, LR
Je R B AN T 6., ER EURRCHEVE N, Ot
23 DB LIRS RN S5 i AR ek iR 2175 <,
B9 iR PR, e ah AR IR, Sl
ALY i 0 R0 B3] A 3 1) 2, T 9 FR
LE PR, L9 FaT LU Y, 4 20 il B LE A
IR, A7 T RBE P ROt R B R DGR T
Tl A R A R R R B A R R
R, AR 22 22 PR PR LR I e o 1A PR D't 3 HR AL
LT i PR R SR USRS LA B 2 R 1
ZEHTIG N, DR ) 25 R R IK B K. R

(a)
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10 t

ARSI INZ PR, BIEAIRE UL T, JefE A AL
T Z T, A RERNIE LED (¥ 1361, 76 KA ik
Pt AT 73 64T 9 B GaN = v 2%, 3 it it A
BB R PR S e SR O AN IR AR S . [
—AOEAEA R ZI PR LR 5 00 T 2138 LED 1 B3
T T 5 S 1) S R BOAN ], 263 3 LED _E 2R [ )
REEABANA, 23 O SR IR 1 3.

9 LED AJE K TG B4 i i LR B 1

(d)
—a— (a)
—— (b)
—— (c)
—— EFRHE
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ZVHIRE /nm

B 10 (a), (b), () JaT B AR RPN ISR I 7R 5 B (d) B0t s A7 T3 =i B Y D'6 SR BRI B 220 b 2R [ AR A K AR

SR AL o R e BT IR — R A, A
SAREEZIPh, A 0 RS 21 phOF A RE4R 2% 5 LED
FER R, TR 5e Ot T R R IE sk B T

dn A, H B2 E) LED 73R, #i<s il LED 11
Y TR AN ek N R DR 78 L B M R T B
ANBERAT IS Z (K D0 B 21— MR i 1 52 UL
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(c)
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R i

208502-6



Y32 £ 4R Acta Phys. Sin. Vol. 61, No. 20 (2012) 208502

K AEZVhIREE A 180 nm B, 4 T-9% 1 i Ml B Y
R R R RCR A T o8 B T AR N R
MUY 1.58 4%, BRI AT DAAE G a4 5 N A B R R
FKHE T LED [ R JERCR.
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6 B R R B 21 e K P AR A G R 7 S R R
B, 6T di AR B 1R K /N 23 5% i LED R4 UL
AR LV FE /N T 150 nm I, BBE DG HR IR
B TG T AR AR IR0, B G 2 R BE 1 3,
B (o) BIGERIURCR AR K — AN PR i 35, T
K4 (a) FHERRE (b) HIEEE IR AR FE— A K 1
#, I B T T AR IR R IR, R B
PZ AL E. M Z0 R 21K 250 nm B, S FE 1R
FRUUBCR AR ELN T T AR R IUECR. BFE (o)
X LED 63 BUSCRA m, A2 AL T 6P (o) 1
R R G 2 RS A B T A,
I AR AT L5 A W DU A T PML, 7 2856k
B 56T S AARE - g PML WO T, M B AR
TALTEE (o) MR R R e S 7 ik
YER. Bk U, 7220 Bhk B 20 180 nm N, BRI (c)
239k /N LED JGHE UL, GhIE (a) FIBLRG (b) 233
N LED SE3EBUR. Kk, 7] AAEE 7 A i i
Kl 10(a) T 7 (1) dif B >k 39 0o+ did 445 LED #DlG
FEHURR.

E 13 (a) 2 BH 10% A 6T Sk, H s B EEAE 180—220 nm 2 [8], (b) #2 (a) HI=S 1A K]

Kl 11(a) /& 6 umx6 um K /NI 58 56
+ R R &K, 11(c), (e), (2), () 7 W2 4
Bl 6 umx6 wm AT W] G B S5 0 1006 7
WoREEL B 11(b), (@), (), (h), §) 2 11(@), (o).
(e), (), () FT 7 6 1 i A A FEL 5 £ 1 1R AR
e (RS ) A i), G rb— 2 fo W A I {54
K Go, &5t w15 B 2R 7R FEXE N 1 430 4% % %
6 AT s g 8161 2 = A Ok 7 ik, §
B3 202 (T BIM R Go BIMEH, HBR B AR

