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Measurement of Curvature and Stress in Deposited Sapphire

Substrate Using Dual Beam Optical Method

Student : Chia-Yu Wu Advisor : Dr. Ching-Chung Yin

Department of Mechanical Enginerring

National Chiao Tung University

ABSTRACT

Lattice misfit.between-the gallium nitride thin film and sapphire
substrate often induces intrinsic stress in light-emitting diode (LED)
wafers in the epitaxial process. Besides, the thermal mismatch also
yields wafer bowing and residual stress in the thin film. The quality of
thin-film deposition becomes unstable and followed by peeling or
wrinkling if large residual stress remains in the thin film. It results in a
need for precise evaluation methods to measure wafer curvature during
and after the epitaxial deposition process. The process parameters can
then be controlled to reduce the thin film residual stress and to increase
the yield rate of epitaxial wafers.

This study determines the thin-film residual stress by using the
curvature of a GaN-based sapphire wafer measured by a non-contact,
dual beam optical method. Two parallel beams of laser light are incident
to the warped surface of a test wafer. The laser beams reflected from the
curved surface do not remain parallel. A charge-coupled device camera
was used to detect the relative distance of two reflected beam spots

projected on a rotating ground glass screen. The curvature is determined
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in accordance with the geometric relation between the wafer bow and
deflection of light beams. In addition, the conventional Stoney formula
for thin film residual stress was amended for the anisotropic substrates
under bi-axial stresses using the classical plate theory. The measuring
components and system were evaluated to reduce the standard deviation
of data set. The measured results were compared to those obtained by
Twyman-Green interferometer. Both have a good agreement in tendency.
Dual beam optical method follows geometric optics and differs from
interference method. The present method is not easily interrupted by
environment, and it is suitable to be_applied in a compact space for

epitaxial process monitoring.

Keywords : dual beam optical- method, measurement of wafer curvature,

thin-film residual stress
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P~ P, % By sk & ¢ dak il B o 2 5(2.69)2(2.70)58 ¢ 4
» Qo 2 Qo ° F1#42:63)-(2.64) ~ (2.66)-(2:67)5" Ffiz » ¥ ¥

~ h3C132K’X - h3C11C33K‘X + h3C132K‘y - h3C12C33K’y

o _ 2.71
X 6h(h+1)C,, &7
o __ h°Cyk, —h°C,.Co, + h'Ci’x, —°C, Cyx, (2.72)
y .
6h(h+t)C,,
o = N+ 30k, (2.73)
6(h+t)
_ h(4h+3t)x, (2.74)
~ 6(h+t) |

i€ * (2.65) ~ (2.68)-(2.70)5% » ¥ A WfE{Fy ~ By~ Qg % Qy ©
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YR BRAZRY F2 R

AR R mI AT R R A RR A AN RIS %
Bk R B AA ARG A LT 7k R b g
Zgod BFZAGF Md LRPPIREEF > A8 A Lgh @
wamw%ﬁ%%%»% ?*%$$§%§6%%ﬁ%»ﬁ%$@

B Azt B d & o BBk 4 s Zettler et al [13]2RIFH > I e e
3 ERAERZERTE

*E L - SR R ASEREA e Bk A P2 RIZ s Ar
3557 0 f(X,y) M f F & & chilndidlie » § S0 ER LT LM
(beam displacer)ié» #7352 L7k g A uliw AA2 BB 457 D &

6iﬁ%$ﬂﬁﬁggw%ﬁ#uKﬁﬁ§§u£§a%%*&®%ﬁ

A'A"22 B'B" L of B Fl % 5 F 8 3 0% B & chsk i 0 & 7 A'EE B
B dic f (X, Y) 2 2Bk T made ko dd 5 AlBLE B'EE A T(X,Y)

Lo RERL > pllZ T AB s &2 s ANA # BB A uHid
HEA'BEY B'BEE-B 3 X phif S UR[E R R B F A kEh? g
HE = 5L §F(pixel) 4oB3.2%77 o Fl 5 A'BLE B'BLer 7 ¥R TR

