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Improving GaN-based LED performance by plasma treated wet-etched
pattern-sapphire-substrates

Student : Chen-Yi Niu Advisor : Pro.Yew Chung Sermon Wu

Department of Materials Science and Engineering
National Chiao Tung University

ABSTRACT

In choosing the way to fabricate patterned sapphire substrate ( PSS ), standard
photolithography and wet-etching are preferred process is because of their lower
cost, higher throughput than dry-etching process. However, several facets
( sidewalls ) on PSS formed hy wet-etching are observed, and these facets will
influence the structure of the subsequent  GaN epitaxy layer. Instead of normal
wurtzite GaN, a disparate zincblende GaN-has been found on these facets.
Meanwhile, irregular voids have been found in the GaN epitaxy film during the
GaN coalescence process. All of the above situations will affect the efficiency
and performance of LED.

In this study, wet-etched patterned sapphire substrates were treated by
BCls-based plasma. Through the reaction between sapphire surface and BCI
radicals, the opportunity of growth of GaN on sapphire sidewalls was changed.
Also, the effect of BCls-based plasma on the performance of LEDs was

investigated.
]



The results of device measurement showed that the PSS with plasma
treatment - LED-DWPSS owned improved output power. At 350mA, the output
power of LED-WPSS -~ LED-DWPSS | ( plasma treatment time : 300 sec ) -
LED-DWPSS Il ( plasma treatment time : 600 sec ) were 425.5 mW ~ 437.6 mW
and 453.8 mW, respectively. The output power of LED-DWPSS Il was 6.7%
larger than LED-WPSS, and 3.7% larger than LED-DWPSS |I.

Besides, from the results of PL, XRD and EPD, we conclude that plasma
treatment could improve the quality of MQW and GaN epi-layer, and reduce the
number of threading dislocations as well. From TEM and STEM cross-section
images of GaN film on substrate facets, we found that the number of
dislocations on DWPSS Il was reduced and the size of GaN grains decreased as
plasma treatment time increased.

All of experimental results revealed that the additional plasma treatment could
restrain the growth of GaN grains on facets on PSS and thus improved the

performance of device.



R
B IFLAREPRR S AT 0 RnR gy BRSO AL
AN IR E DR EREE > 3 AP B 6
PR EAICE 0 L E R R G R BEIE o T &R
HAL Ak e et 2 g L > A = a Rl P B R E A g g4
Ro e n 2 BERLBIFIFRER AL ER?

{ B

Rk hs AR w*&&’ﬁﬁééﬁﬁ%#ﬁﬁ
FHREEDAADIRF  RHRF DL LRG0 B0 R R

B FEN2HRGEE o READFHRENR W RASITIER P F
FRAN G S s g g YR A eyl 0 K R A
FRAK X EHAHRET FR LT RESRFIEIR L 2 F

e

PN BEGE S RS A selvi 5 e o £ it g A,

\4-\

7

Y

xRN PE BRI A AR R HIRF S LA 0 R
AR g H A BB e b RO A B A
FRN LR o B FE AL PRI e BB K D AT 2 g
A2 d AN SERIT e RBapEFE LI N gl ;}:}ﬁﬁr}u ) F ol

Iu""

ﬁﬁﬂ&"ig,%j{ﬂfﬁa?x?uijggagﬁ&:‘g,&r%ﬁﬁ ’T} 221\ o

—\

RHFRZOR M F TR s ~EFhP 2R ity mE



BooRisd 2 BEM - FAL CPREP BB E Ao e
*ﬁ%’i\\'l‘g% R F YR IFHZQEF;[:;&;EEH; o
B IR N B - B BT S s KRB T A

WoR ME fgi\.

':)t
I+
N
\
Se
i)
ok
o
IRy
9
TR
|
=)
T
Qe
TH
| =

v o2 . SN 2 - X J
RHHAOFA D BENDG § > FFAHTA

s By - d 0 SN R iner o RBETH P 0 AN G ¥R AR

PEURIRR 5 — PF GRS R o R R arg B A A g Pt g i

E! 4)3 Iié_é.%ﬁmi » Iw x]’a‘];’llzkj\.ﬁ,\ B m,/g—,?.:\. ,Fa,Fyg iy a&.g—; 15#6#';—{4 .

\



o B T e 1
11 o 4&B . e 1
1.2 8 BRI . o 3

SR kM 5
2.1 B AR S o
2.2 B AR AT T

P/ B L o = <A 3
A < PP 10

0.8 B Bl 12

2.4 Bl R T L AT 14

2401 GRFVERR 15

Vil



FE2F TR AR TRSEAME T ETEAF LAY L 22
R e 22
R = T 26
3.3 B R R . 29

3.3.1 Fea % AR5 PSS £ G BB ... 29
3.3, 2 A T 30
3.3.3 FIME FATF L e 33
3.3.4 g FEFR(PL)AM ... 37
3.3.5 X %k ¥ei+ 4 47 ( X-ray.Diffraction>XRD ) ............ 39
3.3.6 Etching PitsDensity 4~ #7 . ... ... 43

3.3.7T §# T F ks (TEM) B8k 75553 F Biks

(STEM )A 45 Lo 47

3.3.8 F A EMETELE ... 52
3.3.9 AR RMASLT nF g F AR 54
BEE OB 60
A 61



WP &

Bl 1-1 LED iT— & p 20 205 g hd @4% ..., 2
Bl1-2 LED R RIZ L. 1
M 1-3 LED B#" ch3 ££F2 ... 1
B 2-1 LED ¥ g #l2 i ME R e RMSHEM GR ..., 6

Bl 2-2 ALGayIn,N & &% & 2o Gl A e ¥ M @... 7

B 2-3 % kd %4 F(GaN )i » gr /i F(air)pF > » 5 & R BTRR

T E AL DF B 11
B 2-4 4% % o e i (surface roughening )zt L B~ di2c s ||, 11

B 2-5 1% & &3 aJZ( flip- chip) ™ 2 &5 & &+( mirror reflector)

e 12
Bl 2-6 %2 ELOG i A2m B ... 13
g] 2_7 ELOG - A&HBB GaN E‘ﬁTEM ‘EZ f‘%» ...................... 14

® 2-8 (a) %ﬁfﬁ PSS iz i p #RE F 2
(b) Fd PSSHA kp-diseg o 15

B 2-9 1% BR B S WMA FFTAF > 24k pas



B 2-10 fi* 2 FRE@ s a3 ld iR tbila &5

B EIPSS A 17
B 2-11 fI* gg58 4 %74 2 HPSS #5 s -8 chplBE ... ... 20
Bl 2-12 ICP e B 7 & .. e 21

