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The effects of argon dilution on the translational and rotational temperatures of SiH in both silane and disilane
plasmas have been investigated using the imaging of radicals interacting with surfaces (IRIS) technique. The
average rotational temperature of SiH determined from the SiH excitation spests®@sK in both SiH/Ar

and SpHe/Ar plasmas, with no obvious dependence on the fraction of argon dilution. Modeling of kinetic
data yields average SiH translational temperaturesidio0 K, with no dependence on the fraction of argon

in the SiH/Ar plasmas within the studied range. In thet&iAr plasmas, however, the translational temperature
decreases fronmy1000 to~550 K as the Ar fraction in the plasma increases. Thus, at the highest Ar fractions,
the translational and rotational temperatures are nearly identical, indicating that the SiH radicals are thermally
equilibrated. The underlying chemistry and mechanisms of SiH energy equilibration in Ar-diluted plasmas
are discussed.

I. Introduction and versatile. IRIS can provide spatially and temporally resolved
2-D images of plasma species of interest, and it has been applied
to measure the surface interactions and translational/rotational
temperatures of probed speci€s!®

Previously, we have measured the surface interactions as well
as the rotational®g) and translational temperature®+( for
SiH radicals in 100% silane and disilane plasmas as a function
of applied rf power P).11° The SiH surface reactivity is near
unity under all plasma conditions, showing no clear dependence
on P, substrate temperaturéd), and precursor gas. In addition,
the average SiH rotational and translational temperatures were
also independent oP and precursor gas, and they were
measured as'600 and~1100 K for silane and disilane plasmas,
respectively: This difference betwee®r and®+ indicates that

Chemically active radicals can be easily created in low- SiH radical tin th | libri ithin the ol
temperature plasmas through electron impact dissociation of In radicals are not In thermal equilibrium within the plasmas.
A similar observation has also been made for OH in alkoxysi-

precursor molecules. This is primarily because electrons in these - T .
systems have relatively high temperatures (D K) in lane/Q plasmas, wherei®(OH) is significantly higher thgn
: Or(OH), again indicating a non thermalized syst&h¥:
comparison to the gas temperaturel(® K).1! The precursor R . 2=
P g b e K P However, ©r and Ot for OH are nearly identical in D

fragments can obtain different kinetic energies during the . . . A
dissipation of excess energy as a result of differences in massplasmas, suggesting that OH radicals are in thermal equilibrium
¢in this systent!:23 These results led us to hypothesize that

as well as energy transfer pathways. Therefore, knowledge o . ) X S
the energy partitioning among these species is a key componenfad'_cals produced by unimolecular dls_somatlon processes (such
as in the HO system) are more likely to reach thermal

of the plasma chemistry occurring during film growth. In most o L .
silane or disilane plasmas, however, the SiH density is low due equilibrium than molecules formed via bimolecular reactions,
! ' such as in the alkoxysilaneQystems.

to its high gas-phase reactivity and surface-sticking prob- ) ) . .
ability.1:21213 The SiH results, however, would appear to disagree with this

SiH in plasma systems can be examined using various gas-NYPothesis, provided that SiH was formed through a stepwise
phase diagnostics. For example, laser-induced fluorescence (LIFfissociation process. Previously, we noted that SiH is formed
is a sensitive plasma diagnostic tool that has been usedby the direct electron-induced dissociation of Qikather than
extensively to investigate the nature of a variety of plasma Vi@ Sequential dissociation of Sitor SiH,* Because this
species, including the SiH radical. Data on relative or absolute dissociation pathway proceeds via a super-excited electronic
gas-phase concentrations, gas and surface reactivity, and kinetid@nsition state, this creation mechanism may result in the
energy have all been obtained with L3fL14.15Combining LIF significant differences measured in the rotational and transla-

and plasma molecular beam technology, our imaging of radicals ional temperatures of SiH. Moreover, the extremely high gas-
interacting with surfaces (IRIS) technique is particularly useful Phase reactivity of SiH may also contribute to this discrepancy.
Specifically, SiH is very reactive with Siiisuch that the SiH

