Adsorption, Nucleation, and Growth of Cadmium
on Tungsten Covered with Oxygen or Hydrogen

R.J. H. VOORHOEVE AND R. S. WAGNER

The effects of the adsorption of hydrogen and oxygen on the growth of cadmium from the vapor
onto polycrystalline tungsten have been studied. We find that hydrogen does not affect the
growth behavior in any way. Oxygen, on the other hand, drastically diminishes the chemisorp-
tion of cadmium on tungsten and inhibits growth. Appreciable supersaturation is needed to
induce nucleation and growth on oxidized tungsten. Oxygen prevents epitaxial growth, leading
instead to formation of small, irregularly oriented islands and of a few whiskers. Experi-
mental results on the kinetics and topography of the deposition are compared with nucleation

theory.

THE present state of affairs in the field of vapor-
phase heterogeneous nucleation is characterized by
the availability of much theoretical work, but there

is still a paucity of experimental results."’”> Espe-
cially rare are experiments performed under ‘‘clean’’
conditions, and with proper characterization of the
most important variables, i.e., supersaturation,
temperature, and surface coverage. Without such
experiments it is difficult to test the existing theories
and to properly assess the effects of adsorbed im-
purities.

Our earlier studies were concerned with the depo-
sition of cadmium from the vapor onto clean, poly-
crystalline tungsten ribbons.® In that system, multi-
layer adsorption (3 to 4 monolayers) precedes growth
of bulk cadmium. The heat of adsorption decreases,
through five adsorption states, from 51 kcal per g-
atom to a value close to the heat of sublimation of
bulk cadmium, 26.6 kcal per g-atom. Growth of bulk
cadmium occurs by the evolution of epitaxial islands
and ridges from the adsorbed layer. No supersatura-
tion is required for this process.

It is well-known that adsorption of contaminants,
such as found in the atmosphere or in residual high
vacuum, changes the characteristics of tungsten sur-
faces drastically. Not unexpectedly therefore, the
adsorption of metals on tungsten is affected. For
copper and beryllium the adsorption lifetime on oxy-
genated tungsten is appreciably higher than on clean
tungsten. For iron and nickel, on the other hand, the
lifetime decreases.*”’

Since adsorption of the condensing metal plays such
a decisive role in the growth of cadmium on tungsten,
it is expected that the nucleation and growth behavior
will be strongly influenced by adsorption of contam-
inants. Indeed, preadsorption of nitrogen has been
found to decrease the thermal accommodation coeffi-
cient, the lifetime and the adsorption energy, and to
increase the critical supersaturation needed for
growth.”’

In the following, a study is presented of the effects
of adsorbed hydrogen and oxygen on the adsorption,
nucleation, growth, and epitaxy of cadmium on tung-
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sten. The kinetics of the process were studied with
a mass-spectrometric molecular-beam technique in
ultra-high vacuum. The topography and morphology
of the cadmium growth were observed by scanning
electron microscopy.

1) EXPERIMENTAL

The apparatus, materials, and procedures used
were the same as in our previous work.? Only a gen-
eral outline will be given here.

In the center of an ultra-high vacuum chamber a
25 um thick polycrystalline tungsten ribbon is mounted.
This target is resistively heated and its temperature
is measured and controlled by a tungsten/tungsten-
rhenium thermocouple welded to the back. A resist-
ively heated, enclosed, Knudsen cell provides a cad-
mium beam, which can be intercepted by a rotating
shutter. In direct line of sight of the tungsten target,
a quadrupole mass spectrometer is used to measure
the intensity, and the temperature of the cadmium
flux desorbing from the target. This instrument also
provides analysis of the residual vacuum.

The base pressure of the apparatus is 2 x 10™*°
torr. Oxygen or hydrogen may be admitted to the sys-
tem through silver or silver-palladium diffusion
tubes, respectively. Their purity was ascertained by
in situ mass-spectrometric analysis. Helium is the
main impurity and is possibly liberated from the Vac-
Ion pump when it is pumping oxygen or hydrogen.

After going through preliminary cleaning, the tung-
sten target (99.95 pct purity) is placed in the chamber
where it is further cleaned by heating in 10”7 torr oxy-
gen to 2100°K to remove carbon, and subsequent heat-
ing to 2500°K in the residual vacuum (2 to 5 x 10™'°
torr) to evaporate all oxides.?”®

The relation between the mass spectrometer detec-
tor current and the intensity of the cadmium flux de-
sorbing from the target was calibrated by evaporating
a thick cadmium deposit (500 to 1000 monolayers).
Literature vapor pressire data' for bulk cadmium
and the evaporation coefficient determined in Section
4 were used for the calibration. The calibration re-
lation used is

T
I=3.5x10%8,3 Pe ref (1]
ymT T .
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Here, I is the mass spectrometer current, S; the cali-
bration constant which is dependent on the sensitivity
of the spectrometer and on the geometry of the sys-
tem. p, is the literature value for the cadmium vapor
pressure at temperature T, M is the atomic weight of
cadmium and Ty is an arbitrary reference temper-
ature. It was found that the evaporation constant g is
0.63 for clean® and hydrogen-covered tungsten and
0.90 for oxygenated tungsten.

