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Enhancement the Performance of AlGalnP Light-Emitting Diodes

Student : Yi-Hong Chen Advisor : Prof. YewChung Sermon Wu

Department of Material Science and Engineering

National Chiao-Tung University

ABSTRACT

In this thesis, the AlGalnP epi layer was successfully transferred
from GaAs to diamond substrate by. wafer bonding technology at first.
Then the light-extraction efficiency-was.also increased by metal mirror
reflector.

The results of the experiments'showed that the saturation current
of diamond-light emitting diodeS'(LEDs) was increased. Therefore, the
issue of joule-heat effect was solved by using diamond substrates
because of the better heat conduction diamond substrates have. This
allows the diamond-substrate LED with mirror system to operate a
current up to 350 mA and a peak luminous intensity of 1849 mcd.

The improvement of the light-extraction efficiency was due to the
surface roughening and metal reflector. As the light driven by
multi-quantum well passed through the boundary of air and LED, the
rougher surface can decreased the probability of the total reflection.
Therefore, the light-extraction efficiency was improved.

A structure with p-roughed AlGalnP LED on GaAs substrate was



fabricated by wet etching. The luminous intensity of LED was
enhanced 57.4% at an injection current of 20 mA after wet etching 1
minute.

A structure with p-roughed AlGalnP LED on silicon substrate was
fabricated by wet etching, mirror system and wafer-bonding. The
luminous intensity of LED with 3um wet etching pattern was enhanced
53.5% at an injection current of 20 mA. Moreover, the forward voltage
was decreased slightly because the augmentation of contact area.

A structure with double-roughed AlGalnP LED on silicon substrate
was fabricated by wet etching, mirror system, wafer-bonding and ICP
dry etching. The luminous intensity was decreased after ICP dry etching.
We do not know the reason exactly right-now. Moreover, the forward
voltage was increased because.the debasement of current spreading and

damage to the epi layer.
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4 & 57‘)'?“)?.1 TAT 3P & o - a0 - Bk a7
ARG R TS A G R R

BEHR RS RS B ARRD FRS LT R £

4

i ih 2aiH=2h £ 2@ | HFSERE t (l.e. "h«K
t) A AN LA BEEFHFR (e > 2t <R)> 7 A% T 5

B kst kA E R [10011]:

3Ty (Bq 2.1)
E'=E/1-v*)

R:AZéE&EwERH tel S RER E: 4 < fic

Y e Fl& e o A N h: 7 s L e
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#Hr(00)w A T oy =0.29 A% 4t B4 K5 525 um

2120 iR ) A/T”‘.:(‘Jlﬂm‘kfj‘éﬁ)i—;“y\ﬁ%g

#FXE0.0 cmeAEL TE > Aol 2-1 - F 0 A F RS YR

TP L-paF - 25 AT EBYEF BPDFERR S

R EALEART et o

For 4-in. Silicon

2.5 mm unbonded area

l’fl 2—1 BBB "71145(’1 iR ‘J"ﬁi‘@ /7 ™ rﬁ?‘,-’g‘[Q]

3. BIaFFari

Bl FlEREPF CMEFREROLFAERS BT R AL G

PR T AR A A2 KRR ETERE NP e 3 ERS
BN ERE RS AR EFEAMN S FEF L g A
BEPBRMG A 22 T RS drbde 4 ] 2 AR SRR RS

b D P o

4 £ AR R et LGRS S LR R R A

p)
[E:]
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P Fp kB A A £ R he D B AR R Y nt B G

=
A\

fERg 0 Bl 2-2 frrehd R 5 Z0 Lo LiauqfeD. E. Mull &

1990 &% 3PS ML B S L% 7 58 L HFEWIES b oK

+\4

d e A RPN FRen- N L PR AATAT &0 d N E R DR
Wk Gl (0.5x10°/°C) [ * 7 & (9x10°/°C)» ** E ateBis 7 &
AR RS T AR B O] o T R E LR S R &
WP A2 PRS-

FIV IS e b A R PR AL OB e B TR e @ A
B E R iR & A D R SR R ik e 4] 2-3(A)
B 2-3(B) - 2 & & 1L 5 =R ATE S > 4 B E 4 (o>
5.27x10° /°C) & K eB 55 %o ~ 12 7 44 (Stainless Steel » 16x10”°
/7°C) AR S B 2 RS g MR R e 2 F #ER Gk
F o R AT B S AR 4 o Tt 2 3R R PR 4R IR Sk € P 7
G irF B R A EH SR AL RS ¥ 2B RE
ApEe rgd FEROEAREE A EHBRELFIENIHI IEFA

SR
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GEAPHITE FLLUG

- WAFER 1

WAFER 2

~ GRAFHITE SHIM

TARTY CONTAIMER <
A GRAFHITE COMTAIMER

®2-2Z. L. LiaudeD. E. Mull * 7 & e % ¥ ok 3= ch& £ [9]

Mo nut %

Stainless steel plate

Graphite spacer

Wafer pairs

Mo rod

W2-3(A) #¥5% 2 x24T AE
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Bl 2-3(B) # 9% &+ A ERL&FAM

4, #FEF R OPHE

RN S A e = AR SR G g S G E S e e
WA GHCTH oo dr bk B A ER TR BRI EOPE Gl L B gl ip
;jt}l;gigf«'oaj“m_?iﬁg PEAEmEAR F P FRE e L AHF
BE- BEL R o R EDERY BER G AR KR §
Fldg s €ATA e B3 BB DBBH LR TR 6 e &5 7
% F ot e REART T A o

FOBARMERERE AR EUENIRE - & T Bk Gk
A RERAEEMPEY AL RS H o § Y HRERS B R
S5 R SRR B B AR R A E

AARA S FPFHR LA AT TR e B AR R G -
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B2 S R T R AR BT B LB 2§ R

FE AL R AE- BRRRER 0 BS HAL IR § A

F LT RA B R RS REEE SRS 0 AR

BEZ - BERHA RN NP3 5 - BELERLLEN

Rd
(%
I
=t
=

Bl o P RFOEUIEGERLEARL  PIARE "F MV EFOER

A

S st AL e

2.2 TTI-V*%Z k- BHEITE

$HU T AT AL R BT = % L3 Bed > 60 &
R A L (Ge)frr (SAe A IV AR R TS g £w o 2 d 20
A ¥ il ] (Ge : 0.67eV 5 Sit1.12eV) o i 4 denk o ool
Fo ARG E R LK LED bRl o g vh ok R g ki
FIEd R I T AF BRNELE > AoB 2-4 0 Apgracdidp gt
L R ek o @ ARET A e A T 0 R AEE i F
ERABEHPEDTE I IrRFRLEF RO I T EREAETE
[12]c % B2L8 o MH A R R ETT ad R @A > Flot > AH W