* Author to whom correspondence should be addressed. E-mail: fadicals probed in the molecular beam are mainly produced close
erfisher@lamar.colostate.edu. to the extraction orifice, and have undergone erfycollisions
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Silane and disilane plasmas have been extensively applied
to the deposition of hydrogenated amorphous silicon films (
Si:H). These materials are widely used in microelectronic
devices such as solar cells, thin film transistors, and flat panel
displays!~—® During the deposition processes, neutral k=
0—3) species are considered as important precursors for film
growth178 Among these, the long-lived SiHis considered the
primary precursor for film growth, although the short-lived Si,
SiH, and SiH still have significant influence on film proper-
ties39.10 |nvestigations of the surface interactions of these
species are, therefore, of practical importance to the improve-
ment of film characteristics.
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prior to exiting the reactor. Thus, there are not enough collisions and gate width of the ICCD camera were set at 205 and 2000
to allow SiH to reach thermal equilibrium. One can expect that ns, respectively. These settings allow for the collection of
the discrepancy betweddr and @1 of SiH can be reduced or  fluorescence over the entire radiative lifetime of the SiEFAA
eliminated if there are more nonreactive collisions for SiH. state (534 ns}® The scan range was from 413.40 to 413.45 nm
Therefore, we have investigated the effects of argon dilution with 0.001-nm steps and 1500 laser shots per step. The rotational
on ©1 and®g of SiH in both silane and disilane plasmas. The temperature of SiH is determined from simulations of the Q
argon dilution in these systems can provide additional nonre- (J = 10.5) and R (J = 2.5) rotational lines using the LIFBASE
active-collisional cooling for SiH, as well as more information progran¥’ at different temperatures until a best fit to the
on the energetics characterization of reactive plasma speciesexperimental data is obtained.

The process of thermal equilibration of SiH radicals is also  Four different gate delays, typically 205, 505, 805, and 1105

discussed. ns after the laser pulse, and a relatively short gate width of 100
ns were used for SiH velocity measurements. The pixels on the
Il. Experiment ICCD were not binned for the velocity measurements, yielding

the highest spatial resolution and thus the most accurate
easurement of the molecules’ movement. The CCD camera
as a resolution of 0.1008 mm/pixel for velocity measurements.
The LIF signals were collected for 8 or 12 accumulations of
10* laser shots at each time delay. Cross sections of the LIF
images along the molecular beam were obtained by averaging
100 rows of pixels in the laser beam axis. To accurately
determine the peak position of LIF intensity, a symmetrical laser
spatial profile is assumed and the cross section is fit by a
Gaussian function. The SiH velocity then can be calculated from
ethe spatial shift in the maximum fluorescence intensity at the
four time delays by plotting them as a function of time delay
and fitting with a linear regression analy3i¥ The slope of
this linear fit gives the average velocity of SiH along the center
axis of the molecular beam. The average velocity obtained by
this method represents a lower limit to the translational velocity
of SiH because the molecules in the molecular beam also move
in the radial directions. Thus, a Monte Carlo simulation program
was used to calculate the cross section of the spatial LIF intensity
as a function of time delay at differe@r.18 This simulation
assumes that the velocity distribution of SiH in the bulk plasma
can be described by a MaxwelBoltzmann distribution. The
peak positions of simulated cross sections are then analyzed as
'described above for the experimental data. Comparison of the
experimentally obtained value with the simulated values is
performed in an iterative manner, yielding the velocity of the
SiH in the plasma. The translational temperature can then be

The rotational and translational temperatures of SiH have been
measured with our IRIS apparatus, which has been describe
in detail previously-2%-24Briefly, the precursor gases enter at
the rear of a tubular glass reactor, rf power (13.56 MHz,
Advanced Energy) is applied to an inductor coil, and a plasma
is produced. For the SiAr and SpHe/Ar mixtures, the total
flow rates are maintained at 20 and 15 sccm, respectively, which
leads to source pressures of-3 mTorr. The plasma expands
through a 9.5-mm diameter orifice and a series of collimating
slits (~1 mm) and enters a differentially pumped region; to reach
the interaction chamber, the beam then passes through a seri
of collimating slits ¢~1-mm wide) into a high-vacuum chamber.
The typical pressure in the differential chamber is maintained
below 10°° Torr during experiments, and that in the main
chamber is~1076-10"° Torr. The mean free path of SiH
molecules in the plasma reactor 181 mm. Because the
collimating slit widths are~1 mm, the molecular beam can be
classified as collisionless and “near effusivé®25 This is
discussed further below.

