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Abstract

A new phenomenon of the formation of agglomerates having electric dipoles by agglomeration of
originally uncharged aerosol particles is reported. The acrosol particles of hydrogenated silicon are formed
via silane pyrolysis in a flow reactor. The size and morphology of agglomerates were analyzed by a transmis-
sion electron microscope. The agglomerate radius increased from 0.3 to 6 pm with the coagulation time
increasing from 0.1 to 200 s (for T = 873 K). The mass M of these agglomerates is connected with the radius
R via the equation M(g) = 8.5 x 10™** x [R(um)]"-®°. An imaging system coupled with a TV setup was used
for direct observation of agglomerate coagulation and investigation of agglomerate movement in the electric
field. The experimental results testify that the agglomerates are electric dipoles. It is suggested that this dipole
moment arises due to the difference in Fermi energy of primary particles. The dipole moment is

~ 3.5x 10712 (units of CGSE) for the agglomerates with the radius R ~ 0.5 um (T = 873 K). This dipole
moment corresponds to the Fermi energy difference for coagulating particles ~ 0.08 V. © 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Irregular aerosol agglomerates of small primary particles are formed in different natural and
industrial processes including agglomerates of TiO, (Jang & Friedlander, 1998; Rogak, Flagan,
& Nguyen, 1993; Morooka, Yasutake, Kobata, Tkemizu, & Kato, 1989; Ehrmann, Friedlander,
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& Zachariah, 1998; Rogak, Baltensperger, & Flagan, 1991; Kobata, Kusakabe, & Morooka, 1991;
Okuyama et al., 1986), SiO, (Hurd & Flower, 1988; Martin, Schaefer, & Hurd, 1986; Ehrmann
et al., 1998; Ulrich & Riehl, 1982; Okuyama et al., 1986); soot (Samson, Mulholland, & Gentry,
1987; Di Stasio, 1999; Zhang, Sorensen, Ramer, Olivier, & Merklin, 1988). All these agglomerates
have fractal-like structure (the mass M of the agglomerate is related with the agglomerate radius
R by the power-law relationship

M oc R, (1)

where D; < 3 is the fractal dimension). This structure has been attributed to the common
agglomeration process (Forrest & Witten, 1979) in which solid particles stick together due to
random collisions. In the last three decades, computer simulations have considerably improved our
understanding of the relationship between the growth mechanism and the agglomerate morpho-
logy (e.g. Meakin, 1984; Raymond, Mountain, George, Mulholland & Baum, 1986; Julien
& Meakin, 1989; Samson et al., 1987; Witten & Sander, 1981; Mulholland, Samson, Mountain
& Ernst, 1988; Richter, Sander & Cheng, 1984; Rogak & Flagan, 1992; Sutherland & Goodarz-Nia,
1971; Tolman & Meakin, 1989; Meakin & Witten, 1983). The calculated values of the fractal
dimension are near 1.8 for the “cluster—cluster diffusion-limited” models. Other agglomeration
models give larger values of Dr. The simulated structures are in good agreement with a large body
of experimental observations; however, some experimental structures are registered which have too
small values of fractal dimensions to be explained by the above theoretical models: D = 1.5-1.6
(Samson et al., 1987); 1.5 (Hurd & Flower, 1988); 1.45-1.66 (Rogak et al., 1993); 1.3-1.6 (Rogak
et al., 1991); 1.25-1.6 (Di Stasio, 1999). Some long-range attractive interactions between colliding
particles or agglomerates are to be assumed to explain these small values of Df (Hurd & Flower,
1988; Zhang et al., 1988; Julien & Meakin, 1989). Thus, investigations of the Coulomb interactions
between agglomerating particles as well as mechanisms of formation of charged or dipolar
agglomerates seem to be of great importance.

In the present work we report a new phenomenon of the formation of agglomerates having
electric dipoles by agglomeration of originally uncharged aerosol particles of hydrogenated silicon.
The explanation of this phenomenon is proposed on the basis of the electronic structure of the
particle material.

