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Abstract
The charged cluster model states that chemical vapor deposition (CVD) begins with gas phase
nucleation of charged clusters followed by cluster deposition on a substrate surface to form a thin
film. A two-chambered CVD system, separated by a I-mm orifice, was used to study gold
deposition by thermal evaporation in order to determine if the CCM applies in this case. At a
filament temperature of 1523 and 1773 K, the presence of nano-meter sized gold clusters was
confirmed by transmission electron microscopy (TEM). The charge on the primary clusters was
found to be positive and the cluster size and size distribution increased with incréasing temperature.
Small clusters werc found to be amorphous and they combined with clusters already deposited on a
substrate surface to form larger amorphous clusters on the surface. This work revealed that gold thin
films dcposited on a mica surface are the result of the sticking of 4 — 10 nm clusters. The

topography of these films was similar to those reported previously under similar conditions.
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1. INTRODUCTION

A recently proposed model for chemical vapor deposition (CVD), the charged cluster model (CCM).

is based on CVD being initiated by gas 'phase nucleation of charged clusters and subsequent cluster
deposition on a substrate surface [1-7}. The concept of the CCM is similar to the ionized cluster
beam deposition (ICBD) method [8]. However in the CCM, charged or ionized clusters are formed
in the gas phase of the thin film reactor without intentional efforts of making clusters such as

adiabatic nozzle expansion.

Nanometer sized charged clusters have been shown to make perfect film by thermal motion without
the highly energetic impact that is used in ICBD by applying electric field in a high vacuum
chamber of long mean-free-path. There are two reasons why such clusters have gonc unnoticed
during thin film deposition. One is that the clusters are difficult to detect without a specially
designed technique due to their nanometer size. The other is that these clusters can make a perfect-
film that is indistinguishable from a film deposited by the atomic unit. The ability of clusters to
produce a dense film may be explained by Fujita’s concept" of mé\gic size [9], below which the
clusters have liquid-like properties in deformation and diffusion. The marked mclting point

depression of nanometer clusters [10,11] might also be related to this phenomenon.

Adachi ef al. [12-15] and Okuyama e/ al [16] not only confirmed the existence of the gas phase

nucleated particles in a non-plasma CVD reactor but also suggested that the particles contributed to
film deposition. Previously, it was generally believed that particles generated during the CVD
process did not contribute to film deposition and the incorporation of the particles into the film was
believed to significantly impair the film quality [17].

Charge plays the most important role in maintaining the nanometer size of clusters by providing
Coulombic repulsion between charged clusters. Neutral clusters undergo Brownian coagulation and
form macro particles relatively easily, eventually leading to a porous skeletal film. In the plasma or
hot filament CVD process, the presence of charge in abundance is evident. In thermal CVD and
evaporation processes, the presence of charge in an appreciable amount is not expected. However,
in measuring the electric current in the reactor, an appreciable amount of charge is almost always

accompanied in the condition of film deposition.

Once gas phase nucleation occurs in the thin film process, the total surface area of a nanosized
particle is so large that most of the supersaturation for precipitation disappears, reducing the driving
force for deposition markedly. Normally, the remaining supersaturation comes from the capillary
effect of the nanosized particles. In some cases of CVD, the solubility of a solute in the gas phase is
retrograde or increases with decreasing temperature, in which case gas phase nucleation causes an
etching driving force at the substrate. In this case, etching by the atomic or molecular unit and
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deposition by the nanosized particles.takes place simultaneously. If this phenamenon is observed
macroscopically, it appears that two irreversible processes of deposition and etching take place
simultaneously in opposite ‘dircction_,s under the same thermodynamic condition. This is against the
second law of thermodynamics if the ‘depbsition unit is atom or molecule because the driving force

can be either for deposition or for etching but cannot be for both.

