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The reaction of silane with H atoms 
h 

S1H4 + H  +SiH3 + Hz ( R 5 )  

was studied behind reflected shock waves at temperatures between 598 K and 1273 K and pressures around 
1.5 bar. The t h e d  decomposition of a few ppm ethyl iodide (CzHsI) was used as a well known H-atom 
source. The atomic resonance absorption spectroscopy (ARAS) was applied for time resolved and simultaneous 
measurements of H- and Si-atom concentrations. The presence of an excess of S 3 - b  causes a fast consumption of 
H atoms according to reaction (R5).  The signals obtained were kinetically evaluated by computer simulations 
based on a simplified reaction mechanism. The rate coefficient for reaction ( R 5 )  was found to be: 

k5=7.8x1OL4 exp (-2260/7) cm3 mol-'s-'. 

1. Introduction 

Kinetic parameters of gas-phase reactions of silicon- 
containing species are of high interest because of their im- 
portance in chemical vapour deposition (CVD) processes 
as well as for the production of ceramic materials. For the 
modelling of such processes, the knowledge of various 
kinetic parameters is needed. Especially reactions of H 
atoms are of general interest in the silane chemistry, be- 
cause of their known high reactivity towards silane and 
its derivatives. Also silyl radicals (SiH3) play an impor- 
tant role in photo-CVD and plasma-CVD processes [l ,  21. 
It is therefore of general interest to study the hydrogen 
abstraction from S a  by the reaction: 

ks 
SiH4 + H SiH3 + H2 (R5) 

Rate constants for ( R 5 )  have been determined in the past 
by several groups, mostly at room temperature. Cowfer et 
al. [3] and Austin and Lampe [4] applied a time of flight 
mass spectrometer in discharge [3] or photolysis [4] flow 
reactors. A flow technique combined with La absorption 
spectroscopy was used by Choo et al. [5], Worsdorfer et 
al. [6], and Arthur et al. [7]. Reaction (R5)  was also stud- 
ied by Johnson et al. [8] in a remote plasma reactor 
applying electron spin resonance (ESR). Lmh and Jasinski 
[9] observed silyl radicals by diode laser absorption in a 
flow reactor. They used a limited reaction mechanism in- 
volving (R5)  to model the measured SiI-13 signals in a 
HCYSiI€, reaction system. VUV-LiF was employed by 
Koshi et al. [lo] in a flow reactor to measure the rate 
coefficient k5. An extensive literature review is given by 
Arthur and Bell [ I l l .  Matsui et al. [12] used a theoretical 
study to determine k5. The conditions and rate coefficients 
obtained in the above mentioned works are listed in Ta- 
ble 1. 
All previous studies on the rate coefficient k5 are re- 

stricted to temperatures T<400 K. It is the aim of the pre- 
sent work to enlarge the temperature range to about 

1300K. In the shock tube experiments, ethyl iodide was 
used as a well known H-atom source [13], and its reac- 
tion with silane was measured by H-atom ARAS (Atomic 
Resonance Absorption Spectroscopy). A temperature de- 
pendent rate constant could be determined which is in 
good agreement with earlier studies when extrapolated to 
lower temperatures. 

2. Experiment 

The experiments were carried out behind reflected 
shock waves in a stainless steel shock tube of 79 mm in- 
ternal diameter. The driver section was 3Sm, the driven 
section 5.7 m in length, which was specially prepared for 
ultra-high-vacuum (UHV) requirements. The driver sec- 
tion can be baked out and pumped down to pressures be- 
low 5 x lo4 mbar. The residual gases in all UHV devices 
were analysed by quadrupole mass-spectrometers, and 
were found to be practically free of hydrocarbons. More 
details of the experimental setup and the experimental 
procedure are given elsewhere [14]. The gas mixtures 
were prepared manometrically in a stainless steel UHV 
cylinder. All gases used were of highest commercial pur- 
ity: Ar299.9999%, SiI&299.995%, C2H51299%. Ethyl 
iodide which is liquid at normal conditions was carefully 
injected and evaporated in a separated stainless steel ves- 
sel. 

