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on Tungsten Covered with Oxygen or Hydrogen
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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 o t h e r 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 s m a l l , irregularly oriented islands and of a few whiskers. E x p e r i -
m e n t a l results on the kinetics and topography of the deposition are compared with nucleation
theory.

T H E present state of affairs in the field of vapor-
phase heterogeneous nucleation is characterized by
the availability of much theoretical work, but t h e r e
is still a paucity of experimental results, l'e E s p e -
cially r a r e are experiments performed under " c l e a n "
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 existlng theories
and to properly a s s e s s the effects of adsorbed im-
purities.

Our e a r l i e r studies were concerned with the depo-
sition of cadmium from the vapor onto c l e a n , poly-
crystalline tungsten ribbons.3 In that system, multi-
l a y e r adsorption (3 to 4 monolayers) precedes growth
of bulk cadmium. The heat of adsorption d e c r e a s e s ,
through five adsorption states, from 51 kcal per g-
atom to a value c l o s e to the heat of sublimation of
bulk cadmium, 26.6 kcal per g -a tom. Growth of bulk
cadmium o c c u r s by the evolution of epitaxial islands
and r idges 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 h ighe r than on c l ean
tungsten. For iron and nickel, on the other hand, the
lifetime decreases. 4,s

Since adsorption of the condensing m e t a l p lays 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 d e c r e a s e the t h e r m a l accommodation coeffi-
cient, the lifetime and the adsorption energy, and to
i n c r e a s e the c r i t i c a l supersaturation needed for
growth.6'7

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.

i) E X P E R I M E N T A L

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

In the center of an ultra-high v a c u u m chamber a
25~m thick polycrystalline tungsten ribbon is mounted.
This t a r g e t is resistively heated and its temperature
is m e a s u r e d and controlled by a tungsten/tungsten-
rhenium thermocouple welded to the b a c k . A r e s i s t -
ively heated, enclosed, Knudsen cell provides a cad-
mium beam, which can be intercepted by a rotating
shutter. In d i r e c t line of sight of the tungsten t a r g e t ,
a quadrupole mass spectrometer is used to m e a s u r e
the intensity, and the temperature of the cadmium
flux desorbing from the target. This instrument a l s 0
provides analysis of the r e s i d u a l vacuum.

The base p r e s s u r e of the apparatus is 2 x 10-1°
t o r r . Oxygen or hydrogen may be admitted to the sys-
tem through s i l v e r or silver-palladium diffusion
tubes, respectively. T h e i r puri ty 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 go ing through preliminary cleaning, the tung-
sten t a r g e t (99.95 pct pur i ty) is placed in the c h a m b e r
w h e r e it is further cleaned by heating in 10-7 torr oxy-
gen to 2100°K to r e m o v e c a r b o n , and subsequent h e a t -
ing to 2500°K in the r e s i d u a l vacuum (2 to 5 x 10 -1°
t o r r ) to evaporate all oxides, s'9

The relation between the mass spectrometer detec-
tor current and the intensity of the cadmium flux de-
sorbing from the t a r g e t was calibrated by evaporating
a thick cadmium deposit (500 to 1000 monolayers).
Literature vapor p r e s s d r e data1° for bulk cadmium
and the evaporation coefficient determined in Section
4 were used for the calibration. The calibration re-
lation used is

I = 3.5 × lOZeSi~ De ~Tref [i]
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H e r e , I is the mass spectrometer current, Si the c a l i -
bration constant which is dependent on the sensitivity
of the spectrometer and on the geometry of the sys-
tem. Pe is the literature value for the cadmium vapor
p r e s s u r e at temperature T, M is the a t o m i c weight of
cadmium and Tre f is an arbitrary reference temper-
ature. It was found that the evaporation constant /3 is
0.63 for c l ean3 and hydrogen-covered tungsten and
0.90 for oxygenated tungsten.