Y > % T & 5 B (phonon) & i EHA A B A X T ES o
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Bk Ry

B 2-4-% % = 46f82 B L R
it IV % > [11-V2&4g 8438 % < InSb ~ InAs ~ GaSb ~ InP -

GaAso B2 /R P st M4t B 5 B 4ac I > e 43w A ka3 o M v AL

#1140 GaP 3 ke FA(2.26eV) > T ALk e e R R o B
KAeR A F o g 2SIV %4 6 e 5 o0 1

VO k s e

CES R D A g B R g

w0 WA [[-V % ~
Lo % & £(alloy){ = 5 BF LD 22— o J5d T11-V
A% 2 B LAz 2 (AlGaAs) ~ = < (AlGalnP) it & #- e B

heg kSR FETLEDe B 2-5° 2 7 B A palE
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60 AN
50
2.5 40 F 4
GaN
3.0
a0k InN
s 2 10} ]
% DO 1 1 1 1
k] 28 30 32 34 386
ot Lattice Constant{A)
S 1.5F 4
m t AISb
&
2
w 1F
GasSb
0.5
nAs
g.2 5j4 5?8 5.'8 é 6j2 Gfd 516
Lattice Constant(A)
B 2-5 TII-V =44 = 5 S ic B 22 5% 5 % #c[11]
gorto B IV Rt § 5B » i Il B L5 1

4% (GaN) » GaN =i M~ % 3. heVosrlaN"= 1.89eV ~ AIN 7 6. 28eV »

|

ARG L A XA A & dept i T M4 B & 2. 0eV fr 6. 3eV 2

FiEsgi o Bt P EWEF K R R N kR e kg

2.3 EHAFEEPET Y
2.3.1 £ 4 (Metal substrate)
FlGaAs st ) 5 1.43eV & v Lkdm 5 5 - kA o 5

7 E:’: GaAs v =k el &7 > % & & 4 R-LED ,ﬁ; fp 3% & ehPLiF B S P
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GaP £ [2][13]» d 23 27 NI 7 R O kPR 3 o (& F| A *
fp ¥ ¥ #ic(lattice constant)F 3. 6%en7 T el K3t A £ ahld f
AL S A E o B4k S hGaP fo AlGalnP & B endy 7 e il 33
W5 i” Bimg 33— s PRIEE[14] - GaAs A € Sjoiir-
Lk dei BALSCh R F bt k0 R R - 2T B 0w L
LED ¥ GaAs Z 42 B i¢ * DBR i keed » 2 F]X '3 DBR B4 7

TS B o~ Bk A i F ook B (8 LED 3k R R 2 s 4 AP

BRT AR L R LB R £
BF sy FipE £ 8 -[1510—“?5}%5’1’1;%\3‘};%\/}%\
Tk ¥ LT RGN R A OB G R AR Y DA S

4 F bpche Au s Ag ~ AL E o

2.3.2 5P KT

d 2 R TR R R EEE S R R TR P R
et i 2R DI E AL T B P R A B eT LA FRP
B M PR gk e o 2NN A L E F e R T
FF ARG 3 (910" en’) Btk TR b TR

TP &g kg (optical selectivity) o 3 € & b4z ¢ 5k
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2 4170 ~ 120...) -

2.4 k- w2 P kinF
B AR E-T A s kA 5 F Lk F N4 ek kesk
AoAgETd R o dp A B 400 BRFE o B A e T R

<,

SR EFEERANERE A ST W R

Tis
\\—

b
a_.
4y

[

=
AR B kS R IR i B A e ok

mr
(<l
Ik

0% L M Bg h X oo #4385 5 doping N 312 P 3] 2 Hag e
PH F e Bo BEMeA Y- Bpnke ApnEeKE- B
g i R ?;f;?‘.-} ETIRL ﬁi‘g’ét s B IE e (B R &§“4 ERPNE= X1
5 ] > ¥ gt § ARen s Bt & (excess minority carries)#Aci

B & 5B FAFE 0 B H B p 3 b (spontaneous emission) e

Bl 2-6 &+ chp 3 btz 13]
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RS IERIRE Sl SR RS SUARE R L - Seg ]
F4 vk o BB GNAeT ArR
hv=Eg
P RS 3 (SR TR L R =T o5 S T
AN A e h P o R SHAE & at S b g B R S

bl g E AN R S AT ARG DR P LA L

S £ (v BEE S ARG BR c RBESHS X - BT
FRTRTE RS I TR NI SN IR SR S SR

PFRTAF & K i R o G Bk R R B

L H A AP FIT diA s B R g ka0 b et S &

Bk - B R T CEA EF R Y F i e
shffiem # > 112 doping A% fr doping 7z £ 7% F > EA g
T A B o

# LED 2. p #%2% & (internal efficiency)#? ¢t %32 % (external

2

bipy ~ehAfEe & LED ¢ o

Ik

+ QD

<

efficiency)# o B2
B Q0% N+ e B ARt SRk LA R F 10-20% ¢ 7 e

3R g3 LED 2 #h3onddept 2 MR F1Ed St S £ g ch



RF oo NG UL LR T LE R MR 2 LMY N § 2
oo B ERY 2475 F o5 3.0 AT Bk E o R HE
SrE R G O16° Fltp st g 4 =(1/4n)xd P A 9 F 2%
4%ﬁ?uﬂ%’ﬁaﬂﬁﬁx%f g ARAFE T T2 T R o

LIE: S VIR & R s L EER N B B N

ETINS

]
A b2 B2 2w o R CRSRT g SR AR o

Ak Mk b g on BB EM

\m%
W4
_\‘\
R
=N
{ﬂ

\
W
o
,dn
—%
|
4y
It
[

Aredek i B - XEBEPFIRFELE R AR FET A EL ST

PR R LT D b R g sk T bk ko B

=1

&
)
|

HUBALY § AL F R SO LR S SRR )

o Fla KA AT moR A S T

REFL-BUADFARFASTEEA S o g B 2 F {2
FHLZEfem F o Flpt > 3 3F F 0 7 BFRA SR F L w0

FRAREHSF oA Y

@

T
et
=3

TERIE T o RIL AT T B IR
ARPMAET - P o B KB D2 (Light-extraction
efficiency) % &> £ 2 #2cg (Joule-heat effect) 1T & w|#t

B B AERD -
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1. # 3 &P d»2xc% (Light-extraction efficiency)

Lk - R endg B3 ks (Radiant efficiency » 7nr)
A AAL S P s (Wall-Plug efficiency » 7w) n—g’oﬁﬂ A1 7
L R RN 3 e

Nw — Next X TNv

y

& 3L

2

7] ext : ‘él' %K

i
4
S
=3
i
"
ﬁ
da

4

@ b IRE F s ¥ (External quantum efficiency) #iE i+ o)
plwd TamaNmis (17):

