1092

Translated from Uspekhi Khimii, 48, 2034-2060 (1979)

Russian Chemical Reviews, 48 (11), 1979

U.D.C. 541.128.1

Kinetics and Catalysis of the Oxidation of Titanium, Silicon, Germanium,

and Gallium Arsenide

N.P.Peksheva and V.M.Strukov

A systematic account is given of the results of studies of the kinetics and catalysis of thermal gas-phase oxidation reactions of
titanium, silicon, germanium, and GaAs. The influence of various factors (the nature of the reactant gas, the method of the
preliminary treatment of the surface, and the nature of the substance oxidised) on the reaction kinetics has been estimated.
The characteristics of the catalysis of heterogeneous oxidative processes are discussed and new ways of solving a number of

practical problems are outiined.
The bibliography includes 133 references.
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I. INTRODUCTION

The development of microelectronics, radio engineer-
ing, and laser and space technology has necessitated
intense research into the characteristics of the chemical
interaction of metals, alloys, and semiconductors with
other elements and also a more detailed investigation of
the structure of solids and of solid-state reactions.

Reactions involving the thermal oxidation of titanium,
silicon, germanium, and gallium arsenide are technologi-
cal processes in the radio engineering and semi-conductor
industry. In order to obtain oxide films with specified
properties, it is important to investigate the thermodynam-
1cs, kinetics, and mechanisms of these reactions. In the
development of modern electronic engineering it isurgently
necessary to accelerate the growing of oxide layers. Het-
erogeneous catalysis plays an important role in the solu-
tion of such problems.

However, despite the abundance of experimental data
many problems of the kinetics and catalysis of heteroge-
neous Ti, Si, Ge, and GaAs oxidation reactions have been
by no means adequately investigated. The use of catalysis
in the technology for the preparation of oxide films is hin-
dered by the fact that the mechanism andnature of the cata-
iytic acceleration of the reaction have not been ultimately
elucidated and the selection and preparation of the catalyst
presents certain difficulties™ ™",

The present review surveys the results of studies on the
kinetics and catalysis of the high-temperature gas-phase
oxidation of titanium, silicon, germanium, and gallium
arsenide and describes practical ways of employing hetero-
geneous catalysis in technology.
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1II. THERMODYNAMICS OF THE OXIDATION OF TITAN-
IUM, SILICON, GERMANIUM, AND GALLIUM ARSENIDE

In the thermal oxidation of metals and semiconductors
there is a decrease of the free energy AG ’OI‘ Analysis of
the thermodynamics of titanium oxidation reactions in vari-
ous gaseous media (in air, water vapour, and carbon diox-
ide) in the temperature range 400-1000°C and of the inter-
actions of silicon, germanium, and gallium arsenide with
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oxygen showed that the most probable products of the inter-
action are crystalline or vitreous TiOz, SiOz, GeOz, and
Gaz0s filmg!’®® 07 119=27  Reactions (1)~(7), occurring
under these conditions, are virtually irreversible®®"*’:

Ti(solid) + O, (gas) = TiO, (solid), (1)
Ti(solid) + 2H,0(gas) = TiO,(solid) + 2H,(gas), (2)
Ti(solid) + 2CO,(gas) = TiO,(solid) + 2CO(gas), {3)
Si(solid) + O, (gas) = Si0, (solid), (4)
Ge(solid) + O,(gas) = GeO,(solid), (3)
2GaAs(solid) + $0,(gas) = Ga,05(solid) + As,(gas). (6)
2GaAs(solid) + 30,(gas) = Ga,0;(solid) + 4 As,(gas). (1

The results of the calculations of the principal thermo-
dynamic characteristics of reactions (1)-(7) using litera-
ture data® are presented in Tables 1 and 2. Table 1
shows that a high negative standard Gibbs free energy and
highly exothermic heats are characteristic of reactions
(1)-(3), which indicates their virtual irreversibility®°.

The thermodynamic probability of the uxidation of silicon,
germanium, andgallium arsenide via the reactiong!’3!>3%

Si(solid) + 40, (gas) = SiO(gas),
Ge(solid) + GeO,(solid) = 2GeO(gas),
2GaAs(solid) + 4O, (gas) = Ga,0(gas) + As,(gas).

increases with increase of temperature to 1000-1300°C.
The equilibrium GeO vapour pressure is significant
(approximately 107° atm) already above 600°C. The par-
tial pressuresof SiO and GazO are negligible even at approx-
imately 1300°C and oxygen pressures up to 10~° atm. !
The oxidation of gallium arsenide involves the forma-
tion of gaseous arsenic in the form of As, and Asq. 1133737
Under these conditions, the presence of Ass molecules in
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the gas phase is thermodynamically more probable (see
Table 2).

Table 1.
lg Ky, for the thermal oxidation of titanium {reactions (1)
to (3)].*°

Temperature variation of AFY, AST, AGT, and

T, °C AHT, keal mole! | ASF, cal mole-1 K-1 AGT, kcal mole! ig K,
' Reaction (1)
400 —224.988 —42.74 —196.224 63.73
500 —224.742 —42.40 —191.967 54.28
600 —224,511 —42.12 —187. 741 47.01
700 —224 302 —41.89 —183.543 41.23
Reaction (2)
400 ~—107.762 —17.93 —05.695 31.08
500 —107.130 ~—17.05 —93.951 26.57
600 —106.535 —16.31 —92.296 23.11
700 —105.984 —15.72 ~—90.689 20.37
Reaction (3)
400 —90.159 —2.08 —88. 760 28.82
500 —90.258 —2.21 ~—88.550 25.04
600 —90.440 —2.44 —88.310 22.141
700 —90.705 —2.73 —88.049 19.78
Table 2. Temperature dependence of lg Kp for the ther-

mal oxidation of silicon, germanium, and gallium arsenide
[reactions (1)-(7)].***

No. of ke Kp

reaction 400° l 500° ‘ 600° 700°
(4) 61.23 52.44 45.22 39.65
(5) 35.88 30.32 26.06 22.53
6) 1.41 1.80 2.18 2.54
(7) 80.51 52.23 45.99 40.96

I11. KINETICS AND MECHANISM OF THE OXIDATION OF
METALS AND SEMICONDUCTORS

The rate of formation of thin films in the oxidation of
metals and semiconductors are described by different
equations depending on the temperature and the reaction
time; it can obey the following laws®'!s12:38=42

(1) A direct logarithmic relation:

y=k]lg(Bx+1);
(2) An inverse logarithmic relation:
kly=A+l1gT;
(3) A linear relation:
y="kyt,
(4) A parabolic relation:
y=k;
(5) A cubic relation:
Y =4y,

where y is the thickness of the oxide film, 7 the time, and
A,B, and ki1—ks are constants. For thin films, logarith-
mic and cubic relations for their thickness as a function of
time predominate, while for thick films the parabolic and
linear relations predominate”.
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The study of the kinetics of the oxidation of titanium,
silicon, germanium, and gallium arsenlde led to the dlS-
covery of relations of three types 1,38, linear, logarith-
mic, and parabolic (Fig. 1).
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Figure 1. Dependence of the type of kinetic relation for
the oxidation of titanium, silicon, germanium, and gallium
arsenide on the process temperature: L = logarithmic
relation; Ln = linear relation; P = parabolic relation;
LnP = linear-parabolic relation.
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Despite the satisfactory agreement between the experi-
mental rates of oxidation, phase composition of the product,
and other process parameters obtained by different work-
ers, the treatment of the experimental results and of the
ox1dat10n mechanisms were different in different investi-
gations!18:38543°8T  Wagner*™ justifies a parabolic law
governing the rate of growth, He postulates that, at com-
paratively high temperatures and for fairly high film thick-
nesses, the oxidation process takes place as a result of
the diffusion of ions and electrons through the growing
oxide; it is assumed that each volume element of the oxide
is electrically neutral. The theory of Mott and Cabrera®
explains the inverse logarithmic and parabolic variation of
the rate of growth for comparatively thin films taking into
account the influence of the electric field on the diffusion
of 1ons in the oxide. However, Kubaschewski and Hop-
kins*® believe that the films obtamed in the oxidation of
titanium at 300-500°C are somewhat thicker than should
have been the case if their growth can be accounted for by
the transport of material under the influence of the elec-
tric field. They begin with the hypothesis that micro-
cavities are formed on the metal-oxide interface, i.e. they
adopt the Evans theory®, according to which the rate of
formation of oxide films is determined by the transport of
ions througa a thin oxide film. The theory of Mott and
Cabrera was subsequently developed by Hauffe and Ilsch-
ner®®, who explained the direct logarithmic relation for
the rate of growth of the oxide film in the initial stages of
the oxidation of metals and semiconductors.

