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KEB BRI nes > npncs. L5 HIBER
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THEDRE 25 HIX 23 (P T IE.

Bl 6 25 T A G A A JFEBE 43 514 50 nm,
100 nm, 200 nm F1 300 nm I X ) LED 4544 &)
FRAE GaN Jz i AKEY A 240 1 Ol B 6
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Wk (71 4R, BTk — Do TR N O 7 i Ak
(51N JG € LED 458 s & ) CLM 1) 43 A i 4,
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6 MR SG T RAS [FJE EIN LED 45 0 A AIRBY S B A 1 B0 (S5 TO6 T AR 5 GaN St /e B P LRIZE AR R) (a)

T = 50 nm; (b) 7" = 100 nm; (¢) 7" = 200 nm; (d) 7" = 300 nm

ME 7 BT LB, 765 1.6 pm < 2 < 1.8 um
DX AR B TR A, R D CLML 24k N 206 i
A J5 5 B IS, CLM 1) — 873 fie B 2 i ik A\ 2K
JEF AR XS] GaN JZ2i21%, 143 R B 717 55 )2
R T0 2006 1 i PR R 5 1 i o2, AT 3 301
PEMUA T B, BB 7(a) A (b) W] LUK HL, HRN
2Ot T 5 R JE B, CLM 5538 i A\ 2006 T ik
) GaN Jz= it ) RE 22, AT AT DA BB =4 1k A\
6T S AR B AR, LED YGHR BRI T K 2
IRANH] .

IEA, CLM it ik A 206 1 i 45 52 1
SNy ZE W, 2245 T > 200 nm i, EEELIE 7(c)

Al (d), CLM [P MEE T 1H, B 7(c) Fl (d) TP Ami&
AR 2R 0 AT LT A ), I i o 45 ) 1) S B Uk
HAHZEAK, BEF T LUAIKT/E T > 200nm I, 390
TR b A )5 B A LLgE— 22 512 LED St Y
BRI TE. LB 7(b) A1 (d), B8R T = 300 nm
I CLM 9 i 5K, AHL gt 1 e A7 35 A 55 2 1) e 1
B2 M AR T TR AN OG- A, AN 1 T2 T
mAYBIE, W T = 300 nm I ) LED Ye42 BUSCR A
LSBT T = 100 nm FIHFREUECE.

Zrtr LA B 3 el BUE 28 B, T > 100 nm
i), LED G 3 HUBCR 3 TH A 45 77 A8 18 25 1R U
WA S 4y W AE TG p-GaN ZI b JEFE d = 250 nm

127807-6



Y32 ¥ 4R  Acta Phys. Sin. Vol. 61, No. 12 (2012) 127807

JeF AR, FEAEE A YE)E N D = 200 nm &b
FINRA R T iR Z 1 GaN L8 % LED 4544
iR AN OGS AR S FEAR A JE HT 4 100 nm <
T < 300 nm. FATHE L FDTD 7t 5 7 ik A 5

(a)

0.1 0.5 0.9 1.3
z/pm

5 O]

0.1 0.5 0.9 1.3
z/pm

J6T i AR R BE AR AL N A A GaN #0% LED 1
FePEMURER, 1E A TLE, T2 % 1 df A ) iR
£ d = 150 nm 0 A HLR AT T o5 A OG 46
W 8 Fros.

(b)

0.1 0.5 0.9 1.3
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51 (@)

|
|
|
W3 |
|
|
|

0.1 0.5 0.9 1.3
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B7 i AOCT AR SR LED 2584 P9 CLM Ay A 2l 5 0 A i o (B R BA 26 KR CLM, IREE A ki =X, 45
G T A GaN SR B o BLRIZ AR ) (a) T = 50 nm; (b) T' = 100 nm; (¢) T = 200 nm; (d) 7' = 300 nm

40
. /\,\/_\/
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Textr / %
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0 80 160 240 320 400 480 560
T/nm

K8 AT AR RS T 5%t LED JEFR SR (1 5 m

M 8 Huf LA Y, BEA i A AOE T a8 5
AL, THJZ 67 AR I 2R BE 0 250 nm I 1
JCR R AR AT ZI Ry 150 nm IR

IR R AR A AFE AR — B ol A2 U, A1 305X
T2 T il AR AT 2 B A 2k AR A ik N O
mn A R A BRI (R B v B, T AR R
IR ET I AEZIBR B T, d = 250 nm YHEHUK
FEINT d = 150 nm JEHEHRL . X 5 AT 3.1 #
Ir I3 BT A 54— B

BAh, A 8 Hr L Y, BEE kN SO8 T 4
48, LED G ER IR A5 2) T 3 — 2D I 1
M, 24 d =250 nm, T = 200 nm I, JeEEEUER A &
KAE 40.18%. i ZF I, X T TE6 1 b i )%
FEARRIIPREERY, 24 T > 100 nm I, HOGHREUL
A 2R B ()38 038 SRR Z RAS, BRI T
(AR PR A K.

