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A new paradigm of crystal growth was suggested in a charged cluster model, where
charged clusters of nanometer size are suspended in the gas phase in most thin film
processes and are a major flux for thin film growth. The existence of these hypothetical
clusters was experimentally confirmed in the diamond and silicon CVD processes as
well as in gold and tungsten evaporation. These results imply new insights as to the low
pressure diamond synthesis without hydrogen, epitaxial growth, selective deposition
and fabrication of quantum dots, nanometer-sized powders and nanowires or nanotubes.
Based on this concept, we produced such quantum dot structures of carbon, silicon, gold
and tungsten. Charged clusters land preferably on conducting substrates over on
insulating substrates, resulting in selective deposition. If the behavior of selective
deposition is properly controlled, charged clusters can make hjghly anisotropic growth,

leading to nanowires or nanotubes.
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1. Introduction
It is generally believed that the growth unit of a crystal or a thin film is either an

atom or a molecule. The atom first adsorbs on the terrace, diffuses to the ledge and
finally becomes the crystal at the kink (1, 2]. Drastically a different way of crystal

growth was suggested by Glasner et al. [3-6] during their study on the crystal growth of
KBr and KCl in the presence of Pb* in an aqueous solution. In this case, the nanometer-
size nuclei are formed in the solution and they become the growth unit. They confirmed
the formation of these invisible clusters in the solution by a thermal method, where the
heat generated during cluster precipitation from the solution is measured. They showed
that an almost perfect crystal grew by orderly packing or self assembly of these nuclei

with perfection of a crystal increasing with decreasing size of nuclei. Their suggestion

was so revolutionary that it received severe criticism [7] and has been neglected in the

crystal growth community.

Sunagawa (8] made a similar suggestion that the growth unit of synthetic diamond is
not an atom but a much larger unit. According to the analysis of periodic bond chain
(PBC), the (111), (110) and (100) plane surfaces of diamond are flat (F), stepped (S) and
kinked (K) faces, respectively. The | growth morphology of diamond by atomic
deposition should be the octahedron surrounded by the slowest. growing (111) planes.
All natural diamonds satisfy this morphology predicted by PBC analysis. The synthetic
diamonds produced either by a high pressure process or by a low pressure process are
characterized by frequent evolution of the (110) or (100) planes, resulting in truncated
octahedron or cubic shapes. Besides, the macrosteps of synthetic diamonds are wavy

instead of being straight. Based on these observations, Sunagawa suggested that
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although the growth unit of natural diamonds is an atom, the growth unit of synthetic
diamonds is much larger than individual atoms. He further presumed that the size of the
growth unit would be comparable to the height of the wavy macrosteps. This ingenuous
suggestion also has not been taken seriously in the diamond community because its idea
is too revolutionary.

Based on thermodynamic, kinetic and morphological analyses of the diamond CVD,

[9-13]

Hwang et al. suggested a charged cluster model (CCM), which is a very similar

concept to the growth mechanism suggested by Glasner et al. [3-6] and Sunagawa [8].
In the CCM of the CVD diamond, charged diamond clusters containing hundreds to
thousands of atoms are suspended like colloidal particles in the gas phase and become a
building unit of diamond crystals. The stability of diamond can be increased over that of

graphite by the high capillary pressure inside the cluster and further by charge, which

makes a strong ion-induced dipole interaction for the dielectric diamond cluster (14,

1]

Recently, the existence of these hypothetical negatively charged nanometer clusters

containing hundreds of carbon atoms [16, 17]

was experimentally confirmed. It was
shown that the size of clusters increased with methane concentration. Small clusters

produced diamond crystals with well-developed facets while large clusters produced

ball-like or cauliflower-shaped diamonds, as had been predicted in the CCM (11, 13]

[18-20]

The CCM was successfully applied to the silicon CVD , zirconia CVD [21],

[22]

thermal evaporation coating of tungsten and gold [23]. According to the

morphological analysis of films on the substrate materials with a high charge transfer
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rate (CTR), the CCM is also valid in the laser ablation and the sputtering processes (24]
The validity of the CCM appears to be general in the thin film process.

In this paper, the implications of the CCM regarding crystal growth will be described
with particular emphasis on epitaxial growth, nano-structured materials, selective

deposition, nanowire or nanotube growth and quantum dot fabrication.

2. Experimental confirmation of charged clusters in the deposition reactor

The CCM states that the charged clusters of nanometer size are usually formed in the
gas phase in a typical processing condition of thin ﬁlrns. Such clusters are difficult to
detect because of their n;nometer size, which is too small for appreciable intensity of
light scatteriﬁg and too large for the quadruple mass spectroscopy. This is why the
existence of these clusters has been unnoticed so far. A special apparatus should be used
to detect them. A time-of-flight (TOF) mass spectroscopy designed for the high mass
would be ideal. Since the accuracy of mass resolution need not be so high as TOF and
the simple apparatus such as a Wien filter or an ion-mobility analyzer is suitable.

