
Chem. Mater. 1996, 7, 1403-1413 1403 

Remote Hydrogen Plasma Chemical Vapor Deposition of 
Amorphous Hydrogenated Silicon-Carbon Films from 

an Organosilane Molecular Cluster as a Novel 
Single-Source Precursor: Structure, Growth Mechanism, 

and Properties of the Deposit 

A. M. Wr6bel,*$' S. Wickramanayaka, Y. Nakanishi, Y. Fukuda, and 
Y. Hatanaka 

Research Institute of  Electronics, Shizuoka University, Hamamatsu 432, Japan 

Received February 16, 1995. Revised Manuscript Received April 20, 1995@ 

Amorphous hydrogenated silicon-carbon films (a-Si:C:H) were produced by the remote 
hydrogen plasma chemical vapor deposition (CVD) using tetrakis(trimethylsily1)silane 
(TMSS) as a source compound. The films have been characterized by Fourier transform 
infrared, X-ray photoelectron, and Auger electron spectroscopies, as well as by scanning 
electron microscopy, ellipsometry, and contact angle measurements. The effect of substrate 
temperature (T,) on the chemical structure, compositional uniformity, surface morphology, 
refractive index, and surface free energy of the film has been investigated. The increase in 
T, involves elimination of organic moieties from the film and the formation of silicon carbide 
network. The films were found to be low-surface-energy and low-polar materials of an  
excellent morphological homogeneity exhibiting a t  300 I T, I 400 "C a good compositional 
uniformity and stoichiometry near pure silicon carbide. The refractive index varies from 
1.5 to 2.4 with rising T, in the range 30-400 "C. On the basis of the structural data a 
hypothetical reaction mechanisms for the film growth and cross-linking steps have been 
proposed. 

Introduction 

The development of the remote plasma chemical 
vapor deposition (CVD) technique that has taken place 
in recent years is an important step toward the fabrica- 
tion of defectless, high-quality thin-film materials. This 
technique, in contrast to direct plasma CVD, offers 
better control over growth conditions.' In particular, 
some damaging effects arising from direct interaction 
of the plasma and the growing film, namely, charged- 
particle bombardment and vacuum-ultraviolet (VUV) 
irradiation,2 can be avoided. 

Using biatomic gas for the plasma induction, such as 
hydrogen, essentially the two most important active 
species are generated, a monatomic (free-radical) hy- 
drogen and VUV (121.5 nm) photons. The latter species 
can easily be eliminated from the reaction site by 
inserting a light trap to the remote section of the plasma 
a p p a r a t ~ s . ~  Thereby, a homogeneous activation of the 
source compound, involving only hydrogen radicals, is 
achieved. This enables us to predict the chemistry of 
the deposition process, which is determined by reactivity 
of the source compound with hydrogen radicals. More- 
over, the resulting chemical structure of the deposit is 
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expected to  be much more uniform than that of the 
materials produced 'by the direct plasma CVD. Remote 
hydrogen plasma CVD has been successfully used for 
the fabrication of various types of thin-film materials 
including silicon-based films: a-Si:H3-9 and a-Sil-,N,: 
H,1°-12 as well as metal-based films: ZnSe13 and ZnSe- 
s.14 

Taking into account the mentioned beneficial features 
of the remote hydrogen plasma CVD, we have used this 
technique for the deposition of a-Si:C:H films using 
TMSS molecular cluster, (MesSi)rSi, as a novel single- 
source precursor. An image of the molecular structure 
of TMSS is presented in Figure 1. The first part of this 
study reported previously15 revealed a high reactivity 
of TMSS with hydrogen radicals which is attributed to 
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Figure 1. Image of tetrakis(trimethylsily1)silane molecule, 
1.07 nm in a mean size. 
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Figure 2. Schematic diagram of the remote plasma CVD 
apparatus. 

the presence of four Si-Si bonds in a tetrahedral 
molecular skeleton. This is well illustrated by the 
results of a comparative deposition experiments which 
showed that the deposition rate for TMSS was higher 
than that of hexamethyldisilane and teramethylsilane 
source compounds, by about 3 and 30 times, respec- 
tively.16 Owing to a high reactivity and the relatively 
low atomic ratio of carbon to silicon in the molecular 
structure of TMSS (C/Si = 2.4), this compound is an 
attractive precursor for the a-Si:C:H films. 

The present paper reports the results of structural 
study of thin-film materials produced from TMSS by the 
remote hydrogen plasma CVD, which were obtained 
using various spectroscopic methods. The effect of 
substrate temperature (or deposition temperature) on 
chemical structure, compositional uniformity, surface 
morphology, as well as optical and surface energy 
properties of the deposit is discussed. On the basis of 
the structural study a hypothetical mechanisms of the 
elementary reactions contributing to the film growth are 
postulated. 

Experimental Section 
The remote plasma CVD apparatus used for the present 

study is shown in Figure 2. The apparatus consisted of two 
major parts: (1) plasma generation tube of 31 mm i.d. (made 
of fused silica) with a coil coupled via a matching network with 
a radio frequency (13.56 MHz) power supply unit; (2) an 
afterglow tube (made of Pyrex glass) expanded to 78 mm i.d. 

in the deposition section which contained the substrate holder 
equipped with a heater and a temperature control unit. A 
source compound injector (4 mm i.d.) was located approxi- 
mately 8 cm in front of the substrate holder. To prevent VUV 
irradiation of the film during growth, a Wood's horn light trap 
was inserted into the afterglow tube before the deposition 
section. The distance between the plasma edge and substrate 
was about 25 cm. Films were deposited on p-type c-Si wafers 
((111) orientation, resistivity 90-100 s;Z cm, and surface area 
approximately 9 cm2) under following conditions: total pres- 
surep = 0.2 Torr (27 Pa), hydrogen flow rate F(H2) = 200 sccm, 
rf power input P = 200 W, and substrate temperature T, = 
30-400 "C. 
TMSS source compound (STREM Chemicals product, 99% 

purity, mp 262 "C) was evaporated at the temperature of 80 
"C in argon flowing through the evaporator with the rate 
F(Ar)=l sccm and fed to the reactor with the flow rate 
F(TMSS) = 0.5 sccm. 

