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A model describing the growth of a film of amorphous silicon from an rf silane discharge
plasma is constructed. Estimates are obtained on the basis of recent experimental data for several
constants of electron-stimulated dissociation reactions. The role of different components and

the influence of the principal parameters {pressure, electrode spacing, electron density) on the film
growth process are analyzed by numerically solving a system of chemical-kinetic equations.
Analytical dependences on the system parameters, characterizing the growth rate of the film and its
quality, respectively, are obtained for fluxes of silane and silylyl onto the surface. The

analytical expressions closely approximate the results of the numerical calculations and permit
the performance of parametric investigations. © /996 American Institute of Physics.

[S1063-7842(96)00912-9]

INTRODUCTION

The simulation of a film growth process is an effective
means for investigating the growth mechanisms and permits
optimization of the corresponding technological processes.
The number of studies devoted to the complete simulation of
a film growth process from an rf discharge plasma is very
limited because of the complexity of faithfully describing a
large number of plasma-chemical and adsorption processes.
The information that can be derived is restricted to the film
growth rate and, at best, to descriptive characteristics of its
quality. These statements also apply to films of amorphous
hydrogenated silicon (a-Si:H). The role of such studies,
however, has increased as a result of the recent advances in
understanding the nature of the defects formed in films and
as a result of the newly achieved possibilities for directly
measuring the defect concentration,' the concentrations of
Si—H and Si—H, complexes, and the refractive indices® as a
function of the conditions in the growth chamber.

The most complete model of the growth process of
a-Si:H films from an rf discharge plasma was constructed by
M. Kushner.® His research was based on cumbersome calcu-
lations for a system of more than forty components (neutral
and charged species having the general formula Si, H, with
n<2m+2) and use of the Monte Carlo method to calculate
the electron energy distribution function.

Studies recently performed by several investigators
have led to refinement of the values of the rate constants for
several plasma-chemical processes. The analysis that we per-
formed showed that the new rate constants lead to qualitative
changes in the paths of formation of the different compo-
nents.

The question of which component makes the predomi-
nant contribution to the growth of films has been discussed
in connection with the attempts to simulate film growth pro-
cesses. The main contenders for the role of the decisive com-
ponents were SiH;, Si,H,, and SiH,. After the in situ experi-
ments in Refs. 8 and 9 and the analysis performed in Refs.
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6-8 for films of so-called device quality, this question was
resolved in favor of silyl (SiH;). The other radicals, includ-
ing the polysilanes, were assigned the role of components
that lead to deterioration of the film quality.2*!%13-1

In our opinion, cumbersome numerical calculations are
still not justified, because the constants of many chemical
processes are known with insufficient accuracy and reliabil-
ity. This also applies to the constants of processes stimulated
by electron impact, since even in such detailed investiga-
tions, as Ref. 3, the calculation of the discharge was not
self-consistent. Moreover, calculations based on models of
the type used in Ref. 3 require such great expenditures of
machine time that they do not make it possible to obtain
results covering time periods that are of interest from the
standpoint of practical applications, i.c., to obtain stationary
solutions. Therefore, the purpose of the present work is to
construct a qualitative model of the bulk chemical kinetics
and the growth of hydrogenated amorphous silicon films
from an rf silane discharge plasma.

In this paper we formulate a considerably simpler model
than in Ref. 3, which makes it possible to perform quick
evaluations of all the principal growth parameters (the de-
pendence of the growth rate and the film quality on the con-
ditions in the deposition chamber) with sufficient accuracy.
A numerical investigation of the physicochemical processes
in a silane plasma is performed, and analytical expressions
are obtained for the fluxes of silyl and silylyl (SiH,) onto the
surface. If refined values of the rate constants are used in
these expressions, it is easy to obtain more exact data on the
film growth characteristics. It is difficult to expect such re-
sults from cumbersome calculations with uncontrolled accu-
racy.

1. SELECTION OF THE MODEL

First of all, on the basis of an analysis of the data pre-
sented in Ref. 3 regarding the characteristic values of the rate
constants of different chemical reactions and the hypothesis
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that the concentration of the radicals is considerably smaller
than the concentration of the principal component SiH,
(which is confirmed both by the results in Ref. 3, as well as
by our evaluations'® and the calculations performed in the
present work), it is possible to establish that to describe film
growth it is sufficient to take into account only 12 species
(besides the sustaining component, i.e., silane): SiH,;
n=1-3; H; Hy; Si,H,, n=3-6; Si,H{ ; Si,H¥* (the aster-
isks denote electronically excited states); SiyHg.

The active formation of polysilanes,'” i.e., Si,H, par-
ticles with m>2 (when m>5 they are referred to as
““dust>*?) takes place under the usually employed regimes for
growing films. Their impingement on the surface results in
deterioration of the film parameters. As the estimates and
the calculations performed show, the influence of the poly-
silenes, which are not taken into account in our model, on the
concentrations of the components considered (at least in the
range of parameters considered in this work) is not decisive,
allowing us to neglect them and still obtain a qualitatively
correct description of the film growth process.

To describe the gas-phase processes in the system under
consideration, we restrict ourselves to consideration of only
convective and diffusion transport processes. The corre-
sponding system of chemical-kinetic equations has the form

on;lot+uVn,=V(D,;Vn)+F;,

F'-=E nj nekj,""zl Kj”ni)_nig (n,k,-j+2 Kj[,'ﬂ,),
J
(1

where the k;; are the rate constants of processes induced by
electron impact, the K;; are the rate constants of chemical
reactions, the D; are the diffusion coefficients, n; is the con-
centration of component {, and « is the hydrodynamic veloc-
ity.

To complete the formulation of the problem under con-
sideration we must assign the boundary conditions and rate
constants of the various processes. As for the rate constants
of the chemical reactions, we used the data in Refs. 3—-6 and
18 to calculate them. More recent data that permit refinement
of the values of the rate constants for several key processes
were taken into account.

This applies, first of all, to reaction R15 (see Table I):
SiH; + SiH; — SiH, + SiH,. As was shown in Ref. 4, the
previously used value of the corresponding rate constant was
strongly underestimated; therefore, we used the data of Ref.
4. In addition, as was noted in Ref. 18, the value given in
Ref. 3 for the vrate constant of the reaction
Si,H, + H, — SiH4 + SiH, (R23) exceeds the frequency of
elastic collisions; therefore, we used the value recommended
in Ref. 18 for this rate constant.

