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The Formation of Inorganic Coatings in the Decomposition of Organo-
metallic Compounds

G.A.Domrachev and O.N.Suvorova

The present status of the methods for producing inorganic coatings from the vapour phase by the decomposition of organo-
metallic compounds (OMC) is considered critically and systematically. The methods are classified in terms of physico-
chemical features and the physical procedures involved. The efficiencies of various methods for the preparation of coatings
from the vapour phase in the thermal decomposition of OMC and the possibilities of their employment for a specific
alteration of the properties of the coatings obtained are compared. Patent data on various procedures and devices used
in the formation of inorganic coatings from the vapour phase in the decomposition of OMC are widely used.
The bibliography includes 96 references.
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I . INTRODUCTION

There exist numerous patents and other publications on
the deposition of inorganic coatings from the vapour phase
in the thermal decomposition of organometallic compounds
(OMC) and metal carbonyls. In the USSR a group of inves-
tigators and technologists led by Academician G.A.Razuvaev
is concerned with systematic studies and technological
development of these processes.1 Razuvaev showed an
interest in the isolation of metals from organometallic com-
pounds in thermal reactions as early as the 1920s.2 These
studies subsequently served as a basis for research by
Razuvaev and his students into the thermal decomposition
and photodecomposition of OMC in solution and then in the
vapour phase; these studies have been surveyed in a mono-
graph1.

However, the literature contains no systematic review of
the existing methods for the deposition of inorganic coatings
from the vapour phase on decomposition of OMC; in the
present review an attempt is made at such a systematic
account.

I I . CHEMICAL FEATURES OF THE USE OF ORGANOMETAL-
LIC COMPOUNDS FOR THE PREPARATION OF COATINGS
FROM THE VAPOUR PHASE

The use of OMC for processes where their intermediate
formation transfers a metal to the substrate makes it
possible to carry out the deposition at low temperatures and
to increase the concentration of the working compound as a
result of the lower decomposition temperature of the OMC
and their higher vapour pressure at low temperatures1.
The fundamental mechanism of the deposition of films from
the vapour phase in the thermal decomposition of OMC can
be formulated as follows:

RnM (solid or liq.) —>- RnM (gas) ,

R_M (gas) -RnM (ads.),
support

RnM (ads.) J I M (solid)/support -f n R (ads.),

n R (ads.)->»R (gas).

These s tages of the process determine i ts chemical na ture
and const i tute the basis for the development of methods of
deposition of coat ings . In order to select the deposition
procedure and to ca r ry out the la t ter in a specific techno-
logical scheme, it is necessary to analyse in detail each stage
of the p rocess .

In the preparat ion of a multicomponent coating, for exam-
ple a binary coat ing, a mixture of the necessary number of
OMC of different metals, for example two, or a mixture of
the OMC of one metal and the hydr ide of another element,
is used3"7 :

MRn + M'Rm -> M—M' + n R + mR',
Me3Ga + AsH3 -» GaAs + 3CH4 ,

Me4Pb + Me2Te -> PbTe + x CnHm ,
Me3Ga -f AsMe3 -*- GaAs + x CnHm .

It has been established that the intermediates in the joint
decomposition of two OMC are, as in the case of Me3Ga and
Me3As, oligomeric and polymeric fragments containing the
(R-Ga—As)x group6; these fragments cannot catalyse the
subsequent decomposition of the OMC mixture.

Hence it follows that, for the decomposition of binary com-
pounds and OMC, one can employ the thermal decomposition
of molecular complexes of OMC of the type Me3Ga.AsMe3 or
organobimetallic compounds containing covalent M-M or M—E
bonds8:

f support
RnM—M'Rm (solid or liq.) ->- RnM—M'Rm (gas) p - >-

-»-(« + m) R (gas) - j - M—M' (solid)/support + in R (gas).

Adsorption and desorption processes can also be involved in
this scheme. In the general case the formation of a two-
component system on the surface requires that the reaction
between the metals liberated or the decomposition reaction
must proceed via the formation of intermediate compounds
containing the M—M' bond7.

Bearing in mind the high efficiency of the metal transfer
to the support with the aid of OMC, one can also employ the
metal transport reaction with the aid of organic radicals or
ligands. The best known classical example of a transport
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reaction with participation of free radicals is provided by the
method of Paneth mirrors9:

,° +M',(solid) support
R n M (gas) - • M(solid)-!- n R (gas) • >• R m M (gas) -* p >•

->- M' t(solid)/support + m R (gas).

