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Abstract

Deposition behaviors of silicon on dielectric and conducting substrates were studied focussing on the deposition
mechanism in the Si}Cl}H system. On the dielectric substrate, silicon particles were deposited after some incubation time
and then etched away at a later stage under the same processing conditions. On the conducting substrate, silicon particles
were deposited without an incubation time with no observed etching during the experimental time period. In the early
stages of etching on the dielectric substrate, the number of silicon particles decreased but the remaining unetched
particles became larger, indicating that growth and etching took place simultaneously. This paradoxical phenomenon
can be explained on a sound thermodynamic basis if we assume that charged clusters are formed in the gas phase and
these clusters are the growth unit. The selective deposition on the conducting material as opposed to the dielectric
material can also be explained by the electrostatic interaction between the charged cluster and the conducting or
dielectric material. ( 1999 Elsevier Science B.V. All rights reserved.

PACS: 64.60.Qb; 78.66.Vs; 81.10.Aj; 81.15.Gh
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1. Introduction

Selective CVD is extensively utilized for the
formation of patterned "lms in microelectronics
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[1]. In this process, a given material is made to
deposit selectively on a speci"c pattern of the
growth surface in the presence of a non-growth
surface. The growth surface is typically a metal or
a semiconductor and the non-growth surface is
a dielectric material such as SiO

2
. The process is

based on the assumption that there can be a sub-
stantial di!erence in the nucleation rate on di!erent
substrates [2]. Frequently, the selective growth is
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epitaxial on the pattern and is called selective
epitaxial growth (SEG) [3] or selective nucleation-
based epitaxy (SENTAXY) [4}6].

It is not clearly understood why the conducting
or the semi-conducting material is more favourable
to nucleation than the dielectric one. Quite often,
the selectivity is lost before the desirable thickness
of the selective growth is achieved. Selective growth
can be changed to non-selective growth by intro-
ducing plasma CVD [1,7]. The reason for the loss
of selectivity is not clearly understood.

Kumomi et al. [4}6] reported a peculiar phe-
nomenon in the SENTAXY process of silicon,
where silicon deposits selectively on periodic SiN

x
patterns on SiO

2
. In the initial stage (480 s) of their

experiment, multiple "ne particles were selectively
formed on all SiN

x
patterns. However, in the inter-

mediate stage (720 s), one large cluster, which was
apparently distinguishable, emerged among the
pre-existing "ne ones on some of the SiN

x
portions

while other particles disappeared due to etching. In
the "nal stage (960 s), almost the whole area of each
pattern was covered with one large particle while
"ne particles were being etched away. In addition,
a few SiN

x
patterns were vacant, where all particles

on these patterns had etched away. The phenom-
enon seems paradoxical since two opposite irre-
versible processes of deposition and etching take
place simultaneously.

In order to explain this phenomenon, Shi and
Seinfeld [8] suggested a new nucleation process by
considering the etching e!ect of HCl, which can be
produced internally by the chemical reactions or
supplied externally together with the reactant
gases. The etching e!ect by HCl in the CVD of the
Si}Cl}H system was mentioned quite frequently in
the previous papers [9}11]. In these papers, it is
implicitly assumed that two opposite processes of
deposition and etching take place irreversibly and
simultaneously. However, this assumption is
against the thermodynamic concept when the ma-
terial transfer takes place by the atomic unit.

The irreversible deposition means that the chem-
ical potential of silicon in the gas phase (k'!4

S*
) is

higher than that of the solid (k40-*$
S*

). Furthermore,
irreversible etching means that k'!4

S*
is lower than

that of k40-*$
S*

. Therefore, if we assume that two
irreversible phenomena takes place simultaneously

in opposite directions, the inequality in chemical
potentials leads to violation of the 2nd law of
thermodynamics. The thermodynamic driving
force should be either for deposition or for etching.
It cannot be for both.

The phenomenon should not be confused with
microscopic simultaneous deposition and etching
from the viewpoint of &the principle of microscopic
reversibility' [12]. From the principle, it can be
deduced that when the state deviates slightly from
the equilibrium and the driving force is for depos-
ition, the etching process will take place simulta-
neously. In this case, the #ux for etching should be
smaller than that for deposition, accompanying a
net #ux for deposition. However, the phenomenon
of simultaneous deposition and etching in the sili-
con CVD process is macroscopic in terms of a net
#ux. That is, the net #ux of deposition is accom-
panied simultaneously with the net #ux of etching.

