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Ionized Cluster Beams: Physics and Technology
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Ionized cluster beam (ICB) deposition has been used to form thin films of metals, insulators, semiconductors
and organic materials which have unique characteristics when compared to films formed using other techniques.
In addition, the use of gas-phase atoms in the form of accelerated clusters has recently shown promise for surface
modification applications. A fundamental understanding of ICB deposition and related techniques requires investi-
gations of (1) the mechanisms which lead to the growth of large vapor phase clusters, (2) techniques for determin-
ing the size distribution of large vapor clusters, (3) the initial stages of film nucleation, (4) film growth morphology
related to lattice mismatch and ion beam parameters. Clarification of the role of clusters in ICB deposition has
been greatly aided by atomic scale imaging by transmission electron microscopy and scanning tunnel microscopy
in the early stages of film growth. Emphasis is given to the formation of high-quality, epitaxial metallic films.
Several applications of ICB films with respect to microelectronics, optical mirrors, compound materials and organ-
ic materials are discussed with emphasis on the special characteristics of ICB films. Applications for gas-cluster

processing are reviewed.

KEYWORDS:
device, optical device

1. Introduction

Cluster beam formation was first observed in 1951
during a study of intense molecular beams produced at
low temperatures.” Becker et al.? found that a beam
composed of clusters of atoms could be formed in the
supersonic expansion region of a nozzle flow. lonized
cluster beams from gases were initially applied for fuel
injection into thermonuclear plasmas. The cluster
beams reduced space charge problems and therefore
could be injected into the plasma through a strong mag-
netic wall. The beams produced were intense with com-
paratively low energy-per-atom values.? Since the
energy of the accelerated clusters was too small for use-
ful applications for fuel injection into thermonuclear
plasmas, cluster beams were not used in technological
fields until those from solid materials were explored as
a thinfilm deposition technique.? Ionized cluster beam
(ICB) techniques for thin-film deposition were first de-
veloped at Kyoto University in 1972% and subsequently
several applications have been scaled up for industrial
use. The physical properties of clusters, which consist
of two to several hundred atoms, are not the same as
those of either liquids or gases. Clusters represent in-
stead a new form of matter. Cluster beams are useful
tools for the investigation of the fundamentals of solid-
state physics, chemistry and related materials
science.? This study opens up a new field of materials
science which bridges the gap between individual
atoms and condensed matter.

ICB techniques have been developed in two im-
portant application fields. One is film deposition by ICB
from solid-phase materials and the other is surface
modification by gas-phase materials. Figure 1 shows an
illustration of an ICB deposition system. In ICB deposi-
tion, the material to be deposited is contained in a cruci-
ble with a small nozzle. The crucible is heated to raise
the vapor pressure of the material to several Torr or
even tens of Torr. The material escaping through the
nozzle undergoes adiabatic, supersonic expansion and a

cluster, ionized cluster beam, deposition, epitaxy, migration, large misfit, surface modification, electron

fraction of the atoms condenses into clusters. Clusters
generated in this fashion are quite large, containing
200-1000 loosely bound atoms. A fraction of the vapor
stream is subsequently ionized by electron impact and
accelerated to a few kV to bombard a substrate for the
growth of thin films. In the original ICB deposition
method, effective use was made of beams of singly
ionized clusters containing 10>-10% atoms, in which the
constituent atoms had a kinetic energy of the order of a
few eV.

ICB depositions have been carried out with a wide
variety of materials: metals, intermetallic compounds,
semiconductors, oxides, nitrides, fluorides, and
organic materials. A principal characteristic of ICB
deposition is that high-quality thin films are formed at
low substrate temperatures. In many cases, films
deposited by ICB have superior density, adhesion,
smoothness and crystallinity, electrical characteristics,
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Fig. 1. Schematic diagram of the ICB deposition apparatus.
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etc., as compared with films deposited by conventional
evaporation or sputtering techniques. An early dramat-
ic example of ICB applications is the low-temperature
deposition of epitaxial films on substrates having a
large lattice mismatch, e.g., growth of Al on Si.” The
possibility of forming other epitaxial films on large lat-
tice mismatch substrates has subsequently been investi-
gated. The epitaxial growth of metal and ceramic films
(Al, Au, Cu, Al,O;, TiO; etc.) on various substrates
(Si(100), Si(111), Ge(111), Al,05(0001), CaF,(111),
GaAs(100)), and the formation of epitaxial multilayers
(Si/A1/A1;05, Al;03/A1/A1,0;) have been studied.®

Metal films formed using ICB methods have been
found to have extraordinary atomic smoothness, and to
exhibit relatively defect-free electrical characteristics.
Applications of these novel deposition techniques in-
clude formation of high-performance contacts and
metallization for advanced integrated circuit (IC)
devices,? and high-reflectivity mirrors for soft X-ray op-
tical systems'® and excimer lasers.!V

Gas-source ICB for surface modification has also
been developed.' In this case, the cluster material is
not necessarily deposited on the surface but provides a
high energy-density bombardment and offers many pos-
sibilities for new and unique applications in surface
processing. The gas-source cluster beams can be used

in sputtering and chemical etching of the substrate .

material, for making surfaces smooth, for shallow im-
plantation of cluster material, and for cluster-activated
chemical deposition.

In this paper, we review the recent progress and sta-
tus of ICB techniques for deposition and surface
modification.

2. Calculations and Measurements of Cluster Sizes
in Supersonic Expansion Vapors of Metals

2.1 Formation mechanism of large clusters during
supersonic expansion

Although it is well established that large clusters of
gas atoms can be created by condensation of supersatu-
rated vapor produced by adiabatic gaseous expansion
through a small nozzle into vacuum, the formation of
clusters from metallic vapors is not as well understood.
We have shown that a supersonic metallic vapor is pro-
duced simply by heating the material to a sufficient tem-
perature so that its vapor pressure is high enough to
result in so-called pure vapor expansion through a suita-
ble nozzle.

Figure 2 shows translational velocities determined
from time-of-flight (TOF) measurements on free jets of
Ag vapor at various source temperatures.13) The
dashed lines show various values of the translational ve-
locity u attained in isentropic (thermal equilibrium) ex-
pansions at various values of Mach number M given as

u=(ykTo/m[(y—1)/2+M 22, (1)

where the Mach number is the ratio of translational ve-
locity to sound velocity, « is the ratio of specific heats
at constant pressure and volume (equals 5/3 for a
monoatomic vapor), k and T, are Boltzmann’s constant
and the source temperature respectively, and m is the
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Fig. 2. Translational velocity of Ag clusters measured using the
time-of-flight method. The broken lines indicate translational
velocities attained in isentropic expansions at the Mach numbers
indicated.

mass of a vaporized atom. In every case, the ejected
vapor attained supersonic translational velocities. The
corresponding Mach numbers of the vapor increased
with increasing source temperature. Moreover, as the
nozzle size increased, the velocity also increased, in-
dicating the enhanced conversion of thermal energy to
streaming kinetic energy as expected for gas expan-
sion.'® Figure 3 shows the translational temperature
(effective temperature of the vapor atoms along the
direction of the jet) in the free jets of Ag vapor as deter-
mined from the distribution of the translational veloci-
ties. In every case, it was much lower than the source
temperature and decreased as the nozzle diameter and
source temperature increased, showing the expected in-
crease in Mach number with increasing source nozzle
size. These results clearly indicate the occurrence of su-
personic expansion which should lead to high degrees
of supersaturation in view of the fact that the source
vapor is initially saturated. Similar velocity analysis of
Ag atoms evaporating from an open crucible, i.e., Lang-
muir evaporation, indicated that the translational tem-
perature was nearly equal to the crucible (source) tem-
perature and thus demonstrated the absence of any gas
dynamic expansion.

2.2 Simple calculation of cluster size in supersonic
vapors

We have employed the standard theory of homogene-

ous nucleation to the case of metal cluster formation.

This approach is valid because of the results shown in

Figs. 2 and 3, which show that metallic vapor beams ex-
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Fig. 3. Translational temperature of Ag clusters measured using
the time-of-flight method.

panding through the nozzle have typical supersonic ex-
pansion characteristics, resulting in adiabatic cooling.
However, according to the discussions of classical
nucleation theory by Stein,'® metals show little ten-
dency to condense due to their high surface tension o
(0(107®*N/m) for Al:865, Ag:957, Ar:13.12 and
N:11.77 near the melting temperature).'® On the other
hand, in 1983, we pointed out that the barrier heights
and nucleation rates for metals are similar to those of
gases in spite of their high ¢.'” This result comes from
the fact that the nucleation barrier height is character-
ized mainly by o/kT instead of o alone, where k and T
are Boltzmann’s constant and temperature, respec-
tively.

