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Abstract. Data on the mechanism of thermal decomposition of
silanes are generalised. The main stages of the process are
distinguished and characterised. Attention is concentrated on the
elementary homogeneous reactions, deposition of silicon from the
gas phase and formation of aerosols. Various models of formation
of aerosols are considered. The results of theoretical and exper-
imental investigations of this process are discussed. Data on the
chemical composition of the solid product of silane pyrolysis (wall
deposit and aerosol particles) are presented. It is noted that the
hydrogen content in the solid product varies over wide limits. The
bibliography includes 211 references.

1. Introduction

Thermal decomposition (pyrolysis) of silanes is used in micro-
electronics to obtain polycrystalline silicon and amorphous silicon
layers, which explains the researchers’ interest in this process.
Dozens of investigations devoted to pyrolysis of silane are
published annually, however, it should be emphasised that this
process has been studied to a much lesser extent than pyrolysis of
their closest structural analogues, viz. alkanes. For example, it is
known that the homogeneous pyrolysis (cracking) of alkanes
follows a non-branched chain mechanism. Rice’s quantitative
scheme suggested back in the 1930s (Ref. 1) allows one to
calculate the composition of cracking products for any individual
hydrocarbon. The results of the calculations obtained by this
scheme fit the experimental data. The study of the influence of
heterogeneous factors on the pyrolysis of hydrocarbons? has led
to a concept of the involvement of surface in both the stages of
chain initiation and termination and the stages of chain propaga-
tion.

By now, the mechanism of silane pyrolysis (unlike that of
hydrocarbon pyrolysis) has not been studied adequately. Due to

A A Onischuk, V N Panfilov Institute of Chemical Kinetics and
Combustion, Siberian Branch of the Russian Academy of Sciences,
ul. Institutskaya 3, 630090 Novosibirsk, Russian Federation.

Fax (7-383) 234 23 50. Tel. (7-383) 233 13 22.

E-mail: onischuk@ns.kinetics.nsc.ru (A A Onischuk)

Tel. (7-383) 233 23 81. E-mail: panfilov@ns.kinetics.nsc.ru

(V N Panfilov)

Received 10 May 2000
Uspekhi Khimii 70 (4) 368 —381 (2001); translated by A V Serov

321
322
325
326
327
329
330

the lower Si—H and Si—Si bond strengths in silanes in compar-
ison to those of the C—C and C—H bonds in hydrocarbons,
pyrolysis of silanes occurs at much lower temperatures and high-
molecular-mass silane derivatives are not the final products, but
rather intermediates. The final products of the thermal decom-
position of silanes are gaseous hydrogen and the solid phase, viz.,
silicon

Si,Hoy4+2 —> nSi+ (n+ 1)H,. 1)

It should be noted that the reaction generally cannot go to
completion due to the experimental conditions. So the solid
product is usually hydrogenated (containing chemically bound
hydrogen) rather than pure silicon. The lower the reaction temper-
ature the higher the hydrogen content in the solid product.
Besides, under real conditions, stable gaseous substances (Si>He,
Si3Hsg, SigH o, etc.) are obtained in addition to hydrogen.

Silane pyrolysis is a complex process including numerous
homogeneous and heterogeneous elementary steps. At lower
pressure (P < 1 kPa), heterogeneous stages prevail3~7 and the
solid product deposits on the reactor walls, while at high pressures
homogeneous elementary reactions dominate and the solid prod-
uct is obtained mainly in the form of aerosol particles.®° Usually,
the thermal decomposition of silanes is studied in a static reactor
(600 < T'< 750 K),'°-1° in a flow reactor (800 < T <
1000 K) 10:14.20-29 and in shock tubes (900 < T < 2000 K).30-35
The solid product is most often amorphous hydrogenated silicon.
The content of hydrogen in the solid product expressed as the
[H]/[Si] ratio varies from ~ 2 (Ref. 15) 0.5 (Ref. 27) and 0.15
(Ref. 8) at low temperature and a short reaction period to < 0.01
(Ref. 36) at high temperature and a long reaction time.

Under definite conditions, the intermediate solid product
(hydrogenated silicon) formed in the course of pyrolysis influences
the kinetics and mechanism of this process. In particular, such
influence results in acceleration of the reaction when silicon with a
highly developed surface (owing to the precipitation of aerosol
particles) is obtained.3”- 38 As the composition of the solid product
changes during the reaction, its reactivity changes, i.e., a solid
phase of variable composition is formed, which affects the kinetics
and mechanism of the process.? This is the key feature of the
pyrolysis of silanes.

In the present review, elementary reactions, the processes of
silicon precipitation on the reactor walls, the formation of
aerosols and elementary reactions occurring in the solid product
in the pyrolysis are considered. It should be mentioned that certain
aspects of the thermal decomposition of silanes have been
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discussed in detail. Thus homogeneous elementary stages of the
process have been described thoroughly in a number of publica-
tions.>*~%* In the reviews,*>4° the data on chemical vapour
deposition (CVD) are systematised and some peculiarities of this
process are explained. The results of studies on aerosol formation
in the silane pyrolysis have been analysed.® %47 In the present
review, we avoid repeating the above-mentioned publications; in
particular, elementary homogeneous reactions and CVD proc-
esses are not considered in detail. The attention is concentrated on
those aspects which, in our opinion, either require an additional
discussion (for example, the contribution of radical reactions) or
provide more complete information on the pyrolysis of silanes.

I1. Thermal decomposition of monosilane

1. Primary decomposition of the monosilane molecule
The reactions of the thermal decomposition of monosilane have
been described most thoroughly. There are many viewpoints on
whether the process of primary decomposition of SiH4 into SiH»
and H, under different conditions is homogeneous or heteroge-
neous. Thus according to an investigation of the silane pyrolysis in
a static reactor (P = 5-30 kPa, 7= 650-700 K) where the
initial reaction rate did not depend on the surface to the volume
ratio (S/V), the authors came to the conclusion that the primary
reaction proceeds homogeneously.!> This process was studied in
static and flow reactors '° (under lower pressure) and a conclusion
as to the heterogeneity of the primary pyrolysis reaction in the
whole range of pressures from 1 to 10* Pa was made assuming that
the rate of the initial decomposition of silane at P = 10 Pa is
proportional to the S/ ¥V ratio. This conclusion !° was the subject of
criticism. In particular, O’Neal and Ring *® on the basis of results
obtained earlier !> reinterpreted the data given in the paper
cited '°. Taking into consideration that the heterogeneous primary
decomposition prevails at pressures below 100 Pa, they proved
convincingly that under high pressure (> 1 kPa) the primary
decomposition proceeds as a homogeneous process. Studies on
monosilane pyrolysis by laser heating (without influence of the
reactor walls) confirm this conclusion. The activation energy of
the laser-induced monosilane pyrolysis at 2.7 kPa (Ref. 49) was
measured to be 221429 kJ mol—!, which corresponds to the
results obtained earlier in shock tubes 3* and in a static reactor.!®
Investigations into the silane pyrolysis under continuous wave
(c.w.) CO; laser radiation and a total pressure of the mixture equal
to 4 x 10* Pa allowed representation of the effective rate constant
for the silane pyrolysis as 10!1-3+0-6exp[ —21948(kJ mol—1)/RT]
(Ref. 50); the value of the activation energy obtained in this study
agrees with those given elsewhere.!3-30-49

At present, it is believed that at P > 1 kPa the primary
monosilane decomposition occurs as a homogeneous reaction
and at lower pressures it is heterogeneous.> 3!