An excimer-pumped tunable dye laser (XeCl, Lambda Physik
LPX210l, Scanmate2) beam intersects the plasma molecular
beam at a 90angle downstream from the source and excites
the ground-state SiH radicals in the plasma molecular beam
resulting in LIF signals. The spatially and temporally resolved
LIF images were collected by an electronically gated and
intensified charge-coupled device (ICCD), located perpendicular
to b.Oth the .Iaser qnd plasma molecular beams, directly abovecalculated from the velocity distribution®¢ = zmv%/8k, where
the .|nteract|on region. . . mis the mass of the radical ads Boltzmann constand)This

Silane (Voltaix, 99.999%), disilane (Voltaix, 99.99%), and  mnethod is sensitive to small spatial shifts, which works well

argon (Air Products, 99.999%) were used as feed gases. For,, species with relatively short fluorescence lifetimes because
mixture gases, the fraction of Sitbr SkHe is defined as the 5 imited range of time delays can be used.

ratio of the flow rate of Sild or SikHg to the flow rate of Ar.
For all experiments, the applied rf power was 60 W, and the
total pressure in the source was 50 mTorr, regardless of the
flow rates used. Exalite 417 dye (Exciton) was used in the dye Figure 1 shows the 2-D ICCD images of SiH LIF signals
laser to probe the SiH ZA—X?I1 transition. The output laser  using a 100% SHg plasma molecular beanP (= 60 W) at
energy with this dye was typically-37 mJ/pulse. Rotational  gate delays of 205, 505, 805, and 1105 ns. In these images, the
lines Q (J = 10.5) at 413.418 nm and,RJ = 2.5) at 413.428  plasma molecular beam moves from left to right and the laser
nm were used for the rotational temperature measurementsis propagating from bottom to top. As the gate delay increases,
because the relatively large difference in rotational quantum the SiH LIF intensity decreases significantly due to the radiative
number means the relationship between these two peaks isdecay of the excited SiH?A state after laser excitatidrFigure
sensitive to®g. The R (J = 1.5) rotational line at 414.438  2a shows the correspondingcross sections of the SiH LIF
nm was used for translational temperature measurementsimages in Figure 1. For the shortest time interval, we observe
because of its higher LIF intensity. Measurements of the SiH a peak position shift 0f~0.2 mm. Although the shifts of the
LIF signal intensity as a function of laser energy yielded typical maximum LIF intensity along the direction of the molecular
optical saturation behavior. All measurements were performed beam can be seen in the cross sections, they are better
with the laser energy in the optical saturation regime such that distinguished when plotted as a function of time delay, as in
the data were not affected by small fluctuations in laser power. the inset of Figure 2a. The linear regression analysis yields a
The rotational temperature of SiH was measured by collecting slope of 759 m/s, which represents a lower limit to the average
SiH fluorescence excitation spectra with the ICCD images 4  SiH velocity in the molecular beam. This value corresponds to
4 binned to increase the signal-to-noise ratio. The gate delay®r(SiH) = 789 K. To obtain a more accurate average velocity

Ill. Results



SiH in SiH/Ar and SpHe/Ar Plasmas J. Phys. Chem. A, Vol. 109, No. 46, 20080523

(a) (b) (d)

Figure 1. ICCD images of LIF signals for SiH radicals in a 100%H% plasma molecular bear® & 60 W) at four different gate delays: (a) 205
ns, (b) 505 ns, (c) 805 ns, and (d) 1105 ns after laser excitation. The intensity scales in (a) and (b) are identical; due to the lower signal intensity
in (c) and (d), the data have been multiplied by a factor of 2.

and the corresponding average translational temperature, the(a) 4000
spatial shifts as a function of time delay have been simulated
at different translational temperatures until a good agreement
between the experimental and simulated results is obtained. TheZ
simulation results are also plotted in Figure 2a, yielding an
average kinetic velocity of 768 62 m/s and corresponding 5,
average translational temperature®@f = 820 4+ 129 K. The B
discrepancies between the model and the experimental signal§
shapes in Figure 2 are the result of the radial movement of the .§
molecular beam in all directions during the expansion through
a slit, resulting in “wings” on the data. For the velocity =
measurements, however, the peak positions are the criticallE 1000
dimension being simulated, and this is not significantly affected “?
by the wider wings at lower delay times.

