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Measure and control of the residual stress in laser films

Yanming Shen
Directed by: Prof. Jianda Shao, Prof. Zhengxiu Fan

Abstract

Residual stress in thin films limit the reliability and function of thin films-based
structures due to peeling, cracking and curling. So the control of the residual stress is

very crucial in almost all coatings.

Firstly, the residual stresses in HfOz, SiO,, ZrOz, AbLOs, TiO, films prepared at
different deposition parameters were studied, and the relatlonshlp between the
residual- stress and the structure was also dlscussed The results showed that
deposition parameters had large influences on residual stress. This was because the
structure of films was determined by deposition parameters, and the residual stres
were correlative with the structure. The value of residual stress was determined by
multifactors such as packing density, oxidation, growth of crystal grain,
transformation of crystal phase, characters of substrate.

By altering the thickness ratio of two materials and deposition pressure of SiO,,
respectively, the total stresss in HfOz/SiOZ multilayers were adjﬁsted effectively. The
annealing could also alter the stress in multilayers, the value of residual stress in ,
Hf0,/8i0, multilayer films increased with the increase of annealing température.

By finite element analysis, the substrates’ deformations caused by gravity,
non-uniform temperature in the vacuum chamber were analylized; the deformation
and the residual stress in the ﬁlm-substrafe system with SiO, film and BK7 glass
substrate were also calaculated when the temperature decreased from deposition

temperature to environmental temperature. The results provided theoretical
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instructions for optimizing preparation process.
The residual stress real-time measurement system were designed and set up.
Using this system, the evolutions of residual stresses in some types of films during

deposition process were studied.

Key words: Residual stress, Thin film, Origin mechanism, Finite element

analysis, Real-time measurement
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=t AT
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g~ AT Unconstrained strain
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Force balance
Strain compatibility at interface
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@Nﬁ&%EM%%%%%ﬁﬁ%@ﬁﬁ%&%ﬁﬁﬁ%ﬁﬁﬁﬁ@~%%%
HITLJZ, U0 BB R 5 L 40 1 — 3 49V O 42 S i £

%Tﬁ~ﬁﬁA%%%Mﬂ%ﬁ&ﬁm%%,%%ﬁﬁT%%EE%zx\
4Aﬁ6hmﬁm%ﬁ(MMM%@%%E@Eﬂ%ﬁR#GH%%%%M%m
WREAREWEMITETE), &R 3-3 Fx.

K 3-3 TR BERIE Y& & 19 360 B R

iy Arl (AR d (nm) | &% R ~F D (nm)
27 0. 2581 16.18
4\ 0. 2585 18. 30
6 A 0. 2584 18. 72

ﬁ%33ﬁﬁ%%%ﬂﬁ%%@ﬁ%mﬁmﬂme%ﬁE%%EE%n
%%ﬁﬁw,%ﬁﬁ#ﬁﬁﬁm%wﬁk,ﬁﬁﬁﬁﬁﬁk,%%E%ﬁ%%
EE%MQHOﬁ%%@ﬁ%4»5&%%ﬁﬁﬁﬁﬁﬂﬁﬁﬁﬁ§%$ﬁ,
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ERAWBTRE. KE 33 FREEEE (0200 &RKSERNE d S

 RAEE EAONR (dm0.2587Tnm, W LI fF AR A S FE D A
HE ATLURBUEAM d B, B XRD W A0 0T T EE S AR

- RRTEIIRIEE, k7 IR R T URD B /N B R T R O PP T MO, T
- CHTTRE R RZE T R, BT AR N ) M BRI A IR . U e

2 BT d 5 o LN, EREMEER L, AR
| BhEER, dERMETEANIN HO, SR AL NN T

- HEEmAR. |
| 3.4 EHIER Zr0, B MRERE EHI

L0 WMREE AR B . RSN 4T S B O T B R R
| ROERERMES R RASHETIR I SR T XS W, 710, TR A B
RIS RO R B BB B BT AR, 4, Zr0, WEBLEL B IR AT e
M RGBS, SRR, ARSI . B
R R A AL B ) B A RS MR . 720, 2R IR
- REHTERRRLH, 3 TR 700, HHRRY, B % BT 12 7E JUR i
B DOPRI R E R, R T 2T A 0 T
- BMINRR, RSB R AR, AR R A R