2. The role of radical reactions in the monosilane pyrolysis
A detailed study of the mechanism of the homogeneous mono-
silane pyrolysis in a static reactor was first carried out by Purnell
and Walsh.!S The kinetics of the pyrolysis was characterised in the
initial (conversion below 3%) and middle (conversion of
10% —20%) stages of the process. In the initial stage, the reaction
had the order ~ 3/2 with respect to monosilane, and the stoichi-
ometry was described by the equation

2.39SiH4 = SioHe + 0.13 SisHg + 1.26 H»..

The total pressure in the reactor did not change with time and the
solid product was not deposited. In the intermediate stage, the
reaction was first order with respect to monosilane, the total
pressure in the reactor increased and the formation of the solid
product was observed.

Two alternative mechanisms were suggested which explained
the experimental result, viz., the molecular mechanism

SiHs —» SiHs + Ha, )

SiH2 + SIH4 —_— Sisz, (3)
SiH; + SipHe —> SizHg @

and the radical mechanism

SiH, —> ‘SiH; + H', )
H' + SiH, —> H, + "SiHs, (6)
‘SiH; + SiHy; —» SipHe + H', (7
2°SiH; —> Si>Hs. ®)

It was noted that the reaction order 3/2 can be explained both
by the radical and the molecular mechanism (it is suggested that
the process in the latter proceeds in the region of the dependence of
the rate constant on pressure, viz., in the ‘fall-off” regime). Later,
the calculations of the reaction constant of the unimolecular
decomposition of monosilane (reaction 2) by the Rice — Ramsper-
ger —Kassel - Marcus (RRKM) method 3 confirmed the reaction
order 3/2 observed by Purnell and Walsh. Nevertheless, the
discussion on the possible role of radical reactions in the thermal
decomposition of monosilane continues to be topical for the last
two decades.

Cleavage of the Si—H bond rupture in the SiH4 molecule
(reaction 5) is the key reaction in the radical mechanism. The
Si—H bond energy was measured both by the experimental and
theoretical methods. For example, interpreting the experimental
data on the kinetics of the reaction between I> and SiH4 in the gas
phase, Doncaster and Walsh>? estimated the H3;Si—H bond
energy as 378+5.1 kJ mol~!. The energy of this bond found in
the investigation of the reaction of SiH; with HI (HBr) was
38442.0 kJ mol—! (298 K),>* and in the experiments on SiHy4
photo-ionisation at 150 K it was found to be equal to
37247 kJ mol—! (Ref. 54).

It should be mentioned that the values of the H3Si—H bond
energy found experimentally agree with the theoretical values.
Thus Sax and Kalcher 3> have calculated the enthalpies of for-
mation and Gibbs energies of silicon hydrides containing up to
three silicon atoms. According to these calculations, the dissoci-
ation energy of the H3Si—H bond is 383.7 k] mol—!. The
H3Si—H bond energy obtained in the determination of atom-
isation energies for a series of AH,, hydrides (where A is an element
of the I—VII groups of the second and third periods of the
Periodic Table) is 384 kJ mol—'.5% According to the calculation
carried out by Ho et al.,>” the value of the energy is 384 kJ mol !,
later,>8 it was established as 382 kJ mol .

The average value of the H3Si — H bond energy obtained in the
above-mentioned studies is 381413 kJ mol—!. This does not
agree with the experimental activation energy (233 kJ mol—') of
monosilane decomposition in the initial stage of the process.!”
(Besides, for the rate of the monosilane chain decay to fit the
experimentally observed rates, the chain length should exceed 10°,
but as it follows from the experimental results obtained in shock
tubes,?® the average number of collisions of the monosilane
molecule with the molecules of products does not exceed 50
under these conditions.) However, the activation energy value
equal to 233 kJ mol—! agrees with the calculated data on the
activation energy of the reaction (2).%%60-64

At present, it is acknowledged that the primary stage of the
monosilane decomposition is the dissociation of the SiH4 mole-
cule into SiH, and H» and not H3Si—H bond cleavage; but the
significance of the contribution of the radical reactions to the next
pyrolysis stages still remains an open question. Numerous pub-
lications deal with the role of SiHj in the process of the thermal
monosilane decomposition. Thus the pyrolysis of an equimolar
mixture of SiH4 and SiD4 was studied in flow and static reactors.!#
The formation of mixed silanes and disilanes and the differences in
the results obtained in static and flow reactors could be rational-
ised by the mechanism implying the involvement of SiHs.

Thermal decomposition of monosilane in the presence of
acetylene in a flow reactor at 690—710 K was studied by Haas
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and Ring.?* Based on the analysis of the reaction products, it was
suggested that the silyl radicals were the major products of the
initial decomposition.

In an investigation into the decomposition of monosilane in a
single-pulse shock tube at 12001300 K, it was concluded 33 that
the observed decomposition rate of monosilane cannot be
explained by the radical mechanism; therefore, the primary act
of the monosilane decomposition is the unimolecular elimination
of H». The rate constants for the H, elimination from SiH4 were
calculated by the RRKM method. Comparison of the calculated
and experimental ' values showed that they differ more than
forty-fold, which led to the conclusion that the chain mechanism is
predominant under the static reactor conditions.

The thermal decomposition of SiHy in a static reactor in the
presence of ethylene was carried out in order to determine whether
the primary act of the monosilane decomposition occurs accord-
ing to the molecular mechanism (i.e., as the result of Hs elimi-
nation from the SiH4 molecule).!® The analysis of the pyrolysis
products suggested that the SiHj radicals formed in the slow
heterogeneous process of the Si—H bond cleavage participate,
though to a minor extent, in the pyrolysis of silane. This
suggestion was confirmed by performing a pyrolysis of a SiH4—
SiD4 mixture and detecting a rather high content of HD in the
hydrogen fraction.

The initial acceleration of the silane pyrolysis in static and flow
reactors in the range of pressures from 1 to 10* Pa was found,!?
which could be explained by the liberation of radicals from the
surface into the gas phase or by the hydrogen atom elimination
into the gas phase followed by chain reaction [processes (6)
and (7)].

The gas-phase pyrolysis of monosilane in the mixture of Ar
and SFg under c.w. COx-laser radiation was investigated.>® The
total pressure of the mixture was 4 x 10* Pa, while the partial
pressure of monosilane was 10— 103 Pa. The influence of propene
additives as an inhibitor of radical reactions was studied exper-
imentally. It was established that the effective rate constant for the
silane pyrolysis decreases on the addition of propene. Presumably,
in the presence of an inhibitor the reaction proceeds in accordance
with the molecular mechanism and is characterised by an activa-
tion energy of 281.5 kJ mol—!. In the absence of an inhibitor, the
radical stages become sifnificant and the effective activation
energy of this process decreases to 217 kJ mol—!.