The pressure of CVD or other deposition reactors is typically in the range of 10" ~
10’ Torr while the pressure in the mass analysis chamber should be less than 10~ Torr.
Therefore, the gas or the clusters should be extracted through an orifice (~ 1 mm in
diameter) by differential pumping from the deposition reactor to the mass analysis
chamber. Using a Wien filter and an ion-mobility analyzer, recently we experimentally
confirmed the existence of the hypothetical charged carbon clusters suspended in the hot

filament diamond CVD reactor [16,17]

as shown in Fig. 1 and Fig. 2.
Fig. 1 shows the mass distribution of the negatively charged carbon clusters

suspended in the hot filament diamond CVD reactor under 6 Torr at the filament
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temperature of 2100°C with a gas mixture of 1.5%CH,-98.5%H,. The mass distribution

was measured by a Wien filter .in combination with an ion-mobility analyzer [16] . In

order t maintain the pressure of the measuring chamber below ~ 107 Torr, two-stage

differential pumping had to be used. Most clusters were negatively charged with the

amount of positively charged clusters being negligible in the hot filament reactor. The

peak of Fig. 1 corresponds to ~ 3000 atomic mass unit (amu), which is equivalent ~ 250

atoms. The number density of charged clusters in the reactor was estimated to be ~ 10°
3

mm-.

Figure 2 shows the mass distribution of charged carbon clusters with four different

methane concentrations of 1%, 1.5%, 3% and 5% CH, [17]. In this case, the mass
distribution was converted from the energy distribution of charged clusters based on the

pre-determined relation between the mass of clusters and their velocity following the

scheme of Gerhardt and Homann [25]. Clusters of ~ 3000 amu are dominant for low
methane concentrations (1% and 1.5 CH,) while the mass distribution for the higher
methane concentrations (3% and 5% CH,) was much broader with an appreciable
number of large clusters (~ 18000 amu). ~ 3000 and ~ 18000 amu correspond to ~ 250
and ~ 1500 carbon atoms, respectively. |

During the measurement of the energy distribution, diamonds weré deposited in situ
on the Mo substrate placed on the orifice near the hole with a substrate temperature of
750°C. Figures 3(a) and 3(b) show the scanning electron microscopy (SEM) images
after deposition for 1 hr at 1% and 3% CH,, respectively. The results indicate that
clusters of ~ 3000 and ~ 18000 amu deposit diamonds with well-defined facets and a
ball-like 6r cauliflower-like shape, respectively. Development of crystal facets. results

from the anisotropic growth rate with crystallographic directions, implying that small

91



clusters undergo layer-by-layer growth. In this case, clusters will undergo epitaxial
coalescence on the growing surface. Development of cauliflower-shaped diamonds
results from the isotropic growth rate, implying that large clusters tend to undergo
adhesive-type growth. Large clusters will frequently fail epitaxial coalescence and tend
to make grain boundaries with the growing surface, leading to nanostructure.

In relation to dependence of the growth mode on cluster size, works of Yoshida et al.

[26-29] is worth mentioning. They studied the surface morphology of epitaxial

YBa,Cu,0,, films prepared by thermal plasma flash evaporation by scanning tunneling
microscopy (STM). The main deposition species were the clusters ranéing from 0.3 t0 9
nm. They observed that small clusters (1 ~ 2 nm) undergo epitaxial spiral growth,
medium size clusters (3 nm) become epitaxial 2-dimensional nuclei and large clusters
(larger than 3 nm) become non-epitaxial island grains. These results imply that spiral
steps of monoatomic height observed by STM are not necessarily an indication of
atomic unit growth but can be formed by cluster unit growth. Besides, the results show
that the layer-by-layer growth mode can also be achieved by cluster unit deposition.

The mass analyzer such as TOF or Wien filter needs a high vacuum ( < 10” Torr).
However, differential mobility analyzer (DMA) operates at atmospheric pressure and
can measure the size range of 1 ~ 20 nm if specially designed for nanosize measurement.

Using a nano-DMA, the size distribution of charged diamond clusters of a few

nanometers was measured during the oxyacetylene flame synthesis of diamond [301.