After measuring S;, the cadmium desorption rate
from the target, vo, can be found from the relation

1 T

ve Si Tyet [2]
In this relation, the effects of thermal nonaccommoda-
tion are neglected. This is permissible because of the
rather small deviation from complete accommodation
(see below). Comparison of signals obtained from a
cadmium beam of constant intensity ‘‘reflected’’ by
clean and by oxidized tungsten also shows this to be
a good approximation.

The thermal accommodation coefficient is defined
by (T; — Tp4)/(T; — T}), where T; is the temperature of
the incident beam, T,; that of the beam coming from
the target, and 7; is the temperature of the target.
For cadmium impinging on oxygenated tungsten the
accommodation coefficient is slightly less than unity.
This is found by measuring the relation® between
mass-spectrometer current and target temperature
for an incident cadmium beam of constant intensity
and temperature. It is also evident from the small
step-response observed when the shutter is opened
and the beam impinges on the oxygenated target. The
magnitude of the step is about 2 to 3 pct of the im-
pingement beam intensity.

2) HYDROGEN CONTAMINATION

The adsorption of hydrogen on tungsten has been
studied in detail by flash desorption,™*’** field emis-
sion,” and low-energy electron diffraction.'? On poly-
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Fig. 1—Effect of oxygen exposure on the desorption transients
at low supersaturation. Desorbed beam, v,;, vs cadmium
coverage.
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Fig. 2—Initial stages of adsorption, nucleation and growth,
Tungsten temperatures are indicated near the curves. Criti-
cal cadmium adatom concentration 4 x 101 ¢m™2.

crystalline tungsten, the heat of adsorption ranges
from 35 kcal per mole for the bare substrate to 7 kcal
per mole at monolayer coverage. At the low-coverage
end, the adsorption is dissociative.'! In line with this
it was found that on (100) tungsten substrates the hy-
drogen forms two states, an atomic adsorption of 32.3
kcal per mole and a molecular adsorption of 26.3 kcal
per mole. Both were inferred to be located in valleys
between protruding tungsten atoms.'

The effect of hydrogen on the adsorption and nuclea-
tion of cadmium was investigated by repeating several
of the adsorption and growth experiments® in an am-
bient of 107° torr hydrogen. No changes were observed
in either the adsorption or the growth kinetics. It is
not possible to say whether cadmium replaces hydro-
gen on the surface, by virture of its higher heat of
adsorption, or whether hydrogen is incorporated into
the cadmium adlayer. Even if the latter situation
holds, no appreciable Cd-H interaction would be ex~
pected.” No effect of hydrogen on the desorption spec-
trum of cadmium from tungsten was found either.

3) ADSORPTION AND NUCLEATION OF CADMIUM
ON OXYGENATED TUNGSTEN

Adsorption of oxygen on tungsten has been studied
by many investigators.’ Two different regimes can be
distinguished. Low-temperature adsorption (<500°K)
leads to the formation of an adlayer saturating at 1 to
1.5 monolayer of oxygen.””*® In high-temperature ad-
sorption, the surface tungsten layer is reconstructed
with formation of an oxide-surface compound. At
750°C, faceting of (100), (112), and (111) faces was
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observed, leading to {110;» orientations.'®’*® The heat
of adsorption of oxygen®"’*® is 100 to 140 kcal per g-
atom, much higher than that for cadmium, which
varies from 51 to 27 kcal per g-atom. It is not ex-
pected that CdO can be formed from the adsorbed
oxygen, as the heat of formation of the oxide is much
lower than that of any tungsten oxides.™ In any case,
CdO was not detected by the mass spectrometer.

Both high-temperature and room-temperature ad-
sorption of oxygen were employed in the present work,
and the effects on the adsorption and nucleation of
cadmium were studied.