Therefore, observation of simultaneous deposition and etching in the system with the retrograde
solubility provides evidence that the films were deposited exclusively from the nanometer-sized
particles with the atomic flux contributing negatively to film formation. C-1 and Si-CI-H systems
have the retrograde solubility in the temperature range of interest. The C-H system can be used to
synthesize diamond if a hot filament or plasma process is used. In this case, it is well established
that the less stable diamond deposits and simultaneously stable graphite etches under the same
conditions [1]. In the Si-Cl-H system, Si deposits and etches simultaneously under the same
conditions. The selective epitaxial grdwth of silicon by the CVD process has since been shown to
occur by this mechanism [4]. Nanometer silicon clusters in the gas phase were experimentally
confirmed during the silicon CVD process in the Si-Cl-H system [6]. The prcséhce of nanometer
diamond clusters in the gas phase has been confirmed also [7]. The deposition of ZrQ, by the CVD
process [4] and the deposition of W films by thermal evaporation {5] also took place by this
mechanism. Considering this. the possibility of this mechanism épplying to other thin film
processes such as the thermal evaporation-of gold, is being investigat_cd in this report.

Thin films can be deposited by thermal evaporation of a metal in a tungsten basket used as a hot-
filament. Mahoney et al. [19] investigated two methods of gold deposition and compared gold
deposited by thermal evaporation and by cluster beam deposition. They reported that the two
mcthods of deposition resulted in similar deposition behaviors. However the possibility of
automatic gas phase nucleation occurring during thin film formation was not reported.

The application of the CCM to the thermal evaporation process has some practical implications.
The concept can be applied to synthesizing nanometer powders. The fact that the clusters have a
relatively uniform size arising from the presence of charge can be used to make the quantum dot
structure. The purpose of this study is to examine the: applicability of the CCM to the thin film
process by the thermal evaporation of gold. For this, we will examine the production of charge
during the deposition process, the confirmation of clusters and their behavior in relation to film
formation. In order to compare the surface morphology produced by cluster growth with that
reported for gold deposition by other researchers, film topography as a function of substrate
temperature is also reported.

-2 EXPERIMENTAL

A two-chamber system was used for the simultaneous observation of both a thin film and isolated
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clusters. The system consists of an upper and a lower chamber, which arc separated by a 1-mm ¢

orifice. The lower chamber was evacuated by a rotary and diffusion pump, which resulted in .
differential pumping to a pressure of 0.067 Pa and 1.33 Pa in the lower and upper chamber,
respectively, before the commencement of evaporation.

A 40 mm-length gold wire (0.2 mm in diameter, 99.99 % purity, Electron Microscopy Ser\'icés,
Washington USA) was placed in a tungsten basket used as a hot filament (The Nilaco Corporation, |
Tokyo, Japan). The basket was then placed in the upper chamber as shown in Fig. 1. In the case of

experiments with a time duration > 120 s and for current measurements, 100 mm-length gold wire -
was used instead. Two transmission electron microscopy (TEM) grids (Electron Microscopv-::
Sciences Washington USA, amorphous carbon support film on a 200 mesh Cu grid) were placed i m__

the apparatus, one 25 mm directly below the orifice in the lower chamber and the other, 15 mm .
below the tungsten filament in the upper chamber. Therefore, the distance of the TEM grid in the °
upper and lower chamber was 15 and 40 mm below the filament, respectively. The substrate»
temperatures were 298 or 713 + 20 K, measured by a thermocouple. The experimental time duration
ranged from 10 to 300 s. | | .

