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The purpose of virtual metrology (VM) in semiconductor manufacturing is to predict every wafer’s metrological
values based on its process equipment data without an actual metrology. In this paper, we propose novelty
detection-based reliability estimation models for VM in order to support flexible utilization of VM results.
Because the proposed model can not only estimate the reliability of VM, but also identify suspicious process
variables lowering the reliability, quality control actions can be taken selectively based on the reliance level and
its causes. Based on the preliminary experimental results with actual semiconductor manufacturing process data,
our models can successfully give a high reliance level to the wafers with small prediction errors and a low
reliance level to the wafers with large prediction errors. In addition, our proposed model can give more detailed
information by identifying the critical process variables and their relative impacts on the low reliability.
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Figure 1. The difference between an actual metrology(top) and a virtual metrology(bottom)
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sk 7 JAF 273 3] H(decision tree
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o} oF 85% 9] FHuAE UYel= 73 AF S 75
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1% ©]} 2] MAPE(mean absolute percentage error) S B33}
t}. Pan et al.(2011)& T2 34 A(tool)7} FL 3 A4S
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2% 59 F8 ol A7ISHth =3 Khan er al.(2007)
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B QA HolH 98-S gaA1717] Astel oA B
S B8] M AS Akl o) AAEE FHSE
WY ES ASHIT £3 A2 ws) A 248 A4S, o9 9
Qo] Ht 34 AHl WSS FHHD 1 9FAL ZHee
712 A, 0|2 Fah] /3 A AAE FH8 A
2ol whe} 20085 84 Alojol oA wEA

Qo) A4 L A1 5 sk
B Q) priA] 228 T3t 2ol PR A 23904
£ oA B T8V A A 8 HES Ak
ok A 3l E AQHR YRS E3HE 2437] S5l 2
A WAl 37 A volE S Aee 49 A AYa,
A 4goNE AT PUES) BN FHHD ANS E
% A 2 el @

2. o)A @A 719 7V AIS 2 A3 = E Adw)

& Aol AlFske o dA BA 7Rt P AS 23} A1
=R A W 9FY 4 Al2H e N R VIR M AS

by

<

A 2~€ll 7}9] a}o] = <Figure 2>} 2T} <Figure 1>9] 7|& 713
AZ A =" X e Aol T3 do|HES A5 Anet A
H] Ho]HE AH&38lY o= Rd(prediction model)S 33}
a1, A2 Slo] 3] ] HlolEl7t FHET o] o5 BY
o Fdste] AS 2HE oS8 Aok v & A4
A= 78 AE A A 2 6] W G 4 A
ZE A o & B F3o ARE-E AH] B o]ERES: o] 83}
of o]4F] " A](novelty detection) BH S F33h= WAV F
7He T A 2& lo]# ¢ A HloE7t - EHW o] HlolH
= oS 2l o)A gA] R FAo] FYE] dF =
oM A 2HE S8t HaL, o)A gA] EdoA
= 3l dlolH e tolH et oS El 5 FA1Y AH] o]
Elote] fALEE FA T o) dA] &2 Lo o3 frAt=
7b =4 e B 7 AS ZE T35 volH e 49
(homogeneous) HO|E1 2 BTtate] 744 A1Z Ao =& Al
g Foota, fFAbE7E WA ek 75 o] E Y (hetero-
geneous) HIOJE1 2 HAthaste] 7P Al Aol B2 2 EE
Fojghth 3 o)A ©A RdoX e vlolH Y FAMIl
gt 2} An] M) g3k w5 A5t 7Y A At
A 27} G Fojd A5 1 ARlo] B AR Waot JE
g Al AFght.

21 7MAZ Y

B AFA = v5 A E 39 &4 (multiple linear regression;
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Figure 2. The proposed novelty detection-based virtual metrology prediction reliability and process sensor parameter sensitivity estimation system

olat MLR)S 71} A5 Al2' Y oS dag]F o2 AH-at
Atk MLRE € Hlo|HE vt O 2 77} o] o] S
(independent variables) ©} &1 5~(dependent variable) ] HAI S
218 2(linear equation) &2 Fg3}= WHES ZH, AF A3
(artificial neural network; ANN), Z| %] ¥l €] 3] F](support vector
regression; SVR) 5] B3¢k 714] g5 WhH &0l vls) et
T2} AEHA AL /= E A2 AHEAL A B (user-
specific parameter) S 2t A 0.2 Q3] o] #oko] o= A
B = I s e A e e o ol A= e g ===
YT PFETOE oS 2 NI T B o S w9 J3Fd
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y=XB, X=[1 ay 25 = 2y, |, B=[B]- ()
1 %1 5”22 T Tom ,671
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ol9} ZEMLRY FA A= B =(5,. 5, » B,) =4 (3)
o) A} Al AR st 5‘4}\ A& 3] (ordinary least
squares; OLS) S AF&-3ad 2] (4), 2] (5)9} o] 4 & 4= At