Free radicals, generated by the thermolysis of readily
available OMC, for example Me2Hg, behave as transporting
agents for the transfer of solid metal through the gas phase
to the region of higher temperatures; the support on which
the metal film is formed by the thermal dissociation of the
OMC formed is placed in this region. Such processes
include the transport of nickel by carbon monoxide as a
result of the reversibility of the reaction10'11:

Ni(solid) -:- 4CO ^ Ni (CO)4 ^ Ni(solid)/support + 4CO.

Here carbon monoxide functions as the metal - t ranspor t ing
ligand. A metallic alloy, for example MM', can be t r a n s -
por ted similarly12:

MM'(solid) + (n • m)R(gas) —
RnM-M'Rm (gas)

- RnM (gas) + RmM' (gas)

t° MM'(solid)+(n+m)R1(gas).

Combinations of these methods for the transport of metal are
also possible.

However, a common feature of all these procedures is a
high volatility of the OMC, a low decomposition temperature
of the OMC with liberation of the metal, the obligatory pres-
ence of organic OMC decomposition products and sometimes
their strong influence on the process, the possibility of the
adsorption and secondary reactions of the OMC decomposition
products, and a comparatively high vapour pressure of the
organic OMC decomposition products at the deposition tem-
peratures.

Although the first two factors are favourable from the
standpoint of the use of OMC for the formation of coatings,
the negative influence of the decomposition products can
sometimes abolish altogether the positive effect. For the
successful realisation of the OMC thermal decomposition pro-
cesses, it is therefore necessary to employ special proce-
dures for the deposition of coatings from the vapour phase
in which the harmful effects of the decomposition products
are diminished or eliminated with the aid of mass and heat
transfer phenomena and mechanical and chemical methods.

The chemical features of the procedures for the deposition
of coatings are determined by the composition and structure
of the OMC and by the addition of various chemical reagents.
In terms of the composition of the gas-vapour phase for the
coating, the methods can be classified as follows:

(1) methods using an individual OMC ;
(2) methods using a mixture of individual OMC;
(3) methods using an individual OMC mixed with the

hydrides of other elements or with readily decomposed inor-
ganic metal compounds;

(4) methods using individual OMC or their mixture in an
atmosphere of a reactive gas [reducing to the metals (H2),

13>11*
oxidising (O2),

13 etc.], which improves the elemental and
phase compositions of the coatings;

(5) methods using OMC in mixtures with additives which
serve as energy transferring agents or with "quenching
agents" for the excited states (for example, iodine15'16,
amines17"19, ammonia15'20, diolefins21'22, ferrocene23, and
other OMC2"-27);

(6) methods using OMC in mixtures with added decomposi-
tion catalysts (halogen derivatives28, sulphur derivatives29

for the decomposition of bisarenechromium, transition metals
for aluminium hydride complexes30, and transition metal salts
for metallocenes31'32);

(7) methods using OMC in a mixture with added active
hydrogen atom donors in radical reactions (glycols for the
decomposition of copper acetylacetonate33'3"*, hydrogenated
aromatic compounds of the type of dihydrobiphenyl, tetralin,
cyclohexadiene, and cyclohexene1, amines35, etc.);

(8) methods using OMC in a mixture with added surfac-
tants, which are adsorbed more strongly than the decompo-
sition products, but less so than the OMC themselves and
are displaced by the latter from the surface—for example,
ferrocene in the decomposition of tri-isobutylaluminium36;

(9) methods using OMC in the presence of added reactive
gases (H2S, H2Te, NH3, CO2, etc.) and vapours (H2O),
which modify the elemental and phase compositions of the
coating1.

The above methods make it possible to obtain a wide variety
of coatings whose composition corresponds to both pure
metals, binary alloys, or semiconductor compounds and to
pure oxides, carbides, nitrides, sulphides, etc. Further-
more it is possible to obtain mixed coatings of the type of
carboxides37, carbonitrides38, etc.

The content of impurities in the phase composition of
coatings can be regulated both by the chemical procedures
enumerated above and by physicochemical and purely physi-
cal methods.

