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SUMMARY

The SIiOC(-H) thin films with low dielectric constant were deposited on
p-type Si(100) substrates by using a transformer coupled plasma chemical
vapor deposition (TCPCVD) system with a mixture of dimethoxydimethylsilane
(DMDMS : Si(OCH3)2(CH3)2) and oxygen precursors. The SiOC(-H) film
become oxygen rich, like SiO., as we increase the substrate temperature,
chemical properties and electric properties of the SiOC(-H) were changed.
So the influence of substrate temperature on the properties of the SiOC(-H)
films was investigated. The deposition rate and refractive index were
analyzed using FESEM and ellipsometer, respectively. The chemical and
structural nature of these films was characterized by using FTIR and XPS.
The electric properties of the SiOC(-H) films were investigated by using
MIS structure. As the substrate temperature increases, the apparent
activation energy of such thermally inactivated process is found to be
0.041 eV and 0.078 eV, for the films deposited at substrate temperature
from RT to 100 € and 200 T to 400 T, respectively. Si-O-C peak is
constant but Si—O-Si peak is increased in the FTIR spectra, dipole moment
was increased slightly and the dielectric constant of SiOC(-H) film increased
from 2.22 to 2.51 and the refractive index is increased from 1.37 to 1.46.
But deposition rate was decreased from 71 nm/min to 42 nm/min, the carbon
content was decreased from 9.2 % to 5.7 %, and bonding angles to O-Si-C
and Si—O-Si, and dipolar polarizability decreases slightly. The constituent
chemical bonding configurations of the SiOC(-H) thin films were obtained
from the deconvoluted FTIR data. When the substrate temperature increased
from the RT to 400 T, the Si-O-C(-H) film's ring link mode and Si-O-Si
asymmetric stretching mode increased while that of open and cage link
modes were decreased. At higher deposition temperature (400 T), the
Si—CH, groups easily broken due to the higher activation energy and thus
SiOx bonds dominate in the SiOC(-H) films. The diploar polarizabilities were

calculated for the films deposited at various substrate temperature and it

was found to be decreased from 1.019x10"* F/m® to 0.456x<10 % F/m® for
the films deposited at RT and 400 T, respectively. Thus, the SiOC(-H)
films bonding configuration strongly dependent on the substrate

temperature and these changes in the film resulted in the enhancement of



the dielectric constant and the refractive index as the decrease of

nano-pore density and dipolar polarizability. The leakage current density

of electric properties is decreased to ~1() 79A/cm2 as the substrate
temperature increases from RT to 400 C. This value is comparable to the
Cu/low-k interconnect applications in integrated -circuits technology. The
atomic concentrations of each elements (Si, C and O) present in the
SiOC(-H) thin films were deduced from the XPS data as 27.7, 26.1 and
46.2 % and 26.8, 23.0, and 50.2 % for the films deposited at RT and 400
C, respectively. This result clearly demonstrates that the more number
of oxygen atoms replace the carbon atoms in the SiOC(-H) films at the
elevated substrate temperature due to weaker Si-CHsz bond broken easily
than that of Si—-O bonds and released in the form of the C-O« gas.
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HZ weA] AFdAOA AT EE 2 JdE 90 nmyE Cu/Low-k A2ANE<]

9 Aol AR [1]. wEpkA sjdzrAe]l 70 nmw ol4de] ULSI
(ultra-large scale integration) ZAXAF7Rdbol A Qlo] AT 42
e FHAAT7E 2.1 ©l8k] SiOC(-H) d9tehs A g3siH e o

[2]. SIOC(-H) ¥ alkyl-group®| steric hindrancee] B o] Y=-7]&
= A wWEol 2.1018tY AFASTE M AL T3 {UlE HER
o g3 9 7AA 540l fsivka e A v (3, 41