2. Experimental

Aerosol particles were formed by silane thermal decomposition in a flow reactor (Fig. 1) with
inner diameter 1.1 cm (Onischuk, Strunin, Ushakova & Panfilov, 1997). The particles consisted of
amorphous hydrogenated silicon (Onischuk, Strunin, Ushakova & Panfilov, 1994; Onischuk,
Strunin, Ushakova, Samoilova & Panfilov, 1996; Onischuk et al., 1998b). A mixture of 5% silane in
argon was used. The total pressure was 39 kPa. Before entering the reactor, the mixture passed
through a high-efficiency Petrianov aerosol filter (Kirsch, Stechkina & Fuchs, 1975). The reactor
temperature was in the range 813-873 K. The reactor residence time was 0.5 s. The gas volumetric
rate of the flow (at room temperature) was 7.5 cm>s ™ !. The gas purity in the reactor was controlled
by a mass spectrometer. The oxygen contamination was < 10~ *%. At the exit of the reactor the
temperature drops down very quickly (Onischuk et al., 1998b). Then the coagulation of aerosol
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Fig. 1. Schematic diagram of experimental-setup.

particles occurs under room temperature. Further, we refer to this room-temperature coagulation
as cold-zone coagulation. The reaction zone we shall call hot zone. During our experiments the
cold-zone coagulation time t was varied in the range 0.1-200 s by changing the length of aerosol
path. To achieve the shortest coagulation times the aerosol was tenfold diluted with pure argon just
at the reactor exit.

The analysis of the size and shape of agglomerates was carried out using a JEM-100SX
transmission electron microscope (TEM). The agglomerates were deposited on an electron
microscopy grid covered with polyvinyl formvar film. The sampling was carried out thermo-
phoretically.

To observe the coagulation of silicon agglomerates in real time an imaging system was used (see
Fig. 1). To this end, a portion of aerosol was injected into an optically accessible volume (probe
volume). An He-Ne laser beam passed through this volume. A light scattered at the angle of 90°
passed through a flat window to a micro-objective lens and then to a CCD camera connected to
a TV system. This optical setup allowed to resolve images of agglomerates when the size was larger
than 3 um. The agglomerates with a size of less than 3 um were visible as spots. The movement of
these spots in the presence of electric field gave information on the dipole moment of agglomerates.

3. Results
3.1. Electron microscopy measurements
Fig. 2 shows TEM micrographs of agglomerates formed due to the cold-zone coagulation. These

agglomerates consist of primary particles of 20-50 nm. Further, we will use the same way to
characterize the radius R of agglomerates as Samson et al. (1987) did. The agglomerate radius
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Fig. 2. TEM micrographs of aggregates formed due to cold-zone coagulation. ¢ is the coagulation time (shown in the
figure). All the images have the same scale (shown in the figure).

R was determined from TEM micrographs

VLW, )

where L is the maximum length of the agglomerate and W is the maximum extension in the
direction perpendicular to L. Fig. 3 shows the increase of the average radius R with the cold-zone
coagulation time t (T = 873 K). The average ratio L/W =19 £+ 0.2 for the whole range of
coagulation times. For each agglomerate image we can calculate radius R,, which is the radius of
a sphere with the same projected area. R, is approximately equal to the mobility radius R,, (Rogak,
Flagan, & Nguyen 1993). Fig. 3 presents also arithmetic mean values of R, as a function of
coagulation time. These data on R, will be useful in Section 4 to estimate the mobility of
agglomerates. Fig. 4a demonstrates the average radius R, of the initial agglomerates sampled just
at the reactor exit (t = 0.1 s) vs. the reactor temperature. For comparison silane conversion
(experimentally determined by Onischuk, Strunin, Ushakova, and Panfilov (1998a) is also given
(Fig. 4b). The agglomerate distribution over radius R is well described by the lognormal function

anR/Rg)Z}
————€XPS — 5 s
R 2nIno, p{ 2(In o,

where R, is the mean geometric radius. We did not find any dependence of the geometric standard
deviation ¢, on the coagulation time or the reactor temperature. For our conditions, o, was

R:

N—=

f(R) = &)




[image: image5.png]A.A. Onischuk et al. | Aerosol Science 32 (2001) 87-105 91

0.1 1 10 100
tls

Fig. 3. The average radii R and R, of aggregates vs. coagulation time t. R = §,/LW, where L is the maximum length of
the agglomerate and W is the maximum extension in the direction perpendicular to L; R, is the radius of a sphere with
the same projected area. Reactor temperature T = 873 K.
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Fig. 4. (a) The average radius R, of initial agglomerates sampled at the exit of reactor (t = 0.1s) vs. the reactor
temperature; (b) silane conversion vs. reactor temperature (experimentally determined by Onischuk et al., 1998a).

approximately equal to 1.9. An example of the frequency distribution of agglomerate radius R is
presented in Fig. 5.

