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Abstract—Basic kinetic parameters of surface hydrogen desorption and of adsorbed silicon hydrides
decomposition has been evaluated by kinetic simulation based on data of the technological experiments on
silicon layer growth at 450-700°C. For the molecular epitaxial growth, the silicon surface population with
silicon hydrides fragments has been estimated. The relationship between the surface hydrides pyrolysis
frequency and the rate of silicon atoms incorporation into the growing crystal has been found.
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The interaction of molecular beam with the solid
surface and the related interface phenomena underlie
many practically important technological processes.
The most important of them are catalysis, membrane
gas separation, homoepitaxy, and heteroepitaxy.
Recently, monoatomic and monomolecular films like
monoatomic grapheme layers and monomolecular
Langmuir-Blodgett films at the liquid interface has
attracted a great deal of attention. Therefore, the
methods of monomolecular layers preparation on the
solid surface have been intensively developed, the
most widely spread being molecular layering and layer
buildup in a vacuum using molecular sources.

The controlled preparation of monoatomic surface
heterocompositions is of extreme importance in the
fields of nanotechnology and nanoelectronics. The
vacuum chemical epitaxy method is commonly used to
form perfect thin film compositions and two-
dimensional surface structures. The layers are usually
grown at relatively high temperature under conditions
when the surface is covered with the decay products of
the working gas, and the molecular layering is thus
mainly affected by the kinetics of decay of the
molecules adsorbed onto the epitaxy surface.
Evidently, the efficient development of such processes
is hardly possible without detailed information on the
kinetics of reactions on the substrate. Therefore, the

development of analytical methods suitable to
determine the fragments concentration on the adsorb-
ing surface is of extreme importance. Nowadays,
sophisticated and expensive methods of electron
diffraction and thermally programmed IR spectroscopy
are used to accomplish this.

In this work, we demonstrate relatively simple
methods to determine the surface concentrations of the
working gas fragments and to elucidate the basic
kinetic parameters of the processes occurring at the
growth surface. The growth of silicon in a vacuum
using hydride molecular sources is utilized as an
example. The demonstrated approach was based on the
kinetic simulation taking advantage of the experi-
mental data on the silicon growth under conditions of
an industrial process.

To the best of our knowledge, the papers published
to date have been limited to the simplest kinetic
models, accounting only for the hydride adsorption and
for hydrogen desorption. This simplification is con-
sidered suitable to analyze the temperature dependence
of the films growth rate. However, in the more general
case, such simplified pyrolysis models (assuming
complete decomposition of the hydride molecules at
the stage of pre-chemisorption capture near the
surface) contradict the experimental data on the com-
position of surface pyrolysis products. Moreover, the
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commonly used simplifications restrict the oppor-
tunities of the analysis of the processes on the silicon
growth surface which determine the growing layer
parameters (along with the growth rate).

Considering the monomolecular layer growth by
molecular layering or the homo- and heteroepytaxy,
the estimation of the decomposition products
concentration by means of traditional kinetic analysis
requires the knowledge on the rates of the absorbed
fragments decomposition and the activation energy of
the respective processes under the real technological
conditions. Currently, the physicochemical and kinetic
methods are intensively developed, extending the
understanding of the processes at the substrate plate
surface. Such models not only explain the observed
effect of the absorbed fragments on the layer growth
rate, but also forecast the behavior of complex systems
under wide range of technological conditions. Ho-
wever, the models development is complicated by the
ambiguity of the reaction mechanism, even in the cases
of well established processes of monosilane and
disilane decomposition. Due to this, the physico-
chemical models developed by different authors may
be significantly different [1-4], and it is impossible to
compare the absolute values of kinetic parameters, in
particular, those of the chemisorption stage. The
modern kinetic models of the epitaxial layers growth
from the molecular beams accounting for the
sequential stages of hydrides pyrolysis (chemisorption,
interaction of the fragments at the surface, decom-
position, and products desorption) have not been
largely developed as well. Therefore, the description of
the process characteristics basing on the general
system of kinetic equations [5] and the estimation of
the absorbed fragments concentrations are complicated
if at all possible.

Rate equations of the hydrides molecules pyrolysis
on the Si surface. In this work, by using the kinetic
approximation and the available technological experi-
mental data, we aimed at the elaboration of analytical
equations suitable for calculation of the adsorbed
fragments concentration on the crystal surface upon
interaction of the latter with the molecular beam.
These equations should also relate the rate of the ad-
sorbed fragments decomposition with the other kinetic
parameters. It was of evident importance to estimate
how the derived kinetic parameters and their
temperature dependences were affected by the choice
of the pyrolysis model. The adsorption parameters
were different in the cases of monosilane and disilane;
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therefore, we compared the kinetics of their decom-
position under conditions of silicon epitaxial growth.
We considered the most commonly accepted models of
SicHy¢+» decomposition in the cases of monosilane (C=1)
and disilane ({ = 2) with a single type of fragments
present at the silicon surface, SiH;. It was assumed that
disilane molecule decomposed into two identical
surface fragments, and the hydrogen atoms capture by
the surface occurred via two different routes.