Ah w5 0820+d0od Bk RV oo Bk AA"E B'B" & [l £
o bt A WE ag+02 a+0+d0 LA"A'A' &2 LB"B'B' (04
B & a+20 & a+20+2d60 > i fF 0+ oo N £
ZA"A'A' =a'=a+20 - ZB"B'B' =a"=a +260+2d0 -

d B ey FAB W Fr oo &7 5

_ a6 (3.1)

1
K=—
p ds
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pLw FLiT s ds AT FhR A0S F A S A'B AL o d 30

AB" Z - % & Rlu¥ £ 7 &

u= +(Y, -y, tana + Y, tan(a ") - y, tan(a ") (3.2)

coso

BY=Y =Y, R T

u= + y[tan(a")—tan(a')] (3.3)
cosa
¥ 0% 0 2 dOR )0 BI)NFHI G
"= D+N(@f] (3.4)
cosa cos”
PepE s dO T IR 4o
de:(UCosa—D)cosa (3.5)

2y

hy=vy =y, £ETHABIK % AR & ok

AB'~AB=ds=—> (3.6)
Cosx
#-3.5)-(3.6)55 1 X (BN B AN P T
2
K:(UCosa D)cos™ & (3.7)

2Dy

B~ itk EE A6 0 2BGNNA

. (u-D)
TSy (3.8)

FhakF-EREE 3 el Fo7 Bk T A kah g A R 5 (F 3.3)

A LB Ak T ELE S s RS R RE
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32 Bk k BRE kAL fﬁ_

3457 2 FRRABRZFREHETLE - AT HLHHWE
2% Js Bl (calcite) & AT S 0 4o B 3.5 A7oF 0 SEF N SR BIR D
Ao A RadTEE TR LA SHERALTA LSS
FRESE fﬁ;ﬁ?w A %A T Fenkdoo R
s L E SR B EREE A5 AR E S 633nm
W sRIT5 LR o S WAL KRERE > CCD ApSER R X » &£/

[ F(B] 3.6)0 B ~mEir 1 feé mikg &k > EFAF] kw2
Beo ¥— 3G » A R DAGE ST 40k 2 L3 chv A7

BoEg AR H e Rd E B2 xR o REEN3T AT 0 i kR 2

FRELBE R LT LW ERS 45 RV REEI AT 2
*%%ﬁ“ﬁ’ﬁ@@ﬁ%%&ﬁ’ﬁﬁﬁﬁ§Wﬁﬁﬁ’$g»%
2ok ToLE AR AR BE LV RS L] - oA G R

FOH - BRI e BT E i SRR B FF AR % (B 3.8) 0 k
RPFRE A B F LA B R e o EREE S kgt
BB E ke de i g 0 G PR AT o B AR
BEAEELLTH RWE TR SN TR A F Bk E(ins)
FRig 3 o BEkorgig i 50 TP I B % ook ghirsa(speckle) o
# CCD #p ﬁﬁ%ﬁﬁvz—?aﬁ’r%%’ P sk g 2r > Y CCD Apist £ - B
39K AT R e B RS % AR EmDCE o
MR R EREEE &SRS o 38 CCD 4p 18 il & R 6 2 $5-F e
5 (B 3.10)3 % » 7k f 3 B 42 5F CCD 4p 4% % % F1 %2
Fos o RBEF A T CCD Rk ~ 12§ & % £ B> #712 & CCD 4p
Wande »BEEF RV RLREER K AR RS FEE T
TR DRBER PR T R BARE YR AT
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v Labview Bl 42 5% » 374 CCD Ap 8 # P~ & % + e Sk gh 22 i »
I 4 BALE AR PR - BRI R BLY S ERHE > O (37) F I E R

AR TN BRI AT T FRITL & FEEAT
A s RPEZERHFLFEG o 27 1% H & 5 & (stepping
MOtor)SE 2 T 5 58 & ] 0 B 3.11 997 5 f Faksba % B g1z o g
WEBEHE2Z A FH HEEE DT FhoT
1.5 5 B2 s ~ Poig ik 503 o
2.0 By %R i35 g pE(holding torque) » T 2 F A B K E o
30 & }il”i’ﬁ?l GGk At ot s 1 B 3 g (open loop)d A TP i T