A general model has been proposed for the mechanism
of the growth of oxide films™’**, It is based on the treat-
ment of processes involving the diffusion of ions and elec-
trons through the oxide layer in which an electric field



1094

created by these diffusing species operates. The differ-
ence between the proposed oxidation mechanism and those
existing previously consists in the fact that, instead of one
equation for the description of the diffusion of ions and
electrons, two such equations are used in calculations of
the rate of diffusion. This makes it possible (by com-
bining the equations for total electric field) to simplify the
description of the rate of growth of the oxide film thick-
ness. However, the model suffers from the disadvantage
that it does not take into account the transport process in
the gas phase, the adsorption of oxidant on the surface of
the oxide, and certain other factors'.

The problem of the nature of diffusing species of oxi-
dation remains controversial. Thus it has been shown®®
that an electric field at right angles to the outside film can
accelerate or retard the oxidation of silicon, showing that
the reaction takes place as a result of the transfer of ions
through the oxide film. It has been established® that neu-
tral oxygen atoms diffuse in addition to ions.

The rate of oxidation of gallium arsenide at compara-
tively low temperatures is controlled by diffusion through
the oxide layer and at higher temperatures by the intrinsic
chemical reaction between oxygen and gallium arsenide on
the reaction interface®. This has been confirmed in stud-
ies33:81 where the oxidation of GaAs was studied in oxygen
at 600-900°C. It was established that the rate of oxida-
tion below 600°C is insignificant, while on heating above
900°C the rate is so high that the oxidised specimenburns.

Thus the survey of literature data on the oxidation of
titanium, silicon, germanium, and gallium arsenide shows
that many problems of the kinetics and mechanisms for
these chemical reactions are still unsolved. It is there-
fore of interest to investigate the influence of different
factors on the oxidation kinetics: (a) the nature of the
reactant gas; (b) the preliminary treatment of the metal
surface; (c)the chemical composition of the alloy.

1. KINETICS AND MECHANISM OF THE OXIDATION OF
TITANIUM IN AIR; IN WATER VAPOUR, AND IN
CARBON DIOXIDE

The kinetics of the oxidation of titanium in various gas-
eous media have been little investigated at present as a
function of temperature and the duration of heating of the
metal, The oxidation of titanium is an extremely complex
process, because, in contrast to other metals, the oxida-
tion of titanium and its alloys leads to the formation of gas-
saturated layers consisting of solid solutions of oxygen in
a-titanium in addition to oxide films or scale.

Jenkins®, who investigated the kinetics of the saturation
of titanium with oxygen over a wide range of temperature,
proposed a diagram illustrating the nature of the oxidation
of titanium (Fig.2). The diagram is divided into three
main regions: A, B, and C. Region A characterises the
oxidation at high temperatures in accordance withthepara-~
bolic law, which involves the simultaneous occurrence of
two processes—the dissolution of oxygen and theformation
of the oxide layer. The oxide grains are larger andbetter
formed than at low temperature. Two-sided diffusion of
oxygen and titanium through dense oxide layers takesplace
under these conditions. Region B corresponds to the oxi-
dation of titanium at moderate temperatures where oxygen
is absorbed via a parabolic law in the first stage and then,
when the oxide thickness reaches a critical value, the lat-
ter isreplaced by a linear law. The linear relation
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reflects mainly the growth of the oxide film, while thedis-
solution of oxygen continues at a rate determined by the oxy-
gen concentration gradient and the diffusion coefficient of
oxygen in the metal. The oxide lacks an appreciable pro-
tective capacity and has a porous structure, which facili-
tates the penetration of gaseous oxygen to the interface
between the oxide and the metal. Region C, whichcharac-
terises the oxidation of titanium at low temperatures,
corresponds to a logarithmic law for the absorption of oxy-
gen by titanium. Thus the difference between the types of
kinetic curves is not associated solely with the temperature
factor. The nature and mechanism of the oxidation and
different stoichiometric compositions and crystal struc-
tures of the oxides formed on the metal surface play the

% //’////
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duration of oxidation

Figure 2. Titanium oxidation diagram: A) at high tem-
peratures; B) at moderate temperatures; C) at low tem-
peratures (V is the total amount of absorbed oxygen).

The interaction of metals with gases is due to diffusion
and can be represented by three main stages®: (1) the
adsorption of the gas on the metal surface; (2) the initia-
tion of a crystal of the new compounds; (3) crystal growth.
At a certain stage of the adsorption process, where the
gas does not dissolve in the metal, a second type of crys-
tal lattice arises on the surface of the metal instead of the
single type of lattice of the main metal as a result of the
solid-phase reaction. The interface then consists of two
coherently bound crystalline layers-—the metal and the
oxide. The formation of the lattice of the new compound
on the surface of the metal obeys the principles of orien-
tation and dimensional correspondence®,

(a) Interference Films on Titanium

The oxidation of metals by atmospheric oxygen or other
oxidants results in the formation on their surface of oxide
films whose thickness may vary within very wide limits.
It is usual to distinguish three types of films: thin (from
several angstroms to 200-400 A), medium (from 400 to
5000-10000 A), and thick (above 5000-10 000 A) 76276,
For a thickness exceeding 200-400 A, the films begin to
acquire a colour due to the interference of light (interfer-
ence colours)®®**%%  The phenomenon of the interfer-
ence colours of films on metals has been studied fairly
widely, particularly for elements such as iron, nickel,
copper, silicon, and germanium®~"™, However, despite
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the abundance of the literature on the oxidation of titanium,
the formation and properties of interference films on this
metal have not been widely described in the scientific lit-
erature and are considered in only one monograph® devoted
to the oxidation of titanium and its alloys.

This presents' the colours of four orders of spectra but
the question of the number of spectra remained open. In
order to study this problem in greater detail, the colour
spectra of oxide films on iodide titanium (~99.90% Ti),
technically pure VT-1 titanium (>99.5% Ti), and OT4-0
(>96.5% Ti) and OT4-1 (>95% Ti) alloys wereinvestigate
between 500° and 800°C. V21122232130 At 500°C the oxi-
dation is comparatively slow; a long time is required even
for the completion of the formation of films giving the
first-order spectrum. At 700° and 800°C there is a rapid
growth of oxide films and at higher temperatures contin-
uous observation of the change of the colour of the film is
difficult owing to the high rate of oxidation and heating of
the metal to a red glow, which masks the colour. At these
temperatures the colour of the film can be more conven-
iently determined by quenching the specimens. Forexam-
ple, blue films (in a first-order spectrum) on specimens
of the OT4-0 alloy are formed at 500°, 600°, 700° and
800°C respectively after 6000, 342, 70 and 30 s.

A temperature of 600°C, at which there is a smooth
transition from one colour to another, made it possible to
observe and record the alternation of five interference
colour spectra on iodide and technically pure titanium and
the OT4-0 titanium alloy and four such spectra on the
OT4-1 alloy. Comparison of the times required to com-
plete the first-order spectrum at 600°C showed that the
oxidation proceeds at the highest rate on the VT-1 alloy
(80 s) and at the lowest rate on the OT4-1 alloy (460 s).
With increase of the thickness of the coloured film, the
oxidation process slows down (Table 3).

