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Epitaxial Layer Growth Experlment,,-,r "! previou

I:&acfonal descgn (B3 2 Et) <« multi-way loyout }.. ep'ls &
often used in exp'ts with a larger # of faclprsect: 9

e An AT&T experiment based on 24 design; _in industrial era
four treatment factors each at two levels. 3¢response:thickness

There are 6 replicates for each of % treatment factors : A.B. C»

the 16 (=2%) level combinations; ﬁwﬁ"gtﬁ:"r’»ﬁ" 2 levels — =1,+1

oSten used in °guahﬁad:w¢ or guméduh ve'is
data given on -L-er-E 5-2. _] Sacoriol es?| | ok an imporkont Issue in
; ments - ?
%ﬁafl ‘I‘!eveo.; Table 1: Factors and Levels, Adapted 2 ’eve, case ['-—hL both
guan : Epitaxial Layer Growth Experiment Can use (0.1)or(-1,1) aad;ngs]
Treatment Factor — Level + *E}(pfa’ unit: a group of 6 wafers

A/] susceptor-rotation method  |continuous oscillating|  po Us - ceo l

B/ nozzle position 2 6 mogenco

C.| deposition temperature (°C)| 1210 1220 v UA.B.C.D)F

D deposition time low high = |6 whole P/a'l:s 26 sabp/ofs

the objectives in the comparative exp'ts __ = all 4 Fackors are. WP Fackors.

Objective : Reduce variation of y  distribution L distribution of Ixa
#53 —_— distribution of gxl

(=layer thickness) around its target 5
14.5 um by changing factor level distribution of #x distribution of Yx,

wE o

combinations.

e

E(§2)=Bot+ B, Xp "™

Data from Epitaxial '5*5_,}1- 6ok, Al'ds: = [0

L r Gr h EX rim Nt /ow high A =248
aye Growt pe ent Sor parameters g—-‘? * for Var(9)=6*

¥
2“ ﬁ“ Table 2: Design Matrix and Thickness Data, unrepli-] % co E I’m de|
'-F“CtPr tal Adapted Epitaxial Layer Growth Experiment | cated
design 1 1 3~Bot+A+B+C+D
Factor = AC, see 'L‘
Run| \AA8B C D .1AB&.--- _Thickness«@ r::" £ g IAB:.ABC'PQD
: ABCD check LNp#-651F +BC D+CD
1 NS am— 14506 14.153 14.134 14339 14.953 15.455|14.59|0.270 —1.309 ABC+ABD+ACD
2 4+l - - 12.886 12.963 13.669 13.869 14.145 14.007 1359|0201 —1234| FBCD+ABCD
3 — ¢+ + 13.926 14.052 14392 14.428 13568 15.074|14.24]|0268 —1317| 8 (aq_m_cgm)
The#of- 4 — |-+ - 13.758 13.992 14.808 13.554 14.283 13.904|14.05]|0.197 —1.625
di 5 — -+ - + 14.629 13.940 14.466 14.538 15.281 15.046|14.65|0.221 —1.510
leve 6 == 14059 13.989 13.666 14706 13.863 13.357|13.94]0205 —1.585 | \Thickness)| s3/gn
T 7 —- |+ + 13.800 13.806 14.887 14.902 14.461 14.454 (1440|0222 —1505 T,
Combinations @response: Thickness
m,'H)eexpt- 8 SR - 13.707 13.623 14210 14.042 14.881 14378 |14.14]0215 —1.537 % 05 all obs. =(bxb=94
> can be 9 b= " 15050 14361 13.916 14431 14968 15.294 | 14.67|0269 —1.313 = =
10 O 14249 13.900 13.065 13.143 13708 14.255|13.72|0272 —1302
used to + lo —> Soreffects
sl:udy '_é 11 T=1= ¥ & 13.327 13457 14368 14.405 13.932 13.552|13.84]0220 —1.514 8o -’forV&r(é)
12 T I 13.605 13.190 13.695 14.259 14.428 14.223|13.90|0.229 —1.474
response: {
(1 Fnh@F} 13 ol - + 14274 13.904 14317 14.754 15.188 14.923 | 14.56 | 0.227 71.48’3® PO }/szl"
i‘s & d:; 14 SRS Ea 13775 14586 14.379 13775 13382 133821388 (0253 —137a| ¥ all obs. =16
15 t | o+ o+ 13723 13914 14913 14808 14.469 13.973| 1430|0250 —1336| |@ll A&
)|+ — i4.031 14467 14.675 14.252 13658 13.578| 14.11|0.192 —1.650 lb*ﬁreﬂ‘ed‘s
X o~
X =1 _ oo For Var(3)
mode| mabrix contoin what tnformation : egual varioie ? or
< Reading: textbook, 4.1 E(%x) and Var(¥x) <«pure error information mguﬁm’

jointly made by Jeff Wu (GT, USA) and S.-W. Cheng (NTHU, Taiwan)
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Designs: A General discussion