In general, monomolecular physicochemical
processes on the silicon growth surface include capture
of the gas molecule by the surface and the subsequent
decomposition of the adsorbed molecule (either near
the surface or on the growth surface). In the first stage,
the molecules were adsorbed by Si surface with the
formation of a SiH; (1 <j < 3) fragment, whereas k of
the detached hydrogen atoms, 0 <k <2 + {(2 —j), were
captured by the free surface bonds. Ih the second stage
the adsorbed SiH; fragments decomposed; the so
formed n hydrogen atoms (0 < n <) were adsorbed by
the n free surface bonds as well. The hydrogen atoms
unbound to the surface were eliminated into the reactor
volume. Therefore, the general scheme of the
monomolecular reaction in the course of the pyrolysis
at the silicon growth surface may be expressed as (1).

SicHaca(g) + k + £ —CSiH; + kH + [1 + {— (GC + k)/2]Ho 1,
SiHj+n —> i+ nH + [/~ n)2]Ha1. (1)

Besides the adsorption and pyrolysis stages, the
processes of surface hydrogen H desorption and of the
Si atoms incorporation into the growing crystal Si(cr)
[Eq. (2)] were important in understanding the system
behavior.

nH — (n/2)Ha1,
Si — Si(er). @)

The reactions scheme and the corresponding set of
the rate equations were somewhat complicated if
several hydride fragment types were accounted for
rather than a single one [6]. Below, the simplest
pyrolysis scheme with a single type of surface frag-
ments will be analyzed. The analysis of complicated
systems with two or more of the fragments will be
reported elsewhere.

The set of the rate equations (or the set of balance
equations, under stationary conditions), corresponding
to the scheme (1) was as follows:

8eSiH// ot=(k+ C)!(SgasF gas/ ns)(enbl)k+c —(n+ 1)!VSiHjGSiH/(9fr)",

00y/ot = k(k + Q)!(Sgangas/ns)(enbl)l{#rc
+ Cn(n + 1)sinOsin(0s)" — m!xubif,
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005/0t = {(n + 1)VginOsin/(0s)" — 7si6si,
Oginj T Osi + 0y + 0 = 1,

O = Op1 + Oy - 3

The surface concentrations n, were related to the
total number of the adsorption sites at the clean
Si(100) surface, ny = 6.78x10" cm *. Therefore, 0, =
n/n, were the dimensionless concentrations of the
adsorbed hydride fragments (Og;y;), silicon adatoms
(Bs;), hydrogen atoms (0y), and of the free surface
bonds (0g), respectively. The latter concentration
included the bonds blocked with the fragments of the
surface-captured molecules (0, = jOgiyj) and the non-
blocked bonds (0 O — Op). The factorial
multipliers in Eq. (3) corresponded to the total number
of the possible configuration of the adsorbed atoms
and molecules on the two-dimensional surface lattice.
The m index was 1 if single hydrogen atoms were
desorbed from the surface and 2 in the case of their
combination into hydrogen molecule during desorp-
tion. The rate constants vgiy;, X, and rg;, in Eq. (3) had
the dimension of frequency (s') and described the
rates of adsorbed fragment decomposition, hydrogen
desorption, and Si adatoms incorporation into the
growing layer, respectively. The S, = S(SiH,) [or =
S(Si;Hg)] parameters corresponded to the adsorption
ability of the silicon surface towards molecules of
monosilane and disilane, respectively. The molecules
flow Fyus (ecm? s') was related to the gas pressure
Py(Torr) in the reactor: Fy, = 3.51 X1022Pga5/(MgaSTgaS)l/ 2
with T, being the gas temperature in the reactor (°C)
and My, being the molecular mass of the gas [7]. In
the cases of the studied gases, therefore, F(SiHy) =
526.5P(SiH4) and F(Si;H¢) = 378.6P(Si;Hg). The
surface concentration of silicon adatoms was related to
the film growth rate V4 (A/s) through the rs; coefficient

[Eq. (4)].
Ver = lorsi0si. 4)

For the calculations, the concentration of silicon
atoms in the crystal volume was taken equal to ny, =
5.5x10% cm; thus, Iy = (ng/ng)x10° = 1.23 A. The
experimentally observed rate of silicon layer growth
[8, 9] was the best fitted to the absolute temperature
with Eq. (5).