B 3-1 (@) d &3\ 4 %] c-sapphire {5 & & GaN =4 # & TEM ¥ %

(b) % BI(a) ¥ * % ch GaN, 5485 o

(c) W(a)* *THIE e GaNy S5 Rt 23
F3-2 FEd R AR F LHH P E RS L 25
B 3-3 ~Fserit v cnk L RSIA LB L 27
13-4 A% SiRARA Ll Uit 28
1 3-5 LED 2 fdo SHA B H ..ovvtitiiiiiian, 28
% 3-6 WPSS + DWPSS | 8 DWPSS Il é24 6 258 ............ 30
Bl 3-7 %85 i# FEF RN WL 32

Bl 3-8 WPSS ~ DWPSS | ~ DWPSS 11 % 148 (8K ) % ;8 ( 300K ):h

BBET AR R TRk Rk R M B ... .. 35

B 3-9 WPSS ~» DWPSS | ~ DWPSS Il sap 3R &+ s 5 82 i i £



® 3-10

® 3-11

® 3-12

® 3-13

® 3-14

B 3-15

) 3-16

B 3-17

B 3-18

ZFPSSAF T OPLEF R AL EFLRREM GRE ... 38

& TEM £ 1® > 4% g-b#0 7 VBRI RIS L 1

2 A2 FCHEAZHEBY 40
#AL A % #4141 B ev x-ray rockingcurve B] ............. 40

7 Fr GaN ¢ m = w 7 XRC [l
(@) GaN-(002) ; (b) GaN-(102) . ......... ..o ... 42

F1#* KOH 4% n-GaN % 5 — 248 » »t 4 m 353 = &7

Fd TEM ¥ g-b£0 §RMIW A2 & > 74 g=002 ¥ 4o
RIS e A e S S A A P I - -4
T EWBER LRI 44
R fo N B EIAR N B MBA TS 5 L S
fait (74 %] ~ 3-8 etchingpitsdensity ................ 45
=i 210°C Hapes 2] T A 45 n-GaN »* (a)WPSS ;
(D)DWPSS | ; (C)DWPSS Il 4 6 #7235 2 & be, .. ... 46

LED %4 = & > WPSS - DWPSS | ~ DWPSS Il 22 TEM



B 3-19 § 45 = £+ 2 &4 (Q)WPSS ; (0))DWPSS I 5 (C)DWPSS II

44 e 2 STEMER RS B2, .. . 52
B 3-20 *>WPSS F g Y45 £ 7 2B ... 53
Bl 3-21 »*DWPSS g it 4= K7 Bl ... h4

Bl 3-22 CF, 2 PSS 4 o 53872 P PR F JB1e > s R AP bk
5{5598?&? - 06

Bl 3-23 587 k5 1 (@) BCly; (b) CFy &% PSS & endk & 255

Bl 3-24 57 F 4 48 (a)BClys (b) CFs &% PSS 1 chif # &

B 3-25 L@k t4AH&RE 7 F#4 (a)BCl; (b) CFy &%

PSS 16 emSEM B2 e ..o 58

F13-26 % I 5 % (@) BCly; (b) CFy &% PSS 5 » § 455 & I

Bl 3-27 & @2 FH™ > A AR BNELE ER AR A 0

Fl kR EE T RASIERM AR ... 59
J\

\

Xl



e

e

ke

%

% P &

-1 EFrAFEF (V452 L B ik
2-2 A PRz ey Edd A4

3-1 Fd 7 b PR T R RIL RS A %))

S S

& B 7 PSS A

= PSS ¥ & - 3%

-~

3-2 LED-WPSS -~ LED-DWPSS | 22 LED-DWPSS Il 1% |+ & ip]

3-3 WPSS - DWPSS | ¥ DWPSS Il £ PL

Lg 5 ( FWHM ) g

BET A B A O e 38
34 WEABIIE LR GELB 40
35 4k GaN @ » » P XRC L & HiE. ... ............. 43

3-6 518 210°C Hpifas %I ~ 4815 » > WPSS~ DWPSSI ~

DWPSS Il % & #7352 2_ 4@ B

Xl



¥-F
EES
1.1 8 %=- &8
"EE IR AT F A LR GURI AP B e 0 & R R TR IR ANE
BricEE 0 S A FITE R AR EFF R 0 H P gk - 14( light
emitting diode » LED )fpfix i@ 3L e 2 g kredv L L2 g * &
GUELE LT RLTEN 0% d B RR FSHLS - EEHE
ETE R SR LEDAFS ¥ ABP LR 4 HRY S FH
fi BB P (Solid State Lighting ) ~ &f7r X % & * 42 - 2010 & + 5+ K £ ¢
* 9103 BIFLED # k-l dH P A LEF L 2 AR A F R
£ 5 > B 1-1» 87 LED fir- BRE4m t cha B2 8% 2 > 1%
FP¥LED 72 § A LAk > BARRARA A2 B - A2y [1] -
SHPLED A ¥ 3 B 4 30 &E Y 0 At EAF C HESH &
R EE M E T RS FESAREE > B F A 2011 E G ESNE
e23k % - < LED &K » 552 2012 # 4 A v F 23k en25% > & 4
2HEATE -2 A® cEFTGBARZ & LB R A E LED
R R C ARKARF oA 0 B Re %2012 # 4L 5 LED B A& > & LED
o - AR R R P bR TRV R 2 2012 4R

[LED i %87 257 3 4]]~ 72012 & LED e & w34 % 4 & TH %



B LED R & s Bk 4], F 37834 v #%932.63 § LED®
BN LA RAT R 8 TOF P F It RET o AR 2
NRPER RAEAr DR T o 4p 1 LED Beit 6 kiR~ B R R S AL

R ¥ E [2:5]

EE%e 2011-2015FLEDTIEEE

18,000

16,000
14,000
12,000 fimrmcmimimim i e e m
10,000
8,000
5,000
4000 f-

2000 |-

2008 2010 2011 2012 2013 2014 2015

H=gas WxEog=3E Wzsgs Wg=szsas WEs/a7e Uxe
B ZRIB: LEDinside, August 2011

Bl 1-1 LED i~ & p 2 & 37 5 * P A% [1]