T ZiO WM, WS T SN IEA 260, MBI R R4 R A I,
SR B IR 5 2 A LA X R |

A BEHE

= ZrO; FIEHE Ml R AE ZZSX-800F RIS 2 SN oy o T oias B 0
- BEATH, EEHN ©S50mmxSmm B BK7 BEEE . VRS R AR E N
- 300°C; WAUEEN 0.45 nm/s~0.5nm/s; AEEZIE S 2.0 107Pa, el =
- BEBEAAI 2.0<10° Pa, 5.0x107 Pa, 1.0x107 Pa, 2.0x10%Pa A 3.0x10%Pa; 48

JBRES P 6 PR B VX W R B AT WA, UK A=5500m.

| 342 EHEH Zr0, WKL P
H1E 37 BT LLR BB S 6 A R 4 OB T YR ES

fmﬁﬁﬁﬁﬁ%%ﬁﬁﬁ%$ﬁﬁWQm@3£%%,%ﬁ%%%&%iﬁﬁ%
PN TS | |
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1.0x10°Pa
2.0x10%Pa

T M 0x10%Pa
75 » i : ] N L

600 800 1000 1200
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B 3-7 RF R EH &0 700, IR 695 4 bt

2.05

200 P ‘/2-0"10’3F>a
% 1.95 \ , T 5.0%10%Pa
£ 1.0x107Pa :
& 185 2.0x10%Pa

1.80 | \

| 3.0%10%Pa
1.75 ' . L : ' ’
600 800 1000 1200

Wavelength (nm)
B 3-8 RE8HAET Zr0, B &% &,

3.4.3 EIEX ZrO, BER IS EE R E R

XEARRIE S EHIE Y 200, HRER M Be il B 45 B & 3-9 B, ME
3-9 HIZEATIE Y, 70, RS AR BB 20 FE 3 KT, EOAE
2.0x10 Pa i # 200ppm /N EI T 3.0x102 Pa i FK) 73ppme. '
3.44 FHEX ZrO, B HIE

B 3-10 45 T RRESEHIE 1 200, HIE R XRD B, WLEY 70,

BRI E R SRR R 4 T BWasip, BRI T, EEOE
4 2.0x10°Pa Y, @i%t!ﬂ%?ﬁfﬁ%ﬁu&h VU7 AR B BA7E, t(111)IE3R R
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Ko BESEARR 5.0x10%Pa if, m (020) AT R BB R IR IR, RN
t D AUMEHERREIEE, m (111 AT MIRERK. e Eit— e
gmgnmmw;m%@tun>ﬁmuu)%ﬁﬁ%ﬁ%T%ﬁiﬂW%%,
MIAIVE m (130) WIBRRER BN, L4 Bt 2] 2.0x107Pa Y, ZEH I,
FRIAART t (111D FHEHTEZE, EMNE 3-11 PROTHE R, e
o %Eﬂ%ﬁzwmﬁmw,i%M@34w#&K%%ﬁﬁmtﬂn>%%ﬁ%
CFE, HEm (111D %%HQEQEiﬁ%Eﬁﬁ3ﬁ&%§d>§%E@EE??*BZ%*@Z?%E%Z2&()zﬁ$ﬁ%#ﬂo

210 -
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[4)3 o«
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T T T

B
o
1
j
|

/

Absorption/ppm
- ]

