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Kinetics of the SiH3; + H,O, and SiH3 + O, Reactions

Justin P. Meyer and John F. Hershberger*
Department of Chemistry, North Dakota State Lémsity, Fargo, North Dakota 58105
Receied: October 21, 2002; In Final Form: May 12, 2003

The kinetics of the reaction of silyl radicals (S)Hvith H,O, and Q were studied using time-resolved infrared
diode laser absorption spectroscopy. The rate constant-8iH,O, at 298 K was determined to be 9:8
102 cm?® molecule® s™. This rate constant is independent of temperature over the rangebZ8K. The
yield of OH products was quantified by reaction with CO to produce,@Mich was detected by infrared
spectroscopy. The branching ratio of the $iHH,O, reaction into OH product channels was estimated to
be <0.05 at 298 K. Similar experiments on the $iH O, reaction indicated an OH product branching ratio

of 0.076+ 0.04 at 298 K.

1. Introduction

The kinetics of main group hydride radicals are of interest
in the modeling of chemical vapor deposition (CVD) processes
for the fabrication of electronic and photovoltaic deviéesas
well as silane combustidi’. The Sik (silyl) radical is believed

to be especially important in plasma-enhanced CVD techniques

used to deposit thin films of amorphous hydrogenated silicon
(a-Si:H)275 As a result, numerous studies of the kinetics of this
species have been reporfedjth published rate constants for
reactions of SiH with 0,,°12 NO,10.12-13 NO,,12 SjH;,1415
HBr,16 S,Cl,,17 and several unsaturated hydrocarb&rRecent
studies of SiQdeposition under photo-CVD conditions included
H,0O, as one of several possible oxidattd? Most of the rate

constants used in the kinetic model were based on published

measurements; however, a major exception was the $iH
H.0, reaction, for which an estimated rate constant of .2
1071%cm® molecule? s~ was used? No direct measurements
of the kinetics of this reaction have been previously reported.

The SiHs + H,O, reaction has several possible product
channels:

SiH, + H,0, — SiH,0 + OH + H, (1a)
— SiH, + HO, (1b)
— SiH0 + H,0 (1c)

Similarly, the reaction of silyl radical with molecular oxygen
has several possible product channels:

SiH; + O, — SiH,0+ O AH = 11.0 kcal/mol (2a)
— SiH,0 + OH AH = —63.9 kcal/mol
(2b)

— HSIOOH+ H
— HSi(0)OH+ H

AH = 2.8 kcal/mol  (2c)
AH = —108.0 kcal/mol
(2d)

— SiH,00 AH = —52.2 kcal/mol

(2e)

The thermochemical data was taken from the G2 ab initio
calculations of Darling and SchlegélSeveral other (less likely)
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product channels were included in their calculations as well.
They found a low energy pathway at the G2 level to product
channel 2b, suggesting that OH radicals should be a major
product in the reaction. Although the literature on total rate
constants of reaction 2 is extensive, only one group has
previously reported branching ratios. Koshi et al. used time-
resolved LIF measurements of H and OH products to estimate
¢ap=0.25+ 0.05 andp,. = 0.65=+ 0.05 at room temperatufé.
Darling and Schlegel suggested that the observed H atoms
originated from secondary chemistry, such as ©$iH,O —
HSi(O)OH + H.20

We report here measurements of the total rate constant of
reaction 1 over the temperature range 2983 K using laser
photolysis/infrared absorption spectroscopy. We also report an
estimate for the 298 K branching ratio into the OH-producing
channels of both reactions 1 and 2. The total rate constant of
reaction 2 has been reported previously by several workers, and
such measurements are not repeated here.

SiH3; was produced in this study by reaction of photolytically
generated Cl atoms or CN radicals with silane:

S,Cl, + hv (266 nm)— CI + other products 3)
or
ICN + hv (266 nm)— | + CN (4)
Cl + SiH, — HCI + SiH, (5)
or
CN + SiH, — HCN + SiH, (6)

These reactions are fast, with= (3.5-4.5) x 10 1%andks =

2.4 x 10719 cm® molecule’® s1 at 298 K22-24 SjH; radicals
formed in reactions 5 or 6 are detected by infrared laser
absorption using a lead-salt diode laser at 222230 cnt?!
corresponding téR branch transitions of the; stretching mode,
which have been spectroscopically characterfzed.