In (V) = Vo + (Vi = V2)/{1 + exp[Ex/ksT - Co)]}. (5)

In the case of monosilane: 7, = —1.1278 A/s, V, =
—6.28 A/s, E, = 1.1486 eV, and Cr = 19.0317 at the
gas pressure in the reactor P(SiHy) of 0.3 mTorr [8]. In
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the case of disilane: 7, = 0.976 and —1.51 A/s, V, =
—3.78 and —3.93 A/s, E, = 1.247 and 1.736 eV, and
Cr = 19.146 and 28.083 at P(Si,Hg) of 0.1 and of
0.01 mTorr, respectively [9].

The kinetic models reported in the literature [5, 10]
to describe the temperature dependence of Si film
growth rate accounted only for two processes: hydride
adsorption and desorption of hydrogen. The first term,
related to the working gas flow Fy,s and the efficiency
of its capture by the surface S,,, determined the film
growth rate at higher temperatures. The second term,
determined by the surface saturation by hydrogen,
limited the film growth at lower temperatures. The
described approximation corresponded to j =0, n = 0,
and k # 0 in the Egs. (1)—(3) set; in other words, it was
assumed that the adsorbed molecules were completely
decomposed into atoms in the first stage of pyrolysis,
at the moment of the molecule capture by the growth
surface. Then, if the number of non-blocked free bonds
at the epitaxial surface was determined by the surface
saturation with hydrogen, 0,, = 05 = 1 — 0y, the
concentration of free surface bonds was unam-
biguously related to the film growth rate [Eq. (6)].

(k+ C)!(*S’gasF'gas/ns)(efr)k+C = Vgr/l()a
Ik + ©)!(SgasF gas/11s) 05) "¢ = mypOfF. (6)

From the solution of Eq. (6), the silicon surface
saturation with hydrogen can be obtained, and the film
growth rate is related to the S(SiH,) and yy parameters.
Redefining @ = m!yu/{k(k + 0)!(SgasFeas/ns)}, the
second equation of the set Eq. (6) can be rewritten as
Eq. (7).

(1- 9H)(k+®/m = ®by. (7

In the case of hydrides pyrolysis at (kK + {)/m = 2,
Eq. (7) can be further simplified.

1 -2+ D)y +67=0. ®)

The analytical solution of Eq. (8), expressed in
Eq. (9), allowed the relation of the concentration of
free bonds at the epitaxial surface 05 = 1 — 6y to the
film growth rate Eq. (10) and the expression of the
film growth rate as a function of temperature, provided
that the temperature behavior of hydrogen desorption
coefficient is known.

0 =(1+D2)+[(1 +D2)Y>—1]1", 9)
Ve = (lomyu/b)(1 — )™, (10)

The latter mentioned coefficient was commonly
expressed in the form of yy = yoexp(—Eyi/ksT) with Eyi,
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activation energy. The relation (10) was widely used in
the literature to describe the experimental temperature
behavior of the Si layer growth rate. The accuracy of
Eq. (10) was, however, quite poor, and it could be
directly applied only after introducing certain
corrections, individual for each of the studied cases.
Moreover, for reliable estimation using Eq. (10), the
precise values of yu and Sy, over the whole range of
the growth temperatures were required.

As was mentioned above, the simplified pyrolysis
model did not allow the estimation of the fragments
concentrations on the film surface in the course of the
molecular layering. Noteworthily, according to the
thermal desorption [10, 11] and IR spectroscopy [12]
data, the presence of all probable fragments of silicon
hydrides (SiH;, j = 1-3) was possible at the lower
range of the growth temperatures.

Below, we will describe the method to estimate the
surface density of the adsorbed hydride fragments
from the kinetic models and experimental data, and
analyze the temperature behavior of an important but
still poorly studied vsjy; parameter, determining the
rate of the molecule decomposition on the adsorbing
surface.

General solution of the rate equations set. The
solution of the generalized problem of determining the
surface concentrations of the decomposition products
of the hydride molecular beam is based on the
information on the constants included into the
equations set (3) [13]. To date, the temperature
behavior of the adsorption constant S(Si,Hg) [4, 14, 15]
and of the hydrogen desorption constant yy [16—18]
has been studied in detail. These constants determine
the temperature dependence of the layer growth rate
Ver. Even though monosilane and disilane molecules
were similar, the absolute values and the temperature
dependences of their adsorption constants were
significantly different. In particular, the disilane
constant S(Si;Hg) was almost by an order of magnitude
higher than that of monosilane, thus leading to the
more efficient capture of disilane molecules by the
surface. Hereinafter in the calculations we used S(SiH,) =
0.007 [19]. The temperature dependence of S(Si;Hg)
was discussed in [1-5]. At 300°C < T, < 700°C, the
S(Si,He) was accurately described by Eq. (11) with the
negative activation energy [20].