1.2 3 % - RS

LED % k41 & & 1% dgw imn/R T rp-njunction &6 ¢ > 3G H%

T,

# (conduction band )% & ezt § # (valance band )sH R ik 1R & @ 2
ko GeB] 1-2 277 0 e kg £ R E R (Eg=hA )~ ] ped i o
LED 3 £ = f&%8 7 > € & p-n X EMF & - & 3 k3 & & (active layer ) >
BAIF - B HREE - B RO IAPERR T F RIFHAR B
o Mk 8 3 2 (quantumwell ) ¥ > BiE- i E4R A F ko ot £
g s $ £ 8 % F (multi quantum well » MQW ) ¥ & = 4 sk s 5 >
4o B 1-3 #15F o

Ao- T R S EARY A R A R A B I 4R & (radiative
recombination » & fE &4 & )4 F 2hdg a4 & (nonradiative

recombination » S FERFIEAR E) o - KT F TR HAR E S F Do IS 0] 4p

dkFng fa P A - B S BacRE 0 A G AR & P (recombination
center )&% & _ffd s FE(trapstate ) @ R F @it Z B A F o ¥ F A

FBeic e o LED R R R AR o SPEAEG LR SRR S o



2
hole —N— electron
0 000, 060 © 0 o
el (@ (9 O 606 o6 o
O b oop e © e ©
(-] P -— )

\ © 06 6 6 6 @ conductionband
light @uuin Lesmemnme Fermilevel
""" 1 -------—’/’ gg band gap

E forbidden band
OOOOOO%\§§ (forbidden band)
e valence band

B 1-2 LED # £ R 32 [6]

/GaN Barrier 20 nm

|n0>2GauAgN QW 2.5 nm

Ec
"""""""""" Ef
3.2eV
- ‘ 34eV
p-GaN 500 nm  p-AlGaN 20 nm
Ev
n-GaN 2000 nm




- %
Fko WG A

2.1 8% A5

d * LED . 41* p-njunction 5 ¢ & F T K4 & 3cd koacdk
gk £ feic £ € & junction ? chp A ~n A X ER Y e A L LA
AR B RFER M T B 21 g RN B ]
2 enff Tk o

d R 2-17 50 LED v £i2f - & ae & L@ (Si) - &
(Ge)Ew %~ % ipdd i A B3 44 14 (indirect band-gap )4
Mo g BEF? DT FIEYA L T RRERF 0§ L EF TR E R
BETg s FE R by FiHELEH RN TRE R RTE
BAm? 53 L 0 AHAE 3 g% LED o @ GaN - InN »

AIN % 111-V %44 > #5 2 £t M (direct band-gap )enig gk > T3 T k4R

<
it

=
(w.
o3

LiEARY 2 F RGP LTI F R RO A R
FRAHES S AR LV fe- L AR AAR T SRR RS 2
“~(ternary )&t ¥z ~(quaternary )it 4> ig sc 7 4 6.5eV 3] 0.7eV HE 2
BT AR 2-2 07 0 THBZ B RA R ¢ FHIRE P RIIR R LE
FEOBreE TR LR FIEAF AL o

@ F “4p(GaN et B~ o] 5 35eV e BEEAKH T RT3 EkRLED



FegF(In) @ H = 5 GadniuN > s8 - ¥ 2e g i e

B RAEGFER R R RLERR REFBAP LG AL

GaN > 7 % 3 B(~2800k ) # 3 /& ( ~40kbar )% =& oW R s FIEL 0 F]
ErPFLAFERAL ELARE LR

F0C e mod 3 GaN & - 2
TSN S
F 7 A4 (ALO; » sapphire )#i 5 & & = & pF ik 47
W E A f

g g g (wurtzite )10 5

El HI’?

% SiC 2§

=3 A

N

S =
g2 A

A ehllie s EF LR
R~ BRI K

— ‘ﬂ < l%’g‘é:" i%- ;GaN f)ﬁﬂaﬂf‘ggﬁ—ﬁ%ﬁj
3 & HE o

T — T 1 AT T T T 1T T T T T T T 7
6,0 \ '
5,5 1 I', Diamond

m  Blende
. # Diamond
H\

|
i

® Wurtzite

30 32

3.4

38 48 50 52 54 56 58 60 82
Lattice constant/ A

B 2-1 LED # &btz ac e fa R % B~ M1 M TR B[ 7]



T T T T T
64 AINY —a— AlxGalxN| _
a| —e— Gal-xinxN
) —a— AlxIni-xN
5 "-_ \ .
\
Al, ;Ga, N3, ‘\
= 4 L . -
D \
= GaN‘\
1] Ep \ a
A'n,s'”an
2_ _
NN
] Ga, glny N T
l e InN
T T T T T T
3.0 3.1 3,2 3,3 34 35 3.6

Lattice constanta / A

250 e Btk R 4 )

2.2 % k= M F

Ehd opodaw

2.

)|

[7]

LED = i % sk s g 3 7 b (a2 1 B oy A e o £ 3
Whas AEHESEE A A PR e AR ST M - BT
b4 %k v 3 (Radiant Efficiency » nr) % 7 o #§ 843 koo d X AL 5 7 I 3

= 3 (Wall-plug Efficiency > qwp) > Ja%] it & ;ﬁi&l N F 2 T d o
TN A T
Nwp Nexe X Nv
H P nexe & P ¥0E F »x ¥ (external quantum efficiency > nexe)
Ny & © BITE o



fOhIRE I AT F R T OUT A N Ao

Nexe = MIQE X MLEE X Ninj

H ¥ mee & MR I 2 (linternal quantum efficiency » IQE) » £ F 8 b 2K
EHE M

Nee » %P~ d12cF (light-extraction efficiency » LEE) » &2~ 2 & & %
B~ Xd c Mg T F iR B

Hinj & % 72 ~ »x% (Injection efficiency ) > § & i/t » ~ 2 {83 24Fen
A B R BB R DB R LR KE o sk TR o T TN 2k A
£ g2 on 4 & (current spreading layer ) i

RUNEEPE S VR E s o7 S S ekl ) B s AR —E_—+i§:;‘$¢”ﬁ

g5
3
iy
=
=k
4y
S
ﬂ\
L
”
-
A
P

¥
o

>
=
1\
=
|
4_4

~ Sk B s

Ly
L

BT

RIF e b tib R Ed - HIFITFH T F-TFRELLE R
- BEF o RRFEFIIV AR DRI AEE- HBEERFILTH

o
=
|~
H\
(3
|
=
L
)
T\4
XN
Il
4y
Sk
H\
L
1%
3
®
=
\4
X
T
gm
™
(oD
m
>4
poas)