The H-atom ARAS diagnostic system consists of a mi- 
crowave excited discharge lamp, the optical path length, a 
1 m McPherson VUV monochromator, and a solar blind 
photomultiplier. The lamp was operated with a flowing 
gas mixture of 1% H2 in He maintained at a constant 
pressure of 6mbar and a microwave power of about 
50 W. Si atoms were detected at the [4 s3 Pi + 3 pz3P2]- 
transition at k 2 5 1 . 6  nm, which is known to be the most 
sensitive Si-line [15, 161. A combination of a pulsed Si 
hollow cathode lamp, a 0.25 m J m l l  Ash monochroma- 
tor, and a photomultiplier was used. The spectral shape of 
both the H- and Si-atom resonance lines are not known 
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Table 1 
Overview of experimental studies on the reaction S&+H 

~ 

Exp. System 

Flow/Hz-dischargelMasS SF. 
FlOw/Hz-Hg phot./MasS Spe~. 

FlOw/H,-phOt./L. , 
Flow/Hz-phot./L, 

FlowRIzdischargG 

Flow/HzdischargelESR 
Flow/Hz-phot./Kin. Modell 
StaticlRadiolytic Exp./L, 
Theoretical Study 
Reevaluated Data 
Shock Tube/CzH51/La 

298 
305 
300 
298 
294487 
298 
298 
300 
290-306 
298 
998-1273 

0.004 
0.0267-0.08 
0.0267 
0.65 
1 
0.00267 
0.0127 
1.07-2.27 
- 
0.267-2.27 
1.5 

1.57~10" 
2 . 5 9 ~  10" 
5 . 1 2 ~  10" 
2 . 6 5 ~  10" 
1 . 3 9 ~  lOI3 exp (-14OO/T) 
2 . 4 ~  10" 
1.51 x 10'' 
2 . 7 7 ~  10" 
1 . 7 ~ 1 0 ' ~  exp (-1260/T) 
2 . 1 4 ~  10" 
7 . 8 ~  lOI4  exp (-2260/T) 

-200 0 200 400 600 800 

Time / ps 
Fig. 1 
Measured light extinctions at 1= 121.6 run behind the reflected shock 
wave in a CzHsYArgon mixture without and with addition of Sd& 

precisely due to self absorption and self reversal. There- 
fore, series of shock wave calibration experiments have 
been performed to relate the measured absorptions to the 
corresponding concentrations. H-atom calibration was 
made with N20/H2 systems by comparing measured ab- 
sorptions with calculated H profiles (1500 KIT12000 K, 
p- 1.4 bar), see Roth and Just [17] and Just [HI. The Si- 
atom calibration was performed based on the dissociation 
of S@ highly diluted in Argon at temperatures 
T>2000 K, pressures around 1.1 bar and mixtures of 0.05 
to 1 ppm SSL,  in Argon, See Mick et al. [19]. Based on 
experiments by Koshi et al. [lo] for the absorption cross 
section of SSL, at 1 2 1 . 6 ~ ~  and our own experiments, 
the absorption of H- and Si-resonance radiation by molec- 
ular species is negligible for our experimental conditions. 
Thus, the measured extinction signals are equal to the ab- 
sorption by H and Si, respectively. 