I I I . THE USE OF THE PHYSICOCHEMICAL CHARACTERIS-
TICS OF THE DECOMPOSITION OF ORCANOMETALLIC
COMPOUNDS FOR THE DEPOSITION OF COATINGS

There are many ways of depositing films and coatings from
the vapour phase of OMC in their thermal decomposition;
numerous devices and different types of apparatus have been
developed, embodying various methods for deposition from
the vapour phase.

The methods of deposition of coatings from the vapour
phase can be classified in terms of the principal process
parameters. The methods can differ in terms of (1) the
procedure used to generate the vapour phase, (2) the pres-
sure of the reaction mixture in the decomposition zone, (3)
the state of the article being coated in the reactor, (4) the
method used to heat the article being coated, and (5) the
state of the principal units of the reactor.

1. Methods for the Generation of the Vapour Phase of the
OMC

The methods for the deposition of coatings from the vapour
phase in the decomposition of OMC differ in the procedure
used to generate the vapour phase, which can be signifi-
cantly non-equilibrium, or can be in equilibrium with the
condensed OMC phase. Depending on this factor, when
different procedures are used to generate the vapour phase,
it is possible to attain markedly different maximum rates of
deposition, which depend on the degree of supersaturation of
the vapour phase by the metal, which is determined in its
turn by the concentration of the OMC in the vapour.

Deposition from a non-equilibrium vapour phase can be
carried out under both static and dynamic conditions. In the
former case the process is usually performed with a deficiency



812 Russian Chemical Reviews, 49 (9), 1980

of OMC in a closed volume where the OMC vaporises com-
pletely and forms an unsaturated vapour, which is not in
equilibrium with the condensed phase (since the latter is
absent). The decomposition of the OMC under such condi-
tions proceeds as a rule at low temperatures in the kinetic
region, the aim being to obtain coatings with controllable
physical properties (for example, the preparation of films for
measuring devices).39

principles of the operation of the evaporator can be extremely
varied, but usually one employs closed or flow compartments
("stills") and bubbling devices'*1*.

OMC

Figure 2. Deposition of coatings from an equilibrium vapour
phase generated under static conditions: 1) reactor;
2) heater; 3) support; 4) thermostat.

Figure 1. Deposition of coatings from a non-equilibrium
vapour phase under dynamic conditions established in an
autonomous evaporator: 1) evaporator; 2) support; 3) trap;
4) reactor; 5) heater.

The deposition of coatings from a non-equilibrium vapour
phase under dynamic conditions is most frequently used.
The equilibrium vapour phase generated by the evaporation
of the condensed (liquid or solid) OMC phase is transported
via pipes to the heated article to be coated, which is located
in the reaction chamber. In the absence of a condensed
phase in the pipes and under the conditions of high tempera-
tures near the article to be coated and its dilution by the
vapours of the decomposition products, the initially saturated
OMC equilibrium vapour phase becomes unsaturated with
respect to the OMC and is no longer in equilibrium with the
OMC condensed phase. The state of this vapour phase,
i.e. the degree of its deviation from the state of saturation
with respect to the OMC and its state of equilibrium, is diffi-
cult to estimate and control. As a result of the decomposi-
tion of the OMC, the state of the vapour phase changes still
further due to constant dilution by the decomposition prod-
ucts. For the practical employment of such a non-equilib-
rium vapour phase, one therefore creates dynamic conditions
and uniform fluxes of the vapour phase near the surface of
the article to be coated. Under such conditions, it is
possible to attain reproducible rates of deposition of the
coating.

However, owing to the unsaturation and the non-equilib-
rium nature of the OMC vapour phase, it is impossible to
achieve high rates of deposition of coatings. The devices
most frequently employed in this case are provided with
autonomous evaporators located outside the limits of the reac-
tion chamber used for the deposition10'"0"1*3 (Fig. l) . The

The deposition of coatings from the vapour phase in equi-
librium with the condensed (soli«J or liquid) OMC phase is a
more effective process. Here if is possible to establish
higher concentrations of the O^p in the vapour phase; since
the vapour phase is in a state of dynamic equilibrium with the
condensed phase, the vapour is enriched in the organometal-
lic component when the latter it consumed in the deposition
process. The process can be carried out under static or
dynamic conditions such that the condensed (usually liquid)
OMC phase in equilibrium with the vapour phase can exist.
Under static conditions, the equilibrium OMC vapour phase
is generated by the evaporation of the solid or liquid OMC
within the reaction chamber. The location of the OMC con-
densed phase being evaporated can be below the article to
be coated1*5'1*6 or above it1*7 (Figs. 2 and 3). Furthermore,
it has been suggested1*6 that the condensed (solid) phase be
placed around the article to be coated (Fig.4).

