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1.0 EXECUTIVE SUMMARY

This report covers work performed on Phase I of a Small Business
Innovation Research project for AFOSR, on the topic of cluster beam deposition
of thin films. The project was intended from the outset to provide a wmuch
firmer scientific basis for cluster beam deposition than has existed to date.
Weaknesses which were apparent in the literature included: 1) the lack of
realistic fluid mechanical treatments in models of the cluster growth
environment; and 2) inadequate methods of beam characterizat. . It was felt
that Phase I work could result in significant contributions by addressing
these problem areas, due to the current interest in clusters and the unique
film structures which may be possible using cluster beams.

Modeling work performed on the project used the method of characteristics
to generate beam expansion rates, including some off-axis cases. These rates
were then used in homogeneous nucleation and growth calculations. It was
found that nucleation rates were high, but that clusters could grow very
little, due in part to the increase in temperature experienced through
condensation heating. Beam expansions calculated from the characteristics
method generally led to somewhat less cluster growth than when simple 30°
expansions were assumed, as has been common in the literature.

With condensation heating neglected, clusters of up to approximately 42
atoms could be predicted. Preliminary calculations of radiant cooling by the
clusters were performed which showed that a potentially important mechanism
has not been accounted for previously. A full treatment of this mechanism
could not be carried out within the constraints of the project but may be
treated in a subsequent publicatiom.

A general conclusion of the modeling task was that homogeneous nucleation
can probably condense no more than about 1X of the metal vapor flux into
clusters. This conclusion is based on calculations for the simple nozzle beam
sources described in the literature, and for the time being neglects the
possibility of radiant cooling.

The experimental work included the construction and testing of a complete
cluster beam apparatus, including nozzled crucibles and heaters, ionizing
stage, electrostatic energy analyzer, and fon collector. The detection
efficiency of the apparatus was determined for metal and residual gas detection
efficiencv. By such methods it was determined that a beam mags fraction of
3.7 x 1004 could be detected for all clusters in the size range of 400-600
atoms per cluster, and 5.6 x 10~4 for all clusters in the 800~1200 range.

For monoenergetic/monodisperse clusters, the limits are lower by about a
factor of ten.

A large number of experiments were run with silver and aluminum throughout
the vapor pressure regime of 1 to 16 torr. No peaks definitely attributable
to clusters were seen in the analyzer data, which would have shown clusters of
up to 2000 atoms per cluster. Thus, conditions for cluster production and
measurement were carefully controlled; if upwards to 30X of the beam can be
made into clusters as has been claimed elsewhere, they should have been
detectable.

TR-407/5-87 1




In spite of this result, it was found that the nozzled source did produce
a considerable amount of small particles which could be seen directly or with
a microscope. The conditions under which these particles were produced were
studied. These studies support a new theory of heterogeneous cluster
formation on inner crucible surfaces developed by Knauer. The heterogeneous
theory places more stringent requirements on crucible temperature control than
the homogeneous mechanism; it is possible that particles or clusters in the
desired size range could be made in a source with two or more independent
teaperature zones.

Workers at Hughes have recently seen evidence of 600 atom (3 anm) clusters
but at the 1% level or less. Omne option for future cluster deposition work is
to attempt a more rigorous crucible re-design, in order to optimize for the
heterogeneous cluster growth mechanism. Two factors persuaded us not to take
this approach further than the effort already described in Section S5.4.2: 1)
the heterogeneous theory cannot yet provide rigorous design information, and
2) intuitively, it appears unlikely that clusters formed on surfaces and then
entrained in the nozzle flow could comprise a significant fraction of the beam
mass.

An alternate approach, based on growth and transport of ultrafine
particles or clusters in a quenching gas, appears more promising in our view
and has been proposed for Phase II development. This report described a test
wvhich showed that such particles could be produced in our apparatus. The
problems of gas/particle transport and separation appear to be solvable and
are addressed in the Phase II proposal. Most of the theoretical and
experimental capabilities developed in Phase 1 work can be applied directly,
since nozzle gas flows and beam characterization will continue to be of
central importance. The great range of particle sizes obtainable with
gas—quench techniques, and the high mass utilization factor, should
significantly extend the possibilities for cluster deposition in the future.

2.0 PHASE I WORK STATEMENT

The Phase I Work Statement of research tasks 1s shown below for reference,
as given in the contract instrument:

(1) Numerically model cluster formation using nucleation theory or the
appropriate kinetic theory.

(2) Seek experimental confirmation of cluster formation in collaboration.
(3) Ascertain the charged species present in the ionized cluster beam.

(4) Attempt to deposit and characterize films using this technique.

TR-407/5-87 2




3.0 BACKGROUND OF IONIZED CLUSTER BEAM DEPOSITION

The field of cluster science i8 by now a broad one and no attempt will bde
made to review it here. However, it {8 useful to examine the context in which
cluster beam deposition developed and to comment on the current status of the
technology.

Cluster science began as a fascination with things that happen in
supersonic nozzle sources, first described by Kantrowitz and Gray (1951).
They predicted that a gas passing through a small orifice into vacuum would
cool substantially, transferring most of its random thermal energy into
forward-directed kinetic energy. This led to atomic and molecular beam
sources of high intensity. It was later found that under certain conditions a
highly supersaturated state existed in the beams, leading to nucleation and
growth of gas clusters. Typical sizes ranged from 102 to 105 molecules
per cluster. Characterization of these cluster beams became an active area of
research through the sixties and early seventies. Probably the best review of
the work through this period i8 an article by O.F. Hagena (1974).

The early and mid-seventies also saw the beginnings of a strong interest
in new thin film technologies, particularly those involving ion-activated
deposition. Taken as a class, these methods offered better film strength,
adhesion, and density. Certain drawbacks were also noted such as radiation
damage to electronic circuits during metallization processes, implantation of
ionized impurities into films, and difficulties in controlling beams with low
mass-to-charge ratios.

Work on Ionized Cluster Beam deposition was begun in this period by Takagi
and co-workers at Kyoto University (Takagi, 1975). A nozzle source similar to
those used for gas clusters was found to produce large metal clusters as
well. By charging massive clusters instead of individual atoms, it was
reasoned, one could obtain activated deposition without entailing any of the
drawbacks noted above. A typical source apparatus including cluster
ionization and acceleration components is shown in Figure 1. A number of
application~oriented papers by Takagi's group showed considerable promise for
the technique, even though the distinguishing mechanism for film growth had
not been conclusively demonstrated. The mechanism proposed by Takagl was that
of total breakup of the clusters on impact and partitioning of the cluster
energy into surface migration energy of atoms, as shown in Figure 2.

Another mode of growth involving compaction and flattening has recently
been predicted through molecular dynamics calculations (Mullei, 1987).
Examples of his results are shown in Pigure 3. The molecular dynamics
approach measures surface mobility of individual atoms, but it 1s interesting
to observe that something like a plasma sprayed coating might be possible on a
nanometer scale. This could lead to better films by reducing the tendency to
form loose columns during growth.

The results reported by Takagi began to arouse interest outside Japan in
the early eighties. ICB systems were being used on a commercial scale in
Japan and a licensing agreement with the Eaton Corporation made a system
available in the U.S. Unfortunately, the Eaton systems lacked the sort of
beam characterization facilities which most researchers required. It became
clear that laboratories interested in the potential benefits of cluster
deposition would have to develop their own techniques and equipment.

TR~407/5-87 3
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Since then there has also been some controversy regarding the possibility
of condensing metals in a pure vapor expansion. The primary difficulty is
that a great deal of latent heat must be released in forming clusters. In
most cluster sources this heat is gradually taken up by a large number of
inelastic collisions. A pure vapor can take up some of its own latent heat in
this way, but it is far easier to "seed” metal clusters in a flow of inert
quenching gas. Sources which use an oven or pulsed laser to vaporize a metal
into a gas are now a mainstay of research in the chemistry and physics of
small clusters.

Takagi has steered away from the gas—quenchi~z :dproach, possibly to avoid
the apparent complication due to gas flows. A number of phenomena such as
convection and nozzle clogging by cluster impaction must be considered.
However, these are essentially transport problems. The reliabilty and
efficiency with which gas—-quenched sources produce clusters leads us to
believe that ways should be found to exploit these as well. This has been
tried with some success by Kuiper (1981). We have proposed for Phase II work
a variant on this technique, employing a more sophisticated approach to the
problems of gas flow and control. Because larger clusters or particles
(greater than 5 nm) can also be made by such methods, the deformation mode of
film growth ghould apply (Figure 2), thus offering more radical departures
from current deposition technologies.