7N ext = 7] inj X 7} rad X 7] opt

Nt wooni » ¥ (Injection |efficiency )

Nt P3FREF22F (Internal quantum efficiency or Radiative

efficiency)
Non : EBJ2c% (Optical efficiency or Light-extraction efficiency)
D BB R AR ERTINN G LEDS G E RS LHERF
R E o B F A 4k (Current Spreading layer) B3 X. A
Cao %+ [18) % % 4 J. Song (19]) ehF 5 » &t 7 tde it 7w

Bt cht ) 3 & 2 B &R T kAR LIRS B R T

d BHEE AL R o kg A A R b R IR o
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EAEN K S RIETEME AT LT RRS S FE L

e ks REHREI N YT RS S G

(1) @ %25 (Geometrically deformed) :
B OEABITHF AL EMHHE (=2.5) TI2F7¢ (i

=1) > 73 afEh & (Critical Angle) p 2 k7 % 24k

T

Lo B v ek P e R SFR A e o Schad % 4 (20) ¥ 5T

st

3

3% 3 A %4 Sapphire (ns»=1.785) £ SiC (nsie=2.7)
AP v A T kB IR R 2-T BFRE T =
64° pF > kBT xS HiAedh § 0 Lol 2-8 o 4] 2-9 H1F 0 e B

Seen™ A R Rl H KB BIT TS B L (1) R B § AL 647

R kB e 50 (1) (D)hT i o 2 {3 0 kb1 4%

A GaN 3 % = e A s (ATON) @ kxdizedd 25%3H

fe X 52% e

(2) % & i (Flip—chip technology) :
BT Lk RS N a0 4o 2-10 0 @ F

Ak ke A B D FERBedigk kb oo @ FE DAL
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% (Current Spreading Layer) % &+ 5 s kfilm & &
Ak erg sk g - VAR H T > @ A KSR ST R o
L BIECEE & SRR o P SR R

FERRRE 0 AR 2-11 . J. Wierer & & (21 ] U * ptjx @ ¢t

IME FATFAPFT B RF L -4 1.6 B de 4ol 2-120

(3) % & FkBH (Surface texturing) :

IR EJEY LG AR KR 2 F S L o 1Y s
kbt LT ien B F mR o ks B 4eB) 2-13(22 0 %1993
# & [ Schnitzer EAGF AP phqds 5 SR e S
sedod Q%3 B 1 30% ovm C. Huh 2.F. Fujii (23) & A% Ji#
PN ek B o i engf ek s 4o @] 2-14
(4) * #+4em (Reflective mirror) °

Flo kg ko jRM TR Y R it g (GaAs) A 57 E P
ek 3k L %ﬁf\z’ # & &tk (Distributed Bragg
Reflector :DBR) (24 )> 4-®B 2-15 2 B F 5 ch & (25 ) (4t
Ag~Pt~ALl) @ - 1888 I ek 2 4k e > 4oB) 2-16 0 @ {3 E
kg kS AR Rk A PR R FI 4 S g A R RS

e A ESE IR ERPETAF Y > REgL T - B
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27 %\r 5 y 2 A
Efm enfEsa o

W 2-7 A fecgask LED = & ® (ATON) [20

contact

o—+t—— GaN layear

substrate

extraction efficiency (%)

T T T

-=e-e SiC based LEDwig;ATm

T T T T T T

=10° 0 10° 20° 30" 40° 50° 60° 70° 80° 90°100°

sidewall angle ©

® 2-8 + # SiC 2 Sapphire A+ * ATON B2 %3~

2 B 2 B1[20]
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B 2-9 ATON-Chip ek B~ 1B i85+ & W [20]

P-Contact Transparent Contact Layer

Package

b

B 2-10 @ sieg & - il ET 2 H[21]
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il

\ /

- l.s M|
' e ;:r.‘.i:'r MOQW

Submount |

W 2-11 B % 3048 6 A L W[21]

12
g High-Flux AlGalnN LEDs

5 104 350mA pulsed, 10% DF

E ) 300K

E 08+

E

g 06 +

[

E

E 04 +

T A Power FCLED

£ 02 T | Top-Emitting Power LED

E 00 : : t t t : t

Z 450 460 470 480 490 500 510 520 530

Peak Wavelength (nm)
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(a) photon

T afir (n=1)
T / \ p-GaN (n=2.5)
InGaN/GaN MQW

(b)

/ [
T

B 2-13 % b % % ek R chv 5% k(T E[22]

0.40 —e— conventional LED chip 0.40
r == LEI} chip with a roughened surface 1
035 - T F 4 0,35
0.30 - - 0L30
; 025 4025
E ﬂJﬂ:‘ = 0.20
P 015F 10,15
010 4 0.10
005 - 4 005
0,00 4 000

W 2-14 Brgg4 e gk enLED 4 % &.(a) Sapphire ¥=(b)

Transparent metal layer & ¥ iplerogd k# F £ R [23]
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Top view Side view

__—Top ohmic contact

‘ .
Top ohmic contact| | _n-AllnP window (2 um]
Activelconfinemant region
. —0-GaP window

fﬂuEn contacts
mht—— | (-0 [ayer

| Conductive holder ‘Ag metalization

n-AlinP layer

W 2-15 DBR 3]# % = &%+ & W[24]

\\ . /[/
\V\/\/

Absorption Sub.

Bl 2-16 1% 4£6 F 54/ B b % pen & R4 w0z f2[25]

2. U #EstR (Joule-heat effect)
LR LA s REF K WAL RS DR T
PAFEFRMT G AN B ED T T E > oR

2_17[30] _d %éié%ﬁm%#‘\:%t—x m]—’{ [27]""%._[1:1}?