The kinetic behaviour of the H-atom source C2H51 was 
studied in a few separate experiments in mixtures of 0.5 
to 2ppm C2H51 diluted in Argon at similar experimental 
conditions. The H-atom yield obtained was [HI,/ 
[C2H5& = 0.76 f 0.07. It agrees with values measured by 

k I 
- 1 0 1  7 1 ,  I ' I 1 4  

T =  1137K _. .. . . . . . , ._ 
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Time / ps 
Fig. 2 
H-atom concentration profile measured behind the reflected shock 
wave in comparison with calculated profiles. Experimental condi- 
tions: 2 pprn CzH3Y5 ppm S w A r  

Kumaran et al. [20] with 0.87k0.11, Lim et al. [21] with 
0.80*0.03 and Takahashi [22] with 0.73. This yield is 
known to be due to both the dissociation pathways of 
C2H51 via I- and HI-fission (see Table 3). Branching ra- 
tios for the rate coefficients k 2 k l  are given by [20] to be 
0.15 and by [13] with 10.2, respectively. Both have ob- 
served H- and I-atom concentrations in C2H51 pyrolysis 
experiments. Apart from the branching ratio, effects of 
wall adsorption have also been reported [23], which 
might slightly affect the H-atom yield. 

3. R d t s  

The experiments were performed behind reflected 
shock waves in the temperature range of 
998 KlTl1273 K at pressures around 1.5 bar in gas 
mixtures of 5 to 10 ppm S& and 2 ppm CzH51 diluted in 
Argon. H- and Si-atom absorptions were simultaneously 
measured. The range of experimental conditions was 
chosen such that secondary d o n s  of reaction products 
of (R5) are of minor importance. 
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Time I p.s 
Fig. 3 
Sensitivity of kl on the calculated H-atom concentration profile for 
the experiment of Fig. 2 

Table 2 
Experimental conditions and kinetic parameters obtained 

T = 1137 K , p = 1.46 bar 

0" 200 400 600 800 1000 

Time I p 
Fig. 4 
Measured and calculated Si-atom concentration profiles for the ex- 
periment of Fig. 2 

T P [CZHSQO [ S W O  kl kS 
K bar PPm PPm S-I cm3 mol-' s-' 

1137 1.46 2 5 9.35 x lo3 1.11 x 1014 
1208 1.52 2 5 2 . 0 9 ~  lo4 1 . 1 7 ~  loL4 

1105 1.56 2 5 5 . 5 0 ~  lo3 1 . 0 6 ~ 1 0 ~ ~  
1139 1.55 2 5 9 . 4 7 ~  10' 9 . 9 4 ~  10" 
1243 1.27 2 5 2.84X lo4 1.18x10'4 

1 . 0 0 ~  lo3 8 . 3 9 ~  1013 
1131 1.27 2 5 7 . 2 0 ~  lo3 1 . 2 5 ~ 1 0 ' ~  
1162 1.61 2 10 1.13 x lo4 1 .oa x 1014 
1159 1.51 2 10 1 . 1 2 ~  lo4 1.wX 1014 
1169 1.43 2 10 1 . 4 8 ~  lo4 1 . 1 2 ~ 1 0 ' ~  
1254 1.50 2 10 3 . 5 7 ~  lo4 1 . m  1014 
1122 1.61 2 10 7.05 x lo3 9.73x 1013 
1132 1.40 2 10 8 . 8 5 ~  lo3 1 . o ~  1014 
1048 1.51 2 10 2 . ~ ~ 1  o3 9 .08~10 '~  
1089 1.53 2 10 5.31xld 9 .22~10 '~  

1 . 2 7 ~ 1 0 ~  1 . 0 5 ~ 1 0 ~ ~  1155 1.59 2 10 
1175 1.54 2 10 1 . 5 0 ~ 1 0 ~  1 .21~10 '~  
1225 1.51 2 10 2 .79~10~  1 .35~10 '~  

1273 1.55 2 5 3 . 9 7 ~  lo4 1.41 x 1014 

998 1.32 2 5 

A typical example illustrating both the formation of H 
atoms by the decomposition of C2HSI and their pemuba- 
tion by the reaction with S& is shown in Fig. 1. The 
dotted line represents the H-atom formation during C2HJ 
pyrolysis and the solid line shows the influence of the 
Sd& addition on the H absorption. The signal decrease 
depends strongly on the temperature and the Sd& concen- 
tration. According to the work of Mick et al. [19, 241 the 
expected loss of silane by thermal decomposition is only 
between 0.2 and 0.5% under the present experimental 
conditions. Thus it can be assumed that the consumption 
of H atoms is primarily caused by the reaction with si- 
lane. 