A very similar phenomenon takes place in the
diamond CVD process of the C}H system, where
metastable diamond deposits and simultaneously
stable graphite etches [13,14]. Yarbrough [15]
pointed out that the phenomenon is &a thermodyn-
amic paradox' based on a detailed thermodynamic
analysis. Hwang and Yoon [16] showed that this
puzzling phenomenon could be solved by assuming
that gas-phase nucleation occurs with these nuclei
as the deposition unit. In the C}H system, carbon
has the retrograde solubility in the gas phase and
the solubility is minimal above the substrate tem-
perature. Therefore, if gas-phase nucleation occurs,
the driving force is for etching at the substrate
temperature. However, if gas-phase nucleation does
not occur, the driving force is for deposition at the
substrate temperature. Hence, if gas-phase nuclea-
tion takes place, deposition takes place by these
nuclei and the etching takes place by the atomic
unit, which results in the observation of simulta-
neous deposition and etching in terms of a net #ux.

Hwang [17] suggested that the Si}Cl}H system
also has the retrograde solubility of silicon in the
gas phase and the puzzling phenomenon observed
by Kumomi et al. [4}6] can be explained by the
charged cluster model in the same way as the phe-
nomenon in the diamond CVD process. The
charged cluster model [18,19] can also explain the
selective deposition on the conducting material in

178 N.M. Hwang et al. / Journal of Crystal Growth 206 (1999) 177}186



the presence of a dielectric material. In the model,
initiation of deposition is achieved by the landing of
the clusters on the substrate. Since the clusters are
charged, their landing depends on the electrical and
electrochemical property of the substrate. Hence,
the landing of charged silicon clusters on a dielec-
tric substrate will be di$cult whereas on the con-
ducting substrate, it will be relatively easy. This
landing behavior of charged clusters would make
selective deposition possible. This e!ect would be
pronounced if the gas phase is insulating, as in the
thermal CVD process, where the charge density is
relatively low. This situation is favourable to the
selective growth. On the other hand, if the gas
phase is conducting as in a plasma or hot-"lament
CVD process, the charged clusters can deposit on
the insulating substrate relatively easily. This situ-
ation is favourable to the non-selective growth.

With this background on the possibility of the
selective silicon growth by charged silicon clusters,
we performed the deposition of the CVD silicon in
the Si}Cl}H system. We compared the deposition
behavior between "ve di!erent substrates; two in-
sulating ones of SiO

2
and Si

3
N

4
, one semi-conduct-

ing one of Si and two conducting ones of Mo and
Pt. The evolution of the microstructure with time
for each substrate was examined and the thermo-
dynamic meaning of the time-dependent deposition
behavior on the insulating substrate is analysed in
detail in this report.

2. Experimental procedures

Normally, silicon deposition was done in a cold-
wall CVD reactor. The substrate holder was stain-
less steel. The substrate was heated radiantly by the
halogen lamp, which was placed below the substra-
te holder. The temperature of the substrate holder,
measured by a thermocouple, was maintained at
9503C. However, the substrate temperature tends
to be tens of degree lower than 9503C because the
feeding gas was showered on the substrate through
the gas inlet, which was placed just above the sub-
strate. The gas ratio was SiH

4
: HCl : H

2
"1 : 2 : 97

with the pressure of 100 Torr. Hundred standard
cubic centimeter of the gas mixture was supplied to
the chamber. Five di!erent substrates, SiO

2
, Si

3
N

4
,

Si, Mo and Pt, were used for the comparison of the
deposition behavior. These materials di!er in elec-
trical conduction; SiO

2
and Si

3
N

4
are insulating, Si

is semi-conducting and Mo and Pt are conducting.
The deposition times were 3, 6, 12 and 24 min. The
weight change of the substrates was measured be-
fore and after the deposition.

In order to check that the hot "lament CVD
should change the deposition behavior on the insu-
lating substrate, the deposition was done in the hot
tungsten "lament at 16003C. The gas ratio was
SiH

4
: HCl : H

2
"1 : 1 : 98 and the other depos-

ition conditions were the same as before. After each
deposition, the substrate surface was observed with
SEM (scanning electron microscope).