A series of experiments on the monosilane decomposition in
the presence of alkenes and acetylene in a static reactor was carried
out in order to find out whether silyl radicals take part in the
pyrolysis of monosilane.!! The analysis of the kinetics of the
pyrolysis of the silane —acetylene mixture gave additional infor-
mation on the nature of the monosilane thermal decomposition.
According to the first-order kinetics obtained for this mixture, it
was determined that silyl radicals do not participate in the
decomposition under conditions examined. A possible scheme of
the radical mechanism of monosilane decomposition in the
presence of alkenes, according to which lower alkanes should be
formed, was suggested. The absence of lower alkanes among the
experimentally detected products led to the conclusion that the
silyl radicals do not contribute considerably to the reaction.

The results of the investigation on the pyrolysis of a SiH4—
SiD4 mixture under static conditions and under reduced pressures,
in particular, the kinetic curves of the H,, HD and D, formation,
showed ! that HD concentration in the initial stage of the process
increased more slowly than in the following stages. The analysis of
the formation of isotopic hydrogen molecules shows that the
molecular mechanism of the monosilane decomposition is pre-
dominant. The sequence of the formation of mixed deuteriosilanes

SiH4 e SIH;D
j—> SinDz N
SiD4 e SlHD;
was determined as being due to the exchange reactions involving
the SiHj; radical, e.g.

*SiH; + SiDy —> SiH;D + "SiDs. ©)

The concentrations of Si;Hg, SiH,D4 and Si>Dg in the initial
stage of the pyrolysis exceed those of other deuteriodisilanes. This
fact proves the predominance of the disilane formation upon the
reaction SiH, with SiH4. Thus, the features of formation of
isotopic hydrogen molecules and deuteriodisilanes points to the
significance of the contribution made by the molecular mecha-
nism.

In studies on the heterogeneous decomposition of monosilane
at 0.5—4 Pa, the liberation of hydrogen atoms and SiHj; radicals
into the gas phase was observed.®! The heated surface was placed
directly close to the ionisation source in such a way that practically
all the radicals evolved from the surface into the gas phase could
reach the inlet of the ionisation chamber virtually without
collisions with the gas molecules. At 7> 1800 K, almost all the
hydrogen obtained upon the decomposition SiHy is liberated as H
atoms, while a part of hydrogen is liberated as H, molecules at
T < 1800 K. The elimination of hydrogen in the temperature
range 1300—1800 K is characterised by the activation energy
176 kJ mol—!, while at 7 < 1300 K the activation energy is
46 kJ mol—'. The effectiveness of the formation of SiH3 radicals
in the heterogeneous silane decomposition is 0.014—0.05. The
liberation of SiHj radicals from the surface takes place as the
result of the exchange of the hydrogen atom between the SiHy4
molecule and the free bond localised on the surface.

Direct detection of SiH; radicals in the thermal decomposition
of monosilane in a flow reactor was investigated by the method of
laser magnetic resonance.?® A mixture of monosilane and argon
(the total pressure was 60— 500 Pa, the partial pressure of mono-
silane was 2.3—18 Pa) was used. The concentration of SiHj3
radicals changed from 10'° to 10'2 cm—3 as the temperature of
the reactor was raised from 830 to 1250 K (10% of SiHy4 at the
total pressure of 400 Pa). It was suggested that SiH3 radicals are
formed in the heterogeneous processes.

The possibility of the chemical induction of the monosilane
pyrolysis was shown.!® This was carried out in a cylindrical metal
reactor. A mixture of SiH4 and O, with the oxygen percentage
below 2% was introduced at room temperature and the reaction
was initiated by spark ignition or by chemical ignition. The degree
of conversion of monosilane was up to 60%. At definite concen-
tration ratio of SiH4 and O and pressures, the mixture can ignite
spontaneously even at room temperature, which is the chemical
method of ignition. If the necessary [SiH4] : [O2] ratio is established
in a small volume of a reactor, self-ignition occurs. Then the
burning front spreads over the whole volume, which results in the
significant burnout of monosilane. The decomposition of silane
presumably has branched-chain character under these conditions.
Oxygen is required only in the stage of chain initiation. The atoms
and radicals formed in this stage take part in the chain reactions of
the monosilane decomposition, which results in significant con-
sumption of monosilane. The average chain length is ~ 10.

Studies of the monosilane pyrolysis under static conditions at
P = 0.2-5 kPa show that an increase in the specific surface (S/V)
at 7= 669 K gives rise to an increase in the decomposition rate,
while at T = 779 K it results in its reduction.* The dependences
obtained were interpreted in the terms of the radical chain
mechanism and it was suggested that the rate of the heterogeneous
decomposition of monosilane increases with the increase in the
ratio S/V at low temperatures, while at high temperatures the rate
of the heterogeneous chain termination increases.

It was supposed that the chain process plays a considerable
role in the pyrolysis of monosilane [reactions (6) and (7)].°> The
activation energies obtained by ab initio quantum-chemical cal-
culations were found to be 36 and 133 kJ mol—! for these
reactions, respectively.

Hydrogen atom formation during the monosilane pyrolysis in
a shock tube was studied.’® The reaction was followed by
monitoring light absorption by the hydrogen atoms at the wave-
length A = 121.6 nm. An Ar/SiH4 mixture was used (the total
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pressure was 1 —1.5 atm, the relative concentration of monosilane
in the mixture was ~ 10~3). The time dependence of the hydrogen
atom concentration was obtained. The features of this dependence
are as follows: the change in the concentration at low temperatures
is S-shaped; the maximum concentration increases as the temper-
ature increases to ~ 1600 K and decreases as the temperature
increases from 1600 to 2300 K. Furthermore, at 7 > 1800 K the
two-stage formation of hydrogen atoms is evident, as the charac-
teristic time of the accumulation of hydrogen exceeds significantly
the decomposition time of SiH4. These features confirm the
complex character of the processes of the hydrogen atom for-
mation

Si + SiH, —= ‘Si(H)Si + H', (10)
Si+H, —» ‘SiH + H', (11)
Si + Si(H2)Si — "SisH + H’, (12)
H+M — H +H + M. (13)

Thus, the monosilane pyrolysis results in significant amount
of hydrogen (5% —10% of the initial silane concentration) even
under homogeneous conditions and at high dilution. The hydro-
gen atoms are formed not upon the decomposition of SiH4 or
SiH», but rather in the secondary bimolecular reactions. It was
concluded that the hydrogen might take part in the chain process
which includes the reaction (6) and

“SiH; + M —> “SiH + H, + M, (14)
SiHy + SiH —> "Si>H, + H". (15)

The rate constants for the radical reactions should be deter-
mined to evaluate the importance of these reactions in the thermal
decomposition of monosilane. Unfortunately, the information on
these reactions in the literature is poor. The rate constants ©3 for
the reactions of SiH3 with Si,Hg, of SiH3 with SiD4 and of H with
SiHy (T=300K) are < (7+4)x10-15, < (4+2)x 1014,
< (2.540.5) x 10~ 13 cm3 s~ 1, respectively.®® According to the
calculations of the activation energy, the rate constant for the
reaction (7) should be 1x10~"Yexp[—56.1(kJ mol—")/RT]
cm? s~ 1.94 The calculated activation energy for the reaction (7)
is 133 kJ mol—"'.%2 For the reaction %

'SiH; + SiHy —> ‘Si;Hs + H, (16)
the rate constant is

18.4 (kJ mol™")
RT

The values of the rate constant for reaction (5) calculated based
on the variation theory of the transition state for the temperature
range 200—1000 K (Ref. 66) agree with the experimental values.