Film thickness and refractive index were measured ellip- 
sometrically using a Nippon Infrared Industrial Co. EElOlD 
ellipsometer. For each sample the average thickness and 
refractive index values were calculated from at least five 
ellipsometrical measurements. The thickness of the film 
samples deposited in the present study ranges from about 200 
to 500 nm. 

Fourier transform infrared (FTIR) transmission spectra of 
the films deposited on c-Si wafers were run on a Horiba FT- 
300A spectrophotometer. Raman spectroscopic analyses were 
performed using a Jobin Yvon Ramanor HG2S spectropho- 
tometer. 

X-ray photoelectron spectra (XPS) were run on an ULVAC 
PHI 510 surface analysis instrument using Mg Ka X-rays as 
the photoexcitation source with an electron takeoff angle of 
45" from the surface normal. Prior to analysis the surface of 
the film sample was cleaned by sputter etching with a 1 kV 
Ar+ beam for 15 min. Curve fitting with mixed Gaussian/ 
Lorentzian functions was performed on unsmoothed data 
following background substraction. 

Auger electron spectroscopic (AES) analysis was performed 
using an ULVAC AQM 808 system. Compositional AES depth 
profiling was carried out by sputter-etching of the film sample 
with a 2 kV Ar+ beam. 

The morphology of film surface was examined by scanning 
electron microscopy (SEM) using a JEOL JSM 6100 electron 
microscope. Surface wettability of the films was characterized 
by measuring the advancing contact angle of sessile drops of 
five test liquids: water, glycerol, formamide, ethylene glycol, 
and tricresyl phosphate. 

The contact angle was measured at room temperature with 
an Erma G-1 microscopic goniometer. For each liquid an 
average of 5-10 readings was calculated. The contact-angle 
data were then evaluated to determine dispersion and polar 
components of the surface energy according to a model for low- 
energy surfaces developed by Kaelble.16 

Results and Discussion 

Reaction System. Our earlier study15 of the activa- 
tion of TMSS in remote hydrogen plasma CVD allows 
to characterize the reaction system. To estimate the 
mass flow regime in the remote part of the apparatus 
the Peclect number Pe = uL/D (where u is the average 
flow velocity of hydrogen, L is the distance between the 
plasma edge and the substrate, and D the diffisivity of 
the source compound) has been evaluated. This num- 
ber, being the ratio of convection to diffision, is useful 
for assessing the importance of back diffision of the 
source compound molecules. For the present experi- 
mental conditions, hydrogen concentration, and tem- 
perature data given below has been calculated u = 1.9 
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x lo3 cm s-l. Assuming the mean size of TMSS 
molecule as 1.07 nm (the value has been computed using 
HyperChem v.4.0 for Windows software) we evaluated 
D lo3 cm2 s-l. Taking into account these data and L 
= 25 cm we found Pe >> 10. This value of Pe indicates 
that the diffusion of the source compound to the plasma 
section can be neglected,l' and thus the activation of 
TMSS molecules exclusively takes place in the deposi- 
tion section. Moreover, the zero value of thermal 
activation energy found from the Arrhenius plot of the 
substrate temperature dependence of the deposition rate 
suggests that the activation step proceeds in the gas 
phase and the deposition process is controlled by the 
diffusion of the film-forming species from the gas phase 
to the ~ubstrate . '~  Concentration of the atomic hydro- 
gen in the reactor determined by the NO2 titration 
method15 is [HI = 5.1 x 1015 ~ m - ~ .  Using this value 
and total concentration of the gas molecules in the 
reactor (under the pressure of 0.2 Torr and a t  the 
estimated temperature of 306 K) as [GI = 6.4 x 1015 
~ m - ~ ,  we find the fraction of hydrogen atoms at the 
reaction site to be fH = [HMGI = 0.79.15 On the basis 
of the latter value and the flow rate data of the reagents, 
we have evaluated the approximate number of hydrogen 
radicals per molecule of the source compound as NH = 
~HF(H~)/F(TMSS) = 3 x lo2 atoms/molecule. 

Chemical Structure of the Deposit. Fourier trans- 
form infiared and Raman spectroscopies: The FTIR 
transmission spectra of the films deposited at various 
substrate temperatures are shown in Figure 3 which 
also presents, for comparison, the spectrum of TMSS 
source compound. The most important absorption 
bands and their assignments based on the literature IR 
data18J9 are listed in Table 1. As can be noted from 
Figure 3, film spectra b-e reveal the presence of a 
strong absorption band with a maximum in the range 
1010-980 cm-l characteristic of carbosilane Si-CH2- 
Si units, and weak intensity band a t  2160 cm-l from 
SiH, groups, which are absent from the TMSS spectrum 
(Figure 3a). The former band may be interfered with 
the absorption arising from Si-0-Si and/or Si-0-C 
linkages, which also falls in this region. A further 
important observation is that a distinct band from Si- 
Si bonds present in the spectrum of TMSS at 455 cm-l 
does not appear in the film spectra. These data bear a 
witness of an intense decomposition of Si-Me and Si- 
Si units in TMSS molecules and following formation of 
chemically more stable Si-CH2-Si linkages in the 
deposit. 