We analyzed the electron microscopy images of agglomerates in order to determine their mass
M. To this end, the volume of each agglomerate considered was measured. To measure the volume
the agglomerate under consideration was subdivided into subunits. These subunits were approxi-
mated by spheres, cylinders or ellipsoids of revolution. Most often, the size of these subunits was
equal to the size of primary particles. Sometimes, a group of close-packed primary particles was
considered as a subunit. As a rule, the overlapping subunits were sufficiently distinguished in the
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Fig. 5. Frequency distribution of agglomerate radius R. Reactor temperature T = 873 K.

micrographs. Therefore, we suppose that this method of estimation of the agglomerate volume
gives satisfactory information in spite of the fact that we use 2D projections. The agglomerate
mass was determined using the density p =2 g cm™> of the primary particles (Onischuk
et al., 1996). Fig. 6 exemplifies log;o M vs.log;, R for different coagulation times t and T = 873 K.
An important characteristic is the relationship between the mass M and the agglomerate
radius R:

M(g) =85 x 10—14[R (Hm)]l.GSiO.IS. (4)

Thus, the agglomerates obtained by silane decomposition at T' = 873 K are well described by the
fractal dimension D; = 1.65. The close values of the fractal dimensions were obtained for other
reactor temperatures. For example, for temperature 7 = 823 K we have D; = 1.75. We estimate
the absolute error in agglomerate mass measurements as + 30%. This accuracy is enough for the
estimations based on the experimentally determined mass (see Section 4). The relative error is much
less than the absolute error. Therefore, the value of fractal dimension was determined with higher
accuracy than the mass.

The values of D; were obtained from 2D projections. Therefore, it is important to know how this
fractal dimension reflects the 3D structural information. It is accepted now (see, for example,
Samson et al., 1987) that in cases when D; <2 the agglomerate mass determined from the
two-dimensional projection is equivalent to the total mass of the object in three dimensions. Also,
R obtained from the projection will be essentially the same as the value determined from the
three-dimensional structure. Thus, the projection is a fractal with the same D; as the three-
dimensional shape.
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Fig. 6. M vs. R plots of TEM data for different coagulation times t. M is the agglomerate volume; R = 4,/LW, where L is
the maximum length of the agglomerate image and W is the maximum extension of the agglomerate in the perpendicular
direction. The solid line corresponds to Eq. (4). Reactor temperature T = 873 K.

One more question is desirable to discuss: how does the sampling process affect the shape of
agglomerates? It is evident that this influence of deposition process should be much stronger for
large agglomerates than for small ones (compare in Fig. 2 agglomerates with t = 0.1 and 62.4 s).
However, we did not find any dependence of D; on agglomerate size. Thus, in Fig. 6 we
superimposed data obtained for different coagulation times ¢ in the range 0.1 < ¢t < 196 s. One can
see that the mass dependence on agglomerate radius is approximately the same in the whole range
of coagulation times. Thus, we suppose that the error arising due to the agglomerate restructuring
during deposition process is negligible.

3.2. Observation of particle collisions by imaging system

Electron microscopy measurements and imaging system observations show that when passing
through the cold-zone tubes, the aerosol forms a loose deposit on the walls. This deposit has the
same chain-like morphology as the agglomerates from which it is formed. In other words, the
deposit consists of tendrils. As a first step in the investigation of coagulation mechanism, we
observed the agglomerates sticking to these tendrils. The experiment was as follows. A thin glass
filament (diameter = 0.03 cm) was fixed inside the probe volume. The microobjective lens was
focused just at the surface of this filament. After the injection of a portion of aerosol to the imaging
system we observed tendrils formed at the surface of glass filament and agglomerates sticking to
them. The results are shown in Fig. 7. There are six examples of agglomerates sticking to tendrils
(a-f). Each example is presented as a sequence of pictures separated from one another by the time
interval At = 0.04 s (time increases from top to bottom). We found the following peculiarities in the
sticking process.