A Y-7]F& 2= SIOC(-H) B spin-on coating® &2h=vt §817]
A} Sz (PECVD, plasma enhanced chemical vapor deposition) 2 = A2+
i o IBM¥ Dow Corning 52| AFAAIelA= MSSQ (methylsilsesquioxane)
59 AFAES AFE3Fe] spin-on coating WH O 2 SiOC(-H) =& Ao tiste] o
TslReu 7AA 5483 -] ARl o1l Cu/Low—k Aol 2-&
A ga ok zEy m=e AMT9 Nvellous 59 AFgAA &=
PTMSM (phenyltrimethoxysilan : Si(OCH)), TMS (trtra-methylsilan :
Si(CH3)4), BTMSM (bis-trimethysilymethane : (Si(CH3z)).CH,) L& 1L
MTMS (methlytriethoxysilane : CH3Si(OCHj)3) sl AFA<t O, 7F&
£ AHERH PECVD WHo= SiOC(-H) ¥eE 943ty Cw/low-k 2APREE
sk vt [5, 6],

PECVD %ol oJste] 4= SiOC(-H) BHhe Si-CHy bond7b Si-0-Si
bondE 7HHA S HEA (Si-0) ¢ (Si-CHy)" ol&5e°] 7|#xdd] F24
WAl Si-O-CHs bond +%& °¢]&t}. ©] wW CHs-group< terminate 7] o
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AREA o2 PECVD "ol ofste] SiOC(-H) ureta A3 7]vke] €443} o |~
of ¢3ste] Si-CHs bond7} 7l 7oA == 8tetdaFu] Aoj7F oyt 53
Si-O-C(-H) A3 1%+ ring-link, open-link Z18]3 cage-link mode©°l| wz}
Yre-7E3d 385 540 vE2A veEbyal o¢k 22 mode= Si-O-C(-H)
Azl FHelsk= Si-CHs bond Froll o|&3tth. whebA] PECVD ol 4]
Si-CHs group< F&=tol we} 7]dxgHe] 23t 2zrgddo] doju A
B2 AgAtel oste] AEojAaL Q)

B A= PECVDHH o=  DMDMS  (Dimethoxydimethysilane,
Si(OCH3)2(CHg)2) A7-A19t AFAE AREste] SIOC(-H) Hrehe FAd38klth o
714 7192 &3} dyAe wel Si-0-Si bondE 7Z|AWA Si-O-CH; A=
o #odst= Si-CHz group®] 7&S FAMSH7] 913 SIOC(-H) uthe] S22 =E
HASIAIZIHA] S2F8F3ATE o] 9f o] T2kl 3o wet ¥4d¥ SiOC(-H)
ko] Ast itz BAS Si-O-C(-H)9] ring-link, open-link 1#]il cage-link
mode?] & WA o o]sle] FA8FQItE Bt dipolar polarizability® Si-O%}
Si-C bond®] A3t WslZ5H dipole momentE AAFst] Fa1lar, SiOC(-H) vt

o] M714 EA2 MIS (metal/insulator/semiconductor) T-ZZ5E ZASIAT.
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Fig. 1 Schematic 1illustration showing the

calculation process of local electric
field under the polarization state.
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1. TCP-CVD #X 74

2 AFte| A SiIOC(-H) 89 Ao ARE-3 PECVD X+ Fig. 29F 9]

HESH A4 =95 28a 1 w7 FE2 A5 . wkgHe e
vl 48 TCP (transformer coupled plasma)®A4 &0 8 =% 1/4

1]
2 wolZE W 5 cmw 28 e AHLE AgesTh weRe A4e

o

-

-

300 mm Z2]3L ol 200 mm ZA] SUS 304= A #stgich vb-g=29] 9
% gwe 47 200 m 23 FA 10 m o) stoles §98 AU,

AR, f IS 7] e BsEs dFuE AR AR =
o] 7] XFE dry/booster BEZ=Z ¢k 107" TorrZ u7]8t9lar, #hak3 Ao
27HE #Y AFEE 100 mTorrZ #4183 o714 A A F
E A& throttle WHZ Aoja P on, AFEE baratron ACIXE o] &
st SASG. tAaFd R FRE Vg7l DMDMS ATAE
71SkAIA oF=3* carrier gasE o] &3dto] Abaol Egel wkEEol FUs
o 714 AFA} Aol f%H2 MFC (mass flow controller)E % 3f
sccm (standard cubic centimeter per minute) T2 A o]3}¢al WFS 22 0]
ool ATAe] 52 WA fstel e b wjde WME=3S|H (band
heater)9} ==XA7|E ol&afA 7|ZHA 7|9t o] 60 T=E FA AT
w Aol AHE-E DMDMS d+-Ale] 57442 Table 13 2tk DMDMS+=
Si 9AE sHew A4 5 Ui HE7I(-CHy 9t #l=A(-OCHs) #AH7F
Akl 9= (Si(OCHs)2(CHs)g) wEAMTFZRE  2te Aoty EAZFS
120.22 g/molo] L, H]F 0.880 o|t}. 28]a ¥+=3, 435 (flash point)
7 FEHE 247 -80 T, 9 T 82 TEA ALMm 7]sd & glom,
274 FA S Ha gl old 542 7F DMDMS+= PECVDe] A+