Effect of Oxygen on Adsorption of Cadmium

After the usual cleaning of the tungsten foil and
flashing to 2200°C in less than 5 x 10~ torr residual
gas, the foil was exposed to 9 x 10™*° torr oxygen at
room temperature. This causes no reconstruction of
the tungsten surface.’ After the required exposure
time, the oxygen flow through the silver diffusion tube
was turned off and the pressure decreased rapidly to
2 x 107*° torr. Various coverages with oxygen could
be obtained by varying the exposure time. Following
this preadsorption of oxygen, the temperature of the
target was raised slightly, and a cadmium beam of in-
tensity v; was allowed to impinge on the tungsten tar-
get by opening the shutter. A cadmium ‘‘desorption
transient’’ was measured, showing the rate of desorp-
tion of cadmium (v,;) as a function of the time elapsed
since opening the shutter. The cadmium coverage at
any time ¢ is given by

t

o= [ (v;—veydt [3]

0
In Fig. 1, a number of desorption transients have
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Fig. 3—Nucleation and growth; effect of incident beam inten-

sity on the desorption rate at a substrate temperature of 48°C,
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been plotted as v,; vs coverage, o, for different values
of the preadsorption exposure of oxygen. One sees
that, at 89°C, a clean tungsten substrate (curve No. 1)
adsorbs about 7 x 10 cm™? cadmium before a meas-
urable cadmium desorption rate is obtained. The
growth rate is given by the difference between the in-
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Fig. 4—Equilibrium evaporation rate v, and evaporation coef-
ficient K, derived from data of Fig. 3 by Eq. [4].
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Fig. 5—Nucleation and growth, effect of incident beam inten-
sity on the desorption rate at substrate temperature of 65°C.
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cident beam intensity, 10®® cm™?sec™?, and the desorp-
tion rate depicted in Fig. 1. The amount of tightly-
bound cadmium diminishes rapidly with increasing
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Fig. 6—Equilibrium evaporation rate v, and evaporation con-
stant K, derived from data of Fig. 5 by Eq. [4].
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Fig. 7—Critical incident beam intensity and equilibrium evap-
oration rate vs reciprocal temperature. x obtained from Fig.
2 by extrapolation to v; — (Vg)ax = 0, O direct measurement
performed by cooling the substrate at constant incident beam
intensity, [} (v ¢maxfrom Figs. 4 and 6.
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oxygen-coverage. With 5 x 10" cm™2 oxygen on the
surface, only about 2 x 10" em™? cadmium is tightly
bound (curve No. 4). The cadmium growth rate (v;

— vg4), which, for clean tungsten, is about 3 x 10" cm”~
sec” ' at the end of the experiment (curve No. 1), also
diminishes, and 10" ¢m™® oxygen suppresses growth
almost completely (the desorption rate rises to approx-
imately 95 pct of the incident beam at a cadmium
coverage just over 10" cm™%).

All further experiments were done with a tungsten
surface oxidized by heating in 107° torr oxygen at
1000°C, and then slowly cooled to room temperature
in the same ambient. The surface consisted then of a
reconstructed oxide layer.'®’’® In Fig. 2, a number of
nucleation experiments are plotted as v,; vs 0. They
are done in the same way as desorption transients,
but at higher supersaturations. The supersaturation

2

Table |. Thermodynamic Parameters of Cadmium on Oxidized Tungsten

Enthalpy Gibbs Free
Change, Solid Energy Change,
Cadmium to Gas, AH, Solid to Gas, Species on
Coverage, cm™ keal/gm-at. AG y360k » keal/gm-at. the Surface
1.8 X 10" 1851 15.98 monomers
4.0X 10" 20.8+0.5 15.59 critical
nuclei
2.5X 10" 21.5£0.5 15.74 nuclei
5.0X 10Y7 26.7+0.5 17.28 islands,
coalesced
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Fig. 8—Evaporation and condensation on a thick cadmium de-
posit (~500 monolayers). Heating curves 1, 2a, and 3a ob-
fained after 5 to 10 min equilibration at room temperature,
with the beam on. Cooling curves 2b and 3b show the hyster-
esis. Langmuir evaporation rate given by »,. Heating and
cooling rates 1°K per sec.
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is defined as the ratio of the incident beam intensity
to the equilibrium evaporation rate of bulk cadmium,
vi/(v,) bulk.

Upon opening the cadmium beam shutter, a step
response in the mass-spectrometer signal indicates
incomplete thermal accommodation of cadmium. As
the heat of adsorption is appreciable (see below), it
must be assumed that it is only a small fraction of the
surface which elastically reflects about 2 pct of the in-
cident beam. This percentage increases slightly with
rising temperature. The effect is visible in Fig. 2 in
that the v,; curves do not start at v,; = 0 for ¢ = 0.
The step response was observed at the instrumental
time constant of 0.5 sec.