(1) The agglomerates stick mainly to the ends of tendrils (we illustrated this fact by acts a.c.f).
However, an attack to the middle of a tendril is also possible (d,e).




[image: image8.png]94 AA. Onischuk et al. | Aerosol Science 32 (2001) 87-105

turned
tendril

At=0.04s

20 pm
Pt

Fig. 7. Optical measurement results illustrating agglomerate-tendril collisions. The series a~f represents different sticking
acts. The pictures in each series are separated by a time interval Af = 0.04 s. Time increases from top to bottom. Reactor
temperature T = 873 K. Cold-zone coagulation time t = 10 s.

(2) Often, agglomerates change their orientation when coming to tendrils (b,d).

(3) Tendrils can also change their orientation in the sticking act: the end of a tendril moves towards
the approaching agglomerate. We illustrated this feature by the act b. One can se¢ that just at
the moment of sticking (the last picture) the tendril has turned towards the agglomerate.

(4) Agglomerates approach tendrils with acceleration. To illustrate this accelerated movement, we
present Fig. 8 where the distance between the agglomerate and the tendril (Fig. 7a) is given as
a function of time. One can see from Figs. 7 and 8 that the attraction of the agglomerate to the
tendril becomes considerable when the distance is about the agglomerate length.

The collision of two agglomerates is similar to the agglomerate-tendril collision. An interesting
feature is that the agglomerates change their orientation during the coagulation act in order to
stick to each other by ends (in the same way as in agglomerate-tendril collision). Fig. 9 exemplifies
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Fig. 8. The distance between the agglomerate and the tendril (presented in Fig. 7a) vs. time.

the act of coagulation. Picture a shows the particles 2.7 s before the collision while pictures b
represent the final stage of collision. Pictures b are separated from one another by the time interval
At = 0.02 s (time increases from top to bottom). When comparing Figs. 9a and b one can see that
the smaller agglomerate considerably changes its orientation relative to the larger one. One more
important property is the fact that agglomerates approach each other with acceleration.
This acceleration is illustrated by Fig. 10 where the distance between agglomerates vs. time is
represented.

Thus, the accelerated collision of two agglomerates and of an agglomerate with a tendril as well
as the reorientation of agglomerates during the collision lead us to suggest that there are
agglomerate-agglomerate and agglomerate-tendril Coulomb interactions.

3.3. Agglomerates in a homogeneous electric field

One of the reasons for the above peculiarities of the agglomerate collisions (acceleration,
reorientation) could be an electric charge of the agglomerates. To check on this possibility we
studied the behavior of agglomerates in a homogeneous electric field. The silane decomposition
temperature was T = 873 K. After 10 s of the cold-zone residence time the flow with agglomerates
was diluted by a 50-fold excess of argon to arrest the coagulation. Note that the coagulation time of
10 s corresponds to the average radius of agglomerates R ~ 0.5 pm (see Fig. 3). This diluted aerosol
was then injected into the imaging system. To create a homogeneous electric field two parallel
metal plates were fixed in the probe volume. The distance between the plates was 2 cm. A voltage of
1000 V was applied. After injecting the aerosol probe into the volume we did not find any drift of
agglomerates in this field (with an accuracy of 3 pum s™!). This means that within the experimental
error we can conclude that the net charge of the agglomerates is equal to zero.
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Fig. 9. Optical registration of collision between two agglomerates: (a) 2.7 s before the collision; and (b) collision act.
Pictures are separated by a time interval At = 0.02 s. Time increases from top to bottom.
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Fig. 10. The distance between the agglomerate (presented in Fig. 9) vs. time.