AfAdTE 225 SIOC(-H) ¥t gAsk=dl oA 7182 p-type
Si(100) gl & Abgstaleh. T2 A AgE dolde A F-F71E5% =}
A AFsEs Al ASH] flske] 1Al A NHOH @ HeO2 @ H:O =1 :1:5
H]g9o] &38| 1087 9 & 33 =75 (distilled water)® A% 3}

o 29Al 2 47y o] 253 NH,OHol&= =4 &E A 52 2 A A5 A
a7k 1:1

DMDMS

onipnigs oy <100 =80%% StAem, & #FE 30 scem oIt rf @R
2

o AHZ 600 W= sho] 43t SAskglh o714 7]gke] ke 42, 100 T,
200 C, 300 C 283 400 C= 3t}
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Fig. 2 A schematic diagram of TCP-CVD system.
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Table 1 Physical characteristics of dimethyldimethoxysilane (DMDMS).

Molecular formula

Si(OCH3)2(CHs)2

Molecular weight

120.22 g/mol

Melting point -80 C
Flash point 10 C
Boiling point 81.4 C

Specific gravity

0.880 (Hz0=1)

Safety data

non-flammable
colorless

Table 2 The deposition conditions of the SiOC(-H) thin film.

Plasma source

TCP

rf Power 600 W, 13.56 MHz
Total flow rate 30 sccm

Flow rate ratio 80 %

Initial pressure ~10™ Torr
Working pressure 100 mTorr

Substrate temperature

RT, 100 C, 200 C, 300 C, 400 C

Deposition time 4 min
Bubbling temperature 60 C
Gas line temperature 60 C

Wafer—type

p-type Si(100)

_12_




3.

Z2ex Walo] we SOC(-H) uete] S4RA

1) SiOC(-H) #t=e] S2& % ZAdH =
SiOC(-H) ®hate] ==k&ef FWA El= FESEM (field emission scanning
electron microscopy : JEOL, JSM-6700F)& A}l&3le] 43} th SiOC(-H)
Hrete) SHES Teb] f18) SIOC(-ID/SI(100) 25 2 Alde] e
2 FAsA o714 wlge 1x10° wiR sl el muAElE 7<10°
S EA It gt v FAE S5 flete] vk FA= v

T 5744 (KMEC, ST4000)2 BAgstiA] 438190t

&

2) SIOC(-H) #=te] 2HEF 444 &4

ellipsometer (Gaertner, L11D)Z 2X2 cm® 2 g

ri

Z2F oy ol FA
H SIOC(-H) "tete] e w et 2452 AAY 7M1 42 258 0.6cm W
o] ol Aetatt-= 97 AdS Agste] AU, o] £Ho=
vkulk ol glassyst AEle} Si-CHj; group®

g mE SRS AR FBWAE 2449 53 FI=

-z
A
o,
fo
o
A,
(o
b
o,
i}
k1
;2

rlr
i)
=)
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Ip
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1o
riy
_QL
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BN
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of,
U
4
30,
32
)