The increase in the substrate temperature involves 
substantial changes in the film spectra. A drop of the 
absorption in the range 1260-1240 cm-l, from SiMe,, 
to the zero value for T, L 300 "C (Figure 3e,O is 
observed. This is due to thermal scission of the Si-C 
bonds in methylsilyl groups. Moreover, a marked 
increase of the absorption in the range 830-800 cm-', 
attributed to the SbC carbidic units,20-22 with respect 
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Figure 3. FTIR transmission spectra of TMSS source com- 
pound in KBr pellet (a) and the films deposited on c-Si wafer 
at various temperatures T8: 30 (b), 90 (c), 200 (d), 300 (e), and 
400 "C (0. 

Table 1. Infrared Absorption Bands Detected in the 
Transmission FTIR Spectra of TMSS Source Compound 
and Its Films Deposited at the Substrate Temperature 

absorption TMSS film 
band (em-') spectrum spectraa 
2960-2950 + + (T, < 300 "C) C-H asym str 
2910-2890 + + (Ts < 300 "C) C-H sym str 

1260-1240 + + (T. < 300 "C) -CHq svm def in Si(CHq), 

T. = 30-400 "C 

assignment 
~~ ~ ~~ ~~ ~ 

2160 - + Si-H str in SiH, 
- "  

1010-980 - + -CH2- wag 'ng in 
Si-CHZ-gi; Si-0-Si 
and/or Si-0-C str 

830-800 + + Si-C str 

a +, presence; -, absence. 

455 + - Si-Si asym str 

to the intensity of the band in 1010-980 cm-l region, 
arising from Si-CHz-Si, is noted. The latter change 
is associated with thermally assisted conversion of the 
Si-CH2-Si linkages into carbosilane units with tertiary 
and quaternary carbon, i.e., Si&H and Si&, respec- 
tively. In view of the FTIR spectroscopic data the 
increase of the substrate temperature eliminates organic 
moieties incorporated to the film from the source 
compound and leads to the formation of Si-C carbidic 
network in the deposit. 

The most important information provided by the 
Raman spectroscopy is that a distinct band with a 

- 

(21) Bhusari, D. M.; Kshirsagar, S. T. J. Appl. Phys. 1993,73,1743. 
(22) Delplancke, M. P.; Powers, J. M.; Vandentop, G. J.; Salmeron, 

M.; Somorjai, G. A. J.  Vac. Sei. Technol. 1990, A9,  450. 



1406 Chem. Mater., Vol. 7, No. 7, 1995 Wrbbel et al. 

; 3  

2 
1 

01s I I 
c 

1 
1ma.a 91t,a 8ee.e M,I 6et,t 5 8 ~  ~ B B , B  388.8 2~ 181.8 8.1 

81NDIN6 ENERGYI e l  
Figure 4. XPS spectrum of the film deposited on c-Si wafer 
at the temperature T, = 30 "C and subjected to cleaning by 
Ar+ sputter etching. 

maximum at 456 cm-l present in the spectrum of 
TMSS, and originating from the asymmetric stretching 
mode of the Si-Si18 has not been detected in the spectra 
of the films, regardless of the deposition temperature, 
thus accounting for the absence of these units in the 
deposit. 

X-ray Photoelectron Spectroscopy. The XPS 
spectrum typical of the deposited films is shown in 
Figure 4. The spectrum reveals the presence of distinct 
peaks originating from Si2p, Si2s, Cls, and 0 1 s  core 
levels. The high-resolution spectra in these regions 
(except Si2s core-level) are presented in Figure 5, which 
shows that the Si2p, Cls ,  and 0 1 s  spectral envelopes 
are resolved into four silicon, three carbon, and three 
oxygen peaks, respectively. The assignment of the 
particular peaks in these spectra was based on the XPS 
literature data referring to the a-Si:C:H22-29 and a-Si: 
H30 films produced by various CVD techniques. The 
XPS examination was performed for the films deposited 
at various substrate temperatures in the range 30-400 
"C, and the XPS data are summarized in Table 2, which 
specifies the peak binding energy and the full width at 
half-maximum (fwhm) mean values, as well as the peak 
origins. The detected peak binding energies in Table 2 
may somewhat differ from the real values. This is 
evident in the case of peak 2 in the Cls envelope (Figure 
51, which originates from the aliphatic carbon. The 
binding energy observed for this peak, 284.0 eV (Table 
21, differs by about 1 eV from the real value, 285.0 eV, 
which usually is a reliable reference. Similar shifts in 
binding energies we have also noted in the XPS spectra 
of the a-Si:C:H flms produced from C2WSiHdH2 source 
mixture by the direct plasma CVD.24 

The XPS spectra in Figure 5 and identification data 
in Table 2 provide an important information regarding 
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Figure 5. XPS spectra of Si2p, Cls ,  and 0 1 s  core-levels of 
the film deposited at the substrate temperature T, = 30 "C.  