4.0 MODELING OF NOZZLE BEAM EXPANSION AND CLUSTER GROWTH

4,1, Nucleation and Growth Model

We have performed numerical modeling of the physical phenomena involved in
the process of nucleation when a gas expands into vacuum through a supersonic
nozzle. For a gas to condense, it has to be brought to a supersaturation
state where the pressure and temperature of the gas fall into the region of
the P-T plane where only liquid phase may exist under equilibrium conditionms.
This generally leads to some combination of gas cooling and a rise in pressure
to bring the system toward an equilibrium state. In the case of a one
dimensional gas flow through a supersonic nozzle, the thermodynamic state of
the gas {s determined entirely by the cross-sectional area of the beam if the
expansion may be considered isotropic. The cross—sectional area A(x) is
related to the Mach number M(x) by the equation

XL
2(y1)
A(x)/A0) = g%;) [?25 (1+ %—l M(x)z)] (1

where x 1s the axial distance from the nozzle, A(0) is the cross-sectional
area of the nozzle throat, and y is the specific heat ratio. From equation
(1), the Mach number at the throat is M(0)=1. M(x) can be computed if the
area ratio A(x)/A(0) is known as a function of the distance x from the
throat. The pressure and the temperature of the gas are then determined with
the following gasdynamics formulas:

TR-407/5-87 6




-v/(y=-1)
] (2)

X3 [1 + (yv1)M%/2

-1

TeT [1 + (Y-I)MZIZ] (3)

where P, and T, are stagnation pressure and temperature, i.e., pressure

and temperature at the source where the gas velocity is zero., For the flow
beyond the sonic point (x=0) the Mach number is typically greater than unity
and increases rapidly with the distance from the throat, equation (3). The
gas 18 then cooled rapidly and may reach a supersaturated state. Such
qualitative reasoning forms the basis of the explanation of the experimentally
observed phenomenon of cluster formation in nozzle beam sources.

To describe the process of cluster formation in a more quantitative way,
we have adopted the following approach. The expansion of the gas 1s assumed
to be a one-dimensional steady state flow so that all physical quantities
depend only on the variable x which measures distance from the nozzle throat.
The governing equations for the one-dimensional flow include the continuity,
momentum, and energy equations and contain the effects of nucleation as
obtained from the classical nucleation theory, as well as cluster growth due
to condensation. These equations are (Hill, 1966):

S-rlon -2 jﬂ/[l-u-u) =y -1;-"2] (4
£-r [ t—(l—u) %%—f—{] (5
o u[(lu)l‘“’ /(YM) Tii] (6)
Y ra—
& - QZ%%%+41!IA1:2 (8)
%%2- Q1%£+8111Ar (9)
R3- sr1a (10)
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In the above equations, P is pressure, T the temperature, M the Mach
number, y is the ratio by mass of liquid and vapor phases, A the beam
cross-sectional area, »h/c, T where h is the enthalpy of the gas~liquid
transition and ¢, {8 the specific heat at constant pressure, y is the
ratio of specific heats at constant pressure and volume, pp i8 the density
of the liquid, m 1s the total flow rate, I 18 the nucleation rate, r, is the
radius of the nucleating drops, u 18 the velocity of the gas, and dr?dt is the
drop radius growth rate. Q;, Q, and Q3 are auxiliary variables related
to the total number of condensed droplets and their total surface area so that
the surface averaged drop radius is

T r76;76;- (11)

We assumed that at location x, droplets with the radius r,(x) are
spontaneously created at the rate (per unit volume) I(x) given by the
classical nucleation theory (Frenkel, 1946):

2
1= ('Il,?l") v Y2ddm exp (—41|o:r /3k'1‘) (12)

where 0 18 the surface tension of the liquid, m is the mass of one molecule,
v is the volume of one molecule in the 1iquid, k is the Boltzmann constant,
and r, i8 the critical radius at temperature T and pressure P. The critical
radius 1is given by

r = 20m (13)
c or, kT LnZP7Ps)

where P (T) is the flat-film saturation pressure. The drop growth rate is
then determined from the equations relating the net mass flow to and from the
droplet surface due to condensation and re-evaporation.

dr . % (-
e (8-8,) (14)

where [ is the condensation coefficient (usually assumed to be close to
unity), and 8 and 8 are the condensation and evaporation rates,
respectively. The condensation rate is the mass flux to the surface of the
drop (per unit area, per unit time) and is given by the expression derived
from the kinetic theory

8 =P/ y(2nk T/m) (15)

Similarly, the evaporation rate is given by

aD - PD/ Yy (21 k TD/E) (16)
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where P, and T refer to the pressure of the 1iquid drop and to its
temperature, respectively. The pressure Pp 1s the pressure of the
equilibrium vapor-liquid state at temperature Tp corrected for the effects
of the surface tension for the drop with radius r:

Pp = Pg(T) exp (20u/(prkTpr)). an

The temperature of the drop is usually higher than the temperature of the
condensing vapor because of the latent heat release. This can amount to
differences of tens or hundreds of degrees, depending on the latent heat of
condensation, and thus strongly affects the re~evaporation rate. This effect
has not been accounted for in some of the recent literature on cluster beam
modeling. This points out the virtual necessity of removing the latent heat

by collisions with an inert background gas, as we plan to do in the Phase II
work. The drop temperature is computed from the following algebraic equation:

KC(I-BDTD/BT) - K(1-3) a (-;E -1)-{- C(l-BD/B) (X-I)XY_—I- =0 (18)

where K = (y1)/2(y-1) is the average specific energy of the arriving
molecules and o is the thermal accommodation coefficient which is always
close to the unity.

Finally, it is assumed that the vapor satisfies the perfect gas law
P= pkT/m (19)

which also gives a simple expression for the speed of sound
e~ JY¥In (203

and the Mach number M=u/c.

The Numerical Method

Equations (4)-(10) with (16) and (18) describe one dimensional gas flow
with condensation. To solve these equations, numerical methods must be used.
Equation (18) was solved by the bisection and secant method (Dahlquist &
3jork, 1974) and equations (4)-(10) by the fourth order Runge~Kutta method, as
suggested by Hill (1966).

The numerical method was tested by repeating some of the calculations
reported by Hill (1966) for water vapor condensing in a supersonic nozzle of
prescribed geometry. Agreement was good, predicting droplet formation of 3.7%
of the vapor with average droplet size of 17 nm. These numbers correlated
vell with experiments referenced by Hill. Area distributions for different

TR-407/5-87 9
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nozzles considered by Hill are reproduced here as Figure 4. Figure 5 shows
results of his calculations for different values of the stagnation pressure
and temperature for one of those nozzles. In FPigures 6 and 7, we show results
of our calculations for two cases denoted as 1 and 4 in Figure 5., Both
figures clearly show departures of the computed pressures from the isentropic
(lower) curves, indicating the onset of condensation. Our calculations are
also in good agreement with the results of Hill (Figure 5). The only
difference is that in our calculations, the condensation seems to start
slightly earlier. The probable reason for this discrepancy is our
approximation of the area distribution of the experimental nozzle from
Figure 4 by a parabolic expansion fitted at x=0.5 and 10cm, which leads to a
slightly higher expansion ratio than the original nozzle. Considering other
sources of discrepancy such as the possible use of different expressions for
the saturation pressure (not given by Hill) in the literature, and scatter in
the experimental data, the agreement between the two sets of calculations is
sufficient to validate our numerical code.

4.2 Vapor Flow Model

The next step was to properly calculate the rate of expansion of a free
vapor jet, an approach not yet taken elsewhere. The expansion of a molecular
beam into vacuum is very different from the flow through a long diverging
nozzle since there are no walls to keep the flow within prescribed
boundaries. This difficulty is usually circumvented by assuming that the
expanding flow has a conical shape within a prescribed apex angle of about
20-30° (Usui et al., 1985, Yang & Lu, 1986). In this research, we used two
different ways of determining the area distribution of the expanding
supersonic flows. One is consistent with the above described assumption of
the conical flow and the other determines the area distribution from equation
(1) with the Mach number obtained from the solution of the full gasdynamics
equations for the axisymmetric, isentropic flow expanding from the cylindrical
nozzle into vacuum. The latter approach, which should be more realistic, will
be briefly described below.