Under conditions where the condensed phase is located
below the article to be coated, the deposition process takes
place under least favourable conditions. This is because,
in the course of the formation of the OMC decomposition
products and the increase of their pressure, the partial
pressure of the OMC diminishes and conditions for the super-
saturation of the OMC vapour are frequently created, which
is accompanied by the formation of aerosol particles of the
condensed phase ("dew point"). These particles of the
condensed OMC phase precipitate and the overall OMC con-
centration in the vapour phase diminishes. The additional
vaporisation of this part of the OMC as a result of the heat
radiated from the superheated (relative to the vapour tem-
perature) support cannot occur owing to the negative tem-
perature gradient in the direction of the fall of the particles.
When this method is used, one usually observes a "peak"
rate of deposition of the coating1*8'1*9 at the initial instant of
the coating process. In other words, the rate of formation
of the coating initially increases to a maximum and then falls
approximately by two orders of magnitude in consequence of
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the decrease of the effective concentration of the OMC in the
vapour phase49.

The methods in which the condensed phase is placed around
the article to be coated are a logical conclusion of the develop-
ment of procedures for deposition from an equilibrium vapour
phase in the presence of a static condensed OMC phase1*6.

OMC

Figure 3. Deposition of coatings from a vapour phase in
equilibrium with a static liquid OMC phase located below the
article: 1) reactor; 2) heater; 3) support; 4) evaporator.

If the condensed OMC phase in equilibrium with the vapour
phase is located on the particle to be coated and the outlet
for the removal of the decomposition products ("evacuation")
is placed below, then more favourable conditions are created
for increasing the OMC concentration in the vapour phase1*7.
Even under the "dew point" conditions, where part of the
OMC condenses on increasing the pressure of the decompo-
sition products and is precipitated in the form of liquid and
solid particles, the OMC concentration in the vapour phase
increases as a result of the re-evaporation of these particles
as they fall freely downwards under the conditions of a posi-
tive temperature gradient towards the article to be coated,
which is placed below the vaporisation zone.

We may note that the case under consideration, where the
condensed OMC phase in equilibrium with the vapour phase
is located above the article to be coated, cannot be classified
as purely static: although the main bulk of the condensed
phase is in a static state, the condensed OMC particles are
in a state of dynamic equilibrium with the vapour. The use
of a vertical temperature gradient (the temperature above
the article is higher than under it) makes it possible to set
up a pressure gradient which gives rise to a flux of particles
and vapour along the surface of the article to be coated and
this converts the procedure from one involving a static con-
densed phase in equilibrium with the vapour into a method
with dynamic vapour and condensed phases in a flux47. Such
conditions ensure higher rates of deposition of coatings than
under static and dynamic conditions from a non-equilibrium
vapour and under conditions of a static condensed phase
located below the article to be coated and involved in equilib-
rium with the vapour phase.

Figure 4. Deposition of coatings from an equilibrium vapour
phase with a translational movement of the article: 1) filament
(wire) to be coated; 2) electrical terminals; 3) reactor;
4) drums for rewinding the wire.

This method is usually applied when an article of small area
is to be coated (for example, when a heated filament is drawn
through a channel in a compressed substance undergoing
decomposition1*6). The vaporisation of the substance being
decomposed takes place as a result of its being heated by the
heat emitted from the filament being coated. This method46

makes it possible to generate a vapour phase in equilibrium
with the static condensed phase.