Mo Gl gl R TR cd NEFTFAF LR L HELA R D
St F B B i 2 hf $3 7 Fe( lattice mismatch ) 51 42% 5 B R &
IR lic Ly 9E34% F R EGEET LA 2-1 GRaL B2 T R T
~ & cgs = £ £ ( misfit dislocation ) & A% & B & & 2 B 0/ & e
b b g it g E N SR B S A 2 i n B A a1 S £
% w44 £ ¢ (threading dislocation ) (10%-10" cm®)** & &% & 1o /i & Ao 4 &

P EE S REF KRB E Y PIEI o d 25K N I g $
%

TR PR SR £ 0 s et R T 2 R A Rl ek T R
PR A N IR T M ESRT o d VA M AN IR P RA
e B NIRRT e A R o
221 EFLAFEF V2L T LR Gl R
i Coefficient i
Lattice constant . Refractive
Thermal Expansion )
(A) . index
(107/K)
a=4.785 7.5 (a-axis) n=17
sapphire c=12.991 8.5 (c-axis)
m =4.144
a=3.189 5.59 (a-axis) n=25
GaN c=5.185 3.17 (c-axis)
m =2.762




2. 2. 2 kB~ 13z & ( Light-extraction efficiency » LEE)

i

£ PP (Nee) Tk 5 7~ B P RNAT R R T ek I e R B R AT
A4 k3 fez v i o d 3 LED .f‘:g—ﬁv‘ ERMAT R g H T ik
7 4p o blde sapphire 375+ @i s 1.7 GaN F78+ dic i 2.5 3 § 75
Glcs 1o 135872 £ 2 E=(Snell’slaw) » & £ d B 4 F (T3 375+ 5 o) e
*ER A F AR € 5 TR & 5% B ]t GaN & sapphire ~ GaN £ % F -
sapphire #2 % % B enfeft & & ] 5 43.84°~23.57°~35.03° 3 » 543k & &
PEBAM TEHEL 2F M AB2-3 REK AT RAL L E 2

A AE oo m s A A E ke s A ERRRRFE B ik FER

F_&

IR 0 T 6 AR TP TR B 1 R o ot B R R B e g

Tl & ol o R T IR ki b S < IRA kR
BN mE g e B RAKB D F > 2 S pM gy C

F 3% E > bldrd @ de it (surface roughening ) [8] ~ %& & 7% A2 (flip-chip)
[9] ~ &5 & & ( mirror reflector ) [9] ™ % Bl % i* &F % £ (pattern

sapphire substrate ) [10] % = ;% > doB 2-4~2-5 %777 o W}t 2 N4 & pri@

10



GaN: n=2.5 |/,

substrate

B 2-3 % kd %4 F(GaN ) rprAF(air)p » » 5 & AQBTRR & T §

A4 DR B

n-electrode

n-GaN InGaN
active region
i N p-electrode

Au/Sn
Y
’_r‘
Timu\ Si submount

Bl 2-4 41* % 5 e i (surface roughening)zc 3 % B~ d1 5 5 [ 8]

11



> 4

/ light emitting

| \ Sapphire

! \ n-GaN

- MQW

= Transparent ohmic layer

e Reflective mirror

Passivation Passivation Passivation

Sub-mount

B 2-5 F1* & & ;% Ag2(flip- chip) 2 2 45 & &+( mirror reflector )

rr L kB[ 9]

Ko

2.3 % & Rl * & (epitaxial lateral'overgrowth » ELOG )

-n\1.
\v‘b

» 1 A4 LED *h 382 F 225 o iz L F x5 A& B4ED 22
- B RAELET{EALIRPIR 50 ERERE Y TR Pk
Bopwe 33K bl4clw & &+ £ (epitaxial lateral
overgrowth - ELOG ) ~ AIN/GaN # @k ( buffer layer) ~ R 7 &6 [f] B oo i2
(pendeo —epitaxy » PE )& [11-19] > 2+ 22 4 & % 5 41% & &k g =
ERELIEEY > ROLPRTERRAGR W E o U T A EL R
RIS o
TREELRe S LS -2 R FAF AL - K GaN Kb+ &K

aH v § ki lada- & SO, & SiN
12



AR EY (stripmask ) o F I EH L H N OM it ¥ GaN 1 g hEE R
1% 0 Fid(window )= £ 0 218 BB IE TRAZEEL KBRS LK

Bl 2k A BReIENFELEELE T2 T 0 GaN F¥ > 4oR] 2-6

dPR26FF o RARAFE LA EEFA S TP
P A PIRAFL P Y ol e A SR RAEF
3% bottom c-plane = £ § i 450> m L b 2 £ 0 ¥ - 384 L P RIEF GaN
ol & K B @ e (bending) » gt TR D E BB D B R chilicR o

d B 2-THTEM 1 # 6 207 F P adkds (Aregion )& & 2= £ & (B
region )fF NI+ £ F R AP B Lq}‘}(Creglon)J&“Br F= g d k (E
region) -t ARG L AL EPTELIPER KN EEFNTE T

#(Dregion)[21] - B ot 2 iE 7 3 R S AR Bk il -

B 2-6 & ELOG ;=427 % BI[20]

13



B 2-7 ELOG ™ % & GaN ¢ TEM & #4.[21]

W % f* &9 7 & 4 ( patternsapphire substrate » PSS)

\\

BB Fl S E T G ISR R o AR
BetathS 4T A HbA ANZ R G e e D X B
T EHBP A RN L P ERFENUR S EFE AFE D
SN A IR EE BB RGT B S E R ¥ Ak
R FRE oo chle prig A KB ding o B kR 2 8 A W
EEE DA R AR s FEE S AR K T A o

FI* Bl E A hd 4 kB G4 K IN4 B <0 bottom c-plane » 2

o A 4 ey = £ 2 (misfit dislocation ) ; ¥ ¢ ¥ GaN & & & o 2K 4F

Bapd £ pF o o R R LG A g MAs R R EFd ARG A K D

Fedo B B D HEIT RN PE ¢ LRI 3T 0 S R B S R

Wodoptd RUEALAPES RO TEELAPBIRIER P E 0 4oF] 2-8 (9)
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BT e ¥ - F G o d WHFEGF AR MATRD LR AR @B E
FNR AP IRE e g R o RAEH A IR TR S 0 -

e A ik B dion g s o] 2-8 (D) 1T

MQWw
Threading
Dislocation
Planer sapphire Pattern sapphire
substrate
(b)
Planer sapphire Pattern sapphire
substrate
® 2-8 (a) %’gé PSS iz RE I »cF
(b) ;gc} PSS 3 = sk B dag
Bl F kBt 8 Uav TN ET AR - e T A
5 B34 4 %] (wetetching )2 2 5758 4 %] (dry etching ) » 72T f§ 4 3 fa4 % 4
AE o