3.4. Agglomerates in inhomogeneous electric field

Since we can conclude that the agglomerate net charge is equal to zero, another explanation for
their accelerated collision is to be found. Therefore, it is natural to assume that the agglomerates
are dipoles. To check this assumption we created an inhomogeneous electric field in the probe
volume by applying a voltage of U = 1000 V between a metal wire and a plate. The distance
between the wire and the plate was d = 1.5 cm, the radius of the wire was ro = 1.5x 1072 cm.
Under these conditions the agglomerates which were in the space between the wire and the plate
moved with acceleration to the wire independently of polarity. Fig. 11 presents an example of such
a movement. This figure presents a sequence of five images of an agglomerate (coagulation time
t = 10 s). The reason for the acceleration of agglomerate movement lies in the increase of electric
field when approaching the wire (see Section 4.2). Thus, the experimental data are in agreement
with the assumption that the agglomerates are dipoles.

Fig. 12 shows the average velocity v of agglomerates at a distance of 0.04 cm from the wire
surface vs. the reactor temperature (cold-zone coagulation time ¢ = 10 s). One can see that
vincreases with the reactor temperature. It is evident that the reason for this increase of velocity lies
in the increase of agglomerate dipole moment. One of the main factors which favor this dipole
moment increase is the increase of agglomerate radius with the reactor temperature.

3.5. Rotations of the agglomerates induced by the field polarity changing

The final check of our assumption that the agglomerates are dipoles was made by the observa-
tion of the agglomerate behavior at the moment of switching the polarity to the opposite in
the experiments in inhomogeneous electric field (see Section 3.4). We determined that the
agglomerates turned over always when the polarity was switched. Fig. 13 shows examples of these
rotations. Each example is presented by a sequence of agglomerate images separated by
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Fig. 11. Series of images illustrating the movement of agglomerate in the inhomogeneous electric field. The in-
homogeneous field was created by the voltage U = 1000 V applied between metal wire and plate. The distance between
the wire and the plate was d = 1.5 ¢m, the radius of the wire was ro = 1.5 1072 cm. Images are separated by a time
interval At = 0.2 s. Time increases from left to right. Reactor temperature T = 873 K, coagulation time ¢ = 10 s.
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Fig. 12. Average velocity of agglomerates moving in the inhomogeneous electric field (between conducting wire and plate
at a distance of 0.04 cm from the wire surface) vs. the temperature of particle formation. Coagulation time ¢t = 10 s.
Voltage applied between the wire and the plate U = 1000 V.

time intervals At indicated in the figure. It is interesting to note that the agglomerate presented in

the example “a” bent during the rotation. This bending characterizes the agglomerate elastic
properties.
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Fig. 13. Series of images illustrating the agglomerate rotations after the switching of the electric field polarity to the
‘opposite one. The pictures in each series are separated by a time interval A¢ (shown in the figure). Time increases from top
to bottom. Reactor temperature T = 873 K.

4. Discussion
4.1. Aerosol formation mechanism

The initial stage of particle growth in the hot zone is the formation of silicon hydride clusters in
the reactions of silane thermal decomposition. Then these clusters grow into particles. The
hydrogen content in particles decreases during the reaction. First, the [H]/[Si] ratio in particles is
about 2 and then this ratio decreases ([H]/[Si] ~ 0.01 for T = 873 K and reaction time t = 0.5 s,
see Onischuk et al., 1998a). One of the reasons for [H]/[Si] decrease is the hydrogen evolution from
particles to gas phase; another reason is the increase of dehydrogenation degree of aerosol
precursors with reaction time. There is a thermal equilibrium in aerosol particles (in the hot zone)
between Si-H bonds, weak bonds, neutral dangling bonds and other configurations within the
amorphous silicon networks (Street, 1991; Street & Winer, 1989; Stutzmann, 1989). In other words,
the electronic structure of particles is connected with the [H]/[Si] ratio.




[image: image14.png]100 A.A. Onischuk et al. | Aerosol Science 32 (2001) 87-105

In the hot zone there is some distribution over particle size, shape and other parameters
including [H]/[Si] ratio. Therefore, two coagulating particles differ from each other by chemical
potential for electrons (Fermi energy). Let us now consider an elementary act of coagulation. It is
well known that the Fermi energy in amorphous hydrogenated silicon can fluctuate in the range of
0.5 eV for different conditions of preparations (see, for example, Mott & Davis, 1979). Therefore, we
can assume that the difference in Fermi energy for two colliding particles can achieve several tenths
of eV. Thus, just at the moment of coagulation the newly formed particles have two regions with
different chemical potentials u. for electrons. At the first moment the electrons migrate from the
region of higher values of y. to the region of lower i. As a result, the first region acquires a positive
charge and the second region a negative charge. A contact voltage occurs between these two
regions. The electron migration occurs until the contact voltage compensates the difference in
Fermi energies. The particle is now a dipole. However, at high temperatures the hydrogen
migration is very intensive (Street, 1991). The diffusion of H atoms equilibrates the hydrogen
chemical potential over the whole particle and the voltage decreases to zero. The reequilibration
time can be represented as (Street, 1991; Street & Winer, 1989)