F=g =5 N6 X96-X0. 0
%: XTy—XTXp=0. 4)
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FR rd
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& dolE gty fAEE SA3)
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(a) Binary classification (b) Novelty detection

Figure 3. Class boundary of binary classification and novelty detection(o : normal data, x: novelty data, reprinted from Lee, 2007)

71H o] th(Kang and Cho, 2008). o] &7} o] 43 &R <]
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FAste 1 AE 3 Aol E8-8 5 qlA "
B A M= 7F-A St £ 37 (Gaussian density estimator;
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BiolL, o M A 75 9lo]
e pain
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KMCL hEAQ A3} 74t o)A FJ-;(] 7Moo eM, A
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7 HloTE (X)) 52 4] (8)0 Vb nhet o] R 79 A A<
TE(cluster) &2 728 4= ltha 7pg st

X=CQUGU -~ UCy CNCj=¢, i+ ®)

KMCe= A/ HolHE 7 2 288 5 = HAY 1585
2] 9)9F 2ol 15 Wl Al
error) S 435k 2=t
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P
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i=1x%,EC;

©)

714 e A TR(C) S Tl 2 (9)F F8te] HF
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(a) Gauss (b) KMC
Figure 4. Class boundary generated by Gauss and KMC
(reprinted from Lee, 2007).

Table 1. The number of wafers for two equipments in eight periods

AES £ F 719 photo-lithography 373 A H](pro-
cess equipment) oA &F 47 Zholl AA 117709 37 ] H
Foba7fe] F2 A= WHAR(YL, Y2, Y3, Y4)E FR8oH,
oW} B =(preventive maintenance) A| S 7|F O 2 <Table 1>
o] F 879 FRIOE U, 7 PR A A A A
7+ A AA(EE LA} ool Fdl= 271 100749 9]
HE ARESA 713 AIS B o)A B4 RS 58k, ©f

Z Yol HES YA R HAES $335lo] 7P A= A%
o] g3 A8

23R Adu WS A

Az FA AHERE £H5E AH HE4E Z 1177124,
wd 750 AHEE 9o1H e Fof vls) vl - B Holrh,
T3 AF S el AY A2 =& ARdAE Jeh=
S o3& Bl 3ol A 2 Adul ASER v X3

=lo] QI7] Wzoll, £ Aol A=A ¢are]F(genetic algo-
rithm; GA, Yang and Honavar, 1998)2 AM&-3te] 714 ﬁ]ioﬂ

2549 v ¥ A QST A4 daeE
°l

&5 M A9 o] A= <Figure 5>9F 2k WA 94 /‘,]
%7] FH(population) S A3 o F L] ES A8

Population

ND - non
» I KON
—
5 00
> [N+

Selection

— ' E

Fitness Fvaluation

\
\>

Mutation Crossover

| _ O
TR

Figure 5. Varaible selection by genetic algorithm(GA)(reprinted
from Kang et al., 2011)

el 771 77 2 T3t 3 T 4 T35 T3t 6 T3t 7 77t 8

EQ1 230 172 137 167 452 818 138 195

EQ2 226 180 136 170 450 816 138 195
Table 2. The number of selected input variables for each equipment-period combination

'l T3k 1 T3t 2 73t 3 T3t 4 T35 T3t 6 T3t 7 T3t 8

EQ1 12 9 8 12 22 26 24 19

EQ2 11 11 8 13 17 24 13 15
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Zt GAAE HE(fitness) S H7Iech HrtdE AUEE
Z 3] }\ FJJ

Hi o2 FAgsAY FAgel gle e AAse

(selecnon), £ A E9] AS 7hs kA sk aHl(cross-
over), #& FEZ 999 gh& ‘ﬂﬂ"‘] 7] <1 ) (mutation)
T AiHE FAst A RE A JEE A FHAt
FaeEL ol 51;‘3% 78 A & A2 = o] w3t
iy 59 F& 248 15 “1177}%] FaYsto] 2] dn|

W JQ%L_% PAR J,}zq o]u:] O]E EOH 7+ ;Ly}aﬂi NEly 2

7 AAH] W] - <Table 2> YER Qo) Aw] & 4170d
2 tha Aol Yout #14 FueEL Fakod 1A A
W4 ojH] H 2 78%(EQL, 7t 6 : 267H), AT 93%(EQ1, EQ2,
T3 870) 9] WS A7 AL Fold & gith

3.3 &g E v/
AR

# 9% 34 243 A% 4% 97}

£ A7lM= MLR2 A5t 7}” 74]%
Gauss<F KMCY] o] dx] &2 ¢are]E
Aol thgh A2 &5 Fofatar ] «] dEs o
ATk MLR= o]-&3at 71 AlS E’_‘,J_ T5 AL AS ARt
825 Hojues B dolH s BF AASL AS 2
bS8 olhel 44 Aol SRE ol $3)o] 345 HlolEl S
A3ttt gk MLR ¥} Gauss= 70 L-r(pararneter) I
= g FolU KMCY Aol #39 FK)E A HE
= she gargjFolth uebd KMCH —EL@«] = 7 A=
Bl 3o ARE A Hlo|ElE vl oR (2,3,5,7, 10§ 719
TR 7 7 AMSY KMCE A8 & H4 71 &
AAst= 7]52) BIC(Bayesian information criterion, Schwarz,
1978) 2} AIC(Akaike information criterion, Akaike, 1974) A8}
o 23S ATEE BHGOH, AED02 VRS 24
5 AHSk T