;l[_-:]:j‘r ;';)\: o
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AEB AR >R H Horng % 4 (28-29) %2 S. J. Wang

FABDA* 3 FRAEFTEAFLIREFE ook 2-10 f2 8

o F s E (Al~Pt~Ag) de* » R B~ 2h
< g e oo

2

Horng % A & ¢ * % 484F 2 Ag mirror 1= ;2 (B 2-18) 4 #% =

B osr 3 5 27 L R0 @ A2 A 20mA Spd T 0 B kiR R T

P ’ 2 ; R 57 ) Fé 4 -!—t
[l S ainies VH LT I80mA B BT FTF A
>4 £ »
LABS Iy = (F 2-19)
Wr—"—— "~
n, *Blue & white 640 @  AlnGaP red LED ,
O Lepeen
« 1201 N /u/
= - c 636+
g oo e <
2 T, 1 ent
Ej \‘\\ /ﬁ/"
8o} ~ i
g “ 628
] . |
1 1 S i 624 L i L i 1
~si) 0 ) 00 150 0 40 60 80 100 120
Junition mperature /T Junetion temperature/C
) GaN blue LED
100000 - 478+
< 800007 )
" 60000 "_-i 4714
&
2 a0000- \\ = &
472+ > . /
20000 \\‘\ a0t
1 ! ! L 1 408 1 ! 1 i 1
0 20 40 60 80 100 120 20 40 60 80 100 120 140

Jurction temperature/ C

Junetion temperature/C

B 2-17 = & $44foif B chbk 15 [26]
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Thermal Conductivity (W/m-K)

Sapphire 39
Copper 401
Aluminum 247
Silicon 141
Nickel 90
GaAs 44
SiC 490
Diamond 1000-2000

3 2-1 RRH SRS k-
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208 1»m

®] 2-18 E.P. Cu/AQ/LED %11 SEM #4 W [29]

L=

14 |

12

=k
=]
T

Output Power (mW)
o

]
4
2
0
0 50 100 150 200
Current (ma)

] 2-19 Electroplating Cu sub.£ Sapphire sub. &k % & = &% ¢ L-|

w[29]
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2. R

3.1 % Ad #1467 A4 LEDs 16

BALREET AFALFA PR AH R Y g B
(Ti ~Ni~Cr~1ITO)# * e-gun 4&'f et A4+ » £ & * £
(Blue-tape)#| &g » PlsRrH 2L%F 4 BB R o

hARF R 4 B & £ (bonding metal)In(2um) » ZX 84 *
MOCVD(Metal-Organic Chemical Vapor Deposition) fx GaAs i 45 i&
7 AlGalnP # & % = 2 1 > *t p-AlGalnP #t# ITO 3100A - & ITO *

Ak F steee & Ni/Ag(15/2000A)[32]

-

pER R OB R A £ =620nm
7 108. T%2 & 55 (B 3-1 ~3-2) » £ o fmyhicresh & Ti/Pt
(300/5004) > F1* In % 220°C 2hr i& i fa [l & o 4B 5 & F4& &
2 ARBEK % (B 3-3)-4& & fs 1 * 50°C NHOH: H0:=1:10 7% 7% #- GaAs
AIE “f » £ & * HCl:HsPOu=1:2 7% ;% % InGaP (Etching stop layer)
# % > i n-AlGalnP B k2 & Mesa 217 ICP 32384 %> &2 & Pad
% % > T n-pad & p-pad & T =% LED 22 = 2 o 4oR 3-4 &2 R

3-0° B g BT RIEE K F R OT R B I 247 o
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115

110
105
S 100+ \
2 .
= 954 ]
k3] 'y
ko] -
@ 90 -
-l
85 .
- |—m— Glass/ITO/Ni/Ag]
.I
80
T T T T T T T T T T T
400 450 500 550 600 650 700
Wavelength (nm)
B 3-1Ni-Ag & & 5k 2 & 5% [32]
800000
L —u—Ag
700000  =® —e—1n
[ s 0
600000 - | U/"\/\umm —v—Ni
L gy . n
500000 | "™ . ,-./'l..ll"l'\ ./ =
< il n \
.,9" I | ]
« 400000 + \
o L
O n
= 300000 - \ »
[4y] [ ] [ ]
o - o s
< 200000 a
I \ [ T
100000 | oulant
L /./vv\ n
OF — T 'v"'\i
1 N 1 N 1 N 1 N 1 N 1 N 1 N
0 200 400 600 800 1000 1200 1400

Etch Time (sec)

W 3-2 Ni-Ag &5 F 5 & Auger %774~ 17[32]
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Mo rod

Wafer pairs

Mo nut

Stainless steel plate

Graphite spacer

Heating apparatus

Thermal expansion coefficient :
Mo : 5.27x10° /T
Steel - 16x10° /C
Graphite : 9x10°/C

Argon

Air pressure gauge

J:E:t_ — \acuum
Thermocouple

/

/

Stainless steel tube

stainless steel plate

W3-3 *FRETR* SRHELPMKRA
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220°C/2hr

Remove GaAs
And InGaP

p-pad and n-pad

—
‘ Mesa cichel, anc
|ii ‘ | Eleetfrode deposmon

AN
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Bonding

220°C/2hr

~Dinond ub.

Remove GaAs
p-pad and n-pad And InGaP

‘ -
Mesa—et ed and i
E]ectrodé 'déposmqn %

W 3-5 &gﬁz-iﬁi LEDﬁlnrm
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3.2 #&it £ @ 2. AlGalnP LEDs % i*

3.2.1 P-side #2 i* 2. GaAs s AlGalnP LEDs % i*

#Aipaeig w LED 2 & 175k B4 (Surface texturing) fF2
FOU G osnende BB M [22][23] AR &Y AE H R
Zlen= Nqe it G0 I A R TR o

F S A2(H 3-6)L & LED F A ITO» ARis % wkre » 5 %
MR s AR % 245 LED £ 9 > 2 {244 p-pad f-
n-pad * £ @ * Dicing saw ficgg =~ i 2% ¥ = = [ED 2 @ 1% « &

537 AR k8 e R g 2 2 47 -
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Wet etching ITO
& LED

Electrode deposition
and sawing chips

p-pad

® 3-6 P-side #ei 2 GaAs £ 4 AlGalnP LEDs @ iz/x 42
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3.2.2 P-side #2 i+ 2. Si 74 AlGalnP LEDs % i®

d 3% GaAs A 4F € ST B - L ek s 4700 L #-AlGalnP LED
Z o (v B4 (Surface texturing) RJZ2 {6 > #-F J #4551
Si g4} o BT 4o » Lo & B & Ni/Ag/Ni(20/2000/204)
[32] > it & 620nm 7 108. 9%k &+ (B 3-7) - BiF4& & B
NI g2 =¢g2=NO0EZPHNIO(R 3-8 > H4&eFHEFmr Ni
2T OB Ag B BE S F S T 6 o

F o AL(H 3-9)- B4R G LED £ o B2 I RA L]0 2R 1S
AAE ITO frdim & B4k Ni/Ag/Ni(20/2000/204) - B 5 #F5credp
Ti/Pt(300/5004) - # Si FAF Btz Ti(3004) > B fe gt & &
4 % (Bonding metal ) In(2um)> X7 2220°C:e 7 L Fl¥ & 2 /] pFo
#ZE s * 50 CNHOH : H0=1 : 10 7% /% #- GaAs % # oR R
HC1:HsPOs=1:2 % /% #- InGaP (Etching stop layer)# ",f o 2_ 18k
# p-pad frn-pad > £ & * Dicing saw i ~ i+ L *» ¥ = & LED

28T B REAFTHEXEFE PR RE SR ST o
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130

125

120

115

110

105

100

95

Reflictivity(%)

