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ABSTRACT

Qualitative discussion on the transformation of recombina-
tion energy into a solid and the contribution of this ener-
gy to the occurence of heterogeneous plasma reactions is
presented.

1. INTRODUC TION

There is a well known fact, that the heterogegegus reac-—
tions /reduction, oxidation, nitridation ets ' ’</ occuring
under nonisothermal plasma condition procede at higher
rates in comparison with the reaction under thermal condi-
tion. This effect is explained by an active role of atoms
of the glow discharge molecular plasma in the above
mentioned processes.

The aim of3the present paper is to point out another
possible effect” influencing the rates of reactions, namely
that of the recombination energy of atoms.

2, ON THE TRANSFER OF RECOMBINATION ENERGY TO THE SOLID

The degree of dissociation of molecular plasma depends on
respective molecular gas and on the discharge type and its
parameters. It ranges framSng§ fraction of per cent to
several tens of per cent'’”’ ’', Most of these atoms do not
participate immediately in the described reactions, but
they recombine on the surface of discharge vessel or on
that of the substrate.

The surface recombination is basically a three-body
reaction, that can be characterized by the equation
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A+ A+ M A, + M+ (ER) 1)

2

where A, A, denotes atoms or molecules resp., M - the surfa-
ce and E, £ the recombination energy /4,48 eV, 5,08 eV,
9,7 eV fgr H, O and N atoms resp./. The presence of the
surface makes possible a simultaneous energy and momentum
conservation, leading thus to the stabilization of the
resulting molecule. Whereas in the case of volume recombi-
nation the formation of electronically or vibrationally
excited molecules occures very often8t§e same process for
surface recombination is just rarely ’~ observed.(Even a
thorough cleaning of the exp?gimental system avoided pro-
duction of excited molecules ~). However this means that
the entire recombination energy (or at least its great part)
has to be absorbed by the solid. This
effect is currently used in a method for measurement of
atom concentration in a1}oW2py§ssure plasma, With the
exception of the papers '’ “° -, the mechanism of the
recombination energy transfer into the solid has not been
solved yet.

The transfer of the energy of the magnitude below 1 eV
was solved with the help of the classical a§4w§%l as quan-
tum mechanical theory in a number of papers '’ ~. From
these papers it follows that the efficiency of a transfer
into solids is energetically limited. This is described by
means of an accomodation coefficient, which expresses the
fraotioq1oﬁziwgarted energy absorbed by the solid. The
authors > 7’ used this mechanism to explain their
results. As the magnitude of the recombination energy as
well as accomodation coefficients are very high the concep-
tion of the mentioned authors seems to be not without
problems.

Neither the results o§6tQ% energy transfer studies for
energies higher than 25 eV ~’ are immediately applicable
to the energy region, that important for the studied effect.
Nevertheless, these results may be used to present at least
a qualitative model of energy transfer mechanism, connected
with surface atomic recombination.

The first idea, originally elaborated for the elucida-
tion of the effect of radiation and ion bombardement inside
the volume of a solid.is based on the existence of the so
called thermal spike ', defined as a limited volume with
most of.its atoms temporarilly in motion. According to the
authors' °, spike effects may became important when the spi-
ke lifetime is larger than the duration of its initiation.
In the following a modification of the above mentioned
concept for the solid state surface of solid will be used.

As the interatomic spacings of most solids18 are
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considerably larger than those of diatomic molecules it can
be supposed, that the recombination energy will be transmit-
ted to only one of the surface atoms. Formally, this is
equivalent to the application of a pointlike, instanteneous
acting heat source of magnitude E, at the surface of the
solid. Volume/time temperature digtribution around the sour-
ce is given by the equation

2F,
lo /17, )= W exp(y{z—; ) @

where T_ 1is the ambient temperature, r2=x2 + y2 + z2 - squa-
re of the distance from the source, t - time, ¢ - specific
heat, @ - mass density, a=/A/c¢ , 1 - thermal conductivi-
ty. Applicability of the above equation is restricted main-
ly by uncertainty in thggappropriate value of A . (Accor-
ding to the calculation carried out under thermal spike
condition the thermal diffusivity for Cu has been found to
be an order of magnitude lower than the experimental value.

refore we use another approach, suggested by the
author™ ., We can suppose, in accordance with the spike defi-
nition, that all the particles within a semisperical volume,
the centre of which concides with the recombination event,
will be set in motion as a result of the recombination.