The v,; curves have an initial flat portion, similar
to the case of nitrogen-contaminated tungsten.®’” This
is due to a rather tightly-bound state in which about
1to 2 x 10* atoms per sq cm may be adsorbed.

Evidence for a Nucleation Barrier

In the temperature range of 48° to 77°C, for which
the impingement beam employed in Fig. 2 corresponds
to supersaturations from 700 to 15, a maximum is
found in v,; at 4 x 10 cm™? cadmium coverage. This
maximum, equivalent to a minimum in the growth rate,
shows the presence of a nucleation barrier. The cov-
erage at which it occurs is therefore the critical ad-
atom concentration for nucleation. This appears to be
independent of temperature. Its value, however,
seems rather high in the light of the statistical theory
of heterogeneous nucleation.

At insufficient supersaturation, e. g., 89°C in Fig. 2,
a coverage close to this critical adcoverage is estab-
lished but no further growth occurs.

A more detailed examination of adsorption and nu-
cleation is possible using experiments shown in Figs.
3 and 5. In this series, nucleation experiments were
done at constant temperature for three beam inten-
sities v;. It is evident that the ¢, ,; curves for different

Fig. 9—Light micrograph of thin cadmium
deposit, average coverage about 70°
monolayers, deposited at 48°C, beam inten-
sity 3x 108 em™2 sec™1.

METALLURGICAL TRANSACTIONS

v; do not coincide, indicating nonequilibrium between
the gas phase and the adlayer. Part of this is due to
the incomplete thermal accommodation, and part
might be due to the presence of a loosely-bound pre-
cursor state. If equilibrium existed, the desorption
rate would be a function of coverage and temperature
only. With a precursor state present, the evaporation
rate would be a function of the fraction of the cadmium
present in that state.

Analysis of Nucleation Curves y,; VS ¢

The sets of curves in Figs. 3 and 5 have been anal-
yzed by plotting the desorption rate v,; vs the incident
beam intensity v; for constant coverage o. A relation
is found which is rather -well approximated by

Veg = Ve +K(Ui_ve) [4]

Under experimental conditions where there is no net
growth or evaporation, meaning v; = v,;, the “‘equi-
librium’’ desorption rate, v, is obtained. At high
coverage v, becomes equivalent to the equilibrium
bulk vapor pressure of cadmium, irrespective of the
nature of the substrate. The desorption constant, K,
includes the effect of thermal nonaccommodation.
Values of K and v, derived with Eq. {4] are plotted in
Figs. 4 and 6 as a function of the cadmium coverage.
Values of v, are more reliable than those of K, espe-
cially near the critical coverage of about 4 x 10 cm™?
where Eq. [4] is only a fair approximation.

Focusing attention on the v, curves, it is observed
that the maximum in the equilibrium desorption rate,
at the critical coverage, corresponds to a peak in the
free energy of formation of the cadmium nuclei. We
thus measure in a rather direct way the vapor pres-
sure of the critical nuclei.

The initial parts of the v, curves, up to the maxi-
mum, give the vapor pressure of an adpopulation
which at low coverage consists almost exclusively of
monomers. Without clustering, that is without Cd-Cd
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attraction, the coverage would saturate, giving a v,
curve as roughly indicated by (v,)a4s in Fig. 4. The
inflection point in the rising part of the v, curve, at
about 2 x 10 e¢m™? coverage, may perhaps be re-
garded as the onset of noticeable embryo formation
or clustering. Up to the maximum, the v, curve rep-
resents the condition of equilibrium between the de-
posit and the gas phase, in the absence of bulk cad-
mium (conditional or metastable equilibrium).

Beyond the maximum in v,, this quantity gives the
minimum incident rate necessary for growth. How-
ever, a deposit held at a particular {T, o, v,} combin-
ation, represented by a point on the ¢, curve, is not
in equilibrium with the gas phase. It is easily verified
that any infinitesimal difference between incident
beam and evaporation flux will tend to increase, re-
moving the system from the particular point on the
curve.