Table 2. X P S  Core Level Data for the Films Deposited 
from TMSS at the Substrate Temperature 2'. = 30-400 "C 

core peak binding fwhm 
level no. enerw(eV1 (eV) origin 

Si(2p) 1 99.8 f 0.3 1.6 
2 101.1 f 0.2 1.6 
3 102.2 f 0.2 1.7 
4 103.2 f 0 . 2  1.7 

C( l s )  1 283.1 f 0.1 1.5 
2 284.0 & 0.2 1.5 
3 285.0 i 0.1 1.6 

O(ls)  1 531.3 f0.3 1.7 
2 532.5 f 0.2 1.7 
3 534.0 f 0.2 1.7 

Si-H, Si-Si 
Si-C (carbidic) 
Si-CH, ( X  = 1-31 
Si-0 
C-Si 
CH, (X  = 1-31, C-C 
c-0 
C-0-H 
0-c 
0-Si 

structure of the film deposited onto unheated substrate. 
The high-intensity peaks observed in the Si2p spectrum 
at 101.1 eV (peak 2) and 102.2 eV (peak 3) account for 



CVD of Amorphous Hydrogenated Si-C Films Chem. Mater., Vol. 7, No. 7, 1995 1407 

loo L l o o  7 c 4 

8 
3 60 
2 
w 40 

g 20 

w a 

5 
0 

SiPp 

t k  1 

0 100 200 300 400 500 

Figure 6. Relative intensity of the particular peaks in the 
Si2p envelope, corresponding to  various silicon bonding: (1) 
Si-H andor Si-Si, (2) Si-C carbidic, (3) Si-CH,, and (4) Si- 
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a large content of the Si-C carbidic and Si-CH, units, 
respectively. The low-intensity peaks a t  99.8 eVfpeak 
1) and 103.2 eV (peak 4) are assigned to the Si-H and/ 
or Si-Si and Si-0 units, respectively. According to  the 
Raman spectroscopic data discussed in the previous 
section, peak 1 seems to arise from the Si-H rather 
than from the Si-Si units. The Cls  spectrum (Figure 
5) reveals an intense signal at 284.0 eV (peak 2) which 
is assumed to originate predominantly from the CH, 
units, and the medium-intensity signals, at 283.1 (peak 
1) and 285.0 eV (peak 3)) ascribed to the C-Si and C-0 
bonds, respectively. In the 01s spectrum (Figure 5 )  the 
intensity of peak 2 at 532.5 eV characteristic of the 0-C 
units, predominates. Two other peaks, but of weak 
intensity, at 531.3 (peak 1) and 534.0 eV (peak 31, are 
also observed in this spectrum. Peak 1 corresponds to 
the hydroxyl group bonded to  carbon (C-0-H unit) 
whereas peak 3 originates from the 0-Si units. 

We assume that the presence of the oxygen-containing 
units in the deposit, as proved by the XPS spectra in 
Figure 5, is associated with two potential oxygen 
sources. The first source may be the etching of the silica 
wall in the plasma section with atomic hydrogen and 
resulting incorporation of the oxygen-containing etching 
products into the growing film. The second source are 
presumably reactions of the dangling bonds present in 
the deposit with the atmospheric oxygen or moisture, 
which may occur after the film exposure to the ambient. 

The effect of the substrate temperature on the struc- 
ture of the deposit examined by the XPS, is illustrated 
in Figures 6-8 which show the relative intensity of the 
particular peaks in the SiZp, Cls, and 01s core-level 
spectra (expressed by the ratio of the peak area to  its 
envelope area) in Figure 5, as a function of T,. From 
data in Figure 6 representing the intensity curves of 
the Si2p peaks it is evident that the increase of T, gives 
rise to  the concentration of Si-C carbidic units (curve 
2) while the contents of Si-CH, (curve 3) and Si-0 
(curve 4) are seen to decrease. Curve 1 demonstrates 
some rise of the content of Si-Si and/or Si-H units 
which gains a constant level for T, 2 150 "C. 

The Cls  intensity data in Figure 7 reveal a marked 
increase in the concentration of C-Si units (curve 1) 

2 w a 

g 40 
: 

20 - 

t 

C18 

01 I I I I I 
0 100 200 300 400 500 

SUBSTRATE TEMPERATURE ("C) 
Figure 7. Relative intensity of the particular peaks in the 
Cl s  envelope, corresponding to various carbon bonding: (1) 
C-Si, (2) CH,, and (3) C-0, as a function of the substrate 
temperature. 

100 I I I 1 1 1 

4 1  4 60 01s 1 

40 

z t  4 

n 0 3  - 
0 :1 1 

u 

0 100 200 300 400 500 
SUBSTRATE TEMPERATURE ("C) 

Figure 8. Relative intensity of the particular peaks in the 
0 1 s  envelope, corresponding to various oxygen bonding: (1) 
C-0-H, (2) 0-C, and (3) 0-Si, as a function of the substrate 
temperature. 
for T, > 200 "C. The content of CH, groups illustrated 
by curve 2, reaches a maximum value a t  T, = 150 "C. 
The rise in the curve 2 noted for T, I 150 "C is 
associated with increasing contribution of carbosilane 
Si-CH2-Si units in the deposit that takes place in this 
range of T,. In the light of the FTIR data in Figure 3 
the formation of these units appears to be the major 
process in the film growth step a t  low-deposition tem- 
peratures. The drop in this curve observed for T, 2 150 
"C is due to thermally induced cross-linking process 
involved in the dehydrogenation of the Si-CH2-Si units 
and resulting formation of the Si-C carbidic network, 
as indicated in the previous section. The curve 3 in 
Figure 7 accounts for the drop in the concentration of 
C-0 units with increasing T,. 

Inspecting the 01s intensity data in Figure 8, one 
may note from curve 1 that the increase of T, up to 300 
"C involves the elimination of the C-OH groups from 
the deposit. Curve 2 shows the content of the 0-C 
units to increase very slightly with T,, whereas the 
contribution of the 0-Si units, according to curve 3, 
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Figure 10. AES compositional depth profile of the film 
deposited on c-Si wafer at the temperature T, = 100 "C. 

remains at the constant level, regardless of the sub- 
strate temperature. 