More recent data on the rate constants of the electron-
impact dissociation of silane molecules were also used in the
work. The total cross section of this process is known with
great reliability. Recent investigations,’™’ however, have
shown that the distribution of the products of this reaction
among the channels SiH;+¢—SiH; + H (R1), SiH, + 2H
(R2), SiH + H + H, (R3), and SiH, + H (R4) differs signiti-
cantly from that previously adopted: 83% are products of
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TABLE 1. Rate constants of reaclions.

Reaclion Reaction No. Ralte constant *
SiH,+e—SiH;+H Rl 3.0(—11)be
SiH,+ e—SiH,+2H R2 L.5(— 10)¢
SiH,+ e—SiH+H+H, R3 9.34(— 12)°
SiH,+ e—SiH,+H, R4 7.19(— 12)°
H,+e—2H RS 4.49(— 12)¢
Si,H¢+ e —SiH,+SiH, R6 2.86(— 10)°
Si,Hg+ e —Si,H,+H, R7 1.23(- 10)*
SiH,+H—SiH,+H, R8 2.53(— 12)4¢
SiH,+ SiH,—Si,H} R9 LO(—11)f
SiH, +SiH—Si,H,+H, RI1O L7(-12)
SiH,+SiH—SiH; RI1 2.5(-12)
SiH,+ Si;H;—SiH;+Si,H, RI2 5.0(—13)
SiH,+ Si,H,—Si;Hg RI13 1.0(- 10)¢
SiH, +H—SiH,+H, R14 1.0(—10)¢
SiH,+SiH,—SiH,+SiH, RIS 1.5(— 104
SiH;+SiH,—8i H¥* RI6 1.0(—11)
SiH;+Si,Hs—SiH,+Si,H, R17 1.0(— t0)4
SiH,+ Si;H;—Si;Hg RI8 LO(— L)
SiH,+Si,Hg — SiH,+Si,Hs R19 3.27(— 12)%*
SiH,+H—SiH+H, R20 7.96(— 13)
SiH,+SiHg—Si;Hg R21 1.2(- 10)
Si,Hy+H,—Si,H; R 1.7(-12)
Si,H,+H,—SiH,+SiH, R23 Lo(- 10)¢
Si;Hg+H—-Si;H +H, R24 1.0(—-10)¢
Si,Hg+H—SiH,+SiH, R25 7.16(— 12)%*
Si,He +H—Si,Hs+H, R26 1.43(—~ 11)%¢
Si,H¥ —Si,H,+H, R27 5.0(6) s
Si,H¥ + M —Si,Hg+ M R28 1.0(—1)%
Si,H¥*—SiH,+SiH, R29 23(T)s!
Si;H¥*—Si,H,+H, R30 2.3(7)s™!
SiyHg +H—Si,Hy+SiH, R31 2.17(— 11)4*
SiyHg+SiH;—SiHe+H, R32 Lo(—11)

®Unless indicated otherwise, the dimensions of the constants presented cor-
respond to em?-s7 . Also, unless stated otherwise, their values were taken
from Ref. 3.

®3.00(— 11)=3x10""".

‘Data are presented for an electrode spacing Ly=2.5 cm, a partial pressure
of silane in the growth chamber p,=0.125 Torr, a temperature 7= 520 K,
and a specific power W’ =0.25 mW/cm®.

“Data from Ref. 8.

“The constants were calculated under the assumption that the rotational
translation temperatures are equal.

fWith regard to the ratio between the constants proposed in Refs. 3 and 18,
see the text at the end of Sec. 4.

EM is an arbitrary particle that acts as the collision partner with Si;H¥ .

reaction R2, and 17% are products of reaction R1 (the yields
of the remaining reactions were not determined in view of
their smallness). We shall use the data presented in Ref. 3 for
the sum of the rate constants of reactions R1-R4 and assume
that the ratio between the rate constants of reactions R| and
R2 is equal to the ratio between the yields of these reactions
(17:83), and we take the data of Ref. 3 for the rate constants
of reactions R3 and R4. Then the corresponding rate con-
stants for an electrode spacing Ly=2.5 cm, a partial pressure
of silane in the growth chamber Py,=0.125 Torr, and a spe-
cific power W'=025 mW/cm® are k(R1)=3.00x10""!,
k(R2)=1.50X10"'°, k(R3)=9.34x10"'%, and k(R4)
=7.19% 1072

It was shown in Ref. 12 that the most effective channels
for the electron-impact dissociation of Si,Hg are the reac-
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tions Si;H¢+e=SiH; + SiH, + H (91+9% yield) and
Si;Hg + e = H;SiSiH + 2H (9%£9% yield), but it was not
possible to reconstruct the corresponding rate constants.

An approximate method is proposed for determining the
dependences of the constants of processes initiated by elec-
tron impact on the discharge parameters. To obtain this pa-
rametrization the electron energy distribution function is
modeled in the Boltzmann form, but it is taken into account
that the electron temperature 7, appearing therein corre-
sponds to the high-energy ““tail’’ of the electron distribution
and depends on the pressure of the gas and the electrode
spacing. The balance relationship of the particles is used to
determine T,: the ionization frequency v;=Nk; is equal to
the frequency of the diffusion-controlled depletion of par-
ticles from the bulk, where k; is the ionization constant and
N is the number density of the neutral gas. It follows from
the assumption of quasineutrality that the frequency of the
depletion of electrons is equal to the frequency of the deple-
tion of the ions. As a result, we obtain

ET;
mm,T, €;

Xexp{—&/T,)de, 2

172D,,/L2=Nk,-=N1'rme(

where D,=b,T, is the ambipolar diffusion coefficient, b; is
the mobility of the ions, m, is the mass of the electron, o; is
the ionization cross section, &; is the ionization threshold,
and L is the electrode spacing.

For not excessively low pressures we can assume that
D, is inversely proportional to the pressure p in the cham-
ber.

If the electron temperature is sufficiently small, i.e., if
T,<¢g;, we can approximate the ionization cross section by
the linear function o;=c (e — &), where ¢, =const, and ob-
tain the following asymptotic expression for the ionization
constant

k;=2c,e2T,/mm,) "%exp(e;/T,). 3)

Since the expressions for the rate constants k, of the
reactions stimulated by electron impact have the same form
as the ionization constant (2) and only have different values
of the parameters ¢; and o;, approximations like (3) with the
appropriate changes are obtained for them. For the ratio be-
tween the rate constants calculated for different values of the
electron temperature it is easy to obtain the expression
kI kO=(T,IT ) exp[—e(T; '—T")), where €, is the re-
action threshold. A similar relation can be written for the
ionization constants. Using it to determine the relationship of
the electron temperature to the pressure and electrode spac-
ing with the aid of the balance relation (2), we obtain the
final expression explicitly specifying the dependence of &,
on the current values of the pressure p and the electrode
spacing L:

4

pOLO) 2¢,/€;

0__
k(p,L) k, ( oL

where k(,)=k,(p0,L0), and p, and L are certain fixed values
of pand L.
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When Eq. (4) is used, certain precautions should be
taken, since several fairly rough approximations were made
during its derivation. For example, in an rf discharge the
electron distribution function can be non-Maxwellian at pres-
sures greater than 0.3 Torr, the recombination losses are sig-
nificant in addition to the diffusion losses, at large powers
high-energy v electrons can make a significant contribution
to the ionization, the presence of negative ions can be
manifested,'®'? etc. However, since pressures below 0.3 Torr
and small powers are usually used in real systems, the pro-
posed approximation should provide a correct description of
the dependences considered at least on the qualitative level.

