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Abstract. The results of kinetic studies on the thermal decom-
position of alkyl derivatives of Group 111 and V elements, used to
obtain semiconducting epitaxial structures, are surveyed. Their
reaction paths in the gas phase and on the surface of epitaxial
layers as well as the factors influencing the mode of decomposi-
tion are analysed. The possibility of the formation of complexes
between the components of the organoelement mixture during
their joint pyrolysis is demonstrated. The bibliography includes
128 references.

1. Introduction

Organometallic compounds (OMC) and hydrides are used as a
source of the metal in the formation of epitaxial layers of
semiconducting materials.! =3 The decomposition of the OMC
and hydrides on the surface, known as the OMC method or as the
metal organic chemical vapour deposition (MOCVD) or the
metal organic vapour phase epitaxy (MOVPE) method, is
undoubtedly an effective technological process, which makes
it possible to achieve the selective growth of epitaxial layers with
the required composition and thickness and the necessary set of
properties.* > Manasevit was the first to propose the use of the
reaction of trimethylgallium with arsine in order to obtain
epitaxial gallium arsenide layers.>7 This reaction can be
formulated by means of the following overall expression:

(CH3)3Ga + AsH3; =GaAs + 3CHa.

In subsequent studies,®? the method was used to grow films
of organoelement compounds (OEC) of Group III-V elements.
This procedure was used to obtain GaP films from (CH3)3Ga and
PHj;, GaAsP films from (CH3);Ga, PHs;, and AsHj;, GaAsSb
films from (CH3);Ga, SbH3, and AsHj3, etc. AlAs, GaN, AN,
GaAsyP) _», GaAsSb; —», InAs, GalnAs, InAsP, InP, etc. films,
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based on the alkyl derivatives of Group III elements and nitrogen,
phosphorus, arsenic, and antimony hydrides, have been grown
similarly.®.?

Initially the investigators were interested exclusively in the
technological problems associated with the construction of the
reactors, the behaviour of the carrier gas, and the selection of the
substances required, problems of mass transfer and hydro-
dynamic aspects being discussed.—!! At the present time,
serious attention has been devoted to the fundamental principles
of these technological processes: the mechanisms of the chemical
reactions occurring in the gas phase and on the surface.!2—14
In his review,> Shaw distinguishes the following stages in the
MOCVD process: (1) the supply of the reactants to the film
growth region; (2) diffusion of the reactants to the surface of the
support; (3) adsorption of the reactants on the surface; (4) surface
processes involving chemical reactions, surface diffusion, and the
binding of deposited materials to the support; (5) desorption of
the gaseous chemical reaction products; (6) diffusional transport
of the products in the stream of carrier gas; (7) removal of the
reaction products from the growth region.

Stages 3—5 generally determine the rate of the deposition
process and its principal physicochemical characteristics. In the
chain of problems comprising the synthesis, purification, and
stabilisation of the OEC, the kinetics, thermodynamics, and mass
transfer of the OEC, and the design features of the reactors for the
growing of epitaxial layers, each has independent importance.
However, it is recognised that the factor inhibiting the
development of the chemical gas-phase deposition is primarily
the difficulties of understanding the mechanism of the pyrolysis
of the OEC.12—14

In the present review, attention is concentrated on the
consideration of the mechanisms and rates of the thermal
decomposition reactions of the OEC of Group III and V
elements in the gas phase and under the real conditions in
the growth of films as a result of chemical deposition from the gas
phase. The study of the kinetics of the thermal decomposition of
the above classes of compounds is of theoretical interest for the
development of the OEC chemistry and ensures the solution of
the technological problems in the preparation of Group III-V
semiconducting materials.

The pyrolysis of the OEC to the element and hydrocarbons is
a complex chemical process. The multistage nature of the
homolytic reactions involving the abstraction of alkyl groups
from the initial and intermediate OEC is combined with
molecular decomposition reactions (B-elimination). The homog-
eneous and heterogeneous stages are manifested in different ways



954

V A Yablokov, N V Yablokova

in the pyrolytic reactions. As a consequence of the dual action of
the wall, which is involved in the initiation and the destruction of
the active centres on the surface, cases are possible where, despite
the presence of heterogeneous stages, the rate of the overall
process is independent of the ratio of the surface area of the walls
(S) to the volume (V) of the reactor.

The homogeneous-heterogeneous character of the pyrolysis
of the OEC and the involvement of these compounds in radical
and molecular consecutive-parallel elementary reactions is the
principal reason why it is impossible to establish a chemical
mechanism which corresponds to the experimentally established
macrokinetic law. Nevertheless, the knowledge of the macro-
kinetic laws makes it possible to solve a series of general and
specific problems —in the first place, to test the validity of the
hypotheses concerning the reaction mechanisms. The postulated
mechanism is tested by comparing the experimental and
theoretical and kinetic laws. The discrepancy between experi-
ment and theory is a reliable sign that the proposed mechanism is
erroneous. On the other hand, consistency between theory and
experiment is not a sufficient basis for the adoption of the
postulated mechanism.

Furthermore, the knowledge of the macrokinetics makes it
possible to distinguish certain characteristic features of the
reaction investigated. Thus a fractional order with respect to
the OEC concentration and the independence of the rate of
reaction of the concentration of one of the reactants yield reliable
information about the involvement of free radicals in the reaction
and about the role of the reactants in the rate-limiting stage of the
process. Here one should also include the determination of the
heterogeneity factor (S/ V). The variation of the rate of the overall
reaction as a function of S/V indicates an appreciable
contribution of the desorption process (the fifth stage) and of
the reactions at the interface.

There have been fairly numerous kinetic measurements on the
pyrolysis of OEC of Group III and V elements, but they are
frequently contradictory. Systematic treatment and discovery of
the general features of the variation of the reactivity of individual
OEC and their mixtures in the gas state and under the conditions
of the growth of epitaxial layers will make it possible to select
keys to the regulation of these processes.

II. Kinetics of the thermal decomposition of
alkyl derivatives of Group III elements

The most ‘puzzling’ OEC among the compounds of Group III
elements are probably organoaluminium compounds and
particularly (CH3);Al. The formal kinetics of its thermal
decomposition were investigated for the first time by
Yeddanapalli et al.’® In the temperature range 570-610 K,
the rate of thermal decomposition of (CH3);Al is described by the
equation for a reaction the order of which is 3/2. The rate
constant can be expressed as follows:

188.3
k=8.1x10 exp( RT )

It is independent of the initial pressure of the gaseous (CH3)3Al in
the pressure range (0.2-1.14) x 10* Pa. The variation of S/V
hardly affects the constant k. The principal gaseous reaction
product is methane (91 vol.%-98 vol.%). In the presence of
hydrogen, the activation energy (here and henceforth E is
expressed in kJ mol—!) for the (CHz)3Al decomposition reaction
decreases from 188.3 to 127.6 kJ mol—!. The numerical values of
the rate constants decrease under these conditions, while the
reaction order remains 3/2.

In later studies,!2-16 it was reported that the pyrolysis of
(CHs);Al is first order with respect to the organoaluminium
compound.

The reaction was carried out under a hydrogen atmosphere
(10° Pa), where the partial pressure of (CH3)3;Al was ~200 Pa.

The pressure was sufficiently low to allow the virtual exclusion of
the sensitised decomposition of the OEC.

(CH3)Al + CH; —» (CH3),AICH, + CH,4

A distinctive feature of the pyrolysis of (CHs);Al at 200 Pa is
the existence of ‘high-temperature’ (450—550 K)!2 and ‘low-
temperature’ (290 — 320 K)!€ reaction regions. Activation energies
for pyrolysis of 158.6 and 37.6 kJ mol—! correspond respectively
to these regions. In a general form, the ‘low-temperature’
pyrolysis is considered as a system of consecutive parallel
reactions, where the first stage is the thermal decomposition
of the trimethylaluminium dimer.1

ki
—_—

[(CH;);3Al), 2 CH; + [(CH3)2Al)

The low activation energy for the ‘low-temperature’ pyrolysis
can be explained!6 by the fact that the bonds between the bridging
methyl groups of the dimeric compound and the aluminium atom
are weaker than the bonds in the monomeric molecule: the bond
strength in the latter has been estimated, according to the data in
Tel’noi’s book,!” as 278 + 4 kJ mol—!. The concentration of
dimeric trimethylaluminium at 290 -425 K is known!8 to exceed
or be comparable to the concentration of the monomer, so that
the dimers may play a significant role in the ‘low-temperature’
macrokinetics. However, this is not the only possible explanation
of the characteristic features of the ‘low-temperature’ pyrolysis.
Studies on the kinetics of the decomposition of trimethyl-
aluminium on hot solid surfaces of copper and aluminium at
295880 K demonstrated that methyl radicals are predominantly
formed during the reaction.'® The energy for the generation of
methyl radicals in the interaction of (CHj);Al with the
aluminium surface is 46 + 8 kJ mol—!. Within the limits of
the error of the measurement, this quantity agrees with the acti-
vation energy for the ‘low-temperature’ pyrolysis (37.6 kJ mol—1)
quoted by Suzuki et al.!¢ It is entirely probable that at 290425 K
the source of methyl radicals may be the dimeric trimethyl-
aluminium, which decomposes heterogeneously at the surface.