The trends observed in the XPS peak intensity curves 
in Figures 6-8 are generally consistent with the FTIR 
data (Figure 3) and prove that in the case of high- 
substrate-temperature deposit the Si-C carbidic bonds 
predominate in the structure of this material. The 
presence of the oxygen-containing units is also detected. 

Auger Electron Spectroscopy. The AES spectrum 
representative of the deposited films is shown in Figure 
9. The spectrum exhibits high-intensity peaks at 92 and 
275 eV, characteristic of silicon Si(LW) and carbon 
C(KLL), respectively, as well as the low-intensity peak 
at 512 eV originating from oxygen O(KW).31 To 
examine the compositional uniformity of the films the 
AES depth profiling was performed for the materials 
produced at various substrate temperatures. A typical 
compositional AES depth profile presenting a variation 
of the atomic concentrations of silicon, carbon, and 
oxygen with the film depth is illustrated in Figure 10. 
It is apparent from the data in this figure that the 
concentrations of particular elements, except for the film 
surface and fildsubstrate interface regions, remain 
constant independently of the depth, thus revealing an 
excellent copositional uniformity of the deposit, which 
seems to  be better than that of a-Si:C:H films produced 
from an organosilicon source compounds by the direct 
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Figure 11. AES atomic concentration ratio Si/C determined 
for the film surface region (A) and the bulk at the depth of 
100 nm (01, as a function of the substrate temperature. 

plasma CVD.32,33 The constant level of oxygen through- 
out the film depth (6 at. %) as noted in Figure 10, 
suggests that this element is predominantly uptaken 
during the film growth and its main source is the 
etching of silica tube with hydrogen plasma. The 
oxygen content in the bulk of the deposit was found to 
drop t o  1-3 at. % with rising T, to 300-350 "C. 

The effect of the substrate temperature on the com- 
position and compositional uniformity of the film is 
shown in Figure 11 which presents the AES atomic 
concentration ratio Si/C determined for the surface 
region (after sputter etching of the film with 2 kV Arf  
beam for 2 min) and the bulk (at the depth of 100 nm) 
as a function of T,. The dotted lines marked at Si/C = 
0.42 and 1.0 correspond to the stoichiometry of TMSS 
source compound and pure silicon carbide, respectively. 
As can be noted in Figure 11 the ratio Si/C for the film 
surface region and the bulk increases with rising 
substrate temperature and at T, = 350 "C reaches a 
value close to 1.0, which corresponds to that of pure 
silicon carbide. Furthermore, the data in Figure 11 
prove that the difference in the stoichiometry of the 
surface region and the bulk is diminishing with increas- 
ing T,. The films produced at T, L 300 "C display a 
good compositional uniformity which is revealed by the 
same values of the atomic ratio Si/C found for the 
surface region and the bulk. 

Mechanism of the Film Growth 

Actvation Step. To estimate the susceptibility of 
particular bonds in the TMSS molecule toward the 
reaction with hydrogen radicals, we performed the 
deposition experiments using methane, tetramethylsi- 
lane (TMS), and hexamethyldisilane (HMDS) as the 
model source compounds which simulate the C-H, Si- 
c, and Si-Si bonds, respectively. To avoid an undesir- 
able effect which might arise from the thermochemical 
reactions, the experiments were carried out with an 
unheated substrate. The reactivity of these compounds 
in the remote hydrogen plasma CVD was analyzed by 
the yield of the deposition, RIFM, where R is the 
deposition rate, F is the volumetric flow rate of the 

(31) Davis, L. E.; MacDonald, N. C.; Palmberg, P. W.; Riach, G. E.; 
Weber, R. E. Handbook of Auger Electron Spectroscopy; Physical 
Electronic Ind., Inc.: Eden Prairie, MN, 1978. 

(32) Loboda, M. J.; Baumann, S.; Edgell, M. J.; Stolt, K. J. Vue. 

(33) Maya, L. J VUC. Sei. Technol. 1994, A12, 754. 
Sei. Technol. 1992, AlO, 3532. 
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source compound vapor, and M is the molecular weight 
of the source compound. The composite parameter 
RIFM expresses the thickness or mass of the deposit per 
unit mass of the source compound fed to the reactor and 
was found to be very sensitive to the molecular structure 
of the c ~ m p o u n d . ~ ~ , ~ ~  It is noteworthy that the deposi- 
tion yield parameter has successfully been used in our 
recent for the determination of reactivity of such 
organosilicon source compounds as TMS, 1,1,1,3,3- 
pentamethyldisilamethane, and 1,1,3,3-tetramethyl-1,3- 
disilacyclobutane in the direct plasma CVD. 

The values of the deposition rate determined for the 
examined model compounds and the calculated deposi- 
tion yields are listed in Table 3, which, for comparison 
also contains respective data for the TMSS. The zero 
value of the deposition rate observed for methane 
accounts for the inactivity of the C-H bonds in the 
investigated activation step. The very close values of 
RIFM found for HMDS and TMSS (Table 3) which, on 
the other hand, are higher than that of TMS by more 
than one order of magnitude, prove that the Si-Si bonds 
play a predominant role in the activation of TMSS. The 
contributions of particular bonds in the TMSS t o  the 
activation step, evaluated from the deposition yield data 
in Table 1, are 0% for C-H, 7% for Si-C, and 93% for 
Si-Si. These results account for a high selectivity of 
the activation of source compound in the examined 
remote plasma CVD. 

