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[Fag]F 1]

Algorithm 1 Pattern detection algorithm for wafer bin map

1: INPUT : Failure suspected point on single wafer with cartesian coordinate
2: OUTPUT : Cluster assigned for each failure suspected point

3: standard scaling of cartesian coordinates (x;, y;.i = 1,...,n) for each wafer
4: for each grid : height (k;), minPts (m;) do

5 for each wafer, do

6 dist « dist(data = (x;, yi,i=1,...,n), minkowski, p=3)
& model «— hclust(dist, method = single linkage)

8 cls « cluster(model, height =h;)

9 for each cluster; do
10: if(number of obs. < m;) then un-assign the cluster (de-noise)
11: end for
12 if number of cls > 0 then systematic pattern exists
13: return points’ ¢ls for each wafer and grid

14: end for
15: end for

16: Declare whether a wafer is normal or defective.
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A dolHe] HHL 2xkY e xF3 yFOo =2 o Au
of. o)A FAo] 7teH Lx=E FA 3 (centering) ¥ 7 thol9] 9IXE =¥ (polar coordinates)Z W7
ate] 1 WHAEH A4%E F@tJin F, 2019). F N HEANA FET 5 e 9] EGHY A%, vF
o ¥, MXNE, 4m)E 747 1AEH 4x74Re] T4 A E(central moment)®l H, EFHR, I
(skewness), ¥ (kurtosis)S AAsle] 16 7fe] F¥zkS A, £33, 4709 52 H(minimum), 3o
(maximum), S5 (median), AFHE$] W9 (Inter Quartile Range, IQR)S o]-&3le] 16 7§19 T = H3L),
A7IA, xF9] FHE, yF] #Hx, WAE, E 4% T2 dTste vol(Et FAH RS ol F4l)d dg
s UER 5 9l

H

At FHFELS A4 doly B48 B3 Id AozZA olF 2 (rule) VIR H g5l Unkadt
Aolth. d&F €9, T4 (center) AT A5 xo y Hxo| Hito] 0 F-2odl Hx|sfdof sl WA E2o] Zold
ek Ao g wx e dwtng v, aga B¥xE 7 de ZRE 0 ~ 3607 Alolo] lom e AM¥}
Aop gth, H, FH YU (edge ring) AT TA A v]52d ool ol spgatele] Agho] A7)
7] wiEo] WX Ee] Aolz} v Atk o] th. fol A&Ed 32 e FHFES oy AgEe 5AHS
o A= wkeds 4 ).

oz, Ay F¥(scratch)e 5AS AW 4 Jdria #dd=Es FAAR] A AA, F HA af3k(eigen
value) S ol &% 4 dth. =3, FAY Fo 5EHS Fotstr] fste], An HAxA x 22744 13
o3 g9 R3S Agsta, o] =g AA A4 (R-squared value)E FWzow g3t} whg W4l #x

q = &

Adte]

=48 Z3(curvilinear scratch)< kg ety g 4
Jo] Wl Wy ZA3hS fd dyoe] xFsteE tolo MEFE F1H

W, & 367H4 EAS FHgon FH3 & A9 9 &
5 O

AY FeAEE AR S BRvlolwA wg due Baed ol k. mEA, duE SPE(TUH)H
olo] thgst= A HEle TIekE St dHolHE Sgd WY XY 2EE o|gste] A dHSE ERE T
o]r/}
AR .

ot A=, & LA AASE WHET ] Hlag flste], oA AHF IN-81IK HlolEE 4 gt
L. dold 2% Ad &4
P AN ASA TF 2 Al delgel Agste] A ddE FAw. A
mge] e fletel, Ha AP (height)E 1 FH 2704 249 1A (7, 0.2
2 38 AT (minPts) S 5 FE 97bx] 2] A (AW, 2 )02 AR F4(grid search) @}, =&
o gAas e, WA Eﬂ"] HE T8 AAgox wuget. &4 doje= X 29 Aol 1(case 1)
lo]’\ 6(case 6)7H4 & AS7kA Wiew 74 5 9lrk. Aol 1(Case 1) FH Aol 5(case 5)7HA]
d dolE= A% dE Beﬂ dol¥E 7 4 A Fojstar gl shg=e] gl Z4zk 40, 70, 100, 300, 5000
5 UmAE A deldz Aevt. A3 Hee] 7 sojme g dolH= Aol x(case) R HA 12
5‘1"41 472 A7k Avk. A4 dlelE= 3,065 o] Aol ZA Aolx 1lcase 1) FH 6744 EF Ty €
] Blol A3 A vjEs fASES Ik, webs, Aol 6(case 6)& T FIOIHE o] &8t A9l
HA dolHE Fetale wel & 1o vehd dA delerh Ht

