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Title: The design of photolithography mask for LED chips fabrication
Name: Wang Yue

Supervisor: Yun Feng

ABSTRACT

LED is a new kind of solid cold light source with energy saving, environmental protection,
and durablity. Along with the development of high power LEDs, GaN-based LED
technology has made great breakthrough.However, at the chip level, light extraction
efficiency, current spreading capability, heat dissipation, and other issues still need to be
improved. This studypresents a comprehensiveanalysis of the existing methods to improving
LED output efficiency of the light, propose new electrode shape optimization design to
further improve the uniform current distribution, and experiments onthe improvement oflight

extraction efficiency and heat dissipation capacity.

Electrode shapes on GaN-based LED chips affects the current density distribution.
Electrodes in the uniform distribution of chips, positive and negative electrode distance more
equal.An uniform current density distribution depends on the uniform distribution of current
by properly designed electrodes, as well as the positioning of the positive and negative
electrodes. In addition, electrode shape also affects the electrical and optical performance of
the chip.Therefore, a reasonable design of electrode structure helps to improve the chip I-V
characteristics andto reduce the positive working voltage, and series resistance, which leads

to an improvement of the I-L characteristics,i.e., chip brightness and optical power output.

This work proposes 9 mask designs for the full fabrication of LED photolithography. The
work is based onan thorough analysis of thetraditional horizontal structure GaN-based LED
commonly used in the industry. Each set of masks includes mesa pattern, ITO current

spreading layer, electrodes, and passivation layer.In order to verify the effectiveness of the
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mask design results, LED chip fabrication process flow were carried out including mesa ICP
etch, ITO coating, electrode deposition, and passivation layer deposition. Various kinds of
thus fabricated LED chips were then tested for their electric and optical performance. The
key parameters such as current density distribution, positive voltage, brightness were

analyzed and compared for each design.

Keywords: Light-emittingdiodes (LED); Current density; Current crowding effect; Electrode

shape; Photolithography masks

VIl



VAR FARER BT GR3O

L EE ZHTL oottt ettt b ettt s e 1
L L T TETE T et 1
LLLLED RIBHEDL covooveeeeeeeieeeee ettt 1
1.1.2 GaN F£ LED FUFEARZE A (oot 2
LL3LED TAEJRTE oottt 3
L2 HFTE H I S oottt 5
L3 TENZR TLTTIE oot 6
552 3 LED A B AHIRERIL oo 7
2.1 LED BHHERIIFE T TTIE oottt 7
2LLFREI B T RIER oo 7
2. L2 BRI TNERRLIR oot 7
2. L3 FETEVEHRILILTR oo 8
2.2 1ITO 7£ GaN F& LED 5 H A I oo 11
2.3 BHALENT GaN FEHE G LED PEBEATREMA c.ocvvivceceecee s 12
2.3 L BEAEHIEL oo 13
2.3 2 AT o 13
2.3.3 FALALFEST LED TEREAIREI oo 14
55 3 Z JERIRR I T2 v 16
3.1 HEARTEIR AT AL VLT cooovo s 16
B FIRIHIE R covovoeecce e 16
BL2 FEGEHM oo 17
313 T FL AL LI covvoveeee et 17
B2 IR BTETE oottt 18

Vil



3.2.1 HAR AR B I v s 18
3.2.2 BT oo 19
323 ITO FRIE 1ot 19
324 HALSZ R .o 20
B3 R HILE B oo 20
B4 B P IIE LT RN oo 22
A1 LED B3 F T ZIER oot 22
4.2 LED 5 F BEFITITRZIHT oo s 23
4.3 5 F BTGP BEIIR 3T oo 24
4.3.1 AR H R TEAR S T BT BT I0 A0 oo 24
4.3.2 51V RFPERT 1-L BEEE T oo 27
B B EE JEM L e s 29
BEFETLRR 1ocvvvveve et 30
B e 32
B B s 44






H1E F

BIE g

LIBAER

1.1.1 LED KB

Light-Emitting Diode /& —FiR 4 p-n 2 B BUR O R B B F SR RO 348, ok
JRIEEHR R B RS . ML AT PRI SR AR, LED B TAEHE
. FERE/D. BCHHMCRR. i, Watke. SAHEGK. RETESZ )
A, BN 21 g IR

LED & EATI R A BEE A AR A R T K e o e H.J.Round - 1907 4E1E
TSR T K% . 2 )5, £ 1962 4 Holonyak f1 Bevacqua #i& 75—
GaAsP #EHY LED. #EA T 70 sEAAH I, 4 In A% N 5l ABISb e A, IR
T 28 (A=555nm), 3 5t (A=590nm) F1HE 5t (A=610nm) ¥) LED, HIERUEE] T 1 1Im/W.
BT GBI 24, LED fE&FRFIIAEE T2 KRN H. 80 41X, AlGaAs
RO AN E A KR 3, 1X 18115 AlGaAs / GaAs & T-BH/E LED &5 43 2115
¥ LED MR GRCRIER ] 10 Im/W. 2] T 90 4E4X, PUITHHkE AlinGaP (18 4 & AR
R, AEm, MWMBCH T @seE LED MR 9. R LED Akt 22 11-VI
HERRL, AR T E B 5 WM I VA TS AR GF I p-n 450 TI1-V & GaN MR KA AR %
W5, WOt LED AMRUAE, MKERZMZEH AN AR, HEE GaN MiksiES T
B, AR GaN &2 LED MGRCKIESE A, 75 inl AR 2 T f vk 1992 )5,
InGaN #MEAE K3 R & B AF InGaN/GaN XU 5745 (DH) LED 38 7558 BT %
AR ANE A KRR — B BESENY, EF 1995 4E7E Nakamura %5 A fif vk T GaN 4+
FEEK BB R InGaN B FBF (SQW) LED J&, 4% LED A 13 LAREHIN
H. BEAA, ZET7H (MQWSs) Zityiatt, LED K& TR MR IR .

BEEA K 7 RS IE AR KR, GaN £ LED & 658 FE g #iik 3]

1



VAR FARER BT GR3O

MO RoRAFEJT I B EER, LED BN T4k 3 A7 2> 4k o

1.1.2 GaN % LED IR ALH

KHEBr 1) LED # 2 H MOCVD 7 VEAEART I EAMEAE K AR GaN 2 LED
—BRHEEA (ALO) ALK (SIC) 1E AT EMEL, i (Si) A%EILEE (ZnO)
LAEM B T HARNR, WA, el sMEA = AR R B AEK—ESE
B GaN (u-GaN), FfE u-GaN FAEK—)Z n-GaN, XJZM kIR Si B4k
L. n-GaN bR ZEIEX, AIEX LR p-n 45 Wriids. 28 7S
¥, BEZERAZE TSN (MQWSs). 4K —ZB24 Mg 1] p-GaN. XFEmRL
TER T AME A (B 1-1)

T pdoped GaN : 250 nm

GaN barrier: 12 nm x10

s AlInGalN Well: 2nm
GaN barrier: 12 nm

i1 N-doped GaN, 3 X10%: 2 yun
‘| U-doped GaN: 1.5 pm

C-plane AL Gy 430 jon

B 1-1 LED AME Fr ZE A H s F A

LED Ht 4 LU A =Fh: IRAEA5H) . B M B (8 1-2).

145 H:) LED fhlfffa #, AN HARAE TR — M, FrEUROGHAR g/, RANE
FIMAIR . BeAh, BT p-GaN H#Ii TRk AR, HH 2/ p-GaN i E—RiEW] &
HUZ, SRR A ERR o 1 FLIX AP 45 H) R R 7 B MO e R BB A A IR AL 3
XTI T LED [ e ORI ANE

{0 A0 1 HH LA WG e ok 1 IR A RIS AN G, RCRAR AR ) e A v 1Y
BRI B AR, BRI P R B e B S A A IR A BB . B
gifyrh, R AR R (n=1.75) FIMAEMAEIPTH % (n=1.56) LLEET, M


user
高亮


H1E F

3 H
e
. " .
#ith /AW4' 7
(a)IE%% LED (b){%| %% LED (c)ZEH LED

K 1-2 =FhRAL) LED & )7 4514
GaN HIHT5F 272 2.3, BT LG M 55 A0 Ao JER HE B PR S0 IR 1 4 S S AR, DGR L
RS - LED [ T 2R PORAEGYRIX, AR AP S5 S A U5 X R B AT L B,
A LU B R BRI RCR .

IERE S M MBI M HAFAE R R R, BT 228047 ICP 21045 2 n st X
FERERIEE T — 880 AOGIX, WXIHIRZEA i, RN E TR, RN ZFHEAAE
FERE A RS A I, SIS S AT A ML . FEE A LED 2 H A
JRHEH AWK EF AR L, B n-GaN LilfEER, Mifi/=4 & B 458 LED.
XFpAEF [RIN HA ROG AR R, BORRCR IS5 AL

1.1.3 LED T/ER#

Ao AR N ER ) L O — B REE B SR, A T ORI e B KR
FEREgAL, RN RE— N TURGER. BT MNEREMIRIE BMRAE S I R T
R - AR RO R . LED 2 — P B a M, IR Z pn 4.
256F p-n S0 Ik 1) e R i, DB REA p-n 45, EEAL AR R AR R
G RN MR RBIR T X BB G EEMIEN, X2 —HERE L SOL
Refrid 2.

(1) p-n G5EANROL

PRSI p-n FAAE—EMFA 2 X, HEEWE 1-3a. 4 p-n gijithn P X NIE,
n XA IERRE V (500 BEHE, #L2mEa TRV, B2XKPNEBESSTN.
Mon BUX 4853 P ALK 238 0 A, AP B X B3 n Y X2 o 2238
ey n X3 P X FHETFR P XE] n X270 TSR T X Bk
T BKENAWS 28R FHEITEEm A0 (B 1-2b), 1iX 2R 8K E —K

3


user
高亮


P 2SR AR B3O

B2 TEERGL . p-n EIENTOCK— IR T GaAs KOt —HE

K 1-3 FEASOLRET I (@) PN p-n 45 (b) L[N p-n &5

(2) FIREENKIE

St A2 PR [ 1 2 A S A B S X R RS R 1-4a. oK
FH 53 B 46 45 K R A R0 D BB TR NIRRT p IR n X AR 4 i R 2 AN
AT, p XD n X Z IR 35 22 R ANK BRI o A maaE fa) s OIS e (&1 1-4b), 220
FERRAR, 3822 PR EIAE p XORT n XA v BEAR [ A I, 28 B 98 (1 IX 3 (I
N p XD BT RETCRELAS (A S5 AR 1 DXask. (B o n XD 97 XN A2
DHERT . BRI TAREH n XA p XPHL Bt p KEZEIEAE n
XoxAEE S, KT ZFF p KEUSAENE, n KRR IGIX . HERICX
RAHE T RER hy ANTFIEAX AR 90 B, 6 FAETE AN XA, Bl eA
IWAEE R REN DO HUHOCREM R 25 R p KA E AN X AFALE,
FEICHIE R B H

7/

(a) (b)

K 1-4 RBREENROGRET K
(3) BT
BB IE PR A R B S AARR R HE 1T R B IR RN ) B
BRI o B 7 T AMERM BHOR R R, 7 BFEMRHES R B AR SR RO

SN



H1E F

FAnFEZRT AL TE R GaN EAE K — ZARE AT EE 1 InkGayxN, FHEHR FARK R
GaN #L, IXFESUER T BB, feiir & 1-5. HIEANRIREN, fER-TIEBRERET,
B ERESP, HAE InGa,N S, wtrl BUOSHEF A AE T E T H R E . %5
BFOEEARAE, P EREIEILARLHAN R TRE B, sESREE T, I
AEROYSL. WL TAEN LI RE R M BRIE T & k. T

® ...