3. Results

Figs. 1a}d show SEM photomicrographs of SiO
2

substrates after deposition of 3, 6, 12 and 24 min,
respectively. After 3 min, silicon particles were
hardly seen on the entire substrate as shown in Fig.
1a. After 6 min, an appreciable number density of
silicon particles of sub-micron size was observed
(Fig. 1b). The number density of silicon particles
was &109/cm2. However, after 12 min, most of the
silicon particles had disappeared. The number den-
sity decreased drastically and the size of the remain-
ing particles increased as shown in Fig. 1c. After
24 min, the silicon particles were hardly seen on the
substrate. Fig. 1d shows one of the rare sites on the
substrate where a remaining silicon particle was
observed. Likewise in the case of the Si

3
N

4
sub-

strate, deposition was negligible for the "rst 3 min.
In this report this 3 min time period will be referred
to as the incubation time for deposition. Similar to
the deposition behavior on the SiO

2
substrate, an

appreciable number density of silicon particles was
observed on the Si

3
N

4
substrate after 6 min and

then they were etched away almost completely after
24 min. The weight change was negligible for both
SiO

2
and Si

3
N

4
substrates during deposition.

On the conducting Mo and Pt substrates, silicon
deposition occurred without an incubation time.
This was con"rmed by both the mass increase of
the substrates and SEM observation. After 3, 6, 12
and 24 min, the weight increases were 0.15, 0.19,

N.M. Hwang et al. / Journal of Crystal Growth 206 (1999) 177}186 179



Fig. 1. Deposition behavior of silicon on the SiO
2

substrate with deposition time: after 3 min (a), 6 min (b), 12 min (c), and 24 min (d).
The gas mixture of SiH

4
: HCl : H

2
"1 : 2 : 97 was used under the pressure of 100 Torr, at the substrate temperature of 9503C and with

the #ow rate of 100 sccm. The scale bar in the photograph is 1 lm.

0.19 and 0.24 mg/cm2 for the Mo substrate and
0.19, 0.20, 0.25 and 0.34 mg/cm2 for the Pt sub-
strate, respectively. Figs. 2a and b are SEM photo-
micrographs of the "lms on the Mo substrate after
deposition of 3 and 24 min, respectively. The deposi-
tion behavior of Si on the semi-conducting silicon
substrate was found to be in the midway between
the insulating and the conducting substrates. The
deposition continued on the Si substrate but the
growth rate was much lower than that on Mo and
Pt substrates.

When the hot tungsten "lament was used, the
deposition behavior changed completely. Figs. 3a
and b show SEM microstructures after deposition

on SiO
2

and Si
3
N

4
substrates, respectively, for

6 min at the "lament temperature of 16003C. The
entire surface of the substrate was covered by the
deposits. In this case, the deposition started with-
out any incubation time. Therefore, when the hot
"lament is used, there seems to be no selective
nature in deposition between the conducting and
insulating substrates.

4. Discussion

The results of Fig. 1 indicate that the silicon was
deposited in the initial stage and then etched away
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Fig. 2. Deposition behavior of silicon on the Mo substrate with deposition time: after 3 min (a) and 24 min (b). The processing
conditions were the same as in Fig. 1.

Fig. 3. Deposition behavior of silicon on SiO
2

(a) and Si
3
N

4
(b) substrates after 6 min in the hot "lament reactor with the "lament

temperature of 16003C for the gas mixture of SiH
4

: HCl : H
2
"1 : 1 : 98. The other processing conditions were the same as in Fig. 1.

in the later stage on the SiO
2

substrates. The same
deposition behavior was also observed on the
Si

3
N

4
substrate. One possible explanation of these

results would be that the thermodynamic condition
changed between the initial and the later stages so
that the driving force was for deposition in the
initial stage and for etching in the later stage. In this
explanation, it should be assumed that the driving
force should be time-dependent for the given pro-
cessing condition.

On the Mo and Pt substrates, however, the
silicon deposition continued under the same
processing condition, which indicates that the
thermodynamic condition for deposition did not
change to that for etching. The experimental
results indicate that after about 6 min of the
processing time, etching took place on the two
insulating substrates while deposition continued
on the two conducting substrates. These results
suggest that the insulating or the conducting
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property of substrates a!ects the deposition
behavior.