3 [Actually, 2% Sull Fackorial design
levels| —>Full factonal design (2HTH) = an OA of k
® 2 x2x...x2=2Fdesign. (orthogonalit oS—deSEzma:b’tx)
et [ Design mb'ix "A“ effects in model matrix
e-Planning matrix vs model matrix -)Z:lB+E_ me.{ncajlv oerqonal
(see Tables 4.3, 4.5, textbook, p.158 & 161). (under sum codmgs)

srandomization o
e Run order and restricted randomizati

@:When
can we (see Table 4.4, textbook, p.160).

_ A rs have
ignore the split-plot structure 2 Ans- wbalg_plntm

I

the same number of times in the design matrixe— QA of str

e Balance: each factor level appears the

same number of times in the design matrix

e Orthogonality : for any pair of factors,
defined
on DM

each possible level combination appears

. "
03———|_=> each of its 2 levels tzla:,glezzo °C

** Sactor C is a. hard-to-change facko

only performs once

OA of 1

> In model mabrix, MEL2D 41
2 sum codi

e Replicated vs unreplicated experiment.€=_

= In model matrix, MEiME

t Thickress T 3/s*/0as>

+ Reading: textbook, 4.2

Replicates canT tn tndormation
about ’V&KZ&)«—»X

p. 5-4
Main effects and Plots L3 P"lm"’ebe" or
&__ can be referred to as—I 2"
e Main effect of factor A: T
S Enee e averages are token over
parameber »ME(4) = a(Af) - a(A" - —=all level combinations of
+ T check (B.C.D)
Cestimator > ME() = (At)~ZA). (k2| |lzonsider She colleckion
'+ Orchogonalt as a population of(8.C.D
e Advantages of factorial designs (R.A. Fisher): EE;L_dio:lf E(Eg C'l.')
reprod;tcibility and wider indugtive basis for inference. ”Wde for (B.,C,D)
cf
. — —LEL OFAT (LNp.13), effect of A defined as:
& Inf(.nmal analysis using the O A+ | (B,C.0)= 2*)~ I (A_: |¢8.c.0)= &t)
main effects plot can be powerful. I — — =
& response. Inthe case,
*1 s can be
Z(A-) 0 —
/ Thickness/& /s%/ns?
average. | %
zis | i j fat  Apsco=E(Zaeco)
= |z - L a leve) combination
2 93 Usve+=FE ( 5’++++)
eae -=- < B :
Figure 1: Main Effects Plot, Adapted Us--+ = E (37"“""')
Epitaxial Layer Growth Experiment :

jointly made by Jeff Wu (GT, USA) and S.

-W. Cheng (NTHU, Taiwan)
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&

Interaction Effects — _2 — I
&, ME(8)=Z(8+)-Z(B-) Lestimator parameter

g(:()nditional main effect of B at 4 level of A (or — level of A):
=Z(asB) = Z(a+B)  [gyuificant INT(AB)
E,,Er—* ME(BIAT) =Z(BLIAL) ~Z(B_|AL).  |=> the effect magnitude
W2\ s ME(BIA=) = Z(Bx|A=) ~Z(B=|a=). | OF B changes with
= Z(A_-B_f) 52(@5 the setting of A

e Two-factor interaction effect between A and B:

becomes large when the

INT(A,B) { %{ME(B\A_JE)—ME(BlA_—)} J!M in the interaction

1 X plot are not: parallel.
8 average of Yy |=| S {ME(A|B+) -~ ME(A[B—)}
obsemtions ———=/2F(A+BY) =Z(A-B-)

=Z(A+B-) =Z(A-BY)

— o EAtip T [B)) - o (FA+ B+ TA— B}
= Z (A+B+ or A-B-) = Z (A+B- or A-B+) (1)
average of 1 obsevations—”" 1> A.B=+ L AB=-

e Thelfirst two)definitions in (1) give more insight on the term “interaction”

than the third one in (1). The latter is commonly used in standard texts.

o
e Interaction Effect Plots _Emi”beﬂa o
®: What information are contained in the plot ?—L jnteraction effect

AB AC AD

144 148
144 46
\
»
oo
I
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#
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|
|
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10
10