BAHFEER o

45 - Hehd RIFZ 4R | o T m R fEeE Ao
SR PR AVER 0 F R B A8 E g e o

-~

*

# e B & el o R AR RSN e B g -
Bl 360 & A 5 20045 »fe<H & 5 18 R - - BoSRS T Sanig
BEHLAL 5 W% BE(pitch) © AR TR 2 HaE B BREe S 5N L AR R
B EE S 2mm e @42 N2 B 312 77 o AF2 % 2 Labview B
AR d) NI-7344 Ede )+ > e & UMIL-7764 3240 ¢ i 1 7%k
12 B ds B (driven)ZRde i85 i o BT 0 T2 3 up E
FIEER LR £ e ¢ & 5 - £ RE%5(R 3.13) %4 0 £ Rl
Ao ms 3erie R4 2N Rf2 > £ 02 Matlab 20 A A
fif o

FERBYP T T o ELBRAFE I A fH B EAE
MR EFESOART A AR AL il o 4o 3.14
T o BB SART Y R RIS o
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Sr R FHEREEREH

p o L = SR S e PES BIAT N 214 BARAE & 3F A 1 ihf)
M4 BRFSREE D EEL AR AR BT H R A

WA T R 5
4.1 gk L B RIARN 2 S BALE

AR L LabVIEW B4 BE B . L R4S > f25t @
W BRI RARE > E TG B 4.1 fr7 o o wﬁf.w%]»{é‘_;m
o0~ BRI RS T IS g o [l F S Dk R IR D e B
Fay4a kg Bl 42 957 5 CCD AR {8450~ 2ok gk R 4o B0 f > T
FERYEAGEA RS I E o B 43 77 A RBF B AR AT
R he B o R TEE Bl 4] 2 AR s TE o BiE s RAR
TR EARRFF R B o A WA S R BRE 0 3 B R ELR B

G

il

=g RF
Ee s R RE BRI SRR R B8 - ARy S Y
BRI 16 - Y2 Matlab 2% BE % o Wi L F 52 E o

\“‘b

BRAZN T K T CCD Ap 3B~k gh @it | e & > 7 807
ARG A JeE s SeBAR T R ELG A ) 0 ) T B AR ek BT
WFRS] 0 FE G ORI R T AR s g o ho ] 4.4 4T o 8 BARD IR
LIz BB K TG AAMELET F o3 R AT A
WE B AF R EIEE G slicdy o o0 B RIARN S~ 8T ) SR H
AL e &l ¥R T o A2 FEu b BlcE 28 B T F4fid kg
&

B BEAWL B R REE S B R edE

e
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Z OBV [22]HE B AE AR Jp AR 2 kA B e R (8 (threshold) 0 49
S 1N S sk O RTINS - A sk o E e A S
o BT RANE - RESEER e H- REr 242 BRI

@
xa

fr

Ral
Qe

by B xR E o RIEEE R W S

RpEE LR 0 BBk ik L 2
i%@%?:%%ﬁ’ﬂ%ﬁ&%é

R 2

PPN AMEEF R o BRI GE S

GRS RET R Plas G R s 2

- Eitagt v f SHF ARG T T A AR
Fo ERGS 7 WA ok LR 24 R
R R GAT A B S Tk 2 LS P B R
S AR B AR R EE AT o TS AT F
2 M4 o A5 COCD AR 3P~k B o B - 75 kgkeh
EPLEREE S T RN £ 1 S0 L0 ST RS
B b B e A e

WAL S LB St E T AL A A K- s LB R
uo BplS kg R E N R I GEEEFET R
B 4.5 #71 ° & = fék_‘:ij.“ia Jé)?;.é?fﬁu ¥ 0 U fEFER

v

b BEE T o AR FIRT o U E - fE N E kY
é?%§£’¥:ﬁﬁf¢%NW$u%£§@¢’ﬂééﬁﬁ%ﬁ&
BT B AT o KB Flonb g d? £ 2 - B md2fs > £E
Wik 2 T it Ry 2 —_&ifﬁﬂﬂz%,ﬂh;%i.‘? b prEe o 3
XA FE o E P SR R R B ks

HeE o B E R o
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42 R LR s B RE S
421 it