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

I
V0 = -~/" Tref [2]

In this relation, the effects of t h e r m a l nonaccommoda-
tion are neglected. This is permissible because of the
r a t h e r s m a l l deviation from complete accommodation
(see below). Comparison of signals obtained from a
cadmium beam of constant intensity " r e f l e c t e d " by
c l ean and by oxidized tungsten also shows this to be
a good approximation.

The t h e r m a l accommodation coefficient is defined
by ( Ti - T e i ) / ( Ti - (It) , w h e r e T i is the temperature of
the incident beam, Tel that of the beam coming from
the t a r g e t , and T t 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 relation6 between
mass-spectrometer current and t a r g e t temperature
for an incident cadmium beam of constant intensity
and temperature. It is also evident from the s m a l l
step-response observed when the shutter is opened
and the beam impinges on the oxygenated t a r g e t . 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, zz'~2 field e m i s -
sion, TM and low-energy electron diffraction. '2 On poly-
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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 1 0 1 4 e m - 2 .

crystalline tungsten, the heat of adsorption ranges
from 35 kcal per mole for the bare substrate t o 7 kcal
per mole at monolayer cove rage . At the low-coverage
end, the adsorption is dissociative, zl In line with this
it was found that on (100) tungsten substrates the hy-
drogen f o r m s two states, an a t o m i c adsorption of 32.3
kcal per mole and a m o l e c u l a r adsorption of 26.3 kcal
per m o l e . Both were i n f e r r e d to be located in valleys
between protruding tungsten atoms.'2

The effect of hydrogen on the adsorption and nuclea-
tion of cadmium was investigated by repeating s e v e r a l
of the adsorption and growth experiments 3 in an am-
bient of 10-6 tort hydrogen. No changes were observed
in e i t h e r the adsorption or the growth kinetics. It is
not possible to say whether cadmium replaces hydro-
gen on the surface, by v i r t u r e of its h ighe r heat of
adsorption, or whether hydrogen is incorporated into
the cadmium adlayer. Even if the l a t t e r situation
holds, no appreciable Cd-H interaction would be ex-
pected. 14 No effect of hydrogen on the desorption s p e c -
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.9 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.9'15 In high-temperature ad-
sorption, the surface tungsten layer is reconstructed
with formation of an oxide-surface compound. At
750°C, faceting of (100), (i12), and ( i i i ) faces was
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o b s e r v e d , l e a d i n g to {110 } o r i e n t a t i o n s . l S ' 1 6 T h e h e a t
o f a d s o r p t i o n o f o x y g e n 9'17'18 i s 100 to 140 k c a l p e r g-
a t o m , m u c h h i g h e r t h a n t h a t f o r c a d m i u m , w h i c h
v a r i e s f r o m 51 to 27 k c a l p e r g - a t o m . It i s not e x -
p e c t e d t h a t CdO c a n be f o r m e d f r o m t h e a d s o r b e d
o x y g e n , a s t h e h e a t o f f o r m a t i o n o f t h e o x i d e i s m u c h
l o w e r t h a n that o f a n y t u n g s t e n o x i d e s .19 I n a n y c a s e ,
CdO was not d e t e c t e d by the m a s s s p e c t r o m e t e r .

B o t h h i g h - t e m p e r a t u r e a n d r o o m - t e m p e r a t u r e ad-
s o r p t i o n o f o x y g e n w e r e e m p l o y e d in t h e p r e s e n t w o r k ,
a n d the e f f e c t s o n the a d s o r p t i o n a n d n u c l e a t i o n o f
c a d m i u m w e r e s t u d i e d .