2.4.1 &3\ 4 %] (Wet etching )

| 5 - & = (24 %) (isotropy etching ) > I * i* B3 R 4F4c L A

]
B!
Vel
&
N

Pl N
iy 2% 5

FE AL L2 3 282 SHT N5 AL R
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oo B fbil d S P EERIC SRR R AR > S Ao d 0

SRAARRICA AL TR R RRE T REAS A B A 0 13RI
FARF LGS SFEPGTEER > - R LR ABTET AW RAE
wiE RN AR e 5L o

FEA PSS T ko A RRARIR §F T R AT

\

SRR MNE B R PR R R TR e R
oo B A - AR T3 et P hie DB e B

"E G R R R A R fEfEST - R g R

—_\

EEE RN

5 3 =
s 7= W 7

NV

£ oo PR AR B A 0L B at RN A g s

—\

il

FETAG PG 0 doB] 2-9 95T [22] -
BERNE SRS AFPORT CRSNRNEF L BHRRER &

WER S BUERF M AP %E & 2010 &4 4 o

o+
4
*
An )
rm
DO
()
| I—
‘9‘
s

W AP B R ARDEFERY o Jfd e R e a b RUZ AP
B3R c-plane & fF b o < Mg i ap IRE I s F o0 2 kB AT s o ff)

2-10~ % 2-2 #1775 o
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Cross:section SEM

B 2-10 f1* 2 p PRz @82 WNApFF AR LG £ R F

PSS A % [23]
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322 PR BB EE N 4480 AT BOPSSAKETE-H

Patterned sapphire substrate GaN on PSS Light-emitting diodes
XRD FWHM Average intensity Output power
Pyramid protrusion (arcsec) (med) (mW)

Etched depth c-area ratio Slanted angle EPD -

(gem) (%) ") (002) (102) (%107 em™) RT, 20 mA (%)

A-PSS 1.20 59.6 574 269.3 410.3 4.31 91.2 15.2 56.5
B-PSS 1.20 475 453 264.1 353.6 1.11 121.6 17.2 60.7
C-PSS 1.20 21.6 383 251.5 312.6 0.87 131.2 18.5 61.6
D-PSS 1.20 9.6 31.6 243 .4, 301.2 0.52 140.0 208 66.1

2.4.2 3274 %|(Dryetching)

FERS L ERAA o AL, AR AR ] T 5 A

d SIS ] A TN N A A [24] cAp BT RSN A %] 0 FT A
£ 5 w1448 %) (anisotropy etching ) » FJpt ¥ @lig i 5 Lo ManiplEE B
5%~ ® ~f e pattern [25-30]7 4e B 2-11 #7o1 o

MmEci AL SRR R ’:Ff;(plasma)ﬁzp“ﬂééilléé%déﬁ Ptk o T “FJ%

ETINS

s FMHF ~ f 3T~ pd A(radical )2 R F e R F Mo A4 T

7

R FA G AFHRTY TR B ENT ;“FJ%( Inductively-Coupled

A AR K 3

_\{.3\

Plasma > ICP )41 * § 2R #-7 Wizap g+ > *gd + 8

FLAL 1 o fRAEF WA 12 T3 Red A o BRI THE BHE T
4 BHR T BT E G oeE RS 0 8- BB R g
FRAE AR RAT 3}%(1010 102 cm?®) o & ¥ 4% ¢k 4o — SHAF )R (RF

bias : 13.56 MHz )*>* T #& iy > w31 I 385 SRS £ 5 104 B 4 %) 2 F
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[31,32] » B 2-12 5 ICP fic % 7+ . Ml -

- MR REFERDRAMGA L2 - LS # % (Bombard ) % m

"g <
1_
3
&

|
B
&
L\St
us|

|
TR
i
&=H
7
T
&
4.;

Lpd RAEAFLe RS A2

I. B s+4ak %] (sputter etching )

Rit a3 B RG] B LT WA S (Bldeg ) v E 53

BRI AE AR AR SR B e SRR

\T:s
‘tﬂ
W
\ﬂ"
=%
&

G VA ARG £ ORE R O T g S RS
FREERIEY - ARB YA o ¥R AF D R ud 5L 2THE
FERGVET LGP L ¢ FIAF R TR E LG AL

WG

. = :Ff: %] ( plasma etching)

Jff BT E AL JI THRF RS MRS RS R
SENER SEILRY 38 ISP O RN RN TN 3 XY 1
2R hd S5 RiSiEd B R ALY JoraE s p oo
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PR RN ey I 0 B RGPS e fod A%l
Fd PF RIS Mt IR E IR DA E R o AR RS A D

LRGSR T

. &~ &3+ 4 % (reactive ion etching » RIE)
PR 85 B 6 L SR A B B E ek o {17
B B HREY e R FESHEE S B T LB AR R G R

RASPiat - AP RS A AG AL CFF REIRY o S

R REG B e (R )R BAE R HEE BT AR
it v it 5

Mag= 2000KX [0 MA-TEK swwmptessom Dste 11 Apr2003  Time 1144

Bl 2-11 1% 56554 %14 4 57 PSS #4 5 &3 hip] B=[30]
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RF
13.56MHz

___+ 1
J?_ /— Squares « o i

| f |

" o O o o "

Quartz windows —

{

10m

210

View port /

\

l ﬂr \ Substrate
Coolant E 9
RF bias

supply =

Pumping

Bl 2=12 ICP pe % 7 i B [28]
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=%
TRAZE AR BUNE " EFEARLFY
3.1 &
WL PSS AW 5 kB WA SN d S RALE

FARAYERE CHUAPE CEXARRF N LG GIREERR -

"=

A

FEFENMF AP IT R NEFLIAFEF IR LR LG 7 &

B MG BABUEE TR G R ARG AR EAL B

(H}

g G oo d 2t sapphire (FEFEAF )EF FERMEHYT 52 AR

(hexagonal ) » % ¥ & $he Jn & 34 07 B osapphire fdF 2 i 2 6 iR

TAEXENE LG F B m AR F RIS N
FARE > I B8 Nk G AR LR - B A N BT

Badgsd PR AR ERH

AAFEHE AR LT D BERN NS PAF T E S
Mg M 4f § ERTAFAGHAL I P RESOSESHK[23] -4 B 3-1()
TR ARAT A S FF AT b 45 0 A ke & GaN,
v GaNy - # ¢ GaN, #J& 5 & & (¥ bottom c-plane ) 4 % & > GaNy, B
A R A G PR A de o %g@ B 3-1 (b)~ (C)sh TEM 7 + e84 825 4 7 >
v {#ir GaN, : 87, iﬁi( wurtzite structure ); GaN; B & P* & 7. **}#
( zinblende structure ) » GaN, & &= 7 & 2. FF 0= = B % 5 sapphire