FBL o W2

E_VL‘EAE_VL‘
Hovi

=]

[ 2]

case none center donut edgeloc edgering loc random scratch total

case 1 12 4 4 4 4 4 4 4 40

case 2 42 4 4 4 4 4 4 4 70

case 3 2 4 4 4 4 4 4 4 100

case 4 272 4 4 4 4 4 4 4 300

case 5 472 4 4 4 4 4 4 4 500

case 6 2,767 9 6 195 8 50 6 24 3,065

Aetals Wye] Ag ¥4 AT HuE 93te], DBSCANY dEHor &3] o] Hy e THFE o
83t T3k e Y (spatial filtering)S 83+, DBSCANS Re] dbscan H7|X|& ©]§3}H F&o] HQs By
ol A =R AR ?ﬂﬁﬂ—t— Ho W7 (epsilon) ¥ XS Wb Fwo 3&H= H HA G
(minimum point)o|t}. &7+ FEH O A9 RO raster H7|AZ AFESIH 3 "EO 28 R4E IEHY A4
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(dimension)¥} HH oJHE AAS= YA X (threshold)o]t}.
4 dolHE o] &3t 7 By 2F B4 Aol Ed £, o] FkE o]8s 7 By

KN
1 =
= solslo] Agale] dolslel A F5E dASAT. HolHS FALH AL Uir HFL 109 W

[ 3]
Model Measure case 1 case 2 case 3 case 4 case 5 case 6
recall 98.05 (0.54) 96.44 (0.45) 9587(0.21) 9587 (021) 95.87(021)  96.31 (0.00)
HC Fl score  58.49(2.87) 67.74(2.53) 7140(0.20) 71.40(0.20) 71.40(0.20)  71.30 (0.00)

accuracy  85.77 (1.50)  90.60(1.32)  92.53(0.07) 9253 (0.07) 9253 (0.07)  92.46 (0.00)

recall 9577 (1.06) 8869 (2.01) 8527(1.91) 68.52(4.89) 63.39 (4.14)  86.58 (0.89)

DBSCAN  Flscore 5375(3.39) 67.23(2.50) 69.81(1.68) 69.66(0.86) 69.46 (0.62)  73.05(0.12)
accuracy  82.23 (2.96)  91.11(1.24)  92.66(0.78) 9429 (0.27)  94.65(0.20)  93.78 (0.10)

recall 9352 (1.81) 86.74 (2.54)  78.56(2.92) 62.65(1.62) 60.60 (1.40)  77.68 (1.79)

SF-Ave  Flscore 5544 (3.90) 66.90(3.12) 7205(0.84) 7246(0.72) 71.55(0.78)  76.02 (0.16)
accuracy  83.37(2.97) 9078 (1.64)  94.01(0.40) 9539 (0.07) 9533 (0.09) 9524 (0.07)

recall 88.05 (4.68) 7091 (0.46) 7091 (0.46) 7091 (0.46) 7091 (0.46)  71.81 (0.00)

SF-Med  Flscore 47.87(7.66) 75.90(0.39) 75.90(039) 75.90(0.39) 7590 (0.39)  76.16 (0.00)
accuracy  70.00 (6.98)  95.62(0.07)  95.62(0.07) 9562 (0.07) 9562 (0.07)  95.63 (0.00)

¥ 3914, #Hit(average) T S5 (median) S o] &3t T LEHE 747 SF-Avest SF-Med= Yepiict. 2
HHES 10 3o AY BFS B ANHAL, BE gEol= 107 FaH delolct,

H X% F1 A4 (F1 score), @& =(accuracy), @ AMP&(recall)el™, ol= 27+ TP/(TP + (FP
+ FN)/2), (TP + TN)/(TP + FP + TN + FN), z8]a TP/(TP + FN)o.& AoHt}. of7|4 TP, TN, FP, % FN&