With increase in temperature, the fraction of trimethyl-
aluminium dimers diminishes as a result of dissociation.
Therefore, over a wide temperature range it is necessary to
take into account the contributions to the overall process by both
the dimeric and monomeric forms (Scheme 1).

Scheme 1
CH;
VRN K
(CH;);AI\ /Al(CHa)z =

N

CHj;
ik; 1 K

(CH3)Al + CH;

2 (CHs):Al

(CHapAl._ _.AlCH3) + CH;

CH;
l k2 l K
etc. etc.
T/K E/kJ mol—! Ref.
290-450 37.6 16
450-565 158.6 12
570-610 188.3 15

The role of each of the competing paths in the pyrolysis is
determined by two temperature-dependent factors: the shift of
the dimer = monomer equilibrium (K) and the change in the rate
constants for the abstraction of the methyl groups from the dimer
(k1) and the monomer (k). The higher the reaction temperature,
the higher the activation energy for the pyrolysis of (CH3):Al

This type of variation of E is consistent with the concept of
competing reactions occurring with rate constants k; and &,
where i = 1, 2 (see Scheme 1).




Kinetics of the thermal decomposition of alkyl derivatives of Group III and V elements 955

The monomer concentration increases with increasing
temperature. The rate constant for the decomposition of the
monomer (k) increases with temperature faster than the rate
constant for the composition of the dimer (k). In the ideal case,
the complete conversion of the dimer into the monomer can be
achieved by raising the temperature. If the rate-limiting stage is
the abstraction of the first methyl group from the (CHs)sAl
molecule, then the value of E at temperatures above 600 K
should approach the average bond dissociation energy
Dpr—cn, =278 kJ mol™'. An increase in the length of the
hydrocarbon group virtually rules out the possibility of the
existence of the dimeric form of the organoaluminium compound
in the gas phase.!8:20 The nature of the pyrolysis products then
changes. The contribution of the molecular B-elimination
reaction increases. With increase in the length of the hydro-
carbon group R, the thermal stability of the organoaluminium
compounds falls.

R;AlH + R'CH=CH; (1)

R;Al ——[: L.
R;Al + R (2)
For example, the rate of the gas-phase decomposition of
(C2Hs)3Al (Py = 6.7 x 10° Pa, T = 435 — 465 K) is appreciably
higher than the rate of decomposition of (CH3);Al?! The

temperature dependence of the effective rate constant for the
overall (CoHs)3Al reaction is given by the equation?!

121.3
_ 1082 _
k=10 exp( RT )

The attainment of a limiting value of the rate constant for the gas-
phase decomposition of the organoaluminium compounds R3Al
on passing from R =C,H; to R=n-CgH;; is indicated
indirectly by data on the liquid-phase thermal decomposition
of R3Al22 The rate constants for the liquid-phase thermal
decomposition of (n-C4Ho)3Al and (n-CgHys)sAl differ only
slightly (1.5 x 107 s7! and 1.7 x 107 57! respectively).

The thermal decomposition of the gaseous alkylgallium
compound R3Ga (R = CH;, C;Hs, n-C3H7, n-C4Hg) obeys
the kinetic equation for a first-order reaction.!314.23—32
Trimethylgallium exhibits the highest thermal stability. The
homolysis of the Ga—C bond with a fairly ready loss of two
methyl groups is characteristic of this compound.?>-26:28 The
rate-limiting stage of the process is the abstraction of the first
methyl group.

(CH3)3Ga —» (CH3)Ga + CHs

The subsequent fate of the methyl radicals depends on the
composition of the gas phase. The reaction

Ce¢HsCH; + CH; — CgHsCH: + CHa,

is observed in a stream of toluene. The bibenzyl formed confirms
the radical mechanism of the decomposition of (CH3);Ga in a
toluene atmosphere.??

Mass-spectrometric analysis of the gas phase!* confirms
the occurrence of the following reactions of the methyl
radicals:!4

éH} + éH} + M —» CH¢ + M*
CH; + HyDz) —= CH4(CH;D) + H(D)

CH; + (CH3)sGa —> CHy4 + (CH3):GaCH,

M= reactor wall or any molecule.

In a stream of hydrogen, the decomposition is faster than in a
stream of helium, which suggests the possibility of the occurrence
of the reaction

(CH3);Ga + H — (CH3),Ga + CH,.

At a temperature below 720 K, the polymer (GaCH,), is
formed.2® Above 770 K, it decomposes with liberation of
metallic gallium.

One may agree with the claim that hydrogen reduces the
activation energy by the abstraction of the last methyl group in
the final stage of the pyrolysis.]> The dissociation of the bond
in monomethylgallium requires an energy of approximately
343 kI mol—13 The overall activation energy for the
decomposition of (CH3)3Ga in a stream of hydrogen is in the
range 184-260 kJ mol~! according to the data of different
workers.2%>26 The concluding stage of the decomposition of
(CH3)3Ga in the gas phase should therefore be a reaction
favoured energetically.>*

CH3Ga: + H; (or I-.I) —» Ga + CHy + H

An attempt to detect the presence of gallium atoms in the
vapour-phase decomposition of (CH3);Ga by IR spectroscopy
was unsuccessful.3 At any rate the pyrolytic reactions catalysed
by the surface or occurring on the surface do not limit the rate of
the process,?%-36 since an increase in the surface area does not
accelerate the pyrolysis of (CH3)3Ga.

The homogeneous-heterogeneous mechanism of the decom-
position of (CH3)Ga, examined in detail by Masi et al.,® has
been proposed on the basis of studies of the decomposition of this
compound under the conditions of the formation of epitaxial
layer by the MOCVD method,?* 2% —3° while 2 model mechanism
has been proposed on the basis of data on the pyrolysis of
(CH3)3Ga at different temperatures and the involvement of H, in
the decomposition processes and in the processes leading to the
formation of the decomposition products in the gas phase and on
the GaAs surface. It was established that, in the gas-phase
decomposition of (CH3)3Ga in a stream of hydrogen, the gallium
hydrides [H.Ga(CH3);_,] are not formed, especially under the
conditions for the growth of GaAs films. The absence of the
dissociation of (CH3)3Ga in the gas phase to metallic gallium has
been confirmed by spectroscopic data, according to which the
concentration of gallium atoms in the gas phase is several orders
of magnitude lower than the concentration of the intermediate
species CH3Ga:. Spectroscopic studies®”-3® made it possible to
consider in detail the surface reactions of (CHs);Ga, which
include the dissociation of (CH3)sGa and of the intermediate
species (CH3)2Ga' and CHs;Ga: on the surface adsorption
centres (s).>® The activation parameters were estimated for
each of the reactions presented below, which makes it possible
to predict their occurrence in the real MOCVD process
(Scheme 2).

Reactions (3) — (6) take place in the gas phase, whilst reactions
(7) - (13) occur on the surface. The activation energies E are given
in kJ mol—! and the rate constants k in (mol cm—3)!-ns—1,
where # is the reaction order.

The epitaxial GaAs layers were grown by the MOCVD
method on a base comprising (CH3);Ga and metallic arsenic
using hydrogen as the carrier gas.’® Methane molecules are
obtained in this process via two paths: via the direct gas-phase
interaction of two methyl radicals [see Eqn (44) below], formed
on decomposition of (CH3)3Ga, and via the reaction of the CHs
radical with the carrier gas. The activation energies for these
processes were estimated as 23 and 39 kJ mol—! respectively.