GaN & GaN

]

1-5 &7 MR R

1.2 HFFL H BFIATE X

GaN 2% LED AR B CHUSIR KRR, (HE 7 AR 720K, JLiBeR, &
Fri R RERE ST, WA, T AR TR SR TT TH A REA R b e . MR 2 AT TR
W, AR AL AT RSOR . BIEREOR. Rl #EEOR. O
Fi A AT 0T LA RARTHEG Fr R T RCR  JGIRIUSCRRTEERGE ST . 1T LED W8 73R
THT (AT AR E AR L TR A ik R 1 4 B 3 WY RS 5038 05 B KT LR R AR W R 2/,
A SEPRA P i E ZOR I A MRAMER 2D LED, HEEANEAZAE, X1 EE
P FRIZKT G54, i 500 I 220 Pt & A R TR RS RN, IR 24 A LED AT
e AR L RORR R, PR R R AR RN, A5 LED KOt KA Z],
ROREEAG, AFami /bS8 8, FRalxs T RT3 LED, HIREENN LI E. Hit,
it GaN 3t LED AR IRIS F6 Rcde s Fr DG LR RE C N B L. FARIK 55— A
[ IR S G e, < e FEARAR /N 1 2 R L UAL O R T B2 A D R AN i
HUARMEOR 1 SCREMADE I U 58, T2 1T @ R B S #/E 1) NitAu
VEREFEW ML, (HIXFP 5% 5 % AT 65%: B, 1TO RIAEFH(EA a1 2


user
高亮


VAR FARER BT GR3O

] BT BTk . LED a5 FH AT SEME AT DOl LD Fr g AT BA AL BE R R i, BEALJEAE n-p
R R R A A A, St Fr R AR R A AR Je i, TRJ ISt ) DAGRG S i e 2
JFRBRY > AT i/ 2K T FL U o

BEXT AR B BEAL, 58 BOR A BOIAE 5 BEREAT Y 2R B AR B et o KPS I
GaN #E LED & & @ s GFm 6. 1TO. Bk, SifbEDECZIREF . 621
T n BB AEIAE, RN SOS R a R UIRTE; Xt 1TO [ % n] LA 0 f AR ks B
P EDEZIHIE p R n BB, SEILARS R WA s T AR A AL B 2 R 20 ok
fETATZ. MR .

B LED (& BeZIMRseTh, 2 — BB mRERN GaN 2k LED 3O BT 7k
MG T2, EIRAR T ## LED BIHIE. PERESE &7 AR, R e 1 i
TS T REZ] S PR 2P SEEOR, MR AR 8] 22 ) 1 22 RRAS 2IsE PRIz HY
BRI S BOE T RIFI LG

L3IMARNBTRFTE

AR EE R IKT- 45 GaN %k LED W o6 2R e it e it 7t . 1 56 /v 4 LED
MR AN S DL, PAS AR IR 28 B4R e LED (O ROC R TTE, O
HIC RIS A S s A R B AR s 5 = 5 DAL BT ST 9 2R, A1 s BT AR A
Wit 17— RVIEPDEZIRE . BV ERE 7 LED (& F fFERTE T 20, AR
IAME Fr EAT e 2T, ANEEAKIPERENNK, IR Segeaf Rt AT e o th itie; &
Ja, BEEASC, WA IR R ARG AR R


user
高亮

user
高亮


32 & LED & iR RS

$2& LED SHEIHEXAE S

2.1LED RAEBERIIRE HIE

211 REHETRE

PAEWEE LED SRH InGaN/GaN 2 & 1-BIF £ 4 ok B AR R s FH I8 InGaN £
BUIRIGIE » AT T B In 41505 A] DU H ARG E G K CAEEDE— B 2300 .
SR FH 821 IR 22 KA T DA HR SR 16 R AT AR 15 B e A2

Pem LED MM E TR mRAT AR IGE LED MAMNEAEKTE. Kok R
T P4 A R RO A% B R 22 S EOR T I AEfE I B4, (= FRCRRAR. 1 HAESE
WHEEGRTERT, ARG, RERNRESHWS T SEEMAGda. I LED
HMEA KR AR — R FE AR, BEAIKSE GaN Z[AfFEAEE ™ H 1) fh s &
Bo. mBAMEA KA, XA IR a0, EEEE T
BEN A iy o PAAR A 10 7 V2508 5 2 R R I R P Z B AR RS [ M ok A KRR . iR
M EHARIGERE %A FAEK GaN Mk B A K — KR GaN 50 AIN {E 2z
2 FHTER GaN HIEK . B A I A KA AR R S e B A AR AR 2
GaN, FUTIA—)Z SiO,, FHEH E2IhHETE, AR E4kg:4 K GaN.

2.1.2 RERHE

XF TR LED, MM HLE SRV 1L p-n 45 b (HSZRR F LED RN E%
RSy Z AR AEAES B, BT LED Z At fE e B i B b, 3 o e Ll 2 P
ik LED MIZh2 0% . At LAEAR 5 LED TR AR E ML R AT~ F: 425 P
) GaN FIR SR, JR AR, p 7 GaN KB 24K IR — B HI4) LED Rt
RO M EER R . AW E KA Mg-Si BRI B A 17 k4 & P BBk
WP, A5 NHIIRIE — T LABE 10%em™ Bg. /b4 fak vh BELAC) 7 vk 2 85 1 1



VAR FARER BT GR3O

DR AR i B P DR AR Ak B 08 FRAIC LED TR RS, B R IR B KR L B P g
g QRAESE 2 BGR 7B & 500, 4% r B AT LA SR s BEL, AT 92D H IR %
il A Dh AR, PRI AR, SO A

p A GaN [ IR BB, HBHARBOR, XAEm M S o 9 R,
SO HEOERR . —RIMRIT IR RAE p & GaN B — E@EW SR E, HAEEYSHEE
EmE A, I AR R IR AT S B AP BT, KRR ARSI R,
oA NI 5o TR ik < Je R e ookt . — ik n REABICR A Ti/AL p B
KA NilAu %5, 1

2.1.3 RELRBAE

FEAOCIRBCRE R R R FEA M A — PR ERDRI, /28R 58R
GNP CandEr e A ) I I A it o IR RHR WSO AN Rl 38 S iy, B
DATR RGP B ) 7 1 32 B0 BRI A S S (R 1R A

T4 R ST IAETE, AR A B RO U — 34 MO IE T AT ok 8 F i
A8 a0t 2 IO Fa IS R R T SR 3R 80 25 B DGR O8 Fr B AR oR
Pe TERSEESR: 8 e el 2 A SO S B AR g i, O E, X FEREL
2 E 2 LED FDGIRBUSCERE A Gy Rl e Xt T KIjZ LED, 8 RT3 K i [A]
WAHNIE K T2 R, TURKDUIIARRE 2 . 5 KTh% LED HOGHE IR 1)
734 BLUF LR

(1) IR A R AR

FEIET HOGHIR I ZE LED g5t , FIRX KRt SR RNKEN FHBZEE
S8 R, T HARIE) p B AR 28 Hotsw . iR biE i S B R R,
PR IR R p A GaN _ERIHLAY R, IR R AR A]. Xak  xT e
FEARBEAT Wi, BUH@ Wl b i R AT oAk, ROFT B SR B (9 R SR, AT
TE 5],

(2) GHEFERTE

LumiLEDs & 5 H K HEERE AR AR . B efl& h B A EEE2RE RN LED
05 B (Flipchip LED), MRt/ AR R IRESEMR, JE4E_ETIHRIEA N S HBE. REH



32 & LED & iR RS

{R1%2 1) LED 505 Fy MV SRR S A 2 o (R 45/ (1) LED DARE A A IR AR A th Dl
XA AE U5 A RO O AR T . i ELR B S A B AT S R, AR PR
GaN LB Z&MZE, BB R KIR R HOLReR . (BIXFE YRI5 FL iR A e
ABEJHIR R, ATh RS EX R AT S BB . HAT, BRI AT B S A RE
{8 BRI AR O S BRAR O SEARORD R, R I e RE 6 BE O (S8 XS R B BEAT SR A, 3R —
AL HIFESE o

(3) HHAL MBS

T2 SO LR A, oA REAT RS OB Fr, A CfE A SO I R AT
PR B RBR 7RG GO, AL i RO R, B, 15
KRR o Oy 1 SRR ARG DL, W] AT AR SR R R AR, e A el
REDREI RS B BLSFAh B 2-1 MO EE 8BRS, R 8 T2
B4 LED, p RLABRAT n B RR 73 AL T30 P AR AN TS o X P AR S s i f3
B, BROHIUA N AL, R SEEIT A 35° M. IXFPER A 0> A
WML, $EEDCHREUEEE . PYRIRAN T M B AR AN A # AT N T, 1 BT
ZHEE A, AR EAE T,

() ib)

&) 2-1 {847 £ 8 LED Se4 B (a) it 2 B (b)
(4) TR RASIRFERL B
IR SE LED A K EARTEE 50+ EA K LED, 285 A0 2Bl i@k
JEE vk CRIBRIR AN IR IR S IR0 BT IR KA I 5 Bdst, o e P JE 12 3 A A
N @), #I1EM LED (& 2-2), XAt 7 HCRCERMEEARCR . BiE e i &



VAR FARER BT GR3O

JE A TR p 2 GaN IR ER:, 1E NI, REEBRERARIK, FE n-GaN
EHIMERAR, BRI B L LED.