However, in the presence of a quasi-closed reaction space
bounded by the condensed OMC phase and when the area to
be coated is large, the atmosphere may be supersaturated
by the decomposition products, which leads to the appearance
of stagnant zones, a decrease of the rate of deposition of the
coating, and its contamination as a result of increased
adsorption of secondary reaction products (carbon, oxides,
carbides, resins, etc.). The method is then actually con-
verted into a procedure in which coatings are deposited from
a vapour phase in equilibrium with a static condensed phase
under static (or quasi-static) conditions relative to the
dynamics of the vapour phase. The first two instances
ensure, in contrast to the last, the dynamics of the vapour
phase in equilibrium with the condensed phase, although the
mass fluxes established in the first case decrease the con-
centration of the OMC in the vapour near the substrate,
while in the second the OMC concentration is actually
increased in the descending vapour streams.
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The use of methods involving the generation of a vapour
phase in equilibrium with the condensed phase directly in the
reactor for the deposition of coatings, in contrast to the
procedures described above in which a non-equilibrium
vapour phase is used, makes it possible to prepare coatings
using involatile OMC with low vapour pressures and low
decomposition temperatures. The introduction of the con-
densed OMC phase directly into the reactor creates condi-
tions for the molecular distillation of involatile OMC50 and
significantly extends the scope of the deposition method
under consideration compared with the previous procedures
using a non-equilibrium vapour, the transport of which is
relatively ineffective for involatile substances.

OMC (liq.)

residual OMC to pump

Figure 5. Deposition of coatings from an equilibrium vapour
phase generated under dynamic conditions: 1) reactor;
2) support; 3) heater.

liquid under the influence of the heat emitted from the article,
the concentration of the vapour of the working OMC in equi-
librium with its condensed phase is ensured. As the liquid
moves along the surface of the article being coated, it is
heated to higher temperatures, which promotes a more vigo-
rous vaporisation of the substance being decomposed and
leads to an increase of its concentration in the vapour phase
and hence to an increase in the rate of deposition of the
coating. An increased concentration of the vapour of the
OMC being decomposed is also promoted by the fact that the
particles of the condensed phase formed as a result of the
condensation of the vapour, as the pressure of the decom-
position products increases, migrate under the influence of
gravitational force along the surface of the article being
coated and are heated and revaporised as when deposition
occurs from a static equilibrium vapour phase and the con-
densed OMC phase is located above the article to be coated.

Thus, over the entire pathway traversed by the liquid
being decomposed, the saturated OMC vapour is in equilib-
rium with it. This leads to an appreciable increase of the
steady-state OMC concentration in the vapour phase during
the deposition of the coating and ensures high rates of for-
mation of the latter; furthermore, this ensures the formation
of more homogeneous coatings, with respect to thickness and
chemical composition, owing to the smaller changes in the
relative concentrations in the OMC vapour.

OMC (liq.)

-gas (H3,
inert gas)

By analogy with this situation, which is observed in dis-
tillation processes, methods for the generation of a dynamic
vapour phase in equilibrium with a moving liquid phase, are
the most effective and have the greatest range of applica-
tions . One of the effective methods for the generation of
the vapour phase in the deposition process which have been
suggested51"57 involves the use of a falling film of liquid
OMC, its solution, or its suspension in a suitable solvent
(Fig. 5). The method permits a continuous and effective
generation of the vapour phase in equilibrium with a moving
spontaneous stream of the liquid phase (by analogy with all
the advantages of film distillation—see Krel50, p . 301). The
most important advantages of film vaporisation are that there
is no need to heat thick layers of liquid for effective vapori-
sation58, as happens in vaporisation from a still. This pro-
vides considerable possibilities for the employment of a wide
range of involatile and readily decomposed OMC for the
deposition of coatings.

The deposition of coatings by this procedure51"57 on the
surface of the heated article takes place with a continuous
flow of liquid containing the OMC (liquid compound, solution,
or suspension taken separately or in an appropriate combi-
nation) along the treated surface under the influence of
gravitational force. As a result of the vaporisation of the

Figure 6. Deposition of coatings from an equilibrium vapour
phase under dynamic atomisation conditions: 1) reactor;
2) support; 3) heater; 4) atomiser nozzle.

In this way it is possible to achieve rates of deposition of
coatings of approximately 1—2 mm h"1 (or > 10— 20 |im min"1),
which is 10—100 times greater than the usual rates of deposi-
tion from the vapour phase by the methods already described.
This procedure is most effective in the following cases: for
the formation of thick coatings, particularly for the internal
surfaces of hollow articles; when it is necessary to achieve
a continuous process; when the rate of deposition of the
coating is the rate-limiting stage of the process (when the
process is automated). The method proposed in a number of
patents51"57 can be applied both for a freely falling liquid
film (this is desirable for long articles and surfaces) and
when the working liquid containing the OMC flows via the
guiding surface under the influence of gravitational force and
then along the surface to be coated starting from its upper
section. The distance between the guiding surface and the
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surface to be coated must ensure the heating and vaporisa-
tion of the moving liquid as a result of the thermal emission
from the heated article. If heating (thermostatting) of the
guiding surface is used to ensure uniform vaporisation of the
liquid, then the minimum distance between the guiding and
coated surfaces is determined by the distance over which
there is no premature "ebullition" of the falling liquid film
(before the attainment of the lower end of the article) due to
heating of the liquid by the heat emitted from the article
regardless of the thermostatting. The rate of vaporisation
can be regulated either by altering the distance between the
surfaces or by altering the rate of the free fall of the liquid
along the guiding surface by changing the inclination, rough-
ness, and relief of the latter.