A constant filament temperature of 1523 or 1773 + 25 K, determined by a thermocouple, was used -
in these experiments. During the experiment, the pressure increased to 6.67 Pa in the upper chan)bgfr
due to gold cvaporation and thermal cxpansion and remained largely constant throughout ‘the'»
experiment. For TEM samplc, preparation. at 1523 K, the exposurc times were 15, 30, 120 and 300 s.'
for the lower chamber and 10, 15, and 30 s for the upper chamber. In the upper chamber, a thin filin
began to form after 30 s, which made it difficult to observe by TEM (Hitachi. H-9000NAR).

lherefore for the time ‘periods of 30, 120 and 300 s, Si wafer substrates were placed 15 mm below
the hot-filament in the upper chamber and subsequently analyzed by scanning electron microscopy
(SEM, Topcon SM 720) At 1773 K the exposure time was 30 s and instead of a TEM grid, a mica
strip was placed m the lower chamber to allow for the simultancous observation of a film and
clusters, The mica smp was observed by both TEM and atomic force microscopy (AFM, Park

SCJenuﬁc Instruments Autoprobe CP).
3. RESULTS AND DISCUSSION

3 I.A.:(,onjzrmatzon 9f Charge

i nfirm that charge is produced during the thermal evaporation of gold at 1523 K, the
electnc currents with and without gold in the W basket at 1523 K were compared. A bias voltage
was apphed from 20 to + 10 volts between the electrode and the ground to determine the charge
: polanty The résults showed that a positive charge was produced by gold evaporation. The positive.
vcharge_suggests gold ionization, and this reflects the existence of the low ionization potential of

-materials that are easily ionized at high temperatures. However, such appreciable atomic ionization
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was not expected to have occurred in this case, as the temperature was too low to overcome the
atomic ionization potential of gold, which is'~ 9 ¢V [19]. This indicates that ionization alter
clustering occurred as clusters have an ionization potential close to the work function of the bulk
metal, (~ 5 eV for gold) [19]. This sﬁg'gests that both charged and neutral clusters may nucleate in
the gas phase and this observation may apply in other metal evaporation systems. The current at -
20 V was found to be ~ 100 nA per cm?® If it is assumed that the current comes from charged
clusters and that the cluster velocity is 100 m/s. the number density of clusters in the gas phase is

estimated to be ~ 10* /em?.
3.2 The observation of gold clusters up to 300 seconds at 1523 K

3.2.1 upper chamber

Fig. -1 shows a comparison between TEM samples of gold deposited in the upper chamber with the
cxposure times of 10, 15 and 30 s. A cluster size (2.4 £ 0.2 nm) is observed on samples afier 10
and 15 s (Figs. 1(a) and (b)). No lattice fringe was observed by high resolution TEM and these
clusters are thus thought to be amorphous. The number density of clusters was ~ 4 x 10"/mm’ at 10
s and increased to ~ 7.5 x 10"/mm" after 15 s. In order to estimate the number of gold atoms in cach
cluster, a hemispherical shape approximation was assumed. It was estimated that the 2.4 + 0.2 nm
clusters containcd approximately 250 + 50 atoms. After 30 s the cluster size and size distribution
increased to 12.0 £ 9 nm with none smaller than those observed in Figs. 1(a) and (b). All clusters
detected on these samples (Fig. 1(c)) had no observable lattice fringe and thus concluded to be
amorphous.

There are two facts that suggest that the clusters did not nucleate on the substrate but formed in the
gas phase. One is the highly uniform size distribution in Figs. 1(a) and (b), which is not expected by
continuous nucleation and growth on the surface. The other is the increase in number density
- without an appreciable increase in cluster size with time between 10 and 15 s. From this it appears
that the large clusters in Fig. 1(c) did not form in the gas phase but grew by the deposition of small
clusters. When clusters on the substrate continue to grow by the deposition of small clusters, they
impinge each other, thereby making a film. At longer times, the presence of this film made TEM
observation on TEM grids difficult. Therefore, SEM observations on Si wafers were done.