] ME(8)
o {._j’x "
s

= ivhrcepé-

(=]
Figure 2: Interaction Plots, Adapted Epitaxial Layer Growth Experiment

jointly made by Jeff Wu (GT, USA) and S.-W. Cheng (NTHU, Taiwan)
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Synergistic and Antagonistic Plots
[gééﬁ;%a, Lanne S raxs

An A-against-B plot is synergystic if

ME(BIA +) x ME(BIA—) >0,
ME(B|A+) x ME(BIA~) < 0.

e An antagonistic plot suggests a more complex underlying relationship than

what the data reveal. carry same information

Qabou{: ME(C), ME(D).INT(C,D?_II

'QE, T @ g B

Figure 3: C-against-D and D-against-C Plots,
Adapted Epitaxial Layer Growth Experiment

and antagonistic if

More on Factorial Effects >=5 {[ Z(a#8+c)+Z(a-8-c-)] "~

-1 {[z(asscn+zaBch] - [ Z(AtB-c)+ Z(a-BeC-]}
r -[Z(A+B-C9)+ 2(.A_-§~:.C+)]} <[ ME(Alg+cH) - ME(A|B=CH]
»® INT(A,B,C) = l?INT(A BIC+) — ~ INT(A,BIC—) -z{ME(AlBIC:)

INT(4,B,C) = 5 INT(4, 5 INT(A. -ME(A|B=C5)]

3&-‘:0 o o
— - % NT(A,C|B_+)—%INT(A,C|B_—):% NT(B,C|A_+)—% NT(B,ClA—).
Q‘f_—@ INT(A1,As, ..., A)  (exercise)y 5 Z(AB-C=+) —Z(A-B-C=-)

= (1/2) INT(A1,As, ..., Ak |Akt) = (1/2) INT(A, Ay, .. Aji [Ak=).
xerciser 3 Z(AnArt) - Z (A=)

‘ - . g——parameter Note. The definition of th
estimator > — - > estinate, O= Uz - U +— Suctorial effect meancters

e A general factorial effect

where Z; and Z_ are averages of one half of the ‘CISSL.&'EL" aﬁ to the

. T e :
observations. If N is the total number of observations, | gesgn masyex.
Z='Xg+g ‘ol fuckorial effects (see LZNP") All 8 have same s.¢.(8)

Z~NXB,8T) var(h) - = | = _ %Gz,l[simdard error of & :J

where 6 = variance of an observation.

£l pB-(xNz=tyz N2 N2 N
o2 t-statistic :

2
P
< Reading: textbook, 4.3 e/ S.e.(ﬁ) »

jointly made by Jeff Wu (GT, USA) and S.-W. Cheng (NTHU, Taiwan)
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Using Regression Analysis to —-— Des%f{“mx
+ mode| e—

Compute Factorial Effects |codings

+ sum codings

e Consider the 23 design for factors A, B and C, whose cf.

columns are denoted by X4, Xp and Xc (= 1 or — 1)4—:] Model matrix

_ME coding —
e The interactions AB, AC, BC, ABC are then equal to :ﬁdﬁel mﬁriod Eﬂgl

XAB = XAXpB, XAC = XAX(C, XpCc = XpX(C, XABC = XAXpXC
(see Table 3, LNp.5-10).

e Use the regression model (i = ith observation; j = i_th effect)

matrix form @=81
2=X8+E [frm [ Bt Loy
modéj ) Tz = Bo+ BAxA+ BeXes+ BcXc + Bag AaXs
matrix | |E~N(2,6T) +Bac XaXc +Bac X Xc+Brac WaXaXc + £
e The regression (i.e., least squares) estimator of [3 j 1S ~vevall
) 1 ) ] o average
B = o p@u =42y =21) 2 | Ex
'1 t -+
= ! (factorial effect of variable x;) 2 X
2 —= MER)- 6a »
©  Model Matrix for 23 Design 8= (x'x)"x*z. |

Table 3: Design Matrix and Model Matrix for 23 Design (XTX) = 2"

X'Z2=
! o nuc xic 3z [ sz
- - + + = o FEHa-IHu)
+1- — +HH - - + = .
- -+ s Ba=f[zzawn
_ i _ =X Z(%a-)
i e
’ + -+ - -] - + + |z | mZ (%]
° ol e - ] - — e TEMEW
+ + —f 1+ + |+ - = ==
EEQglheert + HIH 1 + ] + +  + |z
model makrix X : Z) .
e come e | [E@=B=XB [ 8a= §zutnn-zucaa]
orthogonal and | | B=X"M=Z=X"M4- = L[ At - K (%a)]
| XTx=2"1 | =+ ME(A)

jointly made by Jeff Wu (GT, USA) and S.-W. Cheng (NTHU, Taiwan)