Classical nucleation theory shows that the Gibbs free
energy change AG for the formation of a cluster of
radius r is given by

4
AGZ—'?TW'T'3'(]CT/VC)'1I1S+47T'7"2'0', (2)

where V. is the molecular volume in a cluster, T is the
vapor temperature, and S is the saturation ratio P/Pew
of the vapor pressure P to the equilibrium vapor pres-
sure Po. With the assumption of a thermally stable
steady state, the nucleation rate J for cluster formation
can be expressed by

J=K-exp (—AG*/kT), (3)

where K is a factor which varies much more slowly
with P and T than does the exponential term.
Frenkel™ gave K as

K=(P/kT)* V.-(20/7m )" (4)
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In addition, AG* is the maximum value of AG with
respect to r, and from eq. (2), it is given by

AG*=(AG )max=16 10 3/3[(KT/V,)-In S 2. (5)

Since AG™ depends on ¢ raised to the third power in
eq. (5) and appears in the exponent of the nucleation
rate expression, the value of J is quite sensitive to o
variations. This observation has led to the oversim-
plified conclusion that materials of high o-are more
resistant to the formation of clusters than materials
with low 0. The actual situation is, however, more
subtle. Figure 4 shows the calculated dimensionless
nucleation energy AG/kT that must be overcome to
add an atom to a cluster of radius r for several materi-
als. The calculation was made according to eq. (2) by
choosing a vapor temperature T, which gives a super-
saturation of S=100 (i.e., the vapor pressure in the ex-
panding jet is 100 times the equilibrium vapor pressure
at that temperature). We also choose the source pres-
sure to be the typical value of P,=10 Torr. The surface
tension of a small droplet is known to be slightly differ-
ent from the value for a flat plane. However the exact
value for a small droplet is not yet known. Therefore,
in this calculation, the flat plane value o« was used. In
spite of the high values of ¢ for metals, it is found that
with the exception of Hg, the nucleation energy barri-
ers of metals are not high as compared to gases, be-
cause values of o/kT (10 m?) are comparable for
metals and gases; for example, a value of 6.7 is
obtained for Al, 5.6 for Ag, 1.1 for Ar and 1.4 for N. In

H Py =10Torr
g S =100
60} Ar T =TC

AG/KT

Fig. 4. AG/kT as a function of cluster radius for several materials.
(from eq. (2)) The source pressure and the saturation ratio are
fixed at P,=10 Torr and S=100, respectively. T, is the vapor tem-
perature which gives a supersaturation of S=100.
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addition, J is not sensitive to variations of S, because S
appears as a logarithmic function in eq. (5).

The formation process for metal clusters during a su-
personic nozzle expansion was simulated by combining
classical nucleation theory with one-dimensional flow
equations. A cluster was assumed to grow from an em-
bryo of critical radius at the maximum value of AG.
The growth rate, determined by the difference be-
tween the rates of impingement and re-evaporation of
atoms per unit area, is given by

dr/dt=(¢/p.)(P/2nRT **—P,/(27RT)"?),  (6)

where £ is the sticking coeflicient, p. the density of the
cluster, T. the temperature of the cluster, and R is the
gas constant. P, is the saturated vapor pressure at the
cluster surface and is given by Thomson’s equation'®
as

P.=Pw-exp (20/p.RT.T). (7

The one-dimensional flow equations for the conserva-
tion of mass, momentum, and energy are given as fol-

lows:
i) ®
Wt oo, ©)
and
uj—z+(1—u)cp %g=h;gj—:: (10)

where p is the vapor density, A the cross-sectional area
of the flow, u the velocity, 1 the mass ratio of the con-
densed phase to the vapor phase, ¢, the specific heat of
the vapor, hs, the latent heat of condensation and z is
the axis along the flow direction. In order to obtain the
flow temperature, flow pressure, cluster size distribu-
tion and cluster/monomer ratio, these equations were
solved using Adams’ method.? In a typical ICB
source, where the vapor is ejected through a short noz-
zle and is allowed to expand freely, the flow field cannot
be described properly by one-dimensional equations
such as eqs. (8)—(10). In these calculations, the cross-
sectional area of the flow was arbitrarily assumed to be

D [1+ (2x-tan (9/2)>2]7 (11)

A__Tl'
T4 D

where z is zero at the nozzle throat, D is the throat di-
ameter, and 6 is the flow divergence angle. D and 6 are
fixed at 2 mm and 30°, respectively, because our Al
film formation experiment showed that the angular dis-
tribution of the film thickness deposited using the 2-
mm nozzle had a full width at half-maximum of about
30°.

Figure 5 shows the result obtained by solving egs.
(8)-(11) for normalized flow temperature T/T, and flow
pressure P/P, for Al. Py and Ty are the source pressure
and source temperature, respectively. As P, increases,
the promotion of cluster formation is indicated by the
increase in the normalized flow temperature relative to
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Fig. 5. Variations in the normalized flow temperature T/T, and
pressure P/P, for Al vapor expansion along the flow axis for differ-
ent source pressures P.

the isentropic value (shoulder in Fig. 5). This increase
is caused by the release of heat (hs,) during condensa-
tion. Figure 6 shows the calculated result of the cluster
size distributions for Al at a distance of 6 mm from the
throat for different Py. The cluster size increases with
increasing Pp. The simulation shows that the formation
of large clusters begins at the upstream position of the
throat.

Figure 7 shows the calculated variation of mass
fraction of clustered material along the flow axis. As
expected, this mass fraction increases with increasing
Po. The effects of variation in the values of £ and ¢ on
cluster formation calculations were also estimated.
The change in the cluster/monomer ratio during expan-
sion for different values of £ and ¢ was not significant.
Since the amount of vapor condensation was in-
sufficient to reduce P significantly along the jet path,
neither the vapor flow conditions nor the fraction of
clustered material changed markedly along the vapor
path.

106 -
. Al D=2mm, § =30, 6 =6x, £=1.0
t Py =10Torr
2
= 107
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(2]
=z
Ll
Q 408
)]

o)
<<
=
10

10 102 103 104
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Fig. 6. Cluster size distribution in the Al cluster beam for different
source pressures Py.
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Fig. 7. Mass ratio of clustered material to total irradiated beam,
for an Al cluster beam along the flow axis.

Similar calculations have been performed with Ar
and other gaseous materials, and compared with the
metal vapor results. The results obtained using
homogeneous nucleation theory imply that metal vapor
is more likely to form clusters compared to gases under
comparable expansion conditions. By a rough estima-
tion under practical operation conditions, for example
Py=a few Torr and D=2 mm, large clusters comprise
more than a few percent of the mass fraction in the
beam.

It is important to note that some metal vapors may
contain a considerable proportion of polyatomic species
even at thermal equilibrium, while common gases do
not. For example, mass spectrometric measurement of
ionic species in Ag vapor indicates that more than 70%
of the spectrum consists of Ags, Ags, and Ags.?" This
implies that formation of clusters for some materials
may start in polyatomic species. This observation im-
plies that clusters are formed more easily in metal
vapor than in gases. Although the presence of polya-
tomic species in metal vapors complicates the theoreti-
cal analysis of cluster formation, the above simple treat-
ment provides good insight as to mechanisms of cluster
formation.

2.3 Measurements of cluster size in ICB

A number of different approaches have been used to
determine the cluster size distribution: retarding field
measurements,?*?¥ TOF mass spectroscopy,? and
transmission electron microscopy (TEM) of low
coverage deposits.*” However, these experiments have
failed to provide consistent results for the cluster size
distribution and the cluster/monomer ratio. In the fol-
lowing section, recent measurements of cluster size dis-
tributions will be shown.
2.3.1 Retarding potential measurements

If large clusters aggregate during the expansion
from a nozzle, the clusters will have a kinetic energy
proportional to the cluster mass. Because all atoms are
moving at approximately the same axial velocity due to
the supersonic expansion, clusters formed from them
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must have a similar velocity. These kinetic energies
can, at least in principle, be measured by ionizing the
clusters and measuring the current on a collecting elec-
trode as a function of the retarding potential. For typi-
cal metal vapors at ICB temperatures, the kinetic
energy per atom is from 0.1 to 0.2 eV, hence a 1000-
atom cluster in a singly charged state will require a
retarding potential of 100-200 V to stop its motion.
We assume that the cluster ion is singly charged, be-
cause doubly and highly charged cluster ions will be
broken up by Coulomb repulsion.