AETREI MG T FRE sty hLFl4ae F T B
Ay kgh o g1 CCD Ap 83572 (53 7%%] o Rgpa & #rif > &)
B b gk PR nE Ak o LR S R R ILE R B
EMOGHEI T ke REBAT A LREY 2R B - BITHERG
LAz - R TR g B BRI B F S REY i
ZEER FRTRT LTRSS D AT H RS kR 2 py
AR o blded TG BRSPS kB RS 84 B i
0@ d kAT HEMATE S chd ok d f T 2mm o T b F g
42 pixel/mm -

Vo) F et R R SEEAT R P (e B ] Rk SLenfRAT R
24 Bipl 4 scha (PR 2 OCD A0S (et #1ii 2, o R ip) 4 sucha (F
FER TS = R R B RR R Sy s b L (TR T > A &
BAA 2 B ERGAR T N LT & B R £
Tl kAR EL S G e Ay Blde e B A (Ao B 4.6 2T )0 T B
FTERPMER LSRR cCCD fpipenfair R S ER 54 B
GF B ThEY BVl R* e iR~ CCDREAET
il 24 R o« ¥ Al CCD P8 40ep #-a LB I0 X > 30X
GhEERM S FL 5 A R TRBMBIAR AP Y 2 CCD
I G F D ST 45

B ER A ARP D FEERE A e E TR E RO

4=

FARER SRR h bt ha o »EE PR BERY
Bk

5 AAFA o R EARE RILIcR 4.7 17 0 R R
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TG4 Mt R A - REERV o TR BT Bk ak g
/:?_Ei ~#% d "jCCD*B’}%&’E'/? I“'ﬁy"l’ﬁ%‘l?]’@l’%‘" )\.é;:]'ﬁ_a

a=tan"' % 4.1)

b

BB AT &0 BN o A K ehEpee st

Jo

HAXZRRLNER S8 T 83 BFoha (T - 24 @
4.8 #17 > *g PIH B D MERET RS o BT 5 - )

AROEFHEF D HERH SIS ES > RS PY R D
FREHLyY - ¥ #(4.2)5° »
S
-2 42
P=54 4.2)

B » 5k BE T 2 Stk o o g A 4 - e gEdEd o ey iF
FEAEAR VAR FOANE o A SRR B2 A B E o W LI T O (TR

y=pcosa (4.3)
422 LRIk

ARRFCERIE T ERFLFR F AT HHELLL
RIZEFFLZFFAT L A T T HELFY 0 TR BF- g
ERI100K > m & BRI~ ~2 27 T gUINRY R R
49 #7ord RILKEhE B REEY S EE S b P #0100 X F
£ pl B st 5 45 ¥ (standard deviation)? S & o XLt E Y LR X
R AV E - BT PR TOE LR BB LA B3 TR RS
T L R4 o A7 P S LA EREGFDLIEL BRI ERR

A%

- BRRR R R AT TR R REE R G R R T
PR T w U Didpand AR ERS > REL S 0059 4o

B 4.9(a)*7 7% o ;g:r:u - RSB S ERZ T d Bl 4.9()
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“rom chd SRR L > T g MR R TR T s 4
fRELEL 0042 Lik- HHTDRBH LT 0 FRIRFLY
50.038 LW AR MG EABT L § 0.1 B p o 4o B 4.9(c)
hom oo d 04 b kS A 40 R enT B0 U E § ' MR chiT Y

fes UL BRPIRE » AL 2R RIE I PBIZIRGE S KT

FEEF { G ARk o FIS R R SRk R A 4 A 4R 2 eh
E% o 4 B 40 #77 F 8 & COD Apis /TREB~ehif R - 145
Bt F R F A G ARELE FEk AT A
Bl R A T Rk gk A A R F R o 4] 4.10(@) o

o ] K EEe R 3 2 4 e LR o Ae Bl 4 0(b) om0 B4R
RE BT 1 TR B iR (T2 o E M EREE T
LERF B DEE o AT FH 2T F EEEZ FH 45100
SR E R A 1T 4o Bl 4.11()¢7F 0 BEEE 15om 2 M iR L
50031 @ EFE5 30 cm 2 NS AR £ 5 0.041 0 4oB] 4.11(b)
Prom o FlE AT R F 4 A2 1 IFEER N S 20cme £ EE S 15 cm
2 MBI R FREFEES 30 cm mﬂ}g WA R
ERES 20em 2 B4 LR E L ,wfvwﬁzg AT FTIR % 0
BH pEE A A4 BEES 20em e 2 B A E R i sk o