E f f e c t o f O x y g e n on A d s o r p t i o n o f C a d m i u m

A f t e r t h e u s u a l c l e a n i n g o f t h e t u n g s t e n f o i l a n d
f l a s h i n g to 2 2 0 0 ° C in l e s s t h a n 5 x 10 -1° t o r r r e s i d u a l
g a s , t h e f o i l w a s e x p o s e d to 9 x 10 -1° t o r t o x y g e n a t
r o o m t e m p e r a t u r e . T h i s c a u s e s no r e c o n s t r u c t i o n o f
the t u n g s t e n s u r f a c e .9 A f t e r t h e r e q u i r e d e x p o s u r e
t i m e , t h e o x y g e n f l o w t h r o u g h the s i l v e r d i f f u s i o n tube
was t u r n e d off a n d the p r e s s u r e d e c r e a s e d r a p i d l y to
2 x 10 -1° t o r t . V a r i o u s c o v e r a g e s w i t h o x y g e n c o u l d
be o b t a i n e d by v a r y i n g t h e e x p o s u r e t i m e . F o l l o w i n g
t h i s p r e a d s o r p t i o n o f o x y g e n , the t e m p e r a t u r e o f t h e
t a r g e t was r a i s e d s l i g h t l y , a n d a c a d m i u m b e a m of i n -
t e n s i t y v i was a l l o w e d to i m p i n g e on the t u n g s t e n t a r -
g e t by o p e n i n g the s h u t t e r . A c a d m i u m " d e s o r p t i o n
t r a n s i e n t " w a s m e a s u r e d , s h o w i n g t h e r a t e o f d e s o r p -
tion o f c a d m i u m ( V e i ) a s a f u n c t i o n o f t h e t i m e e l a p s e d
s i n c e o p e n i n g t h e s h u t t e r . T h e c a d m i u m c o v e r a g e a t
a n y t i m e t i s g i v e n by

t

a = f ( v i - V e i ) d t [3]
0

In F i g . 1 , a n u m b e r o f d e s o r p t i o n t r a n s i e n t s h a v e
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Fig. 3--Nucleation and growth; effect of ineident b e a m inten-
sity on the desorption rate a t a s u b s t r a t e t e m p e r a t u r e of 48°C.
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b e e n p l o t t e d a s Vei v s c o v e r a g e , or, f o r d i f f e r e n t v a l u e s
o f t h e p r e a d s o r p t i o n e x p o s u r e o f o x y g e n . O n e s e e s
t h a t , a t B 9 ° C , a c l e a n t u n g s t e n s u b s t r a t e ( c u r v e N o . 1)
a d s o r b s a b o u t 7 x 1014 c m -2 c a d m i u m b e f o r e a m e a s -
u r a b l e c a d m i u m d e s o r p t i o n r a t e i s o b t a i n e d . T h e
g r o w t h r a t e i s g i v e n by t h e d i f f e r e n c e b e t w e e n t h e i n -
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ficient K, d e r i v e d from d a t a of Fig. 3 by Eq. [4].
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c i d e n t b e a m i n t e n s i t y , 10 ~ c m -2 s e c - ~ , a n d t h e d e s o r p -
t i o n r a t e d e p i c t e d in F i g . 1 . T h e a m o u n t of t i g h t l y -
b o u n d c a d m i u m d i m i n i s h e s r a p i d l y w i t h i n c r e a s i n g

t0

8

E 6
o

~0
Ix 4 1

>-

a- r

• Ve
/

I
!
I

o o

0

o K z--
. . . . 0 - -

6 5 * C
- - E -

l i

t 2

CADMIUM COVERAGE, ¢r x 1045, cm-2

t0

6 ~
O

x

4

I
3

Fig. 6--Equi l ibr ium evaporation rate v e and evaporation con-
s t a n t K, d e r i v e d from data of Fig. 5 by Eq. [4].
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Fig. 7--Critical incident beam intens i ty and equi l ibr ium e v a p -
orat ion rate vs r e c i p r o c a l temperature, x obtained from Fig.
2 by extrapolat ion to v i - ( V e i ) m a x = 0, (]) d i r e c t m e a s u r e m e n t
p e r f o r m e d by cool ing the subst ra te at constant incident beam
intens i ty , [ ] (Ve)maxfrom F i g s . 4 and 6.