T = 19 eXp(E/kT). (5)

For our particles we can use (Onischuk et al.,, 1998b) E = 1.5eVand 7o = 1 % 10712 s. Thus, for the
temperature T = 873 K we have t = 4.5 X 10~*s. However, simple estimations show that the time
between collisions of particles is higher than 10~ 2 s. Therefore, we can conclude that the rate of
particle equilibration is considerably higher than the rate of coagulation. In other words, in the hot
zone the dipole moment can be considered as equal to zero at the moment of particle collision.

At the exit of reactor hot zone the temperature drops very quickly. The hydrogen is immobile at
low temperatures (Street, 1991; Onischuk et al., 1998b) and the hydrogen chemical potential does
not equilibrate after coagulation of two particles with different Fermi energies. Therefore,
the particles formed due to coagulation at the reactor exit are dipoles. We designate the
dipole particles formed at the reactor exit as primary dipoles (or primary particles). Further, the
coagulation of dipoles occurs in the cold zone. Thus, in the cold zone chain-like agglomerates
which consist of primary dipoles are formed.

4.2. Estimation of dipole moment of primary particles

As concluded in Section 3.3, the agglomerates investigated have zero net charge. The question of
experimental accuracy of the electric charge measurement is important. The experiments showed
that the velocity of the agglomerate drift in the homogeneous electric field does not exceed
3 um s~ !. Let us now estimate the limiting value of the electric charge corresponding to this
velocity. To solve the motion equation we set that the agglomerates move along their longest axes
in the electric field. The friction force Fy can be expressed as

Fy = 6nR 1oy, (6)

where R,, is the mobility radius which is nearly equal to the radius R, (presented in Fig. 3) of
a sphere with the same projected area (Rogak et al. 1993), n is the coefficient of viscosity for argon,
v is the particle velocity, y is a shape factor which takes into account the fact that the
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agglomerates move along their longest axes. As mentioned in Section 3, our agglomerates are
characterized by the ratio L/W = 1.9. According to this ratio we set y = 0.9 (Fuchs, 1964).
The particle net charge g was estimated as

(7)

where E is the electric field strength. Thus, for the particle velocity corresponding to the experi-
mental accuracy (v =3 um s~ ') we obtained g =0.04e, where e is the electron charge
(e = 4.8 x 107 ° units of CGSE). In other words, these estimations testify that the aerosol particles
formed by silane thermal decomposition are neutral.

Let us estimate now the dipole moment of primary particles using the equation of motion for two
agglomerates represented in Fig. 9. The equation of motion for coagulating particles is

dv
F.=M a + Fy (8)

where F, is the Coulomb force between two agglomerates, M is the mass of the agglomerate under
consideration. The term Mdv/dt in Eq. (8) is negligibly small when compared to the other terms;
therefore, it can be deleted. Using Eq. (8) and the data presented in Fig. 10 we estimated F,. This
value F. gives the product p; x p, where p; and p, are the dipole moments of minor and major
agglomerates represented in Fig. 9, respectively. We assume that the dipole moment is proportional
to the number n,, of primary dipoles contained in the agglomerate. For T = 873 K we set

Apr = (R/RO)I'GS’ (9)

where Ry and R are the radii of the primary dipole and the agglomerate under consideration,
respectively. The value R, is given in Fig. 4a. Thus, the values of the dipole moment for the minor
and major agglomerates represented in Fig. 9 are equal to p; = 52x 10" and p, = 1.5x 107 1°
(CGSE units), respectively. Close values of dipole moments were obtained for the other observed
acts of coagulation. The obtained values p, and p, give the primary dipole moment
Ppr = 9.2 107 '* (units of CGSE). The Fermi energy difference AE, corresponding to this primary
dipole moment can be estimated from the potential difference Pos/L2::

Ppr/La: = 1x107* (units of CGSE) = 0.03 V, (10)

where Ly, is the average length of the primary particles (equal to ~ 0.3 um for T = 873 K). Thus,
we can conclude that AE; ~ 0.03 eV. The obtained value seems quite reasonable, because, as
mentioned above, the Fermi energy in coagulating particles can differ by up to ~ 0.5 eV.