The heat of desorption of monomers and the heat of
evaporation of nuclei were determined from v, curves
for 48° and 65°C, Table I, with the formula AH(o)
= R[a(ln v,)/A(1/T)]s. An indication of the accuracy
was derived from the scatter of Vey measurements.
At a cadmium coverage of 1.8 x 10™* cm™?, where
clustering is probably still rather unimportant, the
heat of adsorption of monomers is found. It is 18.5
kcal per g-atom, compared with 26.7 kcal per g-atom
for the heat of sublimation of bulk cadmium.'®' At
the critical adatom-concentration, 4.0 x 10™ cm™?,
the heat of evaporation is about 20.8 kcal per g-atom,
the difference of 2 kcal per g-atom reflecting the
cadmium-cadmium interaction in the cluster. Of
course, the average cadmium-substrate interaction
for the atoms in the cluster may well be smaller than
the heat of adsorption of 18.5 kcal per g-atom, and
2 kcal per g-atom is therefore a minimum value for
the Cd-Cd interaction.*
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*The binding energy for a gaseous cadmium dimer was found to be 2.0 kcal per
mole. 2021

Critical Supersaturation

The critical supersaturation for nucleation of cad-
mium on oxygenated tungsten was determined in three
ways. The first one is to let a cadmium beam impinge
on the surface, while slowly cooling the tungsten from
about 400°C to room temperature. Nucleation is mani-
fest by a rather sharp drop in the intensity of the de-
sorbed cadmium flux.*”” Another way is to determine,
from a plot such as Fig. 2, at what temperature the
minimum growth rate (given by v; — ve; at the v,; max-
imum) becomes zero. It is also possible to calculate
the critical supersaturation from the maximum in v,,
Figs. 4 and 6, as it must be equal to the ratio
(ve)max /(ve Joulk -

Values for the critical supersaturation obtained
from these three methods are shown in Fig. 7 as a
function of temperature. The close agreement of the
direct measurement (at 67°C) with the value calculated
from the v, maximum (at 65°C) supports the interpre-
tation that (v,)max 1S equivalent to the equilibrium
vapor pressure of the critical nuclei.fThe data can be

*Data we recently obtained for the nucleation of cadmium on single crystal
germanium also support this interpretation.

represented by the formula
20,800
*.( = — 2
log v} = 26.5 53RT 15]
Here, v’l‘-‘ is the critical impingement rate and R7 is in
cal per mole.

4) GROWTH AND STRUCTURE OF THICK
CADMIUM LAYERS ON OXIDIZED TUNGSTEN

The growth and structure of thick cadmium layers
(=50 monolayers) have been studied by kinetic meas-

Fig. 10—Scanning electron micrograph
of two tungsten grains with cadmium de-
posit of 70 monolayers; see subscript
Fig. 9.
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urements, scanning electron microscopy, optical mi-
croscopy, and by electron microscopy of replicas.

Evaporation and Condensation

The sublimation rate of a cadmium layer of 500
monolayers thick was measured as a function of tem-
perature and incident beam intensity. Results plotted
in Fig. 8 show that there is appreciable hysteresis in
ve; When the tungsten is cycled at a rate of 1°K per
sec from low to high temperature with the beam on
(see curves 24 and 2b, or 3« and 3b). This indicates
that the structure of the deposit is a function of the
temperature, It takes in the order of 10 to 100 sec to
establish the steady-state surface configurations.
After a stay at high temperature, the deposit pre-
sumably has a smoother surface and the number of
growth sites has diminished.

At the temperatures where the incident beam inten-
sity and the sublimation rate become equal {v; = v,;)
there is equilibrium between the gas phase and the
solid. The hysteresis effect is absent there. The locus
of the points v; = v,; in Fig. 8 is therefore the equi-
librium vapor pressure curve, v,. It is parallel to,
but slightly higher than the Langmuir evaporation
curve, vo. The slope gives a heat of sublimation of
27.7 kcal per g-atom, in good agreement with an ac-
cepted literature value of 26.7 kcal per g-atom.'”® The
evaporation coefficient, g3, is given by

3= 2% =0.90 6]

Ve
This is to be compared with g3 = 0.63 for epitaxially
grown cadmium on clean tungsten® and a value of
8 = 1.0 for bulk polycrystalline cadmium.”® The higher
value in the present work is in line with the rather
fine-grained structure of the cadmium films on oxi-

Fig. 11—Scanning electron micrograph
of cadmium deposit of 70 monolayers;

see subscript Fig. 9. At left one of the
rare grains with preferred orientation
of the cadmium.
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dized tungsten, as compared to the smooth and highly-
oriented epitaxial cadmium films.

Comparing the y,,; curves of Fig. 8 with similar
curves for cadmium on clean tungsten, Fig. 11 in Ref.
3, shows that v,; is generally lower in the present
case, as would be expected for a highly imperfect
deposit.