22



(0001) || GaN, (0001) ~sapphire (11-20) || GaN, (1-100): GaN, ¥ sapphire &
EFFRAP R n S o d 30— &d sapphire & & b b4y G

wurtzite 4 FletdaiRl g 1“4 7 R F <0 zinblende FiE ¢ B EIE A&
V-2g oo ek dgd o EFF PG EHE R SR T EETE R

EFTAFOI S F > V€ bhh R BAFRF A2 23 a0 PEHEH

R 2 [33]

B 3-1 (a)igd ;&5\ 4% c-sapphire /& & & GaN e £ 5 TEM i
(b) % Bl(a) ¥ #7Bl:E 1 GaN, SE5+ 7 ife

(c) = Bl(a)® #7Bl:E < GaNy Je&+82 if[ 23]
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dANER BB E P EFRFAFE LT EA L BRER 2 A o

g’
A

2

=hg

Pl &g MeHE > 130 = 3 AN T REUAILE DR X
FEFTERFASERE ST OF G HER[34] 2 TR F W CR &
@ gd BRIl A2 PSS Ad o J5d R RS BFRIF A
FRELGREBAERS LR CRAEPIERDASG - HREES

AL -

d B 3-2F F 0 d RN A e A B 2 g g AL
RERGABLAE AR T RAILELDRF BEAF Co 2

Flrgpimbrd ARG ABRTE o BEd £ 314 TN A4 B
BHHE C > HiTeh LED A A 5 iz engF b F o

e ik T e A D(T R 16 2 48) > H 1 2 = &
EEEREDF GRS BTET AR AART TR ILE R AR
T BB F g S S & o imEd 3 CFy ¥ sapphire 2 B 432 4 &%
[35] > o = 2 B AL G 425 enle PF € 1 ¥ R R T 1 ¢h bottom c-plane o
FEMCplane AL LR Hfe o A FHRANY - EF BEFHA
R FCEFERAF FEV B SN E i gELET ik

- #HH D LED ~ iE3xFk o
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(PSS _ | C.pss-B

nr - GaN grain
f‘f ~’ ' o GaN grain “ e / \
. RG (a) PSS-A (b) PSS-B
~ GaV grain GaN |sland
©'PSS-C (pSS-D I GaN film I N I i ; i i

(¢) PSS-C (d) PSS-D

%]32;%:! }f@“’?i%fjﬂ%mf’”%\ YRR

(Bl®» A~B~C~D %~y

ED

THAILO0 41216 4 4)[34]

% 3-1 7%%.\2} * P%E%Fé*?fff{}@?-ﬁ?iﬁ Ak %A PSSV ik - 2 LED ~

B 34]
Table II. Performances of LED-PSSA., LED-PSSB. and LED-
PSSC.
Average intensity Output
Ve (V) I (nuA) (mcd) power (mW)
at20mA  at -5V at 20 mA
LED-PSSA 3.243 0.0368 117 20.5
LED-PSSB 3.212 0.0169 127 23.4
LED-PSSC 3.207 0.0154 134 25.6
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3.2 R &N AZ

ARHRUTZBAF RIFH GBI BN TRECEFT AR
+ er1GaN-base LED {3 # - 4% 7 a‘jﬁzp“gé v 5§ i
(plasma-enhanced chemical vapor deposition - PECVD) % c-plane (0001)
sapphire * it — & 220 nm 5 & 7 SiO oo L e H F R ke s HiEF
MR R AR B N E AT 2um s BFEE lpm nZhk Bl % 0 4oB] 3-3 o KRBl &
sk EAR 5 X % F i A %) 5 Rk ((buffer-oxide etching’ BOE )#-SiO;
A IR B BRH I L OSIO %Y o EF R ER
270°C ™ ePfiafa R Faid R > 3817 % — X B &% - SRS %] > AR R
FIaRECEFFAFE LS WPSSeEZFI* 3 R AR F 4S8 kit

( high density plasma — reactive ionetching > HDP-RIE ) » #-'5:iE R\ 4% A

4 PSS A BB - Wk m e B8 5 # 5 900W iR T o4 * BClg
T WX R %)%t PSS 4% % & £ fi 300 52 600 f > & =

PREEI PR CEFEAEAL S G LS DWPSST &2 DWPSS I -
BB F SRR 3-4 7 0 B Y BlAsdA T L AR R TE R Rz
A o
Bit (T RCAclean Gtz ts » fI* &2 B F 5N 50
(' metal-organic chemical vapor deposition - MOCVD )& H + = £ LED %1 o
d PSS R 4F L} & 35 & & & =k (buffer layer )~undoped-GaN layer~Si-doped

26



n-GaN layer ~ Si-doped AlGaN cladding layer ~ InGaN-GaN % & € + #
( multiple quantum well - MQW ) ~ Mg-doped AlGaN cladding layer 1/ %
Mg-doped p-GaN layer » #*48 ~ i* %4 4o @] 3-5 #7771 -

%= LED %Hts41* ICP 4 %] 1 mesa & g% 4 Si-doped GaN 4 & !
%o i 15 7 n-pad - & F A indium tin oxide (1TO )2 & § ik 4 1 K
(current spreading layer ) » # {& % p-side £2 n-side & ¥ %48 Cr/Au % &1 =

= & i LED ~ i+ o

00
® 00

B 3-3 ~F Srig ¥ ek ¥ T R R
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Standard
Photolithography 2
M m m KM
1um

PR <>
PR 5i02“
Si0, (200nm) - C-sapphire
C-sapphire
l Si0, W EEEN  E—— ' / \
. C-sapphire ) (WPSS)
BOE etching & Wet etching

remove PR

- FARIIpN 7 e

Epitaxy & device analysis
(Chip size : 1145 x 1145 pm?)