The reaction involving the abstraction of alkyl radicals,
typical for (CH3)3Ga, is also characteristic of (C;Hs)3Ga with
the sole difference that in the case of the latter B-elimination
takes place as a parallel reaction. The probable mechanism of
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Scheme 2
(CH;3)3Ga —> (CH;)zC.}a + (.:Hs, k=35x IOSeXp<~§;‘—;) ; )
. . 148
(CH3;Ga —»= CHjGa:+ CH, k=87 x 107exp (—ﬁ) ; @)
. . 41.9
(CH3);Ga + H —» (CH3);Ga + CH4, k=15 x 103exp (—ﬁ) : 5)
. . 41.9
(CH3),Ga + H —» CH3Ga:+ CHs, k=5x10%exp( - 22 ) ©)
CH3Ga:+ Ga(s) — CH3Ga/(s), k=54 x 1011105, Q)
188
CH3Ga (s) — CH;Ga:+ Ga(s), k = 10"exp %7 ) 8)
. 159
CH3Ga(s) — Ga(s) + CH;s, k=26 x 103exp (—7‘;7—,> ; 9)
Ga(s) + CH; — CHsGa(s), k=13 x 1012705 (10)
. 419
Ga(s) + CHs(s) — GaCH;(s) + s, k =107 exp -7 : 11
(CH3);Ga +s — CH3Ga(s) + CHj, k=35x 1011T03; (12)
(CH3);Ga +'s — CH;3Ga(s) + 2CH, k=46 x 10! T°'5exp(—f4l;—'7?) . (13)

the decomposition of (C;Hs)3Ga, investigated by the mass-
spectrometric method in a stream of He and Hy,!* may be
represented by the reactions

(C:Hs):Ga + CH3CH, (14)
(C2Hs)3Ga "l:

(Csz)zGaH + C:H,y (15
2CHsCH2 + M — C.H;p + M*, (16)
CH:;CH, + H, — CH¢ + H, (17

CH;CH; + (C:Hs)3Ga —» C,Hs + (C:Hs):GaCHCH;  (18)

M = reactor wall or any molecule.

The radical recombination reaction (16) proceeds virtually
with zero activation energy. Reaction (17) has an activation
energy of 55 kJ mol=14% With increase in temperature, the
fraction of ethene in the reaction products increases and above
600 K the elimination reaction (15) becomes the dominant path.

Quantum-mechanical calculations*! demonstrated that the
B-elimination reaction is favoured energetically for (C;Hs):Ga
compared with the homolysis of the Ga—C bond, which agrees
with the results of experimental measurements at temperatures
above 600 K.

The kinetics of the pyrolysis of the alkylindium derivatives
Rsln, where R = C2H5, n-C4H9, I‘I-C5H11, or n-C6H13, have
been investigated.2—4% Analysis of the literature data permits
the conclusion that the pyrolysis of the alkylindium derivatives
in the gas phase in the temperature range 473-780 K is
described by the kinetic equation for a first-order reaction.
The apparent activation energy for the process decreases on
passing from the methyl derivative (197.5 kJ mol~!) to the
hexyl derivative (63.2 kJ mol~1). It was established that the
pyrolysis of trialkylindium is a complex homogeneous-
heterogeneous process, which proceeds simultaneously via
radical and olefinic-hydride mechanisms, the radical reaction
paths predominating. The formal process mechanism can be
represented as follows:

Rsln —= Ryin + R

!

In+2R

. RH + Ri-wy
-
Rz

R + RsIn —= RH + RInR(_p,

. In .
R —@™ R-wm+H

Riln —» RyInH + R_py

2R;In  — RoInlnR; — RolinR + R.

The pyrolysis (CH3)3In at atmospheric pressure in a stream of
helium or hydrogen (deuterium) has been studied in detail by the
mass-spectrometric method.*’ The rate constant for the pyrolysis
of (CH3)3In in a stream of helium is comparable to the rate
constants published recently and obtained in the presence of a
radical trapping agent (toluene).*4

226
2.3RT
Trimethylindium decomposes predominantly homolytically in a
stream of helium and does not undergo radical attack by methyl

radicals. The pyrolysis is accelerated slightly in a stream of H; or
D,.

gk =179 -

167 .
lgk = 13.4—m (in a stream of Dj),
1k=150—£8— (in a stream of Hj)
g O-3377 in T of Ha).

The principal pyrolysis products are CH3D and C>Hs in a stream
of D; and CH4 and C;He in a stream of H,. The ratio
CH;D/C;H¢ decreases monotonically with increase in tem-
perature. In the study of the mechanism of the decomposition of
(CH3)sIn in a stream of D;, the authors*® used a modelling
procedure. It was postulated that the hypervalent short-lived
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intermediate [D(CH3)3In] is formed initially.
D + (CHs)sIn —» [D(CH3)In]
CH; + [D(CHs)sIn] — CH:D + (CHs)sln
D + [D(CHs3)sIn] —= D» + (CH3)sln
[D(CH;)sIn] — CH3D + 2CH; + In

This model explains the increase in the rate of pyrolysis of
(CH3}:In in a D, atmosphere. A similar decomposition
mechanism has also been proposed for a H, atmosphere.

New organometallic sources of metallic indium have been
investigated—C2H5(CH3)2In and (CH3)2N(CH2)3In(CH3)2.
These are potential substitutes for (CH3)3In.4%47 In contrast
to (CHs)slIn, these compounds are liquid at room temperature
with relatively high vapour pressures. It is particularly effective to
employ them in combination with ftert-C4HoPH, for the
preparation of high-quality InP films. (C;Hs);InCl, which is
converted into InCl on decomposition, is very effective in
organometallic gas-phase epitaxy. When PH: and fert-
C4HoPH, are used, phosphorus is incorporated during the
growth of InP films.

The pyrolysis of (CH3)3Tl has been investigated in a flow sys-
tem in a stream of toluene in the temperature range 452 — 536 K43
The CH4, C2He, and C¢HsC,Hs found in the reaction products
are formed from the methyl radicals abstracted from (CHs);TL

(CH3);TI —» (CH3),Tl + CHj

!

Tl + 2 CH;

The apparent activation energy of 152.3 kJ mol —! corresponds to
the T1-C bond dissociation energy.*®

The kinetic parameters of the thermal decomposition of the
alkyl derivatives of Group III elements are presented in Table 1.
There is no unanimity as regards the estimation of the effective
rate constants for the overall reactions. The constants k based on

hypothesis that its dimeric form is involved in the process
kinetics, are characteristic of this compound.

The causes of the variation of the reactivity of the compounds
R3Ga in the sequence CH3 < C;Hs < n-C4Hs < n-C3;H; 132449
and of R3In in the sequence CH; < n-C4Hy < C:Hs =
n-CsH); € n-C¢Hj3 4344 so far remain unelucidated.

It has been shown comparatively recently3®—>54 35 that high-
quality thin aluminium and gallium films may be obtained when
complexes of aluminium and gallium hydrides with the tertiary
amines EH3-NR3, where E = Al or Ga and R = CH; or C;Hs,
are used as the organometallic sources.’ Such adducts do not
contain an E—C bond, are less combustible and toxic than the
compounds RiE, and their vapour pressures are sufficient to
employ them in the MOCVD processes at relatively low
temperatures.

The thermal decomposition of the complexes AlH;-NR3,
where R = CHj; or C;Hs, has been investigated.>® The gas-phase
decomposition leads to the formation of hydrogen, metallic
aluminium, and the corresponding amine. In the condensed
phase, the thermal decomposition in the temperature range
353-393 K is accompanied by the formation of the amine and

a solvated polymeric form of aluminium hydride. The
decomposition mechanism can be expressed as follows:
k
AlH;'NR; (§) === AlH; (g) + NRs (2). (19)
-1
k2
AlH;(g) — Al(s) + LHa(g), (20)

AlH3-NR; (1) —> ﬁ—;—INRg (g) + %[(AlH;),, ‘NR;3](s). (21)

%[(A1H3)n'NR3](S) — Al + 1%H2(g)+’1—1NR3 ®. @

The abbreviations g, 1, and s correspond to the gas, liquid, and
solid phases.