The results of nano-DMA agreed with the cluster size measured by transmission

electron microscopy (TEM) after capturing clusters on a TEM grid [301.

o1, [31-35]

Using a DMA and a particle number counter, Adachi et and Okuyama et
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al. (36-40] made extensive studies on the size distribution of clusters suspended in the

gas phase in the CVD reactor. During the SiO, CVD using tetraethylorthosilicate

(TEOS) as a precursor, Adachi et al. (31-35] found out that the film did not grow under
conditions that the clusters were not detected in the gas phase. Further, they observed

that the growth rate of films increased with increasing number density of clusters in the

gas phase. Okuyama et al. [40] observed that under the film processing conditions
generating the small cluster of a few nanometers, the film surface was smooth while
under the conditions generating the coarse ones larger than 10 nanometers, the film

surface was irregular.

3. Gas phase nucleation in the thin film reactor

The formation of charged clusters in the thin film reactor indicates that gas phase
nucleation takes place under typical éonditidns of film depositioﬁ. Normally, it is
thought that the gas phase nucleation is homogeneous nucleation, which is far from

being true. In fact, the homogeneous nucleation in the gas phase is very difficult to
achieve as had been well revealed in the Wilson cloud chamber experiment [41'44].

When the Wilson cloud chamber [41] was first invented, the purpose §vas to test the
Volmer’s theory of homogeneous nucleation. The Wilson chamber is a simple adiabatic
expansion system, which induces supersaturation of fhe water or alcohol vapor. In the
first expansion, nucleation was not homogeneous but heterogeneous on dust. After
several expansions, the dust-free clean vapor could be prepared but still nucleation was
not ‘homogeneous but heterogeneous on ions. Even after repeated expansions, ion-

induced nucleation could not be avoided. Later it was found out that ions are
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continuously generated by natural radio activity and cosmic rays and a steady state
concentration of ~ 10° ion pairs cm™ is maintained in air. Nucleation on ions was so
sensitive that this fact was utilized in locating the track of the high energy particles,
contributing to the discovery of many particles such as positron. .

Considering that the ion-induced nucleation could not be avoided even in dust-free
clean air at room temperature; it is highly probable that the gas phase nucleation might
be induced by ions in thin film reactors. According to our current measurements by the

Faraday cup in the thermal CVD and evaporation reactors, at least ~ 10° ion pairs cm™

are typically measured under thin film deposition conditions [23]. Ion concentrations in
the hot filament and plasma diamond CVD reactors are, respectively, three and six
orders of magnitude higher than those in thermal CVD and evaporation reactors.

It should be noted that nucleation in the gas phase is induced not only by ions but
also by other sources such as photo-excited species. Photo-induced nucleation is known

to be much more powerful than ion-induced nucleation in triggering nucleation in the

gas phase (45, 46]. In the case of nucleation of pure water from its supercooled vapor,

photo-induced nucleation was detected at supersaturations as low as 1.00042 [46].

When the ion-induced nucleation takes place in the cloud or the bubble chambers for
locating the track of the high enregy particles, the nuclei instantly grow into a visible
size. In this case, the amount of flux for nuclei to grow is enormously large compared to
the concentration of ions. When the amount of flux to precipitate is small coml;ared to
the concentration of ions as in the case of a thin film process, the charged nuqlei do not
grow much but might maintain their nanometer size during their residence time in the
gas phase. The resultant films deposited by these clusters are not distinguishabie from

those deposited by individual atoms or molecules.
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Then why do we choose the processing condition where the nanometer clusters are
formed in the gas phase dun'n‘g thé thin film process? Or why is the formation of
charged clusters so general in the thin film process? The reason is in the growth rate of
thin films. In order to suppress ioh-induced nucleation in the gas phase, the
supersaturatioin should be maintained to be low, which results in a negligible deposition

rate. How slow would be the growth rate for supersaturation low enough to suppress the

gas phase nucleation? The results by Adachi et al. [31-35] provide a clear answer for
this question. They observed that the film did not grow under the conditions where the
gas phase nucleation was suppressed.

Another good example, where the film growth rate without gas phase nucleation can

be estimated, is the old method of metastable diamond growth [47, 48] before the
discovery of the gas activation process. In this method, the metastable diamond grew on
the diamond seed with thermal decomposition of the gas mixture of methane and
hydrogen. The underlying principle is that the growth barrier of diamond would be
lower than the nucleation barrier of graphite on the diamond seed. Considering the
capillary effect in the nucleation stage, the growth barrier of diamond is expected to be
much lower than the nﬁcleation barrier of graphite on the diamond surface and the
graphite nucleation on the diamond surface is not expected. But if the gas .phase
nucleation takes place, graphite might nucleate domiﬁantly over diamond in the process
not using gas activation. Once the graphite phase formed in the gas phase and landed on
the diamond surface, the graphite covered an entire diamond surface because of its
much higher growth rate than that of diamond. For further growth of diamond, the
graphite phase had to be etched away by hydrogen. Therefore, the process wa’s cyclic:

etching and growth. It should be noted that the supersaturation had to be: kept low to
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-minimize the gas phase nucleation. Under this condition, the growth rate of diamond
films was a few angstroms per hour. This growth rate is roughly four orders of
magnitude slower than the growth rate of diamond using the gas activation in the

presence of charged clusters in the gas phase.