B R g enie® fot T dagem o @ CCD 4p 8 4t 35~ T o en

’

o BB G S AR T 4 Tl ek B3 2 T 2 (F] 4.12) -
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AARROTEE R R (R 4.13) 0 RBF G RRE DR - B
i TLAT 0T AR AT Y 0 g aE &+ CCD Aptd B~ fjad A > Farin
B g hyrte AE I NE NS SRR AL SETRT Y
S SEEE §FFRFAL EF AR PFRT
BR g2 282 hd VIR MERREL c AL SHELI NS
27 TROBRIGETEAT 0 TRY | REH D 2T REF K
WELERER 3 TRE 1 REDEE LD 0042 2 0.035 4o
414 4557 - RBH I 2V 5 0 B L PR AT TR TRH D
2.7 WpF > LS @G FARRTREF F 02 R

Voo R BREEER o R R
fie & it et Gl e 5 2R St FAN T Fy KB Pl
A B Rk o EEEER P2 AR R o ARLR M LR G
w’%miJéﬁﬁﬁﬁﬁ¢ﬁ#£%@°$iﬂ%%ﬁ¢ﬁ$?’
= R ELT 0 PR E T

AP EERIRIREY D R ERA FE 255 > 2 Matlab &

B8R L ARIPTERY * & -RARF HREFTARAT L R 1 E
W e %k BT R R BRGET e BB Y S 6 RS

(curve fitting) 18 F| %2 S B ¥ o P HAH XX A FFE FoFF o

i}

ALEEZY FLTNE T ENER S RVEE] 0 TR ET
e BE R RRNE Gt - TR IR R R BRI FAPEE S & Flahi
B 4B 4.15 77 0 % & -R AT R F R e Esd F i aolio B L A 21]

Mg el RAT T Bk R BB BEE B RN A 3B B 8 F] e
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T B - R REORAE VRN F S FA BL RS e
WO EEN A R AERZERIFIA LR B O] B
A e SR 0 Boh BRE Al A doB] 4.16 T o EHR A

BTGz KM R A TR E T P R DR
4 ] (B 4.17)cded 2:3 957 ]x > b hf 4 B X & 5 486.9 MPa >
B B 5-63.8 MPa>y & m g4 g+ @5 1,297 MPa > & | & &
3224MPa- 828y 3 w2 B B4 ¢ A2 1 GPa» it §  4f s &
et 5 15GPa[23]> it Eiv B LR o B 418 T A S k-
RARF HREPRIG R A B30 F LG R 0 B 419 Bl 5 EEE

4R e R S RSSO E  RSLH  A

.-\

[
T
=

b Fl x> 2 8193 mad 37 ok Fplicaded 48 4 54975 o
% & & Stoney [13]1X T FAale o IR R B &
R B A2

b = F AL OBATY T8 B Q0 7 Quo ]l 4TI 3
B 3 o b PR RN R TR B2 BN Qg P Bk 0 A T QiR
QA S e 2 (R 6)e A H S EE IR G A Q&R
FH o AFETHRBILACLEES X A EF % T > 11 X ¥ R(XRD)
& 8 0 g% o487 5 PANalytical X'Pert PRO MRD - £ B %
4B 420 2t 0 FAEGRBEE R BRGNS e hB R &R
EPRE S

AT R AR 2 d o BRIER LY X2

AEe Frd o 0 T iR FIE SR -RARF AR ERIEIIZ G h
GBS GHRE R A FPE N F 0§ BRGEL H4e o R

BRlw FemiB L hp R BmAES RB2L AT - FRLERZ
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FEAZRIZEFFF2ZFE PRy - T2 HRE XF 1Y
fet MOCVD # SAR§ < ] @ % o — ik &R g * £l
Bt £ PP A, P BAARE R A A E T RE R Bk
RERIE AR E R PR ERLERE S BER < 4
FetkF R DE G BR A FIEAFL 0 A0 F v e
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(2) BRI FhEg > #* 2R REN P 2 B E S HEED
SRR P REES ] LT SRR AR S R ERE T AT