60 et T S W RV RN TP
0.0 0.5 1.0 1.5 2.0 25 3.0

Oxygen partial pressure/1 0'2Pa

B 3-9 REESETF Zr0, BAL 0 Tk h 2

2500 —
o
o
(=
o & =
2000 © 8 T 5
- 9 = =
;' 8 = =
=~ g ° °
. = P-4
3 ST § 88
o 1500 - = + T 8 =9
3 T EfE E E ¥
= L E 2.0%10%pa
&
o —_
£ 1000 |- 5,0¢10"3pa
£
1.0%10"2pg
500
2.0x102pa
3.0x10-2pa
. 0 hesdily BAS —

20 30 40 50 60 70 80
20/(°)

@3401@?%&?%@%&@%ﬁmm@
- ATHBEZMEMER, BITHET m CL1T) B % T ) B R 5t R~
E%%ﬂ%%34¢om§34ﬂﬂ,%%ﬁﬁﬁ@zmq@mﬂ%ﬁLox.
- 10%Pa, #75H0& m (111) MAERYE (RERETR), AR R ST R, B4
- DERE—-SAE, e m (111) 8 m4GHRE, LU 7 N
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500 haaS
400 2.0x10-2Pa
3
L 300
Z
7]
[~
2 200
£
100 - 3.0x102Pa
0 p~——-
I . I : 1 . ' . )
26 28 30 32 34
28/(°)

B 3-11 A KR4 XRD B
A 3-4 TRVEO BT 4140 IR & & S5 A e R+

Deposition Diffraction Interplanar :

3 . size(nm)
pressure(Pa) peak(degree) d1stance(nm)

2.0x10? 31.178 0.2869 16
5.0x107 31.200 0.2867 18
1.0x10% ‘ 31.229 0.2864 19
2.0x102 | . 31242 0.2863 17
3.0x1073 31.287 0.2857 15

RIETTHE x STERTH N BEE, FALAR 3-2 UEEI kLK E
FE R U 7 A ) AR L R 801

o I

1D '
' — v (3-2)
1,1+ 1, (-111)+ 1, (111)

APV, REEA T AR, [ F 1, SRR R SR

%%M%ﬁ%ﬂﬁﬁ%%35%&T$ﬁﬁﬁﬁﬁ%mmm%ﬁ¢@ﬁwm
PRI

%36$mﬁﬁ%%%ﬁﬁﬁﬁm%ﬁ,%ﬁ¢ﬂﬁﬁ%%ﬂ\ﬁ%ﬁﬁ
woﬁﬁﬁﬁﬁmﬁﬁézwmﬁmw,mﬁﬁm%ﬁﬁﬁ%taaoﬁﬁﬁ
ISR 3.0x107Pa i, TY 5 4B B AAFR A S /B 2 2 )
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| Oxygen pressure(Pa)

b A3 38 AR AL P B 2 2 0 6 /2008

& 3-5 REELE#EWERE T o540 hRik

2.0x107

5.0x1073

1.0x102

2.0x107?

3.0x1072

T-phase volume ratio

0.63

0.48

0.25

0.09

small

345 EAER Zr0, BER AN H BN

AFES R & Ze0, BRRAIR AR I EME 3-12 k. ARES%%
H) ZrO, WREIRAN 11 4 E R 7 105MPa, FEEE 4 E Rk, &N F3{E 3% %7

60

30
oL
.30

60 |-

Residual stress/MPa

90 |

-120

| 4 i

0.0

0.5

1.0 1.5

2.0

Oxygen partial pressure/10'2Pa

25 3

0

B 3-12 RF QA EHE 4 20, BIE0 HA 2

RS, SESMET B 20x10%Pa, BERRNHEAE S, BB Et
BT EE] 2.0x107 Pa, YA 3% H] 46Mpa.

