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Abstract 

Absolute rate constants for the reactions of Si l l .  with Si 2 H o and Si 3H s have been determined over dae temperature range 295-595 K 
by means of laser flash photolysis. The 193 nm UV photolyses of di- and trisilane were themselves used as the sources of Sill 2. Rate 
constants were independent of total pressure (1-30 Torr) and inert buffer gas (C3H 8 or SF6). Arrhenius plots of the rate constants were 
slightly cuwed but gave the following average parameters: Si2H 6, Iog(A/cm 3 molecule-* s - ~ ) =  -9.51 +_.0.04, E a = -1 .9  +0.3 
kJ real- t ;  SigH8 ' Iog(A/cm 3 molecule- '  s - t ) ,  -9.43:5: 0.06, Ea = - 2 . 0 5 : 0 . 4  kJ mol - t .  These values show both reactions ~o 
rapid, collisional association processes. The results are consistent with Si-H bond insertion processes led by the electrophilic interaction 
between the bonding electron pair and the Sill 2 empty p orbital. 
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I. introduction 

The rcilctions of silylene, Silt 2. are of interest both 
because of their involvement in tile breakdown mecha° 
nisms of silanes leading to solid silicon and anlorphous 
silicon hydrides (chemical vapour deposition) and also 
because they serve as a model for gas-phase acid/base 
chemistry [i 2]. We recently carried out a comprehen° 
sire study of the gas-phase kinetics of the prototype 
Si-H insertion reaction of Sill a with monosilane, Sill4 
[3]. This showed that the reaction proceeds at close to 
the collision rate, on a potential energy surface with no 
activation battier, but with the intermediacy of two 
possible weakly bound complexes preceding the forma- 
tion of disilane, Si 2 H6. The reaction showed the charac- 
teristic pressure dependence of a third-body assisted 
association process. We now turn our attention to the 
reactions of Sill2 with Si2H 6 and Si3H 8, reactions 
which lead to the formation of the higher hydrides 
Si3H s and Si,,Ht0 in the pyrolysis of Sill4 [4,5]. 
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Room temperature studies of the reaction of Sill,  + 
Si2H~, show it to be a fast reaction. Inoue and Suzuki 
[6] obtained the first absolute value for the rate constant 
of 5.7 × 10" to cm~ molecule ~: ~ s -, t in I Torr of heo 
lium using laseroinduced tluorcscence (LIF) to detect 
Sill 2. Jasins~d and Chu [7], using laser absorption to 
monitor Sill2, obtained a value of 1,5 x 10 -~° 
cm ~ molecule ~ ~ s ~ ~ at I Ton* (He), but additionally 
found the reactton to be pressure dependent. Measure* 
ments in our own laboratory [8], using the same method, 
gave a value of 4.6 × 10-l0 cm ~ molecule~ t s° ~ at 5 
Torr (Ar). Another study by Dietrich et al. [9], using 
IRMPD to generate Sill 2, gave a value of 2.7 × 10 ~ to 
crn ~ molecule-~ s -~, but this measurement was made 
under solid deposition conditions and it is not clear that 
this corresponds to room temperature. 

There are no previous absolute rate constant values 
for the reaction Sill 2 + Si.~Hs. A summary of the find- 
ings of this work has appeared in recent reviews [I,2]. 

2. Experimental 

The apparatus, procedures, data acquisition and anal- 
ysis method have been described in general [10] and in 
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their application to silylene kinetic studies m particular 
[8,11,12]. Only essential and brief details are therefore 
included here. 

Sil l ,  was produced by the 193 nm flash photolysis 
of phenylsilane (PhSiH3), disilane or trisilane using an 
Oxford Lasers KX2 ArF exciplex laser. Sill 2 concentra- 
tions were monitored in real time by means of a Coher- 
ent 699-21 single-mode dye laser pumped by an Innova 
90-5 argon ion laser and operating with rhodamine 6G. 
Experiments were carried out in a variable temperature 
stainless steel reaction vessel with demountable win- 
dows [13]. The monitoring laser beam was multipassed 
between 32 and 48 times through the reaction zone to 
give an effective path length of up to 1.8 m. The laser 
wavelength was set by reference to a known coincident 
transition in the visible spectrum of I~ vapour and was 
checked at frequent intervals during the experiments. 