The dipole moment of the primary particles can be determined also from the average velocity of
agglomerates in the inhomogeneous electric field (Fig. 12). The motion equation in the in-
homogeneous electric field reads as

p% = 6mnuR,,y (11)
where r is the distance from the axis of the wire. The left-hand side term of Eq. (11) represents the
force which affects the dipole in an inhomogeneous electric field, the right-hand side is the friction
force, p is the agglomerate dipole moment. For the wire parallel to the conductive plate we can
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write down the expression for the electric field strength (Landau & Lifshitz, 1982) as

U 1 1
B0 = 3 i) [? tod r]’ (12

where U is the voltage applied between the wire and the plate, d is the distance from the wire axis to
the plate, ro is the radius of wire. Using the values of particle velocity (Fig. 12) and Egs. (11), (12) we
obtained the mean values of dipole moment for agglomerates formed after 10 s of cold-zone
coagulation (Fig. 14a). Assuming that the dipole moment is a sum of the dipole moments of
primary particles contained in the particle under consideration we obtained the dipole moments
ppr for primary particles (Fig. 14b). Using Eq. (10) we estimated the difference of Fermi energies AE;
corresponding to the above dipole moments py,. The estimated AE; was in the range 0.04-0.08 eV
for temperature T = 818-873 K. Thus, there is a reasonable agreement between the above
estimations and AE; obtained for the coagulation act data (Fig. 9).

One should remember that the induced dipole moment takes place when neutral particles are in
the electric field. Let us estimate this induced dipole moment p;,q for our agglomerates oriented
along the field (Landau & Lifshitz, 1982):

|4
Pind < E(S - 1)Ea (13)
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Fig. 14. (a) Dipole moment of agglomerates vs. the temperature of reactor. Coagulation time t = 10 s (which corresponds
to the average particle radius R = 0.5 pym, see Fig. 2); and (b) primary dipole moment vs. reactor temperature.
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where ¢ is the permittivity (we used the permittivity & = 12 for crystalline silicon as an upper
limit), E is the electric field strength, V is the agglomerate volume. The estimation using Eq. (12)
for the electric field strength E calculated at r = 5.5x 1072 cm (i.e., for the distance at which
the velocity was measured (Fig. 12)) gives p;,q < 107! (units of CGSE) for the agglomerate radius
R =05 um. Note, that this induced dipole moment is about an order of magnitude less -
than the total estimated dipole moment for such particles (see Fig. 14a). Thus we suggest
that the induced dipole moment is negligible compared to the experimentally determined
dipole moment.
The estimations carried out in this section testify that:

e investigated agglomerates are electrically neutral;

e dipole moment of primary particles is 2 x 107 %-2 x 10~ 3 (units of CGSE) for reactor temper-
atures 818-873 K. This dipole moment corresponds to the Fermi energy difference for coagulat-
ing agglomerates ~ 0.04-0.08 V in agreement with possible fluctuations of Fermi energy for
amorphous hydrogenated silicon; and

e the dipole moment induced by electric field is negligible.

5. Conclusions

Aggregate formation from uncharged particles of amorphous hydrogenated silicon was investi-
gated. It was determined that the agglomerates are dipoles. The mechanism for dipole agglomerate
formation was proposed. It was suggested that the reason for the dipole agglomerate formation lies
in the different electronic properties of coagulating particles.

We suggest that the effect of dipole agglomerate formation is not restricted by silane thermal
decomposition. There should be many other systems where this effect occurs. We suppose that
dipole agglomerates are to be produced during coagulation of conducting and semiconducting
particles with dispersity of electronic properties or when two- or multicomponent aerosol coagu-
lates.
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