BWOLRI B EARFI R 172 248nm (I AMEA S0 = AL, (HRHIME 2 T
GaN MRS 3 . 2 GaN J& iR n#E] 900°C LA EiY, GaN Bt il a <, ®ik
BARWINEZ GRS B o X PO R BB ARSI RN 3 R TS B A1 22 %0 41 48
EH PR, I AR LED (P9 &= F30R

p-contact n-contact p-contact n-contact
mo iTo
(Cr/Pt/Au) \ ‘ (Cr/PUAU)  (Cr/Pt/Au) ‘ (Cr/PtiAu)
Mow —PE—=: Maow s
L o-Gall___| n-Gall
Un-doped Gall Un-doped Gall|
sapphire Cu.

2-2 PR RIS S AT

(5) FKHTFHALHAR

T T R RSy DAY S R R 1 B LA P SR S O AR EE R BEALAL e
G A R, PEEDGIRIUEE . X752 B Nichia S48 H 1. AR E
Fifre — Mo RS R TRHAT FAL, AHAI A B A5 E ] 3 i Z A B A S oh—
T PR R AE S e A8, AR AR AE p A GaN A AL Bl 7R A FREAL .
£ p A GaN AL Zhit gk p AL GaN R HISkFEE 2, 2By e, HEA v he
WIREIE, BEIRAE TR O ARG R EA R AL, BRI 352
AR EEANREIIEARIE T A it Rk B)FRZAHDOERER . BIEAS IRAM Aeig 32
FOGCIRBURER, RIS AME MK R R, T

(6) S =it

P 2 G5 4 v g R 2 93 A S AT Riag S i /2 DBR(Distributed Bragg Reflector) .
DBR #ix 56 2& F 75 36 B I T R S0t #% VCSEL(Vertical cavit- / surface emittinglaser) L,
JERBE I I FHAE LED AT DU B S A& T RCRI/ER- - N. Nakada 7E4 A1 Y4
X 2 T6) 58 B AR K P 5 28 AN [R) IR AR (ALGarxN/GaN), T RAT Fids SO 2, 3X s
g S 160 e B B e S L 2 Tl DM T, 9D et JEE X S PR i, 4R T ke,
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32 & LED & iR RS

XX 752 R R I I 2 R R AR Y AR R BT R, T S P R

(7) JeT AR

Yt im & (Photonic Crystal, PC)J& Eiihed 80 SEACHE MR & i F kot T Bk
PC 454451 N2 LED ", JEURTY PC {14544 2 Bk iR H AR 5 A A1 R X 1) B % S
P Z ARG &R, AT A A6 VR X HH IR 6T B v 7 Tl A e PC AT A
DL FE AR A7 A0 R R L% SR, {8 LED B edin R 42 . IR, 67 #h ik LED
e MR R FEHTIEN LED #344F

Lumileds A ] 7E GaN LED -2t = ffy f b 4644, 4 HH Ol d i LED, HobH
BB PERR AT LLIA 2] 73%. A. A. Erchak S5 31 LED i ] —4E56 7 &k, HA K4 6
I,

LE 2w O RCER KR FFAARRE A — b, Mo R BLE R BIZ 2 Fh
PR = IR . 7ioh, AN R 2 5 LED (RO FTbL, e
LED MR R—ME THME, SRR L., BH3EEITHM LR, 22
EEVNI S

2.2 1TO 7£ GaN % LED & K+ i fE H

AALEIE (Indium Tin Oxide) 42 In,03 H1457% SnO, T3 2 (¥ SR kL, & —Fh
RO LT BRI G5 KT n L BRI B S B, e B DU R 1) S RMkRRLF (B
BHERAI{KiL 107Q-cm), FHBRYE (3.5~4.3eV), I TIKE (107 em™) M FiEBR
(15~45cm*/V = $) B 2) fEAN Gk BOB SR, Wik 85%LL I 3) MZE AR
IR % JeZIMERE, T A0MAKIN T, AT LAY 20 b AN (7] 6 b P e 2% OVl T
XL AR, ITO Ay T il 435 B AR AL RAARL. EAh, ITO FE- T BRI i R 2%
(LCD). ABH & it i B BB DL 2 21 AN S SO B ik 5 o 28 38 T HL P R o 7 A 3
P B R S T T AR ARAT) V2 L

bt SRR B P L RS, 1TO 33 B 5 B AR R AR R R 22 1 B T2 S K
& AR R AR U LED FAR IR . LED AR IR, F2 LR A E O I IRy R ANE
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VAR FARER BT GR3O

SEPER I . 4 AR TR B RS R, IR R OE Rk, I H & iE s 1
JRFRI A HARASOR T 3 SR I S SR . O T AR X A R, 37 B R B A
POETT A PR K35 B da Al A — 2T AN TER 215 B 0 ot (EX R
(K13 5 R 1A 65%, IXHtRRHL PR LED fI4M T2 . 1985 £ LG, % LED
ARAWEE, 1TO ZBWit N FHE] LED , #34F& HE I A R #3 2)ftk . HAT, 1TO
FELLG DG LED N HOEA 1 Z 5T AHAH EL LLE S Au/Ni i AR () LED,
LA ITO 1B HARIY) LED ) HFRATS SR A i o I AN 1], 1ITO N TR H 2 I
—BEAERMT SEPIEME. Flanat LED —f&InA GaAs, HiBZkH (C) i GaP
% MEEYE LED H—fmA Ni, InGaN fil Ag %5, 58— ITO IR 2stHMItL, /I E
E MR AR R B T B G, EXERE I S A — R R

ITO ) il /5 368 3 2 45 FH) oL T SR AR B VA AE GaN AhIE iy E24E— 2 ITO i (H
In:Sn=0.95:0.05 K ITO FEMALHS , ARG AER TR &), ZJa B2 AT Z ) 1TO,
BIRHATINE .

fE LED il b, B4 @ AP S 25 5 T BB s (1 B R 3 4, 26408
SR IR R R AR £ E R B LED BRiE R, Bl R eI SR I & R &k
REHEFE AR ) 42 IR ARA AR, AR T KIRIRT, (88 (0 27 38 R AR AT TR 70%.
B 1TO MR 27T, AMTRIL 1TO /& BA mid ik %6 K o o S SR (MM . i R
JEH I 1TO B S MBI B R AT 900%, I HAAHAGK LR (<5X10™Q « cm),
SHAENMATEE. 1TO 1ENEWH R OL Z N TR, (ERAA T ERE
AT VF 2 S LR T B — B 1 e

2.3 FiALEXT GaN ZE W)t LED 8RB

i GaN % LED #fH (eI SUs iR e, X ROt aF rl S ik i 22
KM H SR ATEEMEADOS MR EK ., SR BN T, S L2, HETZE—
ROV S 0 ER Y, @ X LED & #H AT a3t 2 42 5 LED #3417 5
Ve — AT R 12

H AT B4 R F 78 2 B AT X i E A A I GaN 2E Dt LED. M A B T HE 7]
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32 & LED & iR RS

CIKREL, Xt LED & 7 #EAT AL AL B RESRAG LA R R : £ p-n WAl AE S AF ], % LED
fELAF R R A A s XS AR ORIER, 8 S ot 1 RO, ik LED
(IR TR L S A AL 2 AT 6 5 R] AR TRV BA5 R AN AT 22K

2.3.1 Btk Akl

SRR BRI, R % AR B AR AE P, TR 8 B FE MR B R
IPERE CETRPRHIIPTI ) LUE A8 2 IO RE M R T I5 k. BB B 1 2 0 ik
POEMAEA SiNe SiOz SION 2. WEX JUR R AEE B £ A AL . SIO, 74
RS MIBORBRRS, HHILBREERIR, Pl HieRE TR MR 2. 55 Sio, i
AL, SigNg T AR HLA T BORUK KB B e ) 7 TG 5 91 B A2, (R SigN, T
05 P ST B A7 A AR P ST LA RN K2t B £ B 2 R 7 A 7 5 £ 50
55 TR AR (B AR T 1 2R B R B 1.58, % HE ) SiO, M SNy T 2843 31y
145 Fl 2.0, SRR RIS SRS EMEL . T SION T 4 215
1.5~1.9 Z [, [k, SION RIZ4 BA KR GHERI BARALZ MR . HeAk, AlOs i
Yoty 162, I EXE A RIS ER, HERBT TAEH IR ITIAER AlLO;
S AT LA R

23284 TE

R VBIAL, ARSI R T 4 — 2R, UK B A R m e h %0
R IIROR . ¥ P BB T i R R . T IR DL, PECVD %, M, i#%
WS Ar WG A B B T A, FE R IR A A R IR A, RN
B Ny SIS %, HETTAEAT IS IR AR s T AR R 1 22 2 6 ) e T 205t
SR i I 25 T S0 O 5 B 7 8 FE A TR BB R s 11T PECVD AR A —
R & T ST ) A B FE S 2 RS R, T T A UOREL A, P
JEL B 4 S RN B I B AR A 0, o I AT SBeT S B T R 2 —

il S5 BRI, TR [ T2 2 MO0k Bl J2 TR A A T L RS . R A
TR, RS 4 MU0 PECVD 4 WA 2 BH 2. Shen ZF)
Fil PECVD A KAHALE, 45 AR BB ALIE B X LED YEBEHIRM HEAT 4007 5 KB,
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VAR FARER BT GR3O

16 200°CHf A KEL R B dk . MR AR AL S SRR, it R AR
AL, 2 p-GaN 5 H AR ] KA Ak B BELE 0 IR, PR R S A R 45 1
BEA, O R TR R 2 1

AFEBEAL T 25 LED RO Fr et & A R A L X sl A R T
X LED #¥FIERERISEM, SRR As REHAINE)G, MRS HIEEILER LED K
FUEREE W EAL T PECVD EKBULZ [ LED B2 ERE. EAWTTORI, SR
BAALZ K LED AHLE, RA 7 Rtk 2 AT (ECR-CVD) J5ikAfE LED it
Fr EUURR SING BEAL IR SR AR I FRLR I F AR B S 20, TR A NLO 25 3 TR 2
SHVIRBEALZ B LED HJR I ANA WR N EE, SR CHaCSNH, VIR I )5 F TR
SiNx BEALJZ K] LED f93e FL AL N B 21 JEOR IR HLIRAEL I 176

2.3.3 HifL AL BN LED MERERIR

(1) BEifbALIEST LED 284 HLIR A5

Hm il hy, LED 2RI A a2 R 27 i 34 22 1) I 1 PR ot 34 22 1) 4 L R S
. TEREA MGG T, DIBSE Ry T, SR e imdEs N, af bz
%o BT RE T SRR AT, BRSNS AR RGeS, T4 T
% 2 J LA ORI

ZN il S B0 M BE = AR e kB, AR R IR FATIE N, AT PR RS
MRICRCR RN 5. ik, L E M NoO &8 TR AR IR AT B R A E
LR Z B Y LED IR ABIREAT T o087, SRR ATE MR ERHE N TE#E.
BBt FAR PSS R R — M S s, Hake s, 5
HLEIESZ P, X RERLMAR T R IR B . PVBIAL 2 (AR AE RENS A RO A R T A&
WAL, MR A AR, A AT DA A R R AN, R, AR
Ak 25 1 LED 5 F IR FIR T %

(2) BHAGALIEXT LED #84F FH H Th 2 1) 5

LED #4142 IS, EER T F T MFZRIER: —/& LED O ik
ST, 2 SRR EAR AT S A A K

FIARE T, T R hn s #s 4k 2 AR TR (ECR-CVD) £ LED (& f EPTAKR
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32 & LED & iR RS

SiN #ifb =, BRI, AHLZER LED ARG E LML Z 1 LED kG EA
ferm, LED Wiks@ et A pr ETb, RN, HF sy WA 203 . O 17K LED Kt
WA, W &S TR A 2 S DTRALE DA M8 4 n AT p FIARIY GaN 2
LED EAKBIAIE, Zadirtrdet, &4 LU SION J&, Jtfth ThR . A SiOy
BEALZ ) LED (R0l & LL %A #ifk = 1) LED KOGl iR & 1 8%.