As for boundary conditions, the question of their correct
formulation has been examined, for example in Refs. 20 and
21. However, because of the lack of detailed information on
the laws governing the interaction of the components under
consideration with the surface we confine ourselves to the
results of a primitive kinetic theory, which are similar to
those obtained in Ref. 22 and follow from the simple relation
between the fluxes of the incident and reflected particles
Fiow=(1—5)T;n. Here iy ou=nc;/4% (D/2)dn;/ dx de-
fines the incident and reflected fluxes of particles of species
i,¢;=2(2T/mm;)"? is the thermal speed, m; is the mass of a
particle of the ith component, and s; is the sticking coeffi-
cient of the particles of species i. Then for the values of the
gasdynamic parameters on the absorbing surface we obtain
the relation (a diffusion law for reflection of the particles
from the surface is assumed)

an; 5iC;
iE_z(z_si)nis (5)
where ¢/ dx is the derivative with respect to the outer normal
to the surface.

Generally speaking, evaporation from the surface must
be taken into account in obtaining the boundary conditions.
In this case a term of the form s;n{c;/4, where n{ is the
concentration of the saturated vapor, appears on the right-
hand side of the flux balance relation. Consequently, the re-
placement n;—n;—n; should have been performed on the
right-hand side of (5). However, since intense deposition of
the species under consideration takes place on the wall under
the conditions of interest to us, the supersaturation must be
great, i.e., n;/n{>1, and we shall use Eq. (5) in our calcu-
lations.

It is seen from (5) that in the case of complete reflection
of the particles, in which s5;=0, the boundary condition of
usual form dn;/dx=0 is obtained, but when s; # 0, a condi-
tion which takes into account the concentration jumps is ob-
tained. It transforms into the ordinarily used condition
n;=0 only in the limit of a zero mean free path I, x D;/c;
and fixed s; (i.e., when /,=0).

Within such an analysis it is possible to obtain an ex-
pression for the film growth rate R=2,0q;(;in—Tiow)»
where v is the volume occupied by an atom participating in
the growth of the film (Si), and ¢, is the number of such
atoms in the particle of species i being deposited. From the
form of the expression for the fluxes we obtain the final
expression
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R=—2 vq;D;on;/dx. (6)
{

It should be noted that, unlike the expression in Ref. 3,
this expression does not contain the factors s;. The influence
of incomplete sticking or reflection is automatically taken
into account here by the boundary conditions (5). The pro-
posed approach for determining the film growth rate is more
systematic. The largest error in the determination of R using
the expressions from Ref. 3 appears at small, but finite stick-
ing coefficients s; (s;,>Kn=1,/1,, where [, is the character-
istic spatial scale). Let us examine the situation in which
1> 5,3 Kn. 1t then follows from (5) that the ordinary bound-
ary condition n;=0 can be used, as was done, for example,
in Ref. 3. The partial contribution of the ith component to
the film growth rate in Ref. 3 was underestimated due to the
presence of the additional factors s; in the expression for
R. Here we note the erroneousness of the conclusions regard-
ing the contribution of particular components to film growth
drawn on the basis of the assumption that the fluxes of the
components onto the surface are proportional to s; (see, for
example, Ref. 23): as is seen from (§) and (6), when
Kn=1/,/1,>s5;, neither the boundary conditions nor the film
growth rate depend on the sticking coefficient.

2. PRELIMINARY EVALUATIONS

Let us make some estimates, which will enable us to
investigate the influence of the external conditions on the
principal characteristics of the problem, i.e., the growth rate
of the films and their quality. For this purpose we introduce
several simplifications, on the basis of which we shall obtain
the dependence of the concentrations and fluxes of various
components onto the surface.

We, first of all, note that in calculating the concentra-
tions of H, Si,H,, Si;HE , and Si,HF*, their diffusion can
be neglected in view of the high rates of the reactions in
which they participate. The diffusion of H,, Si,H¢, and
Si3Hg can be neglected, because the changes in their concen-
trations as a result of their interaction with the walls are not
taken into account. The corresponding equilibrium values of
the density can be found easily (see the Appendix). We note
that the equilibrium values of the density of several compo-
nents in the growth process are not attained. For conve-
nience, the paths of the principal reactions are presented in
the scheme.

&
——— SiHg® —————

i
SiHg + SiH3
+

Sin +SIH4 - s'sz — Si2H4+
B

_l_(+e)_.

{ +SIH4)‘

(4M)+Si,Hg+ M |

L s,

u,_J

+sm.) (+H)

1 1 f"(+H)—’ S|2H5+H2 [0— SIH4TS§H
(+SIH ) — SioH3z + H2
37 J(+8iHg)
L ( +SiH,) - 3 | ~ SlgHg
(+H)1

The particles which are not results of the preceding re-
action but participate in the subsequent reaction are indicated
in parentheses. The arrows pointing to an element signify its
appearance as a result of a given reaction, and the arrows
pointing to a plus sign signify the appearance of both com-
ponents. We note that for such components as Si;HF,
Si;HF*, SiyHg, SiyHs, Si;H,, and SiyHs, all the reactions in
which they participate are presented in the scheme (only the
reactions of SiH,, SiH;, SiH;, and H, with electrons or na-
scent hydrogen are not represented in the scheme).
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SigHg+ H, «— (+SiHj)

To evaluate the film growth rate we first consider the
deposition of silyl as the component which makes the deci-
sive contribution to this process. Since the diffusion coeffi-
cient of this component is fairly great,”'' the condition
“<Dsm3/L holds over a broad range of values of the pump-
ing rate u, permitting neglect of its convective transport. Be-
sides deposition on the walls as a result of diffusion, another
important mechanism for the depletion of silyl is its disap-
pearance as a result of bulk chemical reactions. The most
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important path for such depletion is its reaction with Si;Hg,
which leads to the formation of higher silanes (reaction R32
in Table 1). Using the equilibrium value of the concentration
of Si;Hg (see the Appendix), we obtain for the rate of deple-
tion of silyl K(R32)n3ng; = K(R9)ngiy nsin, -