The above-mentioned data show that the role of the radical
reactions in the monosilane pyrolysis is not clear. Nevertheless,
the following conclusions can be made. First, under the conditions
of the homogeneous pyrolysis, the primary reaction of the silane
decomposition is the dissociation of SiH4 to H, and SiH»
[reaction (2)]. Second, the conditions under which radical reac-
tions make considerable contribution exist probably even at
relatively high pressures (where homogeneous reactions are pre-
dominant). In static and flow reactors, the radicals are apparently
formed in heterogeneous reactions.®’

The later statement can be confirmed by the following data.
Studies of monosilane pyrolysis in a flow reactor for a mixture of
5% SiH4 and 95% Ar (the total pressure was 6.6 kPa) gave the
constants of the decomposition of monosilane at 843 and 933 K,
viz., 0.25 and 3.6 s~ !, respectively. Let us estimate the possible
contribution of the radical reactions to this process. The concen-
tration of SiH3 radicals formed in the monosilane pyrolysis in a
flow reactor for a mixture of 10% SiH4 and 90% Ar (the total
pressure was 400 Pa) was measured by the method of laser
magnetic resonance and was found to be 1x10° and

kig =2.94x 10~ 2exp|—

5% 109 cm—3 at 843 and 933 K, respectively.?® The signal for
SiH3 was proportional to the total pressure squared (the content
of the silane in the initial mixture was constant) and to the partial
pressure of the silane (the total pressure was fixed). Extrapolating
the results obtained 28 for the mixture of 5% SiH4 and 95% Ar
(the total pressure was 6.6 kPa), we obtain [SiH3] ~ 1 x 10'? and
5% 102 cm—3at T = 843 and 933 K, respectively. The ratio of the
(Ref. 65) reaction rate to [SiH4] can be calculated using the rate
constant for the reaction (16). At 843 and 933 K, this ratio is 0.2
and 1.37 s~ !, respectively. Thus the estimated rate of the reac-
tion (16) is close to the rate of the monosilane decomposition
measured experimentally. Unfortunately, the development of the
expression for the rate constant for the reaction (16) has not been
described in detail.®® Thus, the estimate given may suggest that the
contribution of the radical reactions to the process of pyrolysis can
be significant.

3. The mechanism of homogeneous pyrolysis of monosilane
At present, it is believed (see e.g. Ref. 39) that the main contribu-
tion to the process of the homogeneous monosilane pyrolysis (at
least, in the early stages) is made by the following reactions

SiHy === SiH; + H»,

SiH; + SiHy —= Si>Hs,

. . . (17

S1H2 + Sle(, fr— SI3H3,

SiH, + SisHg === Si4sHjo.

Silylene (SiH2) formed in the reaction of primary monosilane
decomposition reacts with another molecule of monosilane to give
disilane. Silylene reacts consecutively with disilane to give trisi-
lane, with trisilane to give tetrasilane, efc. The formation of

polysilanes is accompanied by their dissociation and the forma-
tion of substituted silylenes

Si;He === Hj3SiSiH + Ha, (18)

SisHs === SiH3SiH,SiH + H,. (19)

The reactions of substituted silylenes with monosilane result in
the formation of trisilane, tetrasilane, etc.

SiH4 + H3SiSiH —= Si3Hg, (20)

SiH4 + SiH3SiH,SiH —= SisH)o. (21)

In addition, the isomerisation reactions
H3SiSiH —= Si>Ha, (22)
SiH;SiH,SiH == Si;Hs, (23)

unimolecular elimination of hydrogen, e.g.,

SipHy === SibH» + Ha, (24
Si,H, — Si> + H», (25)
Si3H6 : Si3H4 + H2 N (26)

etc, take place.

The intermediate product SioH> is represented by two isomers,
Si(H»)Si being more stable.3* %% The SizHy4 species also has two
isomers.4’

Transition from the initial stage of the pyrolysis to intermedi-
ate one is accompanied by the acceleration of the process.
Devyatykh and coworkers'® were the first to investigate this
phenomenon. This transition was described in more detail by
Purnell and Walsh,!®> and the first mechanism of the initial
acceleration was suggested in their monograph (Ref. 69). The
reactions are autocatalytic processes with SiH3SiH as an inter-
mediate product.

Sin + SIH4 — Sisz, e SlH;S]H + Hz, (27)

SiH3SiH + SiHy =—= SisHg — SiH» + SioHg.
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The results of simulation 3* have shown that the initial accel-
eration observed under the conditions of a static reactor ' agree
with the mechanism involving reactions (27). It should be noted
that the initial acceleration in the process of the monosilane
pyrolysis in a flow reactor was also described based on the
mechanism of the reactions (27).27-¢7

An alternative heterogeneous mechanism of the initial accel-
eration of the silane pyrolysis under the conditions of a static
reactor 1> was suggested.!3- 70 Modification of the surface during
the reaction was supposed to be the reason for the initial accel-
eration. As the result, SiH is liberated from the surface into the
gas phase accelerating the homogeneous process. This mechanism
was criticised,?” as the pyrolysis rate and the product ratio did not
depend on the S/V ratio.!> Furthermore, the homogeneous
mechanism of the initial acceleration was supported by the results
obtained in the silane pyrolysis where the influence of the reactor
walls was eliminated (shock tubes 3° and laser pyrolysis 4°).

At present, the rate constants for numerous homogeneous
elementary reactions occurring in the monosilane pyrolysis have
been established. In particular, for the numerical simulation of the
monosilane pyrolysis, one can use the parameters of the Arrhenius
equation

E
k :Aexp<—R—T>,

where A is a pre-exponential factor, E is the activation energy.

The parameters A and E for the initial decomposition of the
monosilane molecule [reaction (2)] in the pyrolysis of undiluted
silane for the range of pressures are given in Table 1.

Table 1. Parameters of the Arrhenius equation for the reaction of primary
monosilane decomposition in the range of temperatures 8001500 K.%°

P /Pa A[s—! E /kJ mol—!
0.1 1.5x 107 214.4
1.3 1.5%x 108 214.4
13 1.5x10° 214.4
1.3x 102 1.5x 1010 214.4
1.3x103 1.5x 10! 214.8
1.3x 104 1.8 x 102 218.6
1.3x10° 1.7x 103 223.6
0 3.4x 103 250.4

Table 2. Parameters of the Arrhenius equation (4 /em3s—! or s—/;
E /kJ mol—") for the reactions occurring in the silane pyrolysis.

