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In studies of the initiated ignition of dichlorosilane—oxygen mixtures it has been shown that rf discharge applied before ignition
leads to an increase in the lifetime of aerosol particles in the reactor volume, in contrast to direct current discharge which markedly
decreases the amount of aerosol particles formed in ignition. Ordered structures of the type of ‘liquid dust crystal’ have been

detected in rf plasma of branching-chain heterophaseous reaction.

Dust particles immersed within a plasma environment, such as
those in protostellar clouds, planetary rings or cometary environ-
ments, will acquire an electric charge. In semiconductor tech-
nology, particles can grow in the plasmas in surface processing
reactors, and remain electrically suspended there until they fall
to a surface and contaminate it,! which is undesirable. On the
other hand, the occurrence of ordered structures in dusty plasma
may be used in nanotechnology.2

Colloidal plasmas can be defined as dusty plasmas in which
dust cannot longer be considered a contaminant but should instead
be considered an integral component of the plasma. Structures
called Coulomb crystals can form within colloidal plasmas, once
certain criteria are met.! If the ratio of the inter-particle potential
energy to the average kinetic energy is high enough the particles
form either a ‘liquid’ structure with short-range ordering or a
‘crystalline’ structure with long-range ordering.

Most previous experiments have employed monodisperse
spheres to form Coulomb crystals.3 However, in nature (as well
as in most plasma processing environments) the distribution of
particle sizes is randomised and disperse. It has been shown
that, while monodisperse particles form ‘solid” Coulomb crystals,
a Gaussian distribution of particles forms ‘liquid’ Coulomb
crystals instead.*

For the most part, the experiments on ‘dust crystals’ have
been carried out using artificial particles of a given size. The
behaviour of the particles being directly relevant to a gaseous
chemical reaction, as well as the behaviour of the system of
growing particles in dust plasma, was investigated using plasma-
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enhanced SiH, and CH, pyrolysis.>-¢ Regular structures of SiO,
aerosol particles were obtained in Ar plasma; however, the reac-
tion of SiH, oxidation was used only for the synthesis of the
aerosol.”

From the literature data it transpires that kinetical features of
phase formation in rf plasma in a heterophaseous branching chain
process (BCP) like SiH, oxidation during ignition and imme-
diately after it have not been studied, though such investigations
can provide additional data on the phase formation in BCP.

The oxidation of SiH, and its derivatives can be used for both
the production of nanosized particles® and thin film deposition
being of practical value either in integrated circuits processing
or as selective membranes in semiconductor sensors.” The BCPs
are quite suitable for investigation into the physics of complex
plasma because the ignition in these is accompanied by the
generation of charged particles in reactions of recombination of
active species formed during combustion on the surface of SiO,
aerosol.10.11 Tt means that dusty plasma occurs during ignition
even without external energy source. It was shown that a constant
electrical field even without discharge influences on the lower
limit of self-ignition and chemical oscillations in the reaction of
oxidation of dichlorosilane (DCS).!12 It was also shown that the
constant electrical field in the absence of a discharge applied
before ignition causes a decrease in the amount of SiO, aerosol
formed in ignition; in this case, the features of the flux formed
by charged particles determine the thickness and texture of the
SiO, film deposited.10-13 For instance, the rate of deposition on
a negatively charged electrode is about four times higher than



Mendeleev Commun., 2006, 16(1), 38—-40

video (photo) camera

la§er upper electrode

c.:> cylindrical lens =
\J

mirror

horizontal
laser sheet

>—

rf 0.91 MHz

lower electrode

Figure 1 Experimental cell for visualising of aerosol particles.

that on a positively charged one. This indicates the significant
role of positive ions. Being applied after ignition, a constant
electric field does not influence the aerosol.!0

Based on the phenomena, the method of thin film deposition
at room temperature in a decaying flame was devised.!* The
method provides complete elimination of aerosol incorporation
into the film deposited. The reactor equipped with an instru-
mental cell for creation of glow discharge under low pressure
and wafer holders was used. The glow discharge area was located
in the cell in the way that the wafers were placed outside it
during the deposition and were therefore proofed against radiation
damage. The discharge was sustained by the own conductivity
of BCP (discharge current of ~5 pA). The aerosol particles were
captured by an electrical field, and they did not reach the wafers
during the process.