130
d

Table 3. The formation of interference films with a
first-order spectrum on titanium and its alloys in oxida-
tion in air at 600°C. **°

Oxidation time of specimens, s
Colour of film
VT-1 | iodide titanium | 0740
Pale yellow 8 18 30
Yellow 13 27 39
Brown 22 37 60
Violet 26 55 85
Dark blue 35 123 169
Blue 49 330 342
Pale blue 80 367 390

The mechanism of the formation of thin oxide films on
metals, proposed by Mott and Cabrera, presupposes the

generation of an electric field in such films®®’ ’51’52’69’76'7"1

whose potential gradient reaches approximately 107 Vem™,

Under the influence of such films, the metal cations
acquire a high mobility and migrate at a high rate through
the film towards its boundary with the gas, which leads to
a fairly rapid growth of the film on the metal surface. With
increase of film thickness, the potential gradient dimin-
ishes significantly and the oxidation slows down.

We shall apply this oxidation mechanism to metals
which give rise to semiconducting p-type films with an
excess of cationic vacancies®, The applicability of this
theory to the explanation of the oxidation of titanium is

. of their oxidation

1095

apparently somewhat limited for the following reasons:

(1) titanium gives rise to the oxide TiO:, which is an n-type
semiconductor (with a deficiency of anions)®; (2) titanium
is characterised by unusually high solubility of oxygen,
which penetrates into the bulk of the metal®®!*%; (3) a
film, whose thickness amounts to hundredths of angstroms
within the limits of the operation of the logarithmic law,
grows on titanium"’™,

In our view extensive study of the properties of inter-
ference films on titanium and its alloys can yield valuable
information about the kinetics, catalysis, thermodynamics,
and physicochemical properties of the oxide layers formed
and about the mechanism of the interaction of metals with
the medium.

(b) Oxidation in Air

Studies on the kinetics of the oxidation of titanium inair
are particularly important. Their results are presented
in numerous publications™®***"*® where it is shown that
appreciable differences in the nature of the oxidation of
titanium in oxygen and in air are not observed during the
initial period"’®. In the oxidation by air, the shape of the
kinetic curves and the form of the kinetic relation are
analogous to those obtained in the oxidation of titanium in
pure oxygen (700-1000°C), but the degree of oxidation is
lower than in oxygen'’®. The rutile lattice constants in
the oxides obtained by oxidising titanium in air and in oxy-
gen are the same at temperatures below 1100°C. ®

Subsequently (at higher temperatures) titanium absorbs
a much greater amount of gases in oxidation in air than in
oxidation in oxygen. Above 1150°C the oxidation of titan-
ium in air is faster than in oxygen®. The process is
complicated by the fact that, in the high-temperature oxi-
dation of titanium in air, the metal reacts not only with
oxygen but also with nitrogen. It has been established®®’®
that nitrogen enters the crystal lattice of rutile in the
course of the high-temperature oxidation with air, which
leads to the formation of a perforated structure and an
increase of the volume of the unit cell. The formation of
rutile with a defective lattice facilitates the diffusion of
titanium ions to the outer surface of the oxide layer and the
diffusion of oxygen into the bulk of this layer, which pro-
motes a more rapid oxidation. At the same time, thereis
no unanimous view in the literature concerning the rate of
oxidation of titanium in oxygen and in air. Ag)zart from the
data quoted above, it has also been claimed®*® that the
oxidation of titanium at 1200°C in pure oxygen is much
faster than in air and that the rate of oxidation is virtually
the same in the two cases at 1000°C.

Studies of the initial stages of the oxidation of titanium
are particularly difficult in view of the difficulty of mea-
suring the thickness of the oxide layer and the amount of
substances which have reacted in the course of the high-
temperature chemical interaction. The method of inter-
ference indicators has been used in studies of the kinetics
of the initial stages of the oxidation of titanium®’, The
rate of oxidation was found by observing the interference
of the light waves in oxide films of specified thickness,
formed as a result of the heterogeneous chemical interac-
tion of the metal with the oxidising medium. The main
advantage of this method is that one has only to determine
the colour of the oxide and not its thickness. The method
of interference indicators permits comparative kinetic
studies and enables one to determine the influence of the
chemical composition of titanium alloys on the initial stages
22,29,75,8385 the difference between the
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17,29,84,85 24,29,81—86

rates of reaction in air , water vapour
and carbon dioxide®¥72%®485:#7 the influence of catalysts on
the process kinetics®® ™%, and the dependence of the kinetics
of the initial stages of the oxidation of titanium on the

method of polishing of the metal surface®’** and other
factors.
Table 4. Chemical composition of titanium alloys?®.
C jons of wt.%
Alloy
m | at | mn | re | st | ¢ ]othen
VI 99,5 — — — - — —
0740 96 | 0.2-1.4 | 0.2—1.3 | <0.3 | <015 | <01 | <0.8
OT4-1 So5 | 1.2-235 | 0720 | <03 | <05 | <0.1 | <0.8

A comparative study of the kinetics of the growth of
interference oxide layers in the thermal oxidation in air of
specimens of technically pure titanium of type VT-1 and of
OT4-0and OT4-1 titanium alloys has been carried out!” 284,85
(Table 4). Metal specimens withdimensions20 x 10 X 1 mm
were subjected to isothermal oxidation at 500-650°C in a
furnace with transparent quartz inspection windows for the
visual observation of the changes in the colour of the film
during the reaction.

Table 5. The colours of titanium oxide films as a func-
tion of the thickness of the oxide layer'.
Colour of film vk
Pale yellow 344
Yellow 349
Brown 447
Violet 492
Dark blue 515
Blue 536
Pale blue 542

Table 6. The activation energies (E, kcal mole™) for
the oxidation of titanium alloys by air with formation of
interference films having a first-order spectrum?®"%,

Change in film colour
Alloy from yetlow from brown from violet to
“to brown to violet dark blue
. VI-1 15,700 23 000 28.800
0T4-0 24.400 28.800 29.000
0T4-1 26.200 27.000 89.200

The relations between the colour of the first-order spec-
trum and the thickness of the oxide film on titanium are
presented in Table 5 for interference films. Experiments
at different temperatures led to the determination of the
time corresponding to the change in the colour of the oxide
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film within the limits of two chosen colours—from yellow
to brown (Ay = 98 A) from brown to violet (Ay = 45 A)

from violet to dark blue (Ay = 23 A), and from dark blue
to blue (Ay =21 £). The e xperimental results were
expressed by plots of 7= ¢(t°) and 1g 7 = ¢(1/7T). Fig.3
illustrates the kinetics of the oxidation of titanium alloys
by air accompanied bzv a change in the colour of the film
from yellow to brown Table 6 presents the activation
energies for the oxidation of titanium alloys in air found

from plots of lg 7 = ¢(1/7T).
78 Ig7(s)
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Figure 3. The film formation time 7 in the yellow-brown
colour range as a function of temperature ¢(°C) (a) and
1/T (b) in the oxidation of titanium alloys by air; alloy:
1) VT-1; 2)OT4-0; 3) OT4-1,

(c) Oxidation in Water Vapour and Carbon Dioxide

In order to elucidate the influence of the nature of the
oxidising medium on the rate of oxidation of titanium and
its alloys, a study was made of the kinetics of the initial
stages of the oxidation of the metal in water vapour and
carbon dioxide under the conditions of the formation of an
interference film with a first-order spectrum?2%:84-87,

The kinetics of the oxidation of titanium in water vapour
have been studied comparatively little. This problem has
been described most completely in a monograph® and in a
number of papers®*~®", The studies showed that at a
water vapour pressure of 1 atm and at 400-1200°C the
oxide films grow faster than in air owing to the looser
structure of the layer of scale. At 800-1000°C the thick-
ness of the ﬁlm increases in accordance with the same
laws as in air!