On the basis of these results and some literature 
data37 reporting the gas-phase reactions of hydrogen 
radicals with organosilanes, we postulate a hypothetical 
mechanism of the activation of TMSS in the investigated 
remote hydrogen plasma CVD process. The primary 
reactions involved in this mechanism may proceed 
mostly by attachment of the hydrogen radical to the 
silicon atom either in the trimethylsilyl group or in a 
central position. Then the abstraction of tridtrimeth- 
ylsily1)silyl and trimethylsilyl radicals follows as shown 
below: 
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(Me,Si),Si- SiMe, - CH, - (Me,Si),Si- CH, - &Me, 
( 5 )  

(Me,Si),Si-CH,-SiMe, - 
Me,Si=CH, + (Me,Si),Si' (6) 

H' + (Me,Si),Si - Me,SiH + (Me,Si),Si' (1) 

- (Me,Si),SiH + Me,Si' (2) 

Reaction 1 is statistically favored, since there are four 
available sites for Si-Si bond cleavage to occur in the 
TMSS molecule. The radical structures produced in 
reactions 1 and 2 may undergo secondary reaction with 
TMSS: 

(Me,Si),Si' + (Me,Si), Si - 
(Me,Si),SiH + (Me,Si),SiSiMe,CH, (3) 

Me,Si' + (Me,Si),Si - 
Me3SiH + (Me,Si),SiSiMe,CH, (4) 

The radical product of reactions 3 and 4 may isomerize 
and subsequently dissociate to  tris(trimethylsily1)silyl 
radical and d i m e t h y l ~ i l e n e : ~ ~ , ~ ~  

(34) Yasuda, H. Plasma Polymerization; Academic Press: Orlando, 

(35) Sharma, A. K. J. Polym. Sci., Part A, Polym. Chem. Ed. 1986, 

(36) Wrobel, A. M.; Stanczyk, W. Chem. Mater. 1994, 6 ,  1766. 
(37) Ellul, R.; Potzinger, P; Reiman, B. J.  Phys. Chem. 1984, 88, 

FL, 1985; Chapter 6, pp 169-171. 

24, 3077. 

2793. 

Reactions 5 and 6 are end other mi^,^^!^^ and therefore 
they may easily proceed on a heated substrate. Tri- 
methylsilyl radicals formed via reaction 2 may undergo 
disproportionation due to a relatively high value of the 
gas-phase disproportionation to combination rate con- 
stants ratio, which was found to  be 0.5:40241 

2Me,Si' - Me,SiH + Me,Si=CH, (7) 

We assume that dimethylsilene is the most important 
film-forming precursor which play a vital role in the 
growth step. 

Growth Step. In light of the presented structural 
data we propose a hypothetical mechanisms of the 
elementary reactions contributing t o  the film growth. 
Dimethylsilene formed in the activation step may 
propagate the growth of linear carbosilane segments by 
the insertion to the Si-Me bonds38,39 in the TMSS 
molecules adsorbed on the substrate, according to the 
stepwise process described by reaction 8: 

Me,SiCH, Me,SiCH, 
- SiMe, -SiMe,-CH,-SiMe, - 

-%Me,-(CH,-&Me,),-Me.. . - 
Me,SiCH, 

-&Me,-(CH,-SiMe,),-, -Me - 
- SiMe, -( CH, - SiMe,), -Me (8) 

Branching the linear segments via analogous inser- 
tion reaction may also take place (reaction 9): 

1 MeZSiCHz 1 MepSiCHz 
SiMe2 - SiMe -CH2-SiMe3 . 
I I 
CHz 
I 
SiMep 
I 

CH2 
I 
I 
SiMe2 

I 
SiMe - - ( c H ~ - s i M e ~ ) ~  -Me... - 
I 
CH2 
I 
SiMep 
I 

I MezSiCHz 
SiMe -(CH2-SiMe2),-r -Me 
I 
CH2 
I 
I 

- 
SiMe2 

I 
SiMe -(CH~-SiMe~),-Me (9) 
I 

CH2 
I 
I 
SiMe2 

(38) Raabe G.; Michl, J. Chem. Reu. 1986, 85, 419. 
(39) Fritz, G.; Matern, E. Carbosilanes; Springer-Verlag: Berlin, 

(40) Tokach, K, Koob, R. D. J. Phys. Chem. 1979, 83, 774. 
(41) Tokach, S. K.; Koob, R. D. J.  Am. Chem. SOC. 1980, 102, 376. 

1986; Chapter 2. 
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Table 3. Yield of the Deposition Process (RIFM) Determined for the Model Compounds Simulating Particular Bonds in 
Tetrakis(trimethylsilyl)silane, at the Following Deposition Conditions: p = 0.2 Torr, F(H2) = 200 sccm, P(rf )  = 200 W, 

and Ts = 30-36 "C 
model mol wt M flow rate 

bond compound (g  mol-I) F (sccm) 

C-H CH4 16 8.0 
Si-C SiMe4 88 1.0 
Si-Si (MesSih 146 0.4 

(Me3Si)hSi 321 0.5 

Reactions 8 and 9 predominate at low substrate 
temperatures and are consistent with the presence in 
the FTIR spectra of the films deposited a t  30 I T, I 90 
"C (Figure 3b,c), a very strong absorption band with a 
maximum in the range 1010-980 cm-l which mostly 
originates from the Si-CH2-Si units. Furthermore, the 
reactions account for the increase in the concentration 
of the CH, groups as follows from the XPS Cls  data in 
Figure 6 (curve 2) for T, 5 150 "C. It is interesting to 
note that the films deposited on unheated substrate 
were soft, resembling in appearance a polymeric mate- 
rial of low cross-link density. 