o x y g e n - c o v e r a g e . W i t h 5 x 1014 c m -2 o x y g e n o n t h e
s u r f a c e , o n l y a b o u t 2 x 1014 c m -2 c a d m i u m is t i g h t l y
b o u n d ( c u r v e N o . 4 ) . T h e c a d m i u m g r o w t h r a t e (v i
- - Yei?, w h i c h , f o r c l e a n t u n g s t e n , i s a b o u t 3 x 10z2 a m -2
s e c - a t t h e e n d o f t h e e x p e r i m e n t ( c u r v e N o . 1), a l so
d i m i n i s h e s , a n d 1015 c m -2 o x y g e n s u p p r e s s e s g r o w t h
a l m o s t c o m p l e t e l y (the d e s o r p t i o n r a t e r i s e s to a p p r o x -
i m a t e l y 9 5 p c t o f t h e i n c i d e n t b e a m a t a c a d m i u m
c o v e r a g e jus t o v e r 10 la c m - 2 ) .

A l l f u r t h e r e x p e r i m e n t s w e r e d o n e w i t h a t u n g s t e n
s u r f a c e o x i d i z e d by h e a t i n g in 10-8 t o r r o x y g e n a t
1 0 0 0 ° C , a n d t h e n s l o w l y c o o l e d t o r o o m t e m p e r a t u r e
in t h e s a m e a m b i e n t . T h e s u r f a c e c o n s i s t e d t h e n o f a
r e c o n s t r u c t e d o x i d e l a y e r .15'16 I n F i g . 2 , a n u m b e r o f
n u c l e a t i o n e x p e r i m e n t s a r e p l o t t e d a s Vet v s cr. T h e y
a r e d o n e in t h e s a m e w a y a s d e s o r p t i o n t r a n s i e n t s ,
but a t h i g h e r s u p e r s a t u r a t i o n s . T h e s u p e r s a t u r a t i o n

Table I. 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"2 kcaI/gm-at. AG336OK, kcal/gm-at, the Surface

1.8 × 1014 18.5 -+ 1 15.98 monomers
4.0 × 1014 20.8 -+ 0.5 15.59 critical

nuclei
2.5 X 10~s 21.5 -+0.5 15.74 nuclei
5.0X 10x~ 26.7 -+0.5 17.28 islands,

coalesced
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Fig. &-Evaporation and condensation on a thick c a d m i u m de-
p o s i t ( - 5 0 0 monolayers). Heating c u r v e s 1, 2a, and 3a ob-
t a i n e d a f t e r 5 to 10 rain equi l ibrat ion at room temperature,
wi th the beam on. Cool ing c u r v e s 2b and 3b show the h y s t e r -
e s i s . Langmuir evaporation rate given by ~)0. Heating and
cool ing r a t e s I°K per sec.
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i s d e f i n e d a s t h e r a t i o o f t h e i n c i d e n t b e a m i n t e n s i t y
t o t h e e q u i l i b r i u m e v a p o r a t i o n r a t e o f bulk c a d m i u m ,
v V ( V e ) b u l k .

U p o n o p e n i n g t h e c a d m i u m b e a m s h u t t e r , a s t e p
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 Vei curves do not start at Vei = 0 for a = 0.
The step response was observed at the instrumental
time constant of 0.5 sec.

The Vei curves have an initial flat portion, similar
to the case of nitrogen-contaminated tungsten.6'7 This
is due to a rather tightly-bound state in whichabout
1 to 2 × 1014 atoms per sq cm may be adsorbed.

E v i d e n c e f o r a N u c l e a t i o n B a r r i e r

In t h e t e m p e r a t u r e r a n g e o f 4 8° to 7 7 ° C , f o r w h i c h
t h e i m p i n g e m e n t b e a m e m p l o y e d in F i g . 2 c o r r e s p o n d s
to s u p e r s a t u r a t i o n s f r o m 700 t o 1 5 , a m a x i m u m is
f o u n d in Vei a t 4 × 1014 c m -2 c a d m i u m c o v e r a g e . T h i s
m a x i m u m , e q u i v a l e n t to a m i n i m u m in t h e g r o w t h r a t e ,
s h o w s t h e p r e s e n c e o f a n u c l e a t i o n b a r r i e r . T h e c o v -
e r a g e a t w h i c h i t o c c u r s i s t h e r e f o r e t h e c r i t i c a l ad-
a t o m c o n c e n t r a t i o n f o r n u c l e a t i o n . T h i s a p p e a r s to be
i n d e p e n d e n t o f t e m p e r a t u r e . I t s v a l u e , h o w e v e r ,
s e e m s r a t h e r h i g h in t h e l i g h t o f t h e s t a t i s t i c a l t h e o r y
o f h e t e r o g e n e o u s n u c l e a t i o n .

