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ABSTRACT

This three-year researching project (August 2000 to July 2003) included both theoretical
and experimental study.

In the theoretical study, to obtain temperature uniformity across 12-inch silicon
wafers during rapid thermal processing (RTP), we estimated the edge heat compensation (the
first year) and/or optimal incident heat fluxes (the second year) with one-dimensional thermal
model by inverse heat transfer method. Then, in the third year, a numerical two-dimensional
inverse-modeling algorithm was developed to calculate optimal incident heat fluxes
required for temperature uniformity on 12-inch silicon wafers during RTP. The
temperature-dependent thermal properties of silicon and a future-time algorithm are used. The
numerical results show that temperature uniformity can be efficiently achieved using
inverse modeling and reveal that the thermal non-uniformity can be reduced considerably
if the incident heat fluxes on the wafer can be dynamically controlled according to the
results calculated by the inverse methods; the maximum temperature differences were only
0.15, 0.388 and 0.658 |, respectively, for linear 100, 200 and 300 /sec ramp-up rates.

In the experimental study of the first year, the emission spectrum measurement of the
rapid thermal processing (RTP) heating source by Fourier Transform Infrared spectrometer (FTIR)
is presented. The work has been carried out on two quartz-tungsten-halogen lamps of OSRAM

type No. 64573 and No. 64743 at the different lamp voltages in the near-mid infrared wavelength



region of 0.7~20um by using FTIR. From our present experimental measurement results, it is
found that the emission spectrum is superposed by three spectral curves located in the range of
about 1~4.5 um, 4~9 um and 9~20 um, respectively, corresponding to the emission from the
tungsten filament, the warm quartz glass tube and the base. Increasing the voltage of the lamp
will increase the tungsten filament temperature. It also shows that the results are principaly in
good agreement with the Planck’s distribution law and Wien's displacement law. The spectral
peak output of these heating sources, corresponding tungsten filament temperatures from about
2000K to 2600K, range from 1.9~ 2.5m(4000~5200 cm™). The second year, the transmittance
and reflectance of barium strontium titanate (BST) thin films deposited on the Fused-Quartz and
MgO substrates are measured on various films thickness at room temperature by using FTIR. In
addition, we also used Beer’s law and energy conservation law to solve the extinction coefficient
and absorptance of the BST thin films can be evaluated. And the refractive index and absorptive
index of BST thin films have been measured in the visible light wavelength region of 0.2~0.9um
by using Nikon n&k analyzer 1200. The results indicated that the transmittance and the extinction
coefficient of the BST films are very high between 0.64 um and 10 um. The third year,
continuing the study of last year, the transmittance and reflectance of BST thin films deposited
on silicon substrates have been measured on various films thickness and heating process at room
temperature by using FTIR. In addition, we also measured the BST thin films at various heating

temperature. And the refractive index and absorptive index of BST thin films have also been



measured by using Nikon n&k anayzer 1200. Experimental results show that the higher

refractive index and absorptive index of barium strontium titanate thin film occur at its thickness

of 0.4um. The value of absorptive index of barium strontium titanate thin films is close to zero at

near-mid infrared region, but the maximum value of the refractive index is appeared at the visible

light region; in addition, there is no manifest difference for the reflection index and has the trend

to shift forward to the short-wavelength in the temperatures ranged from 30°C to 600°C. For

barium strontium titanate thin films, the reflection index has the trend to shift forward to the

long-wavelength because of thin films structures have been transferred while upon the

temperature of 600°C.

Keywords: rapid thermal processing (RTP), emission spectrum, temperature uniformity, thermal

radiative properties, FTIR, BST thin film.
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¥ o



ARREERTPOREY Fo ot QB EF LS RERSPEADERLL[7] > v 2
B A SRR A T MRSk o FRd S R R ST T A R F RS kA 4T
AR ATAER B RPERAN T RPN ER F BEREIZFERFEE

o @B AT SR EmcatE TS G MY H R PR AL -

13 BT W24 B

TERPHREEFRE > LRI AEPeM] P - FEFAE CBERACBRAREZ BB
e i o B 2L kP B A F Y TG TRAELEE o R MR IR A PE DR B &2
EEF R Z AR RFle 22 Gl PR PR Ry 2 AL EWM1 E L o
PR F S EE e L U] 0 3F S B AR RS MG M ORTENA B R st D
CR TR E jRAT B E kR B F R E DA T H#(didectric materials)
KB~ IRF e S0z 0 d 30 & R0 K BB 0 MR B E e 2 LE S 0 T
ptd 48T (ferrodlectric thin film) 7@l £ 2 2 H e w450 1 2§ @ A i ﬁzg EBE AR
TR I BERE R AT LB EhReE AR L AP -

SRR L AR I 23 4 % % #(high dielectric constant) 1 F > ¥ & *
B {5 4 15 75 P22 48 (Dynamic Random Access Memory » i # DRAM)# £ 5 T & ¢ % ; 11

H 3 ki (electro-optic)™ @ jpd ~ i K[~ fI* H LT P (pyroelectric)™ & = F &

e

Bt 3R b R GRIE o Fl T BT T B O R AR B BB A E

oo MU AT AR M A S Pt 4 AR KAX 5[] -



1.3.1 24045 2 fi

TERFHTREF AL  DRAM 2R B RFEH &> Flt 58 L 3
Hra T rtEsg o A2m & DRAM ¢ €& aits 578 - § f 48 DRAM ¢ (Single
Transistor DRAM Céll)” » & & DRAM %z ¢ ¢ 45— B NMOS T o482 - B 141 5 0 & R ik

DS F RS AT e ST F BBl » k§ (FDRAM T 3 St T SO,

.