(3) HlALALFEXS LED 1 BE ) 47 T 2 hi

bR T LA ERTIA, BEACALBEIE X LED MR RE S AERIEENT . Meneghini 55 ¥ A
FL T AE 250°C AL EE 26 A SiNg B ZEFITE SiNg #4621 LED & F I s 221k fe, 45
FAEUIAHEE TR E ) LED &4, AHMCER LED HAGRGERFEN A 25808 T
W, FEURIAET RN SE B, AT A R A . %) LED #EAT 250°C b EER, 4l
REHH H B2 BERS F R I, 5 Mg 458 Mg-H 269, T Mg K8 2L
I, MM AE 2 FHIRFHE D>, Bl p X AIBRAHEAAN R, 51153 53 55X e BELRN
B F R B8, 72 BB SRR 1) R K S — R AR . M, Bk
TE—E R LR s & T B BREIE R, IXFEst i 7 e 2 A b o g, M
M8 LED BG40 & AR

RS B o6 AT IR ARSI p XEIR T 1 — R 80845, (BRI AIE K
i, AR AL PR H 87 B R AN 8, (645 Mg-H 4 &P 2R L
RN, IXFERUME LS 2 PR KRR . BTBL, B4k 2 A7 AE 28018 K Ab 2R 3 2R
KK T

BEAG AL FRAE Sy B ) 77 TR 22 7= A — g B SRR o VR BIAC IS ) R 2 8 T2
TR, B R IE Y LED R EEFEH 2 —, BiEH A ERESEE
BRUBSSE, AR TR, B ER S = A BRI BRIk S 4y, 9 AL
bt HOINER E T, O ARG X N AR TR BT K. MhAh, TERIE
PEAGIRNS, BB IR AT, AR XTI v BN o A H S L T 5K 82 g R AR Jo 1t
LR
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VAR FARER BT GR3O

BIE JeRIR BRI B 5 &

3.1 ERFR B BTt

3.1.1 HRPFHRN

Wit GaN % LED AMEEER MR LAGHE T AME, BT ESEARS4H%
Vs, EAFER B RIB AR AT N, R i 2 n B GaN DA HI/EHI{E n 7Y
AR, B n BUEEARAT p B AR R REAEAE 0 A (R — (I, AT 3 BURRAF AR AT
AL R R S ECRRTE MESA DR, I RIS ( 3-1 B,
TGRSR INAE p A n B IRIIA G A W BRI RRURSE, ERRRELS S
B G IR Ry, AT B B A BT RN . BRI AN S A 2 R B RO I
AR AIALI S T HET p B GaN Hmif, SSBORRKY AN, X
U 2BV R A p 2 GaN _ERA B EAT iR g

(a) (b)
[— p-contact p-contact
n-contact - p Contact &
| p-type GaN t;p p-layer
/. ................... pn junction--- T resistance | Voltage
- . niypeGaN |n, } Voltage drop =V
urren S
flow +/ dip =it
— »  Insulating ~— n-layer resistance
r=0 xdirection substrate v |« dx > dx »| n-layer resistance
W
- ! -

3-1 K P45 GaN £ LED (1 By etk
XFORME) LED, dBFHRSEBOR, R RERN E N & . FF 7RI I R
R T R RO KAL), JehiEm, R, Bkmtg, % T
L—RIIFEER. RN, KIAFRK G SRS RS R B R KR,
WEFE RN 6 TS5 849 EL 7 T 6 TH 45 46 1 FR SRR AN /DS, D an AR B i s [T
WRILE R G S5 EE AT R 6 4 B A s r it . RO RE G
SEREEINAE Fr MBS AR, 0 O DGR, ST TS BER R DR RE.

16


user
高亮

user
高亮

user
高亮

user
高亮

user
高亮

user
高亮


% 3 & ZIRE RIS %

3.1.2 fE 4 Hatk

G T /NS GaN 2= LED AR 7™ (¥ B bR 32 SEA0 45 %0 A AR AR e . SRk
I, BT X B ORISR RN AL B0k 5 B AR R B ke, BB
TH LIRS . BEAA R A AR S, MRS 4 B, X ML ITO
O R (1 H AR B IR BRE AR 22 o X3 B AR R FELA A AT BB AN 5], W E AR R AE IE f
PR 2 TP — /N R DX el T %o A FEURTE () PO 0 A AR R B A K O TR X e BT RA, ML
SR UER A6 A ARG P B BIAL A AR A3 5T, L R IR R M B LG 2 A
VERE BT —ut, HUA S AFR AR AR . SR, A SIS X A ARG 1V R B
7, BAFOHMHEAIAS] 0.3A, TIEHEFREIRS] 6.74V, HAY RAEIBE,
AR PHAR K TR M PEREBE 25, 7F 0.3A I HIEIA ] T 8.04V. LI LAl LIE
i, SCRHAEIX A BERKEgGTEA, 8RS RE RS, BRI,
-V AEIE PO ZE , 3K IE 2 T BRSO AT DA BT R B BT

3.1.3 T B Ak B AR

(1) &BH

o 1 B A R IR LR A A AR 50, R L0 A I Pk 0526 S R (1 B A
BEARZE LA AR, It G AT L 2 1) 4 T Ak LR K K R R T A . FITRL, 9 T A5
IE AR I BE B AR S, IF S AR 0 AR A B AT, TP 2 T L. (BRI b
I35 B 4 JR PR TG , TOUTRT 0 H O TRT AR . Ak, 8 e A AR T 4 T L
CHEMM A, BRI, RS TR N TR %, T e T
P30T RN LTS A AR 3 A28 50 o A1 S T FhL A P I P R ) (G 2
S DA AR A IR A A AR T R4, R SR 59

2) FIHHM

SRt 0] £ FUBTE SEBR P KIS B, BT LA n AUEARIR SN BT, JRI4IE
BB B G TR A2k N FR A o () B, A5 0] A £k 7 17 B O R B B AR, 5
BRI R o (L PR ZE 1 RV ) I 7 PR 22 T PRI B B AN, el O LR o HEAT S
BB IFRE . BhAh, BT DL N AR TR, SE BRI
Wk, BRSCRI, RIS BOFRE BT LAFE K IR 4 F A, FLR o g
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VAR FARER BT GR3O

RIS

(3) FRALHIK

MR 26T R e M TR, BERAT LB 2 0 A B L dAe, 1 P AR 2 T (1 P o 7
. — AT AR At R TR 2 k. T8 FEAR I 32 B4 s A8 A B r AR AR AT
RHIZFIE R, IE SR AR AR R FE P AT RS, R T4 — WOk AR Ou TR
. AT ARERGEHE I AR R IR S, U AR AR R 2 SRR sRE
HARE, (A IR T RO 3 2%, BT MR AR il &5 &3 AR AL
vk, Bkt h AR AR, IR AR AR P, B L
FIRGEREAS P KIS, RIS, T80 R R 6 8 AR RS 156 1 7 i AR 2 1) A B AT 5
FESEOA RTRRATEI SIME, FE RIS A O R RE

3.2 lRE¥

3.2.1 B AR AR Bt

25 UL B B R ARAL 7 AT A A SRS ZIAR BT B, B X KT 4544 1
GaN % LED Hi4T 7 b2 M B T 15 R 2241

O P RT3 A 45mil>45mil B304 .48 Auto CAD 2008 34T B i 15 Al 22l
MRYEHE B HE AN R E I 2, @It TRUR 9 it (& 3-2). % il s
JE 4 10um, n B HAR 5050 B 20pm. p B AR n Y AR AR 4 KN ELRE R LA
(R B AR e 2 [ 1, R, JRAUERCR, AR R PERRLT, (R R AR
o, B, XTI RERS, BKEE R 100um A, TETEES, HETER
#1°4 50ums

(@) (b) (©)
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% 3 & ZIRE RIS %

il .

%\&/4 =
@S

K 3-2 HpRhR AT
N T B UEATK LEAS R AR IO Fr (PR RE, 75 ZEREAT IR S50 T S 6 75 22
BB, MW se BB HRS . R, e/ T — RPN E it

3.2.2 E TR A

WH GaN 2 LED MIAMEAT AR T A, MTEEAAEEE, HEET G
T, AITERE p B FEARCRT n 7R e 0 ) A 4 () — 0

SR E RN TR n BABERKHIE, ADIEERE M. SMEF 2%
BLZWHR, e Uik ARS8 —BURBUR/ANG R, & & fus =4 —e
B HVIRI o SROAE RS PR BT I i 6 505 R8RS iy Z B R DD R T 3 i ok, P bL, 23
THRAE IR, DATEEA SR 45mil B EA —E RN g E. SKRBtPERG
AL ZEE B L=24pm, S THAN n B SET% Ak E) (1 85 254 10pum.