A t i n s u f f i c i e n t s u p e r s a t u r a t i o n , e . g . , 89°C in F i g . 2 ,
a c o v e r a g e c l o s e to t h i s c r i t i c a l a d c o v e r a g e i s e s t a b -
l i s h e d but no f u r t h e r g r o w t h o c c u r s .

A m o r e d e t a i l e d e x a m i n a t i o n o f a d s o r p t i o n a n d nu-
c l e a t i o n i s p o s s i b l e u s i n g e x p e r i m e n t s s h o w n in F i g s .
3 a n d 5 . I n t h i s s e r i e s , n u c l e a t i o n e x p e r i m e n t s w e r e
d o n e a t c o n s t a n t t e m p e r a t u r e f o r t h r e e b e a m i n t e n -
s i t i e s v i . It i s e v i d e n t t h a t t h e Vei c u r v e s f o r d i f f e r e n t

v i 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 wouldbe a function of coverage and temperature
only. With a precursor state present, the evaporation
rate wouldbe a function of the fraction of the cadmium
present in that state.

Analysis of Nucleation Curves Vei vs

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

Vei = Ve + K ( v i - r e ) [4]

U n d e r e x p e r i m e n t a l c o n d i t i o n s w h e r e t h e r e i s n o n e t
g r o w t h o r e v a p o r a t i o n , m e a n i n g v i = Vei , t h e " e q u i -
l i b r i u m " d e s o r p t i o n r a t e , Ve i s o b t a i n e d . A t h i g h
c o v e r a g e Ve b e c o m e s e q u i v a l e n t t o t h e e q u i l i b r i u m
bulk vapor pressure of cadmium, irrespective of the
nature of the substrate. The desorption constant, K,
includes the effectof thermal nonaccommodation.
Values of K and Ve derived with Eq. [4] are plotted in
Figs. 4 and 6 as a function of the cadmium coverage.
Values of ve are more reliable than those of K, espe-
cially near the critical coverage of about 4 × 1014 cm-2
where Eq. [4] is only a fair approximation.

Focusing attention on the ve 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 Ve curves, up to the maxi-
m u m , give the vapor pressure of an adpopulation
which at low coverage consists almost exclusively of
monomers. Without clustering, that is without C d - C d

Fig. 9--Light micrograph of thin cadmium
deposit, average coverage about 70°
monolayers, deposited at 48°C, beam inten-
sity3x 1013cm-2sec-I.
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a t t r a c t i o n , t h e c o v e r a g e w o u l d s a t u r a t e , g i v i n g a v e
c u r v e a s r o u g h l y i n d i c a t e d by ( Y e ) a d s in F i g . 4 . T h e
i n f l e c t i o n p o i n t in the r i s i n g p a r t o f t h e Ve c u r v e , a t
about 2 x 1014 cm-2 coverage, may perhaps be re-
garded as the onset of noticeable embryo formation
or clustering. Up to the maximum, the Ve 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 Ue, this quantity gives the
minimum incident rate necessary for growth. How-
ever, a deposit held at a particular {T, a, re} combin-
ation, represented by a point on the Ve 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
c u r v e .