If Figs. 1b and c are compared, the number
density of silicon particles decreased in Fig. 1c but
the remaining particles grew much larger. This fact
indicates that the remaining particles grew while
the other particles, which had disappeared, must
have undergone etching. Therefore, etching and
deposition of silicon must have taken place simul-
taneously. Since this phenomenon seems to be criti-
cal to understanding a charged cluster model,
which was suggested as a new growth mechanism
of the thin "lm by Hwang et al. [18,19], it will be
analyzed in detail. It will be shown that the experi-
mental observations would lead to thermodynamic
paradox under the assumption that the deposition
unit is an atom.

4.1. Thermodynamic analysis of the phenomenon
of simultaneous deposition and etching

The phenomenon of simultaneous deposition
and etching revealed in Fig. 1 is basically the same
as the reports by Kumomi and Yonehara [5]. In
both cases, deposition and etching took place si-
multaneously in terms of a net #ux. Since we int-
ended to reproduce their result, our experimental
condition is very close to that of Kumomi and
Yonehara [5]. The thermodynamic analysis for this
phenomenon will be made under the assumption
that the deposition unit is the atom, in which case
the deposition can be described by the inequality of
the chemical potential of silicon between the gas
and the solid phases.

In order for deposition of silicon to take place in
terms of a net #ux, the chemical potential of silicon
(k'!4

S*
) in the gas phase adjacent to the growing

surface should be higher than that of the solid
silicon (k40-*$

S*
). It should be noted that k'!4

S*
can also

represent the chemical potential of silicon on the
adsorbed state on the growing surface. In order
that etching of silicon takes place, k'!4

S*
should be

smaller than k40-*$
S*

. Therefore, simultaneous depos-
ition and etching mean that k'!4

S*
'k40-*$

S*
and simul-

taneously k'!4
S*

(k40-*$
S*

, which is apparently against
the thermodynamic concept.

There are two possible explanations for this
paradoxical phenomenon. One is that deposition

and etching takes place under di!erent thermody-
namic conditions. The other is that the deposition
unit is not an atom but a cluster having formed in
the gas phase as suggested in the charged cluster
model. First, the possibility of the di!erent thermo-
dynamic conditions will be considered.

In Fig. 1, deposition takes place in the initial
stage but overall etching takes place in the later
stage. This means that k'!4

S*
changes with time. In

the initial stage such as in Fig. 1(b), k'!4
S*

'k40-*$
S*

, but
in the later stage such as in Figs. 1c and d,
k'!4
S*

(k40-*$
S*

. On the other hand, the remaining un-
etched silicon particles in Figs. 1c and d are larger
than those of Fig. 1b. This indicates that those
remaining particles continued to grow. Figs. 1c and
d indicate that the condition of k'!4

S*
'k40-*$

S*
changes

to the condition of k'!4
S*

(k40-*$
S*

within a distance of
a few microns.

This aspect was much clearer in the results re-
ported by Kumomi and Yonehara [5], where ini-
tially deposited silicon particles etched away while
one silicon particle among them continued to grow.
This simultaneous etching and deposition took
place on numerous periodically patterned arrays of
SiN

x
, which are spaced a few microns away from

each other. Therefore, the change of the thermo-
dynamic condition from k'!4

S*
'k40-*$

S*
to k'!4

S*
(k40-*$

S*
should take place periodically within a distance of
a few microns.

If such a change of the thermodynamic condition
really takes place within a distance of a few microns,
the di!erence between k'!4

S*
and k40-*$

S*
should be negli-

gible and as a result, the rate of deposition or etching
should be negligible. However, Fig. 1 shows that the
rate of deposition or etching is appreciable. Consid-
ering the rate of deposition and etching, as shown in
Fig. 1, the thermodynamic condition must change
abruptly within a distance of a few microns, which is
unrealistic. The change of the thermodynamic condi-
tion with time is also unrealistic. It should be noted
that all the processing variables are kept constant
during the process and the steady state value of
k'!4
S*

on the growing surface is expected.
On the conducting substrate under the same

processing condition, however, the deposition con-
tinues as shown in Fig. 2, indicating that the condi-
tion of k'!4

S*
'k40-*$

S*
is maintained throughout the

process. This di!erence between the dielectric and
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the conducting substrates is di$cult to understand,
too. This di!erence might be related to the mecha-
nism of the selective deposition. Usually, selective
deposition in the silicon CVD is explained by the
di$culty of nucleation on the dielectric substrate.
However, Fig. 1 shows that the nucleation did take
place in the initial stage but the nuclei disappeared
by being etched away in the later stage.

