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Abstract— Although RTP(rapid thermal processing) has gained popularity recently in the semi-conductor industry due
to its low thermal budget by the short processing time, attaining temperature uniformity across the wafer surface still remains
a difficult problem. In this study, as an open-loop control technique for RTP temperature distribution, we propose to use Q-
ILC(quadratic criterion-based iterative learning control), which can asymptotically attains the minimum achievable control
error even under a significant model error, and investigate the performance with an 8-inch silicon wafer RTP model. The
time-varying linear model required in the design of Q-ILC was derived by combining the time-invariant linear models iden-
tified using the subspace method at each temperature zone. In addition, in order to reduce the heavy computational burden,

a reduced-order Q-ILC algorithm was designed and its performance was compared with that of full-order algorithm.
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Fig. 1. A conventional furnace for semi-conductor wafer processing.
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Fig. 2. Schematic diagram of the concerned RTP system.
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Fig. 3. Division of wafer and chamber surfaces into zones for radia-
tive heat transfer computations.
(a) Division of wafer, chamber ceiling and floor, (b) Division of
chamber wall.
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Fig. 4. Illumination patterns.
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Fig. 5. Step responses of the third temperature measurement to a
power increase in the third lamp zone at various steady states.

 Fig. 4= Ao 2 3 Q538 wkey] mdlox] 2 (view factor)
o] At &) LE 78 F, A= =7} Hoizke 714 of o]
¥ whAuksk g9 danr FEE G duR]eRe Ak Heg
Z oA F5e] AR R ae}l 24 Helx| G AL B 5

7FsAe]l & AAhs Zolzt & 4 Qlvh.

4 RTP 342 4] (5)9] nl3-& 54 %02 ZAY £ 2 2
4x9] Abu| - ukA 218 A3}k At=0.01 secd 7| BA B 7ko 2 &)
o] GearH-& o]-8-3lo] A #-3}gdrt.

folse] BHEEE 77} 1, 8, 16, 24, 32, 40 A 2] 63l A]
SAHE AL 7

2-3. RTP2| HIME SEMN ZHIEY

Fig. 5= RTPE dAT 2=o FAAZ F 3WA] Bzl 712
719 Al HE S W dols] FAlel A LxEHx
o %S ] A L=l ds] 2 Aolt). golxe] &
7 SEHASE Ste] weAn A o) 5o] tolx& wlAY
A& & 5 3ok @9 Fig 62 old Yehtbe 94 2x5xae) &
LS5 400 °C2} 900 °Co) F AR e FHollA] 1ol Alelch. B
Apdo] ZFaiA|w W= ol B ohfe} o) Aol ek I
go] o] Folx] g o] e FAHYL ¢ 5 Atk

Al E A3 AEL T 99 A $FosyE shg wE
o] vieh = 1,000 “Coll A1 9] 444 A]7k(rising time)o] 5 sec $-29]
< 23} 0.1sec2 A 3tg).

3. QILC MAE 98 2E 014

2 Q7oA At QILCE P~ AR FPEE A A
29S8 2 Jiv}. RTPE RollA] At Bz} o] 735} )l
FE Bolu 097 71E &5 AX S w2n $357] fLe) A)
AP rd 2] ZAr} 75

(R oot ot

3-1. 2} 2o Al Z2Zt 2g 7y

A AP RES A8 YalA £ dFelAs RTPY 4 &
=¥ 9 350-1,050 CE WA 100 °C ©Heje] 7709 SqtH o2 e
2, 7 =G HE dEshs 7S] A8 Ay Aegrke g 400,
500, -+, 1,000 C F¥ellA] 7§ F o] RdEL dAsle] Q7=




QILCE o]-43

b

18
tor P et S H
ISP 00d
RS 000000000000
J.i"‘:'oo°°°;uguuunnnnuuunn:
wr ,if‘"°°ugngg°°°ooooooooooooo
-~ g
9 ) 46°%0%60
T 40g5e’
g’ /%09
[ o0
£ 10 'y
o 200
Fa®
€ o Pt o 1st zone
8 ] 2nd zone
6 lo ° 3rd zone
tE ~~~~~ 4th zone
E ] - 5th zone
r jg 6th zone
4
1f
!

sec
(a)
45
Al T
S R L LT L LT TP TP PO PP PP PRP PP PA
/ ...........................
—~ 35 1
o /i ,0000000000000000000000000000
°~‘ 17 0 600000000000000000000000000 9
S 3F foo®
€ i o po0O00000DO00000000COCO00CODD0ON
[ ’ DD
5 25t ©
=} £o O
P ¢
Z'ED ° 1st zone
¢ o 2nd zone
l.s-lg o 3rd zone
S 8 e 4th zone
i —-—-  5th zone
1'! - . 6th zone
i
i
05?
13 10 20 30 40 50 60 70 8 9% 100
sec
Fig. 6. Step responses of six temperature measurements to a power

increase in the third lamp zone.
(a) Initial steady state at 400 °C, (b) Initial steady state at 900 °C.