The list of the available methods for the deposition of
coatings from a vapour phase in equilibrium with a dynamic
condensed phase is logically completed by the method
involving the enforced movement of the condensed phase at
the required rates. It consists in the atomisation or
sputtering of the liquid phase onto the surface to be coated
with thermal conditions in the heated article such that vapo-
risation of the condensed dispersed particles near the sur-
face to be coated is ensured59"61 (Fig.6). When nickel car-
bonyl is used, this method makes it possible to obtain
coatings having a smooth surface with a thickness of several
hundredths of a centimetre in the course of several seconds53.

OMC (vapour)

Figure 7. Deposition of coatings from a non-equilibrium
vapour phase by the rotation of the vapour inlet: 1) reactor;
2) vapour inlet; 3) induction heating; 4) article.

and in many instances suffers from all the disadvantages of
this procedure (contamination of the surface and bulk of the
coating, difficulties when it is necessary to obtain crystalline
coatings, and inhomogeneity of the coating with respect to
thickness on articles of complex shape).

An interesting version of the method employing a non-equi-
librium vapour phase transported along the surface of the
article to be coated and gradually enriched in the decompo-
sition products has been proposed in a patent62; in this
method an increased rate of deposition from a vapour
depleted in the working substance is achieved by establishing
a temperature gradient throughout the entire extent of the
article, which increases toward the end of the latter. How-
ever, this method is effective only in the kinetic region and
for very large fluxes and is recommended for epitaxial pro-
cesses.

Figure 8. Method of deposition of coatings from the vapour
phase in solvent vapour1'1*1*: 1) support; 2) heater;
3) evaporator; 4) reflux condenser; 5) hydraulic seal.

One of the modifications of the method of deposition from a
non-equilibrium vapour phase, which ensures the formation
of a homogeneous coating, involves the establishment of a
dynamic non-equilibrium vapour phase, proposed in a patent6

around the article by mechanical means—by rotating a multi-
channel inlet supplying the vapour (Fig.7).

However, despite the considerable gain in the rate of
deposition of coatings compared with other methods, the
atomisation procedure is relatively inapplicable to the pre-
paration of coatings from the vapour phase using compounds
having low vapour pressures. For such substances, it
reduces to the preparation of coatings from the liquid phase

2. The Influence of Pressure on the Characteristics of the
Deposition Process

It is possible to distinguish methods in which coatings are
obtained (1) at atmospheric or elevated pressures of the test
substance without a gaseous diluent, (2) at atmospheric or
elevated overall pressures in the presence of a gaseous
diluent, a carrier gas (usually nitrogen, inert gases, etc.),
or the vapour of an inert solvent61*""66 (Fig.8), (3) at a
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reduced pressure in the absence of a carrier gas, (4) at a
reduced pressure in the presence of a carrier gas, a gaseous
diluent, or the vapour of an inert solvent, and (5) in a high
vacuum under molecular beam conditions in the absence of •
a gaseous diluent.

The methods used at atmospheric or elevated pressures
have advantages over the remaining procedures in the sense
that they make it possible to generate large mass fluxes of
the test substance in the vicinity of the support to. be coated,
which leads to an increase in the diffusional limit to the rate
of deposition of the coating and an expansion of the tempera-
ture range of the kinetic region.