3.2.31TO k&

ITO WG MRS G, A5 AR, — &0 Biita WEEERE] n
RO, A AR ERE, DRIE 1ITO I AN & TH B — & I N 4 &

T 1TO 5 @2 R ARG I ERI X B2, 75 20K F il IR &R 73 ITO Zthist, M
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VAR FARER BT GR3O

TMHe e AR ARG B SRR, 1TO 5 Btk S U R A ik DLORUE FL IR fe
PRI ITO 5 MR IA G 24T — € 1B i B o SRS e v oF TIO IS AH XS & 1l 4 46 &0 10pum,
7 H TS50 26 A ARSI RS FEE IS, 1TO 5 AR a8 4 1) R T e 1B 25

3.2.4 HiL R R A

FTARARAE, BRI, A R SiO, RSLIL B B L AL, 7k
RS Yt PRVE R R e B A T T 5 FL ) PR A S PR RN S A T LAE T
fE, L FEERI IR, LR, AR SiO, RIZLL F RIS,
45 B ERAE 9 Spm.

KT ETSFIYIE, Bilk SiO, BiR, 67 2 BAE VRGN Si0, 2.
S T o g B A SR AR 1 P 4 R dpm.

3.3 iR 4R

W RrTHAR AL BT 1) O P AR I, JEid Auto CAD 2008 T £ RE L, 77
AEARERT. DWG U1

A ZIAR B2 e R 3% - ST B T W ERRC L 358 T FEEA BT L AR HLA R
K] 3-3 25— R e ez A

(a) B hINE A A (b) MESA (c)ITO (d)PAD (e) PASSIVATION

K] 3-3 JK 45K GaN £ LED o5 Fr ez &
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% 3 & ZIRE RIS %

K 3-4 358 JiREEEA HIT

3-5 EIEEARAN )R
FEJUT SER I, BT TERERAFAE, FERRE B D25 R SERr i TR %,
TR I 5 B R A WAE R B BTNy, BB T B e vt S G Ik
IRV RN, BEAT B B 2] o 2l i 1 DR I8 B i~ AT AR, 1538 T )5
T FRIUAL e SEE56 Fr 22 FH 31 B 6 20
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VAR FARER BT GR3O

BAE FHERKERIT

41 LED &S/ LEHE

SIS R AE A KT I F A AR GaN ZME v BT I THIER) . SME P AR g5
fi: WE AT GaN 2= n-GaN/& 7B I Z/ p-GaNo 8 HfIERL AR B AR T -

(1) HMEF IS B

K HME N HCL IR R (LA P &5 8] HoS04:H,02:H,0=5:1:1 D =
M 16min, S TRV B ACE (AED 2 10min, LB TR T
s Z G IPA CRIERD 2 8min, £ B TF/KMEET % o RSB,

(2) 1TO HIHiIfE

7 250°C [ L 2 R85 Hh 2% 4% In/Sn(95%:5%), FH7E No A &4, JEREEZ) 23004,
SRIGHATEZ T, ZIis AT 1TO.

(3) MESA Hyil1E

H PECVD #HAT SiO, Ui #EATRZITT, F BOE Zihbaiks): SiOz; K SiO, fE
NIHAEE, FICP ZI|1 %) n-GaN, JE GRS FEH] BOE 2 BRI R SiO, 1M P,
HRHIF .

(4) #iIfE PAD

JEZI, F A BRI Y R Y . 76 B TR & 8 A A BL Cr PtAu, B
J¥£ 1000 A; 45 FIH Photo lift off MEiAR IS Hi 2 RINEIEE: 7E 300THI N,
S AR K 8min, 4 HL A o

(5) HIMERIILSE

H PECVD 4K SiO, a4 it JeZIIV, #& HARErER X 3k: H BOE Zlihbi /R4
Wb Si0,, DME G| LR IR EE .

2, LED & LEEK
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04 & FT SR RE R

4.2 LED i Fr &R

LED &7 RS MBI - K, EEP LR B 2. G,
Py AR R (SEMD,  SEE ARSI P R AN R B S SR . MR A S B
TRIE, BEAh, SERT AT AR 2y AR, R BE T DL ELE A RO (3R T 5
G AU AT CL AR AN TE L, DA EE IR s SEM AT BLo» M 3R R0 K 2%
BB, IR LA R-L )

LR it ASE — 25 1 65 10 21 ko9 1 G0 A oes e R tin AN B 454 o 5 i 21 k2 e AR T Bk
R B E . 3% 4-1 /2 GaN & %P T 256 A dats .

* 4-1 GaN GZIPRE T2 &M br

ZIMALE ELEDE 330G
ZI k% 52 2inch ¥4k GaN & H
T2 &t
T 254k Cl,, BCls
TRTF B FE-SEM
Zoh T2 48 h Z bR 1.2um

4-1 7 ZIMR AT Fr s SiO, kR 1R 2T 0.6pum, GaN KT
AL

Top view Cross Section

SiO2FE ik

GaNfHAL T

B 4-1 O ZIh AT ISR

4-2 ZZVJR AR . B B XA R T pillar, EGOE N pillar %
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PSR ARERL BT GR3O

K. BTSSR SR AT AN E A K R AR ERAR . AME F R 40 SR T kL AL
147 Z0) ok i 4D 2R T A1 K1 b T B S8 o T 3 1 /A~ 28 T T2 o it i 20 e 2 B2 D SO,
YRR, Z bk B RNk B LE I 2251 20 518 ER(GaN) =104.9 nm/min, Sel=2.8.

GaNZ| iR Z/odJ SiOFo R i B

Top view - PillarfE 5%
Kl 4-2 W ZIhis BE

4.3 38 Fr LR MR RERIA S A

T S R AR B & AR LED (& f . N T TRE, K& 3-2 i
(a)~(i) 9 PR IRIK K A 4405 1~9.

4.3.1 A [F] BARTERE Fr B BB R 2 AT
4-3 J2(a)~(i) 9 R HR7E 350mA I AR TR (4 RI=4ER] (S, M
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04 & FT SR RE R

Bl DR HOS R 4 BIRX SR A S A 5], Rl e v e A I F A FR
R RO, A 1. 20 34 7. 8. 9 HIULE AT BN 5] bl L, sk
LIRS i HL 3 L IR o A SR ES o SR 0 AR RS 50, LB SN [ B B AT, HRLR
AT S . BARKAE p R SGRAEAN n BLHEARA G AL R AT AN ST B
2, XRZHT TCL Z M HBAZRARXS n-GaN I HLFHAREN, IR KHE /> & E W 3 iR
BUTK n ARMTIE, IR EEARXTEOR, TR B SR AR RNATY IR AF £E
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)
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04 & FT SR RE R

K 4-3 LED & 5 A 5 JZE H L /0 A0 RUR E

4.3.2 S F I 1-V R 1-L fE o0

ANTE] B AR AR XS S R S MR BB A A [F (52 m, B &5 1 & B LA B Tk
T 1V R, BRIRIE R AR R, DR/ R R, osh 1-L AR, SRS R

TR, LEARRRIES 5 H Bt A FR B AL L 5 ANAS 7] FR) 5 8 A7 SR 0 -t Ul
EARFIAEGRE WM O, JRHEAA RS R & S EE R ME. 9 Bl kEe
SHHIHIRER WL 4-2, HF Vi Ves Ve 25 IEF RN 350mA. 0.01mA,
0.001mA FfHIIERI B, ¥47 V, Vzi ZHGN 10pA B RFEEBEE, |g2BEEN 5V
B ) S ] FRLIL, LOPy WILP1. WLDy J2 1E [ R A 350mA B R Jase i | I K
FK.

& 4-2 WH IR HL

g4 Ve Ve Vs Vz I LOP, WLP, WLD,
= (V@350m) (V@10pA) (V@1pA) (V@-10pA) (MA@-5V)  (mcl@350mA)  (nm@350mA) (nm)

1 3.045 2.172 2.035 23.9 0.042 156.9 469.6 475.0
2 3.150 2.172 2.036 24.8 0.064 157.1 469.8 475.1
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VAR FARER BT GR3O

3 2.974 2.175 2.032 21.8 / 154.3 469.3 474.8
4 3.027 2.173 2.036 21.9 0.037 158.8 469.6 475.0
S) 3.013 2.175 2.037 22.9 / 158.7 469.5 474.9
6 3.041 2.172 2.035 23.3 0.044 155.3 469.8 475.2
7 2.874 0.002 0.002 / 5.002 88.98 470.9 476.2
8 3.032 2.164 2.021 27.3 0.044 154.7 470.5 475.8
9 3.033 2.170 2.030 24.1 0.02 155.1 469.9 475.3

MR FHIE AT LLEH, O 1. 4. 6. 8. 9 TAEMIEEMAE 3.03V A4, OH 2
M TAE R RS R, 20 3.5V, HAul A 1 AU 2 se AR R, O 3 FSH 5
(1) AR B R AR BAK, 75 350mA B H 3 M54 154Lmiw, T H 5 HISEEEN
159Lm/w, FF HiHIR LN 0, BIkLR &% SR 5 KtERt . MHASE R, &
A7 BT BRI R, R AT R LR S A R BT O R AR B R
AT e B R 7 6 1) 5 SO ) B R, L EOE SRR R — D E

MR 1 e DUF SR i EAN R & s KA — M ES, A $oc
o AR e K R R /IMEL A 474.2nm, B KA A 476.8nm, BB — 2 B AN IS A2 B0 52 .
JR IR AT BE 2 ' T PHE KRR A S AR A E 25 R R S 2

% 4-3 IT0 HERESH

J7 B BH(Q/ )
R
T+ h ‘F i H AVG
B KT 9.133 9.056 | 8.974 | 9.061 | 9.030 | 9.051 87.8%

SEP 15594 | 15.752 | 15.742 | 15.876 | 15.935 | 15.780 89.7%

R 4-3 2 1T0 JZIBKHTJa 1 — L Re S 8. ATRAE S, Bk JEHEER Vi
AR, HEGER S . EITO o, In&+3 4, Snjg+2 v, +4 4ir, MR 7347
B, ZRUTTCRIEAER 73R, @R K)E, KRS 7, SR
R, RIUHRAURE T P B I IR KAEAS S A R A M AT B, % 4 17 1 8]
FRAN SRS B TARHER SRS 8, L, AR ITO JE R E IR e BGE 24 R KR
JEE AR IR E) AT DAAR B 1 52 1 3 P R R D e
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FOE BE

Bi# KThZ LED K&, GaN & LED HARHUS TR KM, (HEF FIDGHREUK
L R RAE ST BORGE T T 0 R AT R G . AR T T 4R E LED HOGRCRIN
EMTE, ARAREX SRR, BOEATR. R SR INESEEAR, Jrid
FEARTEE DR PRI DA B T R et FRLAE 23 A TR 350 S0 1 vl AT B2 1 HH e R Rt