4. Generation of charge during thin film depositions

Although the ion generation mechanism in hot filament and plasma CVD reactors is
clearly understood, the mechanism is not yet clear in thin film reactors of thermal CVD
and evaporation at relatively low temperature. According to our electric current
measurements by a Faraday cup, the ion concentration increases abruptly with cluster
formation. In the deposition process by thermal evaporation, the ion current increases
abruptly just above the melting point of the material to evaporate. In the CVD process,

the ion current increases abruptly when the precursors start to decompose. Magnusson

et al. (491 also observed an anomalous charging behavior of gold nanoparticles above
600°C. |

One possible explanation of our experimental observation is as follows. Clusters
have a low ionization potential and a high electron affinity, both of which approach a
work function value of the bulk. In the supersaturated state for film deposition,
embryonic clusters will be generated. They will be easily ionized when in contact with

the hot surface by surface ionization, which is described by Saha-Langmuir equation

[50]. The surface ionization is also posSible in the interactions between clusters and
gaseous atoms, molecules or compounds. Once the embryonic clusters become charged,
they can grow above the critical nucleus size by ion-induced nucleation in the presence

of appreciable supersaturation for deposition. According to this explanation, ion
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generation and clustering affect each other; the electric charge triggered by embryonic

clusters also triggers the embryonic clusters to grow into stable nuclei.

5. Effect of charge in charged clusters

In order to describe the effect of charge in the CCM, behaviors between neutral and
charged clusters should be compared. When the clusters are formed by supersonic
expansion, electric charging of clusters is not expected and dominantly neutral clusters

would be generated. Neutral clusters undergo Brownian coagulation and grow into a

fractal structure by diffusion-limited-aggregation (DLA) [51]. They would grow
instantly into macro-particles during their residence time in the reactor. Charged clusters
of the same sign, however, do not coagulate and suspend like colloids in the gas phase
during their residence time in the reactor, maintaining their nanometer size. Besides,

these charged clusters undergo deflocculation settling, resulting in 3-dimensional self-

assembly into a compact structure.

Recently, self-assembly of nanoparticles has been hot issues [52'56]. Self-assembly
can be either 2-dimensional (2-D) or 3-dimensional (3-D), which has been clearly

[56-58] [59-61] 1,

demonstrated in zeolite nanoparticles and submicron latex particles

some cases, the assembly is so perfect that the resulting film becomes transparent (57,

>9] or has a superlattice, which is investigated by small-angle X-ray scattering [61].

Also Cu, Ag and Au monodisperse nanoparticles suspended in solution were shown to

undergo self-assembly into a perfect superlattice such as face-centered cubic (FCC) [54,

57, 59, 62-64]

In this colloidal processing, the self-assembly is done mostly at room temperature
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and the individual nanoparticle_s have their own orientations in the superlattice and keep
their identity. If the self-assembly is done at a relatively high temperature as in the thin
film process, however, individual nanoparticles undergo epitaxial coalescence on the
growing surface and lose their identity. If the growth by 3-D self-assembly is achieved
by repeated 2-D self-assembly, crystals with well-defined facets will be grown. The
resulting films cannot be distinguished from those grown by atomic unit.

The effect of charge on the film formation is well represented in the deposition
behavior between substrates with a high and a low charge transfer rate (CTR). On the
substrates with a high CTR such as Pd, Ir, Rh, Pt, Fe and Ni, the porous skeletal soot-

structure is evolved while on the substrates with a low CTR such as Si and insulating

materials, the dense film is evolved [11, 65, 66]. On the substrates with a high CTR, the
charge is lost just before landing and the resultant neutral clusters deposit on the
substrate like flocculation, resulting in a porous structure. On the substrate with a low
CTR, however, the charge is retained in the clusters during landing and clusters undergo

highly compact and regular packing of 3-D self-assembly, resulting in dense films.

Fig. 4 shows these aspects in the silicon CVD [24]. After 3 minutes of silicon CVD
with a Ni substrate, the porous silicon deposited (Fig. 4(a)) while after 30 minuteé, the
large crystalline silicon grew on the porous silicon (Fig. 4(b)). In the initial stage, the -
porous silicon deposited because of a high CTR of the Ni substrate. But after the Ni
substrate is covered with the porous silicon with a low CTR, the Si surface would have
the low CTR. Therefore, dense silicon particles can grow on the initially-deposited
porous silicon.