Fr SigNg > 3 F 207 SiO-SigNg-SIO2 * 58 % & >  ONO - % 7 %2 DRAM #7357 f

’zr
oo

o ek b WL B 25 2 (D) AR FFEGH (2 ROTFA
TEER () HBATHAPMTHE B (L) fr(2) g E~ESHI-URL 4eiffe
FlEg > URPPUF I GITE A[34] 0 FRLITE KRS AR R BABSS R AR E AT R
ZEEIIC N ﬁ‘mﬂ#ﬁrﬁﬁ?‘#&mﬁn"iﬁﬁﬁv 0 S0y > FIF AAR T g Dl 248

TR

@ PP & DRAM ¥ B0 Pl P cdli T H R 5 48 4Ls 9> 10] -

e
=

B
ar

‘) 3
el

48 4045 9 ((BaSNTiOs » f AL BST)2 71240 51 A2 B S cn@ 4B 2 A7 3 > 3 & £ %) %
T2ZEAKEYEFRBATVE BRI BMATHEL AR T R R Y o L PR
WERHARRE Y B B R o e B ARSI (TR 3 S AR S
DORRE > @A R AR I A N g (0 TR AL E R M B
v AR R ~ S KR 2 v L (Annealing)# B # 4R & BB B AR ALE TR B

®en /i § A #iE[11-15] -
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L4¢%?ﬁ
1.4.1 RTP * &

S TR HBARGE R RTPAR LRMAG ) A RV B3 F - fHa e b
K2 o 0 RTP M50 Il ° 4o % 2 S E JS45 ) g a K3 Flot 7 s AR
Rp MR NE £ AP B AR TR EZEF PR R A N3 5 0 RTP L0 £
(5 e B SF o P B B E e Bp RS B F 8 JI* F e i k4
Bl

BAARTP 3 AR Bfpd 2k AP T TP - EREEEFRL &bt

RAEI A g4k 2 HFcit 3 355 > ¢ 2 L4 5 908 A 7 39[11- 16~17] - — & k3

.

A E SRR M

F_L
£
e

PR AT A AR R A 20 X g

o F - 26 BREAHETE AL RIS DR F RFOE R R L AE S

l“ﬂF

TEFEAALERNRE S HRFE > HFE LT 70 Fletfd 20 8 L Rh Pk
4 fzs 5" By PR 4 "(Yield Shear Stress)[18] -

FEKRFLER A9 A 4 PR AL BB DI EAR > Fl A 30 BT Y A S AR k4R
Fom it fufld o BRI ER X AFANLFEG AL REL > A FHEBIEL D
SN G AR E B R T 2 ad frem T AT B en# gl £ 01988 & Lord[19]
A48 Fl e RTP @Az e 2 g4 > 7w 3k (Shield Ring) & % & [F] #F B 8 35 4o B R

LRGBS  BEEA S TP ERLGEF TR LAY s BGnERLE

@ ZolIner [20] % + 2 Pushkar[21] % * RI&-$HE RSP G0 73 o d 2R Tl 5 - bt
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e o ATrOE R A 2 SN E R s gh e NS G R Tl S i 4
fak o F A FRR TR ER S DRR o G RRA A Z BRRT Y R M
A B E A ERELITHRF] B BB RS RS o m Cho[22] % 4 { i2- # %R
m%]“"ﬁ Avrippdl o ARG R Ew R R A { Arada g o

prok s BT Rk E BN ERT S I S E gk s R EATA A BT - B i

BRER o 2R MBI E DR A o T B G R A o

anhn
*

1.4.2 £2445F % &

d N EAANE AT ETE G B AR N MR R E B AT 0 AR AT
AERFRFYL 1T 5 DRAM ¢ T 3 BRI * o e Fl o S840 E 5 R o
FroEgo~ T B TUAENEN W OF AR ART AR o bldeo F R LN
GRS T RGIET R sk E 2 REBEH o e A AGE S G Ut 0 SRR AR R
A E A A28 > AV ER LFDRT o
CREEE XN o RS

1995 & Won % 4 [23]4]* RERiyiR4E2 & PUTI/IS ~ PUTISI/S 2 PUTIISIONS = &
At b s wlgEF BagrSrosTiOz i # P AHER G 2E > kR 5 024um > 4% 2
R = AT E TR v L (Rapid Thermal Annealing > RTA) 650°C30 ) - #
Tk & F A * X-ray diffraction (XRD) -~ Scanning Electron Microscopy (SEM)Z% X-ray

fluorescence spectroscopy (XRF)EL % & RTA 650°C 30 4 (& 4% 4L.4% & 5renls A e

H—

Famod XRD €% %7 IR %‘:ﬁ’ﬁ Pt-Si 2 Pt-Ti chd @ D> iz 8.d 2 p 304
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-