Z}7} true positive, true negative, false positive, & false negativecl dj@3l= A-%29 MEE 9w gic).
A 7HAY ZE FollA AA Ast T g9Xd A HEd AIES 7P FoEH ADSkEd, O ol 2

el doln & AFor W= Zo] TRV witoltt. A FAI UAS Frol Ao EM HAAH
o2 FES wol7] A% BAYS mEsd Jds. A F 39 Ax FolME A& (recall)o] AHHH
o= 7P =2 ATA TH 40 4Tl 7PE Fua & g o

& 34 FHFE ol&gt 33 HHY WA (SFNed) ® =& A% (accuracy) & Holv 40 o] &% dolH
o oF 90% HE7t A4 dlelHQl v A S Hetstd Ao Aye vx g HA=ZE uyg

AR 17 doly o H&o] FYg AlolL 6(case 6)9] A5l gate] 7+ sjEE o] A3 ©A A5 Aol &
49] "with"2 FAE Do Yeht Aok, F 40904 "without"O® FAIH HES dHolHY FHA Y A3 I
He] 385 Ae T Ake A3 @A o5 Adwoltt. o 45, AR dolHAE M AES AsA
Fi dF s AAET ol AMELR AFe] Fwloe] YIS AGoE 7EY BFo] ol AL HT s
vebd & A digte] Tt & A et A FelA FEE vk e #53 A3 (scratch)d] 7
S-olth. stH, A4 o)A noned] Af-ole g FH| EFEHEZ "without"oll SFsHA kv, Altsle=
ASH - BAMO)Y A9 & YHERY 953 F2 83.3%5 WY, L 99 IEEANE 90% o132 =
& S nelth, ¥, FPE 7.8% (= 1 - 92.29)9 1A 38 7153t $Folg kg, ol v, s =
P52, 53 F#7 A, 1 Fso] AR AstEs 2AT & Ak, B 02 F53 d@44-2 DBSCANS F

3] AeE A9 sl e

Folty, webA] 71E9] HolE
Heo] FguH 18]al edgeloct
3] AslE 7FsAdol .
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[ 4]
HC DBSCAN SF-Ave SF-Med
patterns - - - - " - . -
with without with without with without with without
center 94.4(1.9) 94.4 (1.9) 91.1 (2.8) 88.9 (2.9) 83.3(3.0) 83.3(3.0) 80.0 (4.0) 80.0 (4.0)
donut 100 (0.0) 100 (0.0) 95.0 (2.6) 100 (0.0) 100 (0.0) 100 (0.0) 100 (0.0) 100 (0.0)
edgeloc 99.2(0.2) 99.2 (0.2) 89.6 (0.5) 75.5 (4.5) 84.6 (0.6) 73.6 (3.6) 74.1 (0.6) 74.1 (0.6)
edgering 100 (0.0) 100 (0.0) 91.3(1.9) 83.8 (2.7) 73.8(3.9) 70.0 (2.0) 73.8(3.9) 70.0 (2.0)
loc 90.0(1.2) 92.0 (2.0) 85.2 (2.1) 80.2 (4.4) 85.0(1.1) 83.0(29 75.6 (1.1) 78.0 (1.3)
random 100 (0.0) 100 (0.0) 100 (0.0) 90.0 (5.1) 100 (0.0) 100 (0.0) 100 (0.0) 100 (0.0)
scratch 83.3(14) 83.3(1.4) 32.1(2.0) 20.0 (4.0) 27.1(1.4) 22.1(24) 16.7 (1.4) 16.7 (1.4)
none 92.0(0.1) NA 94.9 (0.2) NA 96.7 (0.1) NA 98.3 (0.0) NA

2. doln 2% A BF

dels A e BA o)A Agor FHH folvt 1
gy, o] Aol gk AAFE e el da 1 WEE & 16 G dolHE Aeld YA Agk 4
ol# dlolEel #gdct. o] 913 A do| = &ato] <
ek, oA AFE mpeb o], EFe] v = T WAl 25 Ak ERe] HgE AAA dn