The study“’”’“"” of the initial stages of the oxidation
of titanium alloys in water vapour and carbon dioxide and
comparison of the results with the oxidation kinetics inair
showed that the nature of the oxidising medium has a sig-
nificant influence on the rate of growth of the interference
films. In the presence of water vapour the formation of
a film having a standard colour is much faster on all three
alloys in the range of experimental temperatures than in
air and in carbon dioxide (Fig.4).* For example, the
change in the colour of the film from yellow to brown on
specimens of the OT4-0 alloy at 550°C in water vapour,
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air, and carbon dioxide takes place after 22, 230 and 287 s
respectively. The apparent activation energies for the
oxidation of titanium alloys in water vapour and carbon
dioxide are presented in Table 7.

4 F a3 neoow T,
J 3 JL
! - 3
,600 B 2
2+ -3 r 1
/200 = 200 -
1 s
800t 150
T T T S T T
1 10 1112 13 100 | 10 11 1.2 1.3
400 1031, k-1 1 1037, k-1
50+
|
500 550 600 650 ¢3¢ 500 550 600 650 t5 C
Figure 4. Dependence of the oxidation time 7 of mech-

anically polished titanium alloy specimens on temperature
in the formation of the film in the colour range from violet
to dark blue: «) in carbon dioxide; &) in water vapour;
alloy: 1) VT-1; 2) OT4-0; 3)0T4-1.

Table 7. The activation energies (E, kcal mole™) for the
oxidation of mechanically polished titanium alloy speci-
mens in water vapour and carbon dioxide®*?®,

Change in film colour

Alioy from yellow from brown to | from violet to| from dark blue
to brown violet dark blue to blue

in water vapour
VT-1 21.200 24.900 29.400 35.800
0T49 24.400 27.000 32.400 38.300
0T4-1 26,600 28.000 35.800 40.900

in carbon dioxide
VT-1 30.500 34.800 39.100 40.000
OT4-0 31.400 36.600 40.500 41.800
OT4-1 31.700 37.400 41.800 42.900

It follows from the analysis of the data presented in
Tables 6 and 7 and in Figs. 3 and 4 that, in the formation
of an oxide layer in air, water vapour, and carbon dioxide,
technically pure VT-1 titanium is oxidised at the highest
rate in all the intervals of the first-order colour spectrum
investigated, while the lowest rate corresponds to the
OT4-1 alloy with the highest aluminium content. Accord-
ing to some investigations'’®*, alloying with aluminium
greatly increases the heat resistance of titanium alloys.
The highest activation energies for the oxidation reaction
correspond to specimens of the OT4-1 alloy under these
conditions.
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The retardation of the interaction of the metal with the
medium as the thickness of the oxide layer (Figs.5 and 6)
increases and the increase of the activation energy for the
process are characteristic of all three alloys. This can
be explained by the fact that the oxide layer formed on the
metal exhibits more effective protective properties and, by
separating the reactants, strongly inhibits the chemical
interaction and weakens the effect of the electric field
arising on formation of interference oxide layers on met-
als3ﬂy4 ,69'

7,8 g7

1201 r

80 -

500 550 600 650%¢C

Figure 5. Dependence of the coloured film formation
time in the oxidation of electrochemically polished titanium
alloy specimens in water vapour on temperature in the
colour range from yellow to brown; alloy: 1) VT-1,;

2) OT4-0; 3) OT4-1.
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Figure 6. Dependence of the coloured film formation
time in the oxidation of electrochemically polished titanium
alloy specimens in carbon dioxide on temperature in the
colour range from yellow to brown; alloy: 1) VT-1,

2) 0T4-0; 3) OT4-1.
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An electron diffraction study of the phase composition
of the interference films®”* formed in the thermal oxida-
tion of titanium alloys in water vapour showed that the
principal structural component of the films is rutile. The
films obtained by oxidising the metal in COz include three
structural components: rutile, anatase, and titanium car-
bide®*'?*,

The increase of the rate of oxidation of titanium in
water vapour is due to the more porous structure of the
oxide layer and the increase in the number of defects in
the crystal lattice of rutile (an excess of titanium ions),
which has been confirmed by electron microscope studies
and is consistent with other data®~®". Under these con-
ditions, there is a marked increase of the diffusional
mobility of titanium ions. The diffusion coefficient of
titanium ions in the oxide layer obtained in water vapour
exceeds by 1-2 orders of magnitude that in the oxide
obtained in air’,

The decrease of the rates of the initial stages of the
oxidation of the alloys during the formation of interference
films with a first-order spectrum, in carbon dioxide is
apparently associated with the formation of titanium car-
bide (a phase with a very great hardness and density in
which the rate of diffusion of titanium ions is correspond-
ingly reduced) in the surface layer of the metal. Thisis
also indicated by the higher activation energy for the oxi-
dation of titanium alloys in a stream of CO: compared with
air and water vapour®"?®
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Figure 7. Dependence of the oxidation time for mechan-

ically (a) and electrochemically (b) polished titanium alloy
specimens on temperature (°C) in the formation of the film
in water vapour in the colour range from brown to violet:
a) water vapour; b) carbon dioxide; alloy: 1) VT-1;

2) OT4-0; 3)OT4-1.

(d) The influence of the Method of Polishing the Surface
on the Kinetics of the Oxidation of Titanium Alloys

The method of polishing the metal surface has an appre-
ciable influence on its properties. For example, in elec-
trochemical polishing the microgeometry and the phgsical
and chemical properties of the surface are altered'®. The
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method of preparation of the metal surface influences the
kinetics of the initial stages of its oxidation®. However,
the determination of the differences between the rates of
oxidation of the surfaces of specimens of the metal having
the same composition and structure but subjected to dif-
ferent types of treatment is experimentally difficult. The
method of interference indication'”, which in the given
instance is extremely sensitive and very promising, has
been used to solve this problem.

In order to investigate the influence of the method of
treatment of the surfaces of titanium alloys on the kinetics
of their oxidation in different gaseous media, specimens
of technically pure VT-1 titanium and OT4-0 and OT4-1
titanium alloys were subjected to two types of polishing:
mechanical polishing to give a roughness of class 10-12
and electrochemical polishing in an electrolyte solution:
the composition of the electrolg;te and the process condi-
tions have been described"®='®, It has been shown that
in the gaseous media investigated the initial stages of the
oxidation of titanium specimens subjected to electrochemi-
cal polishing in the course of the formation of colour films
with a first-order spectrum are much slower compared
with specimens subjected to mechanical polishing (Fig. 7). o
For example, the change in the colour of the film from
violet to dark blue on mechanically polished specimens of
the OT4-1 alloy at 550°C in water vapour, air, and carbon
dioxide takes place after 45, 116, and 210 s, while onelec-
trochemically polished specimens the corresponding times
are 80, 660, and 756 s respectively,
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Figure 8. Variation of the energy levels of the surface
atoms in the polishing process; E is the activation energy,
7 is the time, Fo and Eg are the initial energy of the
atoms in the surface layer for the electrochemically and
mechanically polished specimens respectively, F1 and FY
are the activation energies for their oxidation, AH is the
heat of the chemical reaction, and Fp is the energy of the
reaction products.