- I  The monitoring laser was tuned to 17259.50 cm 
corresponding to the strong R ao,j (5) vibration-rotation 
transition [7,11] in the Sill2 A IBl(0, 2, 0) 
X tA t(0, 0, 0) absorption band. Light signals were mea- 
sured by a dual photodiode/differential amplifier com- 
bination, and signal decays were stored in a transient 
recorder (Datalab DL 910) interfaced to a BBC micro- 
computer. This was used to average the decays of up to 
25 laser shots (at a repetition rate of ! or 2 Hz). 

The average decay traces were processed by fitting 
the data to an exponential form using a non-linear 
least=sqmwes package. This analysis provided the values 
for the firstoorder rate coefficients kob ~ for removal of 
SiH~ in the presence of known partial pressures of the 
Sigh 0 or Sigh K sub. trate gases. 

Static gas mixtures were used and the optics were 
cleaned regularly. Previously it was shown that the 
same results were obtained from experiments ~rik~rmed 
with both static ~md slowly flowing gas samples [8]. The 
photolysis mixtures generally consisted of either Si ~ H~, 
(up to 35 reTort) or Si ~H s (up to 25 reTort) and inert 
diluent bath gas (At, C~H 8 or SF 6) at a total pressure of 
10 Tort. In these studies the silane served as both the 
silylene precursor and the reaction substrate. In some 
ex~riments PhSiH 3 (up to 12 mTorr) was added to 
verify that use of an additional silylene source made no 
difference. Also in some experiments the total pressure 
was varied (between ! and 30 Tort). Pressures were 
measured by a capacitance manometer (MKS, Baratron). 
These experiments generated a considerable amount of 
gas-borne dust, and although this did not seriously 
interfere with the decay traces, regular cleaning of the 
cell, in particular the windows, was necessary to main- 
tain good signals. 

Phenylsilane (99.8%) was obtained from Ventron-Ai- 
pha (Petrarch). Si,H~, was supplied by BOC special 
Bases (Electra grade IL > 99.995%). Sigh s was a gift 
from L'Air Liquide, and was found to be > 96% pure 
by GC analysis (main impurities n- and i-Si.~H~0). Ar 

was supplied bv BOC (Electra grade 11, > 99% pure). 
C3H 8 was obtained lrom Cambrian Chemicals (>  
99.5%). SF 6 (no GC detectable impurities) was obtained 
from ICI. All reagents with the exception of Ar were 
thoroughly degassed before use. Argon was purified by 
passage through a deoxo-unit. 

3. Results 

3.1. Prelbninary experiments 

Preliminary experiments established that, for a given 
reaction mixture, decomposition rate constants kob s were 
not dependent on exciplex laser enemy (60-140 
mJ pulse - I )  ot the number of photolysis shots. Since 
static gas mixtures were used, tests with up to 25 shots 
were carried out. The constancy of kob s values (five 
shot averages) showed no effective depletion of reac- 
tants. The original intention of this work was to investi- 
gate the kinetics over as wide a range of temperature 
and pressure as possible using both strong (SF 6) and 
weak (Ar) collider gases as diluents, just as in our study 
[3] of the kinetics of Sill 2 + Sill 4. However, the studies 
in Ar proved problematical, producing both greater 
scatter in the data and unreasonable apparent pressure 
effects (rate constants decreasing with increasing pres- 
sure). Moreover, the rate constants were consistently 
less, except at room temperature, than those obtained 
with the other bath gases. While we cannot be sure of 
the reason tbr this we suspect small quantities of re- 
m~ining impurity oxygen in the argon (in spite of the 
filter), which had the efl~.~ct of consuming a part of the 
substrate silane in the cell at elevated temperatures prior 
to photolysis. There was no evidence of such an effect 
in our previous studies [3] of SiH~ + Sill4, however it 
is plausible that di- and trisilanes should be more sensi- 
tive to adventitious oxygen than monosilane. We there- 
fore substituted propane as t~n alternative inert diluent 
(it is known that Si l l ,  does not react wi~h aik~nes 
[I,2l). 