3.4.6 75Tt
& 3-6 REESES S0 Zr0, B 64 AT E
Oxygen pressure(Pa) | 2.0x10° | 5.0x10° | 1.0x10% 2.0,,><1'0'2 3.0x102
Packing density 0.91 0.89 0.87 0.84 0.76

] 3-8 WT SR ST 2B 2 40 PR M T e, ST DLIR S5y v R b
BRI, HAR (3-1) AR BRI EE (R 3-6). MEELY
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BRI A A ey B S 4/ F RS

H, VIRRFRFH A RBERE, st . TR TFATRE TR 88E
Mo BE, MR FERNATIRENSSBGRREANEN. Bk, B
RIS ESB T W F E AR, R AT 5 2 e B 40 TR R 1 K T 1
&, ‘ ‘ .

NIRRT ETH R HEEED R KTRE, SNAETBaE e
BHEBRGBHEK, NETUBHEEH, Y8 5FEMH 1.0x10%Pa 753
3.0x107Pa B, SRLRTH/N. M85 K B 2.0x10°Pa F+ B3] 1.0x102Pa B, 1R
& m (111) AT5F T 0 AL R~ H B AR E A BT, XTEEs
HABEE SRR, BEMEETHRESKARNEER. RN, S4E5%
SEW Zr0, BRI LS BH . WALS T B EE BRI T EER, B8
ANESFERERRR KO TAE T BRASER, TRENESELBEES
PN Bk, HTERESE Zr0, B TALSE B H 2 v R R B 1Y
FERE. WEH BN EASEMEENNT L. NE 35 TUBH, BEK
A EAFT U HAREMHER, XASCER PG E BB, e EBIE
if, VRS TSR m WL 551, T RS R £ B 2 i B T 10 5
MBEK. F5b, EETREN A BE T AL RS, RN AL
E—MUERRRE, A HEE BRI, FUEESRA TR T A&
FREZ W ITAILE . TEEA R 2.0x107Pa YTRR BT 5 T4 3 1 FE I 7
MRS HRZ M IUTHES . [ENABEEE)ERRATIRAN, RIS
TRVY 77 1] B 28 43 o A Y M9 D | :

TR AR N R FE 450 . BB S S BN, 20, IS % 4
TABRLE)ZE A . B ZrO, RS2 72 A — B B TR, AT LLA A BT H
AR, R BN F 2 R PR T B2 50 o WA DA v 348 B e e o
BB ST TOUAN , F2 SUb 25 SR8 90 B O M AR B B 25 50 7o 2 R g 184
Pl BRI N B SRS E AR . N 34 ES m (111) I i &
FUNERITI R WG R, ST EEA RSN . XRD W8 I AT F RS 55 1
am T SR T R B, SPAAT F 3R RO TR S B R 28 1 07 1 I BRSP4 T B
T Y o T TR BE P o B TED DR OB/ SR T R R 1 (P, R, LT R E
AUAVRR N TR, B B4 15 2 M B A MR R

3.5 | EX SiO, BEERK R H HEMm

3.5.1 #EE%&

Si0, FEFE MBI & RE ZZSX-800F EI46 70 E 4O E ML BT IRERT
ﬁﬁﬁm,%E%@ﬂmmwmn%£m7ﬁﬁﬁaEﬁﬁﬁﬁ*%ﬁﬁ&%
3mt;mﬁﬁzwo&mw;ﬁ&ﬁ%&%zvﬂmm,ﬁﬁﬁﬁﬁﬁéﬁﬁ
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A B L AT 50T BT 50 2 8 /2008 5

s ; AH 5.0x103 Pé, 1.0x1072 Pa F 2.0x1072Pa; %}Eﬂﬁﬁﬂ'%j‘]ﬁ%*&{ﬁ{fﬁ%)ﬁggﬁ
FUSE, B 2=550nm.