Morphology of Cadmium Films

The morphology of the present films is illustrated
by Figs. 10 through 16. In thin films, about 70 mono-
layers thick, optical micrographs, Fig. 9, show that
the cadmium decorates the grain-structure of the
tungsten substrate. However, little variation is de-
tected in the fine structure of the cadmium deposit on
the various fungsten grains. This observation is con-
firmed by scanning electron micrographs, Fig. 10.
There are some exceptional grains, however, which
do show a different structure, with epitaxial alignment
of the cadmium crystals, Fig. 11,

Thick cadmium deposits (500 monolayers) show
under the light microscope hardly any morphological
variation from one tungsten grain to the other, Fig.
12. The contrast with deposits of similar thickness on
clean tungsten is striking, see Fig. 9 of Ref. 3. Scan-
ning electron micrographs, Fig. 13, show that many
of the larger crystals in the deposit have the hexagonal
morphology of bulk cadmium. Some appear to be
twinned. The bimodal size-distribution of the islands
in Fig. 13 cannot be explained by nucleation at two dif-
ferent supersaturations, since constant deposition con-
ditions were employed. The larger islands may have
formed by coalescence and Ostwald ripening.

In the fringe-area of the beam spot on the tungsten
target, the small crystallites of Fig. 14 were ob-
served. They show a cadmium-substrate ‘‘contact
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angle’’ of about 80 deg. Of course this is largely de-
termined by the crystallography and is not necessarily
equal to the contact angle 9 resulting from the balance
of surface tensions. However, in view of the value
found and of the further characteristics of the deposit
(e. g., the presence of whiskers) the angle § must be
rather high too. Since the grain boundaries of the
tungsten substrate have acquired a V-shaped cross-
section through thermal etching, theory®’* would pre-
dict a particularly favorable situation for nucleation
at the boundaries for 9 ~ 90 deg. However, on all the
micrographs obtained, Figs. 10, 11, and 14, decoration
of the grain boundaries is absent. Therefore it must
be assumed that 6 > 90 deg.

Whiskers

Many whiskers were found in both thin and thick
cadmium films on oxidized tungsten. On clean tung-
sten they had been completely absent.” The whiskers
are quite numerous on some grains, completely absent
on others, Figs. 10 and 11. Sometimes they are con-
centrated on a grain boundary, Fig. 15. They typically
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have a length/diameter ratio of about 50. In making a
replica of one sample, many whiskers stuck to the
replica and were stripped off. Electron diffraction
confirmed that they are cadmium with the hcp crystal
structure.

The mechanism of formation of the whiskers is not
clear. They are formed during cadmium deposition
and did not grow during storage, as stress-induced
whiskers would.” They do not seem to grow through
a VLS mechanism?® either. On the other hand, the
orientation of the whiskers with respect to the sub-
strate is not random; neighboring whiskers are often
parallel, Figs. 10, 15, and 16. This indicates some
influence of the orientation of the tungsten grain on
their growth direction.

In view of the limited amount of material present
in the form of whiskers, no appreciable effect on the
overall growth kinetics of the films is expected.

5) COMPARISON WITH HETEROGENEOUS
NUCLEATION THEORY

Heterogeneous nucleation of a vapor on a surface
acting as nucleation ‘‘catalyst’’ is classically de-

Fig. 12—Light micrograph of thick cad-
mium deposit, average coverage about
500 monolayers, deposited at 48°C, beam
intensity 7 x 101 em™? sec™i:
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scribed as a process involving adsorption of vapor
atoms onto the surface to form a dilute adlayer, in
which nuclei form by surface migration and ensuing
statistical variations of the local concentration.” It
was recognized by Gibbs® that such systems pass
through a free energy maximum as the size of these
nuclei is increased. This maximum has been asso-
ciated with the existence of a critical nucleus, which
would have equal probabilities of decay or further
growth.®*°

Critical Adatom Concentration

In the classic nucleation theory, the total adatom
concentration is usually assumed to be very small
compared to the monolayer. It has to be, since the
number of pairs, triplets, and so forth, rises rapidly
with increasing coverage of the surface. High critical
adatom concentrations would have as a corollary ex-
tremely large critical nuclei or, in other words, very
small energies of attraction between the adatoms.
Take, for instance, atoms with a pair interaction of
—2 kT adsorbed on a square lattice. This adlayer be-
comes unstable with respect to condensation to dense
clusters at a relative coverage #¥/N ~ 2 x 1077 (Ref.
31). N is here the number of sites per unit area, nt
is the number density of single atoms at nucleation.