However, together with this positive effect, a marked
adsorption of the OMC decomposition product on the surface
of the coating is observed at elevated and atmospheric pres-
sures. For reactive coatings and decomposition products,
such adsorption can promote secondary reactions leading to
the formation of carbides, oxides, and similar compounds,
which are in many instances undesirable. Furthermore,
since the vapour pressure of the majority of OMC reaches
1 atm above their decomposition temperatures, the low thermal
stability of the OMC restricts the upper limit of the OMC
concentration in the gas phase and hence th/e rate of deposi-
tion of coatings at elevated and atmospheric pressures. On
the other hand, high flow rates of the carrier gas in many
cases preclude the formation of sufficiently homogeneous
coatings (this is an advantage of the method of deposition of
coatings from the vapour phase), leading to the appearance
of a "shadow effect" due to the geometrical factors of the
reactor and the support. The limiting case of this process
is sputtering from an atomiser67.

carrier gas at elevated pressure may be altered. This
sometimes leads to a significant difference between the impur-
ity contents in the coatings (for example, 10% C in chromium
deposited in a carrier gas and 2—3% C in chromium deposited
in vacuo at the same temperatures'*0).

The homogeneity of the coatings obtained at reduced pres-
sures is as a rule high» The deposition of coatings under
molecular beam conditions68 has the advantage that it makes
it possible to increase, the purity of the coating, but the rate
of deposition is then" reduced and a "shadow effect" appears
when coatings are deposited on,to articles of complex shape.

IV. PHYSICAL CHARACTERISTICS OF THE METHODS FOR
THE DEPOSITION QF COATINGS FROM THE VAPOUR PHASE

1. Methods Differing in the Stat».of the Article to be Coated
in a Reactor*

The state of the article to be coated can be determined
both by its material and shape as well as its movement. The
surface to be coated can be the touter or inner surface of the
article or part of it, and the article can consist of a compact
or porous sojjd body. For aftjples of small size, coatings
can be obtained on a large number of the latter in a single
cycle or with each article subjected consecutively to a single
cycle. The formation of coatings on powders and friable
materials requires, specific deposition procedures.

Depending on the material of the substrate (the surface of
the article), the methods of deposition of coatings differ
mainly as regards the method an# rates of heating of the
surface and the employment of various chemical systems.

Figure 9. Deposition of coatings from a non-equilibrium
vapour phase with an outside evaporator under the conditions
of a fluidised bed consisting of the powdered specimen to
be coated; 1) reactor; 2) evaporator; 3) specimen; 4))trap.

^*- OMC (vapour)

Figure 10. Deposition of coatings from a non-equilibrium
vapour phase with rotation of the article: 1) reactor;
2) support; 3) heater; 4) rotating table.

The use of reduced pressures makes it possible to obtain
coatings with purer compositions owing to the decreased
influence of adsorption by the products of decomposition and
secondary reactions. However, the rates of deposition
decrease owing to the decrease of the OMC concentration in
the gas phase. In principle, similar rates of deposition can
be attained in a stream of carrier gas at atmospheric pressure
and in the absence of carrier gas at a reduced pressure.
The difference between the rates of desorption of the decom-
position products in vacuo and in an atmosphere of the

A number of procedures for the deposition of coatings from
the vapour phase differ by the type of movement of the article
being coated in the reactor. The article to be coated may be
stationary or have a wide variety of different types of move-
ment: oscillatory movement—vibration or ultrasonic oscilla-
tions69, a fluidised bed10'4"'70"72 (Fig.9) for the coating of
powders, rotation of the article73'711 (Fig. 10), and transla-
tional movement of the article or a programmed movement1*6'75"78.
A combination of different types of movement is frequently
employed.
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2. Methods of Heating of the Article to be Coated

The methods for the deposition of coatings from the vapour
phase using OMC can differ by the method whereby energy is
supplied to the article being coated. It has been suggested
that different forms of energetic influences be used: thermal,
light (ultraviolet and infrared irradiation1), laser beam75'79"81,
electron and ion impacts82"85, and different forms of electric
discharges and plasmas81*'86"88.

In methods with thermal heating of the articles to be coated,
both direct heating (by an electric currentlf8, by a high
frequency current1*8, and by an electric heater built into the
article1*8) and indirect heating (by the infrared irradiation of
an external resistive heater1 and by the absorption of visible
and infrared radiation by the support1*8) are used.

There exist methods for the preliminary heating of the
support and for carrying out the deposition process on a
cooled support89 '90. The latter is used to prepare thin films
on articles with a low thermal conductivity. Despite the fact
that the deposition takes place at a continuously decreasing
temperature, these processes are used both in laboratory
practice and in industry77'91-92. The possibility of employing
such conditions arises partly from the fact that the process
takes place at high temperatures in the diffusion region,
where it depends only slightly on temperature. The
coating process is highly technological and can be fully auto-
mated92; this being particularly suitable for the coating of
dielectrics.

