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Abstract

Plasma is widely used in semiconductor processing because of its special property
for material processing. Although there are many advantages for application, some
problems of structure variation*and damage are caused by complex physical and
chemical reaction. Therefore, realstime Advanced Process (Equipment) Control is a
major area of research and development-in improving the desired device performance.
Using physical and chemical model isthe key approach to describe relationship between
equipment parameters and processing parameters. In this thesis, modeling the plasma
etching process consists of equipment model and processing model. The first objectiveis
to focus on equipment model by Spatia Averaged Model to explain relationship
between input equipment parameters and output plasma parameters in Transformer
Coupled Plasma system and confirm the model from experiment data. The second
objective of this thesis is to design a controller in order to control electron density. The
most important factor of sustaining the glow discharge in plasma is electron behavior
which impacts ionization and power absorption in plasma processing tool. There are two
types of controller to achieve controller design goa dynamic model approach and
steady state model approach. The sliding mode controller controls the plasma processing
equipment and rejects disturbance and parameter variation using single input (plasma
absorption power) single output (electron density) in dynamic model approach. Steady
state model approach uses response surface method (RSM) which is based on
experiment data or theoretical model. Theoretical model is used in this thesis for
controller design. Simulation results show that both types of controller can compensate
disturbance effect and parameter change and improve performance of plasma equipment.
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5-30 G(x)=G6(x)-6G,

8G. <G, = G(")<ae 5-309
G(x)

e = 57 57 % = 9O0)

o = o S0 57K O 5- 41

(%) = ris GNP G (%) = G Fr 5 -
Prin Prnax

G 5G,,

Gy Gy, G 5-30

5-43

7, =% =L2h(x) + G(x) = L2h(x) + G(x) &G, - u 5-43
5-31 S(x) 5-44

$={6(G - 7) + L20(X) - 7 J+ B(0 G, -u 5- 44

U 5-45
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s G -5+ ) -5, +k-sign(S)] 5-45

5-45 5-44

{01(21 Z,) +L2h(x) - zid}+GéG {cl(zl z,)+L:h Zd+k-s!gr(8)}

= (1- 85,6, (Z ~ ) + L2 F,y |- 35, k- sign(S) < 5- 46
5.47
oo =l E ~ %) + i) - Z, [+ o 4e
&;min
SS~-7S-sign(S) =-n|§ <0
u
LG -5, FE = K sat(S, o)) 5. 48
G(X)
Matlab M-file
Matlab Sinulink -4
5.2-2
&
1x10" cm™ 5-5
1 OnTorr
5-6 5-7
=01 pole=7
n=1 S
S X X
S



5-8 5-9
S
&
c=1
=01
5-10
TCP
15 1 OnTorr
5-5
55%x10° cm™
53%~58%
5-11 5-11
1 BnTorr
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pole=7 n=1

overshoot

5-13

58%~63%

overshoot

53%~58%

sin(4t)
c=1
5-14 5-15
sin(4t)



58%~63%  cos(2t)

pole=7 np=1 e&=1
S 7
pole 7 U
U
pole=7 n=1
I nput-output
Linearization
DAQ RE_Matching Network
RS232-SECS  TCP/IP-HSMS
5-3
5-3-1 13 36 37

Response Surface Method RSM

5-49

Y=f(X,%,...)+¢& 5-49
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) v E(Y) = £ (4. %1-)=7

7= (X %)

RSM

First-order Model 5 - 50

Y =y + X+ LoXo + e+ B X+ E

Second-order
Model 5- 51
k k
Y = p, +Zﬂixi +Zﬁiixiz +22ﬂijxixj +é&
i=1 i=1 i<j
RSM
Response Surface Design
Regression Model Y X X..
5-50 5-51
5-52
Y=Xp+¢
Y nx1 X nxk B
kx1 € nx1l
B L 5-53
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n

L=)&?=¢e=(Y-XB)'(Y-XB) = Y'Y-2§'XY +p'X'XB
i=1
(B'’XY) = Y'XB 1x1
Ll XY+ 2X'XE =0
oB|;
p
B=(XX)"'XY
5-56
Y = X
5-57
~ ~ k ~
Yo =B+ 8%  i=12aum40
j=1
Y, \?, Residual
E =Y, _YAI
Z. =(E-E)/S S:
S, =Y (Y -Y)
SS =) (Y, -Y)?
SS., 5-58
S5 =S5 S5, =3 -V)°
R? Coefficient of Determination 5-509

48

5-53

5-54

5-55
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5-57
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R2 $reg _ Z(YI _V)2