The flow of the metallic vapors through the orifice was modeled as a
two~dimensional axisymmetric nozzle flow using the method of characteristics.
This method provides detailed flow information, including the angular
distribution of mass flux. The calculation begins at the most constricted
part of the flow (the nozzle exit) which is the sonic point (M=1). Because
the gas flow beyond this point i8 decoupled from disturbances upstream, it is
only necessary to find P and T at M=1 to carry out the computations in the
expansion region. These quantities are obtained from equations (2) and (3)
above. While is is possible that some nucleation and growth occurs before the
sonic point, calculations by Yang and Lu (1986) indicated that subsonic
clustering was almost negligible.

TR-407/5-87 10
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The method of characteristics described by Shapiro (1954) 18 used for
exact stepwise numerical calculation of axisymmetric supersonic flows., The
flow 18 also assumed to be steady and irrotational. The method of
characteristics solves for the flow field parameters by following
right-running and left-running Mach lines (characteristics) which trace
axisymmetric compression and expansion waves. Because the waves weaken as
they move away from the axis of symmetry and strengthen as they move towards
it, the equations of motion must be integrated for the strength of the waves
as well as their location. Thus there are four unknowns to solve for at each
intersection of right-running and left-running characteristics: the axial
location x, the radial location r, the velocity V and the flow directional
angle O, The four equations for the unknowns are written in terms of koown
information at another point on the right-running characteristic and another
point on the left-running characteristic. When parameters vary along the
characteristic between the known point and the unknown point, the average
value is used.

Depending upon what additional information is known at the unknown point,
the solution of the four equations takes various forms:

(1) The basic case 18 the free intersection of two characteristics.

(2) 1f the unknown point 18 on the axis of symmetry, then r and O are known

to be zero, so the problem is reduced to two unknowns.

(3) I1f one of the known points i8s on the axis of symmetry, then a special form
of the equations for the four unknowns must be used because the equations are
indeterminate on the axis. The limit of the indeterminate value as the
characteristic approaches the axis is used.

(4) If the unknown point is on the wall, then the flow angle is known from the
wall angle. Three equations are solved for x, r, and V.

(5) 1f the characteristic runs uninterrupted from the axis of symmetry to the
wall, then yet another form of the equations is used, incorporating the limits
on the axis and the wall angle.

(6) If the unknown point 18 on the edge of the flow field, where in actuality
a mixing layer exists, then the flow velocity can be found from matching the
jet's pgfssure with the ambient pressure. This leaves three equations for x,
r, and O,

The characteristics method 18 useful only in regions where the mean free
path between collisions is small. The mean free path is inversely
proportional to the number density of the molecules and the effective
collision cross section. In the vapor above liquid aluminum at 2139 K and
20 torr, the mean free path 18 about 0.0012 cm, When the vapor is expanded
through a nozzle, however, the mean free path increases to about 0.25 cm at
the point where M=10. When the mean free path approaches the physical
dimensions of the device, further fluid flow calculations become meaningless,
since the trajectories of the molecules will be unchanged by intermolecular
collisions (a condition known as free molecular flow). Since the method of
characteristics experienced convergence stability problems at high Mach
numbers, the calculation was terminated when the Mach number exceeded the
limit for free molecular flow. This generally did not occur until the flow
was many nozzle diameters beyond the orifice.

TR-407/5-87 14




Primarily, the method of characteristics code was used to generate the
flow expansion ratio A(x)/A(0) along streamtubes for use in the condensation
computer model (as input to equation (1)). The flow area A(x) of the
streantube 18 referenced to the flow area of the streamtube at the sonic point
A(0), where the flow velocity 1s equal to the speed of sound. Figure 8 shows
several streamtube area histories from the 2-D method of characteristics
calculation compared with the usual choice of one-dimensional flow in a 30
degree cone. The 2-D area histories are seen to depend strongly on the
starting position (radial distance from centerline) of the streamtube in the
orifice. This information was used in the cluster growth code to determine
whether significant differences in the sizes or numbers of clusters should
occur off axis,

The final flow angle of the streamtubes is another useful output of the
characteristics model. This information can be used to estimate the mass
deposition rate as a function of position on a substrate. The thickness
profile of a deposited film can then be used to test the model; experimental
data showed good agreement with predictions, as will be shown in a later
section.

The mass flux of the whole orifice flow field 1s shown in Figure 9. The
length of the vectors is proportional to the mass flux = ov, where p is
the density and v is velocity. The direction of the vectors is the flow
angle. It can be seen that the orifice flow at 20 torr is peaked toward the
center but is8 not strongly directional.

Expansion ratios were calculated for P, =1, 2, 5, 10 and 20 torr, but
were found to be virtually identical for axial streamtubes. 1In reality, some
differences should appear when P, 18 a few torr or less because of boundary
layer effects in the nozzle. The nucleation and growth work gave significant
condensation only at the higher pressure, however, where such effects should
be negligible.

In Pigure 10, we present results for the area expansion ratio for aluminum
vapor expanding into vacuum through a cylindrical nozzle 1 mm in diameter. In
this figure, results computed from the axisymmetric method of characteristics
are compared with the area distribution for the conical flow of 30° apex
angle. It can be seen that within about O.5mm from the nozzle, the expansion
rate dA/dx is greater for the conical flow than for the free flow. Beyond
that point, however, the expansion ratio of the free flow is substantially
greater than for the conical flow for all stagnation pressures comsidered.

TR-407/5-87 15




AREA DISTRIBUTION ALONG STREAMTUBE

100.0

79.4 -
83.1 -
$0.1 -

38 - /
3.8 -

251 - /

20.0 )

15.8
12.8
10.0
7.9
8.3
5.0
4.0
3.2
25
20
1.8

1.3
1.0

30° Expansion

AREA RATIO (A/AQ)

T L) A

0.20 0.40
OISTANCE ALONG STREAMTUBE (CMm)

Pigure 8. Areal expansion of streamtubes vas. initial
radial starting distance from nozzle centerline.

™R-407/5-87 16




[ nanuqq
]
L ' t 1 * ! Pt
' Y t !
. 1!
\ ' X \ \ d a a 4 * q
\ \ / ﬂ
\ \
\ \
\
T M

Be
Centerlin

Distribution of mass flux in free

nozzle expansion from 20 torr crucible,

Pigure 9.

17

TR-407/5-87




103
. M r=20 1080
: ® 30 ANGLE
2
103
o p
m -y
~ e
m -
l
]05
]
0
10 || T = T T T T T
0 .1 o2 | o4 o5 .6 o7 | .9 1.0
X
o
Figure 10. Beam expansion near centerline ss calculated dy
characteristics method with P, = 20 torr. 30° curve is
expansion 1f uniform conical flov is assumed, ®
®

TR-407/5-87 18




4.3 Results of Calculations

We chose aluminum as a working material in our numerical simulations
because the experimental work was initially focused on aluminum vapor beams.
Table I contains our primary results. In this Table under the heading "Flow"
we have: flow through diverging nozzles, as studied by Hill; conical flow into
300; and free expanding flow calculated by the method of characteristics.

Po and T, are the crucible stagnation pressure and temperature, d is the
nozzle diameter, and u is the mass fraction of vapor which condenses into
clusters. The last two columns, ry and r¢, give the initial radius of
clusters which nucleate at the throat and their final radius after reaching
the end of the computational zone, respectively. Besides the cases listed,
calculations were also performed for aluminum at P, = 1, 2, 5, and 10 torr,
and for off-axis streamtubes., All of the cases shown are for flow near the
beam axis.

In Figure 11, we present results for temperature (normalized to the
stagnation value) as a function of the distance from the nozzle for the
stagnation pressure P, = 20 torr, the nozzle diameter d = 0.1 cm, and a
conical flow of 30° apex angle (run 3 in Table I). Here the lower curve
corresponds to the isentropic expansion without condensation and the upper
curve is from solution of equations (4)-(10) which include the effects of
condensation. The conical flow case was run for comparison with the results
of Usui et al. (1985) who assumed a simple 30° expansion.