Gl
il
A
T
i)
k)
ox
=
o
vl
b
ud
2
=
%
jale
o
b
2
et
[«0
o

i GAlClA o] AlRbske WM EI Blashy] ffa oA &g AA dAlel = DBSCAN}
OPTICS(ordering points to identify the clustering Structure)E BlustH |, 7 & BF R == 9
B 7]A(support vector machine; SVM)&} dy ZYAE REE ALg3h, o] wo SWE A&} radial basis
AGE o] &3 HAFHo F 71A 83k, OPTICSE dbscan 3Wi7]A], SWE e1071 #f7]1%], dE E# -~
E+ randomForest 7|AE Z
(epsilon), HA& NAF(ninPts)$ thd % HElS Eostr] Y3t
F7F Ak, A9 dde Fate] WA il

0.01 € 0.5744 0.03 ZtAo GAah SWe| FS, 2& e costi 20 B8 2 74, radial basis

AL gammas 0 FE] 0.057b4] 0.005 7+2 o2 eHAgc}

Noon
o
il

 Eed 1(0< <D 3N 28 B
4

%
A MASFE 3 FH 15714 3 7HE o=

ur
rr

23 Hd £/ 24 HGrie HIE EF A5 S S o 2F A% Hube AdE&(recall), HAELE

(precision), F1 H4(F1 score), % AUCE o] &3}, Age] TR & FE 7 vl$- E43s7] wol

AL (accuracy) v Fil FTozETr nEst. A 13§84 20 e SAA AMEE 7l5Eo] FolA
=

Ak, o714, TP} TN Zt7Z} true positive®} true negative®, FP9} FNS Z}Z} false positive9} false
negative® YWEMATE, HA j& WA BYe EFS, J& B F/HY dA AFE v s,

[}

1>

1]

2precision; - recall; TP;

J
D Fl;, where Flj=— = :
’ precision; + recall; TP; + (FP; + FN;) /2

TN,
N
+FN; ' TN, + TP,

J
> AUC;,  where AUC; =

J=1

A4 dHolHA dojd =% Bl dig A5e Aoyt £ 5ol aokdo] vk 4 2 4AeS Astar #
H EYHEEE o]§sto] BH = RS & 4 2y, DBSCANO|Y OPTICS
the B dge A AgrelE HCE o83 &3 AAS #we] o8 H7ke] 7|l HFH Kol Ankxon -4
A%E YeRdT, OPTICSE 28-S AAS SWeR B75 3t 4o 2% dolg 3 (split)e A5 &
F Adsol oA A% (precision)Y F1 2239 (F1 score)E T-8FA] ¥4 N/AZ FEA|Eo] v}, OPTICSS]

Hgol WolA: AL melFi E ThE mielth,

o
[o
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[3% 5]
Model accuracy precision recall F1 score AUC
HC+RF 92.01 (0.44) 88.14 (0.93) 80.82 (1.40) 83.05 (1.16) 98.75 (0.13)
HC+SVM Linear 87.21 (0.74) 79.38 (1.55) 73.69 (1.81) 74.84 (1.67) 96.37 (0.33)
HC+SVM Radial 87.45 (0.61) 81.52 (1.80) 73.42 (2.05) 75.32(1.83) 96.80 (0.29)
DBSCAN+RF 91.11 (0.52) 88.28 (0.94) 75.89 (1.40) 79.96 (1.22) 98.03 (0.26)
DBSCAN+SVM Linear 86.14 (0.38) 80.86 (1.20) 68.06 (1.28) 70.87 (1.23) 95.62 (0.24)
DBSCAN+SVM Radial 87.21 (0.61) 83.19 (1.58) 68.99 (1.22) 72.82 (1.20) 96.52 (0.28)
OPTICS+RF 87.69 (0.41) 90.72 (0.98) 65.47 (1.20) 73.69 (1.19) 96.44 (0.47)
OPTICS+SVM Linear 78.49 (1.00) N/A 42.96 (2.95) N/A 89.06 (0.33)
OPTICS+SVM Radial 79.48 (0.74) N/A 41.40 (2.10) N/A 90.70 (0.44)
E 5ol Az 10 39 WY BEe Ba ANAYT, BE gEolE 100 el Aejol)