B 3-4 *~F ZFHKi~F27 % B

sapphire

Fl 3-5 LED 2 % & &4 7 & W
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3.3 REEFHMH

3.3.1 4% 21 ehPSS 4 & VI RBEE
g0 3tm oG AT AR Y A

A KIRA A AR T A G AT JfEhRE o d o &

2Bl Tk 0 € 1@ F4K pattern AL G g 2 HATEL > T Awm g & DY B

#[22] - d ** WPSS ~ DWPSS | -

LB =
‘f:":.‘-‘;txft'f )é.m -4

DWPSS I 5 % p »+ g5 % fl4z-+ J B 365

PR RILE S PSS A H A G ) o B 3-6 4T 0 SET R

SERE A A 5 300 522600 £ s o R4EA i ITESR 2 AP EE

R R R S A e
FEd R+ 4 A et Atomic Force Microscopy » AFM )& |7 7 4w

2.6um 2% 1.2um e
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DWPSS |

Bl 3-6 WPSS ~ DWPSS | ¥2 DWPSS Il #4 & 25 %

3.3.2 R A5

% WPSS ~ DWPSS | &2 DWRSS "= #a.4 4% + = & LED ;H#fé » H
P kdrd 3-29Tmcd 29 h5 - AF g 27 b A¥F > & I LED
SHEdF 4937 3. TV hdeds T B (forward voltage ) » o+ 5 % ZvA ¥ » BT
N EIEE PSS AE T HEE ALE S AP

Bl 3-7 5 DL g » LR A e T LED R 2 kA e g o
Hz_7 o+ 350 mA T » LED-WPSS ~ LED-DWPSS | ~ LED-DWPSS 11 mﬁq?l 4
XA w5 4255 mW ~ 437.6 mW 12 2 453.8 mW - 4p >t LED-WPSS ~
LED-DWPSS | » LED-DWPSS Il & %42 7 6.7% ¥ 3. 7%m7'o$%] 3 &
m aFH % ot 1000 mA T > LED-WPSS -~ LED-DWPSS | ~ LED-DWPSS 11
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mﬁig?l dU#s P4 w5 1045.7 mW -~ 1059.5 mW 12 2 1139.0 mW >
LED-DWPSS Il % pt pF4p #*t LED-WPSS » { #% 2 7 8. 9%m7lo$ﬂ drgh & o

dRET R JIF SRS ER ORI ETFAF T RAB YR

Eehn 2 ond A F IS A ARSL P 1 o kg e d
» 75 EE- T
% 3-2 LED-WPSS ~ LED-DWPSS | ¥2 LED-DWPSS Il e
TRERIES

VE (V) Output power (mW) Enhancement

350 mA 1000 mA (%, at 1000 mA)
LED-WPSS 3.7 425.5 1045.7 0
LED-DWPSS | 3.7 437.6 1059.5 1.3
LED-DWPSS 11 3.7 453.8 1139 8.9
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1200 -

-_—

=]

=]

o
|

)
=]
o

|

»

400 |- / —a—wpPss ||
200 ,‘ — 00— DWPSS I
Y —A—DWPSS |

o
|
L

Light output power (mW)
(o2}
3
|

| " | 1 | 1 | ! | N ]
0 200 400 600 800 1000
Current (mA)

rﬁ;] 3_7 ’Ibﬁ;)ﬂ',I4 ﬁ“ﬁ%?/m;i%m%ib E;g]

d 3tk F BRE 4 = fE AP WRSS~DWPSS | 22 DWPSS Il £ § 4piTéh
Fwm AR AP UEZ RS FP Z AR R B D () B ARG AT
s AT R T A E A & hp P IR S o (e ) 0 F

R =

Ik

|J7'
T~

3

1

BT kB HEFE %K}%Baa'ﬁ’?ﬁﬂi% ’ “,/-f: 1p + 7T

\4
I

AR HHRE LB  F CGREME A TR L PR R

it o
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3.3.3 p & 3 3% F (internal quantum efficiency » IQE)
Faop g F e o - ¥ @ % F PL (temperature-dependent
photoluminescence ) % i {7 £p) : fI* F 4% LED A # g ¢ T 3 T &

o PmEeeg et pandE (TR R > A WB-MUR (1T 8K ) 2 3 F (300K )i

BRI o 0 N IGERB TV OUHR IR T I TR B EPRE AT

Bk MR (BK) T ehgr ks F S A 2 > £ AFd R R T TR RN ehar ki

A @ %] T 8 PL R RS A A g (LT 8K )2 % % (RT»300K)

HIRHT 053 A il B ORER R DRE o AN BT hE kL E gy

B Igr&B lr A% i 3 EME MGETaPL LR R

Err & ELrRIA S 5 3B E MET e ac £ [36]

JE AR B RS PGR T g KSR 8 S et 0 X RRGE T e
kel E EARSE A ZF 2 e (normalized )& Bl J e IRECE 18 0 AT
1z B Bl4cB) 3-9 “rom B¢ BlArandic BT A A AR R RES
BT B o

&g {6 > v ¥4 LED - WPSS ~ LED - DWPSS | ~ LED - DWPSS |1
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I FRE F s A W 5 48.8% ~ 55.2% ~ 58.6% > H ¢ i 600 )iz A %]
s erizk{m -DWPSS > 4pdic WPSS 7 3 #cde 2 F A 2. = - ap 38 + 2%

Ko MA ST RAME G ARE T EFEART R E L BN N

A (nm)

34

A (nm)

WPSS-LT WPSS-RT
T T T T 100“00 T T T T
1000000
800000
800000
3 T 600000
S 600000 s
>
£ 2 400000
£ 00000 K]
E £
200000 200000
0 = 0
1 1 L 1 1 1 1 1 1 i Il 1 1 1 1 1
420 440 460 480 500 520 540 400 420 440 460 480 500 520 540
A (nm) A (nm)
DWPSS | -LT DWPSS | -RT
1000000 : : . 1000000 . ; . r
[—s0 | —80
—70 —70
800000 ——60 800000 —60 | |
—— 50 —50
——— 40 ——40
- ——30 - —30
T 600000 n
3 a0 3 eo000 20 |
< —10 < —10
2 5 2 —s
2 400000 2 400000 —2
S 2 < J
E —1 £ —1
——05 a —05
200000 —02 200000 —02
— 0.1 —01 h
—0.05 ——005
] = 0
1 1 1 1 1 1 1 1 1 1 1 1 1 L Il
420 440 460 480 500 620 540 400 420 440 460 480 500 520 540



DWPSS Il - LT DWPSS Il - RT

1200000 . : . . 1000000 . : : .
——380 | —80
—70 —70
1000000 |- e 800000 |- — 60 | |
— 50 —50
800000 |- ——40 ‘3‘8
- —30 = 600000 | -
3 3 | 3 —20
= L3 10
600000 | J— —
z 10 z —!
2 5 £ 400000 [
g —2 g 5 —2 —
£ 400000 [ ] £ .
—05 —0.5
—0.2 200000 |- —02
200000 | 01 —01
—0.05 |—0.05
ol oL
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
400 420 440 460 480 500 520 540 400 420 440 460 480 500 520 540
A (nm) A (nm)