The appreciable difference between the rates of the ini-
tial stages of the oxidation reaction can be explained by
the fact that the energy levels of the atoms in the surface
layer are higher for a mechanically polished (cold-worked)
surface than for an electrochemically polished surface
(Fig.8).°** The cold-worked layer, usually concentrated
in the surface region, is removed by electrochemical pol-
ishing'®»!%,  Furthermore, after electrochemical polish-
ing one observes an increased resistance to gaseous cor-
rosion due to the presence of a continuous thin and stable
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oxide film on the surface of the metal'®*!°*~'%  On the
other hand, in the case of mechanical polishing the
scratches and foreign inclusions on the surface preventthe
creation of such a continuous oxide layer and oxidation
proceeds at a higher rate. With increase of the thickness
of the coloured films, the rates of oxidation of both mech-
anically and electrochemically polished specimens of
titanium alloys decrease in air, water vapour, and carbon
dioxide.

Table 8 presents as an example the activation energies
for oxidation in water vapour for specimens subjected to
electrochemical polishing. Comparison of the data in
Tables 6-8 shows that the activation energies for the oxi-
dation of electrochemically polished titanium alloy speci-
mens are appreciably higher thanfor mechanically polished
specimens.

Table 8. The activation energies (E, kcal mole™") for the
oxidation of electrochemically polished titanium alloy
specimens by water vapour®®!,

Change in film colour
Alloy from yellow to|from brown to[from violet to [from dark blue
brown violet dark blue to blue
VT-1 23.900 25.600 32.200 38.500
0T4-0 26.800 28.800 34.200 40.200
OT4-1 27.500 29. 700 36.400 41.700

Regardless of the method of preliminary treatment of
the surface, among the three alloys investigated techni-
cally pure VT-1 titanium and the OT4-1 alloys are oxidised
at the highest and lowest rates respectively. Correspond-
ingly, higher activation energies are characteristic of
OT4-1 alloy specimens than of the VT-1 titanium.

Thus the method of interference indicators made it pos-
sible to observe the influence of the method of polishingthe
surface on the kinetics of the oxidation of titanium alloys of
different composition in different gaseous media.

2. KINETICS OF THE OXIDATION OF GERMANIUM AND
GALLIUM ARSENIDE

The kinetics of the thermal oxidation of germanium in
air have been investigated®®®7'%%*1% in the temperature
575-625°C in the region of the colour change at the GeQ:
film from colourless to green; with increase of the thick-
ness of GeOz layers, an appreciable increase of the acti-
vation energy for the process is observed—from 47 to
128 kcal mote™*

Mathematical treatment of the results of the experi-
ment on the oxidation of GaAs plates of AGET brand with
atmospheric oxygen yielded'* the following relations
between the oxidation time T and the temperature T in the
range 600-675°C in different oxide colour ranges:

from colourless to brown:

v=«52.48- 1077 exp (9950/T);
from brown to violet:

12<32.62- 10~*" exp(33080/T);
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from violet to dark blue:
1<12.59-10-* exp (42300/7);

from dark blue to blue:
12231.62-10-* exp (47900/T),

It was shown that the activation energy for the formation
of the R-Ga,0s oxide film on the gallium arsenide speci-
mens increases with increasing thickness of the oxide,
within the limits of the first interference colour spectrum,
from 19.81 to 95.32 kcal mole".l‘fiz This finding has been
’ b b

explained in a number of studies

1V. CATALYSIS OF THE OXIDATION OF TITANIUM,
SILICON, GERMANIUM, AND GALLIUM ARSENIDE

It is known that, in selecting catalysts for a given
reaction, it is necessary to choose the latter from sub-
stances which are known as catalysts of analogous reac-
tions and which form with initial reactants and the reduction
products compounds which can be readily decomposed*'!-**3
For titanium, silicon, germanium, and gallium arsenide
heterogeneous oxidation processes, the optimum catalysts
employed were therefore platinum, palladium, and silver,
which are traditional catalysts of a large class of oxida-
tion reactions*'®.

1. METHODS OF PREPARATION OF THE CATALYSTS

The platinum, palladium, and silver catalysts have
been obtained by electrolysing 3% aqueous solutions of
chloroplatinic acid, palladium chloride, and potassium
silver cyanide respectively. The carrierswere platinum,
silver, and nichrome. In addition, the platinum catalyst
has been obtained by the thermal decomposition of
He[PtCl¢]. For this purpose, a 50% aqueous solution of
H:[FtCle] was deposited on the surface of a silicon plate
and the latter was heated in air for 5 min at 700-1000°C.
This resulted in the appearance of dispersed platinum on
the silicon, which served as a carrier.

The use of electrolysis and of the thermal decomposi-
tion of chemical compounds for the preparation of dis-
posed metals made it possible to obtain by a relatively
simple technology catalysts with a comparatively high
activity. Direct deposition of platinum and palladium
blacks and of dispersed silver on a nichrome carrier or
on the surface of the specimen being oxidised, for example,
silicon, makes it possible to reduce the consumption of
platinum, palladium, and silver under these conditions.

The degree of dispersion of the catalysts was deter-
mined by X-ray diffraction®, The average size of the
crystals was 15, 230, and 2650 A for palladium, platinum,
and silver respectively, which corresponds approximately
to the following specific surfaces (m?® g™'): 370 for Pd,

12 for Pt, and 2.2 for Ag.'*®,

2. THE ACCELERATING CATALYTIC EFFECT OF
CATALYSTS ON THE OXIDATION OF TITANIUM,
SILICON, GERMANIUM, AND GALLIUM ARSENIDE

(a) Catalysis of the Oxidation of Titanium
There is virtually no information in the literature about

the kinetics of the growth of interference oxide layers on
titanium in the presence of catalysts. We investigated
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the catalytic oxidation of titanium by air in the presence

of dispersed platinum, palladium, and silver in the tem-
perature range 400-550°C. =% The interference colours
of the films were used as the indicator. Specimens of

the OT4-0 titanium alloy (Ti > 96.5%), subjected to mech-
anical polishing to a roughness class of 10~12, were used
in the experiments. A study was made of the kinetics of
the film growth within the limits of the formation of the
yellow-brown-violet—dark blue-blue first-order spectrum
with the catalyst arranged parallel to the surface of the
specimen being oxidised and in contact with it®*. On for-
mation of interference rutile films (TiOz), the local cata-
lytic action of platinum, palladium, and silver was
observed for the first time. It was found that in the
presence of these metals the rate of growth of the oxide
layer in the region of direct contact between the catalyst
and the specimen is much higher compared with the rest
of the surface. Thus at 400°C the formation of a blue
film in the absence of a catalyst takes place over a period
of 130 h and 45 min, while in the presence of platinum the
reaction takes 4 min and 12 s, i.e. the oxidation of tita-
nium is accelerated by a factor of 1868. The degree of
acceleration of the oxidation process depends on the
nature of the catalyst employed, the temperature of the
reaction zone, and the thickness of the film formed (Tables)
9 and 10). Table 10 presents a quantitative estimate of
the parameter of the local-catalytic acceleration (K) of the
titanium oxidation reactions in the presence of the platinum
and silver catalysts, K being defined as the ratio of the
times required for the formation of the TiO, interference
film with a standard colour in the absence and in the pres-
ence of a catalyst.

Table 9. Time required for the formation of interference
rutile films in the catalyst—specimen contact zone®*®,
Time, min
Colour of film Catalyst
i 400° 450° C 500° C 550° C
Brown None 780 47 7.17 4,2
" | Dispersed Ag 5.00 2.5 1.75 1.20
Pt black 2,25 1.5 1.00 0.83
Violet None 2970 270 26.42 10.75
Dispersed Ag 6.5 3.00 2.17 1.33
. | Pt black 3.15 1.85 1.30 1.00
Dark blue None 5520 1140 85 19.66
.| Dispersed Ag 8.1 4.6 3.47 1.83
Pt Black 3.75 2.1 1.42 1.20
Blue None 7845 2520 270 66
Dispersed Ag 10.2 6.75 4.08 2.55
Pt Black 4.2 2.4 1.6 1.35

The data presented in Tables 9 and 10 show that, with
increase of the thickness of the TiO; oxide layer, the effi-
ciency of the catalyst increases. Thus at 400°C platinum
black accelerates the formation of the brown rutile film by
a factor of 346, the violet film by a factor of 943, the dark
blue film by a factor of 1470, and the blue film by a factor
of 1868. With increase of temperature, the activity of the
catalyst falls, For example, dispersed silver accelerates
the formation of the violet rutile film by a factor of 457 at
400°C, 90 at 450°C, 12 at 500°C, and 8 at 550°C.