Using the data in Table I for the rate constants of the
electron-stimulated processes, we can conclude that the for-
mation of silyl is mainly determined not by electron impact,
but by the reaction with nascent hydrogen
SiH4 + H — SiH; + H;, which is an order of magnitude
more effective. Attention was focused on the important role
of hydrogen in the formation of silyl back in Ref. 11. Thus,
using the expression for the equilibrium concentration of na-
scent hydrogen (see the Appendix), we can write the expres-
sion for the formation of silyl in the form 2k(R2)nSiH4ne.
As a result, the combined influence of the chemical reactions
determining the silyl balance can be described in the form of
the effective source

Ry=(2k(R2)n,~ K(R9)ngy Yngiy, -

Finally, considering the one-dimensional formulation of
the problem, we can write the following equation for the silyl
balance (the subscript 3 denotes SiH;)

_D3d2ﬂ3/dX2=R:;~3. (7)

Using the dependence of the silylyl concentration on the
coordinate obtained from Eq. (13), for the flux of silyl onto
the wall we find [Lp, is defined in (14)}:

1
I‘SiH3= k(R2)nc'15iH“L( - 5

X ( i — 2LL”2tanh(L/2LD2)) ) . 8)

Here we have neglected the variation of the electron density
n, along the interelectrode coordinate; therefore, the corre-
sponding average quantity is replaced by its current value.
We note that the quantity defined by (8) can easily be gen-
eralized to the spatially inhomogeneous case. To accomplish
this, the frequency of the formation of silylyl k(R2)n, in the
expression for R, should be replaced by the value averaged
over the electrode gap:

L

1
k(R2)n,— Zf k(R2)n, dx.

-1/2

To evaluate the electron density we take advantage of its
relation to the power W supplied to the rf discharge. For not
very large values of the power, the energy supplied to the
discharge is utilized mainly to heat the electrons. Then we
can write

E,

_ JoEoL Eo
p’

Ey
W= 2 =(pli2)n, -;-bep

9)

where j is the current in the discharge, p is the pressure in
the chamber, E,, is the amplitude of the field in the discharge,
b, is the mobility of the electrons, and L is the electrode
spacing.
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At not very low pressures (p>3Xx 1072 Torr) the ratio
Eqy/p and the product b,p scarcely depend on the pressure
and the electrode spacing. This allows us to rewrite the ex-
pression for silyl in the form 'y < W-k(R2). Using (4) to
evaluate k(R2), we obtain

FSiH3"—'cW(pL)—254/E" 1+ tanh(L/2Lp,)|, (10)

where c=const and €, is the threshold for the electron-
impact dissociation of silane.

It is seen from this expression that at a given power
W, the flux of silyl onto the surface and therefore the film
growth rate depend on the pressure and the electrode spacing
as (pL)~ !4, since £,/e;=0.7 for the reactions under con-
sideration. At a given specific power W’ =W/L the value of
I' depends weakly on L.

To estimate the amount of film being grown we deter-
mine the fluxes of the ions and SiH, onto the surface, since,
according to the existing ideas,"'o'”’15 it is these substances
that influence the quality of the material obtained when they
are deposited. The flux of the ions is determined by the am-
bipolar diffusion D, (it is assumed that the blow-through
velocity u is sufficiently small that D >ulL):

Ii=aD,n,/Lxn,{(pL). an

Then, for the ratio between the fluxes of the ions and
silyl we have I'; /I gy o [(pL)*k(R2)]™". Using the depen-
dence of k(R2) on p and L, we obtain

I';/Tsipx (pL) =2 ~%a’=)

tanh(L/2Lp,)| (12)

X1+

i.e., the ratio between the fluxes of the ions and silyl is de-
termined by the pressure and the electrode spacing and does
not depend on the power.

The formation of silylyl takes place mainly upon the
electron-impact dissociation of silane and as a result of reac-
tion R23 (Si;H; + H, — SiH, + SiH,), and its depletion is
mediated by its reaction with silane. Using the expression for
the number density of Si,H, (see the Appendix), we can
write the reactions taking place that are not associated with
electron impact in the form of a reaction resulting in the
depletion of silylyl with the effective rate constant for the
reaction of silylyl with silane

K.2=K(R9)K(RI13)/(K(R I3)+K(R23)nH2/nsiHA),

which coincides with K(R9) at a low concentration of mo-
lecular hydrogen. As a result, the equation for the concentra-
tion of silylyl has the form (the subscript 2 indicates that the
respective quantity refers to SiH,)

—D,d*n, /dx2=k(R2)n(,n5i,|4— K pnansa,- (13)
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For the flux of silyl onto the surface we obtain
Usin,=k(R2)n nsjy,Lp; tanh(L/2Lp,),
D, 1”
Lp,= ('I‘(‘:—‘) .
er2tsi,

Separating the dependence on L and p, we can rewrite
this expression in the following form (it was assumed that
K.»=K(R9), and the subscript 0 indicates that the respec-
tive quantity is calculated for p=py and L=L,):

T sin,=ko(R2)(poLo/PL)**r"*in ngiy ol pro

X tanh(pL/ZpoLmo).

(14)

(14a)

As a result, for the ratio between the fluxes of SiH, and
SiH; we have

2Lp, L
I‘Sin/I‘SiH3= Ttanh 2LD2

. L -1
tanh(sz)) . (15)

It is seen from this relation that the film quality, which is
determined by the deposition of SiH,, does not depend on
the discharge power or on the electron-stimulated processes
and is determined entirely by the electrode spacing L and by
L p,, which characterizes the distance over which a silylyl
particle manages to diffuse before it undergoes a chemical
reaction (the reaction diffusion length). The value of Lp,, in
turn, is determined by the rate constant K _,=K(R9), the
diffusion coefficient D,, and the silane concentration.

The data on the reaction diffusion lengths (presented in
the Appendix) can be used to analyze the roles of SiH,
Si,Hj3, and Si,Hjs in a similar manner.

2Lp,

X
L

1+

3. CALCULATION METHOD

The problem under consideration was numerically simu-
lated in the following formulation. The processes taking
place between two parallel electrodes separated by a distance
L were considered. Within this region we solved the system
of equations

i _p —752""+F 16
7;_ i ox i (16)

for 12 components with the F; from (1). The list of reactions
taken into account is presented in Table I.