Figure 2b shows the cross-sectional plots of SiH LIF images
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of the linear regression fit is, however, somewhat lower than (b)
that for the 100% $SHe plasma, 607 m/s. The simulation yields 3000

e
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a correspondingly lowe®+ of 525+ 96 K for the Ar-diluted Eo.s
system. _ 3

We have previously collected extensive excitation data for § @ 50.4 g
SiH over a wide range of wavelengths (43414.5 nm}-'°and = 2000 = o

have measured the rotational temperature from these spectrag
Here, we again collected excitation spectra over a reasonably §
wide wavelength range and found good agreement with theseE
previous results. For the purposes of determin®g in this
work, we focused on two rotational lines with significantly o 1000
different quantum states. Figure 3 shows the experimental andX
simulated excitation spectra of SiHHA—X?IT from 413.40 to 2
413.45 nm collected using a 100%I% plasma molecular beam
(Figure 3a) and a 67% $Hs plasma molecular beam (Figure
3b). These data clearly show that the populations of the two
states are similar for the two different plasma conditions, 20 .10 0 10 20 30 40
although it appears that the;Q = 10.5) rotational state is
slightly more populated in the diluted plasma system. As can
be seen in Figure 3, excellent fits between the experimental ki ,re 2. (a) Cross-sectional data for the SiH LIF images shown in
and simulated data were obtained for both data sets. Becausgigure 1 (solid lines) at four different time delays: (A) 205 ns, (B)
these two rotational lines have quite differedtquantum 505 ns, (C) 805 ns, and (D) 1105 ns after laser excitation. Simulated
numbers (10.5 and 2.5), the ratio of these two peaks heightscurves for®r = 820 K are also shown (dashed lines). In the inset, the
will be sensitive to changes in the rotational temperatures. As SPatial positions of the maxima of the LIF signals are plotted as a
noted above, we have previously fit larger portions of the function of time delay. The slope of the linear regression analysis
. . . corresponds to the velocity (759 m/s) of the SiH radicals along
rotational spect_rum for S'H and find good_ correspondence the central axis of the molecular beam. (b) Cross-sectional data
between these fits and the fits to the two rotational states chosery siH radicals in a 2:1 SHy/Ar plasma (67% SHe) at the same
for analysis in this study!® From several data sets, the four gate delays, along with simulated curves for SiH with =
simulation yielded a rotational temperature of 520 K for 525 K.
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Figure 3. The SiH A2A—X21 excitation spectra (solid circles) from 400 . . . . .
413.40 to 413.45 nm obtained in (a) a 100%Hgiplasma and (b) a 0.6 0.7 0.8 0.9 1.0
67% SiHe plasma. The simulated excitation spectra for each system . e
using the LIFBASE program are also shown (solid lines). The best fits Si,Hy fraction in Si)H/Ar plasmas

between the experimental and simulated data correspond to rotationalrigyre 5. The average translational (open circles) and rotational (solid

temperatures of 520 K for the 100%,8 plasma and 550 K for the  ¢jrcles) temperatures of SiH radicals inlSi/Ar plasmas as a function

67% SiHs plasma. of the SiHs fraction in the feed gas. The lines are linear regression

fits to the data.

the 100% SiHg data set and 558 30 K for the 67% SiHg . ]

data set. These values are consistent with the observation thatV- Discussion

theJ = 10.5 state is more highly populated in the diluted plasma  The energy distribution of radicals produced in a plasma

system. system largely depends on their formation mechanisms. In silane
Figures 4 and 5 contain the avera@e and Og values  and disilane plasmas, the primary radical fragments formed

determined for SiH in SibAr and SpHe¢/Ar plasmas as a  through direct electron impact reactions are quite different. The

function of S|H1 and SQHG fractions in the miXtUreS, respec- primary radicals produced in the S“-Ib|asma are given in
tively. As noted in the Experimental Section, the fraction of reactions 1-4,810.14.152830 \yhere the numbers in parentheses

S|H4 and SQHG in the mixture is defined as the ratio of the refer to the fraction of the radicals in the gas phase:
flow rate of SiH, or SbHe to the flow rate of Ar. For the

rotational temperatures of SiH, no clear dependence on the argon SiH, + e— SiH; (0.830)+ H Q)
dilution is found in either silane or disilane plasmas. The

weighted averag®xr values for SiH in Si/Ar and SpHg/Ar SiH, + e— SiH, (0.097)+ H, (2)
plasmas (averaging all dilution conditions) are 4900 K and