The fact that the curves in Figure 11 do not coincide indicates that there
is some condensation with latent heat release occurring. This fact alone,
however, is not sufficient to draw the conclusion that clusters are growing.
In Figure 12 we show the radius of the nucleating clusters at position x. It
is assumed that the clusters begin with radius ry (x) = 1.3r.(x). (The
nultiplier of 1.3 corresponds to a cluster size for which the growth
probability is near 100%Z.) It can be seen that the critical radius decreases
with x due to the lower vapor temperature. Also shown i8 a curve that gives
the final radius of the clusters that originated at x and traveled to the end
of the computational domain; the vertical displacement of the curves indicates
the growth shown by a given cluster. Very clearly these results show that
there was little cluster growth in run 3, The departure of the curve with
condensation in Pigure 11 from the isentropic one {8 therefure caused by the
latent heat release due to the formation of a very large number of small
nuclei, for which the condensation rate is only slightly greater than the
evaporation rate. A similar conclusion is reached for rum 4, where a larger
orifice was assumed (0.2 cm). The beam temperature profile is shown in Figure
13 and droplet growth in Pigure 14. The mass fraction yu is somewhat higher
as shown in Table I, in agreement with the general finding that high values of
P,d lead to more condensation (Hagena, 1974). We should note that Usul et
al. (1985) performed similar calculations for the same conditions, but in
their paper the curve with condensation is removed further from the isentropic
curve than in our camse. Their results were thus more optimistic than ours.
The reasons for this discrepancy are not known gt the present time, since
their paper states only final results without any discussion of the basic
equations and the numerical method so that the comparison is difficult,
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Run 5 used area expansion ratios, calculated from the characteristics
model rather than the 30° assumption. Temperature and cluster size are
shown in Figures 15 and 16. Again, little or no growth occurred even though
the nucleation rate was high. However, the condensed mass fraction dropped by
30X compared with case 3 (30° expansion). In these runs, degpite
condensation reaching between 1 and 2% of the masgs of the vapor (see Table 1)
the radius growth is negligible. These cases should be contrasted with runs 1
and 2 for water vapor where the radius of the nucleating droplets grows by an
order of magnitude in the condensation zone.

The relatively small radius growth rate can be explained on the basis of
the following reasoning. An upper limit to the growth rate is found by
setting B8p to zero, thus neglecting re-evaporation. The condensation rate
(15) will have its maximum value just beyond the throat since the pressure
decreases more rapidly than the square root of temperature. For P, = 20
torr and T, = 2140°K the maximum value of the growth rate computed for
aluminum is dr/dt=0.04 cm/s. The velocity of the clusters is comparable to
the velocity of sound at the throat which from (20) is c=9x10% cm/s.
Therefore, under the most favorable conditions, one may expect clusters to
grow from ry = 0.3 nm to r¢ = 1.6 nm (1000 Al atoms) in a distance of 0.33
cm. In reality, dr/dt will decrease with distance so that the condensation
zone is always much less than 1 cm; the maximum growth rate cannot be
sustained over a distance much greater than about one nozzle diameter (0.1 cm
in this example). Nucleating droplets probably do not grow by more than about
0.4 nm even with evaporation negelected, yielding clusters of perhaps 90 atoms.

To confirm these estimates, we have rerun cases 3-5 with B8p set to zero
in our program (runs 6-8). Results are shown in Figures 16-22. The total
amount of condensed phase increases if evaporation is neglected, but even then
the radius increase does not exceed 0.3 nm. To be more exact, the largest
radius achieved in our gimulations is 0.55 nm which corresponds to a cluster
consisting of 42 aluminum atoms at bulk density. This is consistent with
experimental results reported by Ruiper (1981) for silver beams.

4.4 Limitations of Model

Since in Takagi's experiments clusters consisting of 500-1000 molecules
are reported, it is worth discussing possible limitations in our modeling that
could lead to overly pessimistic results. Probably the weakest point in our
calculations is the assumption that the vapor nucleates at a point x with a
monochromatic spectrum of droplets of radius 1.3r.. If these droplets grow
very rapidly as in the case of water vapor in a supersonic nozzle, this
assumption 18 not important since the size of the droplets after passing the
condensation zone is to a large extent independent of the initilal size (before
entering the condensation zone). In reality, however, the nucleation process
creates an entire spectrum of drop sizes which may be determined from the
Gibbs distribution. If they grow only very little, the final distribution of
sizes may depend strongly on the inftial distribution, Moreover, _since larger
droplets grow faster (the growth in volume is proportional to &mr<dr/dt)
the presence of larger droplets in the initial distribution could lead to a
prediction of much larger clusters.
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Figure 15, Calculated beam temperature vs. distance
from 0.1 cm orifice nozzle. For aluminum by method of characteristics
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Another drawback of our approach is the use of the conventional steady
state nucleation theory. Since the jet expansion is very rapid, it is
probably preferable to use a non-steady theory, following the evolution of the
entire spectrum of drop sizes and solving the kinetic equations for
condensation and evaporation (Yang & Lu, 1986).

We have also considered the possibility of cluster coalescence to explain
the presence of large clusters. This explanation appears unlikely since the
estimated mean free path for clusters at P, = 20 torr and T, * 2140%K 1s
over 100 cm. This figure was arrived at by considering the cross-sectional
area and number density of nuclei when the mass fraction u = 0.01 as in case
5 of Table I. Even if u = .1, the mean free path would be much too long to
give a substantial amount of coagulation growth.

Radiative cooling of gmall clusters might also be important in determining
their temperatures, and therefore their ability to pass off excess heat of
condensation. To our knowledge, this possibility has not been considered
elsewhere, and did not occur to us until the modeling work was largely
completed. However, it is certainly plausible that the high temperatures of
the particles combined with their high surface to volume ratio could lead to
some significant degree of cooling. The cooling rate due to thermal radiation
is

dT erTA

dt c
"Cp

where £ 18 the emmissivity, A the surface area, 0 the Steffan-Boltzmann
constant, m the mass, and cp the specific heat. This can be integrated to
give the temperature as a function of time:

T = (1/:ro3 + 9eot/nrcp)'1/3

As an example, we calculated the temperature of a 100 atom aluminum
cluster (r = 0.8 nm) which is initially at 2100 K. If it is assumed that ¢
= 0.1, then the cluster will cool to 1798 K in 1075 geconds. In the nozzle
flow of an expanding jet this represents about 2.5 mm of travel, comparable to
the size of the condensation zone. Such high cooling rates could not only
release the heat of condensation but may act as a sink for the vapor as a
whole, increasing the superaturation level.

A difficulty arises io trying to apply this model in g realistic way
because the emissivities are unknown. The emmissivity of a metal is closely
related to its reflectance, which is in turn a function of the dielectric
constant. Ordinarily metals have low emmissivities (less than 0.1) and are
poor radiators. However, Kreibig and Fragstein (1969) modeled the optical
properties of silver particles and found that the refractive index should
increase dramatically for particles smaller than the mean free path of
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conduction electrons in the metal. Using their model we calculated that a
silver sphere of 1 nm radius will have a reflectance of about 0.59, as
compared with 0.96 for bulk silver, at a wavelength of 400 nm. This suggests
an emmigsivity of about 0.4, leading to even more rapid cooling than the
example of the paragraph above. Other complicating factors such as wavelength
and temperature dependence and relaxation times ought to be congidered in a
complete treatment of radfative cooling, but our estimates show that it is a
potentially important mechanism.

4,5 Other Mechanisms for Cluster Growth

An alternative mechanism for cluster formation and growth has been
proposed by Knauer (1986, 1987). It postulates that nuclei grow
heterogeneously on interior surfaces of the crucible, then detach and are
entrained in the vapor flow through the nozzle. This mechanism has two
advantages over the homogeneous model: first, the substrate can take up some
or all of the heat of condensation of the metal vapor; and second, it should
be easler for atoms to nucleate in a two~dimensional space than in three
dimensions.