Figure 8(a) shows the results for Ga at a crucible tem-
perature of 1670 K, which was obtained by Sosnowski
et al.?® A cylindrical nozzle of 1 mm diameter and 4
mm length was used. When the ionizer is turned on,
the current decreases rapidly with increasing retarding
potential in the negative range. The current in this
range is due to the presence of monomer ions. No vol-
tage-dependent current is observed in the positive
retarding-potential range, which indicates that there
are no large (energetic) clusters in this experimental
condition. On the other hand, Fig. 8(b) shows the
results at a crucible temperature of 1970 K. In this
case, although most of the ions are still monomer ions
(hence the current still drops sharply at a retarding
potential of almost zero), an appreciable amount of cur-
rent remains at positive retarding potentials, caused by
large cluster ions with high thermal energy. This cur-
rent decreases gradually with increasing energy, to van-
ish into the background at 200 V. The cluster size
range is estimated by taking into consideration that the
atoms emerging from the nozzle have kinetic energy on
the order of kT=0.17 eV while the clusters with N
atoms-have NNV times that energy. This simple argument
indicates a cluster size of up to 1200 atoms with an
average size of 100/0.17=600 atoms. This is consist-
ent with the homogeneous nucleation model which
predicts generation of large clusters at vapor pressures
in the range of tens of Torrs. The total number of
atoms in the cluster portion of the beam can be calculat-
ed by summation of the atoms for each cluster size. It
is estimated from Fig. 8 that the mass flux of the
cluster portion is a large fraction of the total flux.
2.3.2  Time-of-flight (TOF) measurements

Pulsed electron impact ionization®?® and pulsed
laser ionization2® have been used as starting signals in
TOF measurements. In a TOF study of Ag from a
graphite crucible, excimer laser photoionization was
used.?® ArF laser pulses (193 nm), 15 ns in duration at
a repetition rate of 50 Hz were applied for ionization.
The acceleration field was oriented normal to the direc-
tion of the neutral beam. The crucible, which had a
cylindrical nozzle of 1 mm diameter and 1 mm length,
was heated in a temperature range of 1700 K to 1950
K, corresponding to Ag vapor pressures of roughly 2 to
30 Torr. After a field-free flight of 20 cm the ions were
collected (without multiplication). The amplified cur-
rent transient was recorded and averaged in a transient
digitizer.

The photon energy of ArF laser light (193 nm) is 6.4
eV, which is lower than the ionization energy of Ag
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Fig. 8. Retarding potential measurements of current from an ICB Ga source: (a) at 1670 K, (b) at 1970 K. The equilibrium
vapor pressures of Ga at these two temperatures are 1.7 and 31 Torr, respectively. Note the change in current scale be-

tween (a) and (b).23)

atoms (7.57 eV), but well above the work function of
bulk Ag (4.6 eV), thus increasing the sensitivity for
ionization of clusters relative to single atoms. With the
assumption that all clusters are ionized and collected,
Fig. 9 shows the total number of atoms in clusters in
- the given ranges of cluster sizes for different deposition
rates. The results show that about 0.07% of the Ag
atoms coming from the crucible were detected as
clusters with more than 25 atoms (N>25).

2.4  Summary of cluster size determinations

Calculations of cluster formation during supersonic
expansion of metal vapors through suitable nozzles
have been performed by combining simple homogene-
ous nucleation theory with one-dimensional flow equa-
tions. The results indicated cluster sizes of up to 1000
atoms, with clusters composing a few percent of the
total beam. Retarding potential measurements for Ga
cluster beams agreed with these predictions, whereas
time-of-flight measurements for Ag cluster beams by
pulsed laser ionization gave somewhat smaller cluster
sizes and fractions of the total beams.

There are several reasons for uncertainty in cluster
size measurements. In many cases, there are problems
in cluster detection. The most common method used to
detect ions involves the ejection of electrons from a
metal surface and amplification by a secondary electron
multiplier. However, for efficient detection of clusters,
very high kinetic energies must be applied, because the
electron yield depends on the amount of energy per
atom in the cluster. Therefore, cluster ions which con-
sist of a few hundred to a thousand atoms produce a
very small current, even though each cluster ion con-
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Fig. 9. Total numbers of atoms in clusters with N>25 in different

ranges of cluster sizes. Each range spans a factor of 2. All atoms in
the volume intercepted by the laser are assumed to be totally
ionized and collected by the detector.

sists of many atoms. Another problem in the detection
of large clusters is that the ionization of the cluster
beam by electron impact or laser irradiation can cause
fragmentation of the clusters. This fragmentation can
be enhanced by the very high temperature of the grow-
ing clusters which is caused by the latent heat released
by cluster growth during the expansion. The clusters
can be cooled by evaporation only after they have en-
tered the high-vacuum region. Gspann estimated a final
temperature for the clusters which is much higher than
the melting temperature.® Although there is no sup-
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porting evidence to date, rapid evaporation from large
clusters in this high-temperature state might be sig-
nificantly enhanced by electron bombardment and laser
irradiation for ionization. Consequently, in future ex-
periments, the methods for ionization and cluster detec-

tion must be carefully considered. We conclude that

there is ample evidence for the presence of large metal
clusters in supersonic evaporation jets, but that more
measurements are required to establish the cluster size
distribution.

3. Nucleation and Surface Mobility during Initial
Stage of Film Deposition by ICB

3.1 Nucleation processes

The early stages of Ag film formation on C sub-
strates have been compared in terms of nozzle source
evaporation (“‘ICB’’ case) and open source evaporation
(“MBE” case), using TEM observations.?® Surface
migration of deposited Ag atoms was suppressed by
performing the depositions at 77 K and encapsulating
the deposited Ag with evaporated C films prior to warm-
ing to room temperature. Figure 10 shows island di-
ameter distributions measured using TEM at 77K
from a nozzle source and an open evaporation source.
The average diameter of Ag islands from the nozzle
source was approximately 20 A from the initial ex-
posure until the density of islands increased to the
point of coalescence into a continuous film (with
average film thickness >2 A). On the other hand, Ag
atoms deposited from the open source crucible formed
islands whose average diameter increased steadily
throughout the course of the film deposition. Figure 11

(a) NOZZLE SOURCE (b) OPEN SOURCE
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Fig. 10. Island diameter distributions measured by TEM of

carbon-encapsulated Ag films deposited at 77 K from (a) a nozzle
source and (b) an open evaporation source.
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Fig. 11. The mean diameter of Ag islands deposited by a nozzle
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is a plot of the mean diameter of the Ag islands as a
function of the mean layer thickness measured from
Fig. 10. In the nozzle source case, the mean diameter
of the islands was constant at approximately 20 A at
the beginning of the deposition. However, in the open
source experiment, the mean diameter of the islands in-
creased continuously. These results suggest that in the
nozzle source case film formation started by direct
deposition of clusters, and in the evaporation source
case, film formation involved nucleation and growth of
nuclei from captured migrating adatoms. Experimental
results without encapsulation after Ag deposition are
also shown in the figure. Since there was no difference
between the two cases, the islands were stable over the
temperature range of observation.

Similar results were obtained from scanning tunnel-
ing microscopy (STM) images of Au atoms deposited
on graphite in UHV at room temperature.?>?® The char-
acteristics of the Au atom beam were controlled by the
crucible temperature of the nozzle source. At the cruci-
ble temperature of 1920 K, the vapor pressure inside
the nozzle source was high enough for the formation of
Au atom clusters (‘“‘ICB’’ case) as the beam expanded
into the high-vacum region. At the crucible tempera-
ture of 1570 K, the Au beam consisted of individual
atoms (“MBE”’ case). Figure 12 shows the results of
Au deposition under ICB conditions. The number of
Au islands increased with the deposition time and the
mean size of the islands remained constant during the
early stage of the deposition process. Nucleation sites
with random shape were not observed. Moreover, sin-
gle atoms on the substrate were not observed. Single
atoms which bombard the substrate may re-evaporate
because they are not stable until they form large em-
bryos greater than the critical size for nucleation. From
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Fig. 12. STM images of gold deposited by the ICB method (source
temperature 1920 K, no acceleration) after various deposition
times for high magnification (top) and lower magnification
(bottom).

Table I. Estimated values of numbers of incident atoms and ad-
sorbed nucleation density for ICB deposition of Au onto graphite.
The total number of adsorbed atoms in the nuclei, the sticking
coefficient and the ratio of number of clusters to incident atoms are
calculated using the above estimated values.

3.5x10" atoms/cr‘n2
7.8 X10°/cm?
1.4 % 10" atoms/cm?