The following expressions were obtained for k; and k; (s—1):

the data of different workers differ significantly for the same ki =16 x 1012exp<—w> for AlH3-N(CHs)s,

compound. The studies of Price and coworkers,?%4448.49 where RT

the thermal stabilities of the compounds (CH3):E (E = Ga, In, 13

TI) were investigated under comparable conditions, merit special ki =53x 1012exp<— R_T) for AlH3-N(C;Hs)s,

attention. The reactivities of such organometallic compounds

increase in the sequence (CH3)3Ga < (CHjs)sln < (CHj3)sTL

(CH3)3Al ‘deviates’ from this series. Relatively low activation Ky = 42 % 1020 1758

energies'? 1516 and a low thermal stability, consistent with the L exP( TT—) :

Table 1. Parameters of the thermal decomposition of the alkyl derivatives of Group III elements.

Compound T/K Inko E/kJ mol-! Experimental conditions Ref.

(CH3)3Al 571-607 36.63 188.3 Static system 15

(CoHs)sAl 435-465 18.88 121.3 " 21

(CH3)3Ga 686—983 35.7 249 Flow system, toluene carrier 23
683-703 29.3 184 Flow system, hydrogen atmosphere 25

(C,H5):Ga 610--749 36.1 197.5 Flow system, toluene carrier 49
543-1023 18.2 95 Flow system, hydrogen atmosphere 24
573-653 11.3 95.8 Static system 27

(n-C3H7)3Ga 473-553 13.1 76.5 " 27

(n-C4Hg)3Ga 473-553 5.8 49.8 " 27

(CH3)sIn 550-781 36.2 197.5 Flow system, toluene carrier 44

(C»Hs):ln 453-523 28.3 144 Static system 42

(n-C4Ho)3In 473553 17.7 110.8 " 43

(n-CsH1)zln 473-553 14.5 86.2 " 43

(n-CsH)13)3ln 473-553 13.8 63.2 " 43

(CH3)sTl 452-536 34.7 152.3 Flow system, toluene carrier 48

Note. The parameters of the Arrhenius equation which correspond to a first-order rate constant are quoted with the exception of the parameters for
(CH3)3Al, the order of the reaction of which is 3/2 and the dimensions of k are s~! mol—05 litre®5,
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The enthalpy of reaction (19) is 113 + 4 kJ mol~!, which
virtually agrees with the activation energy for this process and is
close to the Al-N bond dissociation energy. The constant k; is
the effective rate constant for the decomposition of AlHj in the
gas phase.

The mechanism of the growth of a thin aluminium film on
the crystalline surface of aluminium (111) has been investigated
by a method involving the decomposition of the complexes of
aluminium hydride with trimethylamine? and triethylamine.5’
The process occurring on the surface can be represented in a
simplified form by the following reactions:

AlH;3-NR3 (g) :-—l—“—l AlH3-NR; (s), (23)

AlH3-NR; (s) ;& AlHj (s) + NR3(s), 24
-2

AlH; (s) ﬁ-» Al(s) + 3H(s), (25)

NR; () L. NRs(g), (26)

3H (s) —k-5—> iH(g,s). @7

It was shown®? that reaction (24) — the dissociation of the
Al-N bond in the complex adsorbed on the surface —is the
rate-limiting stage in the deposition of the aluminium film in
the aluminium hydride —trimethylamine system, while in the
aluminium hydride — triethylamine system the rate-limiting stage
in the growth of the film is reaction (27)—the desorption of
hydrogen atoms from the surface.’” The activation energy for
bond dissociation in AlH3-N(C,;Hs)s on the surface has been
estimated as 6580 kJ mol—!, which is less than the activation
energy for the desorption of hydrogen from the surface. Epitaxial
aluminium layers without an admixture of carbon were obtained
at 310 K and above.>>57

The complexes between aluminium hydride and tertiary
amines, such as AIH3+-N(C2Hs)s, AIH3-N(n-C3H7)3, and AlH;-
-N(n-C4Hy)s, are liquids at room temperature, but their thermal
stability diminishes with increase in the bulk of the substituents in
the amine. Among the liquid aluminium hydride complexes, the
most stable is that with ethyldimethylamine,* which has been
used to obtain ultrapure aluminium in the construction of lasers.
It has been suggested that the adduct decomposes via reactions
(23)-(27).%4

The gallium complexes GaH3-NRj are hardly used in the
formation of epitaxial layers, since, for example, GaHs-N(CH3)3
is unstable and decomposes even at room temperature. The more
stable adduct GaH;-NH(CH3); has been described. It has been
used in combination with AlH; and fert-CsHsAsH; for the
formation of (AlGa)As/GaAs heterostructures.>®

The adduct (CHs)3In:-N(CHs3); has been synthesised in a
satisfactory yield and with adequate purity from metallic indium,
NMes, and methyl iodide in the presence of magnesium and
diethyl ether.”® The vapour pressure of the adduct was deter-
mined: 7.42 x 10° Pa at 323 K and 0.97 x 10° Pa at 293 K. For
comparison, we may note that the vapour pressure of (CH3);In at
293 K is 1.41 x 10 Pa. The complex (CH3)3In- N(CH3); and PH;
have been used to prepare InP films.

III. Kinetics of the thermal decomposition
of alkyl derivatives of Group V elements

The rate of thermal decomposition of gaseous alkyl derivatives of
Group V elements is described by the equation for a first-order
reaction regardless of the nature of the heteroatom or the alkyl
group R in R3EY, where EY = P, As, Sb, or Bi and R = CHs,
C2H5, or n-C3Hy (Table 2).

The kinetic parameters of the thermal decomposition of
(CH3)3As have been published®®—¢2 for both dynamic and static
conditions. The decomposition in a closed quartz reactors® at
673-733 K leads to the formation of methane (~90 vol.%),
ethane (4%), ethene (2.5%), hydrogen (1%), and higher hydro-
carbons. Approximately the same proportions of the gaseous
products have been observed in a flow reactor.%! The solid phase
contains 98.4% of metallic arsenic. An increase in the length of
the hydrocarbon group diminishes the thermal stability of
alkylarsines.5-%> The reactivities of trialkylarsines increase in
the sequence (CH3):As < (CaHs)sAs < (n-C3H7)zAs. Thus, at
679 K the rate constants for the decomposition of trimethyl-,
triethyl- and tri-n-propyl-arsines are 9 x 10—5, 193 x 10—5, and
257 x 10—3 s—! respectively. The composition of the gaseous
products indicates an increase in the contribution of the
pB-elimination to the overall process on passing from the ethyl
to the propyl derivatives.

Systematic studies of the influence of the central heteroatom
on the rate of thermal decomposition of the methy]l.64—66
and ethyl,52-67—70 derivatives of Group V elements showed that
the reactivities of (CH3);EY and (C;Hs);EY increase from
phosphorus to bismuth: P < As < Sb < Bi.

Comparison of the temperatures at which the effective
rate constants for the pyrolysis of the ethyl derivatives of
Group V elements are the same and equal to 10—5 s—! shows
that this temperature is 653 K for (C,Hs);P, whereas the
significantly lower temperature of 433 K corresponds to
(C2H5)3Bi.67‘69_71

The composition of the products of the decomposition
reaction (Table 3) indicates a radical mechanism for the
decomposition of (CH3)3EY and the occurrence of the competing
radical and molecular reactions of the corresponding ethyl
derivatives (C,Hs);EY. Unsaturated compounds are formed
via the B-elimination reactions and also as a result of the
disproportionation of the alkyl radicals.

Table 2. Kinetic parameters of the decomposition of the alkyl derivatives of Group V elements.