T h e h e a t o f d e s o r p t i o n o f m o n o m e r s a n d t h e h e a t o f
e v a p o r a t i o n o f n u c l e i w e r e d e t e r m i n e d f r o m Y e c u r v e s
f o r 48° a n d 6 5 ° C , T a b l e I , w i t h t h e f o r m u l a A H ( a )
= R [ A ( l n V e ) / A ( 1 / T ) ] ~ . A n i n d i c a t i o n o f t h e a c c u r a c y
was d e r i v e d f r o m t h e s c a t t e r o f Yei m e a s u r e m e n t s .
A t a c a d m i u m c o v e r a g e o f 1.8 × 1014 c m -2, w h e r e
c l u s t e r i n g i s p r o b a b l y s t i l l r a t h e r u n i m p o r t a n t , t h e
h e a t of a d s o r p t i o n of m o n o m e r s i s f o u n d . I t i s 18.5
k c a l p e r g - a t o m , c o m p a r e d w i t h 26.7 k c a l p e r g - a t o m
f o r t h e h e a t of s u b l i m a t i o n o f bulk c a d m i u m . ~°'19 A t
t h e c r i t i c a l a d a t o m - c o n c e n t r a t i o n , 4 . 0 × 1014 c m -2,
t h e h e a t o f e v a p o r a t i o n i s a b o u t 20.8 k c a l p e r g - a t o m ,
t h e d i f f e r e n c e o f 2 k c a l p e r g - a t o m r e f l e c t i n g t h e
c a d m i u m - c a d m i u m i n t e r a c t i o n in t h e c l u s t e r . O f
c o u r s e , t h e a v e r a g e c a d m i u m - s u b s t r a t e i n t e r a c t i o n
f o r t h e a t o m s in t h e c l u s t e r m a y wel l be s m a l l e r t h a n
t h e h e a t o f a d s o r p t i o n o f 18.5 k c a l p e r g - a t o m , a n d
2 k c a l p e r g - a t o m is t h e r e f o r e a m i n i m u m v a l u e f o r
t h e C d - C d i n t e r a c t i o n . *

*The binding energy for a gaseous cadmium dimer was found to be 2.0 kcal per
m o l e .20,21

C r i t i c a l S u p e r s a t u r a t i o n

T h e c r i t i c a l s u p e r s a t u r a t i o n f o r n u c l e a t i o n of cad -
m i u m o n o x y g e n a t e d t u n g s t e n was d e t e r m i n e d in t h r e e
w a y s . T h e f i r s t o n e i s to l e t a c a d m i u m b e a m i m p i n g e
o n t h e s u r f a c e , w h i l e s l o w l y c o o l i n g t h e t u n g s t e n f r o m
a b o u t 4 0 0 ° C to r o o m t e m p e r a t u r e . N u c l e a t i o n i s m a n i -
f e s t by a r a t h e r s h a r p d r o p in the i n t e n s i t y o f t h e d e -
s o r b e d c a d m i u m f l u x .6'7 A n o t h e r w a y i s to d e t e r m i n e ,
f r o m a plot s u c h a s F i g . 2 , a t w h a t t e m p e r a t u r e t h e
m i n i m u m g r o w t h r a t e ( g i v e n by v i - Uei a t t h e •ei m a x -
i m u m ) b e c o m e s z e r o . It i s a l so p o s s i b l e to c a l c u l a t e
t h e c r i t i c a l s u p e r s a t u r a t i o n f r o m t h e m a x i m u m in r e ,
F i g s . 4 a n d 6 , a s it m u s t be e q u a l to t h e r a t i o
( r e ) m a x ~ ( r e )bulk"

V a l u e s f o r t h e c r i t i c a l s u p e r s a t u r a t i o n o b t a i n e d
f r o m t h e s e t h r e e m e t h o d s a r e s h o w n in F i g . 7 a s a
f u n c t i o n o f t e m p e r a t u r e . T h e c l o s e a g r e e m e n t of the
d i r e c t m e a s u r e m e n t (at 6 7 ° C ) w i t h the v a l u e c a l c u l a t e d
f r o m t h e v e m a x i m u m (at 6 5 ° C ) s u p p o r t s the i n t e r p r e -
t a t i o n that ( r e ) m a x i s e q u i v a l e n t to the e q u i l i b r i u m
v a p o r p r e s s u r e o f t h e c r i t i c a l n u c l e i . { T h e d a t a c a n be

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

r e p r e s e n t e d by t h e f o r m u l a
2 0 , 8 0 0

* = 26.5 [5Jl o g v i 2 .3 R T

H e r e , v i i s the c r i t i c a l i m p i n g e m e n t r a t e a n d R T i s in
c a l p e r m o l e .