Since the the UV (193 nm) photolysi~, of Sigh s has 
not previously been used as a source of Sill 2, we 
undertook a check of the rate constants for Sill 2 + Sill 4 
at 295 K in m'gon. The rate constants were in complete 
agreement with those reported previou::iy using PhSiH:~ 
photolysis as :he Si l l ,  source [3] over the pressure 
range 1-40 'lorr. 

A series of experiments was carried out at each of 
several temperatures in the range 295-595 K for each 
substrate g~s. At 5 or 10 Torr total pressure (Call 8 or 
SF o diluent) and at each temperature, four to ten runs 
(of five to ten laser shots each) at different substrate 
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partial pressures were carried out. Additionally, at sev- 
eral temperatures the total pressure was varied in some 
runs .  

The results of a selection of these experiments are 
shown in the plots of Fig. 1 for Sill 2 + Si2H 6 and Fig. 
2 for Sill_, + Si3H s, which demonstrate the linear de- 
pendence of kob s on substrate pressure, as expected for 
second-order kinetics. These plots also show the gener- 
ally negligible effects on the values of kob s of overall 
pressure changes in the range 1-30 Tom The only 
possible systematic variation, beyond experimental er- 

ror, would appear to be for Si2H 6 at 584 K, but it is 
small anyway. It is noteworthy that the best fit lines, 
obtained via linear least-squares fitting, pass very close 
to the graph origins as expected for substrates which are 
themselves the Sill 2 precursors. The second-order rate 
constants, obtained from the slopes of these lines, are 
given in Tables 1 and 2. The error limits are single 
standard deviations, and are generally well within the 
+ 10% thought to be reasonable for this type of mea- 
surement. Apart from the data in these tables, the only 
reliable rate data obtained using argon as the inert 
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diluent gave a rate constant value for Sill ~ + Si 2 ft 6 (Ar 
10 Ton') at 298 K of (5.7:1: 0 . 3 ) x  10 -~° cm 3 mole- 
cule -~ s - ' .  

Arrhenius plots of the rate constants of Tables 1 and 
2 are shown in Fig. 3, which also includes that for the 
reaction of SiH~ + Sill 4 (high pressure limiting rate 
constants) for reference. The plots can be seen to be 
slightly curved, which may be real or arising from small 
systematic errors. Linear least-squares fitting to the 
Arrhenius equation gives the following (average) pa- 
rameters. For SiH~ + SizH6: l o g ( A / c m  3 molecule- 
s-  ~ ) = - 9.51 _+ 0.04, E a = - 1.9 :!: 0.3 kJ tool- ~; for 

295 K 

SiH~+Si~Hs:  l o g ( A / c m  ~ molecule -~ s - ~ ) = - 9 . 4 3  
+ 0.06, E a = - 2 . 0  + 0.4 kJ mol-~. The negative acti- 
vation energies reflect the common observation for 
SiH~ reactions [1,2] of rate constants which diminish 
with increasing temperature. 

4 .  D i s c u s s i o n  

4.1. Comparison with previous work 

The results obtained in this work represent the first 
direct measurements of (i) rate constants for the reaction 
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Table 1 
Second-order rate constants for the reaction of Sill: with Si2Ht, 

T ( K )  k ( 1 0 -  t0 cm~ Buffer gas 
molecule-i s-I) 

295 6,41 2:0.24 C3H s 
300 6,56 2:0.27 SF 6 
346 6,44 :l: 0.20 SF~, 
378 5,40:t:0.29 C3H s 
434 5.602:0.40 SF 6 
502 4.50 2:0.52 C.aH s 
540 5,135:0,26 C3H a 
584 4,32 2: 0. i 6 SF 6 
590 4.52 2:0.22 C3H s 

Table 3 
Comparison of room temperature rate constants for Sill 2 + Si2H 6 
k (10-Io cm ~ P (Tort)(buffer) Ref 
molecule- I s -  i )  