352 EBBEREHH

 E I3 ATREA RSN S0, BIRIEIIE, TR IR
TR, ERAOES RN . AR T IR T Ll A L B
Mgk (anE 3-14 BioR). BB 3-14 A4 S0, TR A HT 5T 2 BEEL 4 R 1918 TG
Wb

Transmittance/%

1 1 I’ i 1 » i 1
400 600 800 1000 1200

Wavelength/nm

B 3-13 Si0,E B agiE 4kt

1.48 -

1.47 - \ 5.0x107Pa

—

1.46 [\

1:45

Refractive index

1.44 ,
2.0x10%Pa

L 1 1 } 1 H s
460 600 800, 1000 1200
Wavelength (nm) '

Al 3-14 510, 8 ¢4 &8 4,
| SiO BRI AN D EWE 3-15 JioR, B4 Sio, Y BELTE T SR 4R,
- EABEIENT, BRANNEZE 5.0x10°Pa ik 270MPa, BEEESE
- WFE, EREBREE. S8 ERES 2.0x10%Pa B, R A EAN
- ~77MPa, . '
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-300

-250 }
-200 |-
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-100 - ¥
L ]

50 |

Residual stress/Mpa

l L i} i L A L
0.5 1.0 1.5 2.0
Oxygen pressure/10'2Pa

B 3-15 Si0 &R EANEH .
B 3.4.6 WHEIHRTM, EERNESE TN T 5RASERHEZ
BK, VIR FIIRRMARBRK, BEHRRRBIHEN, BN WE BET 4t
2o B A Si0, BRI HTET SR FEE ) A TR o TR N 7 55 45 3 Bkl 2%,

FRAR BT AR AL e B S5 AR B AR A B — 3R

3.6 EHEH ALO, HEF KL /1 HHI

3.6.1 HmEl&F

ALOs HEIEFE M & B 7F ZZSX-800F BN AN B FHRERR
FRBEATHY, EJRHN ©50mmxSmm #) BK7 BEEE R . 7EAIEREhEE BE R
300°C; JIRER N 0.4-0.5nm/s; AREZEE N 2.0x10°Pa, RESEHES
4374 5.0%10° Pa, 1.0x107 Pa 1 2.0x102Pa; 4B I FH SV F MR8 0 0 v i
BEATIRE, K A=550nm.

| 3.6.2 KBERSHF

3-16 AN 3-17 2307314 ALOs EIERIE S Lk a s ihs:, mEmLL
RAEEOEMRERZNING, X TREEE R ALO; M fT AR 2 W 25107,
DIBGE R AT e S 7 17 TS R B4 T 354k,

B 3-18 24 AlLOs MBI AN AL B2, BATTT LRI ALO, W 15
RNV RBRHITRI Sy, ERHERER S E BB, X8R T
%1203 HIRERR N ZE S EEWE/A, RN RS RS E b 25
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Transmittance/%

‘Refractive index

Residual stress/Mpa

95.0
925
90.0 |
x -2
875 1.0x10™“Pa
5.0%103Pa
85.0 . L L L -+
400 800 800 1000 ] 1200
Wavelength/nm
A nar N J2 s
B 3-16 Al,Os B JE 6415 4t
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. \'.
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1.65 |- A .3
\\ 5.0x10™"Pa
160 |
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1.55 ' ! !
400 600 800 1000 1200
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3 par -
B 3-17 ALO; B I ¢4 &4k i 2%,
300
250 | e
./ \
200 F "
150 |-
100 -
50 |
0 L 1 L . ! . 1
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1.0 1.5 2.0

Oxygen pressure/1 0-2Pa

B 3-18 ALO; Bk 64 5% A 5
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BOLHBIRE 7 69 & 55 %)/ & Fehy

3.7 BN HFO, EER KB 71 M50

3.71 HREE

HfO, R & B7E ZZSX-800F B R EAEEHLt gl F o By
RHATH, EJRHN O S0mmxSmm K BK7 HHA . B ENE A EEY
300C; YIBUERRAN 0.45nm/s; AEETE S 2.0x10°Pa, HESHEEEZS
& 2.0x10Pa; HR MR AT F St B AR V2 0o R B o A7 M B, 258198 K A=550nm,
HIREE % 880nm. HIO, MR G 4 BIZE 1004 200 300 Fl 400°CIB K 2 /)
i, FHEIEZEL 10°C/min, BAJSRERBEY R HI, ‘