In the case of the condensation of metals, pair inter-
action energies are much larger than 2T under the
usual experimental conditions, and critical adpopula-
tions n¥/N <« 107 would thus be expected. However,
for silver on tungsten a critical adpopulation of
ni/N ~ 0.2 was found, and the radius of the critical
nucleus was calculated to be 1.5A (Refs. 32 and 33).
In the present case of cadmium on oxygenated tungsten
the observed critical adpopulation is 4.0 x 10** ¢m™2
or nl/N ~ 0.4. It is evident that these high adpopula-
tions are not consistent with cluster formation by

Fig. 13—Scanning electron micrograph
of cadmium deposit of 500 monolayers;
see subscript Fig. 12.
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statistical distribution of the adatoms over the sur-
face. The discrepancy can be explained by assuming
that the adatoms fill tight-binding sites and are not
participating in cluster formation because the inter-
atomic distance in the cluster, which should be close
to that in the bulk metal, is too different from the
distance between the surface sites. This would lead
to an average substrate-adatom interaction which is
appreciably lower for the cluster than for single
atoms, resulting in low or even vanishing net inter-
action energies. The total coverage in such a case is
of less importance than the excess population after
saturation of the adsorption sites.

The Critical Supersaturation

The explanation and prediction of the critical su-
persaturation and its temperature dependence have
been treated both as an equilibrium problem®’** and
as a kinetic problem.”’**’°***" In the equilibrium
treatment, the conditions are calculated for the phase
transformation of the adsorbed lattice gas into a con-
densed phase. Neglecting the effect of attraction be-
tween adatoms on the entropy, Fowler and Guggen-
heim derived the following formula for the phase
transformation:

3
vp= 2TV exp [~(2aho - ze2) /24T ) [7]
where v} is the critical intensity of the impingement
beam at condensation temperature T, v is the geo-
metric mean of the frequencies for the three direc-
tions of vibration in the localized monolayer, z is the
coordination number of the lattice, and Ako and €2 are
the atomic heat of adsorption and the pair interaction
energy, respectively. The atomic mass is denoted by
m, the Boltzmann constant by k. The relation should
give a straight line when log »} is plotted vs 1/7T', and
this is in agreement with the experimental results,
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Fig. 7 and Eq. [5]. However, the preexponential factor
predicted by Eq. |7]is 10®*® cm™* sec™', a factor 125

higher than the 10%**®* cm™ sec™’ found experimentally.

(A frequency v = 10** sec ™' was used in Eq. [7]). The
formula also predicts too high preexponentials for the

34,38

condensation in other systems.
In a similar treatment of the problem,”® the entropy

of the adsorbed atoms is represented by that of three
translational degrees of freedom, leading to the ex-
pression:t '

Fig. 14—Scanning electron micrograph
of fringe area of cadmium deposit. A
tungsten grain boundary is visible in the
lower left-hand corner.
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Fig. 15—Cadmium whiskers on a tungsten
grain boundary. Scanning electron micro-
graph of a deposit of 500 monolayers

average thickness; see subscript Fig. 12.

METALLURGICAL TRANSACTIONS



*The expression given by Walton has been changed in two ways: it is written to
give v} in incident rates rather than'pressures by dividing by (2mmkT)%, and v
has been placed in the denominator rather than in the numerator, which is a cor-
rection of an obvious oversight. Eq. [8] becomes identical to Eq. [7] when the
entropy of the adsorbed atoms is represented by three harmonic oscillations
rather than three translational degrees of freedom, and 2o = 1.

172
¥= 2’:};”) ! % exp [—(2Aho — z€2)/2 kT (8]
Here, Qo stands for the contribution of the ground
state of the atom to the electronic partition function,
and v is the volume associated with one surface site.
This model is clearly overestimating the entropy of
the adsorbed phase, and it is therefore yielding pre-
exponential factors that are much too low. One calcu-
lates the factor to be 10°** cm™ sec™! from Eq. [8],
as compared to the experimental 10%*° cm™2 sec”

It should be noted that in the derivation of Eqs. [7]
and [8] the total interaction energy of the clusters has
been assumed to be proportional to the number of
pairs, which is a rather poor assumption, especially
for the metals of group IIB (Refs. 39 and 40).

The capillarity theory of critical nucleation
rates®**"¥" uses contact angles and surface energies
determined in systems of macroscopic size to express
the free energy of the critical cluster. The following
equation, based on the Gibbs-Thomson relationship,

is found:*"’*!
- 3
BT o 2Oy e 2 a7(In € + 2 In p*)
( 4 Pe 16 75°®(8) t ?
+ 2AG(l:les AGsm} (9)
Herein,
- asin 6 In(p*/pe <I>(9)okT o (10]
Brm

This relation has been evaluated for the present ex-

Fig. 16—Cadmium whiskers in the center
of a tungsten grain. Scanning electron

micrograph of deposit of 500 monolayers
average thickness; see subscript Fig. 12.
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perimental values for p* and T, from Fig. 7, and a
contact angle # = 90 deg (but see Section 4) which
yields &(6) = 0.50 (Ref. 41). AGgeg Was calculated
from the experimental heat of adsorption AH, = 18.5
kecal per g-atom while neglecting the translational
degrees of freedom of the atoms in the adlayer. The
barrier for surface migration AGjes Was neglected.
For the lattice constant,a = 4 X 10™° cm was used,
and for the surface energy, o = 700 erg per sq cm
(Ref. 42). V is the atomic volume of bulk cadmium,
k, T, and m have the usual meanings, and v = 102
sec™' is the jump frequency on the surface.