2. Experimental

The time-resolved infrared diode laser technique has been
described previousl¥A26 Continuous, high resolution (0.0003
cm™?) infrared radiation from a lead-salt diode laser (Laser
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Photonics) was made collinear with 266-nm radiation from an
Nd:YAG laser (Lumonics) by means of a dichroic mirror. Both

laser beams passed through a 6-mm iris in order to precisely
define the beam diameter. The beams were then copropagated
down a 1.43-m Pyrex absorption cell and passed through a

second 6-mm iris. The infrared light then passed through a

0.25-m monochromator and was focused onto an InSb detector

(Cincinnati Electronics;-1 us response). Transient signals were

collected and averaged on a digital oscilloscope and stored on

a computer. The HITRAN databaZeand published spectral
dat&® for SiHz were used as an aid in calibrating laser
wavelengths and identifying transitions.

All experiments were performed on static gas mixtures. To

ensure complete mixing of reagents, gases were allowed to stand

for 5 min in the reaction cell. Typically, only-510 laser shots

were signal averaged for both the total rate constant and product

yield experiments. Under these conditions, only minimal build-
up of products or depletion of reactants was observed.

SiH,4 (Matheson), Sk(Matheson), and £, (Aldrich) were
purified by freeze-pump—thaw cycles at 77 K. @(Matheson,
research grade) was used without further purification. ICN
(Fluka) was purified by vacuum sublimation to remove dissolved
air. HO, (Aldrich, 50% in HO) was purified by extensive
pumping to remove the more volatile water component. After
purification, the HO, solution was estimated to be 95 mol %
pure for a vapor phase purity of 68 10% H0O,, 37 £ 10%
H.0, assuming Raoult's Law. Vapor phaseQd pressures
reported here include this 0.63 correction factor. The 3SiH
radical does not react withJ@, so the presence of,B does
not severely affect these experiments.

3. Results

3.1. Total Rate Constants.Upon photolysis of ICN/Sikf
Sk or SCI./SiHJ/SFs mixtures, several transient absorptions
attributed to SiH radicals were found in the 226@230 cnt?
region, as predicted by spectroscopic studies. TRa€l) and
'Rs(3) lines at 2201.82 and 2226.26 cthrespectively, were
chosen for kinetic studies, based on minimal overlap with,SiH
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Figure 1. Transient infrared absorption signals of the Sibldical at
2226.26 cm®. Reaction conditionsPs,c, = 0.025 Torr,Psjny, = 0.30
Torr, Pu,0, = 0.0 Torr (top trace), 0.315 Torr (bottom trac@ss, =
0.500 Torr. Each trace is the average of 6 laser shots.
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Figure 2. Pseudo-first-order decay rate constant of Sigtlical as a

0.40

lines and optimum probe laser intensity. Results obtained usingfunction of HO, pressure. Reaction condition®s,c;, = 0.025 Torr,

these spectral lines were identical. Using typical photolysis laser
energies of~5—7 mJ/pulse, transient absorptions~015% of
the probe laser intensity were observed. Small off-resonant
background transients {20% of the on-resonant transient)
were observed when the probe laser was detur@®2 cnt?!
off the SiH; line. These background signals, which are attributed
to thermal deflection of the probe laser, were subtracted from
the on-resonant signals to obtain gifitne-resolved absorption
profiles. A typical SiH signal is shown in Figure 1. These
signals display a fast, detector-limited rise followed by a slower
decay, consistent with rapid Sihbroduction by reaction 5 or
6, followed by reaction of Sikl

Typical reaction conditions were 0.025 Torr ofC3, precur-
sor, 0.3 Torr of SiH4, 0.0-0.4 Torr of HO,, and 0.5 Torr of
Sk buffer gas. Under these conditions, and at our photolysis
laser pulse energies, typical Siladical densities of~10'3
molecule cm?® (~0.3 mTorr) are obtained. Pseudo-first-order
conditions of [SiH] < [H20;] were therefore met whenever
H.O, reagent was included. The §buffer gas was included
because it is an efficient collisional relaxer of vibrational
excitation of many small molecules. Except for somewhat
smaller magnitude, identical results were obtained using ICN
as the radical precursor.

The decay portions of the transient signals were fit to single

exponential decays to obtain pseudo-first-order rate constants !

K'. Figure 2 shows a plot of pseudo-first order rate constant vs

PSiH4 = 0.30, PHZOZ = variable,PSFE = 0.500 Torr.