SEM photomicrographs depicting the thicrostructural evolution of a éold thin film from 0 to 300 s
are shown in Fig. 2. After 30 s exposure in the upper chamber, the grain/particle size of the thin
film is approximately 10 nm, which is consistent with TEM observations shown in Fig. 1(c). The
grain size increases to approximately 20 ~ 30 nm after 120 s and between 50 ~ 100 nm after 300 s.
This suggests that the film was produced by cluster depo.sition.'ln order to confirm that clusters
make the thin film observed in Fig. 2, in the next section, cluster deposition in the lower chamber
-~ will be discussed. |
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3.2.2 lower chamber

Figs. 3(a - d) show the clusters captured on TEM grids in the lower chamber after 15, 30, 120 and
300-s deposition time, respectively. F'ig's.:3(a) and (b) show clusters landing after a short exposure
time (15 and 30 s). Figs. 3(c) and (d) show clusters landing after a long exposure time (120 and 300
s). As Figure 3 represents separate time duration areas, the discussion will be divided into short
time duration (15 and 30 s) and long time duration(120 and 300 s).

In the short time duration, at both 15 and 30 s, small clusters (5.0 £ 0.3 nm) were observed with the
number density on the 30 s sample (=~ 5 x 10" mm™) being approximately twice that of the 15 s
sample (= 3 x 10"mm™). It can be argued that these clusters were not formed in the pas phase of the
upper chamber but were formed during the adiabatic expansion of the vapor after being extracted
through the orifice. If this were the case, the cluster size should be smaller than those observed in
the upper chamber since the supersaturation is much higher during adiabatic expansion. However.

the cluster size in the lower chamber was double that in the upper chamber.

The increase in the cluster size in the lower chamber has an important implication regarding cluster.
properties. The clusters may increase in size by the attachment of gold atoms during expansion but
this effect cannot be so high as to explain the doubling in size. The clusters extracted ‘into the lower
chamber would undergo cnergetic flight of high momentum because of the pressure difference
between the ‘upper and the lower chambers. After clusters impact on the substrate with high
momentum,.the clusters appear to become flat. That is, the shape of clusters in the upper chamber is

A sphcncal or hemlspherlcal but those in the lower chamber have a disc shape. Therefore, the increasé
'zm c[ustgr radius i in Figs. 3(a) and (b) compared to that in Figs. 1(2) and (b) may not come from the
'lnqrcase-ln the number of atoms but from a shape change.

,ugtms 1s_true ‘the. result shows that small clusters have liquid-like properties in deformation, which

those in the upper chamber (approximately 4 atoms for the hermspherlcal clusters) The cluster size
dld not increase over the whole 30s penod This suggests that the cluster size in the upper chamber
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Fig. 1(c) would be the initial stage of film formation by the cluster deposition.

The results of Figs. 1 and 3 confirm that clusters were formed in the upper chamber. However, it is
difficult 1o understand the clustering process, considering the relatively long mean free path in the
reactor during the process. The supersaturation ratios for precipitation of gold after evaporation at
1523 K are ~4.9 x 10" and ~ 1.1 x 10'°at 473 K and 573 K, respectively, at the distance 1 cm away
from a spherical gold source of 1 mm ¢.  Although the supersaturation ratio is very high, the
mean free path is small. In an initial vacuum of 0.01 torr, the mean free path of gold atoms at 1523
K and 473 K is ~ 6.1 and 1.9 cm, respectively. Even after the pressurc increase to 0.02 torr after
filament heating to 1523 K, the mecan free path at 473 K is ~ 1.0 cm, which is comparable to a
distance of 1.5 cm between the tungsten basket and the substrate. Considering the mean free path,
clustering of a few hundred gold atoms is not expected. One possibility is that there is a high
temperature gradient between the filament and the orifice. A high temperature gradient would
promote clustering by increasing the supersaturation with increasing distance away from the
filament. In order to measure the temperature gradient, the temperature of a substrate placed in the
upper chamber, insulated from the water-cooled wall, was measured and was found to be only~
323 K (measured by thermocouple). Another possibility is that the electric charge generated during’
cvaporation may be related to clustering. A charged atom or cluster induces the image force of
attraction with a neutral atom.