¥ 69 FY2E BF AT E RFE AFEE 4%d HC7F =3 AdH(donut)& ALstais F1 A4 25 80
ololm, AUCE A9 AdH(local)?] 97.21%5 A3l BF 98.00% ©]4S Helth. |9} uwdt w DBSCAN
A 5% 35S wold, F1 457} 80 lwel o] 3= Heel wla) tha WAk 9 22 2 4 o
F 5oA 7HE Adeel e Ae® uEhd HC + RFO] ZatE o] &sto] HAER A &5 PFHo] & 70
YehY Ak, o] A¥E 10709 #hs sk 3lolth.
Agke]l Eel 2220 dlolE FollA 1078 olate] HolH = o] Fxl =Y (donut) A} 22 L] FHiolM =
BF 4wl B4 29S¢ 4 Ao
[ 6]
Pattern Method precision recall FI score AUC
HC 93.53 (1.78) 91.11 (2.77) 92.01 (1.59) 99.15 (0.39)
center DBSCAN 91.36 (2.15) 100 (0.00) 95.37 (1.17) 99.98 (0.01)
OPTICS 93.39 (2.21) 72.22 (2.48) 81.10(1.82) 98.72 (0.56)
HC 90.14 (4.26) 65.00 (4.61) 73.72 (2.76) 99.24 (0.15)
donut DBSCAN 95.83 (2.85) 55.00 (5.00) 68.42 (3.39) 99.39 (0.22)
OPTICS 100 (0.00) 52.00 (3.59) 67.82 (2.85) 98.61 (0.22)
HC 84.75 (1.34) 84.00 (1.91) 84.20 (1.13) 97.21 (0.32)
loc DBSCAN 82.62 (0.80) 86.80 (1.50) 84.56 (0.70) 97.49 (0.32)
OPTICS 74.77 (0.78) 80.49 (1.19) 77.50 (0.88) 96.27 (0.36)
HC 94.96 (0.42) 98.05 (0.30) 96.47 (0.22) 98.63 (0.19)
edgeloc DBSCAN 95.77 (0.42) 98.21 (0.29) 96.96 (0.21) 98.64 (0.24)
OPTICS 91.45 (0.38) 97.61 (0.36) 94.43 (0.31) 97.23 (0.32)
HC 92.56 (3.53) 73.751(292) 81.36 (2.10) 99.30 (0.17)
edgering DBSCAN 83.71 (4.02) 65.00 (4.49) 72.33 (3.45) 95.72 (1.05)
OPTICS 91.39 (4.87) 56.25 (5.67) 67.01 (4.51) 96.98 (0.55)
HC 76.43 (5.84) 93.33 (3.69) 82.35(3.69) 99.94 (0.03)
random DBSCAN 71.67 (4.10) 80.00 (4.84) 75.12 (4.05) 99.12 (0.23)
OPTICS 96.00 (4.00) 48.00 (4.10) 62.62 (4.24) 89.01 (3.02)
HC 94.99 (1.67) 76.25 (1.87) 84.47 (1.52) 98.43 (0.43)
scratch DBSCAN 91.75 (1.62) 72.08 (2.24) 80.53 (1.55) 98.72 (0.20)
OPTICS 85.59 (2.74) 62.08 (2.28) 71.73 (2.03) 96.42 (0.62)
3 604, A 10 3] WY BTS F AMHNL, BE HEE 10 0] e Adejeltt
[ 7]
Reference center donut loc edgeloc edgering random scratch
center 91.11 L1 4.44 333 0 0 0
donut 5.00 65.00 20.00 1.67 0 8.33 0
loc 0.60 0.40 84.00 13.00 0 0.40 1.60
edgeloc 0 0 0.97 98.05 0.31 0.56 0.10
edgering 0 0 0 26.25 73.75 0 0
random 0 5.00 0 1.67 0 93.33 0
scratch 0 0 17.50 4.58 0 1.67 76.25
E 704, TR 10 39 AY R o AL
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72 2% dREe FaE S A, Bd, FEUE 548 42 FAS o & A, 4% s i
= A S5 B R, A9 FdsE wd)e o gdtel £9E + Atk
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AFEHE o83t FdE = Qvh. AP A= &9 AA(Operation System, 0S) E 7] 94 A Aolx
TR = st ol o] AT E ] cfEHAl S FHY = Aok, E=F, AP FAE AZEOlY A &
ekl dolEE A, A%, 24, g 2 AT = vk oo AoE fste], Y A= sty A
8= Aoz Aid A= AT, T 7Ie oklA S AXS 7R A=, A FA7E H4 e A
7] 22 (Processing Element) %/HE: 24 §389 A 245 %3d 4 9SS & 5 Jr}. d= SS9, Hg