The rate constants of the reactions were taken from Refs.
3, 4, and 18, the rate constants for reactions R1—R4 being
obtained on the basis of the arguments in Sec. 1 and the data
in Refs. 5 and 6. The values of the reaction thresholds, which
determine the dependence of the electron-stimulated pro-
cesses according to Eq. (4), were taken from Ref. 18:
£,=8.4 eV for the electron-impact dissociation of silane,
£4=28.85 eV for the electron-impact dissociation of hydro-
gen, and g;= 12 eV for the electron-impact ionization of si-
lane.
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The diffusion coefficients were taken from Ref. 11:
D,=1250, 1350, 1470 cm?%/s for SiH,, where n=3-1, re-
spectively, at 7=520 K and a silane number density
4x 10" cm™3; Dy=7000 cm?/s at T=300 K and the same
density. Estimates of the diffusion coefficient for molecular
hydrogen were made using expressions from the monograph
by Hirschfelder, Curtiss, and Bird** on the basis of the data
on the parameters of the intermolecular potentials presented
in Ref. 3.

We note that this system is not closed in the sense that
no equation was written out for a product such as SiyH,. This
is possible, since the concentration of SiyHy does not appear
in any of the equations considered, making the formulation
of the problem closed from the mathematical standpoint. Al-
though the conversion of silicon into the higher silanes is
crucial from the standpoint of technological applications of
the problem, their formation does not influence the chemical
kinetics in the bulk over a broad range of values of the pa-
rameters but only influences the quality of the films grown
and the efficiency of the system. Recalling the possibility of
splitting up the problem (the question of the exact determi-
nation of the limits for the applicability of this approximation
will be considered separately), we restrict ourselves to a cal-
culation of only the principal processes which shape the
chemical composition of the mixture and to consideration of
the formation of SiyHy. A calculation of the formation of the
higher silanes can be performed on the basis of the concen-
tration fields that we obtain.

The choice of the formulation of the problem is gov-
emed by two circumstances. First, the range of conditions
considered below is characterized by extremely small values
of the Peclet diffusion number Pe=LY/D (Ref. 25), which
allow us to neglect convective transport and restrict our-
selves to consideration of only the diffusion processes. Sec-
ond, despite the fact that the characteristic diffusion times of
the principal reactions are much smaller than the film growth
time, which amounts to tens of minutes, the problem under
consideration does not have a stationary solution due to the
accumulation of several components (and, generally speak-
ing, the decrease in the concentration of silane, which is not
taken into account in the present work). Under real condi-
tions the existence of a stationary solution is ensured by the
presence of a convective term in Eq. (16), which describes
the blowing of the gas mixture through the reactor. A de-
tailed calculation of the processes within the reactor with
allowance for blow-through complicates the formulation of
the problem significantly; however an analysis of the fea-
tures of these processes allows us to propose a scheme in-
volving replacement of the original stationary formulation of
the problem by a nonstationary formulation that can be
solved in some finite time interval [0,7], where 7=M,/Q,
and M, and Q are the mass of the gas in the bulk and its
mass flow rate in the reactor. In fact, in real systems the
value of 7 is usually much greater than the characteristic
diffusion time and the time for the occurrence of the princi-
pal reactions. In this case we can consider a simplified inte-
gral reactor model, which can be described by equations of
the form
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dM; .
T=G;“A,'M,'_T M;, (17)

where M, is the mass of the ith component in the bulk of the
reactor, and G; and A; are the rates of its formation and
decomposition due to bulk reactions.

When G; and A; are constant, the stationary solution of
Eqgs. (17) has the form

Gi G,'/A,' for T—1<A,',

= — = 18
A+T 7G; for 77'>A;. (18)

M;

On the other hand, the solution of the nonstationary
problem for Eq. (17) after omission of the last term on its
right-hand side, which takes into account the influence of the
blow-through, gives

M{(7)=GA;'(1-exp(—A;7))
G;/A; for 7~ '<A;,

7G; for 77> A;. (19)

A comparison of (18) and (19) shows that the proposed
approach makes it possible to calculate the concentrations of
both the rapidly and slowly reacting components.

The solution of the problem was sought in the region
0<ux=<L, the condition (5) was imposed on both boundaries,
and the sticking coefficients s; of the particles were chosen
according to Ref. 3: 5;=0.15 for SiH; and Si,Hg; s;,=1 for
SiH, SiH,, Si,H;, and Si,Hy; s;=0 for the remaining com-
ponents.

The following scheme, which was devised with consid-
eration of the specific properties of the system (16), was used
for the numerical solution. The source terms in this system
can be represented in the form F;= f;—A;n;, where f;=0,
A;=0, and df;/dn;=0. Then the procedure for solving the
system (16) can be represented in the form

(1+ArADn " — AtD;n(* =i+ Atf], (20)

where At and ! are the duration and number of the time step.

The system (20) is solved in each time step by scalar
sweeps, the use of such an approximation for each of the
equations ensuring fulfillment of the conditions which guar-
antee that the sweeping method is correct and that the solu-
tion is positive in each time step. Test calculations showed
that this scheme makes is possible to obtain stable solutions
for At>t,, , where t,, is the characteristic time of the fastest
reaction.

All the results considered below were obtained in calcu-
lations for conditions of constant power, under which n,
x (pL)_', and a constant gas flow rate, under which 7 is
proportional to the pressure. The values corresponding to the
standard values py=0.125 Torr and Ly=2.5 cm were
n,0=5x10° cm™3 and 7=0.33 s. The latter value refers to
the case in which the working volume of the reactor equals 2
liters, and the value of Q corresponds to a volume flow rate
of the gas equal to 4 liter/h. The pressure was varied in the
range from 0.15 to 1 Torr.
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4. DISCUSSION

An analysis of the results obtained showed that the com-
ponents considered can be divided into three groups: steady,
nonsteady, and quasisteady. The first group includes the
components whose concentrations reach their steady-state
values quickly (within a time much shorter than the charac-
teristic time 7 for renewal of the gas in the reactor, which
was defined in Sec. 3), the second group includes the com-
ponents whose concentrations vary as 7 is varied, and the
third group includes the components whose concentrations
depend on the time only through the concentrations of the
nonsteady components.

Actually, only such a component as SiH can be assigned
to the first group. The reason for this is fairly simple: its
formation is determined completely by reaction R3, i.e., by
the electron-impact dissociation of silane, and its depletion is
mediated by two reactions with the same compound SiHj.