Reaction A E Ref.
SiH,+ H> — SiH4 9.8x10~13 —-23 40
SiH4+ SiH» — Si>He 1.3x10-10 -3.0 40
SioHe — SiH»+ SiHy4 1.3x 1013 213 43
Si,He + SiH> — SizHg 3.1x 1010 —-1.9 40
Si3Hg — SiH> + SioHe 49x 1013 222 42
SizHg+ SiH> — SisHio 3.7x 1010 —-2.0 40
Si4H o — SizHg + SiH» 6.31 x 1013 223.6 70
SioHe — H3SiSiH + H» 7.9 x 1013 237 70
H;SiSiH + H» — SioHg 2.8x10-10 9.2 70
SizHg — SiH3SiH»SiH + H» 1.8 x 1013 229 70
SiH3SiH,SiH + H» — SizHg 2.83x 1010 9.2 70
SiH4+ H3SiSiH — SizHg 6.6x10-1 —10.9 70
Si3Hg — SiH4 + H3SiSiH 9.3x 104 209 42
SiH4 + SIH3SIHQSIH bd Si4H10 6.6x 1011 —10.9 70
SigHo — SiH4 + SiH3SiH.SiH - 4.4 x 1013 210.3 70
H;SiSiH — SirHy 6.2x10° 6.5 72
SioH4 —» H3SiSiH 1.3x 1010 52.7 72
SiH3SiH,SiH — SiH3SiHSiH, 6.2 x10° 6.5 70,71
SiH3SiHSiH» — SiH3SiH,SiH 1.3x 1010 52.7 70, 71

In order to apply the data of Table 1 to the mixture of
monosilane and argon, the parameters of the Arrhenius equation
for several other elementary reactions of the silane pyrolysis are
given in Table 2.

I11. Homogeneous pyrolysis of disilane

Possible elementary reactions occurring in the thermal decom-
position of disilane are described in the theoretical studies
(Refs 72—75), while experimental investigations into the pyrolysis
of disilane and higher silanes are presented in other papers
(Refs 32,42—44, 76, 77). Chromatographic analysis of the pyrol-
ysis products of disilane carried out under static conditions at
P =3x10°-10* Paand T = 560610 K shows that the products
are monosilane, trisilane, two tetrasilane isomers and hydrogen.”®
The parameters of the Arrhenius equation for the reactions of
formation of monosilane, trisilane and hydrogen were deter-
mined. The mechanism of decomposition of disilane is following:
the initial stage is the SizHg dissociation into SiH, and SiHa4, SiH»
reacts further with Sio,Hg to form SizHg and with SizHg to form
Si4H o, etc. The experimental data suggest that hydrogen is a
secondary reaction product.

The kinetics of the disilane decomposition was studied in a
single-pulse shock tube in the temperature range 850 — 1000 K and
at P = (3.1-3.6) x 10° Pa.** It was considered that two primary
reactions of the disilane decomposition, viz., the forward reac-
tion (18) and the reverse reaction (3) occur simultaneously. The
parameters of the Arrhenius equation for these reactions were
found (see Table 2).

Thermolysis of disilane under static conditions was experi-
mentally studied by Martin, Ring and O’Neal.*? The dependences
of rate constants for this process on temperature and pressure
were obtained. The calculated parameters of the Arrhenius
equation differ substantially from those found by Bowrey and
Purnell.”®

The experimental investigation of the thermolysis of disilane,
as well as tri- and tetrasilane under the conditions of a static
reactor was continued later.#> The parameters of the Arrhenius
equation for the primary decomposition reactions of these silanes
were found.

Studies of the kinetics of the disilane thermal decomposition in
a shock tube at 1000—-3100 K have shown that disilane generally
decomposes into SiH; and SiHj.32

The process of the thermolysis of disilane at 7= 300— 1000 K
and P = 1001000 Pa was studied by resonance enhanced multi-
photon ionisation (REMPI) and multiphoton ionisation (MPI)
methods.” The formation of silicon atoms during the pyrolysis
was detected by REMPI method.

Thus, according to the above-mentioned data, the reactions

SizH(, —_— Sle + SiH4,
SioHe + SiH, —— SisHs,
Si}Hg + SiH, —> Si4H]0 etc.

are predominant in the primary stage of the disilane pyrolysis.
Furthermore, the formation of silylsilylene H3SiSiH and
hydrogen as a result of dissociation of disilane, viz., the forward
reaction (18), takes place. Silylsilylene is in equilibrium with its
isomer disilene SioHy4 [equilibrium (22)].
Silylsilylene reacts actively with disilane (and other silanes),
for example,

H5SiSiH + Si.H¢ — SisHjo. (28)

Thus, pyrolysis of disilane can proceed with an acceleration of
the process due to the additional consumption of SioHg as the
result of its reaction with H3SiSiH and other substituted silylenes.
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IV. Heterogeneous decomposition of silanes

Silicon deposition on the surface as the result of the heterogeneous
silane decomposition has been described in detail in several
reviews (see e.g. 45, 46). Hence, the processes of CVD are
considered only in brief in the present review. The publications
on the heterogeneous pyrolysis can arbitrarily be divided into two
groups: the first group includes studies on the rate of formation of
silicon films depending on macroscopic conditions (such as
temperature, pressure and composition of a gas mixture); the
second group deals with investigations into elementary heteroge-
neous reactions on the well-characterised ideal surface of single-
crystal silicon using modern methods of analysis of the surface.

1. Growth of silicon films upon heterogeneous decomposition
of silanes

Studies on the rate of formation of silicon films by the CVD
method are aimed at the search for the optimum deposition
conditions. Generally, this is associated with technological
demands for microelectronics. Experiments were mostly carried
out at reduced pressures to avoid the formation of aerosol
particles, the deposition of which on the surface of growing layers
impairs the product quality. In majority of investigations into
CVD, silane90-79-93 and disilane 5-00-80.81.89.94-99 qeryed as
precursors of silicon films. The conditions of deposition in these
investigations were so chosen, that the contribution of the
homogeneous reactions was negligible. Thus, using the data
from these publications, one can determine the reaction sticking
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Figure 1. Dependence of the reaction sticking coefficient of monosilane
on its partial pressure over the surface of the growing silicon layer at 813
(a), 863 (b) and 950 K (c).

Straight lines are plotted using the Eqn (30), the experimental points
(1)—(13) are taken from Refs 92, 5, 81, 87, 86, 84, 88, 96, 95,91, 85,93 and
82, respectively.

coefficient of monosilane (&) and disilane (e45). For instance, & is
calculated using the equation
_Wp
Zm’

where W is the rate of the film growth (cm s—1); p is the density of
the growing silicon film (p ~ 2 g cm—3); Z is the collision fre-
quency of the monosilane molecules with the unit surface area; m
is the mass of the silicon atom. The value of &5 is calculated by the
same manner.

Summing up the results given in the above-cited papers, we
derived the equations for the reaction sticking coefficient of
monosilane and disilane for a wide range of temperatures and
partial pressures of these substances (750 < 7' < 1000 K,
2x10=% < ps <2 kPa, 1 x 10=4 < pgs < 1 kPa)?’

(29)

S

148 (kJ mOlil) ~0.59
. — 1039 _ :
b= 10 exp{ o }(pg , (30)
-
s = 10 Senp | LSO 0, G

where ps and pqs are partial pressures of silane and disilane,
respectively. The dependences of the reaction sticking coefficient
of mono- and disilanes on their partial pressures are shown in
Figs 1 ang 2.
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Figure 2. Dependence of the reaction sticking coefficient of disilane on
its partial pressure over the surface of the growing silicon layer at 738 (/)
and 863 K (/).

Straight lines are plotted using the Eqn (31), the experimental points
(1)—(7) are taken from Refs 5, 96, 79, 99, 95, 91 and 94, respectively.