With increasing T, the situation alters dramatically. 
Due to  intense cross-linking there will be a substantial 
drop of the numbers of repeating units n and m in the 
linear-branched structure produced by reactions 8 and 
9. Thermally enhanced surface mobility of adsorbed 
radicals and vibration of the particular groups in the 
growing film promote a variety of the heterogeneous 
(gas-solid) and homogeneous (solid-solid) reactions. 
The reaction between hydrogen radical and methylsilyl 
group in carbosilane segments may result in the ab- 
straction of either methyl or hydrogen: 

I 

I .  
I 

H' + Mezii - MeSi' + CH4 (10) 

MeSiCHz + H2 (11) _.) 

The susceptibility of the Si-Me and C-H bonds in 
TMSS molecule toward the reaction with atomic hydro- 
gen characterized earlier, allows us to expect reaction 
10 to be prevalent. The silyl radicals formed via 
reaction 10 may abstract hydrogen from the vicinal 
methyl groups: 

I I I I .  
I I I I 

MeSi' + Mepsi - MeSiH + MeSiCH2 

Reaction 12 is confirmed by the appearance in the FTIR 
spectra (Figure 2b-e) of weak absorption band at 2160 
cm-l from SiH, and increased concentration of these 
groups as observed from the XPS Si2p data in Figure 5 
(curve 1) for T, I 200 "C. 

The radical structure formed in reactions 11 and 12 
may readily be converted into silene unit via an endo- 
thermic r e a ~ t i o n ~ ~ a ~  involving the elimination of methyl 
group: 

(1 3) 
I .  I 
I I 

MeSiCHz - Si=CHz + Me' 

deposition rate deposition yield 
R (nm min-I) 

0 0 
0.2 5 
2.0 77 
5.4 75 

RIFM x 22.4 x lo2 (nm g-l) 

The methyl radicals effusing from the film may react 
with methylsilyl groups to produce an intermediate 
radical structure: 

which subsequently undergoes reaction 13. Reactions 
10-14 account for a decay of the IR absorption band 
from the methylsilyl groups in 1260-1240 cm-l region, 
with rising T, (Figure 3). 

The insertions of silene units formed via reaction 13, 
to the Si-Me bonds in the vicinal carbosilane segments 
are considered as the first step of a cross-linking process 
which may be described by reaction 15: 

(1 5) 
I I I I 
I I I I 
Si=CHz + MepSi - MeSi-CH2-SiMe 

The combination of two vicinal silene units, exothermic 
in nature38 and resulting in the formation of four- 
membered carbosilane ring between the linear segments 
may also contribute to the cross-linking: 

Further steps of cross-linking are involved in the 
reaction of hydrogen or methyl radicals with carbosilane 
bond: 

I I 
I I 

H' or Me' + -Si-CHZ-Si- - 
I .  I 
I I 

-Si-CH-Si- + H2 or CH4 (17) 

The radical site formed in reaction 17 may combine with 
the silyl radical from the neighboring segment: 

In the next step a similar sequence of the reactions leads 
to the formation of carbidic network: 
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does not exceed 1 pm in diameter, their mere presence 
markedly deteriorates the film's quality in terms of 
practical properties. The morphology of the direct 
plasma CVD films produced from organometallic and 
organosilicon source compounds has been reviewed in 
ref 42, and according to the discussed literature data 
the formation of powder particles is associated with a 
nature of the direct plasma CVD process and resulting 
initiation of the growth step in the gas phase. The 
coalescence of the particles which, in turn, start their 
own growth in the gas phase, is considered to contribute 
substantially to the process of film formation and 
growth. 

The SEM data in Figure 12, being in contrast with 
those of the direct plasma CVD suggest a 
homogeneous mechanism for the growth step in the 
examined remote hydrogen plasma CVD, which seems 
to proceed exclusively on the substrate. 

The reflection high-energy electron diffraction pat- 
terns obtained for the films deposited a t  different 
substrate temperature in the examined range 30-400 
"C, revealed the absence of reflexes which might be 
assigned to crystalline structure. This accounts for the 
amorphous structure in the produced films. 

Refractive Index. The optical properties of the 
deposited material are characterized by the refractive 
index (n) measured ellipsometrically using helium-neon 
laser light. The measurements were performed for the 
film samples produced at  different substrate tempera- 
ture. Figure 13 shows the variation of n with the atomic 
concentration ratio Si/C and/or substrate temperature. 
The abscissa Si/C and T, values in this figure are 
correlated according to the AES data in Figure 11 for 
the bulk of the film. As follows from the curve in Figure 
13 the refractive index rises sharply from 1.5 to 2.4 with 
increasing atomic ratio Si/C and/or T,. This trend is 
presumably due to the densification of the film resulting 
from a thermally induced cross-linking process which 
according to the reaction mechanisms presented in the 
previous section is reflected by the increased Si/C 
values. 

The same character of compositional dependence of 
the refractive index as shown in Figure 13 is also 
reported for the a-Si:C:H films produced from SiHdCH4 
source mixture by the direct plasma 

Surface Free Energy and Chemical Stability. 
The surface free energy is a useful parameter which 
characterizes the physicochemical nature of surface of 
the deposit and may provide information regarding 
short-range interaction forces between deposit and other 
material surfaces in a composite system. Figure 14 
shows the dispersive y l  and polar yf: components of the 
surface free energy of the deposit ys = y l  + y:, as a 
function of the AES atomic concentration ratio Si/C (for 
the surface region, Figure 11) and/or substrate temper- 
ature. As can be noted, y i  varies from about 18 to 37 
N m-l with rising ratio Si/C or T,, whereas yf: remains 
constant a t  relatively small value which amounts to 1.7 
f 0.3 N m-l. The observed evolution of y l  can be 
explained in terms of our earlier f i nd inp  for the direct 
plasma CVD films, which reveals that the dispersive 

(43) Catherine, Y.; Turban, G. Thin Solid Films 1979,60, 193. 
(44) Wr6be1, A. M. In Physicochemical Aspects of Polymer Surfaces; 

Mittal, K L., Ed.; Plenum Press: New York, 1981; pp 197-215. 