H,0, pressure. As per standard kinetic treatments, the slope of
these plots gives the desired second-order rate corigtarte
nonzero intercept in Figure 2 is due primarily to the $SiH
S,Cl, reaction, which has a rate constant of 05) x 10712

cm® molecule! s1.17 Other (minor) contributions to the
intercept include Sikl+ SiHz self-reaction (or other radical
radical chemistry) and diffusion of Sg-but the probed region

in the cell. At the pressures and beam geometries used, diffusion
occurs on av1 ms time scale, slower than the observed decays.
Diffusion therefore does not significantly affect the transient
signals. BecausexSl, is a viscous liquid with a fairly low vapor
pressure, it is difficult to precisely control {Sl;] in these
experiments, so the reproducibility of the point at 0.0 To;OK

is rather poor. When $D, reagent is included, most of the
pseudo-first-order decay is due to the title reaction, and the
reproducibility is better.

Experiments were conducted over the temperature range
298-573 K. Figure 3 shows an Arrhenius plot of the data. As
shown, the rate constant is essentially independent of temper-
ature over this range. The data were fit to the following Arrhen-
ius expression (error bars represent one standard deviation):

k, = (9.7+ 1.8) x 10 2 exp[(3.24 61)/T] cm®

molecule*s?
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Figure 3. Arrhenius plot of the temperature dependence of the rate Figure 5. 13CO, product yield in the Sill+ H,O, reaction, using

constant of the Sik+ H,O, reaction.
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Figure 4. Transient signal (average of 6 laser shots) 2O, at
2308.172 cm* produced in the Sikl+ O, reaction, using*CO to
convert OH into'3CO, (see text). Reaction condition®,cy = 0.150
Torr, Psin, = 0.025 Torr,Po, = 0.300 Torr,Psg, = 0.500 Torr,P1a,
= 7.35 Torr.

3.2. Product Channels.No attempt was made to detect

13CO to convert OH intd3CO; (see text). Data shown with (triangles)
and without (squares) ICN/SiHeactants. Reaction condition®icn

= 0.150 Torr (triangles), 0.0 Torr (squared)siy, = 0.05 Torr
(triangles), 0.0 Torr (squares}i,0, = 0.190 Torr,Psg, = 0.500 Torr,
P13, = variable.

this vibrational relaxation. The slow decay, or-d—2 ms time
scale, is due to diffusion of CQput of the probed laser beam.
To quantify the [CQ] yields, the slow decay portion of the
transient3CO; signals was fit to an exponential decay function.
(Diffusion kinetics is not strictly exponential, but the ap-
proximation is sufficient for our purposes.) This function was
extrapolated back tb= 0 to obtain the signal amplitude that
would be expected if this decay were not present; this procedure
resulted in values only slightly greater than peak-to-peak
amplitudes. The amplitude was then converted into absolute
number densities using equations described previg@siywell
as tabulated linestrengths from the HITRAN dataldsEhe
only modification was that the linestrengths were corrected for
isotopic enrichment by dividing by 0.011, which is the natural
abundance value dfC used in the database. Figure 5 shows
the resulting'3CO; yield as a function of3CO pressure for the
SiH; + H,0, reaction, with and without the ICN and SjH
reagents. (We prefer the use of ICN rather tha@lSprecursors

SiH,O or SiH0, as there is no available spectroscopic informa- in the product yield experiments, because the 266-nm absorption
tion on these species. The OH radical formed in channel 1a or coefficient and photolysis quantum yield are better known for
2b is readily detectable by laser-induced fluorescence, butICN.) The product yield in the absence of ICN and Sill

calibration of LIF signals to obtain absolute product yields can

attributed to formation of OH from direct photolysis 05Gh

be difficult. The approach used here is to convert any OH at 266 nm. The'3CO; yield roughly levels off at high3CO

radicals formed in 1a or 2b into Gy reaction with an excess
of CO. CQ is readily detected and quantified by infrared
absorption spectroscopy:

OH + ®co—H + co, (7)
This reaction has a low-pressure rate constark;of 1.5 x
10713 cm® molecule! s71 at 298 K28 Carbon-13 labeled
reagents were used because small amounts ofi@Purities
in the reactants proved difficult to completely remove, resulting
in significant static absorptions dfCO, spectral lines. For
detection, we chose the (@) R(36) line of13CO, at 2308.172
cm~L. Figure 4 shows a typical transient signal ¥8€0, upon
photolysis of an ICN/SilO,/13CO/Sk mixture. Similar look-
ing transient signals were also obtained using an ICN/SiH
H,0,/*3CO/SK mixture. As shown, the signal has a rise time
of ~150us, which is somewhat slower than would be predicted
from the rate of reaction 7. We attribute this to the likely
formation of vibrationally excited Co®molecules, which must
be collisionally relaxed to the ground vibrational state. The
inclusion of Sk buffer gas is primarily designed to accomplish

pressures, indicating that most OH radicals formed are converted
into 13CO,. When ICN and Sild are included in the reaction,
reactions 4 and 6 followed by 1a would be expected to produce
additional OH radicals, resulting in an increased yieléfGfO,.
(Only a small pressure of SiHs used in this experiment, to
minimize competition between Sithnd CO for OH radicals).