Figs. 3(c) and (d) show clusters landing in the lower chamber after 120 s and 300 s exposure ti'nbiev.
respectively. Here in both cases, a bimodal distribution of gold clusters can be seen. The average
size of the smaller clusters after 120s exposure was 2.0 £ 0.2 nm with a number density of = 9){;10"
mm. The larger size clusters were 8.0 + 3.0 nm in size with a number density of = 6 x 10’ mm?>,
The number of atoms / cluster was estimated to be approximately 95 £ 30 and 11000 - 80000 atoms,
respectively. At 300 s, the size distribution and number density of the larger clusters appeared to bc
constant. However, the smaller clusters increased in overall size to (3.0 + 0.2 nm), which
approximates to 160 % 40 atoms per cluster. The number density also increased to =~ 1.4 x 10" mm?,
The size of the smaller clusters observed at 120 and 300 s are smaller than that observed in the
lower chamber at 15 and 30 s. Furthermore, in both cases the small clusters had a uniform size.

In order to explain the observation of the bimodal distribution, coulomb interactions between two
spherical conductors, charged with the same sign, should be considered [8].

po e gend qelnd
| dre,d’ 47:5? (d - 132)' 4;[&',,(d 2 r;)'

+ ey (1)

where the sphere of radius r, has a net charge q, and the other of radius r, has charge q,; d is the

133



distance between the centers and 1/4ng, the permittivity. In this case, small clusters would be singly
charged due to the high barrier for the removal of more electrons. The equation shows that the
teraction changes from repulsion to attraction as the size d;itTercnce between two clusters
increases. For example, if r, >> 1, and thus 1, =» d, the interaction between the large and the small
particles charged with the same sign can be attractive. In this case, the aitraction will increase as qQ,
increases. This analysis shows that the interaction between charged clusters of similar size tends to
be repulsive while that between small and large ones can be less repulsive or even attractive. In the
case of these experiments, the length of time (120 and 300 s) or high temperature (increased
evaporation flux) can enable some clusters to grow in the gas phase. In this situation, larger clusters
would grow by attachment of small ones while small clusters, which are continuously being
produced, maintain their size. In the situation where there is sufficient time for growth, the presence
of the bimodal size distribution seen in Fig. 3(c) and (d) and the large clusters seen in Fig. 4(b). can
be explained by considering the Coulomb interaction between charged clusters, the length of time

that the clusters spend in the gas phase and the evaporation flux.
3.3 TEM and AFM ()b.ferx'ali()h.v of Deposition at 1773 K

In order to analyze further whether large clusters can form in the gas phase, the effect of increasing
evaporation flux i.e. increasing the filament temperature was investigated. For comparison, Fig. 4
show clusters deposited in the lower chamber for 30 s at. 1523 and 1773 K, respectively. This
experiment was conducted for only 30 s as it was found that at 1773 K at 0 torr, after approximately
60 s, all the gold had evaporated. Fig. 6a shows the uniformed sized clusters, 4.3 + 0.3 nm seen in
Figure B(b), that were deposited at a filament temperature 1523 K. - Increasing the temperature to
1773 K (Fig. 6(b)) resulted in an increased number of clusters (3.4 x 10" mm™), size and size
distribution (6.0 + 4.0 nm). It should be noted that in a high flux environment, the potential for gas
phase nucleation is much higher due to a lower the mean free path and higher temperature gradient.
With this higher flux and lower mean free path, there is a higher potential for cluster formation and
growth in the gas phase. This means that larger clusters with a larger size distribution would be
expected, which is exactly what is observed. A similar result with diamond cluster formation was
reported where in a high flux :environmcnt, the size distribution and mean size was much larger than
in a low flux environment. In their experiments, altering the carbon concentration changed the flux
[7]. In this section, modifying the filament temperature alters the flux.