Fig. 5 shows the effect of the CTR of substrates in the diamond CVD; the porous

- skeletal graphitic soot on Fe (Fig. 5(a)) and the dense diamond film on Si (Fig. 5(b))
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[11]. In this case, the porous soot has a graphite structure and the dense film has a
diamond structure. This result indicates that if charged diamond clusters lose charge to
the substrate with a high CTR, they transform instantly into graphite clusters. The loss

of diamond stability after losing charge was attributed to the loss of an electrical double

layer at the surface of diamond clusters (1 1]. The electrical double layer can be formed
on a dielectric diamond cluster while it cannot form on a conducting graphite cluster.

It should ‘be noted that the high éapillary pressure built up inside the nanometer
carbon cluster increases the stability of diamond significantly so that the stability

[9,

between diamond and graphite is very close 67]. The slight increase in diamond

stability by an electric double layer induced by charge can reverse the stability between

diamond and graphite clusters 12, 14, 15]. In this respect, the presence of electric
charge is essential to a low pressure synthesis of diamond. This concept is drastically

different from the conventional belief that the production of atomic hydrogen is
. . . [68-70]
essential to a low pressure synthesis of diamond . Recently, the low pressure

synthesis of diamond was shown to be possible without hydrogen [71-73]. This fact

supports the CCM, in which the electric charge rather than hydrogen is essential to low

pressure synthesis of diamond [74].

It is known that nanometer sized diamonds exist in abundance in interstellar space

175, 76]. Their existence was confirmed in the meteorites. Other materials coexisting in

the meteorites do not have their high pressure form and therefore, interstellar diamonds

are thought to have nucleated under low pressure (76, 77]. The interstellar diamond dust

is another example of low pressure formation of diamond in the absence or scarcity of
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hydrogen. Considering that the interstellar space is a highly ionizing environment, the

formation of interstellar diamonds might also be explained by the CCM [74].

Another effect of charge is on the size distribution of clusters. Charged clusters tend
to have monodisperse clusters or nanoparticles, which are favorable for the self-
assembly. The charge affects the size distribution in two ways. One is the inhibition of
Brownian coagulation as in the case of colloid particles. The other is the modification of
the Thompson-Freundlich equation by introducing the electrostatic interaction term.
The free energy of the neutral clusters and its Thompson-Freundlich equation are

expressed, respectively, as

AG = —%’irﬁy +4xr’c  and (D
wf £\ Yo 20 o
P | RT r

where P and P_ are the vapor pressure for the cluster of radii, r and oo, respectively. V,,
is the molar volume, o is the surface energy and RT has its usual meaning. The free
energy of the singly charged conducting cluster and its Thompson-Freundlich equation
are expressed, respectively, as |

2
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where e is the electric charge. Equation (4) indicates that the charged cluster cannot

dissolve energetically.

In some case, the distribution of charged clusters become bimodal [23]. The

evolution of bimodal evolution is attributed to the attractive Coulomb interaction
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between two charged conducting clusters with a large size difference. The Coulomb
interaction between two charged conducting clusters of the same sign is expressed as

(78]

2 2.2 2.2
pod%e  _ _acnd o _gend )
dre,d 47[go(d - )2 47zgo(d —rz)Z

where the sphere of radius r, has a net charge q, and the other of radius r, has charge q,;
d is the distance between the centers and 1/4ne, the permittivity. Equation (5) indicates
that two clusters with a large size difference can be attractive each other even though
they carry the same sign. Therefore, large clusters continue to grow by coagula.t_ion with
small clusters while growth of small clusters is suppressed, leading to bimodal size

distribution.

6. Selective deposition behaviors of charged clusters
In the thin film process, it is frequently observed that the deposition is more
favorable on conducting substrates than on insulating ones. Using this fact, the

technique of selective deposition has been extensively used in microelectronics [79—83].

In spite of the technological importance of this phenomenon, its underlying principle
has not yet been clearly understood.

According to the CCM, charged clusters are the major deposition flux. Because of
charge, their landing behavior between conducting and insulating substrates is expected
to be quite different. They will land on conductors easily but have difficulty in landing

on insulators, especially when the gas phase is insulating. Kumomi et al. [79, 84, 85]

observed that in the selective nucleation based epitaxy of silicon using the Si-Cl-H

system, silicon deposited selectively on the SiN, surface patterned on SiO,. SiN, is more
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conducting or less insulating than Si0,. This is why silicon did not deposit on SiO,.

They further observed that most silicon particles, which had deposited on SiN, initially,
etched away later. Only one silicon particle grew larger while all other silicon particles
completely etched away. This phenomenon indicates that two irreversible processes of
deposition and etching in opposite directions occur simultaneously.