Ssin, (Te) = 0.01458 +2.0287exp(-T,,/148.83). (1)

The coefficient corresponding to the silicon
adatoms incorporation into the crystal lattice was
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usually chosen high and independent of temperature
(rsi >> 1), typical of the clean epitaxial silicon surface.
Indeed, under assumption of the low and constant
concentration of adatoms at the silicon surface,
according to Eq. (4), rsi = roVel(Ty), and 7y depended
solely on the working gas pressure and Si surface state.
As ry ~ Og;, and the adatoms concentrations under real
conditions did not exceed 1%, the r5; temperature
dependence did not affect significantly the rate of
molecules decomposition vygiy;.

The important parameter vsiy;, the rate of
decomposition of the adsorbed hydride fragments
SicHy¢+2, was poorly studied so far. To determine this
parameter, we considered the general solution of the
Eq. (3) set taking the following values as independent
parameters.

o= Vgr/l(),
B = enbl(k+C) = (l/[(k + C)!Sgangas/ns]a
y=[1-p""""—0y]. 12)

The parameters of Eq. (12) were expressed via the
preset technological conditions (Fgs and Ty,) and the
measured characteristics of the film growth (the rate of
epitaxial silicon layers growth V, and the population
density of Si surface with hydrogen 0y). As the surface
hydrogen was recognized as playing the important part
in the hydride epitaxial processes, recently the above-
mentioned parameters were studied in detail.

The analysis of the rate equations revealed that the
knowledge of V, and Oy was enough to reliably
determine the surface concentrations of the decom-
position products and to estimate the desorption
characteristics of hydrogen atoms captured by the
growth surface yy. By combining Egs. (3) and (4), the
relationship between those values could be easily
derived; in the cases of monosilane and disilane
molecules, the expression was reduced to a relatively
simple form (13).

o = V(lom!)(k + )Vl O (13)

According to Eq. (13), the absolute value and the
temperature dependence of yy under conditions of the
layer growth could be determined by using the Ve (7;)
0u(T,), both independently measurable in the tech-
nological experiment, in the theoretical model [8, 9].

By using the independent parameters Eq. (12) in the
Eq. (3) set, the practically important surface
concentration of the hydride fragments Ogyy; and the
other surface concentrations could be easily calculated.
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0si = a/rs;,
Osin; = (v — 0s1)/(G + 1),

O =1~ eSiHj — 0s; — On. (14)

Therefore, the fragments decomposition rate vg;u;
on the silicon surface was related to the incorporation
rate rs; [Eq. (15)].

Vs = (L + 1) G+ Doty — )l

+(1+ 15)B"9 — arg]"). (15)

The dependence of the frequency of hydride
fragments decomposition on the silicon layer growth
rate was quite simple, and was determined in practice
by the (y — a/rg;) multiplier in Eq. (15). In order to
determine the lower limit of the hydride decomposition
rate on the silicon surface {/SiHj (in the higher
temperatures range, with rg; being high, o/rg; << 1,y =
(1 — B"*), and the surface saturation with hydrogen
was close to zero), we expressed Eq. (15) in the form
of Eq. (16).

Vi = YL+ 1" g + D}/ {(1=- B 1 - pre
+(1+ 1) o). (16)

The molecule decomposition rate depended solely
on the highest layer growth rate, determined by the
flow of the gas molecules to the surface. In the range
of lower temperatures (at V> 0) the conditions 0y>1
and y = B” **9 were held, therefore, and vsinj should be
estimated from Eq. (15).

Activation parameters of hydrogen desorption from
Si  surface. Analysis of the adsorbed hydrogen
complexes, often determining the surface processes, is
an important part of the vacuum hydride epitaxy
studies. Due to widely used hydride epitaxy processes,
the methods of hydrogen detection in the volume of
crystalline silicon as well as on its surface have been
intensively developed [5-10]. Hydrogen accumulated
at the growth surface at low temperatures passivated
the free bonds at the surface and at the defects of the
crystal, thus improving some material properties. On
the other hand, hydrogen adsorption significantly
slowed down the films growth rate and thus limited the
epitaxy applications to prepare hetero- and nano-
compositions.

The hydrogen desorption coefficient was estimated
by means of thermally regulated desorption spec-
troscopy [18, 21], however the scatter of the
determined yy values was up to two orders of
magnitude (8x10"*' s") [17, 22]. Such low

ORLOV et al.

reproducibility was likely due to different experimental
conditions. From the experimental yu(7) dependences
derived by a variety of methods, the activation energy
of hydrogen desorption from silicon surface Ejj was
1.7-2.1 eV and did not vary much between the
methods [22]. Evidently, for kinetic analysis the values
of yy determined in the conditions close to the
simulated ones should be used.