These phenomena can be approached by the
charged cluster model [18,19], where the growth
unit is a nanometer-size cluster containing hun-
dreds to thousands of atoms. In the model, the
gas-phase nucleation of solid silicon should take
place, possibly induced by ions. Brownian coagula-
tion among these charged nuclei is suppressed be-
cause of the Coulomb repulsion arising from the
charge and the nanometer size cluster is main-
tained. The electrostatic interaction between the
charged clusters and the substrate can account for
the selective deposition on the conducting sub-
strate. Once the gas-phase nucleation takes place,
the driving force at the substrate is for silicon etch-
ing, due to the increasing solubility of silicon in the
gas phase as a result of decreasing temperature in
the Si}Cl}H system. Therefore, deposition takes
place by a cluster unit and etching takes place by an
atomic unit. What we observe macroscopically
would be the paradoxical phenomenon of simulta-
neous deposition and etching. Details are explained
in the following sections.

4.2. Possibility of gas-phase nucleation in the silicon
CVD process

In the CVD process, the gas phase is super-
saturated with respect to the precipitation of the
solid phase, which deposits as a "lm. This super-
saturation is the driving force for deposition but it
also provides a driving force for nucleation in the
gas phase. The gas-phase nucleation can be trig-
gered by ions in the gas phase, as well established in
the famous Wilson cloud chamber experiment
[20,21]. It should be noted that even in clean room
temperature air, ions are continuously generated by
natural radio activity or by cosmic rays [22] and
ion-induced nucleation always takes place at the
supersaturation levels much lower than that re-
quired for the onset of the homogenous nucleation

in the Wilson cloud and bubble chamber experi-
ments [23,24].

In the plasma CVD process, abundant ions would
exist in the gas phase. In the plasma process of
microelectronics, the formation of the charged par-
ticles in the gas phase is a general feature, which is
called the dusty plasma [25}27]. In addition, the
formation of such particles is known to be almost
unavoidable. This can be bene"cial or harmful to the
properties of the thin "lm. The sources of particles
can be the reactor walls, the substrate used, and the
gas reactants. The particulates are charged and act
like a colloid suspension. The size of these partic-
ulates ranges from nanometer to submicron. Re-
cently, Jang and Hwang formulated the ion-induced
nucleation in the presence of abundant charges,
focusing on the diamond CVD process [28].

In the thermal CVD process, it is generally be-
lieved that the amount of ions would be negligible.
But in the thermal silicon CVD chamber, we mea-
sured the nano-ampere current, which is attributed
to the chemionization process during the decom-
position of the reactant gases. One ampere cor-
responds to &1019 #ux of ions or electrons per
second. One nano-ampere corresponds to &1010
#ux of ions or electrons per second, which is an
enormous amount of ions. It should be noted again
that even in the clean room temperature air, where
the amount of ions was negligible, the ion-induced
nucleation was almost unavoidable in the early
Wilson cloud chamber experiment.

Recently, we con"rmed such hypothetical
nanometer silicon clusters in the gas phase by cap-
turing them on the grid for transmission electron
microscopy (TEM) observation during the hot-"la-
ment CVD of silicon of the Si}Cl}H system [29].
The clusters tend to have a monosize distribution
with the size of &2 nm at the "lament temperature
of 18003C, while at 16003C, they were larger and
deviated a little from the monosize distribution
with the size of 5}10 nm.

4.3. Ewect of the gas-phase nucleation on the
supersaturation at the substrate

If the gas-phase nucleation takes place in the
supersaturated gas phase, most of the supersatura-
tion is dissipated in the nucleation process and the
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remaining supersaturation is relatively small. The
remaining supersaturation would arise from the
capillary e!ect of the nuclei, which is the driving
force for Ostwald ripening, coagulation or coales-
cence among the nuclei clusters. In some cases, the
gas-phase nucleation reverses the supersaturation
into the undersaturation. This situation arises from
the temperature dependence of the amount of the
gas-phase precipitation. Let us assume that the
equilibrium amount of precipitates at the temper-
ature of ¹

1
is larger than that at ¹

2
. If the precipi-

tates formed in the region of ¹
1

are supercooled to
the region of ¹

2
, the precipitates will be etched at

¹
2
. If ¹

1
is the gas-phase temperature and ¹

2
is the

substrate temperature, the driving force at the sub-
strate is for etching. It should be noted that unless
gas-phase nucleation took place, the driving force
at the substrate would be for deposition.