W 7

ek )ﬁ%“rﬂ’mféﬁ"f”l Pt 2 BST s 2 23 Pt-Si 2 Pt-Ti ch @ 113k - d SEM

HERIGRTUFR B FOTMEEHEMN S 2L F L A RTAGS0C 2 (8 A H S § Hit

IAESRECR B E O B F FIAM S 7§ AT S E R T R IR T XRF
/R BST #4634 650°C1 /) pra ts BalSr 2 (BatSh)/Ti chfr & 4 5 > d % 7 g RE

0 BaSr TR A AT B0 g p e 8 A (BarSn)/Ti ehfT R A Fug ) i H i &

AN

1996 # Lee % 4 [24]9]* RF&4riss# & PUSIOJ/S 241 > imffif & 5 600°C f 4k

F BagsSrosT103 7% #2041 * XRD ~Rutherford back-scattering (RBS) ~ SEM ~ metal-insul ator-metal

(MIM) % Transmission electron microscopy (TEM)EL % 7 [ e948 4445 & %5 & 27 grain size ~

h% K e BNl 500 2 e Bl o XRD BRIGE ST 0Pt (1) i

BB Y H & NI BST (110)4E % B & ch#f 40 @ 4 » BST (111) © N3 &5 & + 2% 0.15um

o RBS £3# £ R 5 & & 0.05um 2 0.1um 2 4 40a% F e b b o] chig £ R Y 2 5w o

w
IHEREERONEFRY L A EDEEEFER DRI T AP P ATR DN E

FRY g mPt2 BahE B¢ £ Tl F RBSEFRE € /Y ST iy £
Ble >3 A Faptdad? Bk R B84 TEMBEZE R 5 0.1um 2 £ 8L

BHAIEE S p 2 E o d SEM BRI ME FUNE R R 4 R &R 42 L H 40 A B

Bhtt -t Mo F Skt 4 d 0.032um 4 2 0.082um pF > 4 T ¥ Hcg d 348 1
2 758 MIM 2RI g% 7 d |-V Hcd AFRANKBEFEY > § Rl R g7
LB BTN o
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1997 # Joo % 4 [25]4]* RF&4ri&4r & TIN/Ti/Poly-Si/SIO/Si 4 » 11 i #%i8 B &
550°CF4E + B & 5 0.05um 42 4045 im0 > £ R A7 e VIRE T 2 |-V iy 501 2
WAL RSRBERT IO %o d FS%F AL T AAMH 2 No P 330 ¢ 4 3
L A QP IFVERT R ) o IVEARB AT NFRBEERX T T iR
20 R MBS NI g ek P TR (5 B AT ¢ G RF R T

2000 & Ezhivalavan and Tseng [26] & # i 2 & & k5 B 404045 B WF 7 el = )’%

VAR R 5 2 P R TIAAMR I T X DT N s Sl AR s s w Lk
B REHAER B A0 BREEFFIF T T RS I AL B

s

- 2
& 9%

ik

i X %'3/»\ 3] {[J_ i’*"éﬁ”ﬂ—m" VS @ing_pﬂjmb‘&g;,.+ (R /E}'ng_‘m .rf} ~ T}:&j *g}‘n;;_‘ B2 2

o
.

AE S UEE AT BT 4 AR T
PARECE- SR U )

1998 # Panda % 4 [27]4]* REEiiR452 & p-S frglass £+ 4 w45 F BaSrnxTiO;
Ew o 3¢ x=0.0>05>0.840.95- 4] * Double beam ultraviolet-visible spectrometer € 7|
BaosSrooTiOs & ek § 5 5 k- H REE R AL FFZ 019~09um > I *

Perkin-Elmer 833 spectrometer € ;¢ BST/glass ¢ IR 7 #% k3 » £ 41* XRD » AFM 2 RBS

7‘“\
K
9
™
fant
"D‘
o

KRPIERCRIER B X F AT o BF  R AR P HLFEREW

§ 7] BRIk o 0 R SR AT G Bcfe i e & A A 5

3
,dm
|
oy
<
)

B d 42 ek B TR 4R 44K e 80%PF o dT 8 R 4o "% 0 » J& Perkin-Elmer 833

spectrometer 45 Il M TGRS N4 chs T A o
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1999 & Kuoand Tseng[28] 4] * R.FE4id4E% & SOJ/S &4 > M A E R 5 500°C p*
$e1 KR G 0415um 5 BaorSiosTiOs 4 » £ 4 %]i2 % 500 ~ 550 + 650 2 750°C « 4 f &
B AR i VIR R B SR e B T e g S i 0Bl 1% o 4% Nikon N&K ~
¥k 2 2R F S 0.18~0.9um > BRI Eendr s Gl s Sojc B B & - 1% single

oscillator dispersion model of Wemple and DiDomentico * 15 dispersion parameter- d 7 5% % %

&

FIRAALF D gransizes T BB EEFIVERADA F AW A0 2 FREEDER
EEFIIVER D B AR o e PFE 2 44L& (Packing density) 3 4c -
57 #F Nikon N&K & 47 R #T2 Blenk & B2 Bt > » 4% SEM k&7 & B D] g
WE R o