A difference between the catalytic activities of platinum,
palladium, and silver was observed by the method of inter-
ference indication. The initial stages in the oxidation of
the test alloys in the presence of platinum black take place
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at a higher rate than in the presence of dispersed silver.
Thus the formation of a blue film on specimens of type
OT4-0 at 400°C in the presence of platinum and silver
catalysts takes place after 220 and 610 s respectively.

Table 10. The local catalytic acceleration (the values
of K) for the oxidation of the OT4-0 titanium alloy in the
presence of platinum and silver®,

Pt Ag
Colour of film
400° C 450° C 500° C }550° C| 400° C 450° C |500°C| 550" C
Brown 346.6 31.3 7.1 5.0 | 158 18.8 4.0 3,5
Violet 942.8 145.9 20.3 | 10.7 | 456,9 90.0 | 12.1 8.0
Dark blue 1472 542.8 59.8 [ 16.3 | 681.5 247.9 | 26.8 10.7
Blue 1867.8 | 1050 168.7 | 48.8 | 771.2 373.0 | 66.0 25.8

(b) Catalysis of the Oxidation of Silicon

Polished plates of type KEF, oriented in the (111) plane,
which catalysed oxidation by atmospheric oxygen in the
range 450-1350°C, were used in the experiments on the
catalytic oxidation of silicon''”*!®*2°  'The platinum, pal-
ladium, and.silver catalysts, deposited on carriers in the
form of a needle, were mounted with the aid of a special
device over the silicon Plate undergoing oxidation at right
angles to its surface!!™!'¢,

550 750 950 150 5¢

Figure 9. Dependence of the diameter d of the interfer-
ence zone in the oxidation of silicon on temperature for
platinum black (curves 1 and 2), palladium black (curve 3),
and dispersed silver (curve 4); wire carrier: 1)and 3)
platinum; 2) nickel-chromium; ¢) silver; oxidation
time 5 min,

The observation of a sharp increase in the rate of oxi-
dation of silicon in the presence of platinum, palladium,
and silver must be regarded as the principal result of these
experiments®°»! "8 For example, at 700°C the rate
of growth of the blue SiO; film with a thickness of 1500 A

_increases by a factor of 10* in the presence of the platinum
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catalyst. {ommparison of the silicon oxidation times in the
presence and absence of platinum black showed® that ¥
increases wili decrease of temperature and with increase

of the thickness of the oxide layer obtained.

The uiameter of the interference zone in the catalytic
oxidauwicn of silicon depends on the type of the catalyst,
temperature, and oxidation time. Thus in the course of
5 min the diameter of the interference zone reaches its
maximum value at 1000-1100°C for platinum black, at
&00°C for palladium black, and at approximately 750° Cfor
dispersed silver (Fig.9). 17133 Blatinum and silver are
characterised by the greatest and smallest zone diameters
respectively.

A marked weakening of the catalytic activity of the met-
als takes place at the temperature of the most effective
sintering and recrystallisation, which isusually two-thirds
of the melting point. Indeed, Fig.9 shows that a sharp
decrease in the diameter of the interference zone begins
at 1100-1150°C for platinum and palladium black. The
diameter of the interference zone also depends on the type
of carrier employed. Thus the use of platinum as the
carrier for platinum black results in a zone with a larger
diameter than in the case of nichrome (Fig. 9).

Comparison of the times required for the formation of
a silicon dioxide layer 15400 A thick at 700°C in the pres-
ence of platinum and palladium blacks and dispersed silver
shows that the activities of these catalysts increase in the
sequence Ag < Fd < Ft.

The influence of geometrical factors, particularly of
the length and thickness of the layer of catalytically active
substance deposited on the carrier as well as its dlstance
from the surface of the specimen, has been studied 19 The
experiments were performed wiith two arrangements of the
catalyst (Fig.10): (a) platinum (or palladium) black was at
a distance s from the end of the needle; (b) platinum (or
pilladium) black covered the wire carrier over a length [
from the point of its contact with the specimen.
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Thus, with the aid of platinum, palladium, and silver
catalysts, it is possible to achieve the local growth of
oxide layers on silicon at temperatures of approximately
500-~600° C at which the process virtually does not occur
in the absence of the catalyst. The rate of the process
depends significantly on temperature, the type of catalyst
employed, and the distance of the active substance on the
carrier from the silicon specimen.

The kinetics of the catalytic oxidation of silicon were
determined by the mathematical treatment of the curves
for the increase in the thickness in the SiOz film'?®
obtained using platinum or silver foil, in contact with the
surface of the specimen undergoing oxidation, as catalyst
carriers. It was established that an increase of the film
thickness with time is linear in the presence of platinum
black and parabolic in the presence of palladium black and
dispersed silver (Table 11). The activation energy for
the oxidation process depends on the type of the catalyst.
The oxidation of silicon in the presence of platinum black
proceeds with a lower activation energy than in the pres-
ence of palladium black and dispersed silver; the activa-
tion energles at 500-700°C are 9.16, 9.75, and 12,76
kcal mole ! respectively.

Table 11. Variation of the SiO; film thickness (v, A) with
time (7, min) in the oxidation of silicon in air in the pres-
ence of catalysts12J

Figure 10. Scliematic illustration (@) and (b) of the posi-
tioning of the catalyst relative to the silicon specimen:

1) platinum or nichrome needle; 2) SiO, film; 3) inter-
ference colour rings; 4) silicon plate; 5) platinum or
palladium black,

It was found that an increase of s reduces the catalytic
effect. The catalytic effects of platinum black deposited
on platinum and nichrome carriers differ significantly.
The thickness of the SiO: film grown over a period of 5
min is independent of the extent I of the blackened section
of the platinum wire.

Temperature, °C l[ Pt black Dispersed silver ‘ Pd black
! T
500 |1/ = 1042 ¢ yl ?'3.1? 104 1 4*=80.66-10* ©
600 w==2329 t--3-10° 5 *=189.33-10* ©
700 4 == 3050 1--5.2-10% 1/ 71"1 ‘)’i 10t © y?=444.66.10* T

The equations for the rate constants for the catalytic
oxidation of silicon, determined from the experimental
data, are presented in Table 12, For the platinum cata-
lyst, they are evidently different in the temperature
ranges 500-700°C and 800-900°C.

Table 12. Dependence of the equations of the rate con-
stants for the growth of the silicon ox1de film on the type
of catalyst employed and temperature'®?,

| Dimen-
Catalyst 500—700° C 800—900° C , sions of
rate
i constant
Pt black k=4.08-10° exp (—4.62/T) { k= 1.86-10° e\p (—5,01/T) | A min-1
Pd black k=3.39-10° exp (—6.44/T) A2min-1
Dispersed Ag k=1.95-108 exp (—4.93/T) — A2 min-1

The time (7, s) corresponding to the appearance of SiO»
films whose thickness corresponds to complete second-
order (3500 A) and eighth-order (15400 &) colour spectra
in the presence of platinum black varies with temperature
in the following manner!?’:

For 3500 A:  1=<8.79 x10™ exp (5730/T), E = 11350 cal mole™;

For 15400 A: ©==8.67 x 10 exp (11950/T), E = 27700 cal mole™.
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With increase of the oxide film thickness, the activation
energy E for the oxidation of silicon increases.