90
85

80

75

-‘".‘..... [ = Glass/ITO/Ni/Ag/NI] 1

- 108.9% at 620 nm

400

T T T T T T T T T T T
450 500 550 600 650 700

Wavelength(nm)

B 3-7 Ni-Ag-Nis# o 58 & 2 & 5% [32]

800000

700000
600000
500000

Area (CPS*eV)

100000

400000
300000

200000

0

—n—Ag
—e—|n
O
—v—Ni
b ,l..\ L
N o EEy
.l \
/l | |
; |
y ® L)
\ "0 0%
¢ . /%
o ®
/ \ \. // )
v .'
v °
/ \'\v J
vITevva
W.V.VJ'"JL!W: &
1 N 1 N 1 N 1 N 1

L | L | L
0 200 400 600 800 1000 1200 1400
Etch Time (sec)

W 3-8 Ni-Ag-Ni & & & 84k Auger %% 4 47[32]
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P-side rough
(wet etching)

BondingI

220°C/2hr

l Remove GaAs

p-pad and n-pad And InGaP

= e |
B 3-9 P-side 4=f* 2. Si“F# AlGalnP LEDs # f¥jr4e
"; ; . A 3596 y ;:::;'.-
..'::.- g} o e,
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3.2.3 #& 4ot 2 Si £+ AlGalnP LEDs #l ¥

P oAz (B 3-10)%g 02 3. 2.2 enfl 17 v £ LED & & & & #
Pl At 0 ¥ 4en-sidede it o @ % hE_ICP iz %] » # %
B chfe v a3 B 4 p-side g2 1t eh LED it 3 { 4 ek Bk
Fonugr{FhkaR o AR AT AL RAFTHE RE LS

BRI R AT

P-side rough
(wet etching 1 min) aplle, l l l l

Remove GaAs & InGaP
p_pad and n_pad N-side rough (ICP)

* Electrode deposition
‘iii‘ and sawing chips

B 3-10 & 4= 2 Si &+~ AlGalnP LEDs @ i¥iv4%
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o~ BEEHW

4.1 # 247 A LEDs
4.1.1 457 A1 B 2EF A ipl3#

HAERERY ¥ L & & RBTRPIRE T K A E
to awlié * 7 Ti(300A) ~ Ni(2000A) ~ Cr(300A) ~ ITO(30004) %
Rl e d Bl 4-1 2 B 4-4 7 g g d ER 43R (Blue-tape
test)is o Ti feNi B % 244487 4 5 o @ Crfe 110 Bl¥ w2
WERRED LG E R R 3EIR % > B _SEM B 4-5(A) % B 4-6(B)F
7 kAR = Cr & TTOeP 7 e B 3k v endp 5 48 B0 g
i fe chat i o Pt 2 (S E R R BLERR T Cr fr 1T0 1% 5 407 et

¥ -
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W 4-1 Ti/Diamond ¥ %% ip|:&

W 4-2 Ni/Diamond %% ip|:&
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W 4-3 Cr/Diamond %% ip|:&

B 4-4 ITO/Diamond %% ip)iF
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Diamond

et HY mag tilt WD |dwell| curr > 1111 —

TLD|5.00 kV | 15007 x| 52 °|3.8 mm|3ps |98pA] |
~ [

B 4-5( M & +r-1
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EM 4 +7-1
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4.1.2 ¥ A 2 4% F 4 LEDs ~ 2
~eflitgd HFHEEfrd f Gals AF L R H# 2 E
So B MMM G R A A F R v @ [TORF R ang ?
ok 2g o BHILFIZRE EHICITO 45 g & nF &
R FI AR ERR DB ATER TS EHEY Cr Z3F K o
LED ~ it %k iT3t# o Bl 4-7 ~ B 4-8 % Si £+ £ Diamond £ 4 LED

AREERASORY o BlY TR N A E e A Si AR S0
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F Y
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4.1.3 # A ir v 47 47 LEDs ~ 2 T 128 7

d TR-TRE(H 4-9)7 % R ALGalnP LED % & & 7 L9 #
IR A S AT A 0 W R B AR R e &R =20mA
S i A AR fr g AR hsRd TR A B 5 2,202V 40 2,199V > &
WA FE0.003Ve #r B~ Bl 1T b A TP R & EART
AR EHAREL RS ARA TR g PP

.]V_}_o

3.4
324 Chip size: 300X300 #m”
3.0—-
28-

2.6

Vi (V)

2.4

2.2 ".'.-
2.0 m  Sj substrate

. .- ® Diamond substrate
1.8

1.6 T . T . T . T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Current (A)

W 4-9 # 2407 B TR-T iR
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4.1.4 ® A B 467 fAir LEDs ~ 2 48 k53 & £ 7]

g kR R-TIRRI(R 4-10)7 5 H4PT A LED iz @ ¢
‘J?ﬁ“f‘,gfijé v A LED { % e ks R o R E=20mA T 0 HET A
= LED £2# 4= LED % k3 & 4 % 5 195med ¥¢ 172med > 5% & #& 8
13.4% - @ 2% 7n=350mA ™ - 4FF A4 LED 227 A4+ LED % k5 &
A w5 1849med ¥ 1559med » % & 4% B 18.6% -

¥ohA R AR e hér e In=350mA > B HEE A AR

TR F v RF R FT R AT LSRR TG 10gme FRAT

c\"
T

R R InARD T A AL G PR L AT A X

Pl & e iR 407 A 35 LED &2 &2 2k 17 LED B i 7 350mA i 7 4% fvo
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Intensity (mcd)

2000

1900 -
1800
1700 -
1600
1500 -
1400
1300 -
1200 -
1100
1000
900 -
800 -
700 -
600 -
500 -
400
300 -
200 -
100 4

Chip size: 300X300 #m?
o

m Sj substrate
® Diamond substrate

o

T T
100 200

T T T T T T
300 400 500

Current (mA)

Bl 4-10 # 2467 A B LB R-T il
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4.1.5 # A 2407 4 LEDs ~ & 4 kb & 2 P