Compound T/K Inko E/kJ mol—! Experimental conditions Ref.
(C2Hs)sP 693753 34.7 251.8 Static system 69, 70
850-1050 36.8 263.6 Flow system 71
(CHa3)3As 673733 29.4 228.4 Static system 60
764858 36.4 262.8 Flow system, toluene carrier 61
687736 33.1 240 Static system 62
(C:Hs)3As 653—693 31.1 210.8 " 62, 67
650-690 29.9 167.3 " 64
(n-C3H7)3As 661—693 30.2 204 " 63
(CH3);Sb 705-767 35.2 233.8 Flow system, toluene carrier 65
(C2H5)3Sb 578-613 31.1 189.5 Static system 67
(CH3);Bi 655—680 322 184 Flow system, toluene carrier 66
(C:Hs)3Bi 465-497 19.6 110.8 Static system 67
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Table 3. Composition of the gaseous products of the decomposition of the methyl and ethyl derivatives of Group V elements.62-67
Compound T/K Composition (mol.%)
H-> CH4 CzH(, C2H4 C3Hs C3H5 CaHlo C4Hs Unidentified
compounds
(CH3)3As 688-731 0.4-0.27 88.1-90.4 49-1.5 1.1 1.9-3.5 3.6-1.3 - - -
(C2Hs)3As 642693 - 5.1 77.0 8.4 2.5 5.0 20 - -
(C,Hs5)3Sb 578-613 - 0.5 65.3 33 1.9 4.0 16.4 8.3 0.7
(C2Hs)3Bi 465-497 — - 45.5 7.3 — — 28.8 6.3 12.0
The consecutive-parallel thermal decomposition reactions of tert-CsHoPH, —» (CH3):C + H,P (28)
the ethyl derivatives of Group V elements can be represented in . .
the following way in a general form (Scheme 3): ‘e”'C4I:19PH2+(CH3)3C — (CH;)3CH + tert-CaHoPH  (29)
Scheme 3 tert-CqHsPH — (CH3);C + HP: (30)

(C;Hs),E + CH3CH:,
(C:Hs):E {

(C:HshE —> CoHsE: + CHiCH,,
(C:Hs)EH —> CHsE: + C;He,

(C2Hs)2EH + CoHy,

C>HsE: —» E + CH3CHa,

2CHsCH;, —l:

The decomposition mechanism was devised on the basis of the
analysis of the composition of the stable gaseous products and
does not provide, for example, for the successive transformation
of (C:Hs);EY into EVHi, because molecular hydrogen, the
formation of which would have been expected in the pyrolysis
of EVHi, is not detected in the products at fairly low
temperatures. At high temperatures, the role of secondary
processes involving the reactions of the ethyl radicals
increases. This is the reason for the presence of methane and
higher hydrocarbons in the products of the thermal decomposi-
tion of (C2Hs)3As and (C2H5)3Sb.72

The radical reactions in the pyrolysis of (C;Hs);As and
(C3Hs)AsH in a stream of hydrogen and deuterium have been
investigated in detail by the mass-spectrometric method.”
Tetraethylhydrazine was used as the source of ethyl radicals.
Ethyl radicals accelerated the pyrolysis of (C;Hs)>AsH but did
not affect the pyrolysis of (C;Hs)sAs. Isotopic analysis of the
reaction products showed that B-elimination hardly occurs in the
pyrolysis of these compounds under the conditions of the given
experiment and that the radical reactions predominate. It has
been established by computer modelling that the proposed
reaction mechanism is consistent with experimental data.

Since the hydrides of Group V elements (PH3, AsHs, SbH3)
are toxic, it has been suggested in recent years that somewhat less
toxic compounds such as rert-C4HoPH; or ter-C4HoAsH; be
used for the MOCVD processes.”*—76

The mechanisms of the thermal decomposition of tert-
C4HoPH; and tert-C4HoAsH,; have been discussed.”’—83
It was shown that the molecular processes leading to the
formation of AsH> and isobutane should be regarded as
dominant in the decomposition of ter--C4HoAsH, in a D,
atmosphere when the gas phase comes into contact with a
SiO, or GaP surface.”® B-Elimination, accompanied by the
formation of AsHj3 and isobutene, becomes appreciable at
high temperatures.

In contrast to tert-CsHoAsH,, the decomposition of ters-
C,HoPH; is a multistage process where free-radical reactions
predominate according to Li and coworkers®-82 and Fan
et al.®

CyHg + C2Hy,

CsHyo.

(CH3);C — (CH3):C=CH, + H 31

The tert-butyl radicals are destroyed by reactions (29) and
(31), while the :PH and PH; radicals are adsorbed on the surface
and interact with one another. A change in the SiO, surface area
does not influence significantly the rate of thermal decomposition
of tert-C4HgPH;, whereas the GaP surface has a catalytic effect
on the decomposition of phosphine.® Gallium atoms play the
role of catalytic centres. The adsorbed species located on the
neighbouring Ga atoms participate in the reaction

tert-C4HoPH> (s) + PH (s) —» 32)

— (CH3)3CH (g) + PH._; (s) + PHa(s);
x=1-2.

At high temperatures, the intramolecular B-elimination reaction

cannot be ruled out for tert-C4HoPH, .83
tert-CsHoPH; —» (CH3)2C=CH2 + PH; (33)
In contrast to tert-C4HgPH,, PH3 decomposes under the

conditions of the MOCVD process at temperatures higher by

~300 °C. The mechanism of the pyrolysis of PH3 on the surface
includes the following reactions:®*

PHi(g) === PH;(s) (34)
PH;(s) === PH(s) + H(s) (35)
2PH(s) — P:(s) + Hz(g) (36)
PHs(s) + PH(s) —> P2 (s) + 2Ha (g) (37
2Py (s) —> 2P2(g) (38)
PH; (s) + PH(s) —» 2PH, (s) (39)

Comparison of the mechanisms of the decomposition of tert-
CsHoPH, and PH; shows that the reactions of the radicals: PH
and PH;, which generally occur on the surface, are common to
them. The difference is determined by the nature of the rate-
limiting stages for the processes: reaction (28) or (32) is such a
stage for rert~-C4HoPH,, while for PHj it is reaction (35), which
can occur both homogeneously and heterogeneously.

The study of the kinetics of the thermal decomposition of zert-
C4HoPH, (22 experiments)®> showed that the reaction is pseudo-
first-order with respect to the substrate. The kinetic parameters of
the pyrolytic reaction were determined in the temperature range
593-626 K at an initial pressure Py = (2.2 — 2.7) x 10* Pa. The
rate constant varies from 239 [2.39 x 107%? (translator))
to 12.5x 107* 57! and the process activation energy is 159 +
5 kJ mol™!. The composition of the gaseous decomposition
products (in mol.%), determined by gas-liquid chromatog-
raphy, is as follows: CHy (0.2), iso-C4H;o (99.3), and iso-C4Hs
(0.5). At temperatures above 780 K, the gaseous products of the
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hydrolysis of tert-C4HoPH, undergo further decomposition.’
According to the data of Li et al. ® further decomposition
does not occur in a flow system in a D, atmosphere. Under
static conditions in the temperature range 780-840 K, the
thermal decomposition of isobutane takes place at an appreciable
rate with formation of CHy, C;Hs, CoH4, C3Hg, CsHg, and
iSO-C4Hg .

The high pyrolysis temperature and the toxicity of the
hydrides of Group V elements forced investigators to turn to
the alkyl derivatives of Group V elements capable of generating
hydrides at fairly low temperatures directly in the hot zone
of the reactor. The possibility of using the compounds
As(R;XRp)3_, for the preparation of semiconducting layers,
where R; is the alkyl group participating in the free-radical
decomposition at the As—R; bond, and Rg is the alkyl group
(usually iso-C3H; or tert-C4Hy) undergoing B-elimination with
formation of As(R;),H3_», has been analysed 8 A model com-
pound of this kind is zer-C4Ho(C2Hs)2As.86 The decomposition
of this compound in the temperature range 373-725 K was
investigated by the mass-spectrometric method. It was estab-
lished that at 373573 K the free-radical decomposition of this
compound predominates over B-elimination (in proportions of
2:1). At a temperature above 620 K, B-elimination is the main
process leading to the formation of (CyHs)2AsH.

tert-C4Ho(CoHs),As —» (CzHs):AsH + iso-C4Hs
The hydride (C>Hs),AsH is a source of arsenic in the preparation
of epitaxial ITI-V layers.

Similarly it has been suggested that terr-C4Ho(CH3),Sb be
employed to prepare InSb layers. The temperature at which the
epitaxial layers are grown is then reduced by about 100 °C
compared with the process employing (CH3)3Sb and by about
50 °C compared with (is0-C3H7)3Sb.87.88

Comparison of the reactivities of alkyl derivatives of Group
1II and V elements (Tables 1 and 2) indicates a higher thermal
stability of (CH3);EY compared with (CH3);EMI (E! and EV are
Group III and V elements in the same Period). Price and
coworkers?3-4448,49,61,65,66 carried out systematic studies on the
kinetics of the thermal decomposition of the methyl derivatives of
the above elements in a flow system, using toluene as the carrier
gas. We used these data to compare the reactivities of the
alkyl derivatives of Group III and V elements. The linear plots
of In kg g against In kg, gv presented in Fig. 1 (lines / and 2)
confirm the existence of a correlation between the rate constants
for the pyrolysis of the methyl derivatives of Group Il elements
and the rate constants for the pyrolysis of the methyl derivatives
(line J) and ethyl derivatives (line 2) of Group V elements. This
finding confirms that the mechanisms of the pyrolysis of the
compounds R3E of Group III and V elements are of the same
type. A certain scatter of the points about line / is associated with
the fact that constants obtained by extrapolation were compared.
The relations presented permit an estimate of the rate constant
for the thermal decomposition of the monomeric compound
(CH3s)3Al, which proved to be 10—# s—! at 688 K. Hence it follows
that the monomeric trimethylaluminium is a very stable com-
pound. The rate constant for the pyrolysis of (CHs)3Al obtained
experimentally! at this temperature proved to be significantly
higher than the value quoted. This is associated with the fact that
the kinetically active species in the thermolysis is the dimer, its
presence in the vapour phase reducing the thermal stability of the
monomer in equilibrium with it.