1999 & Wang and Tseng[29] 4] * R.FE&E47i452 & Al,O3 2 Fused-Quartz £ 44 > 4 %14

*le eg R 4R BagsSrosTiOs i » # ¢ AHE & 5 350~650TC ~ 3 Vg & & 450~

B50°C e fs @ § 1 & L4FH 7 b ek R R 2 13 VR R $H8 4L TR B {2 B4R e
- 41" Double beam spectrometer £ iR 4% 445 inF % & K S5 0 H R & #

5 025~0.9um - 1% XRD fLZ 48 4045 B icnig 2 7 - {1* Interference-fringe equation
PEREEOER T SEM kP ERFEIEATEOER o o B %3 T4 ALE T i en
AR A Y 350CH 4 2 650CH » HA75thlicg o 217 Hi4c 259 @ & b ¢ 'F2 3
tve AAHER G 30C - IVERG G0CHFTEFF a2 FHRERE DR - &

Pl iR R 2 AR B Y A B fed %

1f‘°¥ﬂ

RIEVRTTLRETT L o

2000 & Tian % A [30]41* % s 2482 & S A 145 BaggSrooTiOs & "3—’““’* FTIR
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(NIC7199-C)# ipl &% i >sol>gel>% o £ H P 2 755 > E RER R & #F 5 25
~25ume d FHRVon gl HAY 0 FTEF FHEFICRERA DA ARF RS RE
FeiE R L T0CH - sol 2 gel A2 T 55 o
2001 & Tian % ~ [31]40* 3 @ 4x2 & S A H > 48 B & 5 0092um
BaooSro1TiOz & % » £ 4 w[i¥L 500600 2 730C » 2 > F 1L & cnp cng F R A7 Fep
TR R T ARALAR sk B 0 0 R AT s e Gl T e (G o B ¥
F1I* Spectroscopic Ellipsometry & 42 4Lac F ek 44 5 » 3 € Rl & F 5 0.24~
0.6 um - 4 * single oscillator dispersion model of Wemple and DiDomentico % ¥ dispersion
parameter o d F &% ¥ Ao § 404045 0d 9LV B B00°CH 3 730°C epF iE o 48 4L4RE
WoendT bt i lic g 3 199 3 4 T 218 0 & T Ardr it Bcfei) dr i B K S o el ek
Bp B e kF el EAXS P 9 UE RAXF AT BBARE 0 F kT i £ T deV B
BBEARG ATl ARF o B A Y DT Byt R P R R RIT IR SRS T -
B Fitline> " & dtpl chEpA £ 2 HiFE 2 &7 > 7 1% 5% Fitline k45 591 %

2R R 2 AT T -

15 &2 p
A SER R A e BRI A A & E LT X KR T AU e
Bt R B EARE o 30 S B D A TlSEAET S (DR TR

EAcE B ek ff (2~ 2 adp i Q)HARTA 2 03 £ 4 > @ i B AR A i gl >
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X

FertpEend IR RD T 0 gt sl w B S FIEERIEY g F] 300mm e » F]

L @ wmgzgtutg&)&é_ L= 3§ |Jrﬂ§ L 55@4 i{é‘nm} % 7;7]: e °

il
-
P
_"EJ
\‘v

=)

Bt AT ST B Y o F L A RMERRE T g A A RERLT LG B S
3o sg C(RTO)A 3 > v A HEHRE e i afllizs - > 13 & PEREHFL
@ e x1Crp[16] 0 Pl RTP @Az Y g K323 & h& 503 0 % B e & 3ig2 - -
MR FERGEEE > B G TR ARG F 0 A AT AR 92 5 P24 RTP
Br BF R gy e KA RREL BB AT RT AT O
Ao d AR Fl P b Kf“%ﬁ%i&,&,f Rk p AR BER AR ke £ 0 7
BUTfREIR g SR 0 F BT AR R e 5N 2 R R A T R e T
E g ko SRARTPRY & e BRSSO B2 052 w3ty €305 R
U R R A T e (R SR 0 A 2 R ko Rk oA i T R
FAD AR ER BT B RRT Db RAFH > TSt £ 57 B A g
B Flew e S o ad Fafip IR b2 T o RIEKHFN AE RN ER Tl B %
Tede 5 d S BCRRATH SN DR R 0 BE T T LB LS F R e R A B £

R F Y LR R £ VT o R EIE USRS E

T
Ju
o

;‘g:

e B 0 5 d T i ERT D

i i BB[FT]%\ S e Sl =

3
=
7
£
b
P
‘ﬁ
\
=N
A
frt,
|

’#’ﬁ:ﬁ‘ I'Q/%#Fﬁ_,m Jmﬁé{j:}ﬁ% \,l”ﬁ&
FR xR WARRE DR ET L RHERELAEN R e 2by

G L R BANETEE T S et o RIS JE A A IR TR a2 2

17



B2 4T B AR SR T A A MR LR B e A Y T
o4 AR T BURSE T AT L W 0T RN A BT P e kRS2 SR
PR g v L Bl A A & Uk SIE R SR RO R RS

R Y VE T U S PR N S TR RN S WL R

Tn
F_k

B 3 40 A4S T8 M4 e oh AU Ak TR e T A o gtk o st L 2 (Beer's law) o A1

FHRERFINNTEF 2 F S5 > P8 DG il e £ 0 R E RIS AT

B & 30~6007C ek S > A Kk A B P TI 48 404 H A 30~600C PR T 5 5 0 1
T4 4045 d 30~600C 2 # 4 > 2 if R L g1 g il oy