In Knauer's model, surface nucleation and growth rates are calculated for
metal vapor which arrives at a high flux on a surface slightly cooler than the
rest of the crucible. This could be the walls of the nozzle or nearby
interior surfaces. If the surface is much cooler (more than 15°C) or if the
clusters form strong bonds to the surface, they will continue to grow until a
continuous layer is formed. However, 1if the bonding is weak, high energy
phonons can eject clusters in balance with the nucleation rate. A number of
assumptions regarding the energies of attachment and diffusion of atoms and
the bonding energy to the surface had to be made in Knauer's paper; however,
he was able to predict that silver clusters of about 600 atoms ought to be
producible in reasonable numbers within a narrow range of conditions.

The conditions are in fact very narrow and difficult to establish or
measure. Figure 23 ghows some results of Knauer's calculations which indicate
how closely the temperature differences must be controlled. A key condition
is that the metal vapor should not wet the crucible material; on a macroscopic
scale this is easy to establish, but not so straightforward for aggregates of
a few tens or hundreds of atoms on a rough surface. It is also quite
difficult to measure crucible temperature profiles accurately enough in the
temperature range required.

As will be discussed later, we performed numerous experiments to try to
establish the prescribed conditions and did not find evidence of clusters in
the 600 atom range. Another group working at Sohio (Windischmann, 1987)
obtained a similar result. However, we did find larger particles issuing from
the orifice, and were able to correlate their presence with crucible surface
processes by studying wall deposits on rapidly cooled crucibles. We therefore
regard the heterogeneous growth explanation to be unproven but quite plausible.
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Figure 23. Cluster size vs. crucible temperature
differential, from heterogeneous theory
(From Knauer, 1987).

5.0 EXPERIMENTAL DEVELOPMENT

5.1 Initial Assumptions

At the outset of the Phase I investigation we acted upon several
assumptions which guided our approach. The most important was that cluster
formation could occur in a pure metal vapor expansion, using the type of
nozzled crucible described by Takagi (1975, 1984). This assumption appeared
reasonable based on gsome 1f not all of the evidences which Takagi's group
published in a long series of papers, as well as private and group discussioms
held with members of his research team. Credible evidence of large clusters
has recently appeared from other sources (Knauer, 1987) so that this
assumption is not seriously doubted.
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A second assumption was that the homogeneous nucleation and growth
mechaniss proposed by Takagl was essentially correct. This mechanism is known
to account for the growth of water and rare gas clusters in supersonic
expansions. Also, calculations had recently been published (Usui, 1985) which
predicted sufficiently high nucleation rates for metal vapors. If this second
assuaption were true then it should have been possible to produce clusters in
the size range which has been reported; Takagi's papers give the dimensions of
the nozzles and the crucible stagnation pressures at which clusters appeared.
Surface properties would then play no part. We planned to make our major
contribution by substantially improving beam characterization techniques and
then using these in the course of a sclentifically baged thin film development
program.

Our equipment was built in-house, which allowed us to quickly bypass many
of the problems which other U.S. investigators were experiencing with
commercial systems. As a result we were able to successfully test the basic
Takagi crucible configuration using a well-characterized analysis and
detection system. Because of the very low upper limit which was then placed
on cluster population, the assumption of homogeneous growth was set aside in
favor of the surface growth mechanism. However, we were then faced with a
greater challenge because of the much greater difficulties involved in
independently measuring and controlling a multi-temperature crucible. The
crucible material and surface condition also became a concern at that point.

A third assumption was that clusters in the supersonic beam should have
nearly the same velocity as the monomers. This implies that their kinetic
energies will be proportional to their masses, so that energy analysis can be
used to obtain a mass distribution. At the temperatures of interest, monomers
accelerated in a nozzle expansion will have an average translational energy
E = 5/2 kT = 0.35eV. If N = 1000 atoms are collectively accelerated before
condensing, the cluster should have E = 5/2 NkT = 350 eV. This method is not
as accurate as quadrupole analysis but has been shown to give good agreement
in a wide range of experiments with rare gas clusters and seeded beams. It
was used by Yamada for silver clusters; typical data are shown in Figure 24.
If instead clusters are formed on crucible surfaces and detach, they must be
accelerated by drag forces and may not achieve the monomer velocity, However,
we have performed drag calculations which show that 1000 atom clusters should
reach 97% of the monomer velocity while traversing a 1 mm path through a
nozzle.

Arrangements have been made with the Microelectronics Center at Iowa State
University to do time-of-flight mass spectrometry when appropriate, to verify
and refine the mass distributions from our cluster sources. The
time-of-flight apparatus was not completed within the contract period, but may
be useful in our future work.
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Figure 24. Electrostatic energy analysis of silver
cluster beam (from Yamada, 1981).

5.2 1Initial Hardware Design

A ground-up approach was taken in developing the experimental apparatus,
vhich avoided any artifacts or difficulties associated with ICB equipment
supplied commercially. The principal investigator also had the benefit of
experience in design of ICB components from earlier work. A schematic diagram
of our source apparatus i{s shown in Figure 25, and a photograph in Figure 26.

The work was carried out in an Enerjet UCV 18/6 diffusion pumped system,
shown in Figure 27. Special care was taken to keep chamber pressures below
106 torr during the experiments to reduce spurious fon signals due to
background gases. A residual gas analyzer was used to monitor sctual chamber
gas pressures and composition.

Registance heating was used for the crucibles. This was much simpler than
the electron bombardment heating used by Takagi, and kept stray electron or
ion currents to a minimum in the chamber. Initially, boron nitride crucibles
were used instead of graphite because BN i{s not attacked by aluminum.
Crucibles were machined to fit in commercially available crucible heaters; the
11ds vere sade separately and in early versions simply rested on the crucible
body. Extra heat shielding was added to improve temperature uniformity. A
typical crucible 1is shown in Pigure 28. Thermocouple and pyrometer
seasurements, and modeling of radiative heat losses from the 1id, determined
that the 11d was shout 60°C cooler than the body of the crucible. The 1lid
orifice had a 1 mm diameter and both cylindricsl and conical profiles vere
tried.
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Figure 28. Boron nitride crucible in heater.

The electron impact ionizer is shown partially disassembled in Figure 29.
It includes the grid and filament from a conventional ionization gauge. This
made construction easy and had the advantage that its ionization efficiency is
known or can be calculated for various gases and metal vapors. Because the
electrons can make several passes through the beam ionization region before
being intercepted by an atom or collected by the grid, it is most important
that ionizers of this type be calibrated. One of the difficulties in
interpreting Takagi's results 1s that no such calibration is ever given, only
measurements of the total grid current. He also used a non-standard grid
configuration, which makes it virtually impossible to even guess at the actual
electron current densities. The characterization of our ionizer will be
discussed in Section 5.3.2.
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Figure 29. Ionization stage with screen removed.

A key requirement which we placed on the ionization stage was that it
should efficiently transmit all species in the beam. Transmission is not a
problem for massive clusters which obtain roughly 300 eV of kinetic energy
from the nozzle expansion. However, monomers which enter the jonizer with 0.3
eV before ifonization will be at the mercy of small field gradients once they
are charged. Only by extracting all ions could we hope to obtain a
quantitative sampling of the beam constituents.

To meet the efficiency requirement, the top plate of the ionizer was
electrically isolated from the filament and grid so that an ion extraction
potential could be placed on it. Typically, the grid was maintained at 75 to
100 volts and the ions accelerated toward a grounded plate, Extraction of an
ionized beam was problematic at first with the open cylindrical grid. The ion
currents passed to the Faraday cup were too low and the energy spread too
wide. This was due to a large dead spot in the potential gradient within the
grid, vhich permitted a space charge to build up and inhibit ion flow. The
solution was to weld a fine nickel mesh around the outside and bottom of the
grid and to provide a small grounded tube above, to extract and accelerate the
ions. The actual geometry was modeled by solving the Laplace equation for the
potentials within the grid and tube, which predicted that we should obtain
me omer fon energies of 65 to 75 eV. This was confirmed experimentally as
shown in Pigure 30 for fonized silver.
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Figure 30. Energy spread of extracted ions.

Detection of the beam flux and current was done with a crystal rate
monitor, an electrostatic energy analyzer, and a shielded Faraday cup (see
Figure 25). A slot was cut in the analyzer and the contour replaced with a
fine mesh so that the rate monitor could measure neutral beam flux on-axis,
while the analyzer and cup measured ion current on-axis. The basic principle
of a cylindrical electrostatic analyzer can be easily understood from
Figure 31. 1In essence, it is a device which creates a nearly uniform radial
field; by setting the electrode voltages one can select particles of a given
energy while others collide with the walls. The analyzer was constructed in
accordance with the design rules by Septier (1967) to give near-theoretical
performance and focusing along the slit dimension. The analyzer had a range
of O to 800 eV and a resolution of about 4%.