IR G K258 GaN i LED &5 7 FAR IR 5 AR S0t IR (Rt 92 20 b B
N T BRI S, RS R AR R SRR, DR OE £ R AR R B R A
AT FEICEEA B, SN OA ERETE, Bt Itsdl 79 P AR E =R K
ZMRI—RFZIRE . R E T LRSS hE, Fhnass s % e
AR T HH e AR P BEL RS SR o 25 T AR B8 B AR/, IR VI EE FEFE . 1ITO W4 =,
n A A5 6 T ) PR A5 ) L

T SEIS F EAFESME R SR ST, ITO S/, sBRHIE DL AL
HfE. 2id 238 TR 56 B T8 IE, TR SE R BA [F AR IR GaN 2
LED &7 R FE A s - 57, FURAE S i A3 50 A, I B e ek
FAE, HL AR AT, AT FLAA N 49 B B R 1 5 o AN RN AR AR T
SR ERE A AR, BREEHE B THE B TS 1V Rk, FRAK
B AR, e BCRRE: ot 1-L R, IRmS R BT, Ak, ITO 2
A BRI T A BB e, e 7 p-GaN JZ AT ITO [ HE A 3 51

A AR 2 SR TS, £ LED FE i Bt F i/ 5 T B S — e R . 4
J& , FEIKT 251 LED 38 v OGRSk J7 AT 5 3E— B AR AL AN 5638 , 1 28 BL45 441 LED
ORIk R R —ANEBEF 5. SR TE T IMEASINRIRE, REE
BB, SR W, R T A, TR
A Hb I3 A A R
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VAR FARER BT GR3O

M %

fIse 1 3% Aot B kR TS

Sh L
TEST Vi Ve Vis Vz Ir LOP, WLP,  WLD,
1 3.079 2.171 2.032 19.9 0.055 156.8 470.4 475.7
2 3.072 2.17 2.033 23.7 0.057 156.6 470 475.3
3 3.073 2.178 2.04 28.4 0 157.1 469.2 474.7
4 3.076 2.181 2.045 27.4 0 157.8 468.7 474.3
5 3.073 2.161 2.026 20.1 0.089 156.1 469.6 475

A 3.045 2.172 2.035 23.9 0.042 156.9 469.6 475.0

Sh 2

TEST Ve Ve, Vgs Vz Ir LOP, WLP, WLD,
1 3.148 2.166 2.031 16.7 0.155 155.4 470.4 475.7
2 3.156 2.171 2.035 28.2 0 157.3 470.1 475.4
3 3.147 2.173 2.037 26.2 0.051 158.4 469.5 474.9
4 3.152 2.179 2.04 29.4 0.067 158.7 469 474.5
5 3.149 2.173 2.035 23.5 0.049 155.8 469.8 475.1

FIE 3.150 2.172 2.036 24.8 0.064 157.1 469.8 475.1

3

TEST Vi Ve Vis Vi Ir LOP,  WLP,  WLD;,
1 2973 2163  2.008 23.1 0 1535 4701 4756
2 2977 2175  2.038 25.8 0 1541  469.8 4752
3 2972 2177 2023 15.9 0 154 469 474.6
4 2976 2183  2.047 22.7 0 155.7 4683 474
5 2072 2177  2.042 21.7 0.057 154 469.4 4749
P 2974 2175 2.032 21.8 / 1543 4693 4748
W F 4
TEST Vi Ve Ves Vi I LOP,  WLP,  WLD;,
1 3034 2162  2.026 21.2 0059 1626 4704 4758
2 3.02 2172 2.035 26.5 0005 1576  469.9  475.3
3 3.023 2175  2.037 225 0.057 158 469.2 4747
4 3.024 2183 2045 19.3 0.06 158.1 4687 4743
5 3034 2173 2.038 19.9 0002 1576  469.6 475

FX1E 3.027 2.173 2.036 21.9 0.037 158.8 469.6 475.0
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S

oA 5:
TEST VE Ve Vi3 V27, Ir LOP, WLP, WLD;,
1 3.007 2.168 2.031 18.2 0 157.8 470.2 4755
2 3.021 2.174 2.038 26.4 0 158.8 469.9 475.3
3 3.01 2.174 2.027 274 0 158.8 469.1 474.6
4 3.015 2.184 2.05 20.5 0 159.9 468.6 474.2
5 3.012 2.176 2.04 22.2 0 158.2 469.6 475
FHE 3.013 2.175 2.037 22.9 / 158.7 469.5 4749
O H 6:
TEST VE Ve Vi3 V27, Ir LOP, WLP, WLD;,
1 3.039 2.166 2.029 26.9 0 155.2 470.3 475.7
2 3.041 2.165 2.029 27 0.038 155.3 470.4 475.7
3 3.048 217 2.032 26.9 0 155.4 470 475.4
4 3.039 2.178 2.041 16.6 0.112 155.2 469.3 474.8
5 3.039 2.181 2.046 18.9 0.072 155.6 468.8 474.4
“FIME 3.041 2.172 2.035 23.3 0.044 155.3 469.8 475.2
R T:
TEST Ve Ve, Vi3 V2, Ir LOP, WLP, WLD;
1 2.866 0.003 0.002 0 5.002 87.48 471.5 476.8
2 2.864 0.002 0.001 0 5.002 87.73 471.6 476.8
3 2.875 0.002 0.002 0 5.002 89.72 471.2 476.5
4 2.881 0.002 0.002 0 5.002 90.99 470.4 475.7
5 2.882 0.003 0.002 0 5.002 89 469.6 475.1
“FEME 2.874 0.002 0.002 / 5.002 88.98 470.9 476.2
O 8:
TEST Ve Ve Ve Va1 Ir LOP, WLP, WLD,
1 3.032 2.164 2.028 27 0.067 154.6 470.6 475.9
2 3.029 2.165 2.028 26.9 0.034 154.7 470.6 475.9
3 3.031 2.163 2.029 27.1 0.036 154.9 470.5 475.9
4 3.033 2.166 2.028 27.1 0.025 155.1 470.5 475.9
5 3.035 2.16 1.992 28.2 0.057 154 470.1 475.4
“FEME 3.032 2.164 2.021 27.3 0.044 154.7 470.5 475.8
oA 9:
TEST Ve Ve Ve V21 Ir LOP; WLP, WLD,
1 3020 2164 2027 259 0 1547 4706 4759
2 3.039 2.17 2.027 229 0 155.5 470.2 475.6
3 3.029 2.174 2.039 27.7 0.04 155.6 469.6 475
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VAR FARER BT GR3O

4
5
“FHME

3.032
3.037
3.033

2.177
2.167
2.170

2.041 18.3 0.048
2.017 25.6 0.02
2.030 24.1 0.02

155.8
1541
155.1

469.2
470
469.9

474.7
475.3
475.3
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PSR 2 ZESCOCHRE

HIRSI MR & FERR BRI RE

WE: ASCHE T — A IREN K & IR R OO P . XM GUR e T RS
H A RAEZI 1k ] R ) GaNill & i e, FEA 4R T R IEEBlifL, DARAMERAK. 28
THHEGUR G I U kB A . XA ]IS I LEDAE HIE N T A S S B K DG .
AN A S 7 BB o 3 IR BE AR, IF BAERIREIBR T, ML T
NZZE KR E A BB ENNE TR, B e s 417> LED R F Hh 3 F 44K
& TR TR T o

Zrtn P PR SO AT AE IS AR o N 7 51 1 AT 8. GaN 2%
ff) LEDs # #iI/EE GaN R ¢ M. MR R AS R AR BDE X, AR B XIS A ST
VERE B BT B AHI AL B AR AR AL, AR AE TN I 22 B 7B (MQWs)
22 i A BRI (IEF), TS AEAR KRR L L PR A B 720N (1QE) . BT L3 3 T,
EAFXFPRCRBEA In 4150 A2 RS ER0E T MQWSs Hh B IR T F o Py BT HLIE 2
SR FIR R KA A . N T Se IRIZEEANMI 20, — A5 AN H S
B AE TR VB M B S T EAE K MQWS, X FEs &A= R B IR /NME IEF,
HH AT LLE N = In 4. 3R, 2R GaN L _EHI{ERI 200 LEDs ME0LTS
B WIS BB NG AR, TR DL IR MRS RO AS AR E 2 34

PPEPE XA AR — R RAT W S| AR 2 B ¢ T2 AR A AR M D) T
BRAE . TR BIGAR RS IS A & 7 BT LA SiOx B SiNy ST AL ) GaN 2k
JiE ¢ HAE KRS, XA G B U S R {10-11 3 80 {11- 223 AL T . SR TR R
ML UIH _EAE K MQWSs HIVEEUR Y6 (PL) I 7838 B AT LAZEAR RARBE L ydib il K 4%
R 73 A ANEY SIR B TR B o AEAR AR 5 BE DI i /4% 4 InGaN LED
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PSR ARERL BT GR3O

RS2 7 T C B R AR 2 5k, EERTENIE, SeR BT H A SIRE e AR, 4§
KHIENMHGE R 7o X B, RATIR IR K &35 A 40k LED 1 il
PERE. AHELT ¢ 1 MQW LED HJZ 18, PL Il & B W50 801k BE I BE /N sz, 9F:
BERES THNETRN (IQE) .

A F I HIEIZ H AXITRON2000HT 48 AL RUTH (WOCVD) [¥ids, FEHE
FAFERI ¢ T A K n-BL GaN LK. PRI I i T BB (SEMD G
1(@)-1(d)ffr7c. BEARHN 250umSiO; YRS B IR AE GaN £k FIERUEIE . X Fh SiO,
AR REASEA FATE PRR 5 55 B TR RONL S 121 ik (RIED FOZIPFEREAR . STO, 4K BG4
b SR ZN 2 e 2 BR R, B R GaN 9K ARSI (Fig.1(a)). e Fi B IR i P SR AE FE i
FAFREEE . 7E 400°C R EALE R BTG 60 40802 J5, AR 0 BE s 4 A 2 1L
BRI e R BB 7 o LB = A 2 R T A AR e R BB A . 2 J5, B
RIE Ik, 3R AIGRAEFR R, 1090 RAT (K0 BE A5 SR 4 e R 35 B BT 7 75 (Fig. 1(b))

(N) 1.00pm_ y ¥

FIG. 1. (a)(d) SEM images of intermediate fabrication steps. (a) Etched
nanopillar. (b) Side wall coated with spin-on glass. (¢) Nanopyramids grown
on nanopillars (d) Plane view of nanopyramid LED.