Density of incident atoms (1.5 s)
Nuclear density (1.5 s)

Density of adsorbed Au atoms (1.5 s)
Adsorption possibility

< ﬁDensity of adsorbed atoms) £.0%
Density of incident atoms 0%
Density of clusters
0.02%

Density of incident atoms

the STM image of films deposited by a neutral ICB
beam, information on the probability of island forma-
tion was obtained, as shown in Table I. For the deposi-
tion time of 1.5 s, the density of nuclei obtained from
the STM image was 7.8 X 10'%/cm?2. Therefore, the den-
sity of adsorbed Au atoms was calculated to be approxi-
mately 1.4 %10 atoms/cm?, assuming that an island
contained approximately 180 atoms, estimated from
the island diameter for hemispherical islands.?® On the
other hand, the density of incident Au atoms is about
3.5 % 10" atoms/cm? for a deposition rate of 0.4 A/s.
From these numbers the initial sticking coefficient is
calculated to be 0.04. Since the nucleation density is
about 7.8 X 10'%/cm? which is a typical value observed
in films formed using various deposition methods, the
ratio of the number of nuclei (equal to the number of
clusters) to the number of incident atoms is 0.02%.
A comparison between ICB and MBE depositions
was performed using higher-resolution STM observa-
tion, as shown in Figs. 13(a)-13(c). For the ICB condi-
tions, nearly hemispherical Au islands were found on
the graphite surfaces as shown in Fig. 13(a), even for
the briefest beam exposure times. The island diameter
was approximately 20 A, comparable to the TEM
results for Ag shown in Fig. 11. For accelerated beam
deposition, the Au islands were broken up and conse-
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Fig. 13. Comparison Between neutral ICB and MBE deposits of Au
at the initial stage of the nucleation process. STM images show Au
islands formed by (a) neutral ICB, (b) ICB at 3 kV, and (c) MBE.

quently were well oriented to the structure of highly
oriented pyrolitic graphite (HOPG) substrates as
shown in Fig. 13(b). These well-oriented islands lead to
the epitaxial growth of ICB films.

In the STM images of the MBE deposition, it was
difficult to locate any atomic-scale nucleation sites on
the substrate after short exposure to the beam. The cre-
ation of atomic-scale embryos at the initial stage of
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nucleation required at least a few minutes because of
significant re-evaporation. As shown in Fig. 13(c),
many small nuclei of random sizes were found, but
large, round islands such as those of Fig. 13(a) were not
observed. Comparison between the ICB and MBE
cases suggest that, in the case of ICB, islands were
formed by the direct deposition of clusters. It was also
found that even for a small fraction of clusters in the
beam, the island formation process was significantly
altered.

STM analysis of the early stages of ICB deposition of
Au on graphite shows that a metal film is nucleated in
the form of ‘‘instant islands” by cluster impact.
However, the film growth characteristics differ greatly,
depending on the cohesiveness and mobility of the
atoms in the cluster. For the case of ICB deposition of
‘Al on Siand SiO,, large-scale surface migration of adat-
oms is observed. Measurements of Al migration on
Si(111)® and various forms of Si0,*® have shown
strong anisotropic diffusion effects on Si(111) and de-
pendencies on substrate temperature and ICB accelera-
tion voltages.

These dependencies on cluster-substrate parameters
have recently been modeled in terms of the cohesive
energy of clusters and the properties of the substrate
materials. According to Hsieh and Averback,®” the fol-
lowing explanation is possible. In the case of Au and
Ag, because of their large cohesive energy, impinging
clusters form island directly with very little surface
migration. In contrast, in the case of Al, because of a
relatively small cohesive energy, impinging clusters
easily break up on the surface of substrates, leading to
enhanced surface migration, which will be discussed in
the following section. In all these cases, however, the
impinging clusters result in the formation of stable
nuclei on the substrates.

3.2 Adatom migration

Adatom migration on the substrate surface is one of
the most important mechanisms for control of film
growth. The migration effect helps the adatoms to in-
teract with each other and to form stable nuclei. It also
helps to increase the rate of growth and coalescence of
islands. Enhanced migration effects have been ob-
served during Al deposition on a partially shadowed
Si0, substrate.®® Figure 14 shows the result of the diffu-
sion distance measurements of Al on two kinds of SiO;.
One type of substrate was a high-temperature oxide
(HTO) prepared by steam-oxidizing Si wafers at
900°C. The other type of substrate was a low-tempera-
ture oxide (LTO) prepared from a plasma source by
deposition onto a Si wafer at 425°C. The diffusion dis-
tance of Al increases as the acceleration voltage in-
creases at low substrate temperatures. This tendency
continues until 200°C; however, by 400°C the trend is
reversed, because re-evaporation of migrating atoms at
higher substrate temperatures reduces the adatom
dwell time on the substrate. As shown in the figure, the
surface condition influences the diffusion distance. The
HTO surface is extremely smooth compared with the
LTO surface, and the diffusion distance on HT O is larg-
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Fig. 14. Surface diffusion distance of Al on two kinds of SiO, as a
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Fig. 15. SEM images of Al crystallites condensed on Si(111) sub-
strate under the mask.

er than that on L'TO.

The migration of Al atoms on Si surfaces in connec-
tion with Al epitaxy on Sisubstrates has also been stu-
died. ICB depositions of Al on Si(111) substrates were
performed through a stainless steel mask slit at the sub-
strate temperature of 400°C.*” Figure 15 shows the
SEM images of Al deposited at the slit and under the
slit cover. The size and shape of islands are different at
different distances from the mask edge. The Al diffu-
sion distance under the mask was examined using a sur-
face profilometer, SEM observation and Auger elec-
tron spectroscopy (AES) line scans across the Al strip
deposit. Diffusion distances as large as 13 to 17 um
were obtained even at the substrate temperature of
50°C.

The adatom migration process for ICB deposition
was clarified by computer simulations. Figure 16 shows
the simulated impact of an Al cluster consisting of 500
atoms accelerated at 5keV towards a Si(111) sur-
face. In this calculation, we used the Moliére potential
and considered three collision events: collision between
two moving particles, between a moving atom and a
target atom and between a moving atom and an intersti-
tial atom. This simulation shows that the cluster im-
pact results in an increase in the parallel velocity
component for Al atoms, and that the enhancement of
surface migration is possible.

Miiller®® performed a molecular dynamics simulation
of ICB deposition using the pair-wise additive and
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Fig. 16. Simulation of ICB bombardment at t=0.25, 0.5 and 1.0
ps, where a 5 keV Al cluster consisting of 500 atoms impinges on a
Si(111) surface.

spherically symmetric Lennard-Jones potential, thus
simulating cold clusters. His calculation showed that
ionized clusters accelerated above a threshold energy
have the potential to form almost defect-free,
homoepitaxial thin films, due to impact breakup of the
clusters. More recently, Hsieh and Averback®” exam-
ined the collisional dynamics between clusters and
substrates using molecular-dynamics
simulations.

3.3 Summary of ICB film nucleation and surface
mobility

TEM and STM observations of nuclei formed during
ICB deposition of Ag and Au show that clusters of
about 20 A diameter are deposited directly, in contrast
to conventional evaporation, where smaller nuclei are
formed before growth. At higher cluster beam ener-
gies, the deposited clusters break up, causing im-
proved epitaxy. In the case of ICB deposition of Al, the
clusters break up on impact (because of the smaller co-
hesive energy of Al), causing enhanced surface migra-
tion of Al atoms. This enhanced surface mobility is im-
portant for the growth of smooth epitaxial films. These
results show that film growth is affected greatly by the
properties of the deposited clusters, such as cohesive
energy, cluster temperature, surface tension and kinet-
ic energy. Interactions with the substrate are also clear-
ly important, as will be discussed in §4.

4. Interface Formation and Epitaxy

4.1 Interface effects

The initial deposition stage plays an important role
in the formation of an interface. An in-situ X-ray
photoemission spectroscopy (XPS) analysis of the
interface characteristics was conducted during the ICB
deposition of thin Au films on Si substrates.*”
Although the formation of a stable Au/Si interface is
known to be very difficult,* ICB bombardment is ex-

computer
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pected to have a marked influence on the interface char-
acteristics.