In kR; i

1 -4
» (Ga, As) 2 (Ga, As) 4-8
’
/
/
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Figure 1. Relation between the rate constants for the pyrolysis of the
methy! derivatives of Group III elements and the rate constants for the
pyrolysis of the methyl (line 1) and ethyl (line 2) derivatives of Group V
elements (7T = 488 K).

IV. Joint decomposition of the organoelement
compounds and hydrides of Group III and V
elements in the gas phase and under the
conditions for the formation of epitaxial layers

It follows from the data presented in Tables 1 and 2 that the
majority of organometallic alkyl derivatives of Group III
elements decompose in the temperature range 450-650 K,
whereas the analogous compounds of Group V elements
decompose at higher temperatures (600-850 K). The ‘gap’
between the temperature ranges of the decomposition reactions
complicates the preparation of high-quality epitaxial III-V
layers and heterostructures. As a rule, it is necessary to introduce
the Group V compound into the reaction system in a large excess
(by a factor of 10— 100). However, the ‘gap’ is only apparent, since
during their joint decomposition the compounds of Group III
and V elements influence one another and the difference between
their thermal stabilities is eliminated. The change in thermal
stability may be associated with the possibility of the formation of
adducts between the mixture components.

RsMHI4+R3EY = R3M“I -EVR3

The formation of such complexes follows from the acid — base
properties of the reactants, since the organoelement compounds
of Group III elements, having an unoccupied orbital, behave as
Lewis acids, while the compounds of Group V elements,
containing a lone pair, behave as Lewis bases.

The formation of adducts promotes the polarisation of the
M-C bonds and changes in the steric configuration of the
molecules, in the interatomic distances, and in the bond angles.3®
For example, the study of the NMR spectra of (C;Hs)3Al,
(C2H;5)3Ga, and their etherates led to the conclusion that the
element - carbon bonds in the complexes with ether are ‘loosened’
to a greater extent than the E—C bonds in the initial alkyl
complexes.”®

In the series of alkyl derivatives of Group V elements, the
electron-donating properties are weakened in the following
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sequence: N > P > As > Sb > Bi.?! =3 Among the compounds
of Group III elements, the most pronounced electron-accepting
properties are those of R3AL%!

The thermal stability of the mixture of organoelement com-
pounds is determined by the stabilities of kinetically independent
species of different types: the molecules of individual compounds,
their adducts, dimers, and the intermediates of the decomposition
reaction formed in the mixture. The alkyl derivatives of Group III
and V elements are known®! to form fairly stable complexes
R3MU-EVR;. The possibility of the existence of these complexes
under the conditions of the thermal decomposition of the
(CH3);Ga + (CHj)sAs and (CHj3);Al + (CHas)3As mixtures
has been investigated.>*—°7 The vapour pressure of the complex
(CH1y);Ga-As(CH3); was investigated at different temperatures
and it was shown that the complex is fully dissociated in the gas
phase at 470 K.% Under the severe conditions of the thermal
decomposition of (CH3);Ga and (CH3)3As, one can therefore
consider only the probability of the existence of the adduct
(CH3)3Ga-As(CH3)3,”¢ which could not be detected with the aid
of Raman spectroscopy.®®

The rates and mechanisms of the thermochemical, photo-
chemical, and plasmochemical decomposition of the mixture of
organoelement compounds depend on the contribution by the
decomposition of the complex to the effective pyrolysis rate
constant. Thus, when (CH3)3Ga and (CHs)3;As are mixed, the
rate of their joint thermal decomposition increases by a factor
of ~15-2 compared with the individual organoelement
compounds.®> Therefore knowledge of the thermodynamic and
kinetic characteristics of the complexes formed becomes useful
for the understanding of the kinetics of the joint decomposition
of the organoelement compounds. The complexes
(CH3);E-As(CH3)3 (E = Al, Ga, In) were synthesised in vacuo
(P = 1-2 Pa) by mixing the initial organoelement compounds.
(CH3)3As was taken in excess and was then removed from the
reactor by freezing out in a trap cooled with liquid nitrogen. By
repeated sublimation, the complexes may be freed from the
possible impurities comprising the individual organoelement
compounds. The melting points (7},) of the complexes
(CH3);E-As(CH3)3 are given below.

E Tw/K Ref.
Al 304.2 96
Ga 296.6 91
296.4-296.7 91
In 297.6 96
297.2-297.8 91

The change in the Gibbs free energy or the dissociation
constant K, serves as a measure of the thermal dissociation of the
complexes. The capacity of the test complexes®®®7 for thermal
dissociation increases in the sequence

(CH3)3Al-As(CH3)s < (CH3)sIn-As(CHs)s
< (CHj3)3Ga-As(CH3);.

For example, at 430 K the dissociation constants K. for the above
series of compounds are respectively 0.21, 1.005, and 3.51 atm.*’

The temperature dependence of K. suggests that the con-
centrations of the complexes are very low in the processes
involving the high-temperature ( ~800 K) deposition of epitaxial
layers. However, one cannot rule out the possibility that the role
of such complexes in the kinetics of the pyrolysis is the same as
that of free radicals and other active intermediate species. At
lower temperatures ( ~350 K), the saturated vapour is a mixture
of the gaseous complex and its dissociation products. The degree
of dissociation of the complexes in equilibrium with the liquid
phase at any temperature can be readily determined from K. and
the pressure P.

The rate of thermal decomposition of a mixture of (CH3);Al
and (CH3)3As has been investigated and the kinetic data obtained
have been compared with the resuits for the thermal decom-
position of the individual aluminium and arsenic compounds.®®
When gaseous (CH3);Al and (CH3):As are mixed at room
temperature, the crystalline complex (CHs);Al-As(CH3s)s is
formed. It was established that the arsine decomposes in the
mixture independently of (CH3);Al. On the other hand, the
presence of (CH3)3As influences the nature of the thermal
decomposition of (CH3)3Al firstly, its thermal stability increases
(the temperature range of the decomposition reaction shifts from
590-650 K to 670-720 K) and, secondly, its decomposition is
described by the kinetic equation for a first-order reaction. The
results led to the following hypothesis concerning the mechanism
of the joint decomposition of the above organoelement
compounds: at 420-470 K, the saturated vapour obtained on
evaporation of the complex (CH;3);Al-As(CH3); is an
equilibrium mixture of the individual OEC, the complex, and
dimeric trimethylaluminium.

—_—
—

(CH3)3Al1- As(CH3)3 (CH3)3A1 + (CH3)sAs

!

[(CH3)3Al)2

With increase in temperature, the complex and the dimer
dissociate. Under the conditions of the thermal decomposition
(670 - 720 K), the equilibrium concentrations of the dimer and the
complex become insignificant. This may be inferred from results
on the thermodynamic measurements of the degree of
dissociation of dimeric trimethylaluminium.!® However, even
small amounts of the dimer and the complex may prove to be
kinetically active in the thermal decomposition process.
Therefore, under the pyrolysis conditions, it is essential to
take into account the following paths in the reaction of the OEC:

CH; + (CHs):Al + As(CHa)s CH; + (CHa)sAs

I I

(CH;):Al-As(CH3); == (CH3)3Al + As(CHs)s
A

[(CH3)Al]2 CH; + (CHs),Al

lkllu

Zng + polymer.

The experimentally determined constant k; (see below) is an
effective quantity and includes the constants for the primary
elementary stages ki, k7, and k{".

The Arrhenius relations for the temperature variation of the
rate constants for the decomposition of (CH3);Al and (CH3);As
in the mixture can be represented by the equations

lnk] = (14.8 * 4.4) — 123]:7:,10 for (CH3)3A],
Ink; = (33.1+1.5) - 242; 4 for (CHa)sAs.