T LB R Hh -
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& i 1989 1992 1995 1998 2001
Bl AE (um) 0.7 0.5 0.35 0.25 0.18
Tt — 300K 800K 2M 5M
DRAM % £ AMB | 16MB 64MB | 256MB 2GB
BIET A ) (mmP)]  — 250 400 600 800
DRAM + -] (mm?) — 132 200 320 500
& 8 E S (mm) 150 [150~200| 200 |200~300 | 300~400

%11 4548 T B ks B e[l
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130 AR b1 BOL L] G AN dE R0l B HNN &% Ap B0 10§ @D oral . & &0
T |

WRFELERGTH

B 1-6 LA RIET @& * gl F



Y- F BHmLe

2.1 #H5
2.1.1 2% & )8 e Al 1

¥ - B e ORI & P A B219T o | fos R LR 0 T AT A
Fo B iR R T, AR R o BIERBIE P 60 B Y TEINr AL
A~ SRR S g T O © Ouge AT 00 B4 L RIB 2T O - 975 ek 6 3rad
ZEHAEL o Y RAELZ THIT MU ARBRE? T OULEHEIUE c BREELFA
REVEREIDE ho Flpt - ARG AR o

B SE Rk Sp M) RE G PR

P (r)ﬂz?lir{ (r) _:| L [Gtop bottom]’ O<r<l (21)

Giop = Cop Gop (1) — &1 75 (T* = T),
Ghsttom = Xbatiom Gbotiom (T+1) = Enoom s (T4 =T,)

#¥ 0, =5.672x10PWem K™ £ ¢ # =t 38 ¥ B BAT I L Srensfio t 2 B/F > p
K(T) ~ () ~ oy ™ Ep * Upotom S Epotom ™ A F 7T 5 HR ~ B BEGE - # 7 - RINL 5
TS s TEIRA G st s RINA G e F o RINA 6 aresf S o B3 hiEAed H
AR A T R G lcfor chE0L B R R SRR Y e [35]

k(T)=802.99T **#  (WemK? 300-1683 K (2.2a)

c(T) =0.641+2.473x10*T JgtK?h >300 K (2.2b)
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MRER S FHY £0233gomP e p GFEL G o B G E Alck(T) T g
AAM(FLR22) F LR ArPFFOERAF2ZERS M PI(L200K)T > R4 @

K(T) eng 5 Fleie B S0t ¥ 10 &g [37] » 73t + (2) 7 g i =

T 10T| 1
pc(l')——k(l')[ r rﬁr} [Gtop bottom]' 0<r<| (23)

s W /:‘ -’Uw‘ #ﬁ;{'){%—mﬁ:”'ﬁpl éﬂ ]I _‘k‘kr—r

T(r,t)=T, a t=0 (2.4)
Gk =0 a r=0 (2.5)
or

oT
—k(T)— = Uogge Uegge () + SedgeUs(T4 —Ta“), a r=I (2.6)

B Oy 7 e & 5 o PR S e T e fotn b 5 o T 0BG LB AR 2 6 o SR
B RG HAT A A E 4 G (1) = Ohion (1,1 = (T > 722 9 &5 e
PR F G bt AR le ch e H R AT A G Rt F B G AR 2 2 R AP M
4T [36] :

1.0359x10%

= £(T) = 0.2662+1.8501T %% T (2.7)

atop = gtop = Ehottom — Xpottom = aedge = gedge

Flt K2.3) 40 (2.6) 4 BT L H &

peM S =k )[ﬁ i V—T] LZelary-o T -TH]  o<r<l (29
or r o o
'fr’
TS = o)+ 0,77 ] a -l (29)
VG ORELAE AR A AR 2 AR o SRR ¢ L LA B ik
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B ERELA cAPRYTr,)=0(1-DARNAT) =" » B ¢ p F_ip % jEdpen (5 7
e 4e B AR=1/p)fops B B ensif 4o £ Az 2383 (28)f0(2.9) 254115 St e = = 51 2
(4o SHRE T MM & o SORby-lines* j2[38] i1 A3 ¥ Y i ol P licin
Z AR AN RE R FIRETFE 2 o do T AT
b"o", +d"6" +a"6", = (2.10)

HIBAFBEERED THRAFZERE o BT R R Q) oo, ) A a5
BRAGT(rL) o
2.1.2 % RN R BN

¥ - B e HH AP & P AeB 21 9w 0 e 211 & ¢ ARy it B R
FRD~29) - Ap e AIrERABN Y 0 3 LB Ogge N FRF S Fl DR REHA

e F R RN o e i R R T s

,xﬁy—_kU{ﬁT %%J %dnhmo—qa4;qﬂ O<r<I (2.12)
T(r,t)=T, a t=0 (2.12)
ggzo a r=o0 (2.13)
-kajggzgaygﬁ4—1ﬁ. a r=| (2.14)

a8 %0 130\ 2 &0)
== (@Lﬂz R&J Cwﬂpﬁz)+Aa 0%, 0<R<1.  (2.15)
0(R7) =0, a =0 (2.16)
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o0