T Bm — Go < ko, M fig4E 5 22 <rp 25, i HoAth
BB K G = V3G, 2Go ZEATAE FH
55 181 (8048 2% G M43 A AR /NG LED (5632 R
ARG R K L 12 HE 1), o), (2),
(1) ZRIEREEOG T S AR LED D64 B Bl %1 g
FEMARAL C R, B 11(c) BTn Ik 6 1 b AR 5
F T A SR BRI T LR AR D,
FLAR AR 1 11(d) R0 58 38 1 it Ak 119 225 1) A3 3%
Bl 11(b) AHAL, =2 % Go A3 ¥ 11(e)
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JIT 7 BB G 1 R, 78 20K % /T 200 nm B,
FOHRIOR R L 58 0T A AR R D S U8 % B i,
MGk FEAE 250 nm B, HOBHRIBUSCR L 2] T
B, AR L5380 T AR RS EUSCRAR. B 11(f) 2
B 11(e) Fr (i 56 5 7 s 4 1) 2 ) e, L0 %
FEAE TR Z IIRGOK, i 5 5 % Go FHFEZ,
XL YRR AR RAT VBRSO 1) LU A8 384 o, g )
FEHRMOR R HI/E AR 5S, PRIk 580 T e iR
RN B 11(g) AT (1) Fir s 1 P A O 1 i AR A 1
PRYR BE /N T 200 nm 1N, HOBHREUHCR 25 Foe 58
T BRI SR BUSCR. ZEZ 0K B2 180 nm I,
FORFEIUR A L B T 52 B0 T AR T 1.4 £i%
A1 1.6 £, IXXF T LED F 3 j2 1 92 b B H A 8
1. Bl 11¢h) F1G) 23 m 2 B 11(g) AT G) Btz (1 6k
B3 6 v A 1 2 TR s 1 B 11y A G) AR
TWYKR, 5 11(e) AHELEE, X8RN T (808
K Go MR BRI, HADEHEUSCER 1 vk IR K,
WP ' B Ak 2 1) e KB 5 50 R T i AR
FEIUBCRAHUT, 11 7F A 20 b 2147 95 2 R A 0 T 3 e
A HIE R T 5B FCT AN 1.4 50 1.6 £,
I H B AP 3 A% 43 AT 6 F S 44 LED (1 H
7 1) P T A AR O AR )R g AT A

R
—o— REEAY

w 12t
X
=
=
o 10 r
o
@
~
m L
% 8
3

6 L

4

0 100 200 300 400
ZIWIRE /nm

14 BAT 10% 004 7 16 5 it A HOG 3 OCR BE R (9
Ak

TH 23 AT T b A ) 2 TR A 23 AT K 23 B 1
A% LED JGHEICACR I M, A n] LA o HAT R ik
TR 53 A 1) 52 2% 45 A IR - i A >k 42 =1 LED
FIPEHEIRLR. IO BT Y E R U G 1 i
SER R S CR 0 LED A E TR SR L.

Kl 13(a) /&2 10%FES AL 106 T S Ak, 244
B I FEAE 180—220 nm 2 [7], & 13(b) A2 H =% [f] 45
W, 5 58T AR RS AR L. [ 14 2 O
BUSCR BRI AR R &R, D A5 BRI 55656
6T dib AR B G U e AR — 3. BRI o T )k
INEEAE FEA 2 B LED [REHEEUSCR.

4 &

A S SE X S i LED 8E4T T ik, g or
T GaN JL#E ) LED (13241 BL- 31 2 s s 7Y, 7
BCIEAN F 45 T O T i AR 5 LED G4 ORI
WYIEEALEL. I I B 22 0o e 1 AR TR A7 A
ISR B LED 3 HUSCR P AT T 0H9E,
FAEAR 2L FE R GPU HEAT T s, 2L 45 1
F W, Ol b D B o sl 3 N B 5 LED 1
FEHEURCE A R E A /s, L A e el o A 4
G T A AR LED [ROGHE R, A SO I
BUERREAT T VR0 ) 20 B, HER X Ll b e vk 7 —
Tl FLAT S50 B 10 1 et A 76 R 20 ok B 52 115 L
T (EAYEZ 20 nm), HOGHRACRIES] T 5836
TR 1.6 A%, 0 B A & Fh sk B 106 T db ik
2 (VAR 23 B PT 60, D6F AR A IR IR 5% 20 A 0 R
WOSCRAT AR IR 5 ), PR ] L@ ik 23 B o6 7 i 4
{10 2% [ A 43 A >k 23 1T 6 7 b M40 LED S 32 Bk
R RE M, AT DABE VT H AT R IR 2 IS 23 A (1 &
Zt T ik 3 = LED MG B, X0 it
T 3R HUROR IR 1 it s 45 ) N 3 v % K
o WEA TR TR L
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Abstract

Many studies have shown that the photonic crystals and surface nanostructures can improve the light extraction efficiency of light

emitting diode (LED). The defects and disorders exist in photonic crystals inevitably as the manufacturing technology limitations, and

so the light extraction efficiency of LED will be changed correspondingly. In this work we perform a simulation study on defects and

disorder of photonic crystals by the finite-difference time-domain (FDTD) method, and we speed up the FDTD by GPU acceleration

technology. Simulation results show that a small number of defects in photonic crystals LED do not reduce the LED light extraction

efficiency. Instead, the light extraction efficiency of LED will be increased by adding some defects into the photonic crystals. We give

a detailed analysis of its physical mechanism. We design a kind of photonic crystals with defects, and its light extraction efficiency

achieves 1.6 times that of the perfect photonic crystals.
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