The formation of a 1:1 adduct of trimethylgallium and arsine
has been demonstrated by the matrix isolation method in an
argon matrix at 77 K.%9 Its spectroscopic characteristics have
been published. The thermal stability of (CH;);Ga decreases on
mixing with the arsine. The decomposition is observed already at
476 K.%2 The degree of decomposition increases with increase in
temperature.!00
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Me;Ga-AsH; —» MeyGa—AsH,; + CHy
Me;Ga—AsH; —» —MeGa—AsH}- + CHs
—MeGa—AsH}- —> GaAs + CH,

The indium-containing adducts RsIn-AsHj;, which are
formed even at room temperature, are still more reactive,!01.102

The formation of the adducts R;M"™.EVR} or the dimers
(R; M), must be taken into account in describing the kinetics and
mechanism of their decomposition. They influence significantly
the mass transfer conditions in the chemical gas-phase deposi-
tion. The rate of thermal decomposition of arsine?6.104.106
increases significantly in the presence of (CH3)3Ga and arsine
itself reduces the thermal stability of (C,Hs)3Ga.100,106—108

An important factor in the variation of the thermal stability
of the mixture of OMC is the exchange interaction between them.
The exchange of radicais between (CH3);Ga and (CHj3);Al 109
and also between (iso-C4Hy);Al and (CHs)sAl !0 has been
established by NMR spectroscopy. Such exchange alters the
reactivities of the mixture components as a consequence of the
change in the composition of the OEC.

The pyrolysis of (C;Hs);Ga in the presence of AsHj3 and
(CH3)3Al in a stream of H, has been investigated mass-
spectrometrically.!%7 It was established that the decomposition
of (C2Hs)3Ga is influenced by the components of the gas mixture:
arsine diminishes the temperature of the pyrolysis of (C2Hs)3Ga
approximately by 20 °C, while (CHs)sAl increases it by 25 °C.
This is associated with the different mechanisms of the decom-
position of (C2Hs)3Ga in the presence of the above components.
The rate-limiting stages of the processes differ significantly.

In a mixture of (C:Hs);Ga and AsHj; in a stream of
hydrogen, the main reactions are

(C:Hs):Ga —» CH3CHs + (CoHs):Ga,
CHgéHz + AsH; —» C;Hg + ASHQ,
CHsCH, + AsH, —» C;HsAsH,,

while in a mixture of (C;Hs)sGa and (CHj);Al exchange
reactions take place and mixed alkyl derivatives are formed.

.CH;
2(CH3)sAl == (CHg)zAl'\ "Al(CH3):
CH,
/CHs

(C:Hs);Ga + (CH;):AI'\ AlCH3); === (40)

Ci‘h

CH,
(CH)Al /‘Ga(csz)z + (CHa)sAl

\Csz

I

(CH3)2C2HsAl + CH;3(C2H5)>Ga

—
—_—

(CH3);Al + CH3(C:Hs):Ga —> (C3))]
— (CH3),C:HsAl + (CH3)2C2HsGa

The compounds CH3(C;H;),Ga and (CH3)>C;HsGa formed
in the exchange reactions (40) and (41) are thermally more stable
than (C>H;5)3Ga. This explains the increase in the temperature of
the pyrolysis of the mixture of (C;Hs)3Ga, (CHs)3Al and Hj. As
a result of the occurrence of the equilibrium reactions (40)
and (41), the pyrolysis is undergone virtually not by the two
individual OEC but by a mixture with a complex chemical
composition.

It has been noted that the bimolecular reaction between
(CH3)3Ga and arsine alters the thermal stability of this
mixture,!11—114

Direct measurements of the concentration of the methyl
radicals by means of laser IR spectroscopy made it possible to
estimate the relative contributions of certain reactions to the
joint decomposition of AsH3z with (CH3)3;Ga or (CH3)sln in a
hydrogen atmosphere.!l

CH; + H, — CHs+ H (@)

C>Hs 43)

CH; + CH; CHa +:CH, (a4)

C:Hq4 + H> (45)

CHs + AsH,, —» CHq + AsHp_, (46)

) CH, + (CH;),_;MCH, 47
CH; + (CH3):M { _

C:Hs + (CH3),— M (48)

(CH).M — CH; + (CH3),_1M (49)

(CH3):M + AsH,, — (CH3),M-AsH,, (50)

n,m=1-3; M = Ga,In.

One cannot exclude from consideration reactions (42), (44),
and (47) as potential sources of methane. The main supplier of
methyl radicals in these processes is reaction (49). Reactions (43)
and (48) are insignificant at low concentrations of the OEC, so
that ethane is virtually absent from the reaction products.
The formation of ethene has been observed only at temperatures
above 870 K ([reaction (45)]. The concerted variation of the
concentrations of methyl radicals and methane has been noted
when AsH; was introduced into the (CH3)sM undergoing
decomposition, which confirms the important role of reaction
(46) in the chemical gas-phase deposition of epitaxial GaAs or
InAs layers.

Within the framework of the classical Langmuir—
Hinshelwood theory of the growth of layers, it has been possible
to differentiate the kinetic and diffusional temperature ranges
corresponding to the development of the MOCVD pro-
cess.!'6—120 For example, in a stream of hydrogen the kinetic
region corresponding to the growth of the GaAs layer from
{CH3)3Ga and AsHj3 occurs in the temperature range 720 — 870 K.
According to the results of Reep and Chandhi,!'? the effective
process activation energy is 92 kJ mol—!, which differs little from
the activation energy for the heterogeneous decomposition of
AsHj;.198 Tt has been suggested that the adsorption of AsH; and
its subsequent decomposition are the rate-limiting stages in the
deposition of GaAs. The temperature range 870-1120 K corre-
sponds to the diffusional region of the growth of the GaAs
film. In this range, the rate of growth is almost independent
of temperature. The apparent activation energy is only
~8.4 kJ mol~1. A further increase in temperature leads to
the ‘etching’ of the epitaxial layer.

Evidence for the formation of the intermediates CH3AsH>
and (CHa);AsH in the pyrolysis of a mixture of (CH3);Ga
and AsHj; and also of CoHsAsH; in the decomposition of
(C;H5)3Ga in the presence of AsH3 has been obtained by IR
spectroscopy.?! The formation of a complex between R;Ga
and AsHj and the surface reactions are not then taken into
account, the radical gas-phase reactions being considered in
detail (Scheme 4). A characteristic feature of this scheme is the
hypothesis of the formation as intermediates of complexes of the
alkyl radicals produced on decomposition of R3Ga in the
presence of arsenic hydrides with different degrees of
substitution, i.e. R4_,,AsH,,, where m = 1-3.
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. . Scheme 4
RiGa —= R + R;Ga
R:Ga — R + RGa
RGa —» R+ Ga
R + AsH; —» RH + AsH,
R + Ast
R + AsHj
R + RAsH, — RH + RAsH

R + RAsH —» R,AsH

—» RAsH,
—» RAsH; —= RAsH, + H

R + RAsH, —= RyAsH, — R,AsH + H
R + RAsH — RH + RaAs

R + RyAs —> RsAs

R + R,AsH —» R;AsH — RjAs + H

The decomposition of (CH3)3As and (C:Hs)3Ga on the GaAs
surface has been investigated mass-spectrometrically.!?? The rate
constant found for the decomposition of (CHs)3As (231.5) is
much higher than the values obtained in a toluene atmosphere§!
and in the absence of a carrier gas.5° The difference is associated
not only with the influence of the carrier gas and with the
catalysis by the GaAs surface, but apparently also with the
formation of an adduct between the mixture components. The
simplified model of the decomposition process then assumes the
following form:

(C:Hs)sGa —» (CoHs)s—Ga + x CH3CHa,

(C2Hs)3Ga + (CH3)3As  —> (C:Hs)3-Ga-As(CH3);,

(C2H5)3_xGa<As(CH3)3 . GaAs(CH;); + (3—x) CH3CH2,
(C2H5)3Ga + (CHi)sAs —== (CoHs)Ga- As(CHs)s,
(C2Hs)3Ga As(CH3); === GaAs(CHs); + 3CHCH;,

x=1-3.

The kinetics and mechanism of the joint pyrolysis of
(CH3);Ga and AsH3 on the growing GaAs surface have been
investigated at low pressures of the initial reactants
(1.3 x 1072 Pa).3! The primary stages in this case are the
adsorption of (CH3)3Ga on the surface (on Ga or As centres)
and the subsequent removal of the methyl group from the surface
[reactions (51) and (52)}.