-0 a R=0 (2.17)
R K(O)

BAEALE T b B O T T, 2 & R K A Lo 1Tk,
A BCE A fEA S R 201 SAake g UL A E o A |
O(R7)=0(( -DARNAT) =6 » # ¢ p LAp & pedfeeiip t o Az LPFF R a4 £ o B

iR QRT) AT IERL P AU AR A ORT)

.V@éi@ﬁ_

A Jf B AR (S B B (e BB R A ) a4 )t B AR R F(do ~ S
B) o SRR A K TR e A F S E L BAG e BRSPS FAINL A TR
A RFEET AL ERAY FAREPRAG R GERE YRS > A R -
BRI A - AR R e[30-42] o F]p & S AE | ehs k2 A0 BAE o
2&1%E?ﬂ§ﬁ%#%

TP # Y FIEF kg 3430 Syt A @ Fendg4ing o B0~ A

V“iﬂ

5

“'-)\F

BRI AN A G RAY 0 dhe d SR T GA A BBt o 0 a0 e
S H B RIS [M] 0 P B end e RALS TR R A G0 L foRlangar o r B
GFASLERETIERIDY o BE 0 G - B 0 B¢ R R P11

SEHERBHS R TPI BB TR AP R R R

Jam

26



@@ hdeanf ] L3 @Bt o FRGRA T LRT > L3 @R AR K e
BATEF %54l § 303 Bl £ 0 Bl A oo 04 R #A0 0f -

L m2-1- 18 VLA E =" =mAr REZ T G A 2 425042 45] ¢

[Frfomi=tomf+{sm i+ v ] iom}, (219)

Hoe
dm ar 0 0|
b dy -~ 0 0
[Fm]=lo - - 0 o0 , (2.20)
0 by d ay
L 0 = 0 b dp+l_(p+l)><(p+l)
V"0 0 0]
0O Vv - 0 O
b/m]: 0 o .. 0 0 , (2.21)
0 0 Vvl 0
o 090 Vo1 ] (paay(pen
Hlm elm—l Slm O
;' o5 sy 0
fom}=1 .. Jomil=1 dsml=1 - Land{p™}=1{ - . (222
oy oy Sy 0
m m-1 m m
Opa (p+D) Opa (p+) Spaa (p+D) Poia) (o
gEd an#b el 5 211 SfiAnk o S")e £ ¢ § AL C g E 3 g

AP TS TS R AETT
ERA GO G T (219 E )
ori=[Frl dom s+ [Fr ]t v ]lem
+

=mmlle i+ s+ Nl (229
=Mt "
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g Mr)=[Fr Nl [Fr V] w2 fomt s g e wa A L - ER BB R
APl o U fEE 45 e B d B e (prthid o o & 57 & oo ot i 4 &
FhEmY ETRAEHEI M

PER e B A A A r IR 5 o™ <o <™ B r A RPFR A BOE[39] &
B RATHREELZE - BATERE AT T - BREFHIEMLLINA P LT

=M fglom )+ s+ N Hu, b
=[]l (sl MmN fom, + M is b + N ot

(2.24)
AR N @ A k@Y REREA G r=c™ T WhAa S
{ mH—l}: [l\/l m+r—1]{{(9m+r—2}+ {Smr—lh n [N m+r—l]{up+l}(0pm:lr—l
— [M m+r—1] [M m+r—2]__.[M m+l] [M m]{{em—l}+ {Sm}}
+ [M nHr—l] [M m+r-2 ] .. [M m+1] [N m] {U p+l} @glrl (225)

o] aie
R B (N (e

el e o
PO g e R TR R R R A O Bk R b By
W B
P =P == = T =0, (2.26)
Rt AEBAPEEY hEBLZREPRG=1L2..., p, P+L)FEART LT 5 ¢
o" = him'o + hiTﬁTlfﬂ ;11

m+l _ pym+1,0 m+1l,m m+1,m+1 m
Hi - hi + (hi,p+l + hi,p+1 )¢p+1

m2 _ |am+2,0 m+2,m m+2,m+1 m+2,m+2 m
Hi - hi + (hi,p+l + hi,p+l + hi,p+1 )¢p+l
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m+r-1 m+r—1,0 m+r—lm m+r-1,m+1 m+r—=1,m+r— 2 m+r=1,m+r-1
ei - hi (hl p+1 h| p+1 +- hl p+1 hl p+1 )¢p+l (227)