The particles which are not radicals (which do not have
dangling bonds) H,, Si;Hg, and Si;Hg are assigned to the
second group. Molecular hydrogen reacts so slowly with the
remaining components that its concentration is practically
inversely proportional to the blow-through velocity. At low
pressures the concentration of Si,Hg nearly manages to reach
its equilibrium value after the time 7 ["5i2H6(f= 7)/
n§i2H6= 0.92 at p=0.15 Torr]. As the pressure rises, the non-

steady behavior of this component becomes stronger, and at
p=1 Torr ngu (t=7)/ng y ~0.63. The concentration of
Si;Hg manages to come fairly close (to within several per-
cent) to its equilibrium value after the time 7. We note here
that variation of the blow-through velocity influences the
film growth process through variation of the concentrations
of the components, particularly of this group.

The components of the third group are characterized by
the extremely small values of the relative imbalance [a quan-
tity equal to the ratio of the difference between their produc-
tion and depletion (as a result of decomposition and deposi-
tion on the walls) to their production]. For most of them this
quantity is much smaller than 10~ but their concentrations
depend on the blow-through velocity. The most notable
members of this group are Si;Hs and Si,Hj, the concentra-
tion of the latter increasing markedly as the blow-through
velocity increases. The reason for this is as follows. The
principal suppliers of Si;Hs include reactions involving such
nonsteady components as Si;Hg and Si;H;. The concentra-
tion of the latter is completely determined by its reaction
with molecular hydrogen, whose concentration drops as the
blow-through velocity is increased.

It is also convenient to characterize the components con-
sidered by the dimensionless parameters Kgp;=Lp;/L,
where L, is the reaction diffusion length, which was intro-
duced in (14), or simply by the L,;. The results of the clas-
sification based on Kgp; will be used in a future analysis.

Let us illustrate the results of the numerical calculations.
Figure | shows the variation of the concentrations of various
components as a function of the pressure in the reactor. The
relatively slow decrease in the concentrations of Si;Hg and
Si,H; with increasing pressure is noteworthy. In the case of
SiyH; this behavior is attributed to the drop in the concen-
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FIG. 1. Maximum values of the concentrations of the components in the
bulk of the reactor relative 10 the concentration of SiH, as a function of the
pressure  for constant power losses in the discharge, ie., for
n.pL=n,opoly. I — SiH, 2 — SiH,;, 3 — SiH,, 4 — H, 6 — Si,H;, 7 —
Si,H4, 8 — Si,Hs, 9 — SioHe, 10 — Si;HY , 12 — Si;Hj.

tration of molecular hydrogen and the decrease in deposition
on the wall as the pressure increases. The latter circumstance
will be considered again in greater detail below. Practically
all the reactions participating in the formation or decompo-
sition of Si,Hg make an identical contribution, precluding
discrimination of the principal channels determining the be-
havior of this component.

Figure 2 presents calculated plots of the pressure depen-

W
£ ]
E -
=z "E
o« _:_
43

[ 1 i - 1 FUR T W B |

0.1 2 [y § [ 1

Py Torr

FIG. 2. Dependence of the film growth rate and the contribution of various
components on the pressure. The numbering of the curves is the same as in
Fig. 1. Dashed curves — results of calculations using analytical formulas (8)
and (14).
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dence of the film growth rate and of the contributions of
individual components to it. The figure also presents the re-
sults of a calculation employing the analytical formulas (8)
and (14). An analysis of these results reveals the following
characteristic features. The growth rate drops as the pressure
is increased, i.e., as the amount of silane in the reaction vol-
ume increases. An increase in the growth rate leads to dete-
rioration of the film quality: the relative contribution of the
flux of SiH, increases. The analytical dependences predict
the fluxes of SiH; and SiH, quite well.

Similar conclusions are also true for the dependence on
the electrode spacing, which is a consequence of the depen-
dence of the constants for electron-impact dissociation on the
product pL obtained in Sec. 1. In addition, two more inter-
esting features should be noted in Fig. 2: the fairly high
contribution of Si,Hs to film growth, which, generally speak-
ing, decreases as the electrode spacing increases, and the
relatively small contribution of Si,Hj3, although at high pres-
sures its concentration even surpasses the concentration of
SiH,, as is seen from Fig. 1.

In order to ascertain the cause of these phenomena, let us
examine in greater detail the characteristics of the principal
processes occurring in the bulk upon the decomposition of
silane. We turn to a classification of the components based
on the reaction diffusion length L. In the case of the qua-
sisteady components, for which L,<€L (which include SiH
5 and Si,Hy), the small value of the imbalance (see above) is
maintained mainly as a result of bulk reactions, and deposi-
tion on the wall plays a minor role. Conversely, for the com-
ponents for which L, is comparable to the electrode spacing
or exceeds it, deposition on the walls makes a significant
contribution to the overall balance and thereby determines
the values of the concentrations. Two typical members of
this subgroup are SiH; and Si,H;. Thus a high concentration
of SiyH; is maintained only as a result of the slow course of
the bulk reactions, while the total production of SiH, is al-
most two orders of magnitude greater, but its deposition
takes place only from a thin near-surface layer. This differ-
ence is clearly illustrated by Figs. 3 and 4, which present the
total balances of SiH; and SiH, as examples.

An analysis of the results obtained shows that SiH;
forms mainly as a result of the reaction
SiH4 + H — SiH; + H, and that the main supplier of the
nascent hydrogen participating in this reaction is the reaction
SiH4+e— SiH, +2H, as was postulated above. The estimate
(10), which predicts a drop in the total production of SiHj; at
a constant power due to the dependence of the rate constant
of reaction R2 on p and L, is valid here.

The depletion of SiH; occurs mainly as a result of dif-
fusion to the walls and as a result of the reaction with
Si3Hg. As the pressure rises, the role of the depletion of silyl
in the reaction with Si,Hg increases, although its contribu-
tion still does not exceed 28%. When the power deposited in
the discharge is constant, one more path for the depletion of
SiH; from the bulk is manifested. It is the reaction of silyl
with itself, i.e., reaction R15, whose role increases with de-
creasing pressure, since the concentration of electrons then
increases fairly rapidly and causes an increase in the concen-
tration of SiH; through the formation of nascent hydrogen.
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FIG. 3. Silyt balance as a function of the pressure in the reactor for
L=2.5 cm: { — production, 2 — decomposition, 3 — deposition.

The contribution of this reaction does not surpass 30%.