This experimental observation is in contradiction with the second law of

thermodynamics if the deposition unit is an atom. This puzzling phenomenon could be

approached by the CCM 1 8]. Charged silicon clusters were suspended in the gas phase
and deposited as silicon particles. Since the Si-Cl-H system has the retrograde solubility
of silicon in the gas phase around the substrate temperature, the gas phase nucleation
changes the driving force at the substrate temperature from being for deposition to being
for etching. Therefore, between the gas phase and the substrate were exchanged two
‘irreversible fluxes of silicon: atomic etching and cluster deposition.

In an initial stage, charged silicon clusters will deposit on the SiN, surface which is
electrically floated by SiO, and the electric charge will build up and be saturated in a
later stage. When the SiN, surface is saturated with charge, further deposition of
charged silicon clusters is inhibited by Coulomb repulsion. Then, atomic etching will
dominate and most silicon particles will etch away in a later stage. Exceptional growth
of one large silicon particle was attributed to the Coulomb attraction between the large
silicon particle and the charged clusters, which is given by Eq..(5).

The existence of silicon clusters in the gas phase was experimentally confirmed in

the silicon CVD using the Si-Cl-H system [19]. Although silicon continued to deposit

on the conducting surface, it deposited on the insulating surface in an initial stage and

then etched away in a later stage [20]. These deposition behaviors can only be explained
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by the CCM and indicates that the selective deposition is attributed to charged clusters.

7. Growth of nanowires by charged clusters

The selective deposition of charged clusters can make one-dimensional growth when
charged clusters are more attractive to the tip than to the side wall of the deposits. This
type of deposition can produce nanowires, nanowhiskers or nanotubes. One-
dimensional growth is expected under the condition that the tip is more conducting than

the side wall. The tip is made conducting when the metal particle is residing on it.
. - . . . .. [86, 87]
Whisker growth of silicon using gold particles satisfies this condition . Recently,

silicon nanowires were fabricated by laser ablation [88'91]. Zhang et al. (0] suggested
a cluster-solid mechanism for growth of silicon nanowires based on their observation
that Si nanoclusters had deposited on the cool finger during the growth of Si nanowires

by laser ablation (50, 92].

However, if these clusters are neutral, they will undergo rapid Brownian coagulation
in the gas phase and produce fractal or skeletal structures. In order to explain the highly

anisotropic one-dimensional growth of nanowires, the additional effect of charge should

be considered. Zhang et al. [0, 92] observed that a thin Si0O, layer had fbrmed on the
outer surface of Si nanowires. The insulating SiO, layer is expected to inhibit the
attachment of charged Si clusters on the side wall and appears to induce the preferential

attachment of clusters on the tip.

We could also make Si nanowires in the CVD process using the gas mixture of SiH,,

HCl and H, {93]. The proéess was done under conditions of a substrate temperature of

950°C under a pressure of 10 Torr with a gas mixture ratio of SiH, : HCl : H, =3 : 1 : 6.
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On the conducting substrate, nanowires did not grow but typical Si films deposited as
shown in Fig. 6(a). On the Si substrate, however, Si nanowires start to grow after 3 min
as shown in Fig. 6(b). After 6 min of deposition, nanowires grew extensively on both Si

‘ and SiO, substrates as shown in Figs. 7(a) and 7(b), respectively.

8. Fabrication of quantum dots by charged clusters

According to the CCM, charged nanometer clusters or particles are formed in the
usual thin film process without intentional efforts to generate them. Besides, as
mentioned in the earlier section, charged clusters tend to be relatively uniform in size.
Considering that spontaneously generated clusters in the thin film reactor are charged,
the size can be selected by applying an electric field using differential mobility analyzer
(DMA). Therefore, the nanometer clusters or nanoparticles of relatively uniform size

can be easily fabricated based on the CCM. Si nanoparticles of relatively uniform size
could be prepared by Si CVD [19]. Diamond nanoparticles were also prepared under the

conditions of oxyacetylene flame deposition of diamond films [30]. W and Au

nanoparticles were prepared by thermal evaporation [22, 23].

The cluster size largely depends on the reactor pressure, the residence time in the
reactor, the amount of precipitation, and the amount of charge generated. For the given
charge density, unipolar charge is much more effective than bipolar charge, in which

case positive and negative clusters coagulate easily. We found out that carbon clusters

formed in the hot filament (~ 2000°C) reactor are mostly negatively charged [16, 17].
The generation of unipolar charge is the advantage of the hot filament reactor in

maintaining the nanometer size of clusters, which is critical to the low pressure
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synthesis of diamond 5. 11, 67]. This might be why the hot filament reactor is as
equally good as the microwave plasma reactor for the diamond synthesis even though
its charge density is two or three orders of magnitude lower than that of that of the

plasma reactor.