The Si-atom absorption measurements at h = 25 1.6 MI 
were performed to validate the current reaction mecha- 
nism used to analyse the H-measurements. A typical ex- 

ample of both a H- and a Si-concentration profile mea- 
sured in one shock tube experiment is shown in Figs. 2 
and 4. After the reflected shock wave has reached the 
measurement plane, the H-atom concentration rises up to 
a maximum within 100 ps followed by a slower decrease. 
The measured Si atom concentration reaches a maximum 
within 300 ps and decreases again. The experimental con- 
ditions and the kinetic parameters (see later) obtained 
from all H-atom measurements are summanzed in Ta- 
ble 2. 

4. Discussion 

Based on the thermal decomposition mechanism of 
C2H51 given in a recent study by Kumaran et al. [20] and 
the exothermic reaction 
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Table 3 
Simplified reaction mechanism of the CzHSI/S& system highly diluted in Argon ki=Axexp (-TA/T) cm3 rnol-' s-', s-' 

Reaction Rate coefficient Ref. 

A TA 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 a 
12 
13 
14 
15 
16 
17 
18 
19 

CZHd +CzH5 +I 
CZHd +CZH, +HI 
CzHs -Cz& +H 
H +HI +Hz +I  
S& +H eSiH3 +Hz 
S a  +SiHz eH3SiSiH +Hz 
S1H, +SiH +SiHz 

SiH3 +SiH3 e S i H z  +S& 
SiH3 +SiH3 eH3SiSiH +Hz 

SIH4 e S i H z  +Hz 

siH3 e S i H  +Hz 
SiHz +Ar e S i  +Hz+Ar 
SiH2 +SiHz =SizHz +H2 
SiH2 +C21-L, =Sicz& 

Si + S @  *Si2Hz +HZ 
Si +Hz e S i H  +H 
Si +Cz& +Sic& 
Hz +Ar e H  +H+Ar 

SiH +Hz e S i H 2  +H 

2.19X10'0 
0.15 X kl 

-rm 
4 . 7 4 ~  1013 

2 . 9 0 ~  loL4 
1.90x10'o 
6 . 2 6 ~  1013 
7.00x lo'* 

c1.oox1o'o 

6 . 5 0 ~  1014 

4 . 8 0 ~  1014 

1 . 5 0 ~  1015 

2 . 2 0 ~  1014 

7 . 8 0 ~  1014 
1 . 3 0 ~ 1 0 ' ~  

9 . 1 0 ~  1013 

6 . 4 4 ~  1013 

4 . 0 0 ~  loL4 

5 . 3 0 ~  1013 

16728 

330 
2 260 

0 
0 

22 550 
0 
0 

22 290 
15 100 

0 
348 

1 1  900 
0 

16000 
0 

48 300 

"E 
," 2.0- 
-0 

9 
.- a 1.0- 

E 8 0.7- 
0 
a 
6 

7 

\ 

c 
C 

0 

- 
n- 

i SiH, + H + SiH, + H, 

k, = 7.8xlO"exp(-2260WT) 

[3 

0 
2 ppm C.H.1 I 5  ppm SiH, I Ar 
2 ppm C,HJ / 10 ppm SiH./Ar 

7.5 8.0 8.5 9.0 9.5 10.0 10.5 

10' WT 
Fig. 5 
Arrhenius representation of the rate coefficient k5 

ks 
SiH4 + H -+ SiH3 + HZ AH&,8 = -53.4 kJ/mol 

(R5) 
a reaction mechanism involving additional 14 reactions 
was proposed to analyse the measured H and Si concen- 
tration profiles, see Table 3. 