The reaction sticking coefficient of trisilane is approximately
the same as those of disilane (for the same range of partial
pressures).® It is noteworthy that the transport of the molecules
from the gas phase to the reactor walls does not limit the process of
film growth in the range of temperatures mentioned.*® Using the
Eqns (29)—(31), the growth rate of the silicon film in the hetero-
geneous decomposition of silane and disilane can be estimated for
a wide range of temperatures and pressures.

2. Dissociative adsorption of silanes on the ideal surface of
single-crystal silicon

Information on heterogeneous elementary reactions which occur
in the pyrolysis of silane on the surface of a solid product formed,
viz., amorphous hydrogenated silicon is rather scarce. However,
the mechanism of silicon growth on the well-characterised ideal
Si(111) and Si(100) surfaces is discussed in numerous studies.
Modern methods of the analysis of surface such as thermodesorp-
tion,”® low-energy electron diffraction,”®:190-101 secondary-ion
mass spectrometry,'%? scanning tunnelling microscopy,!03-108
reflection high-energy electron diffraction '%°~1!! are used in
these investigations.
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It was found that two neighbouring dangling bonds partic-
ipate in elementary reactions of heterogeneous decomposition of
mono- and disilane.'%% 197 The elementary reaction of the hetero-
geneous monosilane decomposition can be represented by the
reaction 104,108, 112—114

SiH4+2_ —» H + SiH;. (32)

Hereinafter, the symbol _ denotes an active centre of the
surface (dangling bond), H and SiH3; mean that H and SiH; are
bound to the surface (mono- and trihydride groups, respectively).

The elementary reaction of the heterogeneous decomposition
of disilane occurs as follows 105-115. 116

Si;He +2_ —» SiH; + SiH;. (33)

Alternatively, the following version is possible (Refs 115, 117,
118):

Si:Hg +2_ —»> SixHs + H. (34)
Trihydride groups are unstable at high temperatures and

decompose in the reaction presented below 103 113,116, 119-121.
SiH; +2_ —» SiH, + H, (35)

where SiH» is the group bound to two surface silicon atoms.

V. Aerosol formation in the pyrolysis of silanes

Three characteristic stages of aerosol formation in the pyrolysis of
silanes can be distinguished: (1) nucleation, i.e., the formation of
nuclei which grow much faster than they decompose; (2) growth of
single particles in the processes of ‘condensation’ and coagulation;
(3) the formation of agglomerates consisting of individual primary
particles. The stage of nucleation is the least studied.

1. Experimental investigation into aerosol formation

Aerosol formation can take place in the process of thermal
decomposition of silane under certain conditions. The regimes of
an epitaxial reactor which favour aerosol formation were studied
by Eversteijn.!?? Mixtures of silane with hydrogen under atmos-
phere pressure were used. Aerosol formation occurred above
certain critical concentration of silane, and this lower limit of
silane concentration was registered at different temperatures. The
critical silane concentration depended on the temperature of the
reactor and changed from 0.248% to 0.002% as temperature
increased from 1050 to 1410 K.

The process of aerosol formation in an epitaxial reactor was
also studied by Murthy ez al.'?* Mixtures of silane with argon
under atmosphere pressure were used. If the concentration of
silane at the reactor entrance exceeded 0.2%, ‘smoke’ was
observed at the exit from the reactor at 1370 K. The onset of
gas-phase nucleation was determined from ‘smoke’ formation.
The critical concentration of silane decreased with the increase in
temperature.

Investigations into aerosol formation in flow reactors were
carried out.”26124=129 Critical concentrations of silane in the
decomposition of its mixtures with inert gases and hydrogen at
low temperatures were determined by Slootman and Parent.’
These experiments were carried out in a vertical flow reactor
under atmosphere pressure. It was found that the critical concen-
tration of silane for all carrier gases is inversely proportional to
temperature. Homogeneous nucleation in inert gases began at
relatively low temperatures. In the experiments with mixtures of
silane with hydrogen, aerosol formation was observed at much
higher temperatures. It is necessary to consider chemical reactions
inhibiting the formation of aerosol particles to rationalise the
increase in temperatures. It was suggested that the large excess of
hydrogen influences kinetics of gas-phase processes, viz., favours
reverse reactions with silylene, which results in the decrease in the
concentration of aerosol particle precursors.

Qian er al.'?* carried out experiments in a low-pressure flow
reactor using pure silane. The residence time of silane in a hot zone

was ~ 1 s. The beginning of the homogeneous nucleation was
established by appearance of a weak smoke-forming flash. The
critical concentration of silane (above which the nucleation was
observed) increased ~ 1.26-fold on the increase in temperature
from 970 to 1020 K.

The mechanism of deposition of polycrystalline silicon from
silane was studied in a low-pressure flow reactor.!2> Mixtures of
silane with nitrogen were used. The formation of aerosol particles
was determined from laser light scattering. If the pressure of the
silane exceeded the critical value (the initial content of silane in the
mixture being the same), the intensity of the scattered light
increased sharply. Thus for the initial mole fraction of silane
equal to 0.3, the flow rate 400 cm? min~! and temperature
1000 K, an abrupt increase in the intensity of the scattered light
was observed at ~85 Pa. Electron microscopic studies of particles
formed at 130 Pa suggest that these particles are single crystals
with characteristic sizes from 5 to 10 nm.

Studies of the growth of silicon particles formed upon pyrol-
ysis of silane in a multistage flow reactor followed by condensa-
tion, showed that the formation of the primary silicon particles as
the result of homogeneous nucleation took place in the first
stage.!?%-127 In the second stage, the primary particles served as
the ‘condensation nuclei’ for the products of heterogeneous
decomposition of silane and the intermediate products formed in
the homogeneous pyrolysis. It was noted that the regime of
spontaneous homogeneous nucleation can be realised provided
such parameters as flow rate, silane concentration and temper-
ature profile are properly selected. The morphology of the
particles and their crystal structure were studied by electron
microscopy. It was found that the particles are non-agglomerated
spheres with the size of ~ 0.1 um. The major part of the particles
has crystal structures.

A method of synthesis of spherical particles homogeneous in
size in a reactor with five heating zones was described.!?® The
particle morphology was determined by electron transmission
microscopy method and their crystal structures were determined
by X-ray and electron diffraction.

Particles obtained in a flow reactor were shown to be clusters
resulting from the homogeneous decomposition of silane, nucle-
ation and coagulation.?® The sizes of the clusters varied from 1 to
10 pum. X-Ray diffraction analysis revealed that the particles have
crystalline structures.

The results of an experimental study of aerosol formation
under static conditions were given in Refs 4 and 17. The formation
of aerosols upon thermal decomposition of silane under pressure
of 0.3—4.5 Pa and 750-830 K was investigated.* The aerosol
particle formation was followed by monitoring changes in optical
transmission at wavelengths of 515 and 755 nm. It was suggested
that the precursors of aerosol are silicon atoms.

The critical character of the dependence of aerosol formation
on the silane pressure was rationalised as being due to competition
of the homogeneous nucleation and silicon deposition on the
reactor walls.!”

The investigation of aerosol formation in the pyrolysis of
mono- and disilane diluted with argon was carried out in a shock
tube.® The aerosol particle formation was followed by monitoring
the absorption of laser radiation at two different wavelengths.
Information on the sizes, compositions and the number concen-
trations of particles was obtained. The investigation of the
particles by such methods as electron diffraction, electron trans-
mission microscopy and secondary-ion mass spectroscopy shows
that the particles are spherical with their diameters ranging from
10 to 40 nm. These particles are weakly agglomerated and contain
15 at.% of hydrogen.