Even though the driving force is for etching at
the substrate, the particles or clusters above the
substrate can deposit. In this case, simultaneous
deposition and etching can take place: deposition
by the cluster unit and etching by the atomic unit.
This picture is free from the thermodynamic para-
dox and can explain the experimental observation
of simultaneous deposition and etching. In the C}H
system of the diamond CVD process [16] and in
the Si}Cl}H system of the silicon CVD process
[17], the gas phase has the retrograde solubility in
the temperature range used for a substrate. This
means that if the gas-phase nucleation took place,
the amount would decrease toward the substrate
temperature and the driving force at the substrate
would be for etching. The details are described in
the respective reference.

The additional suggestion of the charged cluster
model is that the clusters are charged. Without
charge, the clusters would be neutral and will
undergo Brownian coagulation, which would result
in the fractal-like porous skeleton of particles. This
kind of deposition takes place on the substrate with
the high charge transfer rate such as Fe, Ni and Pt
[30,31]. On the other hand, because of the electros-
tatic interaction, charged clusters can undergo self-
assembly packing like the de#occulation in the col-
loid chemistry. This aspect is combined with the
unusually high rate of di!usion of the nanocluster
smaller than the Fujita's magic size [32}34], mak-

ing a perfect epitaxial sticking on the growing sur-
face [19]. In the next section, we will explain the
di!erent deposition behavior between the insulat-
ing and conducting substrates of Figs. 1 and 2
based on the charged cluster model. It should be
noted that in the selective epitaxial growth (SEG),
this di!erent behavior is utilized.

4.4. Diwerence in deposition behavior between
insulating and conducting substrates

When the growth unit is a charged cluster, the
charge will build up on the insulating substrate.
Building-up of charge will be time-dependent. Ini-
tially, the insulating surface has no charge; as the
processing time goes on, the charge will continue to
build up and eventually becomes saturated. When
the charge is saturated, the further deposition of the
charged clusters will be unlikely because of the
Coulomb repulsion. Owing to the gas-phase nu-
cleation, however, the driving force at the substrate
is for etching and etching by the atomic unit will
continue.

This picture can explain the evolution of micro-
structure in Fig. 1. Fig. 1a shows that for the "rst
3 min, the deposition hardly starts. Fig. 1b shows
that at 6 min, the relatively high density of silicon
particles is formed on the insulating substrate. Such
a high density of the silicon particles is possible
because there was no charge build-up in the initial
stage. In this stage, the deposition #ux by the clus-
ter unit is dominant over the etching #ux by the
atomic unit.

As the experimental time increases, charge builds
up and incoming charged clusters tend to be repel-
led. Fig. 1c shows that for the time interval between
6 and 12 min, some particles grew and others
etched. In this stage, simultaneous deposition and
etching are observed. Fig. 1d shows that in the time
interval between 12 and 24 min, most of the silicon
particles etched away. In this stage, the charge is
saturated and most of the incoming charged clus-
ters are repelled. The etching #ux by the atomic
unit is dominant over the deposition #ux by the
cluster unit.

However, few particles undergo coarsening for the
time interval between 6 and 12 min. This coarsen-
ing behavior can be approached by considering
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the interaction between the two charged conduct-
ing spheres [17]. Dove [35] reported that net at-
traction could exist between a small and a nearby
large particle even if two conducting particles carry
charges of the same sign, based on the following
equation:

F"

q
1
q
2
e2

4pe
0
d2

!

q2
1
e2r

2
d

4pe
0
(d2!r2

2
)2

!

q2
2
e2r

1
d

4pe
0
(d2!r2

1
)2
#2 , (1)

where the sphere of radius r
1

has a net charge
q
1

and the other of radius r
2

has charge q
2
; d is the

distance between the centers and 1
4
pe

0
the permittiv-

ity. If singly charged two particles of r
1
"1 lm and

r
2
"2 nm approach each other, the integration of

Eq. (1) from 2 r
1

to r
1
#r

2
will produce the attract-

ive energy of &2.85]10~20 J, which is higher
than the thermal energy of &1.73]10~20 J at
1250 K. As r

1
decreases, the attractive energy de-

creases, which means that larger the particle size,
the more favorable the growth. Therefore, even if
the thermodynamic condition is for etching by the
atomic unit, some large particles can grow by the
attachment of the charged clusters.