(CH3)3Ga (g) === (CHj3):Ga (s) (5D
(CH3);Ga(s) — (CH3).Ga (s) + (3—x)CH;(s) (52)
x=0-2.

Methy! radicals are adsorbed on the Ga and As centres and are
then desorbed into the gas phase.

CH:E(s) — CHs(g) + E(s) 3
E=Ga, As.

Reactions (54) and (55) reflect the different paths to the
formation of ethane.

CHs(g) + CHsGa(s) —> CoHg + Ga(s) 54

CH;3(s) + CH3(s) —> C:Hs(g) (55)

The process becomes important only at temperatures above
850 K.

(CH3)Ga (s) === (CH3):Ga(g) (56)
Reaction (57) demonstrates the possible ways in which carbon

can be inserted in the growing epitaxial layer.

CH3 (|:H3
éH;; + ASWGaWASWGaWAS —_— (57)
Cin CH;
— CH, + AS777'G3777-AS777—GaW7—AS —
CH;

— ASWGa%AS%Gaw—AS + éH;;

A methyl radical from the gas phase attacks the methy! group of
the CH3Ga fragment on the surface and abstracts a hydrogen
atom. The resulting CH,Ga fragment displaces a methyl radical
from a neighbouring surface centre, forming a CH; bridge.
The products of the decomposition of AsH; were not
detected in the gas phase (low pressure of the initial

reactants). Reactions (58) and (60) reflect the AsHj;
decomposition processes on the surface.
AsHj3 (g) == AsH;(s) (58)
AsH3(s) —» AsH, (s) + G—p)H(s) (59
H,AsGa(CHz). (s) —» GaAs(s) + yH(g) + xCH;(g)  (60)

y=0-2.

At low pressures of the reactants, the reactions occurring on the
surface can probably be represented in the following way:

H;C CH3 HiC CH;
H \Ga/—CH — H \Ga/ CH — (61)
\ / ’ NPV
77787778777~ 777 AST77 8777~
CH;
—= H G CH
N QA/ 3
777 ATTT A 777
HsC (|7H3/CH3 HC_ CH;
H G H — H_ Ga H + CH; — (62)
777-As777-As777— 777—As777—As777—
e
— H Ga H +CH
N\ g {A CHs
77‘ SW SW

Reactions (61) and (62) correspond to the concerted processes
occurring on the growing GaAs surface. The activation energy
for the pyrolysis of (CH3)3Ga on the surface is 108.8 kJ mol—!
and the pre-exponential factor is 10133 s—1. The presence of arsine
increases the rate of decomposition of (CH3);Ga, whereupon E
diminishes to ~84 kJ mol—!,

A complex of the donor —acceptor type has been obtained in
the reaction of (CH3);Ga with tert-C4HoPH,. When the com-
ponents are mixed in 1 : 1 molar proportions at room temperature,
a liquid with a low vapour pressure is produced.’’

On the basis of the results of a study®! in which it had been
established that ter--C4HoPH> accelerates the decomposition of
(CHs)3Ga, remaining insensitive to its presence, Yablokov et al.83
expected to observe two different temperature ranges for the
decomposition of this mixture. One should have corresponded to
the decomposition of rert-C4sHoPH, and the other to the
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decomposition of (CH3)3Ga. In reality, the process proved to be
more complex. In the temperature range 513 - 520 K, the rate of
thermal decomposition of the mixture is described by the kinetic
equation for a first order reaction and assumes the following
numerical form for the rate constant (in s—1):

_ (125 £ 6)

lg k=(17.2+0.8) R 314T

The mixture of gaseous decomposition products consists of CHy
(73.4 mol.%), C2Hs (0.21 mol.%), iso-C4H ¢ (17.4 mol.%), and iso-
C4H; (9 mol.%). This product composition differs from that in
the decomposition of the individual ter-C4HoPH, (where the
amount of isobutane is 99.3 mol.%) and the authors® therefore
postulated that the complex (CHs)sGa.tert-CsHoPH, decom-
poses in the temperature range 513-520 K. CH4 and the
condensation  products  [(CH:)Ga-PHC4Ho-tertf] and
[CH3Ga-PC4Hg-terr), are formed. Their decomposition tem-
perature is above 680 K. The probable mechanism of the joint
decomposition of ter--C4HoPH, and (CH3)3Ga has been put
forward,® but it requires further confirmation.

Similar phenomena have been observed on mixing tert-
C4HoPH, or CsH;1PH; with (CH3)sIn. 33 The adduct obtained on
interaction of C¢H;;PH; with (CHa3)3In and deposited at room
temperature on the walls of the reactor and of the measuring
spectroscopic cell has the following structure:

P \
cyclo-CeHyy 'In\ CeHii-cyclo
H;C CH;

The processes involving the pyrolysis of (CH3)3Ga and R3As
on the GaAs(001) surface have been investigated!?* by the surface
photoabsorption method'2* under the conditions of the MOCVD
process. In the pyrolysis of (CH3)3Ga on the GaAs surface, the
rate-determining stage in the growth of the film is the desorption
of methyl radicals from the surface. In the study of the pyrolysis
of (CH3)3AS, (C2H5)3AS, (Csz)zASH, and tert-C4H9Ast,
process activation energies of 2.93, 1.58, 0.82, and 0.82 eV
respectively were determined (for comparison, we may note that
the activation energy for the pyrolysis of AsHs is 0.74 €V). The
authors postulate that (C;Hs);AsH and tert-CsHoAsH: are
possible sources of hydrogen, alternative to AsHj, in the
MOCVD processes, since the activation energy for their
pyrolysis is relatively low.

Fundamental advances have been made in the modelling of
processes occurring in the complex (CH;)3Ga—(CHs)3As-
AsH;-H, multicomponent system in the gas phase and on
the surface of GaAs epitaxial layers.’® The authors were
interested in the mechanism of the incorporation of carbon
atoms in the epitaxial layers. The proposed mechanisms of the
formation of such layers include 23 gas-phase and 64 surface
reactions, in which 20 gaseous compounds and 14 compounds
adsorbed on the surface participate. Fig. 2 illustrates
schematically the principal reaction paths of these compounds
in the MOCVD process. The communication cited 3¢ presents the
kinetic and activation parameters for all the gas-phase and
surface reactions calculated from literature sources and the
author’s own data.

Preliminary analysis of the kinetic model showed that
contamination of the epitaxial layers by carbon takes place as
a result of surface reactions in which the GaCH3 intermediate
species is most important. The gas-phase reactions do not affect
the contamination of the surface layers by carbon.

GaMe; a

N

GaMe:

N

GaMe
GaMe* —= Ga*
L0000 A

AsMe; b AsH3

N v

ASMCZ —_— HASMCz ASHZ

N |
AsMe HAsMe —» H>As
(VAN J

AsMe* —= As* —/—= AsH*
(227777771

Figure 2. Schematic representation of gas-phase and surface paths of
decomposition of OEC in the system (CH3);Ga—(CHa3);As-AsHjz in a
stream of hydrogen (after Masi et al.): (a) decomposition of (CH3)3Ga;
(b) decomposition of (CH3);As and AsH3;.

V. Conclusion

Investigators have now come closer to understanding the detailed
mechanism of the pyrolysis of the OEC of Group III and V
elements in the gas phase and on the surface to such an extent that
they are able to obtain excellent epitaxial layers, finding their way
successfully through the labyrinth of incompatible, as regards
thermal stability, explosive and toxic OEC.

The set of alternative organoelement sources in the MOCVD
technology has expanded. The causes of the decrease in the rate of
pyrolysis of both individual OEC and their mixtures have become
understood. Ideas have been formulated concerning the
combined study of the stability of OEC from the standpoint
of the stability of an isolated molecule, the thermodynamic and
kinetic stabilities, and also the dynamic stability of thermo-
dynamically irreversible systems consisting of the OEC and the
products of their decomposition in specific states of aggregation
in the presence of mass and energy fluxes under conditions close
to and remote from thermodynamic equilibrium,125—128

It is likely that these aspects of the investigations will in fact
permit the development not only of the MOCVD technology for
optoelectronics and semiconductor techniques but also for the
solution of theoretical problems concerning the reactivity in the
macro- and micro-processes occurring with participation of the
OEC.
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