Al A wde Al o3 whEe 9% AL & RTP
Aol o5 FF/oll wrl 7l er) Febd < glen], o]=3}
vlekgt Aol avpd o2 A4 = RS 3)7] 9ol

Zt 2xedA9] mdglA S s R deoly F4og vy
oAz d ALy, 21 AL 3N L, 3 Pz 5 24
2% 2t} P, PL, P Ao AlIE A ¥ RTP7} 2 Ak 25
o £2E =5 sigic). A7 5 A9 AlojAlel] HEAe7)5-E AL
2317 & 2L dols L= Y loje] o2 HRA NS
o]-83led 3709 FAle] L F FAd Y= AR o §H A7
Zle] of2{$l7] w&olr). o]F A sle] =g 27] AAA 400°C
FHellA 7+ Ao g]Ho| 573 q) PRBS(Pseudo Random Binary
Sequence}Xl 35 t31e] 2,000 MEFH AjA A g1EE dolelE &
Hom 22 Z:Aahg AA R 500, -+, 1,000 Col| hafj4] uk2<=a)s}
et

7zt & FHeA doizl &Y dlolele HAzko s WA
3L - 1~+1Ale]9) gre & FF3)% & MATLABS.29) identmol] =&
T =] o] Q)= subspace W [9]& o|-4-8le] &) ()=} 3HL AdejETd

g FA 2% Ao 307

0.1

-5 [ 5 10 5 20
(b) Samples

-20 -15 -10

Fig. 7. Residual tests of the identified model at 400 °C.
(2) Autocorrelation of the residual of T7, (b) Cross-correlation
between P, and the residual of T7

zelg d9irh PRBSALZE #A W3S 2secE 3o A x|
A E2 F35 ATl A 7HEAA] 4 =F sy

x(t+1)=Ax(t)+Bu(t) Q)
y(O=Cx(t)
1714
P, T
u®=|P,|, yO)=| : ®
P, T

ol ~ &= ZFEIH WA HSE o w|gi).

Subspace WP ellA] AAIE o] e E 2EPHA B
T 302 Jeht 23257k 733k F440] 9128 Byt

Fig. 72 400 “Cell4] @01zl 1 A= (P)o} 1A A0 5 (T7) A}
ol9] mdllof gt A=A vlAE Asjolr). A 99.5% A%
ZAAE vepdict. 9133 22 2kaH(residual) AF0] 2] cross-correlation
o] AFE FH9g thh wleld 2 el Ao} dlF-E dgela 995
% A =g FFAI L IE B 5 Yk

3-2. Al MEDEo| 714

Subspace HPH-2 balanced AYe)Z7tndlS AlZ2slez 7t 59
g A EL A2 o} 7] A (basis)ol] 3 At geli &%
dgel Aeolde AFelME A (1) #AZ Aui7l Ao|Hx) £
7FsAdel sleh 2eiv x()=T(Mx()] AP TS 48] AFA
Aol A x2 A ()& ZE 999l Ae] oha3} o] A7t

X(t+1)=T ¢+ DAOTOX®+ T (t+1)BEut),t=0, - N-1
—_— —
A®) B()

y(®) = C®) T®)x() ©)
0]

A iellA Zheial 2] dEasiHel gt jAR N e SRAS

HWAHAK KONGHAK Vol. 37, No. 2, April, 1999



308 AdY - HAE - olFE

33% gj,z% :?'%]'td

g, =COAG-DAG-2)~ADBE
=CHAG-DAG-2)~ ADBE) (10)

o) BAZ 7% 5 9tk 3, A2E J1A2 Hold A w2
TR SRS P 7t exue T Awn HE AT
942 7AYo A Whol HZ 2EE & 4 Uk e &
BT AZE FIAE B T L= AR A8 gz
=R[AQ, B, COI] 2322 4] (107} o] A Qe ¢
=dg T3t