530+ 10 K, respectively. In contragB+ for SiH demonstrates SiH, + e— SiH (0.047)+ H,+ H (3)
different trends in the two plasma systems. No significant

dependence on Ar dilution is seen in the 3kt plasma within SiH, + e— Si (0.026)+ 2H, 4)

the investigated fraction range of Siflom 0.5 to 1.0, as shown

in Figure 4. At lower SiH fractions, the SiH signal decreases Note that the production mechanisms for SiH radicals have been
to below the detectable limit in our apparatus. In thgHgAr studied extensively. From these works, it is commonly accepted
plasma, however, the translational temperature of SiH increaseshat SiH radicals are formed primarily from the direct electron
significantly with increasing SHe fraction. When the fraction  impact dissociation of Sil{ reaction 341914.29n contrast, for

of Si;Hg reaches 0.67, the translational temperature of SiH is Si;Hg plasma, SiH is not formed from the direct electron impact
almost equal to its rotational temperature, which indicates that dissociation of SHe.231° The primary SiHs dissociation

SiH radicals reach thermal equilibrium in this plasma system. reactions in SHg plasmas are given in reactions-%:310
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Si,H;+ e— SiH, + SiH,— Thus, we are confident that the effects we observe are not the
SiH, (0.300)+ SiH,(0.340)+ H (5) result of supersonic expansion of our molecular beam.
2 3 Gas-phase production and loss reactions of radicals are

Si,H, + e— Si,H: (0.340)+ H (6) important for understanding thermal equilibration processes in
26 Zs a plasma system. Like other highly reactive radicals such as Si
Si;Hg + e— SiH;SiH (0.020)+ H, @) and SiH, SiH easily reacts with Sifvia reaction 8:
SiH + SiH, <> Si,Hs* + M — Si,H; (8)

In a disilane plasma, SiH radicals are mainly produced by further

dissociation of the primary product SjHpresumably via  \where M is a third body that collisionally stabilizes,lSé*.33
reaction 3, or possibly by a stepwise dissociation mechanism Nnomura et al. measured the rate constant of this reaction as 4.8
(i.e., SiHy — SiHz — SiH, — SiH).1310 x 10711 cm? mol~1 s~ in the afterglow of an SilAr plasma

During the dissociation of precursor molecules via electron at 300 K33 Reaction 8 has, therefore, been considered as the
impact reactions, the released excess energy is transferred t¢rimary gas-phase loss mechanism of SiH in silane pladmas.
the dissociated fragments. This can lead to a high initial As noted above, the primary creation mechanism for SiH is
translational and rotational energy for these fragménts; 16 reaction 3 in both silane and disilane plasmas. Thus, the balance
which can be dissipated through collisional cooling. The petween these two processes affects both the SiH density in
rotational temperatures of SiH in both silane and disilane the plasma as well as the thermalization of the translational and
plasmas are nearly the same at all gas ratios, indicating that theinternal energies. For example, the increase of Ar in both
rotational energy of SiH has been thermally equilibrated. This systems results in a significant decreaséattor of 2-3 at 30%
is supported by the observation that the rotational relaxation Ar) in the number density of SiH as a result of fewer precursor
rate of SiH is fairly high (1.5x 10 cm¥s)3! such that the  molecules. Likewise, the translational temperature of SiH shows
rotational temperature of SiH is likely thermalized to the average different trends as a function of argon dilution in $iAr and
gas temperature before it is extracted from the plasma source Sj,Hq/Ar plasmas, as shown in Figures 4 and 5. In thgHgi
It is a common assumption that the rotational temperature of Ar plasma, a clear dependence on the Ar fraction is found,
the gas-phase radicals is equal to the average ambient gasvhereas there is no dependence on Ar dilution in they®iH
temperature because the high initial rotational energy can beplasma. This difference in the translational temperatures indi-
easily dissipated through rotatiorabtational and rotational cates that SiH radicals in the silane and disilane plasmas have
translational energy transfer due to the high rotational relaxation different thermal equilibration rates.
rate!432Thus, in our systems, we believe the gas temperature  This can be understood by examining the source of the SiH
is ~500 K, in good agreement with what we found previously heing detected in the IRIS experiments. In the 100% silane and
for SiHs and SjHe plasmas over a range of applied rf powers disjlane plasmas, the loss rate of SiH radicals via reaction with
(P =20-80 W)! SiH, is high due to the relatively high density of SiHThe