Figure 17 shows a comparison of the core level shifts
of Si 2p and Au 4f XPS peaks as a function of Au
coverage for different ion acceleration voltages V,. The
Au 4f peak shifts towards lower binding energies with
increasing Au coverage, while the Si 2p peak shifts
towards higher binding energies. In the case of no ioni-
zation and no acceleration of the beam (neutral) this
trend is in agreement with the results reported from
conventional evaporation experiments,*” and is ex-
plained as Au~Si interaction in the initial stage of film
formation. When an acceleration voltage V, was ap-
plied at 3kV, on the other hand, the Si 2p signal
showed a negligible peak shift at relatively low Au
coverage. This shows that silicide formation was sup-
pressed during Au deposition on the Si surface under
this condition. The Au 4f peak approached the bulk
value more quickly. It is not understood why the 3 keV
energy causes these particular effects. Figure 18 shows
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Fig. 17. Si2p and Au 4f core level shifts plotted as a function of Au
coverage on Si for different ICB acceleration voltages.
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Fig. 18. Energy separation between two main peaks of the Au 5d
state.
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the energy separation between the two Au 5d peaks as
a function of Au coverage. The energy separation of
the films deposited at V,=0kV indicates that Au is in
an almost isolated state up to about one monolayer of
coverage. With application of an acceleration voltage
at V,=2-3kV, however, the energy separation is
closer to the metallic bulk value at one monolayer.
These results suggest that the film-substrate interac-
tion is suppressed and film formation in ICB is initiated
by a metallic-bonding (cluster) deposit, because the in-
terface is stable.

4.2  Growth morphology

Due to enhanced nucleation and adatom migration,
ICB permits the formation of unique epitaxial films.
For example, single crystal Al films are formed on Si,
in spite of a lattice mismatch of 25% . Our detailed anal-
ysis showed that the Al films exhibit three-dimensional
growth during the initial stage. The crystal orienta-
tions at this stage are as follows:

A1(100)/Si(111), Al[011]/Si[211] denoted as A1(100),
A1(100)/Si(111), A1[011]/Si[110] denoted as A1(100)’,
and ,

A1(100)//Si(111), A1l011]//Si[121] denoted as Al(100)”.

- That is, A1(100) planes grow on Si(111) surfaces with
the A1[011] axis parallel to the Si[211] axis, the Si[110]
axis, or the Si[121] axis.

As the deposition proceeds, growth of the Al film
becomes two-dimensional with Al(111) planes parallel
to the Si(lll) substrate surface. The film growth proc-
ess was studied by in-situ AES and ezx-situ SEM obser-
vations. Figure 19 shows the ratio of peak-to-peak in-
tensities of the Auger signals corresponding to Alkry
(1396 eV) and AlLyyv (68 eV) transitions as a function of
deposition time for Al films grown at room tempera-
ture. Due to the greater escape depth for the KLL
Auger electrons, the signal ratio indicates whether the
growth morphology at the initial deposition was three-
dimensional or layer-by-layer. The result shows that
layer-by-layer growth is enhanced with increases in the
acceleration voltage.

During the later growth stages of Al films deposited
on Si(111) substrates by ICB, transmission electron
diffraction (TED) and reflective high-energy electron
diffraction (RHEED) studies have shown that the Al
films grow epitaxially with the following orientation:

Al(111)/si(111), Al[110]/Si[110].

This layer-by-layer growth strongly influences the
resultant film structure.*” Figure 20 shows TEM im-
ages of Al films deposited at different acceleration
voltages V.. As shown in Figs. 20(c) and 20(d), the
number of boundaries and dislocations decreases with
increasing V,. The grain boundaries that are seen as
Moiére patterns in Fig. 20(d) indicate low angle grain
boundaries. The neighboring grains have a small mis-
orientation of around 1° with respect to each other.
(These boundaries are markedly different from the
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Fig. 20. TEM images of Al films deposited on Si(111) by ICB at
different acceleration voltages. The films were deposited at acceler-
ation voltages of (a) 0 (neutral), (b) 1kV, (c) 3kV and (d) 5kV.
The marker indicates 200 nm.

grain boundaries in polycrystalline films, which contain
sharp straight-line boundaries with triple points.)
These boundaries vanished completely after annealing
of the film at 400°C for 30 min in vacuum, and an
almost perfect single crystal Al(111) film was obtained.

Figure 21 shows a cross-sectional image of the Al/
Si(111) interface taken at the National Center for Elec-
tron Microscopy at the Lawrence Berkeley Laboratory.
No damage due to ICB bombardment is seen at the in-
terface. Moreover, lattice distortion near the interface
occurs over only a small number of atomic layers. It is
seen from this figure that the epitaxial growth is per-
fect, with four Al interatomic spacings matching every
three Si interatomic spacings (aa=2.86 A, a5;=3.84 A).
No dislocations are seen for this lattice accommoda-
tion. These results show that stable and abrupt junc-
tions are created using epitaxial ICB films. In the case
of vacuum-deposited Al films, the interface exhibited
triangular pits caused by alloy penetration.* AES
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Fig. 21. Cross-sectional TEM image of the interface of an Al film
deposited on Si(111) by ICB.

depth profiling of the Al/Si interfaces also showed that
the film deposited by ICB has a sharper interface.®

In contrast to the Al films on Si(111), those de-
posited on Si(100) substrates by ICB have a bicrystal
structure described by the following epitaxial relation-
ships:

Al(110)//Si(100), Al[001]/Si[011] denoted as A1(110)
and
A1(110)//Si(100), Al[110]/Si[011]

denoted as AI(110)R.

The two Al crystals are rotated 90° relative to each
other. Figure 22 shows TEM images of Al films on
Si(100). The dark and light areas represent the or-
thogonal film structures of Al(110) and A1(110)R crys-

200nm

—

100 nm

Fig. 22. TEM images of an Al bicrystal film deposited on a Si(100)
" substrate by ICB. The markers indicate 200 nm for (a), and 100
nm for (b).
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tals, respectively. The as-deposited films have grain
boundaries with smooth curves in random directions.
Upon annealing at 500°C, the grains become larger and
the boundaries become faceted. Figure 23 shows a
cross-sectional image of the Al/Si(100) interface. The
micrograph exhibits a rigid and undamaged interface,
as has been found for Al/Si(111). The bicrystal bound-
ary is almost perpendicular to the Si substrate.
Recently, a high-resolution TEM study at Lawrence
Berkeley Laboratory was carried out for Al/Ge films
fabricated using ICB.*® TEM pictures at the Al/Ge in-
terface reveal that the interfaces are relatively flat and
there is no evidence indicating atomic interdiffusion be-
tween the film and the substrate. Figure 24 is a Moire
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Fig. 23. Cross-sectional TEM view of ICB Al(110)/Si(100) inter-

face.

Fig. 24. Moiré pattern produced by superimposing a high-resolu
tion micrograph of the Al/Ge interface with a standard net, indicat-
ing the absence of atomic relaxations at the interface. The Moiré
period in the Al is indicated.
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pattern used to emphasize the pattern of elastic strain
distribution. The Moiré analysis shows that there is
very little distortion of the pattern in either the Al or
Ge lattice, indicating no relaxation of the structure.
Figure 25 contains schematic diagrams of (a) rigid and
unrelaxed lattices with mismatch, (b) strained lattices,
and (c) lattices relaxed into a periodic misfit dislocation
array. For epitaxial film growth on different lattice con-
stant materials, the structures shown in Fig. 25(b) or
25(c) are generally formed to release the strain energy
at the interface. However, in the case of Al/Si and Al/
Ge films obtained by ICB deposition, the films were
deposited as a rigid and unrelaxed structure, as seen in
Fig. 25(a). A summary of the epitaxial growth of Al on
various kinds of substrates is given in Table II, where a
is the lattice constant of the substrate, 6 the lattice mis-
match of Al on various substrates, and A the mismatch
resulting from the variations in matching invoked to ac-
commodate the lattice mismatch.

Lu et al.*” used a similar deposition method for Al
films on Si substrates but emploied a partially ionized
beam. During the deposition process, Al ions, which
constituted 0.3% of the atom flux, bombarded the sur-
face which was kept at 1 kV. The deposition rate was
10 A/s. The film was annealed at 450°C for 30 min in
an N, ambient. The film showed an orientation of
AI(110)//Si(110) which was similar to that produced by
ICB. Heteroepitaxial deposition of Al on Si has also

Fig. 25. Schematic illustration of three possible interface struc-
tures: (a) rigid, (b) strained and (c) relaxed into a periodic misfit dis-
location array.