= = — 5 - 5 9
S, (YY)
R? 0 1 R?
1 R? 1 0 R?
RZ
5-3-2
5-60
~ k k k
Y, =+ by (6 = %0) + 2 €y (6 = %) (X = Xio) 5-60
i=1 i=1 =1
Xo Xo a, bji Ciii k
j Y X
X = AsY 5-61
SY =[OY, &Y, .Y, I X=[X, K, ..0X |
A
k
Aji :bji + zcjil (X| _X|o) S -
=1l #i
5- 3 Y=T-Y, =e T
Y, 0X=X_,-X_
5-61
X, =X, +AAH(T-Y,,) 5-63
X, ., yl
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5-16

200~V 00
6~12mTorr 20
5-17 5-18 5-17
Y, = 0.19565 - 0.14392x, + 0.017373x, 5-64
5-18
Y, =-3.3527 + 0.15178x, + 0.031567x, — 0.0011828x, X, 5-65
X, R? 0.91909 0. 9581
Yl
Y5 Y,
A
Yl X1
5-66
A (T-Y,) 5-66

Xomin) = Xo(m) +m

2.8x10° cm™®
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12mTorr

5-19 5-20

2.8x10° cm™®

5-21 5-22

A

250W

2.95x10"% cm™

242V
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t+1mTorr

12mTorr

11 mTorr

+1ImTorr

5-23 5-24 A=05

D1

250W

D2

5-25 526 5-27 5-28

10mTorr



blank wafer pattern wafer

3-15

bias power

cl

Rec

breakthrough
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SEERS

pressure  source power

biaspower source power pressure

1
&
U overshoot
1 onTorr 1 snTorr
pole=7 n=1
RF Matching
Network RF Matching Network
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Network

Constant

RF Matching Network
RF Matching Network

RF Matching

RF Matching Network

Time
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MIMO
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10® ~10"%cm™

10" ~10%cm™® Higher etch rate

20mTorr ~ 2Torr

ImTorr ~50mTorr Improve etch anisotropy

10°® ~107 10* ~10" Effectively power absorption
~ 100V ~10v Minimize plasma damage
1~5eV 2-10eV
22
Reaction Rate coefficient (m*s™)

Ground state argon
ionization

e+ Ar > Ar* +2e

k5=1.23x10"" exp(-18.68/T,)

Excitation to argon
metastable

e+ Ar > Ar'te

Kg =3.71x107* exp(~15.06/T,)

Metastable argon
ionization

e+ Ar" > Art 4+ 2e

ki =205x107" exp(—4.95/T,)

U, .- (27R*h +27RLh)

Wall recombination | Ar* +wall — Ar k = 1/sec
" aR*L
Molecul e+Cl Cl) +2e
voeciar T M k, = 9.214x 10 exp(~12.9/T,)
ionization
Dissociative e+Cl Cl"+Cl +2e
1S30ale 27 Kk, = 3.881x 10 exp(~15.5/T,)
ionization
Polar e+Cl Cl"+Cl™ +e
roa 27 k, = 8.549x 107" exp(~12.65/T.)
dissociation
Dissociation e+Cl, > 2Cl +e
? k, =5.52x107T.** exp(-5.49/T,)
k, = 3.69x107° exp(3"° )
Dissociative e+Cl, > Cl +Cl- ° Z:"1Te'
attachment a=-168 a,=1457 a,=-044
a, =0.0572 a; =-0.0026




Atomic

e+Cl > Cl" +2e ke —3x10 " (I'e 0.559 exp(—13.21/Te)

ionization
Electron e+Cl- - Cl+2e K, = 2.627x10 exp(-5.37/T.)
detachment ! ¢
lon-ion Cl”+Cl; »>Cl+Cl, K = 5x10-%
recombination ®
lon-ion Cl-+Cl" —» 2Cl K —5x10“
recombination °
Wall recombination | Cl +wall — 1/2Cl, ke =7 D, | A? Lsec
10 — / rec “eff
Momentum transfer | e+Cl, —> e+Cl, _ 447%10" exp( 217 0362 0.019
kll - X exp\ ] + Tez - Te3
Wall recombination | Cl* +wall — Cl ) Ugq, (22R%h, +27RLhg)
" AR2L
o U (22R*h, +22RLh,)
Wall recombination | Cl, +wall - Cl, K,, = B.CI2 1/sec
. aR%L
r. Cl Dy =@/ D, BB )T Do D, Knudsen
A h,  hg

Cl~

1+ 3(nC|,Ti In.T,) 0.86
“ o 1e(ng /n) [BeLi24 +(0.86Lug 1D, |
1+3(n_ T./n.T.) 0.8

R 1+ (n,-/n.)