B AR AR B AP BB KL % & (Peak
wavelenghth) » A& ® 8 © d > #E @& F % ¥ F #k (lattice
constant) % ~ » #A4Leni F (Energy gap) % /] » & Jienk g £
o B kR EAEAE RS > SBREF LS ZKHS (Red shift) -
fk £ =620nm 7 AlGalnP LED # » =i # dwc gl & = B4 1nm >
~ R R 10.417°C[33]

d Bl 4-11 7 g8 3 T 5n=0mA ¥ 487 2 4% LED & # 24 LED
A k% B W) 5 622, 6nm 420629, 9niiey A A=T. 3nm 0 & R R F
76°C; & 7n=200mA P+ - 4% A4k LED & # A 4+ LED A & 4% @4 %] &
648. Inm f= 651.5nm > A A =3.4nm >.~ = § & "% K 35.4°C; & i
=500mA P - #F7 A4+ LED & # 24 LED &% B4 % 5 657. Onm
e 658.2nm> A A=1.2nm> ~ 2 E & ® 12.5°C (% 4-1) - A A5

o2 i g kR B ARE TR T AT A T BRI T B

SR AR TR o
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665

| P 2
sc0|CHIp size: 300X300 #m
] . = 3§
655 — o
b [ ]
‘S 650 ., " °
E 645—- . ¢
g 640 " ¢
fool e
= 6354 °
§ 630—- f
iy m  Sj substrate
625‘_ . e Diamond substrate
620 +
(l) l(l)O ZCI)O 3CI)O SCI)O
Current (mA)
W4-11 # 24z AFE R LR L2 E-T i8R
FRE ([ #rAFE | AL AT
5 mA 629.9 nm | 622.6 nm | 7.3 nm 76°C
100 mA | 646.4 nm | 639.8 nm | 6.6 nm 68.8°C
200 mA | 651.5 nm | 648.1 nm | 3.4 nm 35.4°C
500 mA | 658.2 nm | 657.0 nm | 1.2 nm 12.5°C

24-1 pELEEEHAEREREME
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Bois 8 B3 407 A 0T 08 @ f % dic(Thermal

conductivity) - #F %5 & 5 10um > # H AR 350um- & %

2-1 7 4e8 & ) k=1410/mK 5 467 k=1000~15000/mK - 3% 467

k=1500 » 77 & 4- Bl 4-12 -

A Xy

AX

I Q
Diamond l Ql
Silicon Qz AX,
|
W 4-12 467 &4 7 L W
AT
= kA——..... a
Q X (a)
AT AX.Q
— k A _AX\Q,
Q=K AX, AT kA
AT AX,Q
=k,A—% AT, =—2%2
Q=K AX, kA
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(b)+(©)

AX, AX
AT = AT, +AT, =Q Ly —2
KA k,A
AT
Q__AXIJI_AX2 ...... (d)
KA Kk,A

360 _ 10 350
k 1500 141
K = 144.64

|

B b e 3 HndEE ATk R F 5 Fvd § (144, 64

vs 141) v igfr 4. 1. 4 shigk 4p # 0 o & fodin £ SO R R e

L i LA N 2 S

£

Bt FREE L ED R keas 1OLED A 2 & F {4 R
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4.2 % & #8212 AlGalnP LEDs
4.2.1 P-side 4 %4 i 2_ GaAs z24% AlGalnP LEDs
RS I AERF ks B ep-Gal & fIr %
RREH[34] 0 & AR E A L@ [35] 0 3T A oG P L)

(W 4-13CA) ~ (B)) » A a3 4e & i kb 2 > 42 B BB~ i o

-~ n-GaN

B 4-13(B) f1* R EHF L4 %3k [35]
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Ao ¥ 2

-~

 AlGalnP LED F i 58 i erd & g # e 2

H B 4% (Wet etching) > # ¥ & AlGalnP LED = &¢ 3 #gineh

EE

BAE R phagis k4% AlGalnP LED & & * > &% ~ 50

CAT0°C T > Al 10 4~ 30 4~ 60 ) o fLdkiB R R Ao T

1.

.C.)—I

HoSO4: H202: H:0=8:1:1

HNOs: H202: H:0=8:1:1

HC1 : H:02:H:0=8:1:1

KOH: H2022H2028: 1:1

NH4OH: H2022H2028: 1 01

e (LR Y E BT KT ACLED 4 & 0 figd fhd ke

S O VR P

fiE sk o ¥ Y

ehp e AR BTG BRIBZRT

EEET P ROLRS d R34 s

APMDBLZ % & » 4Bl 4-14(A)—(F) » 2 535 * fo ket BB chBAL ~

PR s AR R ITE- st R A B giTe g k

]‘f‘_f%ﬁ;‘f’ﬁmﬁﬁg%zd%gg/}ﬁj%rﬁ,rﬂrﬂﬁ%:ﬁj%% °
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HNO3

Rms=4.541 nm

Rms=5.827 nm

2.5

B 4-14(A)-(E) Bedki3 4% AlGalnP LED £ & AFM

R RS ;‘x”ééé’%-'-li%%’# '; é’ﬁﬂsﬂ 4-15 B R 3 70°C
BRI PR ek %) l&@omwﬁ’*’% Eﬁf&,p,, B %] (S ed P
416~ B 417 » SEM 2 Sl BT o AP ] - Bpksh e
4 »eentd %) AlGalnP LED % & » -5 * BB RS » Li&-
PLRAEBYE S > B 4-18 A E TR Y BRI RAY - A&
B S AYALHE bum o BT A & R F o T LR g 8 R
4R G bum =B o Bt EehGaP s B L 2umo AT B
AAgZ N BRI ST AL AR A2 AT A
oo FEEA I SF LSRR E MY AT %

Gie 2RI SF RGBS A
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HNOs3, 35°C 60s, 10000X HNOj3, 50°C 60s, 10000X HNOs, 70°C 60s, 10000X

HCI 10s 2500X HCI 30s 2500X HCI 60s 2500X

777 TRV g det]T WO gy e ———30 i ———
.| 00NV 2500% TLD 48 2 40 - 3 i abi

0
] 10.0 0.0

B 4-16 Bpei3 4% LED # & SEM 2500 & ~ AFM B

] 2.5 5.0 7.5
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HCI RT 10s 65000X HCI RT 30s 65000X HCI RT 60s 65000X

-«
Data scale: 20 nm

Surface

4

Etched side '

Etching rate: lmin > 5um

W 4-18 Bpti3 ik 4% LED % & 1 & 4a-step
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4.2.2 & * ﬁﬁiﬁ?’ﬁrﬁiﬂ & %4 %] P-side AlGalnP LED
Beped [36][37]7 # 3] B MR BEF KT G G kil
%] AlGalnP » F]pt:E * 73 7% 5 HC1:H:0.:CH:COOH=1.5:1.5:7 - #% LED
P F R T RAL ] f1 LR B E A S A

4 (eI doB) 4-19 > B ER 5 T6lom > 5 ¥ 4

g
)
&
Ly
-5
pac

Hopk ML fE R foik 5 P-side e it 2 @ %% -

\

e e A === ] g T I o o e e === =

=

W 4-19 PEppis R4 % - ~ & SEM #

FERRATEA %% & 0 AT Bk i 4240 @) 4-20 > % LED GaP & *
AR LS (R 4-21)i8 > 8% - 2 = Ao FRBARE-T IT4oH
4-22 > T B-T iAcB 4-23 0 AR =20mA T > F R R REETRE
drd 4-2o VU RIAY - AaaE P F kR RE B AR 0 AR IE
=20mA & B 7 57. 4% & » 484 B 14.6% > = ~ 48" 1 18. 4% - @

