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Abstract

Surface roughness of deposited or etched film strongly depends on ion bombardment. Relationships between
ion bombardment variables and surface roughness are too complicated to model analytically. To overcome
this, an empirical neural network model was constructed and applied to a deposition process of silicon nitride
(SiN) films. The films were deposited by using a pulsed plasma enhanced chemical vapor deposition system
in SiH,-NH, plasma. Radio frequency source power and duty ratio were varied in the range of 200-800 W
and 40-100%. A total of 20 experiments were conducted. A non-invasive ion energy analyzer was used to
collect ion energy distribution. The diagnostic variables examined include high (or) low ion energy and high
(or low) ion energy flux. Mean surface roughness was measured by using atomic force microscopy. A neural
network model relating the diagnostic variables to the surface roughness was constructed and its prediction
performance was optimized by using a genetic algorithm. The optimized model yielded an improved per-
formance of about 58% over statistical regression model. The model revealed very interesting features useful
for optimization of surface roughness. This includes a reduction in surface roughness either by an increase
in ion energy flux at lower ion energy or by an increase in higher ion energy at lower ion energy flux.
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Fig. 1. Schematic of plasma enhanced chemical vapor
deposition system.

Table 1. Experimental data of ion energy diagnostics
and surface roughness

E, E Ny N Rgﬁgﬁ?:ss
28.4293 17.6946 7.2248 7.5229 0.479
37.2985 19.3390 | 14.2432 7.8218 0.582
40.2304 | 20.1367 11.6692 7.4353 0.751
42.1224 | 20.7322 9.6194 7.2270 0.544
43.1628 | 21.0848 9.3721 7.1732 0.421
30.2450 | 20.7850 4.7942 8.5991 0.395
38.2476 18.8865 7.1753 6.0147 2.34
35.9783 22.0244 5.7697 9.8907 0.219
35.0842 | 20.7421 4.7027 54163 0.311
34.3634 | 23.8329 4.1416 8.4943 0.692
30.4750 | 21.3026 4.1534 8.1723 0.129
30.6118 | 21.0974 5.8558 9.3271 0.405
28.3191 20.5768 6.8865 12.0729 1.014
27.5386 | 20.9422 7.3161 12.1904 1.655
27.5753 21.8657 7.8768 13.6277 0.54
25.6118 19.2296 7.3990 11.4564 0.518
35.1308 | 21.7530 6.9015 11.4560 0.495
32.9559 | 20.9972 7.8311 17.9422 0.433
30.3320 | 22.2686 5.9341 9.8569 1.652
28.0616 | 23.0758 9.7304 7.0676 1.693
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Fig. 2. Structure of generalized regression neural
network.

AZIM %t xe ShEIES] ot A S =Y
Atolell AZd iAol st gt ek
(Dol 9] gaussian D $HE (2)9F o] Hold

P X, — XN\ 2
Dex) = 3 (LY @
j=1

q714 pe 98 HWEE FASe 849 Fola,
6% x; = x% x2] jth 845 VI = A2
8 = (spread) W2k 2|38, GRNNS| k<54
& Adse gEdAelth ¢ e FE J8W
91, o 0.1 14Fele] RN 2 Fe ST
Al7IHA RAdsS Hrketd HFskE s AF
gt dwrRo g a9 29 HHFe] BE 7
THAIRE o] B AT RtollA HA e
u, H2 ol & thisstetal HAstelhe 7IME
Wate] meAso] AR vt A 2

M o] 7IWe Agste] HAstd & A4

et
(]
b

o

I5HlolEE |83t GRNN & 7|
] spread] 0.1} 1AFo]e] ®HolA] 0.1
2 Z7MTIEA 2l saetsith 2]
352 GAE °©]83t FHAsleit. GAE o
Eet=nt 34 dlolgd it 45 2dS )
= dol axdoz HgH v A’ GA F
o Heleh= Cltoll= 2T e] &, At F,
Hjo} E<ddoe] &g, 183 A% 4 5ol
= 593 1000 AU )
zt zt 0.959F 0.0591 A 3HA

Bk AgE d5E o

I
_lo{l -—
iy i

T
ot )
=

o
=)

il

r

N

¢

o2 £
@' )
- lO
I8
lo

T

T

B o ot

go fLoto okl o
P
4n
o
iy

A% 4 =1/(1 + RMSE) 3)

7|4 RMSEE root mean square errors ]

A
), gdlolEle] s AlLtE ol thE Al
roulette wheel selection'” WS Al-&-3lo] WA
Zith.