Bl 3-8 WPSS ~ DWPSS | ~ DWPSS Il 48 ( 8K )2 % 8 (300K )ehsk 5 T >

TR AR T kR S kR

) ' ) ) 4 1 N
m LT
¢ RT
n
=
- 4
2 " .
L [ ]
<] o . -
® -
o S
L °
1 n 1 " 1 n 1 n
20 40 60 80 100

Power (mW)
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1.1
1.0
0.9
0.8
0.7
0.6

0.5

IQE (%)

0.4
0.3
0.2
0.1

0.0

1.1
1.0
0.9
0.8
0.7
0.6

0.5

IQE (%)

0.4
0.3
0.2
0.1

0.0

.. = LT
- | ® RT |
QO . S
L] -
® .
(]
2[0 4I0 . sln slo 100
Power (mW)
DWPSS I |
I 1 ) | - LT
[ | ® RT
. -
(]
.O L J
e .
L]
2I0 4Io ’ slo slu 100
Power (mW)
B 3-9 WPSS ~ DWPSS | ~ DWPSS I I o o

DWPSS |

FoE e B M R
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3.3.4 kg ¥ k@R (photoluminescence » PL) & 5

&g F & k3 ik ( photoluminescence > PL);ﬁd Y % A=)
FRABK-FEEFH(MQW ) Vg T3 TR HRET R - L9
BREFTHRFRELF D[] 29 A FE LT T 5

( Helium-Cadmium Laser ) » # & & % 325 nm > T iﬂ%] I# 35 30 mWe

ml;g'g
\“‘b

"T Bl g N km L p L B R o FE D D L EARE R AT
FERF P R LART - R AR 0 F]pt T I g kg 2 X
% % ( Full Width at Half Maximum » FWHM )& 5 2973 & & 45 3 cnik g 0 X

BRART CFRRAEAR- R MOQW E SRR TARG cB3-108 0 & F

M APSSHEFEY AR RAEAFEREM AR Jd BV 2

BAr ik £ 450nm 24 % PR SRk Ed BER AR K Y F D o 2

EEHLBHFEY LA 33 F ﬁﬂz“ﬁ%fgﬁéijﬁ@’%%%fﬁﬁﬂr‘sﬁ

ENZEY R ‘Tfi LT ARE 0 X3 R EARARR ) ”?,fﬁ%@ﬁi?a‘i

SEEF DG NIEE o ¥ F DWPSSIH A+ 5 224 d T fF A w

oo AP¥ WPSS A v 482 21% > B sc %@y "2 J 28+ 2 e
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T

1 b T v T T T
i —m—WPSS

10000 DWPSS I —A— DWPSS |
s —eo—DWPSSII |

8000

6000

Intensity

4000

2000

o A A A A A A A A A
350 375 400 425 450 475 500 525 550 575
A (nm)

Bl 3-10 = 46 PSS 47 ™ > PL & 8Lk £ 22 5 £ 55 B B 5 B

# 3-3WPSS ~ DWPSS | &2 DWPSSII'® PL £ % % ( FWHM ) iE &

BT A G

MQW FWHM Integral of
(nm) area under curve
WPSS 21 1.4x10°
DWPSS | 19.9 1.4 x10°
DWPSS 11 19.2 1.7 x 10°
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3. 3.5 X sk ¥4 47 ( X-ray Diffraction » XRD)
~F %) * X-ray rocking curve (XRC )k & p]~ i ¢ GaN #ds & 5
S 19964 3 & e feAE o [38] 0 hc-planeEW £ A HF L 4 E & K
2R g s £ B 7 5 3 A P (screw dislocation )~ &2 v A B
( edge dislocation )~ & - # ¢ &% %z X P enqp $2. 27 % & ( Burgers vector ) % (002)

2]

P4 A (shearstrain) » g0 F 48w (hkl)P 172 5 Fh

d
{})‘

w5 @ 7 AP ap e Are £ (Burgers vector )] 5 (110)* » ® 5 TG g 4
%(planestrain) > ¢4=d § 45 & (hkl)®? he*k7 2 2 hdhw > £ 3-4
FldR e A P E v L P2 L B oo Ff’f%‘gd R Vg

( transmission electron microscopy » TEM )% ¢ » # B 258 g-b#0 3

=

mog IS 2 ¥ A g=002 Bi" MR L RS~ g=110 B
A ARAS R o d FETEME RIS-115 1 > &% 9g=002 & & g=

110 enfin™ > AR BEE LR 7 < > BT A RAY L B2 v 1 P
BARAEF 5 5@ aEBY > g=110 pFp < BeA BN B LY

S IRAAPIRTF 7 AELE o % T & F]3-12:0 x-ray rocking curve ]
s o HALA® GaN(002) 2 GaN(102) & ¢ § T3Ric® > A&
Bd 24 Apig s Romla g s v L e Ba GaN(002) X % % ix
% GaN(102) X % B arip (T A7 HPBY A B A% 74 7 L

A

s

o
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234 MRERAPE IR 7 L BAL R

Distort GaN Contrast in
Burgers vector
(hKl) plane TEM
Pure Screw When g = 002
) ) b =1/3 [000] 1#£0 o
Dislocation visible
Pure Edge When g =110
] ) b =1/3[110] hork#0 o
Dislocation visible
material A material B
@9°= 002 (g G@fmm———-
(screw) e SR .

cross-section
TEM

B3-11 &TEME ® > J1* g-b#0 7> VBRI LR Z

P L2 ghL T HHELAZ HALBY [38]

1.2 T

—r—T— — 1.2 — —
£ [ MaerialA (102)GaN | 2 |MaterialB  (102) GaN |
3 M3arcsec| ¢ | 740 arcsec |
£ 08 [ (002) Gel ~ 1 £o08}(002) GaN e
2 arcsec =  [40arcsec
N ™ S
Té 04 AN - E 04
g | 5

0.0 - - : < oo . .
-1800 -800 O 800 1800 1800 900 0 900 1800
@ Aw (arcsec) (c) A (arcsec)

B3-12 ##LAZ 11 Bex-ray rocking curve §][38]
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Flab A ] gL XRCH GaN (002) & e 3 5 2] 73 38 s
APz L5 L@ §200 & £ (mixdislocation )= 7 & ~ %
GaN(102) & thi g FEs|erard 22 (TR s 5 7 L322 W L0
)t & o
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