RS LEF QAP s e b
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RV PTRE R RPBEFETRIA DR TF] R
SEM %4 %) B17) » = & 122 SEM 4] 4-24 » o 281 Jk 2 GaP 4
1. 2um > P-AlGalnP ¥ 5 0.b5um> F]t 4% - £ 487K ¥ & GaP h4
o S B B e m A A A A = A kiha 2 F] SR
B¢ & P-AlGalnP > @ 2 F]3% w4k %] & e GaP & Bl > > B o
PRI a2 8YEFS T HHA pcladding layer ¥
R A S R T Ty Nt B

P-side #2 it 7 s $9 3 & 4 %] GaP & &8 E_% 2 P-AlGalnP > & B %%t
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Electrode

deposition

Wet etching ITO py pm o™ T

& LED and sawing chips

Solution: HCI:H,0,:CH;COOH=1.5:1.5:7
Etching time: 1min, 2min, 3min

Temperature: RT

W 4-20 RBEpEALiR £ i P-side 42 1 iR A2

¢ o o o 0@ e o *® & & @ & + o
e & @ o & @ * ¢ & o o

s @ & o @ . * & & o & o 0
L ] [ ] [ ] L] L ] . L L L ] L ] L] L ]

e & o * @ " @ ¢ & & & 0 & @
e & * o 0+ 0 * & & * @

L ] L] L L ] L] L ] L ] L] L ] L ] L ] L ] L L ]
. L] L ] . L] L ] L L L ] L ] - L ]

L ] L J L - L] L] L ] L ] L ] L L] L ] [ ] -
L ] L *® L] L] L - L L L

L] L] ] [ 3 L L ] [ [ ] L ] .
- L ] L] L] L ] L ] L ] L ]

e & o o @ * & & & 0
e @ o o @ * o & & 0
¢ & o @ * & &

e o o o @ e o o & @
* * ® ¢ 0 e o & & 0@
¢ & * & o o 0 e & & & o @ o
*® o & & & 0@ * & o & & @
L] L L ] L ] L ] L ] L L] L ] L ] L L ] L ] L ]
L L ] L ] L ] L ] L L L ] L] L J L L
L L ] L L ] L ] L ] L ] L ] L ] L [ ] L] L L
*® & o & ® e e * & * & @

L L L ] » L * L * L ] ® L ] L ] L] L
® o s e s ¢ @ & & o
* o o Jﬂ - . ® @U@l @14 |

Bl 4-21 P-side 4&%| @255
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220 ' ' '
B - - . 2
2004 Chip size: 300X300 #m
180
160 —
140
S 120
& 1004
S 4
S 80
> ]
60
40 —&— origin
E —e— etching 1 min
20'_ —4— etching 2 min
0+ —w— etching 3 min
-20 T T T T T T T T T
0 10 20 30 40
Current (mA)

B® 4-22 P-side fe i“ 2. GaAs £ 4 LED # k% B2 -7 i @

4.0 ; ; ; ; ;
1 H - ) 2 .
15/ Chip size: 300X300 zm’, yvvv v’
3.0 eV Y L aAAAA D e et
g pAAans
4 {1;‘:“ .
2.5 /r} -
S 20+ %
o .
8 154
o ]
>
1.0 -
| —m— origin
054 —e— etching 1min
o —A— etching 2min
0.0 —v— etching 3min
0.5 T T T T T T T T T T T
0 10 20 30 40 50
Current (mA)

B 4-23 P-side #= i 2. GaAs Ei{ 'gﬁlﬁ_'gi i )
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Origin Imin 2min 3min
Intensity(med)| 69.9 110 80. 1 57
Vi (V) 2.71 2.72 2. 80 3.02

% 4-2 P-side e i* 2 GaAs 224 LED $# X% A - T BR7| %

W 4-24 P-side $e - 2. GaAs &4 LED SEM & 7+ % W
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4.2.3 ICP 4% 7 1% AlGalnP 2 i & &

fo e g5 it % E 442 MOCYD g GaN[38] o 21
ICP 4 %] GaN[39] > #8+7 r2 & GaN # & itk @ &1 5 £ 5 £ (MQD)
g 34k (B 4-25 0 B 4-26) - &7 & wgk«grs»,; A0 fe cPE S ;‘I}u{
%?Umﬁﬁﬁwwﬂﬁﬁﬁ%ﬂ’ﬁﬂﬁﬂgﬁﬁ&@’ﬁﬁ%
TR R bR R A S R Bl R o E TR A R A dk

FoRBA2T A IV BRIV kR As R FIERRF -

Sapphire Sapphire
(1 {2)

Ni‘Aun

p-GalN

MQW
n-GaM
Sapphire Sapphire
(3 ()

W 4-25 41* MOCVD :% 4% .74 5 @ €34 i [38]
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p-elecirode
Cr/PtiAu

Mesh ITO TCL

Mg :GaN
Mg:AIGaN ‘

InGalN/GaN
MQW Si:GalN

n-electrode
Cr/Pt/Au

AL O, nucleation layer

W 4-26 41 * ICP 4 %] 3" [39]

Bl 4-27 = F T GaN 3t ik % £ § % [38]
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F1# %N 4% A AlGalnP LED & & @ IF@A5" 5] > &% F enpd
7 00 A R F R R e 0 e B A AR R AR E
() 4-28) » P & 3.5min P > ITO F] 3 AL AL 4 %] 0 7 & g <
D RH A AT EMN A GE R 25 umER o RN AT
ARG prEE T Fla gt [CP izt 4% M RE D { & aiF

Bt InARACR] 4-29 -

=7 WY mag) | det] WD Eurr | it | deell
12 500KV 12000 x TLD| 48 mm 85 pA! 527 3

o

o T e mag | et WD e | it dwell
12’ 500KV 1987 ¢ TLD. 50mm 85 pA 52° 3

0COHV | mag) | det] WD i it | deel
12 500KV 13180 % TLD. 48 mm 88 oA 52° 3us

W 4-28 4% GaP & 1 1 3.5min
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Electrode

7o Wet etching ITO w e mress o deposition
& LED and sawing chips
ﬁ ﬁ
| 1
! |
v ICk: Gas: I
|
Pressure:5 BCls 40 sccm :
: P?wer:150 W CH: 2 scem :
I Bias:100 V Cl. 20 scem "
|
! :
! |

He 10 sccm

B 4-29 ICP 5248 %| GaAs # 4% LED /i #2.1]
ICP 4 %] f‘:;%%’%ﬁaftééé'l 11 lv\'ftfﬁi ?53 (B 4-30) /7R ¥ £ 2.78
(m o FE q_iaEMQW i "’*\fg Jﬁmpiﬂ TR RER
ECTPE T

