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Design of Novel Precursor for Development of Si-C,H,-Si Networks
in SiCH for Application as a Low -k Cap Layer beyond 22 nm Nodes
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SiCH films are a potentially very useful low—k cap layer for covering Cu trenches
in ultralarge-scale integration (ULSI) devices. To induce Si-C,H,-Si networks in
SiCH film structures, 1,1-divinyl silacyclopentane (DVScP) and 5-silaspiro-[4,4]-
nonane (SSN) were designed and prepared, which was based on quantum chemical
calculation. Isobutyl trimethyl silane (iBTMS) and diisobutyl dimethyl silane
(DiBDMS) were also designed to form S-CH,-Si networks in the SiCH molecular
structure. SiCH films were formed by plasma-enhanced chemical vapor deposition
(PECVD), for use as a low—k cap layer and a Cu diffusion barrier on top of the Cu
trenches. We demonstrated additional Si-C,H,-Si networks that can effectively
suppress Cu diffusion in SiCH low-k barrier films with a reduced k-value of 3.1.
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Fig. 1 Chemical structure of precursors for cap layer
which consists of SiCH
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Fig. 3 Dissociation energies in each bond
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Table 1 Activation energy of elementary reaction in possible reaction path in SSN

Relative energy of reaction step (kcal/mol)

Dissociated fragment Reactant Rea.ctlon Step 1: Step 2: SFe'p 3 Step 4:
precursors site . Bond Transition state
Original dissociation of bond Product
/\CHZ' C’x‘l‘
Si v,
SSN i 70.2 94.9 72.8
Ca A
Co-e.
TCH,e N
Si i
SSN Si 70.2 120.9 65.9
o (]
Co..
Si, i
ﬁ SSN < 74.3 95.2 72.9
CH,e

Table 2 Activation energy of elementary reaction in possible reaction path in iBTMS

Relative energy of reaction step (kcal/mol)

Dissociated fragment Reactant Reaf:tlon Step 1: Step 2: SFeP 3 Step 4:
precursor site . Bond Transition state
Original dissociation of bond Product
CH,
S e iBTMS ~ Ce > Si-C 72.1 107.3 69.7
CH,
CH,
|
Cm—ﬁ“ iBTMS ~ Sis > Si-C 75.6 109.2 82.7
CH,
CH,
H—s— iBTMS ~ Cs > Si-C 757 116.6 842

cn,  GHCH
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Table 3 Experimental condition to form the SiCH films

Deposition condition iBTMS DiBDMS  SSN DVScP
SiCH  Temperature (C) 350 350 350 350
Pressure (torr) 1-5 1-5 0.5-2 0.5-2
Flow rate (sccm)  15-45 15-45 20-40 17-40
RF Power (W)~ 350-750 350-750 100-400 100-400

Table 4 Experimental condition to form the SiCH films with k =3.1

Deposition condition iBTMS DiBDMS  SSN DVScP
SiCH  Temperature (C) 350 350 350 350
(k=3.1)  Pressure (torr) 5 5 1 1
Flow rate (sccm) 30 15 20 17
RF Power (W) 650 700 120 220

1x10°1 SiCOH
(k~2.5)
1x10"
1x10"

1x10"°

Cu drift rate (atms cm?s™)

1x10°

SiCH Conventional

[ESSN EDVScP EDIiBDMS HiBTMS]

Fig. 4 Copper drift rate in SiCH film with k=3.1 made
from each precursor under each condition
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Fig. 5 FT-IR spectra of SiCH films made from each
precursor under k=3.1 condition

Table 5 Assignment of main peaks in FT-IR spectra

wavenumber

ignation
(cm) assignatio

2940 C-H streching of CH,

2900 C-H streching of CH,

2100 Si-H streching

1550 C=C streching

1410 CH, bending of Si-CH,-CHs, Si-CH; and Si-CH,-CH,-Si
1350 CH, bending of Si-CH,-Si

1250 CH, wagging of Si-CH,-CH; and Si-CH,
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Fig. 6 Relation between the quantity of Si-CH.-Si (vertical)
and dielectric constant (horizontal) in SiCH film

5. 5&8

BALFEHEICE DV T, Si-C,H,-Si #&EZ BT
72807 ) Hj—H & L TDVScP & SSN Z &5l L,
PE-CVD IC & © SiCH 7% ik U 7z, SiCH I IC 13
Si-C,H,SiBEL FENTHL, LIFEH31THK
ML & W5 OFLEG I 2 i 2 72 SICH i Tdh % C &
ZelERE LT,

BEER

1) Chen, F.; Bravo, O.; Chanda, K.; McLaughlin, P;
Sullivan, T.; Gill, J.; Lloyd, J.; Kontra, R.; Aitken, J.
“A Comprehensive Study of Low-k SiCOH TDDB
Phenomena and Its Reliability Lifetime Model
Development”. Proc. 44th IEEE Reliability Physics
Symp., San Jose, US, 2006-3-26/30, IEEE, p.46.

2) Takeo, O.; Kawakami, E.; Uekubo, M.; Takahiro, K.;
Yamaguchi, S.; Murakami, M. Diffusion barrier property
of TaN between Si and Cu. Appl. Surf. Sci. 1996, 99 (4),
p.265-272.