1 RALE AR A SR PR S L BT 4R T 8
KBk o o BIVEA A KBEFFERIE RS R

27



#
(3) T BRF7 i Fl5 5 Edhf Lachhe o &5 F i deghizg
*

52 K kaix

T W AREXLERZHEEL 4 AR

(on-line) & Bl > A RF JE* 3072 penFZ B 5 > B2 A dfike

oo B R Rl RAR s FIRA R Y WaeE R e B
A S - N )

- A

7.
g1 iepRap s £ A ORI A RRlET

L= A

(
&
-

-
A¥
b

28



[4]

[3]

[6]

[7]

[10]

o

3

R. van den Hende, V. Merai, and R. Parekh (2009), “Use of in-situ
deflectometer metrology for Gan MOCVD reduces development time
and optimizes product yield,” Veeco instruments Inc, New York.

J. D. Finegan and R. W. Hoffman (1959), “Stress anisotropy in
evaporated Iron films,” J. Appl. Phys., 30, 597-598.

S. M. Rossnagel, P. Gilstrap, and R. Rujkorakarn (1982), “Stress
measurement in thin films by geometrical optics,” J. Vac. Sci.

Technal., 21(4), 1045-1046.

E. Klokholm (1969), “An"apparatus for measuring stress in thin films,”

Rev. Sci. Instrum., 40,:1054=1058.

T. Aoki, Y. Nishikawa,-and S. Kato (1989), “An improved optical
lever technique for measuring film stress,” Jpn. J."Appl. Phys., 28,
299-300.

S. N. Sahu,"J. Scarminio; and F. Decker (1990), “A laser beam
deflection system for “measuring stress variations in thin film
electrodes,” J. Electrochem. Soc., 137,.1150-1154.

A. K. Sinha, H. J. Levinstein, and T. E. Smith (1977), “Thermal
stresses and cracking resistance of dielectric films (SiN, SizNy, and
Si0,) on Si substrates,” Appl. Phys., 49, 2423-2426.

A. E. Ennos (1966), “Stress developed in optical film coatings,” Appl.
Opt., 5, 51-61.

K. Roll and H. Hoffmann (1976), “Michelson interferometer for
deformation measurements in an UHV system at -elevated
temperatures,” Rev. Sci. Instrum., 47, 1183-1185.

C. L. Tien, C. C. Lee, Y. L. Tsai, and W. S. Sun (2001),

“Determination of the mechanical properties of thin films by digital

29



[11]

[12]
[13]

[14]

[16]
[17]

[18]

[19]

[20]

[22]
[23]

phase shifting interferometry,” Opt. Comm., 198, 325-331.

G. Gore (1858), “On the properties of electro-deposited antimony,”
Trans. Roy. Soc., 1, 185.

E.J. Mills (1877), “On electrostriction,” Proc. Roy. Soc, 26, 504.

G. G. Stoney (1909), “The tension of metallic films deposited by
electrolysis,” Proc. Roy. Soc., 82, 172-175.

E. van de Riet (1993), “Deflection of a substrate induced by an
anisotropic thin-film stress,” J. Appl. Phys., 76(1), 584-586.

T ks EEME . fe @ (2006) 0 LEMHERA BB R
S

FlipH (2009) > FUw g WA A B 2 < > oo

R. Szilard (1983), Theory and 'analysis of plates: classical and
numerical methods, Prentice-Hall Inc., New Jersey.

T. M. Regan, D. C. Harris, D. W. Blogett, K. C.. Baldwin, J. A.
Miragliotta, M. E. Thomas, M. J. Linevsky, J. W. Giles, T. A.
Kennedy, M. Fatemi, D. R. Black, and K. P. 'D. Lagerlof (2002),
“Neutron irradiation of sapphire for compressive strengthening. II.
physical properties changes,” Journal of Nuclear Materials., 300,
45-56.

A. Polian, M. Grimsditch, and 1. Grzegory (1996), “Elastic constants
of gallium nitride,” J. Appl. Phys., 79(6), 3343-3344.

T. Zettler, G. Strassburger, A. Dadgar, and A. Krost (2009), “Device
and method for the measurement of the curvature of a surface,”
United State Patent, US 7505150 B2.