3.4 Surface Topography _ofThin Films

This report also aimed to confirm whether gold clusters could produce a thin 111m. The report thus
far has shown that wheﬁ using a two-chambered CVD apparatus at 1523 K, only clusters in the
lower chamber were captured on a TEM grid with no significant growth by the atomic unit being -
observed. In this section, By--iribreasing the evaporation flux (i.e. increasing the filament temperature
to 1773 K), thereby inér'casing the production rate of clusters, a thin film can be produced in the
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lower chamber. However, as a 1-mm ¢ orifice separates the two chambers, there will be more
deposition directly under the orifice than further away. Fig 4(b) shows deposition in the periphery of
deposition. In the center, a film was observed. As clusters were confirmed in the lower chamber, it
can be concluded that these clusters make up the film. Having identified that clusters produce a thin
film in the lower chamber, it may be érgued.thal the film produced by clusters is somehow different

from that produced in single chamber experiments.

Therefore it is necessary to show that the thin film produced in the lower chamber at the center Q_f _
deposition, by clusters is the same as reported by other researchers. Liu er al. [21] reported an.
extensive study on the effect of different parameters on the topography of gold films deposited 0'1_1_ 
mica. In their study on the effect of temperature, they reported that at room témperatufe (298 K), a_
typical topography of a gold film was that of a ‘rolling hill’. At 713 K, depending on the ﬁlm
thickness, the topography consisted of long channels. Hence, it -was aimed to compare. tHe'
topography of films produced by clusters in the lower chamber at room temperature and 713 K,.
where the topography would be expected to be significantly different [21,22]. | B

Fig. 5 shows typical topographies of thin films deposited in the lower chamber at room temperature
and 713 £ 20 K (Fig. 5(b)). At 298 K, the film indeed has a ‘rolling hill" morphology similar to that
produced in other studies. At 713 K the topography had changed to a hilly 1opography with long _
channels (Fig. 5(c)), which is also in agreement with Liu er al. [21]. Both TEM and AFM results

showed that none of the films were porous suggesting that the majority of clusters were charged..
Neutral clusters undergo Brownian coagulation, which would result in a poroﬁs skeletal fractal-like
structure. Hwang er al. [1] suggested that the landing behaviors of charged and neutral clusters-
would be similar to the deflocculation and flocculation of colloid particles, respectively. Overall it

can be seen that charged gold clusters produce the thin films presented in this report.

4 CONCLUSIONS

Gold deposition by thermal evaporation was studied in a two-chambered CVD system in order to
determine if the CCM applies. The presence of nano-meter sized gold clusters was confirmed ij;
TEM. The charge on the clusters was found to be positive. These charged clusters appear to be the
major flux for film formation. This work has also shown that gold thm films deposited on a mica
surface in the lower chamber at room temperature resulted from the eplta;\xal sticking of 4 ~ 10 nm-
clusters. The topography of these films was similar to those reported prev1ously under similar’
‘conditions. These nanometer sized clusters resulted from gas phase nucleation in the upper chamber:
and were transferred to the lower chamber via a 1-mm orifice to produce the film. The highly
uniform size of gold clusters is attributed to the presence of charge and might be applied to quantum
dot fabrication. Thin film growth by charged clusters appears to be a very general mechanism. L
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FIGURE CAPTIONS

Fig. 1: Showing a comparison between TEM samples of gold deposited in the upper chamber with
the exposure times of 10 (a), 15 (b) and 30 s (¢). '

Fig. 2: Showing SEM photomicrographs depicting the microstructural evolution of a gold thin film
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from O to 300 s.

Fig. 3: Showing clusters captured on TEM grids in the lower chamber after 15, 30, 120 and 300-s
deposition time, respectively. Figs. 5(a) and (b) show clusters landing after 15 and 30s, respectively.

IFigs. S(c¢) and (d) show clusters landing after 120 and 300s, respectively.

Fig. 4: Showing clusters deposited in the lower chamber for 30 s at 1523 (a) and 1773 K (b),

respectively

Fig. 5: Showing typical topographies of thin films deposited on mica in the lower chamber at room
temperature and 713 + 20 K compared to a reference mica strip . At 298 K, the film indeed has a_
‘rolling hill" morphology similar to that produced in other studies. At 713 K the topography had

changed to a hilly topography with long channels.
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