AR 2dfes 938k spreade] L= 0.1-1.0
o|Att. 7} spreadill A A skt mdl-g 73S
w, spread®] Wsle] wE B9 AdFo] 17 3o
Eht ok 2@ 39 7t ol RMSEES 9|n|3ht),
2% 304 9F ZFo] spread®] 7ol wep ®Ee] <l
250 Aasta e & & UTh 0194
RMSEZ} 718 2k 9k, Y& oAl 855 (over-
training) == A< Fsh7] Y5 020049 RS
Agstdon, mdddE 0.09 = 24"
zdo] AAX| e} o FX]7Fe] T Hlwrt 18 49

o

oM
2>r o

a X



162 A 9]/ EHF3k3] 43 (2010) 159-164

d

0.6 Surface Roughness (nm)
°
°
0.5 °
® 30
. °
5 0.4 25
5
) L4 2.0
203
S L 15
£
0.2
L] 1.0 L .
- SOSSSS N
///: o‘::".:‘::‘::‘:?:f:, 7 7 A
05 - SS9 XS .
0.1 VST 25N
' ® S 5550 .
S SIS SIS SIS s
S S S SO S SIS IS e eSS SRR\t <
RSSSS SSSSSSASS TN N
[ == SRR N
K R N
0 45 o o\ {\‘
SIS, NN
SIS N
01 02 03 04 05 06 07 08 09 1.0 0 ,:‘::::‘:‘:‘:’;‘.’ N

<5
SSSSs

Spread Range 16
Fig. 3. Prediction performance of GRNN model as a ®
function of spread range. EeV)
PN
25 BeY)
Fig. 5. Effect of E, and E, on surface roughness.
—o— Actual value
z 2.0 —— Predicted value
£
é 15 3.3 g A
E; ol oA FaF= sliHstr] Hal HAstd 2d
< 10 =28 g4 3D 298 AT 28 SE B
g Bl EWAE7I0e] GF2 Helw Utk 27 50
70 Mgt o] Eol & oM Eel Z7ke ¥H
w0 Ad7NE o) 2NN, ol o2 F
. 12345678 910111213141516 17181920 77F B wEed R e Axske Hll &
Test Nurmber F49e welEth 2, Bel W A% Bl
Fig. 4. Comparison of model predictions and actual L= 4] S7IHA =M, Eel Skl wet
measurements. HAAZ7F S48 S7Ftal daS ®EAdh o]
= Jig o] 2FEE Q8 oIHe AR ol
el itk 23 44} Fo] sidE mde A & e EHEl Aol ol Hom §j4
AAE v AeaiA st dES & F UTh shH Eol & 2AdA EE HarZd A 14
#2ste GRNN 2dle] AsH|uE fs 44 AAZIE O Y F Ades AS sk, o=
S|IAELS st oA 23] FARYS FHAAZY] HA sl T3 HHE AFd) 3
2l (@)ool 7ol dad, T (single) &, Al H, 27 5049 o] Bt e AN ES
(square) &, Z¥]3 W3 (interaction)&F 2 A H Tar7le 9 A&t Eol =2 270049 E,
ATt £ S7P7I= 9 vlsssith =2 EClA 9 E
A+a*E,+bE+cN,+d*N;+e*E, *E+f*E, *N, Pj 7‘:][—51\_—% ]:/_]'Z] EIO] EH_C'L =< %L?/]o”}ﬂ %7_:]]6‘]
; . FAALNE FON7)S Yok 29 seld mek 2
T *E*NiHh* E* N+ % E* N+ * N * N, o EHAAT 2o B e EoA] 9lolom
+k* B+ ES+m* N+ * N (4) Conro e e e e e m e
B} ¢e Eloﬂ/\ﬂiﬂ Ehg/] AR ZHARVE H
2l @)ollA A AEAE w7 e Aol A & e AR Z|dEn ol Eét Eol
EHE o]&3lo] FAHEE regressor AFE0|Th Al A FHARE AAste dlo| FAste AL 9
A 7] o] &% tlolHE A&t FAR msh, 3k 29 50 25E Eel B8] EF E9
g5 NEe Ay 2] o Fd5e 02193 ¢ AR B FUd dFS MAL =S E T
Ao AR Bde o] FA 2ol Ml 59% 78 A