H o

s = JIN (=021

R ¥ YR (VR T (=12, -1

R ] | VR (Y Y SRS

s OV Ve N P Y

s =[u MmN o k=rea (2.29
i [u]d B s BEe i el ) THRifop+li w5 BERAS g I

KA AT i B ek el p o
e Tom el e g
" =[u]m" o™+ sy
N TR S SO R
0 = [[M”HHM””][MWﬁ[ "t {sm)
[u][M ™ ] [M 2] ] {sm . (2.29)
R B TS
Br=r"E R addke,, @h,, ... frop At PUREFEIE L AR B A
FHA o, o P

eim+k hm+k ,0 + Em+k (230)

i, p+1 ¢p+l

Elml:-il—(l Z h|mg-*l—(1m+l k = O! l 2; T r _1! (231)
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50 e ¥ E AR HAR SE R A e § oy

_ m
I=D o, (2.32)
e
m m,0 m
01 - h1 El, p+1
m+1 m+1,0 m+1
01 - h1 El, p+1
m+2 m+2,0 m+2
01 - h1 El, p+1
m+r-1 m+r-1,0 m+r-1
01 - h1 El, p+1
m m,0 m
02 - h2 EZ, p+l
m+1 m+1,0 m+1
02 - h2 EZ, p+l
0m+2 _ hm+2,0 Em+2
2 2 2,p+1
19 = D = p+
m+r-1 m+r-1,0 m+r-1
02 o h2 E2, p+l
m m,0 m
0p+1 -h p+1 E p+1, p+1
m+1 m+1,0 m+1
0P+1 —h p+l E p+1, p+1
m+2 m+2,0 m+2
0p+1 —h p+1 E p+1, p+1
0m+r—l _ hm+r—1,0 Em+r—1 (233)
P R PP 1 (peapa

S EC) TR K p, hid o FP o ol i R A

p+1 r-1

Z z Elm;fl ” (eim+k _ him+k,0)
k=0

Poa = T : (2.34)

> > (ERLS

i=1 k=0

%ﬁiﬁﬁﬁﬁw¢ﬁﬁ’§@%ﬁﬁﬁ@1%y%%@ﬁﬁgmﬁgg,uéﬂﬁ
fe B RIZI M o S AR AIEEARY H P Fod B84 Ha RN RS

FHER - L AR BB FE B R R P LB G v W

Shy

TISEE E TS )

*O[32 e HET A R i d] @B S st oL B & F B
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B4 T s Sk R W BT 0 T S Y R e
222 wAEB IR RS

e F R L ARTPR Y - B FEAEA G 2 AT AT R & RiE T
Al B PR RIS B B e R o

ARTPEAZY hah B WA [37 46] 0 223 — Sfhanfar 4 » Mo o B ais gl o
TS B R R U AR 2-128 T A nE BRI Y s Rl R (G TR A
F oA Ed o AR ERE > APBERRIPAAY ¥ CEREDRPFILFHB P
B Agxagh - 22 g PR G TELAPL RERLS P Fif B o R o

4

o R E[42 45)F HEF RTPE 3 & REFIE R ID] chk o B § hfdid 2

RIS SR 2128 Hir r=7r" =mAT Kfp = T o ciEL S fg 50 0

[Frlomi={omf+{smf+ v ] om) (235)

e
dm™ a™ - 0 0 |
b» d" . 0 0
[Fr]=lo - - 0 o0 (2.36)
0 by d al
|0 0 by, dp+1-(p+1)x(p+1)
V"0 0 0|
0 v 0 0
vr]=| o 0 0 (2.37)
0 0 Vvl 0
|0 0 0 Vort | ppin
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o o S @
2 o5 sy 0}
om=1 - Jomt=1 - dsmh=1 - Jomj=1 - , (2.38)
oy 7 S, Py
Opa (D) 9'1_11 (D) Spa (D) Pp (p+D)

G d™  aMeb™ f 2-12 & ¢ f ki o v B O 5 F A A R LA G T
B R A G prLini o v B lpT)d Ao MAE R TS > B j= 1, 2., p,
P+l e [ ERPRLESHg Rl o B (ST EFERAY T doeh
TIRES VARSI T I LTS LR S L TRt X
PER e BRI A AT RIR R R S " <o <™ AP r EA R pE ) Benii[39] ¥
E - BAYTREA T R B Sk

- BEFRHBMILA P 5

o= M glom b+ (st + [N fom (2.39)

o i | (A€ g S i B (V| L B U A Sl B (N 1 Tl

et N BFr ARELSERAG 0 r=™ T 454

Y .
-

_l\

o)
L e T L

ot Ui 8 (V| g B ol R (Ut [( i 88 VR N 2

e T e N P (I R Y A
o e o)

(2.40)

]
P}
0
4
ki
Iz
&

PR Y TR gk R N SR R A R 3

P =" ==, =9, for j=1,2,..., p, p+1 (2.41)
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Rt b B BARFIEK=0,12 -, r—1% inE Bich2 B +(i=12..., p, p+1)iig
RO™ET RN f r=" B B agie £ ot {p?) . folp™iae 2z
iz AR R B A AT ML B e B "o R AT RS T s 2R
{19} r(pl)x<l — {(I)} r-(p+L)x( p+l){ \P} (p+1)x1 (2-42)
BB REA G AT R I WAFRe BV L@ M-I L [47] -
S5 L
Y =(0'D)'D'Y. (2.43)
Fd FBREEAIR S MSOE > B RN AR KPR ma R R d
Eo M LERT AR BT ET UF BT o & RTPEAY » KO B Huix b o