Table II.
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been studied using electron beam evaporation in a
UHV chamber,*® a CVD method called gas-tempera-
ture-controlled CVD,* and the bias-sputtering
method.?® Al epitaxial growth, performed using these
methods, could not be achieved at room temperature,
in contrast to ICB deposition. '

Extensive work has been done at the Lawrence
Berkeley Laboratory in an attempt to understand the
factors that control the film quality and orientation
relationship in heteroepitaxial growth. Thangaraj et
al.’V studied geometrical models based on the near-coin-
cidence-site lattice (near-CSL) concept as the criterion
for heteroepitaxial growth. For parallel epitaxy of Al
on Si, the direct mismatch which is calculated from the
lattice constant of Al and Si is 25%. However, the
near-CSL criterion shows that 3 unit cells in a Si(111)
plane are almost equivalent to 4 unit cells in an Al(111)
plane. In this comparison there remains only a 0.5%
mismatch (Table II). Figure 26 shows a schematic illus-
tration of the near-coincidence site lattice match. The
above interpretation could be adopted to explain the
epitaxial growth of Al on Si by ICB (see Fig. 21).

4.3 Summary of epitaxial growth by ICB deposition
In spite of a 25% lattice mismatch between Al and
Si, perfect epitaxial layers of Al can be deposited onto
Si(111) by ICB at room temperature. The Al layers are
not strained, and the interface is abrupt, in contrast to
deposition in other systems and by other deposition
techniques. A bicrystal structure was obtained for Al

a

Fig. 26. Superimposed (111) planes of Si and Al where: (a) the
direct mismatch between the lattices is 25%; (b) a near-perfect
coincidence exists between every 3 Si spac ings and every 4 Al
spacings. At the symbol V, Al atoms coincide (see also Fig. 21).

Lattice constant a, crystal structure, and lattice misfit 6 of Al films on various substrates. The possible types of

matching to accommodate the lattice misfit and the resulting misfit A are also indicated for the specified substrate

planes. For Al, a=4.049 A, and the structure is f.c.c.

Substrate a (A) Structure 6§ (%) Plane Matching A (%)
. . (111) 3:4 match —0.5
Si 5.428 Diamond —25.4
(100) daxoon) tO dsio1n) 5.5
CaF 5.463 Flourite —25.9 (111) 3:4 match —-1.2
2 : : (100) : ‘
. (111) 5:7 match 0.2
Ge 5.658 Diamond —28.4
(100) da010) 0 dae(o1n) 1.2
GaAs 5.653 Zincblende —28.4 (100) dao10) t0 deansiory) 1.3
Sapphire 4.759 Hexagonal —14.9 (0001) Al-to-Al match 4.0
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deposited onto Si(100) surfaces. Similar results were
obtained for Al deposition onto Ge using ICB.

5. Applications of ICB Films

ICB deposition has been applied to preparation of
various kinds of thin-film materials. These include semi-
conductors, metals, dielectrics, and organic materials.
Recent review articles®” and symposium reports®
have described in detail areas of application and
specific film results. Only a few particularly novel appli-
cations will be discussed here.

5.1 Electronic devices

Progress in the development of VLSI devices has
been achieved by a reduction in lithographic dimen-
sions coupled with a corresponding decrease in vertical
dimensions. Aluminum metallization has been widely
used for contact electrodes and interconnects.
However, many problems associated with the elec-
tromigration lifetime, contact stability (e.g., junction
spiking), corrosion resistance, and multilevel capability
have arisen with the reduction in the device size.

The use of single-crystal or epitaxial Al films has
been proposed in order to reduce the integration size
threshold of VLSI circuits.? Figures 27(a) and 27(b)
show 100-keV Ga* scanning ion micrographs of Al
films deposited by ICB and by conventional sputter
deposition at the surface and at an intermediate depth
(afew monolayers) in the film. The pictures at the inter-
mediate depth were obtained after etching the Al sur-
face by continuous Ga* beam exposure. As shown in
the figure, with sputter deposition, grain structures

ICB deposition

Sputter deposition

(a)

(b)

(c)

Spm

8th sequence

Fig. 27. Scanning ion micrographs (100 keV-Ga't) of Al films on Si
substrate deposited by ICB (left) and by conventional sputtering
(right) showing (a) the surface (b) the intermediate region, and (c)
a pattern etched by a scanned Ga ion beam.
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could be seen near the film surface and at the intermedi-
ate depth, whereas for the epitaxial ICB film, the micro-
graph is featureless, showing an extremely flat surface
with no grain structures. Furthermore, in the micro-
graph of the intermediate region of the epitaxial Al
film, no grain structures could be observed. Figure
27(c) shows etched patterns formed by a scanning Ga,
ion beam at the middle of the substrate. The micro-
graph indicates that the etched surface of epitaxial Al
is relatively smooth compared to that of the film
formed by sputter deposition.

Epitaxial films are more resistant to heat cycles and
to corrosion, because residual chemicals remaining in
grain boundaries after etching can be eliminated. Prob-
lems related to electromigration and stress migration
can also be eliminated because these problems are
related to diffusion along the grain boundaries. Several
unique characteristics of ICB single or epitaxial Al
films are described below.*¥
5.1.1 Interdiffusion

It is commonly recognized that in the integrated cir-
cuit structure, the diffusion of Si in pure Al films is en-
hanced by the polycrystalline nature and imperfections
of the Al film. For an annealing time of 30 min at the
temperature of 550°C, the diffusion length for Si in
thin Al film is reported to be 83 um (diffusion constant:
D=3.5%10"%cm?/s).*” The Si solubility at 500°C is
about 0.9%. (Auger analysis shows a detection limit of
0.1% for Al in Si.) However, in epitaxial Al films
deposited on both Si(111) and Si(100) substrates, de-
tectable amounts of Si could not be seen by AES after
annealing at 500°C. Though the Al film on Si(100) was
an epitaxial film with two microcrystals, the results
were similar to those of single-crystal Al on Si(111) sub-
strates.

5.1.2 Morphology

Changes in the morphology of the surface and the in-
terface after annealing at 500 °C for 30 min were exam-
ined by SEM. No annealing hillocks or valleys are seen
on the surface of the epitaxial Al film. At the interface
of the sample prepared by conventional vacuum deposi-
tion, there are many deep pits and undulations caused
by so-called alloy penetration, while no irregularity can
be seen at the interface of the ICB-deposited sample.
5.1.3 Electromigration

The electromigration in an epitaxial ICB Al(111) film
on Si(111) has been tested. A 400-nm-thick Al film was
chemically etched onto 10-pm-wide, 1000-um-long
strips. They were stress tested with a current of 10° A/
cm? at 250°C. There was no change in resistance even
after 400 h of operation, in contrast to sputtered Al
films, which normally fail at 10° A/cm? after 20 h.%
The electrical resistivity of 2.7 u2-cm for the 400-nm-
thick film was comparable to the bulk value.

5.1.4 Contact

In conventional metallization techniques, recrystalli-
zation of Si that has been dissolved in Al causes such
problems as an increase in contact resistance and
destruction of the junction. Schottky contact character-
istics were studied for ICB epitaxial Al films. Al/n-
Si(0.7 Q-cm) junctions of 1 mm diameter were fabricat-
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ed and the current density-voltage (J-V') characteris-
tics were measured before and after annealing at 450,
500 and 550°C. Figure 28 shows the change in the
Schottky barrier height and ideality factor (n) of the
junction. The barrier height and the n value are around
0.73 eV and 1.17, respectively. The barrier height and
n value change by 0.03 eV and 0.02, respectively, while
in the case of the Al-Si junction fabricated using con-
ventional deposition techniques, changes of more than
0.1 eV and 0.1, respectively, have been reported.® It
is thought that the dissolution and/or the recrystalliza-
tion of Si are suppressed in the epitaxial Al films.

An infrared scanning internal-photoemission micro-
scope’ was used to measure the Schottky barrier
height, g@g. The laser beam is transmitted through a
single-mode fiber which has a core diameter of 5 pym,
collimated by an infrared objective lens and then fo-
cused on the Al/Siinterface. The advantage of internal
photoemission measurements is that they are not
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affected by ohmic backside contacts and leakage
currents around contact areas.

Figure 29 shows the maps of barrier height (g®g) for
two types of ICB epitaxial Al (on Si(111) and Si(110)),
and vacuum deposited Al on Si(110), measured using in-
frared scanning internal photoemission microscopy.
The Si substrates used are of the n-type, and the resis-
tivity is about 10 2-cm. The values of @5 are differ-
ent, indicating relatively high values of q®s for the
deposited epitaxial Al contacts. Since the resultant
energy accuracy is estimated as 20 meV for the barrier
height of 0.8 eV, the difference is larger than the
experimental error. The epitaxial Al/Si films show
Schottky barrier heights which are greater than those
of the conventional depositions (Fig. 29(c)).