As shown, the product yields forB,/Sks and ICN/SiH/H0/

Sk mixtures are virtually the same, indicating that essentially
all of the observed product originated from®} photolysis.
Based on the uncertainties in the measurements, we estimate
an upper limit of~5 x 10 cm~3 for the number density of
13CO; produced by OH from reaction 1a. To obtain a branching
ratio ¢15 we calculate an initial CN radical density of 2.96

10 cm™3 from the initial ICN pressure (0.15 Torr) and
measurement of the photolysis laser pulse energy (6.1 mJ) and
absorption coefficient oft (266 nm)= 0.0074 cm?® Torr!

for ICN and assuming a quantum yield for CN production of
unity. The absorption coefficient was determined by measuring
the fraction of 266 nm light transmitted through the cell with
varying pressures of ICN. We also measured the magnitude of
the SiH transient signal vs SiHpressure, as shown in Figure
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200.0 T T T T T T T T T conditions. By a procedure similar to that described above for
SiHz + H20,, we estimate that about 84% of the Sitddicals
reacted with @ at Po, = 0.300 Torr. (Because we did not

0 ]
5 r O ]
2 1600~ A 7] measure Siklpseudo-first-order decay rates in the presence of
s L A = A 4 O, in this study, we used our previous study of $kihetics.}?
g 100 A q 0 After averaging several experiments of the type shown in Figure
= 2T O i 7, we obtain a branching ratio @b, = 0.0764 0.04 for the
g) i g o . SiH; + O, reaction.
@ gool O — ) .
§ i Q]D A Po,= 300 Torr 1 4. Discussion
& -4 § Several possible secondary reactions could potentially affect
':m 40.0 __‘13 O Pugo,= 190 Torr ] the results. Because,B, samples, even purified, inevitably
5_) T . contain some water, we considered the $SiHH,O reaction.
o OF, T T e The decay rate of transient Sidignals did not increase upon
0.00 0.10 020 030 040 050 0.60 the addition of HO over the range-80.5 Torr, indicating that
[SiH,] (Torr) this reaction is extremely slow and does not affect the results
Figure 6. Peak magnitude of SiHtransient signal as a function of  fOr ki determination. We estimate an upper limit 0&310™*3
SiH, pressure. Reaction conditionBicy = 0.100 Torr Psiy, = variable, cm® molecule’® s71 for the rate constant of SgH H,O. The
Pu,0, = 0.190 Torr (squares), 0.0 Torr (triangle®), = 0.300 Torr CN + H,0 reaction is very slow, with a measurable rate constant
(triangles), 0.0 Torr (squaresss, = 0.500 Torr. only above 500 K and a large activation enefgy.
— T If the radical density is high enough, radieahdical reactions
80— * — such as Sikl + SiH3, SiHz + CN, or reaction of Sikl with
i 7 products of reaction 1 could contribute to the observed signal
= I * 1 decay rates. These effects are minimized, however, by keeping
= 6.0 B ¢ ] radical densities as low as possible. Under our typical conditions
= L . ° o A using ICN precursor, about10' CN radicals cm? are initially
§ L . g formed. At these densities, a second-order radicadical
2 - . secondary reaction with a gas kinetic rate constant would occur
% 40~ M T with a half-life of ~500us, which is far longer than the observed
1S i ¢ 7 decay rates, even in the absence of addgobHRadicat-radical
g\' i ] chemistry therefore has an insignificant effect on the results.
O 20k * - Another potential complication is that,B, has a small but
= - g significant absorption coefficient at 266 nm, producing OH
r 1 radicals. Using the high [CO] points in Figure 5, we estimate
L T an OH yield from direct HO, photolysis of~2 x 10*2 cm™3,
0‘00_0 20 4.0 6.0 8.0 10.0 This density is roughly comparable to that calculated by using
[13CO] (Torr) a measured crude estimateoof- 0.0005+ 0.0003 cm® Torr 2
Figure 7. 13CO; product yield in the Sikl+ O, reaction as a function (base e) for KO, at 266 nm. Assuming agas kinetic rat‘_a of 2
of [13CO]. Reaction conditionsPcy = 0.150 Torr Ps;y, = 0.025 Torr, x 1071% cm® molecule! s™* for the Siky + OH reaction