The Faraday cup was made in the shape of an elongated box to match the
dimensions of the analyzer exit slit. This maximized the detection efficiency
without adding much to 1ts capacitance. Shielding was provided (not shown in
Figure 26) to keep out stray electron currents., Shielded cables routed the
current signals to an external amplifier,
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Figure 31. Focusing electrostatic analyzer.

5.3. Beam Ionization and Detection

5.3.1 Cross Section for Electron Impact Ionization

An important goal of this work was to obtain quantitative information
regarding the makeup of a cluster beam. Electrostatic methods can be applied
to separate charged species by mass, but it is much more difficult to analyze
the neutral species. One method which has sometimes been tried is to look at
TEM grids which have been given a low-coverage deposit and assume that the
islands which are seen correspond to actual clusters. This method has worked
well for gas—evaporated particles which impact at low velocity, and where a
continuum of sizes from microns down to a few nanometers can be produced and
studied. We were hesitant to use it in the present investigation, however,
because we expected that most of the beam flux would be in the form of single
atoas rather than clusters. Because atoms deposited on a surface will
nucleate into small islands of their own it would be difficult to draw any
firm conclusions from such studies.

Instead, one can try to find the neutral population by counting the
cluster ions and then working backwards. This requires that some estimate be
obtained for the fonization cross section of the clusters, and also that the
fonizing apparatus be well characterized. This is the approach which we
followed.
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Few 1f any data are available for the ionization cross sections of
clusters. A recent and comprehensive book on impact ionization by Mark (1985)
contained only two or three pages on clusters, and made no mention of data for
metal clusters. In the absence of direct data, estimates must be made by
geometric considerations and extrapolations from atomic ionization cross
sections. The cross section for ionization of silver atoms is shown in
Figure 32. As is typical for virtually all atoms and molecules, the curve
peaks at an energy several times the ionization potential and then gradually
decreases at higher energies. Takagl (1975) published a curve for ion current
ve. electron energy with a lead cluster beam which showed the same general

behavior; other than his curve no data have been found which pertain to metal
clusters.

One cross section estimate can be had from the geometrical cross section
alone., Thus

W) = & = n(3nv/am2/3

where A is the frontal area, N the number of atoms in a cluster, and v the
volume per atom. Using silver slusters of 1000 atoms as an example leads to a
cross section of 8.1 x 10~1* cu?, This method was used by Kuiper et al.
(1981) in their study of cluster sources. It is obviously a crude
approximation, since the cross section can have no energy dependence.

Another estimate (and probably an upper bound) comes from treating the
atoms in a cluster as completely independent particles. Then o(N) =
No(l). Again using 1000 atom silver clusters, this leads to 0 = 4.6 x
10713 cn2 at 75 ev.
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Figure 32. Electron impact fonization cross
section for silver (from Crawford, 1967).
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A third way which seems preferable is to treat the atoms as independent,
but to include a penetration depth factor. Mean free path data for electrons
in solids can be used such as those given in Somarjai (1981). For 75 eV

P electrons in silver this depth {8 0.5 nm, considerably less than the expected
cluster diameters of about 3 nm. Multiplying the depth by the surface area of
the cluster and the atom density gives the number of atoms sampled by the
elecisron about 230 for a 1000 atom cluster. Then o= 230 x (1) = 1.1 x

10 n2 Interestingly enough, this value 18 quite close to that given

by the frontal area. However, this holds true only near the energy at which
the atomic ionization peaks. At higher or lower energies this method will

® reflect the general tendencies of the atomic ionization curve, as modifizd by
thi penetration depth factor. At 350 eV this gives o(1000) = 5.6 x 10°1
cm“ for the cluster.
A valid objection which might be raised is that the metal clusters really
Py ought to behave more like a bulk metal. We considered several ways of

accounting for this, principally by applying classical and empirical models

for atomic ionization. The atomic models were modified by replacing the

atomic ionization potential with the metal work function and then summing over

the quasi-independent atoms. As a test, we tried to reproduce the energy

dependence which was shown in by Takagi for lead clusters. With all the

® models tried, the peak occurred at much too low an energy. Whether this is
due to the weaknesses of the model or the available data is uncertain.

We expect that better experimental data and models will someday be
available for cluster cross sections. At present, there does not seem to be
any better way of estimating these quantities than by the method of summing
over independent atoms within the penetration depth of the electrons.

5.3.2 Detection Efficiency of Apparatus

Careful measurements of the performance of the ionizer and electrostatic
analyzer were needed so that we could make quantitative statements about the
® beam composition. These meagsurements included: 1) total rate of gas ion
production vs. chamber pressure; 2) total rate of metal ion production vs.
flux or deposition rate; and 3) the fraction of fons which were extracted from
the fonizer, passed the entrance slit of the analyzer, and were transmitted to
the Faraday cup.

The rate of gas ion production was important both as a check on operation
and so that such currents could be subtracted from the metal ion current later
on. This was done by temporarily placing a biased collector wire in the
center, ;ust a8 in a normal ion gauge. After pumping the chamber down to less
than 107’ torr and outgassing the ionizer, the chamber valve was closed and
the ion collector current read as the pressure slowly increased. Linear
relationships were established between collector current and pressure, and
® between collector current and grid current, with the result that 1 = 23
mA/torr-mA. The residual gas was primarily water vapor, which is nearly
equivalent to nitrogen in ionization probability. For comparison, the
published fonization gauge sensitivity is 10 mA/torr-mA for nitrogen. This is
reasonable agreement considering that element spacings can be quite critical
in gauge tubes.
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Total metal ion production was measured in a similar way, except that beam
flux replaced residual pressure as a parameter. The result was that I = 13,2
pA/mA-1/s for silver, where the flux was measured by a crystal rate monitor 17

cm above the source. In a typical beam experiment with a 5 £/8 rate aad 10 uf
of grid current the metal ions would account for 660 nA. This is well above
the roughly 20 nA contribution from ionized residual gas at 10~/ torr.

With the collector wire removed, the ionizer extraction and analyzer
transaission efficiencies were measured. For the metal ions and a 0.5 by 2 cm

slit, 427 of the beam or 5.6 nA/mA-A/s was collected. This is much higher
than the 12 or less typical of most mass spectrometer ionizers, in which the
extraction field gradient must be reduced to maintain high resolution.

The evidence which was sought for cluster formation was an ion current
signal at a substantislly higher energy than the 75 eV or so given to all
charged species in the ion extraction process. A cluster with N = 1000 will
have a kinetic energy of about 1000 x 5/2 kT = 350 eV before being ionized,
and 425 eV after ionization and extraction., In order to find the mass
fraction F(N) of the beam which is in the form of N~atom clusters, the beam
current I(N) at high energy can be compared with the low energy monomer
current I(1l) provided that the ionization cross sections are taken into
account:

F(N) _ o(1) I(V) N
F(1) AN (D *

where o(N) 1s the cluster cross section, 0(1l) the monomer cross section,
and the factor of N accounts for the mass per ion. It is assumed that the
monomer fraction F(1) accounts for most of the beam mass (F(1) =1).

The detection limit for cluster population depends on the cluster size and
also on the signal to noise ratio at the Faraday cup amplifier. With the
analyzer tuned away from the monomer ion peak the noise l1imit was 0.006 nA
peak-to-peak, five orders of magnitude below the typical metal ion current.
The finite resolution of the energy analvzer must also be takem into account
by calculating the equivalent mass range sampled within the FWHM. For N =
1000, dM = 40. Thus the beam fraction within this range will be given by

«1) _ 1(980-1020)
®(1000) X~ 1I(D)

F(980-1020) = x 1000

Inserting o(1000) = 1.1 x 10™13, (1) = 4.6 x 10716, 1(980-1020) = 6

PA gthe noise limit) and I(1) = 450 nA (typical) gives F(980-1020) = 5.6 x
10 A similar calculation for N = 500, o(500) = 6.9 x 10~1% gives
F(488-512) = 4.4 x 107, To a good approximation, these results can be
extrapolated to find the detectable mass fractions over broader sirze ranges:

-4
. -4
P4, (800-1200) =5.6 x 10
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The 800 to 1200 atom range was chosen because it represents a fair sample of
the cluster distribution reported by Yamada (1981). The 400 to 600 range
corresponds to the results of Knauer (1987). These two examples and the text
above show what we believe our detection limits were during the nozzle beam
experiments and how we arrived at thenm.