3.7.2 TWRLERE 54

95

s3] ©
[3;] o

Transmittance/%

o]
&S

75 .
400 500 600 700 800

Wavelength/nm

B 3-19 HFO, B ey 4 & ik

SRR RIS G E 3-19 FiR, 7E 100. 200°CiB K S AL R 935
HERITEFIRBKAERNRK, WAL IE JEES HIO, TR R
AR 8 3-19 REGH T Z4MBMEHGEILE, AT LIS 2438 ke
A= 300°CH, S AN T RE, HIBE T3 400°CH, D61 R A T
MR B K. Jik AR B2 E RN . HayEERETUHA
SIRE R, MEGRME 3-20 FER, BRI E R % 8810m,
233 100 M 200°CIB K G, HERDIBERBUTK, B KB EFH =R 300°CHT,
WEEEHERAD . M8 KBS EF 400C, W) B BN 868nm.

Bl 3-21 S5 T AFNREGE KE HIO, MR AN 7. B HfO, &
R AR /12 34.4MPa [RIBK R 77, BARHIB IR E N RA N AR, 75
TR IR AR K, HEO, T IR A2 5 17 B 3 KB B T B T LB kIR
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| BRI 0TI, BARIA S 131 5MPs.

885

880 - I '\
= .
875
870 - '
i L}

865

Film thickness/nm

N I . 1 . 1 N I
0 100 200 300 400
Annealing temperature/ °C
B 320 B EH GBI

150

100 |

50F

Residual Stress,o/MPa

Sample number

B 321 BKBEHRGELE S
B KR HIO, HEEE) XRD B 3-22 Fim. FUA BIRE R 35 B A4 £ 4
B m (020) BHEMRAK. ERENEERKE, RN XRD e LTF%
| A HBKEEFEE 300CH, AHIEREERT. 258 KR T
 AQOCHY, ATt R BEARGERE NN . AT5HT I TR B 0 B R 7R BB B K R
- BIRRLKK, [ 323 BRTAHE m(O20) MK, BdTET LA B8 AT A R
| ERERGREMMTIEIE. R 37 FUET m (020) ATS{MER)—Lokeir 2%
__M%3Jﬂu%&ﬁﬁmﬁkﬂﬁwmmmm%@%%ﬁﬁﬁ%wm¢_Eﬁ
| EEREEKSE, AT SRR R T R TR, FRRT R AT ik
;ﬁ%ﬁﬁ¢,%ﬁﬁ#&ﬁoﬁw,mmmm%%&ﬁﬁﬁ%<mg3%>,ﬁ
- THE RN _
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MOATEIE S A a9 F B i/ g

60000

M(020)

M(021)

50000 |-

M(-122)

M(011)
M{-111)
M(111)

40000

= 30000- ‘
o C ; 300°C
=
@ 20000 200°C
£ 10000 F
i : as-deposited
0 1 I 1
20 40 60 80
20/(°)
B 3-22 1B KEH s XRD B
50000
40000 AN
3
T | 300°C
E* 20000 g*__/ g__
o s‘——’/ 200°C
fg 10000 F 100°C
R___/ as-deposited )

0
32 33 34 35 36 37 38

26/(°)