The dissociation kinetics of C2H51 must be considered 
for our experimental conditions because it is sensitive to 
the H-atom profiles at temperatures below 1200K. We 
have successfully included a mechanism which was re- 
cently proposed by [20] to describe the pyrolysis of 
C2H4 The rate coefficient of reaction (Rl) given in [20] 
was slightly increased by a factor of about 1.6 to get the 

5 10 15 20 25 30 35 40 

10' KIT 
Fig. 6 
Literature values of k5 compared to the results of the present study 

concentration profiles of C2H51 decomposition experi- 
ments and also to match the initial slope of the H-atom 
profiles of the Slrb/C,H,VAr experiments. This adjust- 
ment seems to be justified due to the fact that compared 
to [20] our study was performed at pressures being a fac- 
tor of 4 higher and the usage of Argon instead of Kryp- 
ton. 

The further evaluation of the measured Si- and the full 
H-conceutmtion profiles was performed by varying the 
rate coefficient k5 to achieve best fits of the calculated to 
the measured H- and Si-atom profiles. The best fit param- 
eter k5 and the rate coefficient kl obtained are summa- 
rized in Table 2. In Fin. 2 the calculated H atom concen- 

best agreement between measured and calculated H-atom tration is compared with the measured one showing quite 
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good agreement. A variation of the rate coefficient k5 by 
factors of 0.5 and 2 demonstrates the sensitivity of reac- 
tion (R5)  to the measured H atoms, whereas, for the same 
low temperature experiment, the sensitivity of reaction 
(RI) to the measured H-atom profile is shown in Fig. 3 
by variations of k l .  Reaction (R1) strongly influences the 
initial slope of the H-atom concentration profile, whilst 
after about 1OOps the decay in the concentration is 
mainly affected by reaction (R5). The validity of our 
overall model is supported by the calculated Si-atom con- 
centration profiles matching the measured ones quite well. 
The example shown in Fig. 4 illustrates th is  good agree- 
ment. All individual values of the rate coefficient k5 ob- 
tained from the fitting procedure are shown in the Arrhe- 
nius diagram of Fig. 5.  The points scatter around a 
straight line, which was obtained by a least-square-fit cal- 
culation and lead to following Arrhenius expression: 

k5 =7.8+::$: x lot4 exp (-2260(f288)K/T) 

. cm3 mol-’ s-’ . 

Due to the fast formation of SiH3 via reaction (R5), 
secondary reactions involving the silyl radical must be 
taken into account, although their sensitivity to the calcu- 
lated H-atom and Si-atom concentrations is very limited. 
Arrhenius expressions for reaction 

SiH3 + SiH3 -t products 

were recently determined by Matsumoto et al. [25] and 
were successfully integrated in our reaction mechanism. 
Another reaction, which has to be considered is the de- 
composition of SiH3: 

kI I. 
SiH3 + SiH + H2 A@98 = 185.3 kJ/mol (R1 la)  

kxb - SiH2 + H AH!&* = 290.7 kJ/mol (R1 Ib) 

We have included reaction (Rlla) in our mechanism 
because of the lower reaction enthalpy. In [24] a first- 
order rate coefficient for klle  at atmospheric pressure is 
suggested which was obtained by RRKM calculations. 
This value leads to slightly higher Si concentrations 
compared to the experiments when inserted in our simpli- 
fied mechanism, whereas the calculated H concentration 
profiles are not sensitive. Best fits for all measured Si 
concentrations were possible with a rate coefficient 
kl la < 1 .Ox 10” exp (-22 290 K/T) 6’ for the high pres- 
sure decomposition, which is a factor of 28 smaller than 
the one calculated by [24]. 

Fig. 6 compares our high temperature Arrhenius expres- 
sion for reaction (R5) with rate coefficients obtained in 
previous works at lower temperatures. An extrapolation - 
represented by a dashed line - shows good agreement 
with most of the mom temperature results. In contrast to 

the work of Arthur et al. [7] which was limited to tem- 
perature ranges of 294 KIT1487 K, our activation en- 
ergy is about 8.0 Mlmol higher. 
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