OMC
(vapour)

Figure 11. Zone coating of the inner surfaces of tubes from
a non-equilibrium vapour phase: 1) reactor (tube);
2) electric heater; 3) switch for the maintenance of the tem-
perature of the tube above the vaporisation temperature of
the OMC and for the maintenance of the temperature of a
narrow mobile zone equal to the deposition temperature of the
coating.

The use of a laser beam for the local heating of the surface
of the support93'91* gives rise to extensive technological possi-
bilities for the preparation of shaped coatings from the
vapour phase75'80-81. The deposition process with local
heating of the support by laser radiation is determined by a
number of fundamental factors: the optical properties of the
material of the support (high absorption coefficient and low
reflection coefficient for the radiation at the wavelength of
the laser emission); the thermophysical properties of the
material of the support (low thermal conductivity and high
melting point); the energy density of the laser beam and the
duration of its action on a single site on the support (low

energy density and short duration of pulses with a high
repetition frequency); the rate of the chemical reaction and
of mass transfer, which determine the rate of deposition.

For high local energy densities of the laser beam, a high
thermal conductivity of the material of the support, a long
duration of the local action, and an autocatalytic mechanism
of the thermal decomposition of the OMC, the limits of the
deposition of the coating undergo "temperature-dependent
spreading". For high absorption coefficients of the radiation
in the material of the support, there is a possibility of local
fusion of parts of the support. The minimum "temperature-
dependent spreading" of the limits of the coating will occur
on supports with a low thermal conductivity and with a maxi-
mum absorption coefficient for the radiation. In this case
the thinnest possible surface layer of the material of the
support is heated and, owing to the low thermal conductivity,
the energy relaxation along the surface is also minimal. The
energy of the laser beam used for the local deposition of
coatings from the vapour phase must therefore be optimal to
avoid the breakdown of the surface of the support and to
reduce the "temperature-dependent spreading" of the limits
of the coating. To ensure the maximum possible rate of
deposition, it is useful to employ the maximum possible con-
centration of the saturated OMC vapour by adjusting the
temperature of the working chamber and the rate of evacua-
tion. The temperature of the working chamber can be
raised to values lower by 50-100 °C than the temperature of
the coating deposition process to avoid the autocatalytic depo-
sition of the coating over the entire surface of the support
after the onset of deposition.

With a favourable combination of all four factors enumerated
above, the local shaped coatings obtained possess the most
satisfactory qualities.

3. Methods Differing by the State of the Fundamental Units
of the Reactor

In order to obtain high-quality homogeneous coatings on
articles made of different materials and of different complexity
of shape and on long articles, particularly at sites which are
relatively inaccessible (internal surfaces, cavities, etc.), and
for the protection of friable, fibrous, and other materials,
the technological features of the method and the device must
be analysed.

Procedures have been developed for the deposition of
coatings using different states of the fundamental units of
the reactor (the evaporator, the heating of the decomposition
zone, and the guiding devices for the supply of the given
substance). It is possible to distinguish methods with a
stationary arrangement of the units of the reactor'*'*, methods
involving the rotation of the guiding devices for the intro-
duction of the working substance51"57'59'73 and the rotation
of the heater together with the decomposition zone, and
methods employing a translational movement of the heater or
the heating zone73'95 (Fig. 11).

Depending on the purpose of the coating, a particular
method of deposition and method of transferring the metal
to the support (chemical transfer or a combination of several
methods) are used. By virtue of the wide range of possi-
bilities for the deposition of coatings from the vapour phase
and the highly technological nature of the deposition process,
coatings are extremely promising as regards their industrial
applications. This is particularly important when it is
possible to set up a waste-free manufacture of coatings where
decomposition products such as aromatic hydrocarbons formed
in the decomposition of bisarene derivatives of transition
metals can be reused for the direct synthesis of OMC from
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atomised metals by cocondensation96. This combination of
"synthesis—decomposition" processes constitutes a virtually
closed manufacturing cycle, which requires only the expendi-
ture of energy and the metal and makes it possible to apply
the given metal to articles of complex shape ("transfer" of
the metal).
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