The lower value of the Schottky barrier height for
the conventional Al-Si contact is due to the interface
layer formed on the substrate. Similar results are
reported for Cu and Ag, where exposing a cléaved sur-
face to oxygen before evaporation results in a sig-
nificant decrease in the barrier height. The presence of
an oxide layer causes interface defects, i.e., band gap
states which pin the Schottky barrier height at the cen-
ter of the band gap. In contrast, the epitaxial Al film on
Si(111) has few interface states caused by defects or
interface layers, as shown in the cross-sectional TEM
images. The Al films grown on Si(110) may have some
interface states caused by defects on the substrate.
Thus the finding that the Schottky barrier height of
epitaxial Al/Si samples exceeds that of conventional
Al/Sisamples indicates that reduction in the number of
the interface states leads to an increase in the Schottky
barrier height.

According to the theory proposed by Ménch,*® ori-
gins of the defect pinning states are classified using two
models. One is the virtual gap state (VGS) model. The
other is the defect-induced gap state (DIGS) model.
This classification is in good agreement with ex-
perimental data and reveals clearly that the defects at
the interface reduce the Schottky barrier height.
However, the value of barrier height obtained from the
internal photoemission is relatively high, especially in
the case of single-crystal Al films compared with the
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previously reported data. The barrier height was also
determined by I-V and C-V measurements.” Although
inadequacy of the ohmic contacts on the backside of Si
prohibited the absolute determination of the Schottky
barrier heights obtained using I-V and C-V properties,
it was observed that the barrier height was larger, in
the case of the near-ideal Al-Si contacts.

5.2  Optical devices

ICB deposition has been applied to the fabrication of
films which are suitable for use in X-ray and laser mir-
rors. By the use of conventional film deposition
methods, the films were usually fabricated at low sub-
strate temperatures in order to obtain a flat surface.
However, these conventionally prepared films have
shown low packing density, poor reflectivity and low
threshold damage values.

X-ray mirrors with atomically flat surfaces, and with
high reliability and durability have been deposited by
ICB in UHV.™ High-purity (99.99%) Au was charged
in a carbon crucible, and heated to 1750-1800°C by
electron bombardment. Au beams ejected from the 2
mm nozzle of the crucible were ionized and accelerated
to the SiO, substrate. The electron current for ioniza-
tion was kept at 100 mA. The acceleration voltage, V,
was varied from 0 to 5 kV. The deposition rate was
kept at 30 A/min by adjusting the crucible tempera-
ture. The film thickness was in the range of 230 to 700
A. The substrate was kept at room temperature during
the deposition. Figure 30 shows the X-ray reflectivity
of the Au films deposited at various V,. The X-ray was
Alk, at a wavelength of 8.34 A. The refiectivity in-
creases with increasing V,, and the film deposited at
V=3 kV shows a reflectivity of 95% at the incident an-
gle of 0.75°. This is 10% larger than the value calculat-
ed using Fresnel’s equation, in which the surface rough-
ness is zero and the optical constants reported by
Henke are used.’ The high reflectivity may originate
from the high density and low defect concentration of
the films. It should be noted that the spot size of the in-
cident X-rays on the reflecting surface increases with
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Fig. 30. Dependence of X-ray reflectivity on the incident angle for
Au films prepared by ICB at different acceleration voltages. The
dotted line shows the values calculated using Fresnel’s equation, in
which the surface roughness is zero and the optical constants are
Henke’s values.
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decreasing incident angle. The X-ray reflectivity
decreases rapidly at an incident angle less than 0.5° be-
cause of the length of the sample. The root mean
square roughness was calculated from the X-ray reflec-
tivity as a function of incident angle and the roughness
was 2.5 A.

An increase in the reflectivity is also observed when
the thickness of a very thin film is increased. This is
due to improved surface flatness. As shown in Fig. 31
the reflectivity is 88% at a thickness of 230 A where
the incident angle is 1.0°. This value is 8% larger than
the calculated value. It also shows that the reflectivity
does not decrease with film thickness. Film roughness
usually increases as the film thickness increases when a
film is deposited using conventional evaporation
methods. However, the film deposited by ICB does not
show any appreciable increase in the roughness as the
film thickness is increased. The Au films prepared by
ICB have good surface flatness even at a thickness of
1000 A.

Epitaxial Al films deposited using ICB on Si(111) sub-
strates have been tested for use in an excimer laser mir-
ror.™) A steam treatment test shows that the ICB-Al
film has excellent resistance against oxidation. Table.
I11 lists the reflectance of the epitaxial Al film for vari-
ous excimer laser wavelengths at different angles of in-
cidence. It should be noted that the epitaxial Al mirror
shows only a small change in reflectance with respect
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Fig. 31. Dependence of X-ray reflectivity on the film thickness for

Au films prepared at an acceleration voltage of 3 kV.

Table III.  Values of the reflectance of ICB epitaxial Al films for
various excimer laser wavelengths at different angles of incidence.

Angle of incidence

f=5° p=12° 9=45°
ArF, A=193 nm - 79 83
KrF, A=248 nm — 92 91
XeCl, A=308 nm - 92 89
XeF, A=351 nm 90 90 87
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to the wavelength and the incident angle. These results
indicate that an epitaxial Al film shows potential for
use in an excimer laser mirror under various optical con-
ditions. The radiation damage resistance of the epitaxi-
al Al film was studied by ArF excimer laser irradiation.
The Al film was coated with an MgF; protective layer.
A focused excimer laser beam was directed at the speci-
men at an angle of 2° from the normal of the film sur-
face. The laser beam was fired in a series of 1000 pulses
which was acoustooptically Q-switched to a pulse width
of 20 ns at a frequency of 100 Hz. The shots were fired
successively with increasing laser power until damage
was detected on the mirror surface. A high threshold
value (1.0 J/cm?) of laser damage was obtained with
good reproducibility. This value is considerably higher
than that for conventional evaporated Al films and is
suitable for practical use. Because the damage appears
to occur only in the MgF; film, it is expected that laser
mirrors of higher performance with a better quality pro-
tective layer can be produced using ICB.

5.3 Other applications _

ICB methods have been used to form thin films of
high-temperature superconducting materials, com-
pound and elemental semiconductors, metal oxide: ce-
ramics and organic compounds. Many of these films
have unique characteristics, such as high density, high
adhesive strength, controlled stress and well-con-
trolled chemical composition. Crystalline films formed
using ICB methods also often have unique structure
and orientation, including epitaxial alignment even for
large lattice mismatches.

Reactive ionized cluster beam (R-ICB) techniques
have been used to form thin films of YBCO and EBCO
films on SrTiO; and MgO substrates.®” In the R-ICB
process, metals such as Y, Er, Ba and Cu are evaporat-
ed from separate ICB sources and co-deposited in the
presence of a local flow of reactive gas, such as O, or
O;. Such films have a well-controlled composition, good
adhesion and high density. YBCO and EBCO thin films
have been obtained with 7. above 84 K and J. of
1.2x10% A/em® These superconducting films have
been formed at relatively low temperatures (610°C)
and some oriented films have been obtained by R-ICB
at temperatures as low as 510°C.

GaAs epitaxial layers can be grown on Si(100) using
dual-ICB sources for evaporation of As and Ga.®” The
enhanced nucleation rate of atomic beams containing
clusters allows the formation of epitaxial GaAs films on
Si at relatively low temperatures. Since the thermal
expansion coefficients of GaAs and Si differ by 60%,
lower temperature deposition results in films with
lower stress, which in turn gives improved IC device
performance and lifetimes. GaAs films have been
formed using the ICB methods with crystal quality com-
parable to that of films formed at higher temperatures
using the MBE or MOCVD method.

Epitaxial multilayers of metal-oxide insulating
materials have been formed by R-ICB on metal and
metal-oxide substrates.®® For example, epitaxial Al;Os
films have been grown on Al(111)/Si(111) substrates by
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combining Al evaporated from an ICB source with a
reactive O; gas flow directed towards the depositing
surface. The Al(111)/Si(111) substrate was itself
formed by epitaxial deposition of Al from an ICB
source onto Si(111). In spite of the 16.8% lattice mis-
match between Al(111) and ALO;, epitaxial
Al,05(0001) layers were formed at a substrate tempera-
ture of 200°C. In addition, epitaxial films of rutile-
Ti0,(200) have been grown on Al,05(0001) at 450°C by
combining ICB deposition of Ti with a beam of partially
ionized O, gas.®

Organic thin films deposited using ICB methods
often have higher density and better-controlled molecu-
lar structure than those formed using plasma-assisted
deposition methods. The crystallinity and orientation
of many organic films can be controlled to a high
degree by appropriate selection of the ICB deposition
conditions. Anthracene thin films have been deposited
on glass as large-grain crystallites which have preferen-
tial orientation of the (001) plane parallel to the sub-
strate.® These films also have superior photo- and elec-
troluminescent characteristics.