However, the behaviour of aerosol plasma flux of SiO, formed
in an electrical field has not been investigated, in particular, by
means of visualising. One can expect the formation of ordered
structures of aerosol particles in plasma of BCP of silanes oxida-
tion during ignition and immediately after it. Kinetic behaviour
of such systems is complicated due to the growing of size-
distributed particles in the combustion process.

The present work is aimed at the investigation of kinetic
regularities of SiO, formation during the ignition of DCS—oxygen
mixtures under rf plasma discharge.

Experiments were carried out in the vacuum setup described
elsewhere.!® The experimental cell is shown schematically in
Figure 1. The 1f discharge was formed by applying a 0.91 MHz
signal from a Tesla 004 rf generator capacitive coupled to the
lower electrode of a parallel-plate reactor. The lower electrode
is a copper disk 8 cm in diameter, while the upper is a copper
ring, with inner and outer diameters of 3 and 8 cm, respectively.
The electrode separation is 0.7 cm. In some instances, rf dis-
charge was formed using a copper needle instead of an upper
ring electrode mounted 3 cm above the centre of the lower
electrode The particle cloud was imaged using a horizontal
sheet of He—Ne laser light (A = 632.8 nm) formed by means of
a cylindrical lens along with 800x video camera connected to a
video recorder and a frame grabber, or 11x 4 Mpixel photo camera
mounted above the top of the cell. The cell was mounted in a
quartz cylinder 120 mm in diameter and height with a removable
bottom. Experiments were conducted under static conditions at
300 K and a total pressure of 7-12 Torr. A prepared combustible
mixture of 30% DCS + 30% O, + 40% Kr was fed into the
reactor from a storage tank through a vacuum valve. The mix-
ture was ignited either by heating a Nichrome wire 0.3 mm in
diameter using a capacitor bank (3000 pF) or rf discharge. The
optical window of the reactor (not shown in Figure 1) was re-
polished after every ten ignitions. The scattering of light at an
angle of 90° by aerosol particles was also analysed as described
elsewhere.!> The purity of DCS was checked by IR spectrophoto-
metry.16

First, it has been shown that if rf discharge is used for initia-
tion of ignition, the cloud of aerosol particles exists under our
conditions up to 400 s. However, if rf discharge is applied after
ignition, the cloud exists for ~60 s, this time is also markedly
longer than without rf discharge (see below). It means that rf

Figure 2 Images of aerosol cloud after ignition of 7 Torr 30% SiH,Cl, +
+30% O, + 40% K. (a) video image, (e) photo image, aerosol cloud in the
absence of rf discharge; (b) video image, 6s after switching on a rf
discharge; (c¢) video image, (f) enlarged photo image (fragment) and its
reconstruction, 15 s after switching on a rf discharge; aerosol cloud con-
taining particles of triangle shape; (d) video image, (g) enlarged photo
image (fragment), 60 s after switching on a rf discharge; long-lived aerosol
cloud. Images (f) and (g) were obtained using laser sheet and computer
processing.

discharge makes for the conservation of charge captured by
Si0, particles during the ignition. By this means an alternating
electrical field does not act similar to the constant electrical
field!0 applied before ignition. The behaviour of highlighted
particles formed after initiated ignition and recorded using video/
photo cameras is shown in Figure 2. In the absence of plasma,
the scattering area of illuminated aerosol shown in Figure 2(a),(e)
disappears gradually as a unit in a time < 30 s due to sedimenta-
tion over the pressures studied in agreement with our earlier
results.!5 Note that the range of pressures (7—12 Torr) was chosen
because for the given combustion mixture at pressures lower
than 7 Torr the amount of aerosol is too small for visual detec-
tion of particles; at higher pressures (> 12 Torr) the inner reactor
surface is rapidly covered with SiO, aerosol, the spurious reflec-
tion from it makes the recording difficult. In addition, the ignition
at pressures > 12 Torr is accompanied by a characteristic sound.
It means that a shock wave occurs; therefore, the fluxes produced
can mix aerosol, preventing the appearance of ordered struc-
tures. In the presence of plasma aerosol particles move towards
electrodes for 5-15 s [Figure 2(b),(c)]. The transitional process
[Figure 2(b),(c)] is accompanied by the occurrence of an
increasing hollow space in the centre of the cell (a void).! The
process is also accompanied by the occurrence of high reflective
crystallites of a triangle shape, which form ordered lamellar
structures [Figure 2(f)]. These triangle particles can be seen only
at certain angles; therefore, it was concluded that the particles
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Figure 3 Pair correlation function for image in Figure 2(g).
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were crystalline rather than amorphous. In a time of ~ 15 s after
rf discharge is applied, only small particles remain in the volume.
The particles form a toroidal cloud close to interelectrode distance;
in this case, the cloud of aerosol exists between electrodes for
about 20—400 s. The position and shape of the cloud in space do
almost not undergo any changes during this time. Its illuminated
part is shown in Figure 2(d). As is seen in Figure 2, the test
system demonstrates an ordered behaviour in rf discharge. The
process shown in Figure 2 is well reproducible.