Let us examine the SiH, balance (Fig. 4). It is formed
mainly as a result of the electron-impact dissociation of si-
lane molecules. The depletion of SiH, is mediated practically
completely by reaction R9 alone: SiH, + SiH; — Si,H.
When the pressure is lowered as a result of the cyclic se-
quence of reactions SiH, + SiH, — Si,Hf — Si,H,
+ H,— SiH, +SiH,, the concentration of silylyl is par-
tially restored (to 20% when p=0.15 Torr). The flux of
SiH, onto the walls decreases sharply as the pressure in-
creases, as is clearly seen in Figs. 2 and 4. This is due to two
factors acting in the same direction. First, the rate of the
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FIG. 4. Silylyl balance as a function of the pressure in the reactor. The
conditions and notation arc the same as in Fig. 3.
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formation of silylyl from silane due to electron impact then
decreases rapidly [ =« p~ 14 see Eq. (4)], and, second, the re-
action diffusion length decreases (Lp, * p~ '), ie., deposi-
tion takes place from a narrow near-surface zone.

When the film growth rate is analyzed, two cases char-
acterized by different values of X rosit,=Lp2/L should be

distinguished. At small values of K RDSiH,» At which the con-

centration of silylyl is close to its equilibrium value
ngi,_,2= n,k(R2)/ K(R9), exactly half of the silyl formed dis-

appears from the bulk by reacting with Si;Hg [see Eq. (7), as
well as ng; ;. in the Appendix]. Only the remaining half is
3''8

deposited on the surface. In the case of large values of
Krpsin,» the bulk depletion of silylyl is small, and the con-

centration of silylyl is consequently smaller than its equilib-
rium value. In this case the concentration of Si;Hg is small
(see the Appendix) and the bulk depletion of silyl is small.
However, as follows from the analysis performed above,
these circumstances cannot increase the rate of formation of
silyl more than twofold or, therefore, increase the flux of
silyl onto the surface more than twofold. This is easily un-
derstood on the basis of Eq. (8).

The parameter Kgpsin, also regulates the formation of
*‘dust.”” The reaction of Si;Hg with silyl is responsible for
the formation of higher polysilanes, and silylyl is responsible
for the increase in the concentration of Si;Hg. Thus, the ratio
between the surface and bulk growth of silicon formations is
determined by the balance between the rate of the formation
of Si;Hg and the rate of the deposition of silyl on the surface.
As was shown by the analysis performed above, both these
processes are determined to a large extent by K rDSiH, - In the

case of the predominance of the former process, intense for-
mation of ‘“dust’’ takes place.

The question of the contribution of the Si,H, radical to
film growth has been discussed often in the literature. Evalu-
ations show that the reaction diffusion length for this radical
is of order L,~0.08py/p cm=0.08/¢/l,, cm, i.e., of the
order of the mean free path. This means that the concentra-
tion of this component in the bulk will be uniform, and a
jump will appear in it at the boundary. On the other hand,
despite the high rate of the production of Si,H, as a result of
the processes SiH, + SiH, — Si,H¥ — Si,H,+ H,, because
of the high efficiency of the reactions of Si,H, both with
silane (which leads to the formation of Si;Hg) and with mo-
lecular hydrogen (which leads to its reduction to SiH, and
SiH,), its concentration remains low, and the flux onto the
surface is small and does not make a significant contribution
to film growth. It should be noted here that the sequence of
reactions SiH, + SiH, — Si,Hf — Si,Hy + H, (+ SiH,) —
Si;Hg+ H; not only produces a significant part of the hydro-
gen, but also forms the main portion of the Si;Hg. The prin-
cipal reaction restricting the increase in the concentration of
Si;Hg is its reaction with silyl to form SiyH,, which provides
for its practically complete depletion at high pressures. Con-
versely, when the pressure is lowered, a significant portion of
the silicon atoms from Si;Hg return to the lower compounds
by reacting with nascent hydrogen (whose concentration in-
creases with decreasing pressure), and a large portion of the
silicon is deposited on the walls, making the film growth

Gorbachev et al. 1255



%
[/
L
R =
o i
£ L
o
[}
g 15
: a N
o - \\ ~N
2 [ N\, \
§ o \\ ~
7 - \\\
L ~
\\
ﬂ” 1 1 | I N S e |
01 3 . § o0 g
Py Torr

FIG. 5. Balance of silicon atoms in the bulk of the reactor as a function of
the pressure in the reactor. The conditions are the same as in Fig. 3; / —
production, 2 — reduction of SiH,, 3 — accumulation in the bulk, 4 —
deposition.

process more efficient from the standpoint of the consump-
tion of silane (Fig. 5). The buildup of silicon atoms in the
bulk of the reactor is mainly due to the formation of SijHg
and the increases in the concentrations of Si,Hg and Si;Hg
(Fig. 1). We note that the calculated time dependence of the
concentration of Si;Hg is in good agreement with the data
from the calculations in Ref. 3 and that the concentration of
Si,Hg at t=15 ms is even an order of magnitude smaller
than the value in Ref. 3. However, due to the cumbersome
nature of the method used, the calculations in Ref. 3 were
performed only up to a time of 20 ms, which is considerably
shorter than the time needed for the corresponding concen-
trations to reach their steady-state values.

The calculations performed correspond to fairly large
electron densities (n,o=>5X 10° cm™> when Ly=2.5 cm and
po=0.125 Torr). An analysis of the dependence of the char-
acteristics on n, showed that the concentrations of most of
the components are proportional to n, and nsing < N L‘S and

that the concentrations of silyl, as well as of Si,H; and
Si3Hg decrease with n, decreasing somewhat more slowly
than according to a linear law. The rate of film growth is
approximately proportional to n, , while the fractions of silyl
and silylyl deposited remain practically constant and, as is
seen from (15), do not depend on the electron density.

Variation of the blow-through velocity primarily influ-
ences the concentration of Si,Hg. For example, increasing
the blow-through velocity by an order of magnitude leads to
a decrease in the concentration of Si,Hg by an order of mag-
nitude and a decrease in the concentration of Si;Hg by half
an order of magnitude. The concentration of silyl and the
film growth rate increase slightly.