Table 13 lists the times corresponding to the formation
of 8i0; films of different thickness in the isothermal oxi-
dation of silicon in air in the presence (72) and absence
(71) of Ho[PtCle] at 700-1000°C and the increments in the
rate of oxidation (K = 7,/72). 133 Evidently an increase of
temperature lowers the efficiency of the catalyst.

Table 13.
Temperature, Si07 film . . )
°C thickness, A | V™" 72, min K
700 750 10 000 5 2000
800 1250 2 500 5 500
900 1500 700 5 140
1000 1750 300 5 60

(c) Catalysis of the Oxidation of Germanium

On direct contact with the specimen undergoing oxida-
tion, platinum or palladium black leads to a local acceler-
ation of the oxidation of germanium of type GES 32,991,100
at temperatures above 350°C (Table 14).

Table 14, Time required for the formation of the interfer-
ence films in the catalyst—-germanium specimen contact
zone™.

Colour of GeO3 I Time, min
film (order of Catalyst
spectrum) 350° C 400° C 450° C 500° C

vark blue (I) Pt black 5.0 3.25 1.0 0.75
” ” Pd black 10.1 5.4 1.5 1.4
Blue (I) Pt black 6.0 4.0 1.25 1.0
> ” Pd black 15.3 7.1 1.8 1.25
Yellow (I1) Pt black 7.5 5.0 1.5 1.2
” g Pd black >30 8.7 2.2 1.4
Red(1I) Pt black 9.0 5.5 2.0 1.5
. ” Pd black — 10.2 3.1 1.7
Green (1I) Pt black 10.0 6.25 2.5 1.8
> ” Pd black — 13.5 4.25 2.1
Green (1II) Pt black >30 7.5 3.0 2.1
i ” Pd black — 17.1 5.1 2.8

It was found (Table 17) that, in the formation of interfer-
ence oxide layers on germanium platinum is more active
than palladium. The use of platinum and palladium cata-
lysts makes it possible to oxidise germanium at an appre-
ciable rate at approximately 400°C, i.e. 200° below the
temperature in the absence of catalysts.

(d) Catalysis of the Oxidation of Gallium Arsenide
On heating in air, gallium arsenide begins to be oxi-

dised at an appreciable rate above 600°C. ***" However,
the use of the thermal oxidation method is significantly

Russian Chemical Reviews, 48 (11), 1979

restricted by the fact that, on heating above 600°C, gal-
lium arsenide crystals decompose appreciably to liquid
gallium and gaseous arsenic in accordance with the equa-
tion

4GaAs(solid) = 4Ga(liq.) + As,(gas).

A decrease of temperature and an increase of the rate of
oxidation of GaAs are therefore of great practical interest.
In the presence of a platinum catalyst in contact with
the specimen surface being oxidised the rate of oxidation
of GaAs increases appreciably. Table 15 shows that the
increase of the rate is greater the greater the thickness

of the oxide layer.

Table 15. Dependence of the GaAs oxidation time in the
absence (71) and presence (7z) of platinum black and of the
increment in the rate of oxidation K = 71/7> on the thick-
ness of the Ga,Os oxide film'*,

Colour of 8-Ga03
film (order of 71, min 72, min K
spectrum)
Brown (I) 1050 0.33 3150
Violet (I) 1350 0.41 3220
Dark blue (1) 1800 0.75 3600
T, S
4.
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Figure 11. Temperature variation of the oxidation time 7
of gallium arsenide in the presence of the platinum cata-
lyst in contact with the specimen under-going oxidation
before the appearance of brown (curve 1), violet (curve 2),
dark blue (curve 3), blue (curve 4), yellow (curve 5), and
orange (curve 6) oxide films.

The employment of platinum black reduces the GaAs
oxidation temperature and makes it possible to obtain on
the latter oxide films at a technologically acceptable rate
at temperatures in the range 425-500°C (Fig.11). The
activation energy for the catalytic oxidation of GaAs
varies in the range 9.4-21.1 kcal mole™ .
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3. THE INFLUENCE OF CATALYSTS ON THE OXIDA-~
TION OF TITANIUM, SILICON, AND GERMANIUM AT
A DISTANCE

The catalytic oxidation of titanium, silicon, and ger-
manium has been carried out?627%288= 92,109:118,117= 115 1 vy
with direct contact between them and dispersed metals and
with the specimens undergoing oxidation placed at a cer-
tain distance from the catalyst. It was observed®” %%
that platinum and palladium coated with the corresponding
blacks exert a catalytic influence on the rate of oxidation
of titanium, silicon, and germanium placed at some dis-
tance from the catalyst (Tables 16-18). This effect
begins to be observed at approximately 400°C. Table 17
shows that the growth of the SiO. film is observed in the
course of approximately 4 min from the start of the oxida-
tion; the subsequent reaction entails hardly any change in
the thickness of the oxide film. An increase of the oxida-
tion temperature (above 1000°C for platinum and above
800°C for palladium) lowers the catalytic influence of the
dispersed metals (Fig.12). The activity of the catalyst
decreases with increasing distance between the dispersed
metal and the specimen being oxidised. The catalytic
activity of platinum black is higher than that of palladium
black (Tables 16-18).
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Exoelectron emission from the surfaces of compact
platinum and platinum and palladium blacks was studied in
a vacuum of approximately 107> mmHg on a specially
designed apparatus'® permitting the heating of the test
catalyst to 400°C. An appreciable increase of the inten-
sity of exoemission from the surfaces of the dispersed
metals relative to the background level was observed on
platinum black from 300°C, on palladium black from 350°,
and on compact platinum from 370°C (Fig.13). The most
intense exoemission was observed for platinum black and
the least intense for compact platinum. Evidently the
energy of the liberation of the electron from the surface of
platinum black is lower than from the surface of palladium
black and compact platinum; in terms of increasing num-
bers of active centres, the catalysts can be arranged in
the sequence compact platinum < Pd black < Pt black.

Table 18. Dependence of the time required for the for-
mation of GeO:; interference films and of the increment in
the rate of oxidation of germanium (/) on the type of
catalyst (450°C). °»*3*

Table 16. Time required for the formation of rutile
interference films with the catalyst acting at a distance
(500°C). *°
Distance from Time, min
catalyst to Catalyst brown | violet |darkblue | blue
specimen, mm film film film film
0.1 Pt black 1.5 2.0 3.0 41
0.1 Pd black 1.5 2.3 3.7 4.8
05 Pt black 5.0 5.8 6.5 7.5
0.5 Pd black 5.0 6.9 8.0 10.0
Table 17. Dependence of the SiO. film thickness on the
growth time at 650°C. "
: Film thickness, A
Distance, s
Catalyst mm Imin | 2min | 3min | 4min | Smin | 6min
Pt black 0.1 2000 2500 3900 1 5400 5400 5400
Pt black 0.4 1500 2000 3000 4260 4260 4260
Pt black 0.8 1000 1250 1500 2000 2000 2000
Pd black 0.1 1750 2000 2500 3500 3500 3500
Pd black 0.4 1250 1500 1750 2500 2500 2500

4. EXOELECTRON EMISSION FROM THE SURFACES
OF DISPERSED PLATINUM, PALLADIUM, AND SILVER

The a?plication of the method of exoelectron emis-
sion'2*~'* makes it possible to obtain information about
the energetic inhomogeneity, the density of defects, and
the number of active centres on the surfaces of the cata-
lysts investigated.