5.7 5:0.2 1 (He) 16] 
i.5 5:0.2 ! (He) [7] 
2.8 5:0.3 5 (He) [7] 
3.45:0.3 9.5 (He) [7] 
4,6 5:0.7 5 (ha') [8] 
5,7 5:0.3 !0 (Ar) This work 
6,6 5:0.3 10 (SF 6) This work 
6,45:0.2 10 (C3H 8) This work 

Table 2 
Second-order rate constants for the reaction of Sill 2 with S i 3H s 

I" (K) k (10- to cm ~ Buffer gas 
molecule- i s- t) 

295 7.79 :t: 0.86 SF 6 
297 7.965:0.22 C3H s 
366 7.43 5:0.07 SF 6 
430 7.34 5:0.06 SF6 
485 6.30 5:0.09 SF~ 
534 5.87 5:0.2 i SF¢~ 
578 4.75 :t: 0.21 SF 6 
595 5.52 :t: 0.52 C~Ha 

of S i l t ,  + SiaHt~ and (it) temperature dependences of 
rate constants for reactions of Sill  2 with both Si2H 6 
and St alia. Comparisons with previous data are only 
ix~ssible for Siloi~ + Si,H~, at room temperature. Such a 
comparison is shown in 'Fable 3. The table does not 
include the value obtained by Dietrich et :11. [9], because 
for the t~asons aln:ady given (see hm'oduction) it is not 
obviously it room temperature value (see Appendix). 

The comparison shows that out" results arc consistent 
for the three inert diluent gases used in this work, and 
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Fig. 3. Arrhenius plots for the reactions of Sill 2 with Sill4 (Ref. [3]), 
SizH 6 and Si3H a. 

are in best agreement with those of Inoue and Suzuki 
[6]. These results are slightly higher than those reported 
earlier [8] from our laboratories, but apparently larger 
by a factor of between 2 and 4 than those of Jasinski 
and Chu [7]. However, an extrapolation of the latters' 
values to higher pressures would clearly be in better 
agreement with the other figures. Thus the main dis- 
agreement between our results and those of Jasinski and 
Chu is over the question of pressure dependence. This is 
discussed further below. 

There exist in the older literature [14,15] other re- 
ported values for the rate constants and also Arrhenius 
parameters for the reaction of Sill  2 + Si2H 6. These 
values were estimates based on relative rate studies, 
incorporating additional assumptions which ate now 
known to be erroneous. 

4.2. The nature o f  the insertion process  

The high magnitudes o1' the rate constants and the 
simihu'ity of tile Arrhenius parameters for tile reactions 
of Sitl 2 with Sill 4, Si2Ht, and Sir~Ht4 suggests a simi- 
larity of the mechanism. The reaction of Sill 2 + Sill 4 is 
an Si~.H bond insertion process. If the measured tale 
constants for these reactions are divided by the number 
of available Si=H bonds, the figures shown in Table 4 
ate obtained, which demonstrate the essentially statistio 
cal nature of the reaction. The rate constants at room 
temperature ate indeed all close, if not equal, to the 
collision magnitude, which attests to tile looseness of 
the activated complexes for this reaction. Although 
potential energy surfaces for these reactions are not 
available, it seems extremely likely that they would 
show similar features to those of the Sill 2 + SiH,~ teat- 

Table 4 
Comparison of per S i-H insertion rate constants (10 to cm~ moleo 
cule - i s ~ t)  

Substrate T = 298 K T = 588 K Ref. 

Sill 4 I. 15 0.59 [3] 
Si 2 Ho ! .08 0.72 This work 
Si sHs 0.99 0.72 This work 
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fion which proceeds via the initial intermediacy of 
weakly bound complexes prior to formation of SieH 6. 
Thus for the reactions of Sill z with Si2H 6 and Si3H 8, 
weakly bound association complexes would probably 
also exist close to the reaction entrance channel due the 
favourable electrophilic interaction of any of the Si-H 
bonding electron pairs and the empty p orbital of Sill 2- 
It is these features of such surfaces which give rise to 
the negative activation energies observed [1 ]. 