4. Q-ILCO|x} MSX|0] 2|8t SHEHI0)

QILCE SAlol[6]9] & o2 7129 ehaAlolby Sol 7}
A3 9JR 17 HHE, oS S, AvbAl sl el o ul
4 5o BAE sk FAe) 4 WS A4l ke Qb
A chils 333YN A48 A8 WLE wgeles, 7). OILC
£ w5 FEAPE 02 AR Aol 5-E glos o Bj3e]
SHARE olg3t] AN 9AE 2L + e WAl F2e Aolq
H& Ak,

4-1. Direct Error Feedback Q-ILC(DEF Q-ILC)
e A ATHEE 54 AT Ad 1Y u
(OER™ 2 SHHS yOSRYE thes} 7o) A olslan

u=[ O (1) o (N- D
y="My'Q -y (8))

HEgHe) /1A FHA $ARE A4, 9EY WA O
3} e Ay el o 2AHE % 9ok,

Y=Gu+v (12)

714 v 3L ulsle], G 234 (causality)el] 2] 3]

gl,O 0 0
G=|fo a0 (13)
Byvo By " 8wwa

o} 22 ol Ay 2] T2 shAlet. g, RV ™ i WA el
A = g QI g AN SHe vehils Qs
S| S Fol ).

Y& A A3 2& g o2 Aelw A e, s ke 3

-u, (14)

2 93 v, DEF Q-ILC:=

. 1
min [Jk =7 {ef.,Qe,,, + Auf Rau, }:l @1s)

Amfyq

& WESe AR L I $UN 2 B Ao olct. AekzAo]
SE A$ A4 e chest P,

u,,=u, +(G'QG+R)'G" Qe, (16)

B8 ZEt A37A M2& 19994 49

Ao Aofzle] Foix]= 7%, 4] (16} QP(quadratic program-
ming)# A7} Lt

v 3% ¢ BAGe] AT S, QILCE(UAZ Heiuel
A) 2 A7 Sl A= k7t Sl wet LE v 2s)
FHzgtel] o124 gt 53] n,2n0]9 G ZE F(row)o] AHE
Hal A<= J— 00] Ho] A2 PR & 7531 gt

4-2. X{<= 244 DEF Q-ILC

4ho 2 g RTPE n,=6, n=30|" N=4012 )& G7} 2406 1203
o] dieks] E 24L& 2k QILCH H)E 2 :eel Alojupuie]A]
o olwe] Abee AP Fdo] sy 53] Aol gle A%
€ WS EAVE Hoh Apzta QILCE ol AlE 32417
7] S1g OB ¥ 75 F3e] Al Aotk

A Ao gl Al EA4FA de WA sl 24
sloF & IR, $5 2017 A8 A 17) o] WQGS] o
& AT AL SolA Ealdl s A A Fegh wee) a¥
A $E EF FHES iR P Aol FEEHTH10].

> 0]|vr
WQ2G=UX VT =[U,U,] 0 |lvr
2 2

&

(17)

714 Q" y9 factorZ 74 4 9o [A] (16) F=E], Wi
RTP2] vlA A& ¥AsL7] 97 715542 et} Fig. 60l 2.9
A} o] F & 2ol A 73 m o] ARt o] 53 A} =
< 2=l it mde] 2N} BF F7) d &, 712X E 7}
3R] 951 FolA] Ral e drhd old wes) o] A Fo mugl
A5 FEHE 5 A Ht. o]9} 2L FRAL FHe] 8 2 o
Tl E 7 L2l T3 mdle] At o152 P23k
HHolA WE FAsIG. We did 382 7 gzt g 4t ofe
o] A o] A e o159 I4E A E syl

1
m 0 0
0 —L 1. o
W= K(2) , IERY™ (18)
0 0 o L
KN) |

714 Ky A 1149 7|1 EAA-Swel sl nde] gat
o) ol5olch. AMAFTHL FARE IS Holg wAbshe g
T DL LeiAA] e S, AL o) we A o)
A BAE) HEG B 4SS Hole A0S ek},

A (DA FHEHe HIAE Gl o) Bo]HE T 5T o}
o] Ealshd o] Atz el R QIS BAE thes o] 2
AV 4 9lck.

o’ wWQ%y, = 21 V/iu, (19)
ol Aol ofaf 247} W AE AT chew o] BelsiAL

z, =U]WQ"%, (20)

Am, =V Au, 1)

oAl es} uiz ZHa® 24=2] subspacer]e) WE) 2 {L/\].E]cq Hole
o] FAR S

e, =Q"’W'Uz, (22)



QILCE o]8%t < dAz] A 2T Ao 309

Au, =V, Am, (23)