TERE TR M, BATE IR A Ok 7 i A
JERE T = 300 nm, #2546 A 206 1 i AR B A 5
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JAIINE D AR

322 HMANXLFHKREAREIES D &
e

Kl 94t T D WAFMER M T LED 451

W CLM oAt i, AT UG H, i A0k

A R B AR G N, CLM 4 58 T R o ) e

S ae g, HIE R A b AR SEia A U2 1 D,

Kl 9(a), (b) iz, BEE D 284 n, CLM FE(E
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n
- 2
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&
2
0
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4
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| gl |
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I |
1 I } I
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01 05 09 1.3 1.7
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© AL
3T neg=2.464 | |
[,
ws 2 1|
I% | |
[ 7] |
1 | |
| |
0 | |
01 05 09 1.3 1.7
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iy, HAZBWNE S ATz, W 9(e)—®) Pon. i3
TERRE, B3 D ZEHTE N, CLM AR T
WEHTAL K. AL CLM 5 T2 6 1 S a5
MR B WAL 22, M3 20 LED 652 HUSCR B W
N PR 9(2) 5 (b) KIL, HIRAOE T
a PR SE A2 G I, AR B CLMCRE A — 80 fE
A O TR R SETAT IER ) 1) GaN =
BIE. AR]85 T 2 U2t 7 i
IR G, 30 LED JEHEHE T .

(b)
61 ne=2.329
o> 4
2
0
0.1 0.5
(d)
N = 2.446
3
W oo
1
0
0.1 0.5
)
2.4 Mer= 2.474
2.0
o> 1.6
1.2
0.8
0.4
0.0
0.1 0.5

z/um

9 AT RIEIEEEZIERS D AR LED 4540 CLM A28 L5 00 (LED S5 8 a J5 247 B B ek b e, Rk
Fric GaN 506 T MR AT &) (a) D = 50 nm; (b) D = 100 nm; (¢) D = 200 nm; (d) D = 300 nm; (e) D = 400 nm; (f)

D = 500 nm
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LA LI, BATTATAAIE, 24 D = 50 nm
i, T CLM 2 % 3 i A\ 2O6 1 A 17 5210 4 i
1) GaN X ki3 3%, WO N 1K) LED St 4 BUCE R /N
T+ D = 100 nm WS 24 D > 200 nm I, i
T CLM (43 A izt 3 95 X AT R AR K S 8
T2 6 F AR RS 5 A2 59, L3R IR 88 R B
e ] DL E N 2O T R R 5 2 EE B A
FYE IR 100 nm < D < 200 nm.

Kl 10 45t T R FDTD 30 T 206 7 Sl Ak
[ Z R FE A 250 nm B N 20O 1 i A 5 A U
JZFE S D % LED JGHE U 1)5% m. & ad 26
R F 9224y %78 T = 100 nm, T = 200 nm
AT = 300 nm L.

45
40 |
x| ST e
\E 35 | (R
i .
| —— HAFRIETRAEEE T = 300 nm
30 - o - BARETREEE T =200 nm
""" MARNETFRAEEE T =100 nm
25 —
0 200 400 600 800
D/nm

10 R AZOE T SAFER W2 & D X LED Yede IUkR
() 5

MW 10 haf BUE H, B D [ 3s n, b
IR R LTHREE2Z%8 N X T E
W T 7R [ = 2% LED, 6 3 B0 1 06 i 35 B0
7£ 100 nm < D < 200 nm i [ . 35X 55 A SOl A

WA AR G 2 — 3.

AT ER Y d = 250 nm, T = 300 nm
H D = 100 nm i, FA115 2] LED G BCs
) 43.66%, AL E GaN W6 LED 9.16% 1) )64
W%, 3RA5 T 4 F5 03550, X 70 7 U B A SC 0 &5
PR A R

4 % %

AR G 8 R S5 20T S 2R A AL g 30
HATRNZEE T AR L5 /I 1) GaN ¥ LED ) BAR
BEAT T R4k, fai4k )5 i LED 47 B RS ] Lz ) i
PRI o BT REAT S5 80 S B0k, MTTT A 2k et A
T BB VTR R S R AR AT 75 I B 2 A
5 3L, BRIk /b 1718 S0 R RIS 5 82 % . AR S
T ANFE SRS ECT LED A AR 220 A 1) 2
NG OL, HTEA TS T A 858 S 505 ik A X
o3 A U E T LED Y63 HURCR 1 2w, S B0k
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Abstract

The GaN-based blue light LED with double layer photonic crystals is designed to enhance the vertical light extraction efficiency.
The effective index approximation method is proposed and used to solve the distribution of the modes in the LED model. The ge-
ometrical parameters including the depth of the top photonic crystal d, the thickness of the embedded photonic crystal 7', and the
distance between the active layer and the embedded photonic crystal D are optimized. Compared with other numerical optimization,
the mode analysis used in this work can dramatically save computation time and reduce complexity. In addition, it can provide more
theoretical details about the influence of these geometrical parameters on light extraction efficiency. It can be found that when the
surface photonic crystal satisfies the condition of d &~ \/npncs, high order modes localized in the structure are still not cut off but the
low order modes obtain less power since they are pushed away from the active layer. Hence, the light extraction efficiency reaches its
maximum. The cap layer modes can be excited by the embedded photonic crystals, when this layer satisfies 100 nm < 7" < 300 nm
and 100 nm < D < 200 nm, the cap layer modes gather much power from the active layer and interact with the surface photonic
crystals more efficiently. Hence the light extraction efficiency is dramatically improved. With our optimized parameters, the light
extraction efficiency can be achieved to be up 4 times that of ordinary LED. These results shows a significant promise of designing a
high-efficiency GaN-based blue light LED.

Keywords: light emitting diode, photonic crystal, mode analysis, finite-difference time-domain

PACS: 78.66.Fd, 78.60.Fi, 78.20.Bh, 52.35.Mw

* Project supported by the National Basic Research Program of China (Grant Nos. 2009CB930503, 2009CB930501), and the National Natural
Science Foundation of China (Grant No. 61077043).
1 E-mail: kangli@sdu.edu.cn

127807-11