To simplify the calculations, the experimental 0y (7)
dependences [8, 9] were fitted with the Boltzmann
functions [Eq. (17)].

On(Ter) = 0 + (0; — 02)/{1 + exp[(Te — Tor)/3T]}. (17)

The fitting parameters were as follows: in the case
of monosilane, 6; = 1.158, 6, = -0.013, T, = 494.66,
and 67 = 46.35°C at P(SiH4) = 0.3 mTorr [8]; in the
case of disilane, 6; = 0.997 and 1.17, 6, = 0.05435 and
—0.002, T, = 541.15 and 454°C, and 67 = 59.182 and
60.3°C at P(Si;Hg), of 0.1 and 0.01 mTorr,
respectively [9]. The yy dependences of the reciprocal
temperature as derived via Eq. (13) for the first-order
(m = 1) and the second-order (m = 2) processes are
shown in Fig. 1 in the cases of different pyrolysis
models. The In yg = In ¥ — Efi/(kgT) linear fitting gave
the following activation energies Eyj (eV): (a) 1.54 (1),
1.3 (2), 1.81 (3); (b) 2.0 (1), 2.09 (2), 2.75 (3). The
slight deviation of the plots in Fig. 1 from the linear
shape could be due to weak temperature dependence of
the xo multiplier as well as due to the inaccurately
determined Si film growth rate at low temperatures and
the saturation of Si surface with hydrogern at high
temperatures. Indeed, at 7, < 500°C the Si layer
growth rate was below 1-2 A/min, whereas at Ty >
650°C the surface saturation with hydrogen was below
1%, thus accurate data could hardly be obtained. In
spite of the mentioned sources of errors, the Efj values
were close to those determined by the other methods
[22]. The comparison of data in Fig. 1 with the other
published results revealed that in the course of silicon
growth from disilane source, the hydrogen desorption
in the molecular form was the most probable, with the
activation energy of Eff ~ 1.9-2.1 eV. In the case of
monosilane source, hydrogen was desorbed mainly in
the atomic form, with £} ~ 1.9 eV.

The temperature behavior and absolute value of
hydrides decomposition on the growth surface was not
much discussed in the literature, to the best of our
knowledge. In the estimations, the Arrhenius form of
the temperature dependence was commonly accepted,
with the activation energy derived from the model
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(a)

1/(ksT), eV
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(b)

In g, [s7']

13 14 15 16 17
V(ksT), eV

Fig. 1. The constant of hydrogen desorption from silicon surface yy as a function of temperature under conditions of Si film growth
from disilane at (/) P(Si,Hg) = 0.1 and (2) 0.01 mTorr [9] and from monosilane at (3) P(SiH4) = 0.3 mTorr [8]; model: (jkn) = (303)

with (a) m =1 and (b) m = 2.

calculations [23]. However, the purely Arrhenius
dependence of the surface molecules decomposition
over the whole growth temperature range (400—700°C)
was unlikely, as the interaction of the adsorbed
molecules with the free (7T > 650°C) and hydrogen-
filled (T, < 550°C) surface should occur via different
mechanisms.

The rate parameters of the adsorbed molecules
pyrolysis could be determined via dynamic IR
spectrometry. However, using this method under real
technological conditions was very complicated, as the
weak signal of the adsorbed molecules at the mid-IR
and far-IR oscillation-rotational frequencies should be
detected [3, 24].

In this work, the parameter vg;y; was studied in the
frame of the kinetic model using the indirect
experimental data from the referenced literature. The
calculations performed gave important information on
the lifetime of the pyrolysis products on the growth
surface and allowed elucidation of the surface reaction
mechanisms as well as the type of the adsorbed
molecules interaction with the film surface.

By using Eq. (15), the temperature behavior of the
decomposition rate of the silanes was analyzed under
certain conditions of the growth experiment. The
calculated curves corresponding to the most commonly
accepted pyrolysis models are given in Figs. 2 and 3.

The technological process parameters were taken from
[8, 9]; the experimental temperature functions of the
film growth rate and the surface saturation with
hydrogen was accurately described by Egs. (5) and
(17). The commonly accepted value of 0.007 was
chosen for the adsorption ability for monosilane
S(SiH4) 0.007. The adsorption ability for disilane was
much higher and changed monotonously from 0.2 to
0.03 at 400-700°C according to Eq. (11).