Conversely, conducting substrates, shown in Fig.
2, do not build up charge and charged clusters
continue to deposit. The deposition #ux by the
cluster unit is always dominant over the etching
#ux by the atomic unit. On the semi-conducting
silicon substrate, the deposition behavior would be
between the behaviors of the insulating and the
conducting substrate, as was con"rmed in the ex-
periment. In this interpretation by the charged clus-
ter model, two assumptions were made: one is the
gas-phase nucleation of the silicon particles and the
other is that the temperature at the substrate
should be lower than the surrounding gas phase. In
relation to the "rst assumption, we already con-
"rmed the nanometer silicon clusters formed in the
gas phase during the silicon CVD process [29]. In
relation to the second assumption, the substrate
was placed just below the outlet of the gas mixture
in our experiment. Therefore, the substrate temper-
ature can be lower than the other location of the
substrate holder because of the feeding of the cold

reactant gas. In the direction vertical to the substra-
te, the temperature gradient may not be for etching
at the substrate. However, in the direction not
vertical to the substrate, the temperature gradient
can be for etching at the substrate.

On the other hand, generally a stoichiometry
compound is more di$cult to deposit than a non-
stoichiometry compound. Sato and Yonehara [36]
reported that the selective deposition on Si-rich
SiN

x
over SiO

2
is easier to control than on

stoichiometric Si
3
N

4
over SiO

2
. Also the depos-

ition is easier on Si-rich SiO
x

than on SiO
2
. This

di!erence seems to come from the resistivity or the
conductivity di!erence between stoichiometric and
nonstoichiometric compounds. If Si is in excess in
the compounds of Si

3
N

4
and SiO

2
, the anionic

vacancies should form to maintain the charge
neutrality. Since the ionic conductivity would be
proportional to the concentration of the anionic
vacancies, the nonstoichiometric compound would
have higher conductivity than the stoichiometric
one. The Coulomb repulsion between the incoming
charged clusters and the substrate surface will be
higher for the stoichiometric compound substrate,
which has the higher resistivity.

In the above analysis of the deposition behavior
on the insulating substrate, it is also assumed that
the gas phase is insulating. When hot "lament or
plasma is used in the silicon CVD process, the gas
phase is conducting because of the high concentra-
tions of ions. In this case, the charge building-up on
the insulating substrate will be diminished. We con-
"rmed in Fig. 3 that in the hot "lament CVD
process, deposition continued on the insulating
SiO

2
and Si

3
N

4
substrates without any incubation

time. As a rough measure of the conductivity in the
gas phase, we can use the electric current in the gas
phase. In this hot "lament CVD reactor, we could
measure the current of &1 lA, which is three or-
ders of magnitude higher than the current that we
could measure in the cold-wall CVD reactor.

In relation to this problem, in selective depos-
ition of many systems [1], deposition tends to take
place selectively on the conducting substrate. How-
ever, when plasma CVD is used, the deposition
becomes non-selective and the deposition also
takes place on insulating substrates [1]. Plasma
CVD will make the gas phase conducting and
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diminish the charging e!ect on the insulating sub-
strate, which make the deposition of the in-coming
charged clusters possible.

5. Conclusions

The phenomenon of simultaneous deposition
and etching of silicon on a dielectric substrate could
be approached by the charged cluster model. The
selective deposition in the silicon CVD process was
also approached by the electrostatic interaction
between the charged clusters and the substrate.

Acknowledgements

This work was supported by the Korea Ministry
of Science and Technology through The Creative
Research Initiative Center for Microstructure
Science of Materials and by the Korea Science and
Engineering Foundation through the Center for
Interface Science and Engineering of Materials.

References

[1] T.T. Kodas, M.J. Hampden-Smith, The Chemistry of
Metal CVD, VCH, Weinheim, 1994, p. 530.