FAe 5 e ZaEAA EE syl ZRAM Y el ZEEYE 2T F Adnk. 3, HE Z2AA

Py

A
-
o
=
o
o
a~]
-
o
(@]
[}
w
w
(@}
=
=
L
i
flo
)
i
R
A
-
ox
—
-
=
o
(@]
[}
w
w
=
oQ
(@]
o
=
=4
0Q
=
=
o
=3
=
=
Z
H
N
-1
of
O
-
oxo

S XL g don, dike uE FANES Ay FHE FAASNAY FHASER e Ao
(Collectively) A& FxE WHET F Jrl. LZEo] 9/HE= dolH=, A Ao oste] A=A A
g FAo] WE = dHolHE AFsr] flste], o' §3Fo A, 74 S84 (Component), EFA A, 7
A2 (Virtual Equipment), AFE A wx] £ Ax, EE= A$HE AS 3(Signal Wave)d FFH o=,
ATH. AZEojE UEYIR AZE HFE A 2=gl Aol AlE oA,

¢

T A F oz FA3HEnbody)E =

akEl oz AFEAY AdgE % gtk AXE 0] 9 flolE: s ol HFH #E e 7E v
Al 242 5 vk

Ao wE e ket AFE FUs Tkl FAd ¢ vy T2 WE PR o] ASFE &
5 7bs wAdd 715E 4 k. 7] AFE #5 Ute wiA e 2209 9E, doly 3, dolE Fx &
9Eo R e xFete] XS £ drt. Y] wiAd VFEE 22O WHe AAdE 5t 53| A
Ha AR RENAY AFE 2ZEYY FAANA FAFH ALE JMed AY F= Y. HFYH S5 Ut
5 715 wAle] de= dt= taa, F23 txa 9@ 2] golzel 2 x7] A (Magnetic Media), CD-

ROM, DVD®} #Z2 7|5 vwjx|(Optical Media), E&EZA t©x=A(Floptical Disk)® #Z2 A7|-%F A
(Magneto-optical Media), &(ROM), F(RAM), ZA WEd 53 22 Z2a3 HHS AFsta 59
53] A9 st=o] Ax7F 23Ev. 2203 gy ode Hodydd g wEAARE A 22 7
of mrnk ofyg} QIEZEH F& AMEEA HFE s ddd § = g do] =
715 stEde] FAE AAldY TS #3578 sy o] e AZEY)]

o, 1 4% vz elt,

o,
o
bl
ki

nr

i

t

_?{_',

o

*
o 2 Ju

woage Eve EAH AAdE gaum Aguglon ol el Ao Bashvl, ¥ /& o] B4
AN A AL olzRE T WY 9 FES At st 4L oldd ol 9 S,
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Edge Ring Random Scratch
EH2
Failure Pattern Detection Failure Pattemn Classification
Labeling Labeling each | - Label single largest pattern
normal vs, defective fallure patterns for each wafer
| =
@
. ‘® - - |solate patterns 8 de-noising
E: g E (tuning parameter: height, minPts)
3| SearchHC's Z | | §| SearchHC's [ -Select largest pattern per eachwafer
% tuning parameter E % tuning parameter | _ Fagture extraction
- (height{ minPts) Z S5 (height| minPts) - Classification & evaluation using
P cross-validation (metrics : F1, Recall)
1iq g
De-noising o Isolate patterns | . HC with tuning parameter
using HC % & de-noising (height, minPts)
£y
Systematic Select

Pattern?

Declared as
normal wafer

each pattern

Feature
extraction

Classification

- Polar coordinates’ geometry
Features (central moments)

- Linear scratch: PCA's 15, 2nd
principal components' variance

- Curvilinear scratch : Quadratic
linear regression’s R square

- Predict using Random Forest
- Evaluate by macro F1 score
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