A @), @)% A (159 dds B BAE A4 el
Am. & ARse £A7} A AkEAo] §lE A, A thedt
o] doiAle.

m,, =m + & AT, +A) XAz, 24)
Al (22), (23y& A1l w0l &) A=slE og3 2}

u,, =u, +V,(ETA Y, +A) ST A UTWQ %, @5)
4714

A, =U(WY'W'U,

A, =V[RV,
AekzAo] 9l 7-¢ DEF Q-ILC%} v}37}A] 2 QP(Quadratic pro-
gramming)Z-A|7} e}

5. QILCE 0|28 X0 2% ¥ ZE

HA FF Q-ILCY A5-S #gls}r] 93l 712 %E 1,000 °C,

(8

659 2nd

Temperature{ °C)

0 5 10 15 20 25 30 35 40
time(sec)

time(sec) wafer radius (mm)

Fig. 8. Performance of DEF Q-ILC for 600 °C target temperature.
(2) Improvement during iteration(lst, 2nd and Sth batch), (b)
Resulting control error after the 5th batch.

800 °C, 600 'C] A} %2 Mes}a 7t 790l sl 7l S5
Z 60 °C/sec, 40 °C/sec, 20 C/sec 2 3}o] x| ZALZ 3§31t} RTP
9] 8 7A%-¢ Builer[11]9l] 915 t}e} 7o) A A= u} o).

(1) 74, 97k dolA slol= e A ER2=E £2.5°C ol
o] FUEZF FAIsoF P}

(2) Bde el A dolie) AA EHLEE +£0.5ColHe
TAEE FAIBtof 7},

Alo1719] Qt R thi3} Zo] EHre] XA AA A A 5
Aol ujFg slze #3 A} o =3A F7) 98] Q=lerR*™™,
R=0.01IER™ "5} Zro] AAE g 0w AFzx7le] Y= AUtz
258 AH-stsdct.

5-1. DEF Q-ILCE 0|28t H[0{ A}

Fig. 8& & 23X 25 2 600 °CE A4} DEF Q-ILCE 53%
BHE-2A e Bt vehd do)s] £oslE Ml e|r}. Fig.8
(a)yc 7 3E-A A vehd 62359 22sE BF w4l o]
=, Fig. 8(b)= 53] %A izl Al7bol Wb e L= R-¥o} A2 54
A Alo]e] zle]o]r]. 13]% DEF Q-ILC 3-8 $13 27|Ae& Slo]
3 257} 400 'CE A3 gle AL g 718k} DEF QILC
= 530 HHEA 0 3 A 39 AAE ngl o, uhEaA|

(a)

1000+

time(sec)

0 o0 0 wafer radius (mm)

Fig. 9. Performance of DEF Q-ILC for 800 °C target temperature.
(a) Improvement during iteration(Ist, 2nd and Sth batch), (b)
Resulting control error after the 5th batch.
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Fig. 10. Performance of DEF Q-ILC for 1,000 °C target temperature.
(a) Improvement during iteration(lst, 2nd and 5th batch), (b)
Resulting control error after the 5th batch.

Table 1. Maximum temperature deviation after five consecutive DEF

Q-ILC runs
Target Worst error Worst steady
temperature during ramping state error
1,000 °C 1.9194°C 0.3471°C
800°C 1.4683 °C 0.2091 °C
600 °C 0.7027 °C 0.2964 °C
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Fig. 11. Distribution of singular values.
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Fig. 12. Performance of Reduced-Order Q-ILC for 600 °C target tem-
perature.
(a) Improvement during iteration(1st, 2nd and Sth batch), (b)
Resulting control error after the Sth batch.
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Fig. 13. Performance of Reduced-Order Q-ILC for 800 °C target tem-
perature.
(a) Improvement during iteration(lst, 2nd and 5th batch), (b)
Resulting control error after the 5th batch.
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Fig. 14. Performance of Reduced-Order Q-ILC for 1,000 °C target
temperature.
(2) Improvement during iteration(1st, 2nd and 5th batch), (b)
Resuiting control error after the 5th batch.

Table 2. Maximum temperature deviation after five consecutive Re-
duced-Order Q-ILC runs

Target Worst error Worst steady
temperature during ramping state error
1,000 °C 2.5051°C 0.3690 °C
800 °C 1.9660 °C 0.2749°C
600 °C 0.8742°C 0.2268 °C
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Fig. 15. Comparison of convergent input movements for 1,000 °C
target temperature.
(a) DEF Q-ILC, (b) Reduced-Order Q-ILC.
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