4+ R/ 2, +(0.8Ru, 12405 J,(2.405)D, ] [°

10 11

57




Reaction Threshold energy (eV)
lonization e+Ar > Ar' +2e g, =15.76
Excitation e+ Ar > Ar' +2e £o =11.56

Molecular ionization e+Cl, > Cl; +2e & =115
Dissociativeionization | e+Cl, > Cl" +Cl +2e g, =157
Polar dissociation e+Cl, >ClI"+Cl +e &,=119
Dissociation e+Cl, > 2Cl +e &, =34
Atomic ionization e+Cl >Cl" +2e & =135
Electron detachment e+Cl- > Cl+2e &g =3.61
10 11
Factpopr n
A G D Result SN Ratio

Exp. (dB)

1 1 1 ¥, Yo m

L 2 2 2o Y2 7>

1 3 3 8 Ya 3

2 1 2 B Yo un

2 2 3 s Ys UB

2 3 1 o1 Yoo e

3 1 3 97, Y7 77

3 2 1 8o Ye Mg

L, (3%) 30

58



59

A B C D
Level 1 My Mg, M, My,
Level 2 My, Mg, Me, my,
Level 3 Mys Mg3 M3 Mp3
Average r’r)41+r2;2+rr)&3 mzrnﬂ+nr:]§2 +My, mzrrhmgzm&s m=nbl+n22 +M
30
Factor Sum of | Degree of Mean of F (%)
Square | Freedom Square
A SS, fa MS, MS,/MS, | SS, - f,xMS,
SSroa
B SS, fg MS, MS; /MS, | SS; - fy; xMS,
SSroa
C SS. fo MS, MS. /MS, | SS. - f. xMS,
SSroa
D SSR fo MS, MS, /MS, | SS, - f, x MS,
SSroa
Total error - - MS,
Total SSrpa 8 100
30



NDL Lam®TCP9400SE

Poly-Si

Si02

Substrat

Source power 400 W
Bias Power 150 W
Pressure 12 mTorr

Gas Flow 80 sccm

A Source Power(W) 200 400 600
B Bias Power(W) 75 150 225
C Pressure(mTorr) 6 12 18
D GasFlow(scem) 4 0 80 120
Fact prSource Bias Pressure Gas Electron n
Power(W) | Power(W) | (mTorr) | Flow(sccm) | Density(10"9 cm-3) SN Ratio
Exp (dB)
200 75 6 40 5. 68
200 150 12 80 3.06
200 225 18 120 2. 27
400 75 12 120 5.56
400 150 18 40 1. 87
400 225 6 80 5. 82
600 75 18 80 3. 72
600 150 6 120 7. 21
600 225 12 40 5.90

60

SN

5.

3.

52
15
. 33
.44
.92

.97
.71

.21
. 80



Source Power | BiasPower | Pressure | GasFlow
Level 1 190.677 193.722 | 195.842 | 191.951
Level 2 191.921 190.849 | 193.329 | 192.215
Level 3 194.633 192.661 188.06 | 193.066
average 192.41 19241 192.41 192.41

61

Factor Sumof | Degreeof | Mean of F p(%0)
Square | ‘Freedom Square
Source Power | 24.552 2 12.276 12.047 16.33
BiasPower | 16.663 2 8.332 8.177 10.61
Pressure 94.637 2 47.319 46.436* 67.16
GasFlow | (2.0371) 2 -
Total error | 2.0371 2 1.019 5.9
Total 137.889 8 100




Fact prSource Bias Pressure Gas Collision Rate n
Power(W) | Power(W) | (mTorr) | Flow(sccm) (1007 cm-3) SN Ratio
Exp (dB)
200 75 6 40 0.543
200 150 12 80 7. 32
200 225 18 120 20. 4
400 75 12 12( 0.476
400 150 18 40 18. 1
400 225 6 80 1.29
600 75 18 80 8. 00
600 150 6 12¢C 9. 20
600 225 12 40 2.51
SN
Source Power | {—Bias Power Pressure | GasFlow
Level 1 152.975 140457 | 145.267 | 148.917
Level 2 144,982 160663 | 144.003 | 152.426
Level 3 154.487 151.323 1| 163.173 151.1
average 150.81 150.81 150.81 150.81
Factor Sumof | Degreeof | Mean of F (%)
Square | Freedom Square
Source Power | 156.159 2 78.0795 8.29 9.29
BiasPower | 613.588 2 306.794 32.572* 40.23
Pressure 689.711 2 344.856 36.613* 45.38
GasFlow | (18.837) (2 -
Total error | 18.837 2 9.419 51
Total 1478.29 8 100
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20. 1
0. 1914
18. 7

1.12
8. 07



63

ppYy

[e211109|3

<
<




12" Diameter

2-3 22



Window

Cail =
E,(zt) = E,e’ sin(wt +¢,)

L [T

2-4 23

Average newtral density
Ton density profile / /| = /
/ a /\ /
| / f/ W
a /
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Lot = LR o
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Controller
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