o) JhAE TS ol Stk I8 62 Ny&t E8l A9 JFE Kol



3] 43 (2010) 159-164 163

.23 6oA 9} o] N,o dee

[¢] ‘o =
A= i Pivgs & 5 Sdth 23y
S 2N E NE S7HE W AR
5\_

2 e 2o LolsA 4d& 4 AUk I, 1Y
69149} 7ol =& NollAle] Eo E71= gHAR
71 o F SUHAIFIAL AT ol =2 N =2
N2 o719 ¢ de gt o] 5= 93 oF7]
" Aoz olaEd 4 . 2w NelA <]
E.2l S7Fe RUARANE X7 F48A F7H
713 Jo =2 E2 HEloAME 2 vijE 1H
AR FA2AT)AL Ut} o]ZRE E° £XE
T d=d, & B 22 MM E Bt
ARH0 7 o]2E5oA ALEA Y, EJt T8I F
o] 25 A ALE o] B}

de 5 Utk

3 EAADN 9T
3, No| F7be whet EEAA
a5m, ole A9 RE EAM Ut 3l
o A%, Nt B AE SYH0E 9% v
al

29 82 Eot N %S HeERiL v 29
goll Ao} 7ro] Nl e 2ol ES] ae,

30
250"

20+

154~

100" -
05!

00

N 15 : ) EEY)
D b

Fig. 7. Effect of N, and E, on surface roughness.

Surface Roughness (nm)

.

)
/

o/l
()
',’N'

Y0
S
90800

W
o
D
L

(X
XX AXAT
¢'

RS
XS
S

3
N

PSS

R
N
R
s
i
%8
“““““‘
sieolasige
IS
(0
RS
NASSS
o8

T
e
o
TS
e
d“““
foss
8
o
!{“

X X
S TSSO
O OSSR
e tesevsae)

X e
SOOI TS
e eee e

e

Tuu e
=

cs -

2
3 E@V)
Fig. 8. Effect of E, and N, on surface roughness.

AHoR ol EE FAlNe Bl ght EH
A28 FASA 2713 gk ol 1F 6
ool NeIHel B 2o gslelael Bel wsl
S} QA G}, ol ZHE, o] LA fluxs} e &
A oleouA 7l E& WeldlAel o) Lol

o Z7ke EWARNE FEHOE F2AT 9

= & 7 At ol ZHARVIE Alejsk=d
G FE&A F8E ¢ e A FHey &
Atk A, 27 gol|Al9} o] N 92 El°]

2ol
= 244 N2 #

e
AN 0 EEALE R st ek g



164 A3 o] /3=t HEeks] 43 (2010) 159-164

U, ole} HiE Epo] W2 27X N9 Fae =

FUARAZIE FAA THAZIAL AoH, o= 9]

2= FA4T ol Ilste AoE AT 2 AT AT i Aol ofaf ARk
T At} olet vz Aol 29 69] EJF B F4th

274 N©ol o] wel A gt o] 2 7E

1O

o] 2 |A 7} s
7 B AR

[ele] 2~
'E'E'_OE_} 7]’

2704 o] 2o A] fluxe] &
FHoZ IA FUATIL 3

m{m

Ju

Aol o] Loiix|s} uhukEw A A7) 7ke]
3 % Qe A% RS RS9t SN

=2 T M=
pulsed-PECVD A|2HS o]-8-3to] F2}31%)
microscopy S ©|

H 72 7]+ atomic force
24T ol FED WA e
% ZHUAAY

olgste] RAYIATE
ol g-3e] A7

=

=
=

m[O é,

3}_

= P

O

T

Tl fob g2 Y 2 oo [0 1T
Ll .,

AN L B~ W

= A

ror

P. Temple-Boyer, L. Jalabert, L. Masarotto, J. L.

Alay, J. R. Morante, J. Vac. Sci. Technol. A, 18
(2000) 2389.
. M. Orfert, K. Ritcher, Surf. Coat. Technol., 116

(1999) 622.
. B. Kim, S. Kim, Met. Mater.-Int., 14 (2008) 637.
. S. Kim, B. Kim, Met. Mater.-Int., 15 (2009) 881.
. B. Kim, S. Kim, Thin Solid Films, 517 (2009) 4090.
. B. Kim, S. Kim, Y. H. Seo, S. J. Kim, S. C. Jung,
D. Kim, J. Nanosci, Nanotechnol., 8 (2008) 5363.
. H. Lee, B. Kim, S. Kwon. Curr. Appl. Phys., 10
(2010) 971.
. B. Kim, M. Kwon, S. Kwon, Microelectron. Eng.,
86 (2009) 63.
. B. Kim, M. Kwon, Appl. Spectrosc., 62 (2008) 73.
. B. Kim, M. Park, Appl. Spectrosc., 60 (2006) 1192.

. D. F. Specht, IEEE Trans. Neural Network, 2 (1991)

568.

. Goldberg, Genetic Algorithms in Search, Optimization
& Machine learning, Addison Wesley, Reading, MA
1989.