[2] J.F.J. Schmitz, Chemical Vapor Deposition of Tungsten
and Tungsten Silicides, Noyes Publications, Park Ridge,
1991.

[3] J.T. Fitch, D.J. Denning, D. Beard, J. Electron. Mater. 21
(1992) 455.

[4] H. Kumomi, T. Yonehara, Y. Nishigaki, N. Sato, Appl.
Surf. Sci. 41/42 (1989) 638.

[5] H. Kumomi, T. Yonehara, Mater. Res. Soc. Symp. Proc.
202 (1991) 83.

[6] H. Kumomi, T. Yonehara, Jpn. J. Appl. Phys. 36 (1997)
1383.

[7] K. Tsubouchi, K. Masu, J. Vac. Sci. Technol. A 10 (1992)
856.

[8] F.G. Shi, J.H. Seinfeld, J. Mater. Res. 7 (1992) 1809.
[9] J.-O. Carlsson, Crit. Rev. Solid State Mater. Sci. 16 (1990)

161.
[10] M.R. Goulding, J. Phys. C 2 (1991) 745.
[11] J.W. Osenbach, D.G. Schimmel, A. Feygenson, J.J. Bastek,

J.C.C. Tsai, H.C. Praefcke, E.W. Bonato, J. Mater. Res.
6 (1991) 2318.

[12] L. Onsager, Phys. Rev. 37 (1931) 405.
[13] A.R. Badzian, T. Badzian, R. Roy, R. Messier, K.E. Spear,

Mater. Res. Bull. 23 (1988) 531.
[14] M.C. Salvadori, M.A. Brewer, J.W. Ager, K.M. Krishnan,

I.G. Brown, J. Electrochem. Soc. 139 (1992) 558.
[15] W.A. Yarbrough, J. Amer. Ceram. Soc. 75 (1992) 3179.
[16] N.M. Hwang, D.Y. Yoon, J. Crystal Growth 160 (1996) 98.
[17] N.M. Hwang, J. Crystal Growth 205 (1999) 59.
[18] N.M. Hwang, J.H. Hahn, D.Y. Yoon, J. Crystal Growth

162 (1996) 55.
[19] N.M. Hwang, J. Crystal Growth 198/199 (1999) 945.
[20] C.T.R. Wilson, Philos. Trans. Roy. Soc. 193 (1899) 289.
[21] C.T.R. Wilson, Philos. Mag. 7 (1904) 681.
[22] W.E. Hazen, Phys. Rev. 65 (1944) 259.
[23] J.G. Wilson, The Principles of Cloud-Chamber Technique,

Cambridge University Press, Cambridge, 1951.
[24] C. Peyrou, in: R.P. Shutt (Ed.), Bubble and Spark Cham-

bers, Vol. 1, Academic Press, Orlando, FL, 1967, p. 19.
[25] L. Boufendi, A. Plain, J.P. Blondeau, A. Bouchoule, C.

Laure, M. Toogood, Appl. Phys. Lett. 60 (1992) 169.
[26] A.A. Howling, J.-L. Dorier, C. Hollenstein, Appl. Phys.

Lett. 62 (1993) 1341.
[27] A. Garscadden, B.N. Ganguly, P.D. Haaland, J. Williams,

Plasma Sources Sci. Technol. 3 (1994) 239.
[28] H.M. Jang, N.M. Hwang, J. Mater. Res. 13 (1998) 3527.
[29] W.S. Cheong, N.M. Hwang, D.Y. Yoon, J. Crystal Growth

204 (1999) 52.
[30] B. Sundman, B. Jansson, J.O. Andersson, CALPHAD

9 (1985) 153.
[31] W.S. Cheong, Ph. D. Thesis, Mater. Sci. & Eng., KAIST,

Taejon, 1998.
[32] H. Fujita, Mater. Trans. JIM 31 (1990) 523.
[33] H. Fujita, Ultramicroscopy 39 (1991) 369.
[34] H. Fujita, Mater. Trans. JIM 35 (1994) 563.
[35] D.B. Dove, J. Appl. Phys. 35 (1964) 2785.
[36] N. Sato, T. Yonehara, Appl. Phys. Lett. 55 (1989) 636.

186 N.M. Hwang et al. / Journal of Crystal Growth 206 (1999) 177}186