FEJR A 2] MOCVD £ GaN #MEJZ .. GaN 4735 7E 600mbar f & /141 800°C 4 K
ST BRI A LE KA (R TR LL 0.5m /hr BT8R A i (Fig. 1(c)). 4 F- I VIIHI7E 26°

IR s % 58 N AL {10-113 T - %t Ing3Gag 7N(~2 nm)/GaN(~8 nm)MQWSs 7£ 4 ¥
EBYNHAEK, ZJ542 20nm i) Mg $52<H p B4 Alo1sGagesN HELT-BH4/Z A1 200nm f*) Mg
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ok p B GaN JZ. GaN 1 InGaN % H 1A= K& 4371 2& 800°C Al 710C. MQW Kk
K 772 300mbar. = H EEAH(TMIND AT = B (TMGa) 1L & 73 il & 250 F1 76scem.
B 1(d) o 13X LED il i i P 1 P R TR RS 2 XA 9K 4 3 I 2R AR LR T
G ¢ T MQW EKSHox g/, B T BHASA AN AR IR 43 ) 5 s 1) 820°C Al
730°C.
{10-11}#1{0001}YMQW HIHIJ & B i B A S PR REE I PL I ESRBT 7T . MK
400nm £K: WEFABOCHK SRR EAEGE S0pm FE A FRXAE TR . EE
bl 76MHz, kiR 96 B2 A 0.2ns. MY PL I 5308 REZ FE RIS R AN 2(a)
e UEEIIEREE N 1 Wiem? BK B 2.5 kWiem? I5F, {0001}MQW # 5 — A 45nm (¥
. SR, 1EFFERZE 5 G R P {10-113MQW F£ R A 10nm [iEFE . 52
FUR A T 1) EF I AAECR M E 5 Bk b (10 20 A1 AN 10 5 51 RS I Je 3 e 3k Bl ol
SRR MM E{10-113MQWs KT/ IERE 5 Z BT BB FUAH — 2. 8t 1175 iy FH I 18]
72 PL(TRPL) RAAEARIR (LT) 15K FIE R (RT) FNE. WER TRPLE 5 B 1E
Bl 3(a)FH 3(b)H . {10-1134F it EL{OO0LIAF: it & 7~ 1 B 466 P S8 il i 1) 5 25 %o 1-{10-11}

RERE LT A RT B0R a2, 2 (—0/9"), i s@Bis. &5k 72em
WH T N 0.16 F10.10ns, AEUSST BN 0.71 F1 0.97. FiTFHEECEEIRA T S AEA )
RETHI. EEor 2 T 8 B 1 — AN R BT R = B A
ARSI AR R AL 1 o B EAE RT & T — S0 3 e B Jo &6 s AL /& v 2 (1 B A
AT LOE I e R A O B, ST IR E MR B X . BT
TRk E S AR BRI, 13 A {0001 IR it ARIBGE S O B A A — N IUR A I A 58
PEER . R IER) — AN EEREEE G W DR i S AT, B 3(b) s g
1SRRI KRG, W AE LT M1 RT RS EAE KA 58 )L+ ns 80 L ns. 7E
LT 5, {10-113MQWs J1, ns Z i F1{0001}MQWSs J 1+ ns 175 éir A1 2 BT FIC A A — 3.
TERWARMIEE T, R EEEEAKIER. WE LT i, Fit, AR EH TR
HA. {10-113MQWs K78 ()75 an X — AR TR A Y, (IER), IKH) 1IEF 2 33
TSI - O B R S A s AR B A T REME . 7R RT B, JFfESE &
FHLABERE Z0E, EEliE PL ARG A, JERRRN E TR
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P 2SR AR B3O

FRATTI B T X FRE B I N TR IQE L B i SR N SRR PL B AE 15K I IE
b, KIKAF IQE. IR EAL BB N PL B 1E 15K A i KA . I & 75{10-11}
F1{0001}MQWs [¥] IQE B 4371y 50%F1 28%. {EHIFIER K, {10-111FE M 1QE 1%
1G58 79%, AH ELT-{000LIE it , 1X 5% 56 A3 A Ja b I AN AR A IR K 57

5310F I e t00013MQW
9520F § —-—{10-11}MQW
= 530t

=7 3

0 2 :
Power density (kW/cm”®)

FIG. 2. (Color online) PL peak wavelength versus pump power density of
[10-11} and (0001 ] MQWs.

~ 1.0 L0
= 0.8 B ) | Sosl® e ]
0% a8 ° {13“::1 LSrK <08 s {0001} 15K
0O B ° el ] ZO06p  %go {0001} RT |
‘w 04) Sl 1 w4t . ]
gn,,_ 1=0.11ns ] Euz e
o1\ SR 15 SN
= , =5 = L] n_ﬂ i PR . a i a
05 10 1.5 20 25 0246 810121416
Time (ns) Time (ns)

FIG. 3. (Color online) TRPL decay curves of (a) {10-11] and (b) {0001 ]
MOWs at 15 K and RT. The solid lines are the fitted stretched exponential
decay curves.

EANAFFRI T {10-11} 1 FEFE 2 A e R 2 dE R ER A . A ELT{0001 A, {10-1134
b A E R o AT LU BRI T BE /D B Ry B R 3B B0 o 2 BT SRR 25 SRR A A 2 20 A
512 JR3 0 EL A T R P Sl S DX IR T A7 3K {10-113MQW  J3 8 L 34 3 1
BEAIS, PR, 30 7 JESR S O BEOR AR IR T R, IR AE R tore

NK G 7 B R R P 1 2 TR AR P P P 9 T AR s T B e B A R e (CLL) Wl
HRH RS E B (SEMD WLE-F 1 EHE an B 4(a) i . B, 500, 540 A1 560nm
FG 6 CL MGt R R 1 18] 4(b)—4(d) « R S R RGBS AN i Tk 38,
1ENE 4(b)-4(d) Bz HHEL T7E SEM IR 4(a) <55 45 1 AR BH 5 O 45 e R B B
B KN, SR NS FIERT . XERHZE TR AEAE R NGPIREF
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BT RS 1) O X 3 f o 3 AT A B T 4 4 N R B 5 4 = B 0T X3 B T 7E
MQWSs HJE I IEF.

iz HFRAER) LED #li& P 5%, {10-1132& K 75 300pm>300um ) LED &5 F H s
HLIRBNI LED J&n T — Mgt RO I A MR 5(a). FERE X 382 p HARAT n H
Mo HIERZK S 75 LED O R G- Bdi- B R i 20 18 5(b). 1-V #2118
RS — AR S EDN SmA I, B TR, A 2.3V ITaaE TP, R,

L
@
“
» |
> % 00 s s00Mm 3000m

CL @540 nm 300nm- | ¢} @ 560 pm  300nm

FIG. 4. (a) SEM plane view of nanopymmid LED. (b)-(d) Spectmlly
resolved CL images at 500, 540, and 560 nm.

St IR AT DLZE o IX TR T — AR KSR A R A B R B HBIRE T i
AT, PRETFIEPEIFML AT RERIE X IR R R 2 —. fEmsefE, BEER
it ETEE 200mA, IXENHL R RE 3V K 2 TV RS LR AT REZ BN ITO Mgl
K 4 TR 2 T 40 D6 v P Ak L P o SRR OAGAE A SR (T 72 Pt AR A5 A B
HLER R GG HE AT E N IR I R BN 5(C). AEBMRANENBIR T, KEIEM 625nm
G, FEREE BRI IERIIS 5(). £ 50mA i, WEFELHR, KitigEfa
JELE 495nm it . JGHEAT~57 nm KR KA TEVaE, FHARICH B ERLE(H 3] 600nm
PAFh. £E~8.25nm ARG AT /INIIVEAT B-FA D R IR S X fFE~6um KR, #ia T
GaN [FUR RS . SRR SN = A TT B o T e B VTR IR RO, b A% AR T 2 5 A 1
B, EHEFEFAIGaN PWRENIRS . @i CL W&, RIS a2 E A
MQWs [THHS, IR A5 OB 3. B K, T NIER 7700 1
MQWs BURIFR Y. R4 I3 495nm, I 1T 5 K MQW [X I8 i i E 22
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FIG. 5. (Color online) (a) Microscope image of electrically driven nanopyr-
amid green LED. (b) L-EFV curves of nanopyramid LED. (¢) PL spectrum
versus injection cument. Inset is the low current PL spectra.

BERL, FRATER T — R IKBN K &35 LED. 1XF LED B4 KAEZ il K
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R KRS ¢ MFEMEAERENNE TR, REIRIERY, FHENKE TS
AR MQWs R JE i B R 43 (1) LEDs A3 R AT A 77, &l LAMIRAT 1)
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Electrically driven nanopyramid green light emitting diode
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An electrically driven nanopyramid green hght emitting diode (LED) was demonstrated. The
nanopyramid amays were fabricated from a GaMN substrate by patterned nanopillar etch, pillar side
wall passivation, and epitaxial regrowth. Multiple quantum wells were selectively grown on the
facets of the nanopyramids. The fabricated LED emits green wavelength under electrcal injection.
The emission exhibits a less camier density dependent wavelength shift and higher imternal
gquantum efficiency as companed with a reference c-plane sample at the same wavelength, It shows
a promising potential for using manopyramid in high In content LED applications. & 2042
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Light emitting semiconductor devices in green color
have attmcted great interests in lighting and projection dis-
play applications.'” GaN based light emitting diodes
(LEDs) are often fabricated on c-plane GaMN surface. The
emission is typically in the blue mgion, when its perform-
ance is optimal. Multiple guantum wells (MQWs) grown on
this crystal plane experience an internal eledne field (IEF)
due to spontancous and piezoclectnc polarization, which can
significantly reduce internal quantum efficiency (1QE)*
The efficiency drops rapidly as In content increases in
MOQWSs for green emission due to the increased 1EF " This
IEF can also canse cammer density dependent wavelength
shift. To overcome these detrimental effects, an attractive
approach is to grow MW s on nonpolar or semipolar crystal
planes, which have no or lower [EF and can acoommodate
high In 1'.11cr.r|:|u'ati.un-" Green LEDs and lasers fabricated on
semipolar GaN substrates have gained significant interests
recently. "' * However, nonpolar and semipolar substrates are
not readily available,