9. Microstructural criterion for cluster deposition
Experimental observation of diamond deposition with simultaneous etching of

[94, 95]

graphite provides a rigid proof for cluster deposition with simultaneous atomic

etching; otherwise the phenomenon is against the second law of thermodynamics [10].
Also experimental observation of simultaneous deposition and etching of Si in the Si

CVD process provides a rigid proof for cluster deposition with simultaneous atomic

etching [18, 20]. The rigid proofs were possible because both C-H and Si-Cl-H systems
have retrograde solubility of carbon and silicon, respectively, in the gas phase around
the substrate temperature.

Such rigid proofs are not possible in other systems without retrograde solubility.
Experimental confirmation of their existence in the gas phase can be a very strong
evidence for cluster déposition. Fbr this purpose, mass analyzers such as TOF or DMA
can be used. Observation of clusters after capturing them on a TEM grid can also
provide an evidence for cluster deposition. The electric bias effect on the cluster landing
on a TEM grid especially in a relatively high vacuum reactor not only shows the
presence of charge but also provides an evidence for cluster deposition.

An easy criterion for growth by charged clusfers are the initial deposition behavior

on the substrates with a high charge transfer rate (CTR) such as Pd, Pt, Rh, Ir, Ni, and
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Fe. In these substrates, the porous skeletal structure develops in the initial stage of
deposition because the charge is quickly transferred from the clusters to the substrate.

[11, 65, 66]

This aspect was revealed in the diamond CVD and in the silicon CVD (also

in sputter deposition of alumina) [24].

The easiest criterion for growth by charged clusters is the evolution of ball-like or
cauliflower-like microstructures, which are frequently -observed in many thin film
processes such as MOCVD, laser ablation and sputtering. Figures 8(a) and 8(b) show
" typical cauliflower-like structures of the CVD diamond and the CVD silicon,
respectively. The deposition conditions for Fig. 8(a) were filament and substrate
temperatures of 2000°C and 950°C, respectively, a reactor pressure of 10 Torr and a gas
mixture ratio of CH,: H, = 3 : 97. The deposition was done for 4 hr. The deposition
conditions for Fig. 8(b) are a substrate temperature of 850°C, a reactor pressure of 100
Torr and a gas mixture ratio of SiH, : HCl : H, =1 : 1 : 98. The deposition was done for
10 min.

In these microstructures, one big particle consists of numerous tiny nodules of tens
of nanometer. It should be noted that when the methane and the silane concentrations
decrease slightly to make the cluster slightly smaller, each big particle becomes a
faceted single crystal as shown in Fig. 3(a). The evolution of these cauliflower-like
structure cannot be explained by the atomic unit deposition. For the formation of tiny
nodules shown in Figs. 8(;1) and 8(b) by the atomic unit, secondary nucleation should
have taken place on the growing surface. The barrier of secondary nucleation is much
higher than that of growth because of the excess interface free energy between the
growing surface and the nucleus. There is no growth barrier for spiral growth on screw

dislocations. In the absence of screw dislocation, the growth barrier becomes a barrier
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for two-dimensional nucleation.

The grain size will be determined by the growth achieved before secondary
nucleation takes place. In other words, the grain size will be determined by the ratio of
the secondary and the two-dimensional nucleatio.n rates. This ratio increases with
supersaturation. But the supersaturation cannot increase without limit. The kinetic
roughening is the limit for the supersaturation because neither secondary nor two-
dimensional nucleation can take place on the kinetically roughened surface; the rough
interface undergoes ideal growth, which is controlled by diffusion without any barrier
for the atomic attachment at the surface. Therefore, the ratio at the supersautration to
induce kinetic roughening would determine the minimum grain size that can be
achieved by the atomic growth.

Previously, Hirth and Pound [°°]

estimated the typical value of this ratio to be ~ 10°%.
This means that one secondary nucleation event with an incoherent boundary takes
place after growth of ~ 10® atomic layers by two-dimensional nucleation. The estimated
minimum grain size should be a few centimeters. The evolution of a cauliflower-like
structure with tiny nodules of tens of nanometer cannot be explained by the atomic
deposition. Therefore, the evolution of a cauliflower-like structure should be attributed
- to landing of nanoclusters or nanoparticles formed in the gas phase. Since a cauliflower-
like structure can be observed by scanning electron microscopy (SEM), it is the easiest
criterion to distinguish between atomic and cluster growth.