3) Lee, S.G.; Kim, Y.J.; Lee, S.P.; Oh, H.S.; Lee, S.J.; Kim,
M.; Kim, I.-G.; Kim, J.-H.; Shin, H.-J.; Hong, J.-G.;
Lee, H.-D.; Kang, H.-K. Low Dielectric Constant 3MS
a -SiC:H as Cu Diffusion Barrier Layer in Cu Dual
Damascene Process. Jpn. J. Appl. Phys. 2001, 40 (4B),
p.2663-2668.

4) Nakabhira, J.; Inaishi, Y.; Nakao, S.; Shinriki, M.; Soda, E.;
Tomioka, K.; Chikaki, S.; Oda, N.; Hasaka, S.; Kondo, S.
“Novel oxygen-free barrier SiC film (k<3.5) with high
etching selectivity”. Proc. 18th Advanced Metallization
Conf., Tokyo, Japan, 2008-10-9/10, ADMETA
committee, p.551.

5) Lanckmans, F.; Brijs, B.; Maex, K. The role of H in the
Cu+ drift diffusion in plasma-deposited a-SiC:H. ]J.
Phys.: Condens. Matter 2002, 14 (13), p.3565-3574.

6) Chiang, C.-C.; Chen, M.-C.; Ko, C.-C.; Wu, Z.-C.; Jang,
S.-M.; Liang, M.-S. Physical and Barrier Properties of
Plasma-Enhanced Chemical Vapor Deposited o -SiC:H
Films from Trimethylsilane and Tetramethylsilane. Jpn.
J. Appl. Phys. 2003, 42 (7A), p.4273-4277.

7) C.-A. Cedric, J. Vincent, G. Agnes, and J.-P. Barnes:
Proc. Advanced Metallization Conf., San Diego, US,
2008-10-23/25, Material Research Society, p.381.

E, 1.6 1 OiBTMSS I TN
|| m=DiBDM ° 4 A
& 14 ASSN ..“.an A
= 12 F|_eDvscp e° o ff offe A.O:AA .
=~ ° ° °
g 1ot °f% Soug a2 .
- A m
T 0.8 F A AAA* A —
=) A ® o *
= A&A % g
S 061 * 1
- gu AR o " -
Z 04 n & ° L
< * “0‘
g 02t ¢ o o
£ o® ° °
0 L I L L \
2 2.5 3 35 4 45

Dielectric constant

Fig. 7 Relation between the quantity of Si-CaHa-Si (vertical)
and dielectric constant (horizontal) in SiCH film

8) Tajima, N.; Ohno, T.; Hamada, T.; Yoneda, K.; Kondo, S.;
Kobayashi, N.; Shinriki, M.; Inaishi, Y.; Miyazawa, K
Sakoda, K.; Hasaka, S.; Inoue, M. Carbon-Doped Silicon
Oxide Films with Hydrocarbon Network Bonds for
Low-k Dielectrics: Theoretical Investigations. Jpn. J.
Appl. Phys. 2007, 46 (9A), p.5970.

9) Tajima, N.; Ohashi, Y.; Nagano, S.; Xu, Y.; Matsumoto,

S.; Kada, T.; Ohno, T. "Chemical Reactions of SiOCH

Compounds in the PECVD Low-k Film Production:

Theoretical Analyses of the Preference". Abstract of

12th IEEE Int. Interconnect Technology Conf., Sapporo,

Japan, 2009-5-31, IEEE, p.116.

Shimizu, H.; Tajima, N.; Kada, T.; Nagano, S.; Ohashi, Y.;

Hasaka, S. Novel Precursor for Development of Si-

C2H4-Si Networks in SiCH for Application as a Low-k

Cap Layer beyond 22nm Nodes. Jpn. J. Appl. Phys.

2010, 49 (5), p.O5FF02.

11) Beele, A.D. Density - functional thermochemistry. III.

The role of exact exchange. J. Chem. Phys. 1993, 98 (7),

p.5648-5652.

Dunning Jr., T.H. Gaussian basis sets for use in

10

=

12

—

correlated molecular calculations. I. The atoms boron
through neon and hydrogen. J. Chem. Phys. 1989, 90
(2), p.1007-1023.
13) Woon D.E.; Dunning Jr., T.H. Gaussian basis sets for use
in correlated molecular calculations. III. The atoms
aluminum through argon. J. Chem. Phys. 1993, 98 (2),
p-1358-1371.
Gaussian 03, Revision A.1 (Gaussian, Inc., Pittsburgh,
PA, 2003).
15) Loke, A.L.S.; Wetzel, J.T.; Townsend, P.H.; Tanabe, T.;
Vrtis, RN.; Zussman, M.P.; Kumar, D.; Ryu, C.; Wong, S.S.
Kinetics of copper drift in low— k polymer interlevel
dielectrics. IEEE Trans. Electron Devices 1999, 46 (11),
p.2178-2187.
Grill, A.; Neumayer, D.A. Structure of low dielectric

14

=

16

=

constant to extreme low dielectric constant SiCOH
films: Fourier transform infrared spectroscopy
characterization. J. Appl. Phys. 2003, 94 (10), p.
6697-6707.

17) Tsyba, V.T.; Pushchevaya, K.S.; Vdovin, V.M.
Infrared absorption spectra and structure of
1,1,4,4-tetrasubstituted 1, 4-disilacyclohexanes. Chem.
Heterocycl. Compd. 1967, 3 (6), p.782-783.