It is worth adding that since the extremely high 
collisional efficiency of these reactions can be under- 
stood in terms of the Si-H bond insertion, it therefore 
seems unlikely that Si-Si bond insertion (which would 
lead to the same products) is occuring. It is known that 
SiMe 2, which is much less reactive than Sill 2 [1], does 
not insert in Si-Si bonds [16]. 

4.3. Overall products and the lack of pressure depen- 
dence 

The overall products of reaction of Sill z with Si2H 6 
and Si3H s are known to be Si3H 8 and the two tetrasi- 
lanes n-Si4Ht0 and i-Si4Ht0 respectively [4,5]. How- 
ever, ~he formation of these products in the gas-phase is 
accompanied by an energy release of ca. 230 kJ tool ='. 
Therefore the initial product is vibrationally excited and 
requires eollisional stabilisation. Thus these reactions 
are potentially third-body assisted association reactions 
like that of Sill 2 + Sill,t. Two factors militate against 
observation of pressure dei~ndence. First, the vibra- 
tionally excited products Si ~ " ~,=l~ and Si~H~0 are larger, 
possess more vibrational modes, and will therelbre have 
longer lifetimes than the Si~lt~ fotxned from Siit~ + 
SiH~. Second, the vibrationally excited higher silanes 
possess alternative decomposition pathways not avail- 
able to Si2H ~. 

The probable mechanism for reaction of SiH~ with 
Si2H 6 is as follows: 

SiH~ +Si2H 6 ~ Si~H~ ~ S i H ~ S i H  + SiH~ 
(2) ~ 

(41[ + M 

SigHs 

From the published rate constants of Ring, O'Neal and 
¢oworkers [17,18] for the thermal decomposition of 
Si~H~, the ratio k~/k~ was found to be 3,18 at 558 K 
(tem~rature of study) and is calculated to be 15.8 at 
298 K. Even allowing for some error in the extrapola- 
tion of this ra0o ~o room temperature it seems as if the 
fate of SigH,," formed here must be predominantly 
decomposition ~,i'~ step (3), if it is not stabilised via step 
(4). Only decomposition via step (2) can give rise to an 
apparent overall pressure dependence for this reaction, 

therefore, this seems likely to be small. Our own 

measurements show a slight hint of a rate reduction at 
the lowest pressure of SF 6 (1 Torr). It is possible that 
the apparently low values of the rate constants in Ar 
(Table 3) reflect a small pressure dependence in this 
weaker collider gas. However, these results appear to be 
in disagreement with those of Jasinski and Chu [7], who 
found a more significant pressure dependence in He 
(factor of more than 2 between 1 and 9.5 Torr). It is true 
that He is a weaker collider gas than SF 6 or C3H s used 
in this study, and is therefore more likely to show any 
pressure dependence. Nevertheless the measurements of 
Jasinski and Chu imply that at low pressures step (3) 
can have only a minor significance. Dietrich et al. [9] 
also find a strong pressure dependence for this reaction, 
which they interpret in terms of lifetimes of the initially 
formed vibrationaily excited Si3H ~. However, for the 
reasons of temperature uncertainty, we are cautious 
about commenting on their findings in this respect. 

The reactions of the two vibrationaily excited Si4H~* o 
molecules formed from Sill z + SigH s are potentially 
more complex still, but are even less likely to lead to 
the reversion to Sill z needed to give rise to a pressure 
dependence. 

Thus for both reactions our observations of little or 
no pressure effect are consistent with expectations based 
on the known chemistry. 
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Appendix (added during review) 

A referee claims that tile experimental conditions of 
Dietrich et al, [9] are obviously at room temperature. In 
Ref. [9] it is stated that "'The kinetic studies are carried 
out under film-tbrmation conditions, which allows one 
to measure the deposition rates in comparable experi- 
ments." The film*f~rmadon conditions arc stated as a 
"pressure of 2.4 Torr and a constant substrate tempera- 
ture of 550 K". Under these conditions these must be 
temperature gradients in the gas flowing over the sub- 
strate. Without a complete description, this means that 
the temperature of the gas probed by the laser which 
initiates deposition must depend on the precise beam 
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position relative to the substrate. It is not obvious to us 
that the kinetic studies under these conditions are at 
room temperature. 
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