A number of investigations 139~ 135 was devoted to the study of
aerosol formation upon heating of silane by laser radiation. The
formation of particles in mixtures of silane with argon under the
action of a COj-laser was investigated by Flint and co-
workers.13%- 131 The sizes and number concentrations of the
particles were determined from the results of the measurement of
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scattered and passed radiation. It was concluded that silicon
particles are formed as amorphous silicon with subsequent
crystallisation on passing into hotter reaction zones.

The silicon powder obtained upon laser heating of silane was
analysed.!33- 134 Physicochemical parameters of the powder were
determined, using a number of methods: the sizes of the particles
and crystallites were determined by electron transmission micro-
scopy and scanning electron microscopy, while the density was
determined by the method of helium pycnometry. The crystal
structures and sizes of the crystallites were determined by X-ray
diffraction (considering the width of X-ray diffraction lines using
the Debye — Sherrer formula), electron diffraction and dark-field
electron microscopy. It was found that both separate spherical
silicon particles and chain agglomerates are formed in the laser
pyrolysis. The sizes of the primary particles incorporated in these
agglomerates are in the range 10— 100 nm. The particles are built
of separate crystallites with the size ~ 15 nm.

The morphology of aerosol silicon particles formed upon
decomposition of silane is of particular interest. Coagulation of
these particles results in agglomerates of irregular struc-
tures.!?8:136 Analogous  agglomerates  of  Ag,!37.138
Ti0,,136:139 144 i), 141144147 4 500t 148150 are formed in
natural and industrial processes.!>! These structures can be
characterised by the fractal dimension Dy < 3, which is the
exponent in the ratio

R\Pr
M o (—) R
a

which relates the mass of the agglomerate M to its radius R, a is the
average radius of the primary particles. The silicon agglomerates
formed wupon pyrolysis of monosilane at temperatures
800—1720 K had the fractal dimension Dy = 1.5—1.7 (Refs 29,
136).

(36)

2. The mechanism of aerosol formation

Much attention has been paid to the mechanism of aerosol
formation in the thermal decomposition of silanes. A mechanism
of the formation of particles from silicon atoms was suggested
based on investigation of aerosol formation upon thermal decom-
position of monosilane under static conditions in the range of
temperatures 7231070 K and pressures 66— 1335 kPa.!7 Studies
of thermal decomposition of silane at 770—1070 K have led to a
conclusion that the particles could be formed from Si and Si,
atoms.?!>22 A model of homogeneous polymerisation in the gas
phase for the conditions of low-pressure reactors was sug-
gested.!>> According to this model, the particles are formed from
SiH». A model of particle formation from disilane was considered
by White et al.'> and Ring and O’Neal.”? An assumption was
made that trisilane could be a precursor of the solid product in the
processes of the deposition on the reactor walls and homogeneous
polymerisation.3® Decomposition of pentasilane was considered
to be the initial stage of aerosol formation.!>> A model of aerosol
formation in low-pressure reactors which allows identification of
the conditions of homogeneous nucleation and those under which
heterogeneous reactions predominate was suggested by Sladek.!'3
This model is based on the competition of nucleation processes
and diffusion of aerosol precursors to the reactor walls.

A model of aerosol formation upon silane pyrolysis was
given.!>* The calculations for the temperature range
900-2400 K were made based on the classical nucleation theory
and assumption that aerosols are formed from silicon atoms. The
critical nucleus contained several silicon atoms at 900—2000 K.
Yet another theoretical investigation of silicon nucleation in silane
decomposition was made based on the classical nucleation
theory.!>

Simulation of the aerosol formation process in the silicon layer
deposition from mono- and disilane at atmospheric pressure
showed that the basis of the mechanism is the growth of aerosol
particles as the result of the consecutive addition of silylenes.””

A kinetic model of aerosol formation in thermal decomposi-
tion of silane was described.!*® The essence of this model is that a
nucleus of an (SiH,,), particle is formed in the initial stage as the
result of homogeneous reactions; its further growth occurs due to
its reaction with silane.

A mechanism of the formation of silicon hydride clusters in
the silane pyrolysis was discussed.*” This model contains detailed
chemical information on the relative stabilities and reactivities of
different possible silicon hydride clusters. The model allows one to
calculate the rate of the particle nucleation. Thermodynamic
properties of the silicon hydride clusters were estimated. The
mechanism includes reversible and irreversible formation of
silicon hydrides: the former reactions involve particles containing
up to 10 Si atoms, while the latter reactions involve particles
containing 1120 Si atoms. The key intermediates and reactions
leading to the formation of the particles were determined, the
dependence of their formation on the conditions of the reaction
was studied.

A detailed kinetic model describing pyrolysis of the initial
molecules and the homogeneous nucleation of the silicon particles
under shock tube conditions was considered.® The kinetic scheme
contains 117 elementary reactions and includes 42 types of
molecules (from fully hydrogenated Si,H»,+» to unsaturated
Si,H»,, SioH» and non-hydrogenated silicon Si, clusters). The
model describes the process of coagulation of acrosol particles and
their growth due to the CVD process.

Numerical solutions of discrete-sectional equations of the
aerosol dynamics, which take account of the interaction of
separate clusters for various reactor types were described.!?8 157
Simplified equations of reaction and coagulation which permit
one to predict rapidly the aerosol evolution were derived. The
influence of the initial vapour concentration, reaction time, seeds
and temperature profile on the properties of the highly dispersed
particles formed in silane pyrolysis was estimated.

Numerical stimulation of aerosol formation under the hetero-
geneous-homogeneous thermal decomposition of silane was
made.®” The model allows one to calculate the following time-
dependent parameters: the degree of silane decomposition, di- and
trisilane concentration, the concentration and dispersity of aero-
sol particles formed, the hydrogen content and the concentration
of active centers (in the form of dangling bonds) in particles. These
data agree reasonably with the experimental results.

The results of the above-mentioned studies show that the
modern concepts on the process of aerosol formation are contra-
dictory and its mechanism is not sufficiently studied. A reason for
the disagreement as to the mechanism of aerosol formation is the
insufficiency of experimental data. As a rule, the experiment gives
only some parameters of the process such as the sizes of the
particles,® 1?8 or temperature and the concentration of silane
required for the onset of homogeneous nucleation.* 9 17,122-126
Nevertheless, based on the available literature data general
features of aerosol formation in the silane pyrolysis can be
formulated. The initial stage of this process is the formation of
Si,,H, clusters. The thermochemical calculations 47 show that for
small sizes of clusters (m < 10) the rate of their decomposition is
relatively high, which leads to a decrease in the number of silicon
atoms in the clusters

Sim+1Ho@+k —> SinHz, + SiyHo . 37

In other words, the concentration of this kind of clusters
depends on a quasi-equilibrium between the formation reactions
of these clusters due to the agglomeration of smaller clusters

SimHZn + Si/HZk —_— Sim+/H2(n+k) > (38)

and the decay of lager clusters [see reaction (37)], on one side, and
involvement of these clusters in analogous reactions of agglomer-
ation and decay, on the other side. The rate of cluster decom-
position is relatively small for larger cluster sizes (m > 10); since
the dissociation of a large cluster requires that larger numbers of
the Si— Si bonds were cleaved than in the dissociation of a smaller
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cluster. Thus, the clusters with m > 10 may be regarded as
particles and the rate of the formation of clusters with m > 10, as
the rate of nucleation.*” Further, the rate of the particle growth is
determined largely by coagulation.®”

VI. The composition of the solid product

The detailed investigations on the chemical composition of
aerosol particles formed in thermal decomposition of silane are
virtually not documented and the data on the solid product of the
reaction which deposits on the reactor walls during the silane
pyrolysis are very scarce. Therefore, the experimental data con-
cerning this aspect should be analysed in more detail than in the
previous sections.