Chemically active films of porphyrin have been
formed by ICB deposition using sublimation-purified
tetraphenyl-porphyrin-Fe-chloride.’® In the ICB de-
posited films, the Cl coordination is removed which
results in a change in the oxidation state of the Fe from
+3 in the source material to +2 in the deposited film.
The presence of Fe'? complexes in the ICB deposited
film is responsible for reversible oxygenation capabili-
ties of the film.

5.4 Summary of applications for ICB films

The applications of ICB films are numerous, because
these films have greater smoothness, better epitaxial
quality and often higher density and adhesion than
films grown using other methods. In addition, greater
control over the impurity levels can be achieved be-
cause of the low growth temperatures. The wide range
of applications of ICB films includes the following: (1)
Al films deposited by ICB for metallization on VLSI
devices are almost free of grain boundaries, leading to
marked reductions in electromigration, interdiffusion
of Si, corrosion and contact resistance, as well as im-
proved thermal stability with regard to Schottky barri-
ers. (2) Au films for X-ray mirrors have exceptionally
high reflectivity (95% at an incident angle of 0.75° and
A=8.34 A), which is higher than that calculated for a
perfectly smooth surface. Al ICB films for excimer
laser mirrors show a high resistance to laser damage.
(3) Epitaxial multilayers of Al,03/A1/Si and TiOs(ru-
tile)/Al, O3 have been grown at low temperature by ICB.
(4) Progress in the formation of ICB films of supercon-
ductive YBCO and EBCO and of GaAs epitaxial layers
on Si(100) is reported. (5) Organic ICB films of anthra-
cene and porphyrin, with high density and good crystal-
linity have been grown.

6. Production of Gas Clusters and Applications to
Surface Modification

The impact on surfaces of accelerated clusters con-
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sisting of gas atoms does not normally lead to the for-
mation of a thick film of these atoms. However, the
characteristics of the bombarded surface are sig-
nificantly altered by the impact of either inert or reac-
tive gas clusters.'®%® Some applications include surface
smoothing by enhanced atomic rearrangement and
cleaning by reactive removal of surface contaminants
in atomic, molecular or small particle form. Because
significant energy in the accelerated gas-cluster beam
is delivered to the surface even though the energy-per-
atom is low (a few eV), such surface modification tech-
niques are expected to induce less lattice damage and
fewer recoil events than atomic ion processes such as
sputtering and plasma etching. At somewhat higher
beam energies, hypershallow implantation of the gas-
cluster atoms is expected. The enormously high atom
flux density of an energetic cluster impact can be ex-
pected to result in modifications of the initial state of
damage, changes in the range of the implanted ions and
perhaps suppression of effects such as deep atomic
penetration along high-symmetry directions in crystal-
line targets (‘‘channeling’’) that limit the effectiveness
of low-energy atomic ion beams for the formation of
shallow implanted layers.

Gas clusters of considerable size are formed, even at
room temperature, by adiabatic expansion from a high-
pressure region into a high-vacuum region through a
small-bore (0.1 mm) conical nozzle.®® A beam contain-
ing a large fraction of large clusters is obtained by plac-
ing a ‘‘skimmer’’ downstream, close to the nozzle and
providing high pumping speeds in this region. For the
case of CO, gas clusters, beams containing clusters
with mean sizes of 102-10° molecules (as measured by
the diffraction of a crossbeam of electrons) are’ ob-
tained in this manner.'” The mean size of the CO,
clusters increases with the source line pressure as
shown in Fig. 32.

By the use of a retarding potential filter, small
ionized clusters and atomic ions can be removed from
an ionized gas-cluster beam. Figure 33 shows the
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change in the refractive index of an amorphous Si sur-
face after bombardment by CO; molecular and cluster
ions as a function of V,. The index of refraction of Si
after exposure to a dose of 10" ions/cm? increases
strongly with V, for the impact of monomer (single-
molecule) ions. After exposure of Si to a gas-cluster
beam consisting only of CO; clusters containing 500 or
more molecules, only a slight shift in the index of refrac-
tion is observed, with no strong V., dependence. This
result and Rutherford backscattering spectroscopy
(RBS) channeling analysis of bombarded Si surfaces in-
dicate that the surface damage created by the impact
of a large gas cluster is far less than that created by the
impact of a similar number of monomer ions accelerat-
ed across the same potential.

In spite of the relatively low levels of surface
damage, the impact of accelerated gas clusters can sig-
nificantly alter the texture of bombarded surfaces.®”
Figure 34 shows the SEM image of a Cu surface
bombarded with an Ar cluster beam which had a mean
cluster size of 300 molecules and was accelerated
across a 30 kV potential drop. The figure shows that
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the Cu surface (upper portion of Fig. 34) is reshaped
into a very smooth region. This surface smoothing was
accomplished even though the energy-per-atom value
in the cluster beam was only 100 eV. One possible ex-
planation for this effect is that those atoms ejected
from the cluster in a lateral direction (lateral sputter-
ing) during the cluster impact may be especially
effective in producing a rearrangement and enhanced
migration of atoms on the surface of the target, while
introducing relatively little damage to the bulk of the
target.

The sputtering yield has been measured for Ar
cluster ion beams. A preliminary estimation shows that
the yield per Ar cluster is more than 100 times the
value for monomer ions.%"%)

Gas-cluster bombardment can be summarized as fol-
lows: a new area for the ion beam modification of sur-
faces is being explored using clusters of gas atoms. Be-
cause of the low energy-per-atom value (a few eV) in
such clusters, several new applications are feasible
such as surface smoothing, surface cleaning, enhanced
chemical reactivity and shallow implantation. Early
results have shown that mean cluster sizes of 10%-103
atoms are attained for adiabatic expansion of CO, gas
through a small nozzle at room temperature. Bombard-
ment of Si substrate by a CO; cluster beam, with
clusters of 500 molecules or more, causes almost no
change in the index of refraction, indicating very little
surface damage. Similar experiments with Ar clusters
showed that Cu surfaces became very smooth due to
the cluster bombardment, probably because of marked
lateral sputtering effects.

7. Conclusions

ICB methods have been reviewed from the viewpoint
of physics and technology. ICB deposition has previ-
ously been applied successfully for high-quality thin-
film formation of a wide variety of materials. In many
cases, deposited films were markedly superior to films
deposited using other conventional methods.

Clusters consisting of a large number of atoms can be
formed by the supersonic expansion of vapors of materi-
als which are either in the solid or gaseous state at
room temperature. In spite of the considerable effort
expended in both theoretical discussion and experi-
ment, many questions remain with respect to cluster
formation processes, cluster stability and cluster size
distribution. The uncertainties in the effects of ioniza-
tion techniques on cluster stability and the difficulties
of detection of low-energy clusters have halted many at-
tempts to obtain a consistent view of even so basic a
question as the mass ratio of large clusters to monomer
atoms. It is also quite possible that the characteristics
of cluster beams depend, in subtle and complex ways,
on the details of the cluster source system. The high in-
ternal temperatures calculated for condensed clusters
suggest that clusters are molten and likely to be quite
sensitive to collisional events with background gases,
electrons and photons. Much work remains to be done
before these issues can be understood.

On the technological side, it is clear that the introduc-
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tion of clusters containing large numbers of atoms to a
deposition beam dramatically alters the nucleation and
growth of thin films and produces films with superior
characteristics compared with those deposited by
evaporation or sputtering techniques. Atomic-scale ob-
servations have indicated the presence of islands at the
earliest stages of film deposition for ICB sources. This
suggests that the formation of ‘‘instant islands’’ result-
ing from the impingement of large atomic clusters fun-
damentally alters the film growth paths. Additional im-
portant factors include the roles of monomer self-ions
on surface reconstruction and the characteristics of the
neutral atomic flux. The interplay of this complex flux
of atoms and ions at the surface of a film grown by ICB
deposition is certainly far more complicated than that
which our existing models describe.

A gas-cluster beam system has been developed, and
the interaction between accelerated gas-cluster ions
and surfaces has been discussed. The system offers
many possibilities for new and advanced applications in
the surface processing of materials. For example, gas-
cluster beams can be used in sputtering and chemical
etching of the substrate, in hypershallow junction for-
mation, in cluster-activated chemical deposition, in an-
nealing, and in many more applications.
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