The curves in Fig. 2a revealed the unusual
dependence of the pyrolysis rate on the growth
temperature as well as the strong dependence of it on
the reactor pressure. The shown curves corresponded
to the most commonly applied model assuming the
domination of the SiH; on the surface and transition of
all hydrogen atoms from hydride onto the growth
surface. Figure 2b shows the corresponding curves in
the case of disilane under assumption of the fragment
SiH dominating on the growth surface. The com-
parison of the curves in Fig. 2 revealed that the
decrease in the disilane pressure in the chamber
significantly decreased the molecules pyrolysis on the
growth surface. Similar curves for other models of
monosilane and disilane decomposition are presented
in Fig. 3.

The frequency dependences of hydride pyrolysis on
the growth temperature (Figs. 2 and 3) were quite
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Fig. 2. Hydrides pyrolysis frequency on the Si growth surface as a function of temperature, at rg; = 100V,.. Models: (a) P(Si-He)
0.1 mTorr, (jkn) = (303) (1); P(Si,Hg) 0.01 mTorr, (jkn) = (303) (2); P(SiHy4) 0.3 mTorr, (jkn) = (313) (3); (b) P(SixHg) 0.1 mTorr,
(jkn) = (141) (1); P(Si;He) 0.01 mTorr, (jkn) = (141) (2); P(Si;Hg) 0.1 mTorr, (jkn) = (121) (3); P(Si;Hg) 0.01 mTorr, (jkn) = (121) (4).

complex and could be described by the Arrhenius
function with a single activation energy only at T, >
600°C corresponding to the pyrolysis at the relatively
clean surface, free of the adsorbed hydrogen. The
curves shown in the figures were obtained in the frame
of models corresponding to the capture of the SiH;
fragments with different mechanisms of hydrogen
transfer from the hydride molecule to the surface. The
most prominent difference in the high-temperature
decomposition behavior was observed in the models
assuming that the hydrogen transfer to the surface and
its capture by the surface occurred at different stages
of the molecule pyrolysis. In particular, in the case of
the (303) model of disilane pyrolysis (Fig. 2a) the
hydrogen atoms were transferred to the surface from
the SiH; adsorbed by the silicon specimen, whereas in
the case of (141) model (Fig. 2b) the hydrogen atoms
were mainly adsorbed on the surface from the pre-
chemisorption state (k = 4) and only a single atom
(n = 1) was transferred to the surface from the captured
SiH fragment. Similar features are characteristic of the
other silane pyrolysis schemes, as demonstrated by
different shape of the curves in Figs. 2 and 3. If the
hydrogen atoms were mainly transferred to the surface
in a single stage, the type of the temperature
dependence of the pyrolysis rate was weakly affected
by the number of the transferred hydrogen atoms
desorbing to the reactor volume and on the type of the
SiH; (j = 1-3) fragment prevailing on the adsorbing
surface.

Further analysis of the curves in Figs. 2 and 3
demonstrated that the temperature dependence of vy,
in the studied temperature range was affected by the
choice of the pyrolysis model. In the high-temperature
range, the vgiy(7) data fitting with the Arrhenius
function vsiu(7T) = voexp(—E/ksT) gave the activation
energy E, ~ 0.00-0.14 eV in the case of monosilane
decomposition. The activation energy of disilane
pyrolysis was of 0.2—-1.5 eV at P(Si;Hg) = 0.1 mTorr
depending on the pyrolysis model. With decreasing gas
pressure, the activation energy was reduced to the
value close to that in the case of monosilane (Fig. 2).

At lower growth temperature the shape of the
pyrolysis frequency dependence was determined by the
hydrogen capture on the surface from the adsorbed
hydride fragment (Fig. 3). In the cases of all
dependences presented in Fig. 3 the number of
hydrogen atoms adsorbed on the growth surface from
the molecule was the same (k + n = 2). However, in the
cases of the models with different (jkn), the
mechanism of the hydrogen capture by the surface
could be substantially different. This was reflected in
the activation energy values. In the case of monosilane,
at k> 1 and n = 0 the pyrolysis activation energy was
~ 0.12-0.14 eV, whereas at k = 0 and n > 1, E, ~
0.08 eV. In the case of disilane, on the contrary, at
k>1andn=0, E, ~0.12-0.6 eV, whereas at k=0 and
n>1, E, ~ 1.0-1.5 eV. If hydrogen was completely
transferred from the molecule to the surface, then in
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Fig. 3. Pyrolysis frequency of monosilane at (a) P(SiH) 0.3 mTorr and (b) disilane at P(Si;Hg) 0.1 mTorr on the Si growth surface
as a function of temperature, at rs; = 100V, and k + n = 2. Models (jkn): (a) (302) (1), (311) (2), (211) (3), (220) (4), (202) (3),

(120) (6), (111) (7); (b) (301) (1), (220) (2), (201) (3), (120) (4), (101) (5).

the case of monosilane E, ~—0.07, —0.009, and 0.05 eV
for the (313), (222), and (131) models, respectively,
and in the case of disilane, £, ~ 1.05, 0.077, and 0.2 eV
for the (303), (222), and (141) models, respectively.