The image of the long-lived aerosol cloud recorded using a
laser sheet and a photo camera is shown in Figure 2(g). It is
seen that the particles of different sizes form a lamellar struc-
ture. A pair correlation function (the probabilities of finding the
centre of a particle within a given distance from the centre of
another particle) calculated is shown in Figure 3. The function
shown exhibits several distinct peaks. This indicates the existence
of a certain degree of long-range correlation among the particles.
Note that the pair correlation function calculated for Gaussian
distributed 3—-10 microns glass spheres in plasma* showed the
range ordering characteristic of ‘liquid’ Coulomb crystals. There-
fore, in a similar way to ref. 4 the system of growing size-
distributed particles exhibits the properties of ‘liquid’ dusty
plasma. Actually the criterion condition of crystallization in
terms of pair correlation function! is not fulfilled. According to
the criterion, the ratio between maximal and minimal values
of the function must exceed 0.2.

Let us roughly estimate the size of the particles observed.
The initial photo seizes a part of the cell about 2x2 cm. There
are ~2000 pixels in each dimension. Therefore, the resolution
ratio of the optical system based on photo camera is = 10 pm.
The particles that form triangles [Figure 2(f)] are well resolved
and appear as circles in the figure; thus, the upper limit of their
size is of the order of 10 um, and the size of triangle-shaped
crystallites is < 50-70 pm. On the contrary, the particles in
Figure 2(g) are not resolved and appear as rectangles. Thus,
the particles comprising the long-lived aerosol cloud have
size of the order of << 10 um. This is in agreement with
the experimentally determined distribution of SiO, particles in
DCS oxidation.!?

The behavior of aerosol particles strongly depends on the
degree of inhomogeneity of rf plasma. The inhomogeneous
discharge was produced using a needle instead of a ring elec-
trode mounted 3 cm above the centre of a lower electrode. Under
these conditions, the stable toroidal aerosol cloud occurs around
the area of discharge [Figure 4(a)], in this case triangle-shaped
particles move in parallel with a lower electrode in the direc-
tion of discharge in a helical manner. Under these conditions,
triangle-shaped and small particles disappear simultaneously.
The phenomenon can be observed for about 400 s. The action
of rf plasma on the lower electrode leads to the inhomogeneous
etching of a SiO, layer formed during the ignition. Etching
figures have the similar shape and size as triangle-shaped crys-
tallites being observed in the reactor volume [Figure 4(b)].

Figure 4 (a) A video image of the SiO, aerosol structure formed in
inhomogeneous plasma. The area of rf discharge is a vertical column in the
centre of the picture. The arrows show directions of the movement of
highlighted aerosol particles. 9 Torr, 30% SiH,Cl, + 30% O, + 40% K.
(b) A photo image of highlighted surface of the lower electrode. A triangle
shaped crystallite fallen from the volume is in the right upper corner of the
picture. The figures selected in the image are etching ones.
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Therefore, the crystallites comprise the constructional units of
the film formed.

One of the main results of the work is the fact that an
electrical field applied has a marked influence on the regularities
of phase formation both during and after ignition in hetero-
phaseous BCP. A correlation in the plasma of growing particles
of SiO, formed in BCP of DCS oxidation has been experi-
mentally observed for the first time. The macroscopic ordering
of the system manifesting itself in void occurrence during transi-
tion processes in dust plasma was also detected. It has been
shown that aerosol particles, undesirable in semiconductor tech-
nology applications, can be withdrawn from the reactor volume
by applying either direct or alternative electrical field in the
appropriate direction to wafers, being deposited.
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