M4-31 28 EEA-THnM 7 F LK AL TAmET

&
5

PIiB15 TR A RSV B AR 0 LT m=20mA 2 T 0 K&y
gak s 11 A e A A B 5 146 40 94. dmed » 35 5 35. 3% -

Bl 4-32 2 2 B-T B FREaTE TSP R(V)P B

-

Wiy ARt AT n=20mA 2 T > AR B e 1] AT R
EA W5 3492 4 14 REF LA NW 72 I R R DT
oG HEHEZHEIT LI IE R IERITT R A
[ R
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[P

B 4-33 & ICP & %[ fs e # » #-LED ~ # H = 7 /n=0. bmA 2
TEER O I R F H s BB ORI L] ] IV X
R ow k=i frRl 4-260 05 % A o v L 1E 4% MQW 2 AlGalnP

LED i3 (8% » F @ ¢ R {FRARPEILE FIFTRE A o

700

] Chip size: 300X300 #m?

500 —

oy

o

o
1

Intensity (mcd)
w
8
1

200
100 —
—&— origin
—o— ICP-11min| |
0
T T T T T T T T T T T
0 20 40 60 80 100
Current (mA)

B 4-31 ICP 4% 11 £ 48 L R-T i §

| VAL
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6.0

5.5 1
5.0 1
4.5

4.0 1

Voltage (V)
w
[$)]
1

3.0
2.5+
2.0 1

1.5

1.0

| Chip size: 300X300 #m~

—&— origin

—e— |ICP-11 min| {

B 4-

T T T T T T T T T T T
0 10 20 30 40 50

Current (mA)
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4.2.4 P-side & %4 it 2. # A4 AlGalnP LEDs

d 4,2.2 e0' % 7 &> P-side e it ¥ T3 GaP & > Tt LK
LED wafer 4 %] & & nB]A; 5] > 2 /&4 %5 3um ~bum~Tum:
REEIS S Jum - 4Rl 3-34 #77m » & % REARRfoR - SR
g MR RAZIFRILG AAEGaP A o Kl EREL A B

BIFAF 23 ARRUFLEFTHE LR BT LT o

S, S =
w@QQ{)

B 4-34 P-side 4 %] @25 7)) 57

Bl 3-30 Ak R-TinH B 3-36 5 TLE-T/nBl > AR
=20mA FEiTT > RERETREAE 4-3- B EBT 5 Jun FFo> R A&
% 139.Imcd > B2 % bum PF > = & 112. Omed > B2 Tum F¥ » % &
101.9med > ¥ LS F LB T %< > ARBRFFME 7
BOFILGE 5 45T 0 AR S PR AR S el a v o LR

FoAReDH A R Bl S o A & TR Qum e R ARG 03, DhEn
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BB 5SmSR 23.6% Tum BB 12.7%
LoRF TR G o F sl einAr k4] GaP £ A ITO # 4e
iU A G & B e GaP 22 TTO cdaff o 4% » @ W13 IR 5% 5 ok 10

FRIE R R

350
] - - . 2
w0l Chip size: 300X300 #m
250
'/8: 200
E
2
‘@ 150
g
c
100 —=— origin
—o—d=3um
50 4 —A—d=5um
—v—d=7um
0 T T T T T T T T T
0 10 20 30 40 50

Current (mA)

Bl 4-35 P-side e it 2. # F 45 LED # kR R -T /v §
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4.0

25| Chip size: 300X300 #m?®

=
[}
)
S
°
>
15 —Hm— o rough
—®— d=3um
1.0 —A— d=5um
—v— d=7um
0.5
0.0 1 1 1 N 1
0.00 0.01 0.02 0.03 0.04
Current (A)

0.05

B 4-36 P-side f2 it 2. # A+ LED T BR-7 /i

Origin Jum Hum Tum
Intensity(med)| 90.6 139.1 112.0 101.9
Vi (V) 2.75 2.71 2. 69 2.70

# 4-3 P-sidefe it 2 # 4 LED # X% & ~ TR %
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4.2.5 w54 it 22 A9 AlGalnP LEDs

& d P-side /&4 %2 N-side ICP iz s > Bw e it a7 LED
28z 8 ¥ N-side [CP 4 % PFF & & %] 2 Ilmin~3min~bmin
Omin » SEM A 454c ] 3-37 %R < T} B AP E & 1t » F

B A% 5 162nm ~ 504nm ~ 877nm ~ 1500nm » » L 5 ¥ fr & ip] e

THERRER S G > P-side A %3 3um~ 5um~ Tum > T -

TREEAR-TFA Y Y K 3-38 FIF 3430 AT n=20mA 0

kg R ESRE TR EAF| R4 o did 7 aer F Tum 5o LED & 2 &

EEERRLZLERES 7 R E m 3um$r5um xR ENE 1| F e )
fmodm g3 SR EMOR TR 550 a0 &4 3 P-side
e N-side BIZ) 7] 3L HRM 4 ERABRTH A LA
LT eh% g A R R R P (2R T R O 4
e Fig ﬁ_)é gg\;tpa o

PR LRI o g F ICP AR Sfs 7 By BF

F_&

A RFEANEAE R ET Lk A I EE N

K ooom HREH TR A
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B 4-37 N-side ICP 4 %] B354 47
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300

T i ciza- 2
rco Chip size: 300X300 pum
200
)
[8)
£ 150
2
2]
S 100
E
—=— 3um+ICP 1min ||
50+ —e— 3um+ICP 3min
—&— 3um+ICP 5min |
0 —v— 3um+ICP 9min
T T T T T T T T T T T
0 10 20 30 40 50
Current (mA)

® 4-38 P-side 3umt+ N-side ICP & BR-% /nH

3.5
Chlp sizel 300X300-1m- es
3.0 SR aEF e €2 S
] 'g'="' &
2.5 o
—~ 2.04
b |
(]
o 154
8
= |
> 1.0
05 —m— 3um+ICP 1min| |
i —®— 3um+ICP 3min| |
0.0 —A— 3um+ICP 5min
—v— 3um+ICP 9min| |
-0.5 T T T T T T T T T T T
0 10 20 30 40 50

Current (mA)

® 4-39 P-side 3umt N-side ICP # k3% B -7 i
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350 . . .
1 S 2
200 ] Chip size: 300X300 pm
250
S 200
[8)
é 4
2 150
2]
c
e
£ 100
—&— 5um+ICP 1min
50 4 —&— 5um+ICP 3min
—A— 5um+ICP 5min
| —v— 5um+ICP 9min
0
T T T T T T T T T T T
0 10 20 30 40 50
Current (mA)
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