3) SiOC(-H) =9 A= £4
SiOC(-H) ¥he] Ast 1%+ fourier transform infrared (FTIR) spectroscopy
(Bruker, IFS-66/s)5 ©]-&3dte] 483tk AR = SIOC(-H) =2
Si-0-Si v AlFRE=e} Si-0-C Bt AFERES 48k Si-0-Si,
Si-0-C, Si-CHs, CH,, 2#]al -OH”] 5¢] bonding mode7} WteEbtE= 700
e 'l A E-E] 4000 en'e] wavenumberZ7bA] =&kttt Si-O-C(-H) A%
T-ZolA mode AE<2 ring-link, open-link 12]3 cage-link mode:=
wavenumberZ} 950 cm 'l FE 1250 cn”' F7HA FTIR A2 EHS
Gaussian fitting 2= deconvolutiond}e] 23ttt o7]A  Gaussian

fitting®] A1 A3 38 x+= 95 %9} 5 %o|rh.
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4) SiOC(-H) Htete] x=AJH] &4
SIOC(-H) Hhee] 2ush Aol whe AFAUA Wahs XPS(X-ray
photoelectron spectroscopy : VG Microtech Ltd., ESCA 2000)% A3}
o] SIOC(-H) H=he] 27|94y} we7]E 8 33lth. survey scan
2~AEHI YA narrow scan I EFHE ZFZb pass energy e

100eV, 20eV Q1 Z7olA Faqgt}. Zolo] mE LA Ar o2

o
(o,
DX
M
1%
o,
o
o
R

AUA AFS AESH TOE scandte] survey

2HAEPS ol &t dlal, Ao xR U R scandtd
=

ok
oX,
i
%
O
a
=
L)
N
1o
Ho
2
o
s
r
()
[-')4

., breakdown voltage field
Y M7H 5L C-Ve -V ST gl T, A7 18
of M. o] 5 FXA= SiOC(-H) =4

gttt o7 AN A2 AleE SF

ok I-V 54 ZAA A7FA S 100V7HA] 3k, C-V 54 ZARA
= -50VelA +50V7HA A7t ddatd] A2 DCHsHe <17bst
of ¢d A7t dojye ke F =

Fol etk A7bE Y e mE gdggd A4 -10V
oAl A +10V A7bd kst 1IMHz ool Jeg F9gox FA43dn. 539
C-V A& ramp rate’} 2V/s, 20mVe AC 2AIZE A3 =H

shqet.
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1. SIOC(-H) ¥=¢] F&E

Fig. 3% 2% Wglo w2 SiOC(-H) dete] Z2ES yepd Aol o] 1

doll A Yeld AAE S A3 100 TolA e 2852 712 67 nn/min

2 H|ESR oy, S22 200 CollA e S35 53.7 nm/min® 343 A
A 22wk 300 Co 400 ColA e Z=HES 47.63 42 nm/min

2 AAEAT o] Ads FALES] T wet FEEC] 23k AFFrE A

e oulaith, Jshe 7| RERe] B4sh ouAd olste] V) BERe] FRE
Q.

Si¢k CH,o.= 7jofAiA 7]el F2HA] Fatal v7lH e o= Busa §)
o kA 2 AgolAE SERREe St o3 FEE AE 7|REde 44
3} oy xjel o3k Ao= AZtET)

Fig. 4% Fig. 39 A%E Arrhenius A2 o2 A td A3 odUyxE
bl Aol @443l oux] Ei= Arrhenius A2 k= Aexp(— E,/RT)NA
itk [8]. 4714 k= £&5E, AX Arrhenius pre—exponetial A<=, RS
agal T dd=ke|ty. o] o= SIOC(-H) s F&etes &
¢ 2 T E4 EZAstE whgS BolFal ok sk vk (Fig. 49 G2 A
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Fig. 5 FTIR spectra of SiOC(-H) films deposited at different

substrate temperatures.
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Table 3& FTIR &5 A~ EHA A SiOC(-H) vteto] zh= thFst Ag1x9)
Zoltt [10].

Fig. 6 Z2-&%o w} Si-CH; bonde] 44 sxn|E ekl Aot}
Si-CH; bond?] Adl4 5%

5
stretching modeE<S e

Hl+= Fig. 59 FTIR =¥ Ed A wavenumber”’}

7003} 1250 em™ Gl hehe delas] WAE — AL g Al
C o

Atk 47I1M 4. = Si-CHs stretching bond®] ¥|o]= WAl , =
Si-O-Si(C) bond®e] I o]z WA olt}, oA F2HE AlFe] Fig. 69 veldt
A#}s B A2 Si-CH; A3 s&=H= Si-CHz bond®] W4 &&=
H ¢F 9.2 o SHFE7F 100 ColME 7.2 %= 543 74 x, T3
<=7} 200, 300 18]ar 400 CellA Si-CH; 4 s%H]&= 6.7, 6.5
5.7 %E AM3] FadAT. o714 Si-CHy 43 s=Erle A5gds
st A4S & u Fig. 49 G137 G29f wkg7]99F dA|gt). o]} o] T