5.4 Performance of Nozzled Crucibles

5.4.1 Results of Cluster Detection Experiments

Data published by Takagi show that clusters are most numerous at a vapor
pressure of a few torr, and virtually disappear outside the range 1 to 5
torr. Vapor pressure tables for liquid metals show considerable scatter, but
a 3 torr pressure ought to occur in the range 1820 to 1900 K for aluminum and
1575 to 1675 K for silver. The vapor pressure changes by about a factor of
three with a 100 K change for either material. In most of our experiments two
tungsten/rhenium thermocouples were used, one in the body of the crucible and
the other in the nozzled 1id.

A more direct means of determining the vapor pressure is through measuring
the rate m of mass flow from the crucible and using the following relation for
a sonic nozzle:

/(YD)

@ =7 oy(#1)/RTy P o

S

where A, is the nozzle cross sectional area, o the molar mass, R the gas
constant, and P, and T, the pressure and temperature in the crucible. ¥y

is taken to be 5/3, the specific heat ratio for a monatomic gas.
Experimentally, the mass flow rate was determined to an accuracy of 10% or
better by weighing the metal charge in the crucible, evaporating part of it at
a nearly constant rate, and then re-weighing afterwards. As an example, a
flow rate for silver of 1.6 x 107~ gm/s was obtained with a 1.25 mm orifice,
which by the above relation gives P, = 4.8 torr. A thermocouple on the
crucible body read T, = 1706 + 20 K, well within the range expected from
vapor pressure tables.

In our first geries of experiments, aluminum was used because of its
usefulness as an optical and electronic material., It was evaporated from
boron nitride crucibles to avoid reactions, which other cluster beam workers
had noted when using aluminum in graphite. Electrostatic analyzer data were
taken from 0 to 800 eV for P,(Al) = 0.5, 1.6, and 3.5 torr. A 10 mA grid
current at 75 eV was used for ionization, giving a monomer peak of over a
hundred nA at 3.5 torr. No other peaks were seen. The 1id in this case was
about 50°C cooler than the body of the crucible, which should not be
important if clustering occurs in the gas flow rather than on surfaces.
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In the absence of a detectable peak, an upper limit for cluster population
can be established. This 1limit i8 determined by: 1) the signal to noise ratio
of the detection electronics; and 2) the ionization cross section of a
clugter. Both of these were discussed in the preceding sections and a
detection limit arrived at for silver. In the early aluminum experiments the
noise level was somewhat higher, about 0.1 nA, but a similar analysis leads to
the following upper limits for cluster mass fractions in the 500 and 1000 atom
ranges:

F,,(400-600) <6.1 x 107>

F,,(800-1200) < 9.3 x 10

After these initial results we received a preprint outlining the
heterogeneous growth mechanism (Knauer, 1987)., This model was discussed in
Section 4.5. Among its predictions is that aluminum should not form clusters
in a cluster beam source because aluminum will wet virtually any crucible
material at high temperatures. This implies that clusters growing
heterogeneously on crucible surfaces will adhere too strongly to be ejected by
phonon excitation. This led us to try silver instead of aluminum in
subsequent experiments.

3

In the silver experiments, special care was taken to keep the crucible 1id
and orifice only slightly cooler than the crucible body temperature. This was
done to keep conditions within the range predicted by Knauer for heterogeneous
nucleation. This degree of temperature control i8s not easy to achieve at high
temperatures because of the large radiation losses and the difficulty of
maintaining good thermal conduction paths, plus the difficulty of making good
temperature determinations. If the heterogeneous -chanism 18 correct, the
best approach to crucible design would include a separate heater and power
supply for the 1id and orifice region. This was not possible in the Phase I
study. However, by using two heat shields over the crucible 1id and a long
threaded connection between the parts the 11d temperature could be kept to -20
+ 10°C of the body. A finite difference model of the radiant and conductive
heat transfer was used to predict the 11d temperature; this served as an aid
to design and a check on the reasonableness of the thermocouples. An example
of the crucible designs is shown in Figure 33.

Crucibles of both boron nitride and a carbon-loaded graphite were used in
the silver beam experiments. Also, some of the nozzles had a simple 1 x 1 om
cylindrical profile while others had a tapered section as was shown in
Pigure 33. In the course of checking various ideas many trials were made,
which eventually covered most of the pressure range between 0.3 and 16 torr.
Pigures 34 and 35 are relatively unadorned original data typical of the rums
made, showing control over temperature and deposition rate, and an
energy-analyzed beam current spectrum.
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Figure 33. Crucible design for minimizing
temperature differential.

Considerable evidence was accumulated which pointed toward the
heterogeneous mechanism for cluster growth, including the ejection of fine
droplets under certain conditions. These results will be discussed in the
next section. However, the electrostatic analyzer data did not show the
presence of clusters in the nanometer size range of about 20 to 2000 atoms
each.

An upper bound for the silver cluster population is then given by the
detection limit, which was derived in the previous section. Thus

Ppg(400-600) < 3.7 x 107

P, (800-1200) < 5.6 x 10°

when P, = 9 torr. At P, = 3 torr the upper limit is about a factor of two
higher because of the lower monomer curreat.

4
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The flow field from the nozzle had been modeled previously, as described
in Section 3.2. From this information it is possible to predict the thickness
distribution of a film deposited on a substrate. As a test of the
reasonableness of the gas flow modeling, several semitransparent silver films
were deposited for comparison. Film thickness profiles were determined from
densitometry and calculations using the optical constants of silver. The
results for nozzle beam deposition with P, = 1 torr are shown in Table II.
The agreement is found to be quite good, with the predicted profile being
peaked in comparison with an effusive source and the measured profile peaked
slightly more. The calculations were carried out up to an angle where more
than half the beam mass was accounted for (Mg > 0.5), although the
substrate subtended only 20°.

Table 1I. Predicted Versus Measured Thickness Profile

O¢1ina Actual Predicted Effusive
R/RN {deg} Mg (am) (nm) Source (am)
0.0 0.00 0.00 50.0 50.0 50.0
0.1 4.04 0.01 49.1 49,3 49.5
0.2 7.98 0.04 46.7 47.6 48.1
0.3 11.96 0.09 42.1 44,4 45.8
0.4 16.11 0.16 38.9 40,2 42.6
0.5 20.61 0.25 34.7 38.4
0.6 25.34 0.36 28.3 33.4
0.75 33.40 0.54 17.6 24,3
R/RN = Starting position of streamtube in nozzle, expressed as radial
distance from centerline. (R/Ry = 0.0 on centerline, = 1.0 at
nozzle wall).
Ofinal = Final angle of streamtube from R, calculated by method of
characteristics.
Mg = Praction of total beam mass within Ofinal.
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5.4,2 Evidence for Heterogeneous Growth of Fine Particles

The experiments described in the previous section seem to show that
significant metal cluster growth cannot occur through homogeneous nucleation
mechanisms. In gpite of this result, other mechanisms cannot be ruled out.
One which seems plausible is heterogeneous nucleation at inner surfaces of the
crucible. Knauer (1987) has worked out a reasonable theory for this mechanism
which can, given certain assumptions, predict that clusters form (see Section
4,5). The requirements include a slightly cooler surface which experiences a
high flux of metal vapor and non~wetting (weak bonding) of cluster material to
the crucible. If the temperature difference is small, clusters should detach
from the walls before growing appreciably and may then be entrained in the
vapor flow.

The theory gives temperature ranges in which clusters could be formed by
this mechanism. Several of the cluster detection experiments were run in or
near this range, with AT = =20 + 10°C. While no clusters of N less than
2000 atoms were observed, it should be added that the predicted range is
probably somewhat sensitive to the data and assumptions fed into the model,
and only the general trends of the theory have been verified by Knauer so far.
Also, the ultimate cluster/particle size should be a sensitive function of the
crucible temperature differential, as was shown in Figure 23. Besides
electrostatic analyzer measurements, some TEM grids were briefly exposed to
the beam and analyzed by Ken Westmacott at the National Electron Microscopy
Center at Lawrence Berkeley Laboratory. These did not show evidence of
clusters.