I I 
H* or Me' + -Si-CH-Si- - 

I I  I -r 
I .  I 
1 1 1  

I 

-Si-C-Si- + H20rCH4 (19) 

-Si- 

-7- -7- 
Reactions 17-20 are strongly supported by the evolution 
of film structure taking place with increasing substrate 
temperature, as revealed by the following FTIR, XPS, 
and AES observations: 

(i) A marked increase in the intensity of the IR band 
in 830-800 cm-l, arising from the Si-C carbidic bonds 
(Figure 3). 

(ii) The rise and fall in the intensities of the XPS Si2p 
peaks (Figure 6) from the Si-C carbidic (curve 2) and 
Si-CH, (curve 3) units, respectively. The decreasing 
intensity of the XPS Cls peak (Figure 7) from the CH, 
groups (curve 2) for T, L 150 "C. 

(iii) The increase of the AES atomic concentration 
ratio Si/C to  the value of stoichiometric silicon carbide 
(Figure 11). 

Properties of the Deposit 

Microstructure. In light of distinct changes in the 
chemical structure of the deposit which are involved in 
the variation of the substrate temperature, it was 
interesting to establish the effect of this parameter on 
the morphology of the film as an important feature 
determining the quality of the deposited material. 
Figure 12 presents SEM micrographs of surface of the 
films deposited on c-Si wafer at various substrate tem- 
peratures: 35, 150, 200, and 300 "C. For the contrast, 
each micrograph was taken from the surface area 
containing a single particle of the atmospheric dust. As 
follows from the SEM micrographs in Figure 12, the 
substrate temperature does not influence the surface 
morphology of the deposit. The film surface, being very 
smooth and structureless, exhibits an excellent mor- 
phological homogeneity, irrespective of the deposition 
temperature. 

The morphology of the presented film surfaces drasti- 
cally differs from that of the direct plasma CVD films. 
The latter materials, and in particular those deposited 
a t  low substrate temperature regime, often reveal a 
morphological heterogeneity manifested by a two-phase 
structure which comprises spherical or spheroidal pow- 
der particles embedded in a continuous film matrix.42 
Although the size of the powder particles essentially 

(42) Wrbbel, A. M.; Wertheimer, M. R. In Plasma Deposition, 
Treatment, and Etching of Polymers; d'Agostino, R., Ed.; Academic 
Press: Boston, MA, 1990; Chapter 3. 
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i 

Figure 12. SEM micrographs of the surface of films deposited on c-Si wafer at various substrate temperatures: 35 (a), 150 (b), 
200 (c), and 300 "C (d). 
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Figure 13. Refractive index at the light wavelength of 632.8 
nm, as a function of the AES atomic concentration ratio Si/C 
and/or substrate temperature. 

ATOMIC CONCENTRATION RATIO SVC 

component is very sensitive to the cross-link density. 
Hence, the increase of y t  with rising ratio Si/C or T,, as 
follows from Figure 14 is due to the cross-linking process 
that causes dense packing of structural elements in the 
film. 

On account of the presented data the examined films 
can be classified as low-surface-energy, and in particu- 
lar, low-polarity materials. 

The films deposited at Ts L 300 "C exhibited an 
excellent resistance to acidic media. Long-term treat- 
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Figure 14. Dispersive (0) and polar (A) components of the 
surface free energy of the film as a function of the AES atomic 
concentration ratio Si/C (for the surface region) and/or sub- 
strate temperature. 
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ment (i.e., several days) with hydrochloric, nitric, sul- 
furic, and chromic acids had no visible effect upon the 
film surface. 

summary 
The present study has proved that deposition tem- 

perature in the examined remote hydrogen plasma CVD 
is the most important parameter, decisive of the struc- 
ture, compositional uniformity, and properties of the 
a-Si:C:H film. 
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The increase in T, involves the following changes: 
The organic moieties are eliminated from the film 
structure which evolves into silicon carbide network. 
The difference in the stoichiometry between the film 
surface region and the bulk diminishes and the films 
produced at 300 I T, I 400 "C exhibit good composi- 
tional uniformity manifested by similar values of the 
atomic concentration ratio Si/C for the surface region 
and the bulk. 

According to postulated hypothetical reaction mech- 
anisms the film growth takes place by the insertion of 
dimethylsilene (Me2Si=CH2) formed in the activation 
step, to the Si-Me bonds in the deposit. An analogous 
reaction of silene units formed in the deposit is consid- 
ered to contribute spontaneously to  the first step of 
crosslinking resulting in the formation of carbosilane 
Si-CH2-Si crosslinks. The dehydrogenation of these 
units a t  high deposition temperature regime leads to 
the formation of a carbidic network structure. 

The films were found to be amorphous, low-surface- 
energy and morphologically homogeneous materials. 
Their refractive index can be controlled by the deposi- 
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tion temperature in a wide range of values, i.e., 1.5- 
2.4. The materials produced a t  high substrate temper- 
atures, T, 1 300 "C, exhibited an excellent resistance 
to acidic media. 

Summarizing, the remote hydrogen plasma CVD 
seems to be a good technique for the production of 
homogeneous a-Si:C:H films. 
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