If we suppose that the mean increase of the energy of
particles inside the spike is equal to 0,1 eV and the
recombination energy of the atom is 5 eV, we get the number
of particles as 5/0, 1 i.e. 50. (0,1 eV corresponds to 800K
in the E=3/2 kT model). From this the radius of semispheri-
cal volume containing the calculated 50 particles maz18e
determined. Its average value is about (6 - 10) . 10 m.

The validity of this procedure may be verified by
comparing the velocity at that the energy is propagating
within the spike with the time over that the local equilib-
rium in the spike is established.

According to the classical theory of heat conduction
the heated region of radius r_ is cooled within the charac-
teristic relaxation time of tHe order Th2 , whereT=Cc@/¥)
In our case, as we are interested in the processes on the
insulators, the appropriate vg%ue gqrA41 is that of glass
and glasslike materials (~10" W,g~ ' K ). The relaxation
time is then of the order of 10 S.

The recombination energy is_#gangferred to the central
particle of the spike in time 10 s Inside the spike
the released energy will be transferred by two-body colli-

sions of the type ion-ion, electron-electron and electron-
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-ion., The first type of collision is the most efficient one,
its charactgy%stic time of the energy exchange being of the
order of 10 s. As we see, the relaxation time 452 is an
order of magnitude higher than the collision time so that
can be assumed, that the local equilibrium will be
established almost completely.

3. INFLUENCE OF THE SPIKES TO THE OCCURENCE OF THE HETERO-
GENEOUS REACTIONS

It follows, that the surface atomic recombination event
results in a local energy increase of about 50 particles of
the hemisperical spike; from these about 20 particles are
situated at the surface. It is clear that the number of
spike particles, their energy increase and spike dimension
depend on the type of recombining atoms and on the proper-
ties of solid surface.

Even though the energy increase of spike particles is
not sufficient to produce some material defects (intersti-
cials, vacancy etsg it is2qevertheless high enough to acce-
llerate surface processes (surface migration of adsorbed
particles, chemisorption processes, place-exchange processes,
nucleation ets.) and increase the rate coefficient of chemi-
cal reactions under plasma condition. As the influence of
the spike effect is bounded to the this surface layer the
diffusion does not lose its importance for growing thick
layers by plasmochemistry.

We can mentioned another group of results,Ssgowing the
possible role of the spike effects. Many papers ' concer-
ned with the atomic particles concentration measurements
refer to the change or the increase of the atomic
recombination coefficient & on the glass walls, in the case
of an interaction of the walls with molecular plasma. In
comparison with the recombination coefficient, gained from
measurement with the plasma outside the active zone, the
values of 2 are by several orders of magnitude higher.
The increase corresponds to the value of several hundred of
K in the vicinity of glass walls. Because such a high
temperature is hardly possible to admit, the only reasonable
explanation is due to the influence of the spikes. Similar
argument may be applied for explanation of permagegﬁ or
temporary changes in the glass walls composition 2 of the
tube in which the discharge of the molecular gas burns.

As §51ast example the methods of plasma etching of
polymers may be mentioned. In this case the polymer may
be chemically changed or demaged by an enormous increase
in the energetically active particles due to the spikes. It
is to a certain degree similar to the ion etching of
metallic or unmetallic materials.
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4. CONCLUSION

The direct verification of the above hypotheses is diffi-
cult. Nevertheless we feel that the role which the recombi-
nation energy of atoms plays for heterogeneous reactions
inside the plasma discharge tube, is substantial.

Further study of this effect is necessary to elucidate
not only the rate of plasmachemical reaction but also the
neture of the recombination coefficient itself.
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