The values for ln (p*/p,) calculated with Eq. [9] are
a factor 10 larger than the experimental results, re-
sulting in values for p* which are a factor 10" to 10"
too high. This large discrepancy cannot be due to the
assumptions made for ¢, AGdeS and Acsm, but seems
to result largely from the use of a bulk value for o.
Agreement can be obtained with ¢ = 160 erg cm™2,
However, the basis of the capillarity theory is the
use of bulk values for the energy parameters. Reduc-
tion of ¢ to an adjustable parameter would make the
value of the theory rather questionable.

6) SUMMARY AND CONCLUSIONS

The effect of hydrogen preadsorption and a hydrogen
ambient on the condensation of cadmium vapor on poly-
crystalline tungsten is negligible. This is probably
due to the rather weak affinity of hydrogen for either
tungsten or cadmium.

Oxygen, on the other hand, being strongly chemi-
sorbed on tungsten surfaces, changes the condensation
behavior of cadmium completely as compared to that
observed on clean tungsten. Thermal accommodation
of cadmium on oxygenated tungsten is incomplete on a
small fraction of the surface.
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The capacity of the tungsten surface for chemisorp-
tion of cadmium is greatly reduced by oxygen, and the
heat of adsorption is diminished from 27 to 51 kcal
per g-atom to 18.5 kcal per g-atom. The surface oxy-
gen constitues a nucleation barrier, the effects of
which are evident in the morphology and orientation
of the cadmium deposit. Islands of irregular orienta-
tion are formed, reflecting little, if any, influence of
the orientation of the underlying tungsten grain. The
highly polycrystalline deposit shows a high evapora-
tion coefficient, g8 = 0.90. In contrast, cadmium de-
posits on clean tungsten are epitaxial and show a
rather low evaporation coefficient, g = 0.63.

The kinetic study of the early stages of growth
shows a high adatom concentration (4 x 10" cm™) at
the critical nucleation. This indicates that only part
of the adatoms are involved in the statistical density
fluctuations leading to nucleation. The desorption flux
from the adlayer can be used to monitor the thermo-
dynamic potential of cadmium in the layer up to the
point of nucleation. This gives a rather direct equi-
librium measurement of the critical supersaturation.
The fact that this leads to the same results as more
conventional measurements shows that the nucleation
problem could be treated as an equilibrium problem,
as has indeed been done.

Beyond the critical point, monitoring of the ther-
modynamic potential of the nucleated deposit shows
that it remains quite high compared with that of bulk
crystalline cadmium. This indicates that the Ostwald
ripening of the deposit is a slow process on the time-
scale of these measurements (10 min).

Comparison of the nucleation data with heterogene-
ous nucleation theory shows the theory to be inade-
quate for a quantitative description. The phase trans-
formation theory advanced by Fowler and Guggenheim
comes closest, but improved expressions for the
entropy of atoms in the critical adlayer are needed.
Furthermore, neither theory provides adequate ex-
pressions for the energy of interaction as a function
of cluster size.

In summary we conclude the following:

1) Contaminants which adsorb strongly on the sub-
strate surface have a very strong influence on the
nucleation barrier and on the morphology of metal
deposits. This emphasizes the importance of perform-
ing nucleation experiments under clean ultrahigh
vacuum conditions.

2) The heat of adsorption of cadmium on oxygen-
ated tungsten is 18.5 + 1 kcal per g-atom for mono-
mers. Bulk cadmium islands nucleate at a coverage
of about 0.5 monolayer (4 x 10" ecm™?). They have
almost random orientation and eventually form a
polycrystalline deposit with an evaporation coefficient
B = 0.90.

3) The present experimental approach makes it
possible to measure the equilibrium thermodynamic
potential, the adatom concentration, and the heat of
adsorption during deposition.

4) The critical nucleation stage of deposition can
be described by an equilibrium thermodynamic poten-
tial which can be obtained experimentally.

5) Present nucleation theory is inadequate to account
quantitatively for the experimental results. In view of
(4) it is expected that an equilibrium treatment of the
problem is the more likely to be successful.
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