Lol F7te] met Si-CHs A4 sEn87F Zasthe A2 Si-0-Si 2%E 7Hn
Si-O-CHs bond® #oj&}= Si-CHs bond 47} #&S uehll= AHoluh, =3
o] A3 Fig. 59 FTIR ~#ME#A Si-CH; (1272.8 cm ) bonde] 3ol

A Wskel & dA g
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Table 3. The various bonding configurations of the SiOC(-H) films and the
corresponding peak assignment data of FTIR absorbance spectra [10].

Functional Groups Region Intensity Comments
Si- 2250-2100 | ms Si—H str, general range
985-800 ms Si—H def vib, general range
2155-2140 | s Si-H str
. 945-930 ms Si—-H asym. def vib
RSIH3 930-910 | ms Si-H sym def vib
680-540 s rocking vib
815-800 Vs Si—C str
860-840 VS Si—C str
. 770-750 'S Si—C str
~SI(CHy)s 660-485 | w Si—C str
330_485 W Sl(CHg)g rocking Vlb
1925 A overtone
1615-1590 | m C=C str (ref.12)
. 1410-1390 | sm CHs in—plane def vib
Si=CH=CH; 1020-1000 | m 0. Pl ki vib
980-940 sm CH, wagging vib
580-515 W Hydrogen out-of-plane def vib
3700-3200 | m May be br, O-H str
1040-1020 | mw Si—OH def vib
Si—OH Si-O  str, for condensed-phase
955-830 S samples a br, mrw band occurs
near 1030 cm ' due to SIOH def vib
990-945 S SiOC str
T 2860 m sym CHj str
. 1190 S CH3 rocking vib
Si=0-CH ~1100 Vs asym Si-0-C str
810-800 sm sym Si—O-C str
Si—O str, two bands of almost
equal intensity, siloxane chains
S1—0-Si 1090-1010 | vs absorb near 1085 cm * and 1020
cm | increasing in intensity with
increased chain length
(‘e%%lgjgup) 850-840 |s Si-C str
(‘lggéfﬁjmer) 810-800 |s Si-C str
(C?fglli%Hgompounds) 820-780 S

% Abbreviation used

. asym—asymmetric, def-deformation, str-stretch, sym-symmetric, vib.-vibration.

s—strong, m—medium, w-weak, vs—very strong, sm-strong medium, mw-medium.
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Fig. 6 The relative carbon concentration in the SiOC(-H) films as a

function of substrate temperatures.
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~HEHS Z2ew W3l wlel deconvolutiondt ZA¥to]tl WavenumberZ}
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Fig. 7 Deconvolution of Si—O-C bonding mode in the wavenumber
ranging from 930 to 1250 cn™ of SIOC(-H) films prepared at

different substrate temperatures.
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SiIOC(-H) films as a function of substrate temperatures.
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Fig. 9 Deconvolution of C-H, stretching bonding mode in the
wavenumber ranging from 2800 to 3025 cm' of SiOC(-H)

films prepared with various substrate temperature.
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substrate temperature.
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Fig. 12 Dipole moment and dipolar polarizability of Si—-O-C bond as a

function of substrate temperature in the SIOC(-H) films.
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Fig. 13 XPS survey spectra of the SiOC(-H) films deposited

with various substrate temperatures.
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Fig. 14 XPS narrow scan of Si 2p electron orbital spectra of

the SiOC(-H) films deposited at various substrate

temperature.
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Fig. 15 XPS narrow scan of C 1s electron orbital spectra of
the SiOC(-H) films deposited at various substrate

temperature.
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Fig. 16 XPS narrow scan of O 1s electron orbital spectra of

the SIOC(-H) films deposited at various substrate

temperature.
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Fig. 18 Dielectric constant and refractive index of the SIOC(-H) films

as a function of substrate temperatures.
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Fig. 19 Leakage current density of the SiOC(-H) films as a function

of substrate temperatures.
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