Distance from Colour of GeQ film (order of spectrum)
Catalyst catalyst to | garic blue |  blue vellow red green green
specimen, mm| () ) an an an (i
Time, min
Pt black 0.1 1.0 1.5 2.0 2.5 3.0 4.0
Pt black 0.5 3.2 4.3 5.15 5.5 6.0 7.0
Pd black 0.1 3.0 4.5 5.0 6.0 7.0 9.0
Pd black 0.5 3.5 5.0 6.0 7.0 9.0 1
K
Pt black 0.1 1924 2198 2514 2841 3306 3620
Pt black 0.5 642 760 1005 1282 1651 2058
Pd black 0.1 602 731 977 1184 1416 1600
Pd black 0.5 550 658 838 889 1100 —
o
YA
a
3000
1500 A
1 23 4
1 L. 1 1 1 ! 1 |
400 600 800 1000 t7G
v, A
.
5000 1~ b
-
3000 + )
000 ﬁ
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Figure 12, Temperature dependence of the SiO. film

thickness in the oxidation of silicon in the course of 5 min
in the presence of palladium (@) and platinum (») catalysts:
distance of the catalyst from the specimen surface (mm):
1)0.1; 2)0.4; 3)0.8; 4)1.0; 5)1.2.
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5. GENERAL CHARACTERISTICS AND MECHANISMS
OF THE REACTIONS INVOLVING THE CATALYTIC
OXIDATION OF THE METALS AND SEMICONDUCTORS
INVESTIGATED

Analysis of the experimental data for the catalytic acceler-
ation of the oxidation of titanium, silicon, germanium, and
GaAs by platinum, palladium, and silver 721,92, 8852, 18,110,
H7=118:12 1eveals the following features.

N, counts st

320 +
240 -
160
80
: 411
300 J2o 340 360 380 t5¢C
Figure 13. Temperature dependence of the intensity of

exoelectron emission (N) from the surfaces of dispersed
platinum (curve 1) and palladium (curve 2) and compact
platinum (curve 3).

Flatinum, palladium, and silver catalysts accelerate
the oxidation of the above metals and semiconductors above
350°C, the rate of reaction increasing by a factor of 100to
1000. The catalyst accelerates the oxidation reactions
both on contact and at a distance. The catalytic effect is
more pronounced on direct contact between the catalysts
and the specimens being oxidised. The catalysts acceler-
ate the oxidation process in a zone directly adjoining them.
The greatest catalytic activity among the dispersed metals
employed is shown by platinum black and the smallest by
dispersed silver.

In the presence of catalysts the Ti, Si, Ge, and GaAs
oxidation temperature is reduced by hundreds of degrees
and the rate of oxidation remains acceptable in practice.
The efficiency of the catalysts increases with increasing
thickness of the oxide layer formed (TiOz, SiOz, GeO: and
Gaz0s).

Sintering of platinum and palladium blacks and of dis-
persed silver reduces the activity appreciably at tempera-~
tures amounting to two-thirds of the melting point of the
catalyst. The difference between the laws governing the
oxidation process in the presence of platinum, palladium,
and silver catalysts (linear for platinum and parabolic for
palladium and silver) is due to the unequal rates of their
sintering, reducing the catalytic influence of the activated
metals on the oxidation process.

The observed features can be accounted for in terms of
modern ideas concerning the oxidation of metals and semi-
Conductor81,9,11,12,14,38_ 946,40~ 54,58, 59,64,65,125 and hetero-
geneous catalystsm’ls’u1-116’126°128.
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The TiOz, SiOz, GeO:z, and Ga.0Os oxide films formed in
the interaction of titanium, silicon, germanium, and gal-
lium arsenide with oxygen cause a separation of the initial
reactants in space. The subsequent reaction is limited
by the migration of titanium, silicon, germanium, gallium,
and oxygen ions through the growing oxide film. The dif-
fusion process occurs in consequence of the generation of
concentration gradients and of an electric field in the
growing oxide layer**™™. The overall charge transfer
current density ji is then defined by the expression*

ft=—‘CiUi(A}Li+2(eE) y

where cj is the concentration of species, vj the mobility of
the charges, Ap; the change in the chemical potential, zj
the valence of ions of type 7, e the electronic charge, and
E the electric potential gradient.

The large surface of the catalysts is capable of retain-
ing considerable amounts of chemically adsorbed oxygen,
the redistribution of which increases the oxygen concen-
tration gradient in the oxide films and the electric field
strength with increase of film thickness on metals and
semiconductors. This increases the charge transfer cur-
rent density and the rates of chemical interaction. In
addition, the increase of the electric field strength lowers
the activation energy for the oxidation process (for exam-
ple, from 30-43 keal mole™ #7121 t5 913 keal mole™!
09:110,129,131 ¢4 silicon)., As a result, the significant
increase of the ionic diffusion flux density and the decrease
of activation energy lead to an increase of the rate of oxi-
dation in the presence of catalysts by factors of hundreds
and thousands.

According to the existing electronic theories of hetero-
geneous catalysis''"*1!28 the gas, for example, oxygen,
is activated by its chemisorption on the active centres of
the catalyst surface and the activation is accompanied by
the transfer of electrons from the catalyst to the adsorbed
atoms. The amount of adsorbed oxygen is greater the
greater the number of active centres from which electrons
pass to oxygen comparatively readily. The results
obtained by the method of exoelectron emission suggest
that the number of these active centres is greater on plati-
num black than on palladium black. Thisapparently explains
the higher catalytic activity of platinum black despite its
smaller degree of dispersion.

The action of the catalysts at a distance can be accounted
for in the following way. Evidently the activated species
are dissolved from the catalyst surface into the surround-
ing gas phase!'*'26='%  with increase of temperature,
this is accompanied by a displacement of the dynamic equi-
librium towards desorption. The desorbed species retain
their activity for some time at a short distance from the
catalyst surface, after which they recombine*®*?", Con-
tact of the catalyst with the specimen undergoing oxidation
facilitates the transfer of active oxygen species from the
catalyst to the oxide film. This is why the catalyticactiv-
ity of the activated metals is greater on contact than at a
distance.

V. SOME PRACTICAL APPLICATIONS '

The results presented in the present review permit
practical recommendations for the use of the titanium,
silicon, germanium, and gallium arsenide oxidation reac-

_tion.
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Determination of the kinetic parameters
of reactions. The kinetic parameters of heteroge-
neous reactions involving the oxidation of metals and semi-
conductors, for example, the activation energy, aredeter-
mined by the mathematical treatment of data obtained as a
result of the visual observation of the changes in the inter-
ference colours of oxide films in the course of the interac-
tion. It is then possible to establish the dependence of the
kinetic parameters of the reactions on temperature, the
thickness of the interference film, the nature of the mate-
rial being oxidised, and other factors.

It is possible to use TiOg, SiOz, GeOz, and Gaz0s inter-
ference filmsas decorative and protective
coating s on the surfaces of metals, alloys, and semi-
conductors.

The accelerated formation of oxide films
in the course of the oxidation reaction is achieved by
employing platinum, palladium, and silver catalysts which
are either in contact with the surface of the specimens
being oxidised or are at some distance from them. The
employment of catalysts permits the formation of films
with the required thickness over a short time interval and
at a lower temperature than in the thermal oxidation in the
absence of catalysts.

The comparative activities of catalysts
are determined by comparing the times required for
the formation of oxide films of identical thickness in the
presence (71) and absence (72) of the catalyst. Theincrease
of the rate of oxidation K = 7»/T) can serve as a measure
of the activity of the catalyst. Furthermore, the activity
of the catalyst can be estimated approximately from the
diameter of the interference zone (in this case it is neces-
sary to employ a catalyst carrier in the form of a needle).
In addition, the activity of the catalyst can be inferred
from the intensity of the exoelectron emission, since the
intensity increases with increasing number of active cen-
tres on the catalyst surface.

The marking of articles. The use of catalysts
(acting on contact or at a distance) makes it possible to
mark titanium, silicon, germanium, and gallium arsenide
with appropriate symbols™®?,  Such marking does not affect
the surface oxide layer on the article and is distinguished
by an improved thermal and corrosion resistance in cor-
rosive media. Furthermore, in forming the symbol, the
surface of the marked article is not strongly acted upon.
All these factors lead to good prospects for the practical
employment of heterogeneous catalysis in the oxidation of
metals, alloys and semiconductors.
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