T LR R e SRR W S @ W SRS iR R

23 R B 2p h P2 EARBI M
2.3.1 #HE50

SRR 21 m 2 EFMF MY 2 08 i q s L mqeh g > To bindpiog
ZEBPEAE A s B FBBER b s bR S o B f ¥ TR IoR
Fod e~ s R A ) 5 Otop o Obotom = 2 19 7 12 BEE ABAE® b ¥ e G 2 » SR
AE > T O (M) = Opeom (L) = Q(F, 1) o dGSTEIF A G970 82 - EBERLT B A
B THEE AR BES VO Lk R o

o BERR B b LN LA R ¢ o hs i 25t G
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pem =2 jr[ ”’@”*aﬂ"mgﬂ (244)
He gRTELCrenadicr 2zt pr KM BT AW A7 5 5RE FEF &2 HAE
FHEGEEFF oA T AT BRERE L AT SR E Glcor R
R SHE R ip B Y 4o [35] ¢

K(T) =802.99 T 12 (WemlK? 300~ 1683 K (2.453)

c(T) =0.641+2.473x10*T  (Jg*K? >300 K (2.45h)
MR BR L F Y $90238gemPe p BT LS o B E G k(T) ¥ fche
PR (£LE 22 ¥ L AEREFrERAT2ERS ] 3(<S200K)T > Pl i@ ik

K(T) 508 & T enie B 8 17 12 205 [37] » 24 (244)7 14 ff 1+ &

0T 1T o°T
c(T ——k 2.46
pc(T) (F)[r2 Tor 62} (2.46)
Bbo kY g dn i B R ER 4T

T(r,zt) =T, a t=0 (2.47)

oT
=0 a r=0 (2.48)
—k(T)?—T=56dgeas(T4—Ta4>, a r=I (2.49)

r

T _o a z=0 (2.50)

52

oT 4 T4 _ 0

_k(T) ~ irface q(r’t) * € qurface O-S(T _Ta ) a z= E (251)

B P Ogptace T7 Eurtace & » fo & F B L BT {rd b K 0 £ & B BB G2 ISR L
$ehtS s @ 0 =5.672x10 2 Wem?K™ 4 ¢ 4 -t 3§ F fic o 300 ST S forn b k4

POER S R ARl £ oo AP M1 1T AT VR TG A g s T BN



Foooerst S A Aple e H R M AR gt I ER ARG HERARM AT

[36]

A sirtace = Csurface = gedge =é& (T)

| 1.0359x10% (2.52)
=0.2662 +1.8591T %% T°%%

Fpt (2.49)f(2.51) A BT LB A

-«Uj%}:gﬁy&ﬁ4—1ﬂ a r=I (2.53)
'fr’
KT)ZL = M) + oM (T -T7) a4 20 (2.54)

BAEA R GlcE R 5 UEA AR o AR Y L LA R fopb R R
wid A A c BT OMBUE  APTUEFLFDERL T
232 He RIFE 2
FEB ] PG e} VLA r=r" = mAT K2 T G e S 2R
[Frleri=tori+ sy lor) (2:55)
B A AR R A O T G (255) € AT AT bo T

j max

Ot = Fra] Coni 8t + [P Minad e (2.56)
= M J O 1S+ [N

M= Fina o N = P Vi)

W - BREERE O BEMELN e 5
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ons =ML o+ St b+ Nt o |

j max

=M IV SO S+ 8+ M N Lo+ M LSt -+ (N2 Lo )

j max j max

(2.57)
i N afr AR OERAG =™ NS I A7
o
= M Joma b+ tsmat b + INTra Tomad)
=mm]mrezlo et [me Jdom s g + Mt ezl et [N e, |
szl e Jise de Mt Mz ] m JINe Tlond J+ o
T [V =t B8 | N it
(2.58)
g W B B R AR B LY e
m-d ms - fori =1,2,...,imax. (2.59)

2
D imax = goir,nj+max == O imax :(pir,njmax
2 VRS PN , 1 ! N [ S R SN 2z
FYr=r"F GradEke {(Djmax} {gojzmax} ﬂfr'{gognmix}ﬂﬁ;@f: kAT B A A

G SR B B P o AT R T A g

{lg}r-i maxd {(D}r-i maxxi max {qojnmax }i —k (2.60)

#o drchi G BRAG A B Y RPAPTEIE L REe RPN, B

o )= (@TD) DT . (2.61)
Bl B ORPRE S A A meniE > 2B ENREY kB Y Amir iR
i it
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Incident Heat Flux

qbottom (r ! t)

Bl 21 &85 7 e sEGE § 2 f e adp A

1.4
1.2 —
. Specific heat capacity ¢ (T) Jg'lK'1
70}
.fl:) 1.0
R -
%]
? 0-8 7 E T
issivit
'y ] missivity ¢ (T)
= 0.6
£ i
-
%]
ﬁ 0.4 — Thermal conductivity
] k (T) Wem'K!
0.2 —
Thermal diffusivity « (T) cm2sec
OO I I I I I I I I I
0 400 800 1200 1600 2000
Temperature (K)

Fl22 & & 5 4 TL0 FAER & % 1 cnb 13[35, 36]
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