It is also commonly accepted that the average rotational detected SiH radicals in these systems must, therefore, be those
temperature of the gas-phase species in plasmas is equal to thegxtracted from the plasma reactor before their kinetic energy
average translational temperature and thus to the ambient gasas been thermalized via nonreactive collisions with,Sitese
temperature. Our results for SiH do not, however, support this SiH radicals have a relatively high translational energy- 2000
assumption. Indeed, th®7 values measured for SiH in both K, which arises from the initial dissociation processes. It is
SiH4J/Ar and SpHe/Ar plasmas are significantly higher than the assumed that the third body collisional stabilization in process
gas temperature~1000 K vs~500 K) under most dilution 8 comes primarily from precursor gas molecules in each system.
conditions. This indicates that the initially high translational  The gas-phase chemistry of the two systems is significantly
energy has not been thermalized prior to extraction from the affected by Ar dilution. Specifically, the dilution affects the
source. The observation th@lr is nearly the same a®r at density of SiH in the SiH/Ar and SpHe/Ar plasmas differently.
the highest Ar dilution for SHe plasma is discussed further In the disilane system, SiH radicals are produced via subsequent
below. dissociation of Siklthat is formed via electron impact of;5lg,

One possibility for the significantly highé®r values found reaction 5. Because this is a secondary dissociation pathway,
in the SiH, systems and in most of the ;Big systems is that  the SiH, density is relative low, especially at high fractions of
there has been some supersonic expansion in the moleculaargon. SiH radicals formed in the disilane system are thus more
beam. For a typical supersonic expansion molecular beam,likely to be thermalized via nonreactive collisions before they
however, the internal energy of molecules is transferred to the are lost through reaction with SijHIn the silane plasmas,
kinetic energy during the expansion, leading to very &y however, the relative SiHdensity is significantly higher than
values (e.g.<50 K). In our systemsr ~ 550 K, significantly that in a disilane plasma. Thus, the loss of SiH via reaction
higher than typical supersonic beams. Moreover, if supersonic with SiH, is high, even at argon fractions of 0.5. Hence, the
expansion was occurrin@r would be high under all conditions  SiH radicals detected within the investigated dilution range are
and the addition of Ar would not affect these values (as the most likely nascent SiH radicals formed via reaction 3, thereby
pressure is the same). For the most dilutegHSiplasmas, maintaining a high translational energy, even with the addition
however, we measure a low€r for SiH, indicating that the of Ar.
dilution significantly affects the translational temperature, most ~ Support for this hypothesis comes from literature studies of
likely through collisional cooling. One additional point can be Si atoms and Siklin SiH4/Ar systems. In comparison, Si atoms
made from previous results in our laboratory for a 100%H have a much higher reactivity with Sjithan SiH?-3*whereas
plasma, wherein we measured the rotational and translationalSiH, has a comparable reactivity to S#i.Tanaka et al.
temperatures of OH radicals as nearly identical, with no measured the translational temperature of Siin a 50-mTou SiH
dependence on applied rf powiinally, we have previously  Ar plasma using laser absorption spectrosctplyrom their
explicitly tested the effects of orifice size and find no depen- data,®+(Si) decreases significantly when the fraction of $iH
dence on this parameter for either tBe or O for SiH radicals. is lower than 0.5. In the 100% Sitsystem,O+(Si) ~ 680 K,
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whereas at 20% SiH ©1(Si) ~ 480 K. At 5% SiH, the detected SiH radicals are likely nascent radicals formed in the

translational temperature of Si reaches room temperature, whichdirect electron impact dissociation of SiHn contrast®(SiH)

indicates that the Si radicals have been completely thermalized.in Si;He/Ar plasmas decreases significantly as the fraction of

In contrast, Kono et al. measured the translational temperatureAr increases, which suggests that SiH radicals in the argon-

of SiH, in SiH/Ar plasmas (40 mTorr, 4.5 W) and found that diluted disilane plasma efficiently lose their kinetic energy

O+(SiHy) is close to room temperature, 33634 K, regardless  through nonreactive collisions.

of the SiH; mixing ratio. Because of the high reactivity of atomic

Si with SiH; molecules, Si atoms are lost via the 8iSiH, Acknowledgment. This work was supported by the National

reaction before their kinetic energy is thermalized by nonreactive Science Foundation (NSF0137664).
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