The solid product (a deposit on the reactor walls and aerosol
particles) of thermal decomposition of silane represents polycrys-
talline silicon® (high temperatures and/or long reaction time) or
amorphous hydrogenated silicon? (mild temperatures and/or
short reaction periods). The content of hydrogen in the solid
pyrolysis product vary over a wide range (see Section I).

The bound hydrogen present in amorphous hydrogenated
silicon has been actively studied over the last three decades.
Detailed information on the vibration modes of mono- (SiH)
and polyhydride [SiH», (SiH»),, SiH3] groups present in amor-
phous hydrogenated silicon was obtained (see, e.g.,
Refs 158 —162). IR spectra contain three characteristic absorption
bands in the range of frequencies 550—750, 800—950 and
1900-2300 cm—! (Ref. 158). Two peaks at ~ 2000 and
2100 cm~' can be found in the range of frequencies
1900-2300 cm—!. A doublet with maxima at 845 and 880 cm—!
or a single peak with maximum at 880 cm~—! is most often
observed in the range 800-950 cm~!. The data allow one to
compare different vibration modes with absorption bands
observed in the IR spectra of silanes (Table 3).

Table 3. Vibration frequencies of the Si—H bond observed in the IR-
spectra of silanes.

Group Vibration type Frequencies /cm ~!

SiH stretching 2000
bending 630

SiH» stretching 2090
SCissors 880
oscillation 630

SiH; stretching 2120
deformation 905, 860

(SiH»), stretching 2090-2140
scissors 890
oscillation 845
the same 630

The absorption peak at ~ 2100 cm—! has to be discussed
separately. It was supposed earlier 16164 that the stretching
vibrations of the monohydride groups manifest themselves only
at ~ 2000 cm~!. However, it is well known that the stretching
vibrations of the monohydride groups localised on the surface of
single-crystal (Refs 116, 165 and references cited therein) and
amorphous silicon 196197 have the frequencies at ~ 2100 cm .
Furthermore, lines at 2140,'% 2100,'%° 2085,170-171 2068 cm—!
(Ref. 172) were found in the IR spectra of the amorphous hydro-
genated silicon, while absorption at 800 —-950 cm~! (correspond-
ing to the polyhydride groups, see Table 3) was absent. Heating of
amorphous hydrogenated silicon resulted in an increase in the
absorption intensity at 2100 cm—' without any absorption at
800—-950 cm—'.173.174 These results suggest that two types of
monohydride groups, which have absorption lines at 2000 and
2100 cm—!, are possible in amorphous hydrogenated silicon.
Using aerosol particles of amorphous hydrogenated silicon as an

example, it was shown that the SiH groups with the vibration
frequency ~ 2000 cm— ' do not interact with atmospheric oxygen,
unlike the groups with the frequency ~ 2100 cm~—' (Refs 3, 175).
The interaction of the latter is characterised by a decrease in the
line intensity at 2100 cm—! and appearance of absorption in the
region 2170—2300 cm—!. The absorption in this region is gener-
ally ascribed to monohydride groups where the hydrogen and
oxygen atoms are bound to the same silicon atom (Si—O—
Si—H).176- 182

The hydrogen evolution method is a most informative method
used for the investigation of amorphous hydrogenated sili-
con.!83-194 This method allows one to obtain quantitative infor-
mation on the content of hydrogen in groups of different
structures. The essence of this method can be described in the
following way. A sample of amorphous hydrogenated silicon is
heated at a constant rate (20—40 K min—!), which results in the
evolution of hydrogen. The amount of the hydrogen evolved is
determined by the increasing pressure or by mass spectroscopy.
The sample is heated to the 7'~ 920—950 K, where crystallisation
takes place and all the hydrogen releases to the gas phase. The
results of the hydrogen evolution are usually represented as the
dependence of the rate of evolution on temperature. Two temper-
ature regions, viz., 570—770 and 770—920 K can be distinguished.
In the former region one 85191193194 op tyo 183,186, 188,189, 191
peaks are observed. The hydrogen evolution in this temperature
region is described by the first-order process and is not diffusion-
limited.!8% 190 It is supposed that the low-temperature peak in this
region is associated with elimination of hydrogen from the
polyhydride groups,'83-187-189.194 while the high-temperature
peak is determined by elimination of hydrogen from the mono-
hydride groups.!33188 In the region 770—-920 K, a peak the
location of which depends on the rate of heating is observed.
Hydrogen evolution in this case is described by the kinetics with an
order exceeding the first order.!83—187.189.192 Thig peak is associ-
ated with the elimination of hydrogen from the monohydride
groups.!83.185-189 T relation to the interpretation of the peaks in
the evolution spectra of hydrogen, it is worthwhile to note the
investigations into the thermal desorption of hydrogen from the
(111) and (100) faces of silicon single crystal 113-195-202 and from
the surface of porous crystalline sample.?0? It was found '°8.202
that the desorption of hydrogen from di- and trihydride groups
occurs at 640—715 K, while from monohydride groups, at
720820 K.

Detailed comparison of the IR spectra and the hydrogen
evolution spectra for the aerosol particles of amorphous hydro-
genated silicon formed upon thermal decomposition of mono-
silane in a flow reactor was described.3% 17> The evolution spectra
of the samples of aerosol particles withdrawn from the flow
contain two relatively sharp peaks with the maxima at 670 and
760 K and a broad peak with the maximum at 780 K. It was found
that the sharp peaks are determined by the evolution of hydrogen
from poly- and monohydride groups with the frequency of
stretching vibrations 2000 cm~!, while the broad peak is deter-
mined by the evolution of hydrogen from monohydride groups
with the frequency of stretching vibrations ~ 2100 cm 1.

The investigations into amorphous hydrogenated silicon by
the proton magnetic resonance method (Refs 203 —205) show that
the spectra represent superposition of two lines, viz., a broad
(20-30 kHz) one and a narrow (3—4 kHz) one. The hydrogen
giving the broad line is called the ‘clustered’ phase and hydrogen
giving the narrow line is called the ‘dilute’ phase. Hydrogen atoms
of the both phases are bound to silicon atoms by covalent bonds.
The difference between these two phases is that hydrogen atoms of
the ‘clustered’ phase are located close to each other, while the
hydrogen atoms of the ‘dilute’ phase are isolated.

For the aerosol particles of the amorphous hydrogenated
silicon obtained upon thermal decomposition of monosilane, the
data of IR spectroscopy were compared to those of the hydrogen
evolution, on one hand, and the data from NMR spectroscopy, on
the other hand.? It was concluded that the hydrogen of the
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