, B 3-23 m(020) #4444 X B

HfO, IR B HVF 2 R R, AME LR, BT
DM B S EAN TS B SR KREREN, BORREEE =R TM
BHIGREMEE, BARLNEEFRNER. YREEENE KGR
BHIBER, B4 BEF MK F, RATT LB BUBRE R 938 5 HIO,
VEIRAGIE . SRR S RN, TR R B 38 K I B B
BK. EREINREEKAE, SRR, BREEEAD. SRS
TR KR4 . ARYE Chaudhari 32 HEER, RRHR—R BB
HIZEH, TURRIE A& FFSER T AL . BRIP4 S o i 45 T B
BOKN . NBEBMAERE, EMEEEBOTUPEFRAATERREZ, ©
MR AERSRPRBERY, —MENTR, B—AEREAREE. 75
RAERIRRF, RROLTREIRA, NATRESEI, RN AL R . 4
NEZEREM BRI SRR F B /N, RRR R —e RE AR B K. W, Be
MERT A (3-3) FR,




b AR B LS BRSSP B 20 22 0 36X /2008 4

e I | N
 REE v, DHREIOG R R, o REN AR
| ETRE, o R ARERSY, EERBRNEES (ta) a,
RN R KRR S aa, 4,4 BB T
| BRER. BRI, SOMBRERGEATA. [N, BARET G

 PARIRCL, X RREEREST, R T RALA BRI . LR MK R S R

 IBNERS, BARBERHD, AT SEER S R R, S

fg%%ﬁ%m%mﬁ%ﬁwo%%Mﬁ%FEM%%E%%,@%ﬁﬁ*%ﬁﬁ
M TR BRI B R B S TR SR AN A O3 .

BB BB ER R, XTSRS 320 S5,
TN, e SEB A A B R, i R AR TR

BRI E R,
| A 37 m(020) 4T 40 B4R Sk

An_nealing 1.36':ak Intensity(a.u.) | 'Interplanar FWHM(®) Cx"ystallite
temperature | position(°) | distance (nm) size (nm)
As deposited 34.7263 . 5587 0.2581 0.5440 15.3
100°C 34.7267 5483 0.2581 0.5144 16.2
200°C 34.7402 5520 0.2581 0.5144 16.2
300°C 34.7613 5711 0.2580 0.4513 18.5
400°C 34.7786 7374 0.2577 0.4252 19.9

o & x HEMH 0 - 20 MWW EF, WEKEFT TR [ 5 i o E
- THEE, SPAT TR KN ) BB B 2 I U R AT T I T L T B L
BRI R RIBE BN R T SRR (SR, BRI, T R B IR
- RN, RIS SR RS LR R

38 IBA3 SiO, BIRZES N HH SN

384 HEHE

S10, WBAE Al % AE ZZSX-800F SR A N i v TS R
- BUBATHY, BJEH ©S0mmxSmm K BK7 BEEES. 7EVUALT IR BE R N
. 300°C: VIBUEIERLN 0.750m/s; ARESBE N 2.0x10°Pa, F4 SR 2
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 MOREIER A AR b ) & et

B 1.0%1072Pa SRR I FE s o MR L VLA S AT W 2 158135 A=550mm,
MEEREZ 1130nm. HfO, HEERE R4 FI7E 1004 200, 300 F1 400°CiBk 2
NEF, FHEIERZAN 10°C/min, B KJGHEMTEIR KHp s SESEEIN

3.8.2 KBERSHH

.94.6

94.0 |-
&
B35
o~
3]
k=
£ 93.0
v
&
=925 ¥
: 200C
92.0 P4 % as-deposited
400°C 300°C 100°C
91.5 —— . L : L -
400 500 600 700 800
Wavelength/nm
: I g N Jz 3
B 3-24 Si0, L E 64544 K48
1.45 = -
‘ '
- \.
X .
3
8 1wl \
(0]
= 3
5 R N
5]
j
w5 143 \
e .
o
142 [} " 1. L ] " ol 1 ]
0 100 200 300 400

Annealing temperature, T/C

B 325 iBKUE SiO e st

BKJE SO, HERE R B RINE 3-24 FToR, BAER BT RS
BKEBRF AR, Ed R ML BN LA RS, BERALREEEE
B KEEHBE, FERACEERE RN . ARYEES 264 VA 550nm
BRI RN 3-25 FiR, WULE MBS IR )RR, Si0, MR 5
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