FLA Q1) = E-BIFKFHEREREFT 54 FIEEEFTE
4o WEIEAEWRIEE LALH o AT 0 S
haksw (2005) KEF F I FERIEF A0 0 o F o

R. Nowak, M. Pessa, M. Suganuma, M. Leszczynski, I. Grzegory, S.

30



Porowski, and F. Yoshida (1999), “Elastic and plastic properties of
GaN determined by nano-indentation of bulk crystal,” Applied
Physics Letters, 75(14), 2070-2072.

31



VAR
s

%01 4 P EH T rb 28 = GPa)

Cll C12 C13 C33 C44 C14

EF£[18] 4902 1654 113.0 490.2 1454 -232

$ 1 4%[19] 390.0 145.0 106.0 398.0 105.0

123.0

%02 & P £ 2henP i 432 B @ (H = ¢ MPa)

X 0 5 10 IS5 20 25

30

30 470.6 3509 1827 12319 ~ 88.2 142.2
25 4542 2717 1407 © '66.9 51.5 74.8
20 397.7 2509 629 18.2 -15.2 16.3
15 3423  198.0 13.4 -63.8  -13.8 254
10 1433 203 34.7 -15.6 51.2 100.7
5 137.2 425 18.8 -1.0 19.8 136.9
0 216.5 154.1 90.6 102.4 1574 303.6

189.8
118.4
97.2
136.7
271.7
308.3
486.9
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%3 &R B8P B4 3-8 E(H = 0 MPa)

0 5 10 15 20 25 30
30 | 689.6 8128 6807 6234 560.5 6304 6324
25 | 6979 6467 4864 4639 4598 4518  429.5
20 | 670.6 510.1 4204 4047 3842 3224 3867
15 | 6139 4163 4072 3853 3799 5120 459.
10 | 508.6 432.1 4684 4879 4047 4394 6463
5 | 4329 5180 5969 1 6467 6604 7309  860.2
0 | 5062 6569 ~8225 719.1. 8538 9592 1297
3 A% | B Bhex e SR ] () fKm?)

x| 0 5 10 15 20 25 30
30 | 355 152 .18 7497 52 09
25 | 331 111 0 98 -107 73 -0.7
20 | 267 135 77 -129  -165 -101  -1.9
15 | 216 102 -13.7 229 -162 -160 0.5
10 | 05 -13.7 -132 205 -86 34 1Ll
5 1.6 -140 -20.1 246 224 97 78
0 92  -47  -193 -138 -11.7 35 147
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5 LRl Ry 2 e b FRPIE(E = Km?)

X 0 5 10 15 20 25 30
30 | 725 932 82 769 701 772 75.6
25 | 742 744 584 582 563 563 518
20 | 728 573 527 523 509 416 470
15 | 674 470 528 529 503 661  55.0
10 | 612 558 600 645 511 537 744
5 | 515 662 775 847 857 905  101.0
0 | 581 802 1043 - 903 1059 1141 1514
36 ¢ P B nQ, B4 i E (K 1 i Pa)
x| 0 5 10 15 20 25 30
30 | 285 290 . 359 267 268 239 215
25 | 494 4670 404214 0255 368 454
20 | 719 568 424 387 351 339 489
15 | 606 63.6 494 441 380 390  49.1
10 | 684 629 347 387 392  40.1 464
5 | 644 583 333 478  30.1 370 479
0 | 796 542 368 317 284 305 435
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Ormega 18.75000 Phi0.00 » 0.00

ooz 2Theta 18.75000 sl 0.00 v 0.00
counts/s
10ht
- GaN(002) sapphire (006)
1l GaAIN
10k~
1k
100H
10H
-
0.1+
0.014
0.001 T T T T T T T T
15 16 17 18 18 20 21 22 23
2Thetaidmena (7
No. Omega(?  |2Theta2  |FwHM({]  |depacing  |intensity  |Label
1 1802100] 417 25200) DO07347] 5124084 10739970/ Strained composition:  Gall 72336410 27664N
2] 1979740 Sn.g44ED| 001168 4758062 E70R145| Rielaed composition: Gl 53458410 365428
3 1828080) ), 1781120 010504 4575868 243576 L
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