Positive evidence for the surface (heterogeneous) growth mechanism was
obtained by observations of larger particles. In some runs droplets were
ejected from the orifice, ranging in size from 100 nm to several microns. A
silver coating which includes many such particles is shown in Figure 36, Some
of the smallest particles seen are shown in Figure 37, in which a film of 3 nm
average thickness was deposited on carbon. The many small patches in the
background are islands of gilver which nucleated on the substrate from the
monomer component of the beam. It is clear that the particles are not merely
the upper end of the island size distribution.

The ejected particles could be directly correlated with the metal deposits
formed on the underside of the crucible 1id near the orifice. The low thermal
mass of our crucibles allowed us to cool them at nearly 15°C/s, rapidly
lowering the metal evaporation rate and preserving most of the deposits.
Surface properties appeared to correlate with particle presence in two ways:
1) material combination, and 2) surface finish of the orifice region.

The material combinations investigated were: aluminum in BN crucibles;
silver in BN; and silver in carbon-filled graphite. The aluminum both wet and
reacted with BN, as shown in Figure 38, and no particles were ejected from the
orifice. Likewise, no particles were seen with silver in BN, even though this
is considered to be a non-wetting combination. Figure 39 of the orifice
region ghows that particles do f~rm there but that the area of surface contact
is still quite large. However, a much higher contact angle of about 135° was
observed for gilver on carbon (Figure 40) and particles were ejected under
certain conditions. This correlation of particle ejection with low surface
bonding strongly suggests that Knauer's theory of heterogeneous cluster growth
18 basically correct.
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Figure 36. Silver coating formed from nozzle beam source.
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Figure 37. Silver particles and 1sland structure from nozzle beam source.
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Aluminum reacted with boron nitride crucible 1id.

Figure 38.
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FPigure 39. Silver droplets on boron nitride crucible after heating.
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Figure 40. Silver droplets on carbon crucible after heating.
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Figure 41. Effect of surface finish on
droplet formation in crucible.

Another interesting observation was that particles were much more likely
to be ejected when the orifice region had a relatively coarse finish.
Figure 41 shows the underside of a crucible 1id in which the center portion
has been smoothed. A few large particles appear in the smoothed portion but
it 18 otherwige clear. This 1s hard to explain, since roughness ought to
bring about more complete wetting and stronger bonding. A reasonable
explanation is that roughness holds the droplets more tenaciously, during the
growth period, so that they reach a size which 18 observable with our SEM,
The very large particles are probably the result of coalescence. In any case,
the correlation of particle ejection with surface properties supports the
heterogeneous growth hypothesis.

5.4.3 Growth of Ultrafine Particles or Clusters by Gas Quenching

The apparent difficulty of making metal clusters with a Takagi~type source
led us to explore other methods. This was a natural extension of the original
scope of work and has already opened up new options for future research.
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Gas quenching 18 one technique for obtaining particles reliably and with
considerable control over the final particle size., In its simplest form, a
metal can be heated in an open boat to a vapor pressure of a few torr and the
vapor quenched {3 a quasi~static inert gas. The nucleation and growth of
particles is then cortrolled by the pressures and by the velocity at which the
gas passes over the melal source. Typically, convection currents in the meter
per second range are allowed to control the gas velocity and the particles
drift toward collection surfaces. A source of this type 18 shown in
Figure 42. Granqvist (1976) performed a thorough study of the pressure
dependences and found that more or less monodisperse particles could be formed
with any desired size from a few nanometers to hundreds of nanometers.

This simple form is similar in principal to the pulsed laser vaporization
sources now used widely in cluster science. The pulsed sources provide tiny
quantities of small clusters (N < 40); the clusters and carrier gas can then
be formed into supersonic beams for spectroscoplc studies. Velocities of
hundreds of meters per second are obtained.

An ultrafine particle source suitable for coating deposition might be
developed by using parts of both methods. A boat or oven can efficiently
vaporize large quantities of material into a quenching gas, and the resulting
particles entrained in a nozzle flow to provide initial acceleration.

Figure 43 illustrates this concept. A number of issues arise in properly
designing such a source, such as: maiuntaining the desired gas velocity over
the metal source (to minimize or control convective forces); keeping the
particles in the center of a laminar flow to avoid orifice fouling; creating
flow convergence patterns into the nozzle which do not lead to centrifugal
settling of particles out of the flow; differential pumping of the downstream
portion to remove or recycle the carrier gas and allow deposition under
moderate vacuum. The proposal for Phase II of this program addresses these in
some detail. Ultimately, a combination of gas flow modeling and experimental
development will be needed.

To conclude the Phase I development effort, a proof test was conducted of
gas-quenched particle growth. Silver was evaporated from our nozzle beam
source at a high rate into 1 torr of argon. An open crucible could have been
used to the same end (see Figure 42), but the nozzled source gave the metal
vapor a more uniform flow velocity in the nucleation zone and should therefore
result in a narrower distribution of particle sizes, Of course, beyond the
first few millimeters the particle/gas mixture should have slowed to a speed
determined by convection in the static chamber.

An SEM photo of the resulting particles is shown in Figure 44. The
deposit consisted of fine particles of approximately 50 to 100 om, loosely
agglomerated as expected. Formation of a demse coating will require
entrainment of the particles in a converging nozzle flow along the lines of
FPigure 43. However, the basic idea of gas-quenched growth seems to be sound,
and the nozzled crucible for the metal vapor may be useful in developing the
overall source.
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For optical material applications a smaller particle may be more
desirable. The literature indicates we could reach this range with a metal
source which gives a lower supersaturation, such as an ICB-type crucible with
a larger orifice at lower temperature. A lower argon pressure or heliunm
instead of argon should also reduce the particle size (Granqvist, 1976).

Gas-quenched techniques are especially interesting because of the range of
particle sizes obtainable. Thus, it may be possible to enormously broaden the
range and possibilities of “"cluster” deposition. At the 2 - 3 nm end of the
scale are large clusters of roughly a thousand atoms, similar to those
considered by Takagi for epitaxial deposition. With a high fraction of
surface atoms, it 18 intuitively plausible that such clusters should break up
into individual atoms on impacting a substrate at high velocity (see Figure
2). Larger clusters of 5 - 10 nm or more might more properly be termed
ulrafine particles. With fewer surface atoms, these should retain more of
their particulate character and may form coatings by flattening or "splatting”
on a substrate (see Figure 3). This would be more in line with the structure
of plasma sprayed coatings, but on a much finer scale. Because plasma sprayed
coatings do not show the columnar structure of most thin films, deposition of
ultrafine particles may provide significant advantages for optical films.
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Figure 44. SEM photo of 50-100 nm silver particles
produced with nozzled crucible and argon quenching.
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Contributors

Julian A. Domaradzki, Ph.D., Physics, Institute of Theoretical
Physics, Warsaw, Poland.
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1969. Thesis: "I. High-Temperature X-Ray Studies of Widely
Nonstoichiometric Regions in the Praseodymium Oxide-Oxygen System;
I1. Structure and Thermal Stability of the Rare Earth Carbonates and
Formates.”

Inventions

Section 4.4.3 of this report discussed two concepts that may be considered
inventions. Their development was outside the original scope of work and
did not result in additional contract change; however, they are a logical
extension of the Phase I effort and are relevant to future work as
contemplated in the Phase 1I proposal. They are:

1. Gas-quench assisted formation of ultrafine prarticles with nozzle
beam source.

2. Laminar flow enclosure for transport of ultrafine particles and
separation from quench gas.

Publications

The following papers cover work performed on or related to the Phase I
contract and are planned for submission in August 1987:

"Emissivities and Cooling Rates for Hot Clusters,” A. C. Day, to be
submitted to Applied Physics Letters or Journal of Applied Physics.

"Mechanisms for Cluster Formation and Deposition: Limitations and
Possibilities,” A. C. Day, J. A. Domaradzki, G. S. Knoke, to be
submitted to Journal of Vacuum Science and Technology.
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