Po, = 0.300 Torr,Psg, = 0.500 Torr,Pi3., = variable. (probably an overestimate), we predict an Sildetime of
several milliseconds, an insignificant effect on the measured
6. This shows that at 0.05 Torr SiHthe conditions used in  decay rates.
Figure 5) only approximately 39% of the CN radicals have been  This work represents the first reported measuremeri.of
converted into Sikl The remaining CN radicals are presumably The value obtained is significantly lower than the estimate used
removed by other paths, such as self-reaction, diffusion, reactionin the modeling study of photochemical Si@eposition under
with CN + H,O,, etc. No literature data on the rate constant of H,O, oxidant condition$81° The extent to which this affects
CN with H;O, are available, but it probably produces HGN the model is not clear, as sensitivity analysis on the kinetic
HO,, which are not expected to affect these measurements. Wemodel was not performed. That model, however, considered
then estimate that about 70% of the Sitddicals reacted with SiH,O formed in channel 1a to be the critical intermediate
H.0,, based on comparison of the intercept of Figure 2 with leading to film deposition. Because reaction 1la also forms OH
the k' value at 0.19 Torr KO, (the pressure used in the radicals, which react with Sik producing more Sikl this
experiments of Figure 5). Using these numbers, we estimate anchannel represents a chain branching step in the overall oxidation
upper limit of the branching rati¢,, < 0.05. mechanism. Our experiments strongly indicate, however, that
Similar OH yield experiments were performed for the $SiH OH is at most a minor product of the S§H H,O, and SiH +
+ O, reaction. Figure 7 shows the resultifCO, yield as a O reactions. This is a quite surprising result, especially fosSiH
function of 13CO pressure. In this reaction, there is no direct + O, for which previous work indicated,, = 0.252% Although
photolytic source of OH radicals, and the resulting signals are secondary chemistry involving OH certainly occurs in this
therefore attributed to reaction 2b followed by reaction 7. This system, at the high CO pressures shown in Figures 5 and 7,
assumption was verified by the observation that#@0, was OH removal should be dominated by reaction 7. For example,
formed upon photolysis of SiHO,/13CO/Sk mixtures, i.e., in OH + SiH4 has a rate constant of 1:2 10711 cm® molecule?
the absence of the ICN precursor. From Figure 6, we estimates ! at 298 K3! Using 0.025 Torr Silj the pseudo-first-order
that, at 0.025 Torr Silj about 27.5% of the CN radicals were rates of OH removal by CO and Sjtre expected to become
converted into Sikl This is roughly consistent with the predicted equal at 1.25 Torr CO, so that G@rmation from reaction 7
relative rates of CN+ O, and CN + SiH; under these should be about half of the amount formed in the high [CO]
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in Figure 7. At the highest CO pressures used, a smdlDg6) 149(EJ)_)SOSIagIe, I. R.; Bernhardt, J. R.; Gutman,Chem. Phys. Letf.988
fraction of OH radicals may still react with SiHbut this error (’10) éugawara, K.: Nakanaga, T.; Takeo, H.; Matsumur&@m. Phys.

is less than the quoted uncertainties in the branching ratios. ItLett. 1989 157, 309.

is thus very unlikely that we have severely underestimated the 83 goshidM.F:e Mzoshri],bA.; Matiucif;}:u Pgsr/]s. CrLlen&lggé, gg,agggg.
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amount of OH in our experiments. (13) Loh, S. K.; Beach, D. B.; Jasinski, J. I@hem. Phys. Lettl99Q
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5. Conclusions (14) Matsumoto, K.; Koshi, M.; Okawa, K.; Matsui, H. Phys. Chem
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The reaction of Siklwith H,O, was investigated. The total (15) Loh, S. K.; Jasinski, J. MI. Chem. Phys1991 95, 4914.
rate constant is 9.& 10712 cm?® molecule’? s71 at 298 K, with (16) Seetula, J. A.; Feng, Y.; Gutman, D.; Seakins, P. W.; Pilling, M.

no measurable temperature dependence over the range 298 J-J. Phys. Chem1991, 95, 1658. . _
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) . . , 1984 89, 297.
products into readily detected G@olecules, a branching ratio (18) Roland, R. P.; Bolle, M.; Anderson, R. Zhem. Mater.2001,
of <0.05 into OH producing channels was estimated. Similar 13, 2493.
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ratio of 0.076 into OH. At this point, the identity of the major (21) Koshi, M.; Nishida, N. Murakami, Y. Matsui, H. Phys. Chem.

product channel in these reactions is still unknown, but we have 1993 97, 4473.
demonstrated that OH-producing channels are less important (22) Ding, L.; Marshall, PJ. Phys. Chem1992 96, 2197.
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