Let us consider the question of altering the scheme of
chemical reactions taken into account. For example, in Refs.
26 and 18 the formation of Si,Hff was not taken into account
(although this channel was taken into account in Ref. 14, as
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well as in Ref. 3), and it was assumed that the product of the
reaction of silane with silylyl is Si,Hg. In the range of pres-
sures considered the rate constant of the reaction
SiH4 + SiH, — Si,Hg from Ref. 18 can be rewritten in the
form K= 1.76X 10~ 3p [Torr]. Thus, K is proportional to the
pressure, attesting to the participation of a third component
in this reaction. Assuming that this reaction is the result of
the sequence of reactions SiH, + SiH, — Si,HF+ (M)
—Si,Hg+ (M), where M is an arbitrary collision partner,
and that the concentration of Si;H¥ is equal to the equilib-
rium value, we can write the rate constant under consider-
ation as

nsug  K(R28)K(R9)

K=K(R28 Ny = n
( )nsiH“nSiHZ tot K(R27) tot

=3.7-10"%p[Torr] _

(see the Appendix and Table I; n,, is the total density of the
mixture). '

The value obtained is approximately 20 times greater
than the value of the constant given in Ref. 18. A calculation
performed with K(R9) reduced by a factor of 20 (which
corresponds to the rate of the reaction SiH, + SiH,— Si,H
given in Refs. 18 and 26) showed that the principal changes
affected only two components, viz., SiH, and Si,Hg. The
concentration of silylyl increased by about an order of mag-
nitude, and its flux onto the surface increased by four to
fivefold. This is perfectly natural, since reaction R9 is the
principal path for the depletion of silylyl from the bulk in a
chemical reaction. The concentration of Si,Hg decreases by
an order of magnitude at low pressures but only twofold at
high pressures. The concentrations of Si;Hg, SiHf,
Si,Hs, and Si,H, dropped two to threefold at low pressures
and remained practically unchanged at high pressures.

The analysis performed indicates that even significant
changes in the reaction rate constants, the electron density,
and the blow-through velocity have weak effects on the ra-
tios between the concentrations of most of the components.
This allows us to conclude that the high concentrations of
Si,Hg and Si;Hg obtained from the calculations, which are
inconsistent with the existing models, do, in fact, exist. The
only evidence in support of low concentrations of these com-
ponents is from mass-spectrometric measurements. How-
ever, the large number of channels with poorly defined prob-
abilities for the interaction of disilanes and trisilanes with
electrons, which include not only ionization, but also pure
dissociation processes, compels us to question the surety of
the conclusions of the mass-spectrometric measurements
with respect to the concentrations of these components.

In conclusion, it should also be stressed that the analyti-
cal expressions obtained in this work agree more closely
with the results of numerical calculations in areas character-
ized by a small content of molecular hydrogen, due to the
neglect of its concentration in the analytical equations. The
agreement between the analytical and numerical calculations
also becomes worse for too low a concentration of silyl,
since the concentration of SiyHg does not manage to reach its
equilibrium value in that case.
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CONCLUSIONS

The principal bulk chemical reactions associated with
the dissociation of silane and film growth have been deter-
mined in this work, making it possible to describe the depen-
dences of the deposition rates of silyl and silylyl on a whole
series of parameters. It has been shown that the formation of
higher silanes takes place according to a mechanism that is
more complicated than the mechanism, for example, in Ref.
17. The important role of such components as Si;H¢ and
Si;Hg in shaping the composition of the mixture has been
revealed. The mechanism for the influence of the variation of
the blow-through velocity of the gas mixture on the film
growth process has been ascertained. It is known, however,
that the quality of a film is determined not only by the im-
pingement of silylyl and higher radicals on it, but also by the
content of hydrogen in the form of various compounds in it.
Its concentration is determined mainly by the fluxes of the
hydrogen-containing radicals that mediate film growth to the
surface, and by its depletion from the surface by silyl radi-
cals and nascent hydrogen, as well as by its thermal destruc-
tion. An analysis of similar effects accompanying film
growth is possible only when more detailed surface Kinetics
are taken into account in the boundary conditions.

This work was carried out with partial support from IN-
TAS (Grants Nos. 93-1916 and 94-704), and the Russian
Fund for Fundamental Research (Grant No. 93-02-16873).

APPENDIX A: DETERMINATION OF
CHEMICAL-EQUILIBRIUM CONCENTRATIONS

The principal supplier of nascent hydrogen is reaction
R2 (SiH4+e¢—SiH, + 2H), and its depletion is mediated by
reaction R8 with silane (H + SiH, — SiH; + H,) (see Table
I and the reaction scheme). The principal reactions that pro-
duce H, are R8 and R27 (Si,H¥ — Si,H,+ H,), and the pro-
cess resulting in its  depletion is  R23/22
(H, +Si,H,/Si,H; — (SiH, + SiH;)/Si,Hs). The production
of Si,H, is mediated by reaction R27, and its depletion is
mediated by reactions R13 (Si,H, + SiH4 — Si;Hg) and
R23. Si,H¥ forms only as a result of reaction R9
(SiH, + SiH, — Si,H¥), and it disappears mainly as a result
of deeomposition reaction R27. The only path for the forma-
tion of Si,H¥* is reaction R16 (SiH; + SiH; — Si,Hg™),
and its depletion is mediated by the two channels R29/30
(Si,HF* — Si,H,+H,/SiH,). The balance of Si;Hg is main-
tained by reactions R13 (SiH, + Si,H, — Si;Hg) and R32
(SizHg+ SiH; — SigHg + Hy). As a result, for the equilib-
rium values of the concentrations we obtain

nt=(2k(R2)/K(R8))n,,

K(R8)nyngin,+ K(R27)nSiZH:

"H, K(R23)ng; u,+ K(R22)ng .

2k(R2)n,+K(R9)nSiH2
- K(Rg)nsulz/(n||2/nSiH4+ K(Rl3)/K(23)) +K(R22)n5iz|lj

X ngin,»
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. K(R27)n;i2H6
MsigH, = K(R23)ny,+K(R13)ngy,

K(R9)ngy,
~ K(R2)ny Ingy, +K(R13)’

_ K(R9)
N~ —K( R27) nsin,siH, »

_ K(R16) \
Msi M= K(R29)+ K(R30) 'Sty

) K(R13)K(R9)ngiy nsin,
"M T K(R32)ny(K(R23)ny, Ingn, + K(R13))

K(R9)nsin nsin,
K(R32)nsiH3

The last relation is valid at low concentrations of H,.
For the values of the rate constants given in Table I we

. e
obtain nsin,= 0.1, nSin/(l +ny, /nSiH4), nSisz
= ~18 e _ -19,2
=2X10 nsinMsin, OF nSisz— 2.17x10 nsin, and

RS, Nsi NsiH, sib, -
The reaction diffusion lengths for the components
SiH, Si,Hj;, and Si,H;s are

~ 1”7
_— SiH

DSiH ((K(R10)+K(Rll))"sm4)
L DSiZH3 172

DSiH; ™ K_(W)IIH; ’

D, 12
LDSi2H5 - K—(k—lz)n—slﬂ“

For the values of the rate constants from Table I it turns
out that Lpgy is approximately one-and-one-half times
greater and LDSiz“s is approximately five times greater than

Lpsin,. At small hydrogen concentrations Lpsi,u, can sig-
nificantly exceed LDSiHZ.
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