A EE o) = o] Ar] Hlo]H7} o) 2] B4 Rdof] FYwd
3 Aol gt A Ee v Zo] o] hlgh/IOW)
FASAL. WA 7P AS Bl F50] ARE Sol¥E
ARESta] o] 3] ' A BElS 71581 Sk 903 £ EH“}
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Table 3. The proportion of the test wafers with high reliability level assigned by two novelty detection models for each equipment-period combination

] o] A+ T3 Summary
A 1 2 3 4 5 6 7 8 B =t

EQI Gauss 0.708 0.819 0.973 1.000 0.963 0.981 0.895 1.000 0.917 0.098
KMC 0.785 0.778 0.973 1.000 0.946 0.985 0.921 0.990 0.922 0.084
Gauss 0.667 0.950 0.944 1.000 0.991 0.986 0.895 0.958 0.924 0.102

r KMC 0.770 0.913 0.917 0.971 0.974 0.992 0.974 0.990 0.938 0.069
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Figure 6. The average MAEs of the wafers with respect to the reliability level(x-axis : period, y-axis : MAE)

< AT =4 F9E ol ELS & IHEQY] T
S A Qe A 4%(EQ2) T-7F2), Ah 65%(EQ22] T
$-& MAEE YERdTh
A 71He G431 78k 7 AS Aol A1F]
Fosh= WHY 3= <Figure 7> 71 Al 2d 9
bE 3 PARESAME 18 4= gloh F Al 25 g
LA
A =4

o &
QL

=& AFHEE Fojikl go|3 &9 PARE7}
& Hojuke go]¥ 59| PAREY] HIEte] A Y
ok GaussE oA ©HA] 7 0.2 ARR-g -9 EQ29] T
ZH29} 77 7E AQE & AHEE Foukl go|yE
LS G AT E Foukl go]H S ulE] A 3%(EQ2Y]
T248), Ath 21%(EQ29] 17 5) =& PARES yehdit) &
H, KMCE o33 &4 71\ 0.2 ARE-§ 79, EQ29] 71t 2,
TZH 7, 73 88 At Ha 1%EQIY T7F 7), AUl
42%(EQ29] 71 6) =& PARES YERN L Qlt} o] 9] F&
& AFSHe MAE S} PARES] SHol| A & 1 §|2E ¢|o]5] 9
FAL VSRS 7P AE AR a7} 24 Jehdth
= Aotk A 317800 A AFe el Zo] & AFdME ZE
T2t tiate] Az 100709] do]HE o83t o)A &
9 7P A RS FFHoL o] F Y o|HES AMEEt A
T B7FE A o) W, golH Y $7F MY B Rk
5 A8 5 3759 17F 6(<Table 1> #H3) 0]t} <Figure 6>
3} <Figure 7>9] 235 BH 7 FolM e e FtE T
EF2 AHEE Fofite go|H 59 7V AS At B

NEEE FoPe go]s 5 vstel v $55 et
E2S FAT 5 9k

x10”

I
£E
g

2.5-

1.5

0.5

1 2 3 4 s 6 7

(b) EQ1-KMC

%0

1 2 3 4 S 6 7 8

(d) EQ2-KMC



54 A2 B A R B B B R R o R

[
[

0.95 0.95
0.9 0.9
0.8 1 0.85 1
0.3 0.8
0,78} 0.7k
071 070
0.65 0.65
0.6 1 2 3 4 5 6 7 06 1 2 3 4 5 6 7 '
(a) EQI - Gauss (b) EQ1 -KMC
! B High I High
0.95 JLow 1
0.9
0.85) J ]
0.80
0.75
0.7
0.65
0.6 L L

2 3 4 B 6 7 3 ’ 1 2 3 4 B 6 7 3
(c) EQ2 - Gauss (d) EQ2 - KMC
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Figure 8. The actual and predicted metrological values of Y2 in period 2 for EQ1([]: actual metrological value, 4 : virtual metrology with
high reliability, @ : virtual metrology with low reliability, x-axis : wafer number, y-axis : normalized metrological value)

Table 4. The contribution of each process sensor parameter for a low reliability of 12-th wafer in period 2 for EQ1(%)

7] ‘ﬁ X1 XZ X3 X4 XS X(, X7 Xg Xg
Gauss 0.53 0.36 0.01 0.09 0.18 98.72 0.01 0.04 0.07

KMC 1.11 0.74 0.08 0.06 0.44 97.24 0.02 0.30 0.02
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