At low growth temperature, in the cases of all
models used, the pyrolysis frequency dependences
were not described by the activation energy; moreover,
the hydride decomposition was accelerated upon
cooling, as previously described in the studies of
monosilane [25] and disilane [26]. In the case of
disilane at high temperature (7, = 700°C) vsiy; was
ranged from 57 s [(301) model] to 4.6 s [(120)
model]. After cooling to T, e = 480°C the pyrolysis
frequency range was 0.45 s~ [(120) model] to 1.3 s
[(301) model]. In the case of monosilane the same
parameter ranged from 0.3 s' [(202) model] to 1.1 s~
[(220) model] at Ty = 700°C, and from 0.24 s [(120)
model] to 2 s [(302) model] at Ty =450°C.

The decrease of hydrogen surface concentration
with decreasing the gas pressure in the chamber led to
increase of the free surface sites concentration and to a
higher content of the adsorbed molecular fragments.
As seen from the curves in Figs. 2 and 3, this in turn
led to slowing down of the surface decomposition of
the molecules, to decrease in the silicon adatoms
concentration on the surface, and thus to deceleration
of the film growth. Noteworthily, the shape of the
curves was sensitive to the temperature behavior of the
surface saturation with hydrogen, whereas the effect of

other parameters was weaker. As demonstrated in
Fig. 4, even slight change in the 0y(7,) dependence
could significantly change the v(SiH,)(7,:) shape. The
analysis of the data gave clearer insight into the nature
of the unusual (non-Arrhenius) temperature behavior
OfVSiHj-

In particular, Fig. 4 shows the temperature behavior
of vgiy; derived by using the 6(T,) fitting equation (17)
with varied parameters. From the shape of the curves it
followed that the model based on different
mechanisms of the pyrolysis under conditions of the
low and high Si surface saturation with hydrogen gave
the result closest to the experimental one. In the frame
of this model, the temperature behavior of the hydride
decomposition rate was described by a sum of two
activation dependences with FE, and E,, -cor-
responding to the decomposition on the clean (high
temperature) and hydrogen-covered (low temperature)
silicon surface [Eq. (18)].

VSiHj = Vo[(l — GH)exp[—Eal/(kBT)]
+ Voz(eH)eXp[—Eaz/(kBT)]. (l 8)

The pre-exponential factors voi)(0y) in Eq. (18)
depend on the of the surface with hydrogen, and,
therefore, on the growth temperature. In the simplest
case, voi(1 — Oy) could be considered constant, and
vo2(By) was linear with the surface saturation with
hydrogen. Then, according to Eq. (17), vp(0y) could
be expressed as Eq. (19), similar to the 6y temperature
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Fig. 4. Pyrolysis frequency of disilane on the Si growth surface as a function of reciprocal temperature. Solid lines computed at
rsi >> 1 and (jkn) = (303). The 04(7) function is fitted with Eq. (17) at: (a) 6, 0.742, 0, 0.149, T, 560.12°C, 8T 33.25°C; (b) 6,
0.943, 0, 0.05435, T, 541.15°C, 8T 59.182°C (1); 0, 0.643, 0, 0.05435, T, 560°C, 8T 38°C (2). (Dashed lines) correspond to
modeling with Egs. (18) and (19) at vo; 35257, Ey 0.47 eV, v 5.95x10°s™!, E» 0.95 eV, T, 517°C, 8T 19.5°C.

behavior. The corresponding dependence is shown in
Fig. 4a by a dashed line.

Vo2Ou = Voa P (T) = voo/ {1 + exp[(Ty — Ter)/0T]}. (19)

The observed non-monotonic temperature dependences
could be explained as follows. At higher growth
temperatures, 600—700°C, the molecule was decom-
posed via cleavage of hydrogen atom and its capture
by the free surface bond. In the case of disilane, the
activation energy (averaged along all the pyrolysis
models) was relatively high, £, ~ 0.78 eV; monosilane
pyrolysis possessed an order of magnitude lower
activation energy, £, ~ 0.052 eV. Noteworthily, the £,
values varied a lot depending on the model: in the case
of disilane, from 0.08 eV [(222) model] to 1.5 eV
[(301) model]; in the case of monosilane, from
—0.08 eV [(303) model] to 0.14 eV [(301) model]. In
both cases, the lower activation energies corresponded
to k > n processes, the hydrogen capture by the surface
mainly in the stage of pre-chemisorption capture of the
decomposing molecule. The higher activation energies
corresponded to k£ < n processes, the hydrogen capture
by the surface mainly from the adsorbed molecule. The
lower activation energy values, typical of monosilane
decomposition at higher temperatures, were consistent
with the molecular theory [2, 4]. In these works, lower
potential barrier was derived in the case of monosilane
sorption as compared to disilane. That finding
contradicted the opposite relation of the capture
coefficient, commonly explained by the bond energy
difference: Si-H (3.9 eV) in monosilane and Si—Si
(3.3 eV) in disilane. The revealed contradiction
indicated likely that adsorption and surface pyrolysis