If this microstructural criterion is accepted as an indication of cluster growth, the
possibility of crystal growth by charged clusters in the solution can be examined. It

should be noted that the experimental confirmation of charged clusters in the solution is

difficult because mass analyzers such as TOF or DMA cannot be used. Usually, the size
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of charged clusters is below the lower limit of the analysis by light scattering. However,
the crystals or films grown from the solution frequently have cauliflower-like structures
or nanostructures. One example is the electrodeposited copper film for interconnects in

microelectronics (97, 98].

10. Conclusion

The growth by charged clusters is a new paradigm of Crystal growth. Although this
paper focused on the CCM in the thin film process, it must be an important mechanism
in many cases of solution growth. It should be reminded that a similar concept to the
CCM had been suggested by Glasner and his collegues in the crystal growth in solution.-
Sunagawa’s suggestion, which is similar to the CCM, is not only for gas phase growth
of diamond but also for solution growth of diamond by high pressure and high
temperature. Cauliﬂower—liké structures or nanostructures, which were suggested as a
microstructural evidence for cluster growth, are frequently found in the solution growth,

especially in electrodeposited nanostructured films.
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Figure captions

Fig. 1. Mass distribution of negatively charged carbon clusters extracted from the hot
filament reactor using a gas mixture of 1.5%CH,-98.5%H,, a reactor pressure of 6 Torr

and a filament temperature of 2100°C. The distribution was measured by a Wien filter.

Fig. 2. Mass distribution of negatively charged carbon clusters extracted from the hot
filament using gas mixtures of 1%CH,-99%H,, 1.5%CH,-98.5%H,, 3%CH,-97%H, and

5%CH,-95%H,, a reactor pressure of 6 Torr and a filament temperature of 2100°C.

Fig. 3. SEM micrographs of diamond films deposited in situ during measurements of
the energy distribution of charged clusters under a reactor pressure of 6 Torr at a

filament temperature 2100°C for 1 hr with (a) 1%CH,-99%H, and -(b) 3%CH,-97%H,.

Fig. 4. SEM micrographs of silicon deposits after (a) 3 and (b) 30 min on the Ni
substrate with a gas mixture ratio of SiH, : HCl : H, =1 : 1 : 98 under a reactor pressure

of 10 Torr at a substrate temperature of 850°C.

Fig. 5. SEM micrographs of (a) graphitic soot deposited on the Fe substrate and of (b)
diamond deposited on the Si substrate in a hot filament reactor with a gas mixture of
1%CH,-99%H, for 2 hr under 20 Torr at substrate and filament temperatures of 990°C

and 2200°C, respectively.

Fig. 6. SEM micrographs of (a) Mo and (b) Si substrates after deposition for 3 min
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under a reactor pressure of 10 Torr at a substrate temperature of 950°C with a gas

mixture ratio of SiH, : HCl: H, =3 : 1 : 96.

Fig. 7. SEM micrographs of (a) Si and (b) SiO, substrates after deposition for 6 min

with the other conditions being the same as those for Fig. 6.

Fig. 8. SEM micrographs of cauliflower-like (a) diamond and (b) silicon.
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Fig. 1. Mass distribution of negatively charged carbon clusters extracted from a hot
filament reactor using a gas mixture of 1.5%CH,-98.5%H,, a pressure of 6 Torr and a

filament temperature of 2100°C. The distribution was measured by a Wien filter.
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Fig. 2. Mass distribution of negatively charged carbon clusters extracted from a hot
filament using gas mixtures of 1%CH,-99%H,, 1.5%CH,-98.5%H,, 3%CH,-97%H, and

5%CH,-95%H,, a reactor pressure of 6 Torr and a filament temperature of 2100°C.
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Fig. 3. SEM micrographs of diamond films deposited in situ a:l:m..anuwp.ﬂmao:_”m of the
energy distribution of charged clusters under a reactor ,vwamw_,_q.n of 6 Torr at'a filament

temperature 2100°C for | hr with (a) 1%CH,-99%H, m_.um“.wg wﬁOI..-oqo\o:-
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Fig. 4. SEM micrographs of silicon deposits after (a) 3-and (b) 30 min on a Ni substrate
with a gas mixture ratio of SiH, : HCl: H, =1 : 1 : 98 under a reactor pressure of 10 Torr at

a substrate temperature of 850°C.




(a) (b)

Fig. 5. SEM micrographs of (a) graphitic soot deposited on a Fe substrate and of (b)

diamond deposited on a Si substrate in a hot filament reactor with a gas mixture of 1%CH,-

99%H, for 2 hr under 20 Torr at substrate and filament temperatures of 990°C and 2200°C,

respectively.
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Fig. 7. SEM micrographs of (a) Si and (b) SiO, substrates after depositioin for 6 min with

the other conditions being the same as those for Fig. 6.
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