Selective arca growth 15 an attractive alternative method
o grow semipolar facets from the widely available c-plane
substrates. Micm to nano size hexagonal pymmids can be
grown from the opening holes of a 5iCk, or 5iN, masked
c-plane GaN substrate. The pyramid facets ame typically
[10-11} or | 11-22) semipolar planes. The photoluminescent
(PL) study of the MW= grown on semi polar pymmid facets
has shown =ignificantly reduced the carrier density depend-
ent wavelength shift and inhomogeneous In distribution, ™
Ther have been inmterests in using the semipolar pyramid
facets for green InGaN LED a]:q:licaﬁ.um.1 *19 but 5o far the
reports are mostly hmited to optical pumping. Repors on
electrical injection are very limited." Here, we report the
fabrcation and performance of an electrically driven nano-
pyramid green LED. Compared with a reference c-plane
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MW LED, the PL measurement has shown less carrier den-
sity dependent blue shift and significantly enhanced IQE.
The device was fabricated from an n-type GaN substrate
grown on a c-plane sapphire template by ANITRON
2000HT metal organic chemical vapor deposition { MOCVD)
reactor. The scanmng electron microscopy (SEM) images
of the intermediate fabncation steps are shown in Figs,
Hal=1(d}). 510; nano disks of 250 gm in diameter wene first
patterned on a GaN substrate. The 510 disks wens used as
etching masks in inductively coupled plasma reactive ion
etching (RIE). The 5i(); disks were subsequently removed
by a buffer oxide etch. leaving arrays of GaN nanopillars
(Fig. 1(a)). Spin-on glass was spun on the substmte to planer-
ize the surface. After curing the spin-on glass st 400°C for
6} min, the nanopillar side walls were covered by spin-on
glass with air voids among them. The air voids wen created
due to the shrinkage of spin-on glass during curing process,
The substrate was then etched by RIE to expose the top por-
tion of nanopillars while leaving nanopillar side walls stll
coveresd with spin-on glass (Fig. 1(bj). The substmte was put
back mto MOCVD for GaN epitaxial regrowth. GaN pym-
mids were selectively grown on the tops of nanopillars at
grow th pressume of 600 mbar and temperature of 800“C with
growth rate of about 0.5 pm/hr (Fig. 10c)). The pyramid facets
werne identified as semipolar | 10-11) plane from its inclined
62° angle. Ten pairs of IngsGag-N(~2 nm}yGaN{~& nm)
MWz were grown on the pyramid facets, followed by a
Hnm  electron blocking  layer  of Mg-doped  ptype
Alg 12GagesN and a 200-nm Mg-doped p-type GaN layer.
The growth temperature of GaN and InGaN was 800°C and
TIAC, respectively. The MOQW growth pressure was 300
mbar. The mmethylindium (TMIn) and trimethylgallium
(TMGa) flux were 250 and 76 scom, respectively. Figure 1(d)
shows the plane view of the fabricated LED. The surface was
mugh due to the nanopyramid structure. For comparison, a
conventional c-plane MOW substrate was grown on a cplans
sapphire template. The MOW growth parameters were similar
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FIG. 1. {a)-dy SEM images of inermediae fabrication seps. (a) Fched
nanapiller. (b} Side wall coated with spin-mn glass. (¢} Nanopyramids grown
onnanopillars {d) Plene view of nanopyramid LET.

except that the barrier and wel growth temperature weres
raised to 820°C and 730°C, mspectively.

The emission properties of the fabncated [10-11) and
(000 ] MOW samples were investigated by PL measure-
ment. The samples wen optically excited by a Timsapphire
pulse laser at wavelength of 400 nm focused down to a spot
diameter of approximately 50 pm on the sample. The repeti-
tion rate was 76 MHz, and the pulse width was 0.2 ns. The
measured PL peak wavelength versus excitation power den-
sity is shown in Fig. 2(a). The [0001) MQW sample had a
blueshift of 45 nm when the pump intensity was increassd
from 1 Wiem® to 25 k¥W/em® In contrast, the [10-11)
MOW sample had a blueshift of only 10 nm within the same
pump intensity range. The hlueshift was due to the screening
of IEF by the excited camiers and the filling of localized
potential fluctuations induced by inhomogeneous In distribo-
ton in MO)Ws, The observed smaller blueshift of [10-11)
MOWs is consistent with previous eports,'>™ The carrier
life tme was measursd by a time mesolved PL (TREPL) svs-
tem (PicoHarp 3000 at low temperture (LT) 15 K and room
tempemture (ET). The measured TRPL signals are shown in
Figs. 3(a) and 3(h). The [10-11} sample exhibits a much
shorter decay time constant than the [0001] sample does.
The stretched exponential fits, exp(—(t/ r]'ﬂ]. to the [10-11)
sample at LT and RT are shown in Fig. 3(a). It gives a decay
time constant T of 0,16 and (.11 ns and a dispemsive compo-
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FIG. 2. (Color online) FL. pek wavelength verss pump power demsity of
FI0-11) aned {0001 | MOW=.
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nent fof 0.71 and (.97, espectively. The stretched exponen-
tial decay is often encountersd in a disordered system. The
dispersion component 15 a consequence of a distribution of
decay time constants, This could be caused by the localized
potentials formed by the mhomogencous In distribution in
MOWs, The increase of f value toward unity at RT indicates
that the localized potentals are shallow potentials. The car-
ners can be excited from the localized states to extended
states by thermmal energy, leading to a narmwer decay tme
constant distribution. Due to the limit of the repetition rate of
pulse laser, the recorded transient PL intensity of the {0001 )
sample does not fully decay within one excitation period.
This prohibits a direct curve fitting to obtain decay time con-
stant. However, from the slow decay waveform as shown in
Fig. 3(b), the decay tme constant &t LT and BT can be esti-
mated around tens of ns and a few ns, mepectively. The sub-
ns life tme of {10-11) MQWs and tens of ns life time of
[0001) MOWs at LT are consistent with previous reported
values,"” Non-radiative recombination is nomally inactive
at low enough temperature. The measured LT life tme is,
therefore, assumed to be due to radiative recombination. The
shorter life tme of [10-11) MQWs is again attnbuted to the
lorwer TEF, which msults in better electron-hole wave func-
tion overlap and hi gher radiative recombination probability.
At RT, the non-radiative recombination is normally not neg-
ligible, which causes the PL life tme to become shorter and
degmades the KJE.

We mensured the 10QEs of these two samples. The QE
wis obtmined by normalizing the mtegrated PL intensity at
mom temperature by the value at 15 K. The pump power was
set at the level where the integrated PL intensity is at maxi-
mum at 15 K. The measured I1QE of [10-11) and [0001)
MOWs was 56 and 28%. respectively. It is wort to note
that the IQE of [10-11) sample is enhanced only by 795,
which is n large disparity to the nearly two onder of magmni-
tde decrease in mdiative lifetime, as compared with the
(0001} sample. This discrepacy implies that the non-
rdiative recombination rate is also much faser for [10-11)
sample, The much shorter 1, of [10-11] sample could be
attributed to the less localized potental fuctuations, as com-
pared with {0001 ) sample. Previous experimental results sug-
gest that the lolized potential dee to inhomogensous In
distribution may suppress the capture of carners by non-
radiative centers. " The reduced localized potential fuctua-
tions of {10-11) MW, therefore, increase the carner capture
probability by non-radiative centers and give shorter T,,,.
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FIG. 3. {Color anline) TRPL decay curves aof @) {10=11] and (b} {0001 |
MW a2t 15 K and RT. The solid lines are the fitted stretched exponentia
decay curves.
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FIG. 4. (a) SEM plane view of mnanopyramid LED. (hj-{dy Specmrally
resal ved CL images at 500, 540, and 560 mm.

The spatial dependent emission property of nanopyra-
mids was investigated by the spectrally resolved cathodolu-
minescent (CL) measurement. A plane view scanning
electron microscope (SEM) image was fisst taken, as shown
in Fig. 4a). The spectrally resolved CL images were then
scammed at 500, 540, and 560 nm, as shown in Fig. 4(b—4(d).
The emission pattemn basically follows the pyramid height
contour, as can be seen by comparing the bright contours in
Fig. 4(b)—4(d} to the pyramid shape in SEM image Fig. 4(a).
The contours move toward the tp negion of nanopyramids as
wavelength increases. It indicates that the MOW emission
redshifts from the bottom to top megion of nanopymmids,
This may be due to the increase of In incorporation and 1EF
in M)Ws as the region moves up the nanopyramid facets.
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FIG. 5. {Color online) (2) Microsoope image of elecrically driven nanogyr
amid green LED. (b)) LeI-V curves of memopyramid LED. (c) FL specium
versusinjection current. Inset i e low current PL spectra.
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The [10-11) MOQW substrate was fabricated into a
300 perm < 300 pm LED chip using standard LED fabrication
steps. The microscope image of the electrically doven LED
exhibits a bluish gresn emission as shown in Fig. 5(a). The
dark regions are the p- and n-metal contacts. The light-
current-voltage (L-1-V) curves of the fabricated nanopyramid
LED chip are shown in Fig. 5(b). The L-I curve shows a
slow tum on of light. When the cument 1s at 5 mA, the steep
increase of voltage starts to level off at 23 ¥, while light
output is stll negligible. This is probably due to some
growth defects and process imperfection that provide shunt
paths to the current. The coalescent boundaries among nano-
pymamids could be one of the possible causes. After turn on,
the driving voltage increases substantially from 3 WV w0 7 V
a8 current increases up to A0 mA. This high voltage is prob-
ably due to a high contact resistance between ITO and the
non-planar surface of nanopyramid arrays. Process optimiza-
tion is mequired for a further improvement. The electolumi-
nescent (EL) spectrum versus injection current is shown in
Fig. S(c). At low injection current, emission peak starts at
625 nm and blueshifts as current increases (inset of Fig.
5(c)). The emussion peak 15 stabilized around 495 nm above
50 mA, as depicted by the dotted line. The spectrum has a
broad linewidth of ~57 nm and a long tail extended bevond
600 nm. There are small Fabry-Perot ascillation npples with
~8£.25 nm spacing. It comesponds to a cavity length of ~6
um, which is close to the total GaN thickness. The ripple 15
probably due to the reflection between pyramid facets, acting
like the effect of a corner cube, and the sapphire/GaN inter-
face. From the CL measurement, the initial long wavelength
emission is likely from the apex mgion of MQWs, which is
turned on first because the potential is lower. As the current
increases, the injected camiers overflow to the lower portion
of MOQWs, The emission thus shifts to 495 nm and becomes
the dominant peak because of the much larger MOW area,

In summary, we have demonstrated an electrically
driven nanopyramid LED. The LED was fabricated from a
patterned nanopillar etch, pillar side wall passivation, and
MOCVD regrowth, MOWs wen: grown on the semipolar
facets of the nanopymmids, The semipolar MQ)Ws were
shown to have less carrier density dependent wavelength
shift and higher IQE as compared with a c-plane sample with
similar emission wavelength, This demonstration shows a
promising potential for developing high In compasition
LEDs by using semipolar MOQWs grown on nanopyramids,
which can be fabricated from readily available c-plane sap-
phire substrates,
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