of the hydride molecules occurred via different
mechanisms even at higher temperatures, on the
hydrogen-free surface. The surface-captured disilane
fragments decomposed with the Si—H bond cleavage
and the subsequent hydrogen atoms adsorption. The
adsorbed monosilane fragments likely decomposed via
hydrogen atoms transfer from the molecule onto the
free surface bonds via the intermediate excited states
as suggested in [23].

At lower growth temperature (450-550°C) the free
surface bonds of silicon were efficiently populated by
hydrogen atoms. This increased the energy required to
decompose the surface hydride fragment. For example,
hydrogen atoms of SiH; and adsorbed hydrogen atoms
could recombine into hydrogen molecule to facilitate
hydrogen desorption. The difference in the mechanism
of hydrogen atoms transfer from the hydride molecule
to the surface, either involving surface-adsorbed
hydrogen or not, could be the factor leading to the
difference in the observed activation energy. As the
pyrolysis involving surface hydrogen occurred at lower
temperatures, this mechanism might not be revealed
explicitly in the plots. However, at the intermediate
growth temperatures (450-600°C) the surface hyd-
rogen concentration was sharply increased upon cooling,
and the pyrolysis involving adsorbed hydrogen led to
the accelerated hydride molecule decomposition with
decreasing growth temperature. Thus, the observed
unusual dependence of vg;y; on the growth temperature
was due to the change in the mechanism of surface
decomposition of hydride.
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Fig. 5. Surface concentration of the fragments 6(SiH;) (/) and the molecule decomposition rate (2) as functions of temperature, in
the cases of monosilane (a) and disilane (b) at P(SiHy4) 0.3 mTorr and P(Si;He) 0.1 mTorr, model (jkn) = (303).
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Fig. 6. Surface concentration of the fragments 0(SiH3) as a function of monosilane (a) and disilane (b) decomposition rate at Tg:
700°C (1), 600°C (2), 500°C (3), and under conditions (4). Curves /—3: pyrolysis rate is changed with the growth rate via non-

thermal activation of decomposition.

In addition to the surface reactions rate, the kinetic
analysis allowed the determination of the surface
concentrations of the components under different
conditions. In the case of hydrides pyrolysis on the
silicon growth surface, the surface concentration of the
decomposing fragments (SiH;) and the number of
unoccupied bonds were given by relations (14); taking
into account the dependence of layer growth rate on
temperature, we could as well predict temperature
behavior of the variables from equations (14) (Figs. 5a,
5b, curves /). The curves 2 in the same figures show
the temperature dependence of SiH; decomposition
rate as derived in the case of (jkn) = (303) silanes
pyrolysis model. The dependence of surface
concentration of hydride fragments on their decom-

position rate [according to Egs. (14) and (15)] was
somewhat more complex (Figs. 6a, 6b, curves 4). Our
calculations revealed the differences between
temperature behavior of the surface concentration
0(SiH,) as well as of the pyrolysis rate v(SiH,)
depending on the silane nature. In particular, in the
case of monosilane, with heating 6(SiH,) increased
monotonously, and v(SiH,) decreased, whereas in the
case of disilane the curves shape was different,
pointing at the possible change in the mechanism of
hydrogen transfer to the growth surface.

Even though in the case of any certain model the
pyrolysis rate Vv(SiH,)(7,) was unambiguously
determined by Eq. (15), in general, it could change at
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the fixed temperature if the molecules decomposition
was excited by the resonance high-frequency
irradiation [12, 24]. In this case, even at low
temperatures the layer growth could be significantly
accelerated [26, 27]. The dependences of Si surface
saturation degree with SiH;3 on the decomposition rate
v(SiH,) are shown in Figs. 5a, 5b (curves /-3 for
different growth temperatures). In the frame of the
(jkn) = (303) model, at 550°C < T < 650°C, v(SiH,)
was ranged from 0.1 to 0.35 s (monosilane) and from
0.07 to 0.08 s' (disilane). The increase in v(SiH,) at
given temperature expectedly led to lower surface
saturation with the decomposing fragments due to the
layer growth acceleration.
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