4) G R O W T H A N D S T R U C T U R E O F T H I C K
C A D M I U M L A Y E R S O N O X I D I Z E D T U N G S T E N

T h e g r o w t h a n d s t r u c t u r e o f t h i c k c a d m i u m l a y e r s
(>-50 m o n o l a y e r s ) h a v e b e e n s t u d i e d by k i n e t i c m e a s -

Fig. 10--Scanning electron micrograph
of two tungsten grains with cadmium de-
positof 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
Vei when the t u n g s t e n i s c y c l e d a t a r a t e o f I °K p e r
s e c f r o m l o w to h i g h t e m p e r a t u r e w i t h t h e b e a m o n
( s e e c u r v e s 2 a a n d 2 b , o r 3 a a n d 3 b ) . T h i s i n d i c a t e s
that t h e s t r u c t u r e of t h e d e p o s i t i s a f u n c t i o n o f t h e
t e m p e r a t u r e , It t a k e s in the o r d e r o f 10 to 100 s e c to
e s t a b l i s h t h e s t e a d y - s t a t e s u r f a c e c o n f i g u r a t i o n s .
A f t e r a s t a y a t h i g h t e m p e r a t u r e , t h e d e p o s i t p r e -
s u m a b l y h a s a s m o o t h e r s u r f a c e a n d t h e n u m b e r o f
g r o w t h s i t e s h a s d i m i n i s h e d .

A t t h e t e m p e r a t u r e s w h e r e t h e i n c i d e n t b e a m i n t e n -
s i t y a n d t h e s u b l i m a t i o n r a t e b e c o m e e q u a l ( vi = Ye i )
t h e r e i s equ i l i b r ium b e t w e e n t h e gas p h a s e a n d t h e
s o l i d . T h e h y s t e r e s i s e f f e c t i s a b s e n t t h e r e . T h e l o c u s
o f t h e p o i n t s v i = Vei in F i g . 8 i s t h e r e f o r e t h e e q u i -
l i b r i u m v a p o r p r e s s u r e c u r v e , v e . It i s p a r a l l e l t o ,
but s l i g h t l y h i g h e r t h a n the L a n g m u i r e v a p o r a t i o n
c u r v e , vo . T h e s l o p e g i v e s a h e a t o f s u b l i m a t i o n o f
27.7 k c a l p e r g - a t o m , in g o o d a g r e e m e n t w i t h a n a c -
c e p t e d l i t e r a t u r e v a l u e o f 26.7 k c a l p e r g - a t o m .~° The
e v a p o r a t i o n c o e f f i c i e n t , /3, i s g i v e n by

3 = v o = 0 .90 [6]
Ue

This is to be compared with fi = 0.63 for epitaxially
grown cadmium on clean tungsten3 and a value of
fi = 1.0 for bulk polycrystalline cadmium,e2 The higher
value in the present work is in line with the rather
fine-grained structure of the cadmium films on oxi-

dized tungsten, as compared to the smooth and highly-
oriented epitaxial cadmium films.

Comparing the Uei curves of Fig. 8 with similar
curves for cadmium on clean tungsten, Fig. 11 in Ref.
3, shows that Uei is generally lower in the present
case, as wouldbe 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 tungsten 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

Fig. 11--Scanning electron micrograph
of cadmium deposit of70 monolayers;
see subscript Fig. 9. At left one of the
rare grains with preferred orientation
of the cadmium.
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a n g l e " o f a b o u t 80 d e g . O f c o u r s e t h i s i s l a r g e l y d e -
t e r m i n e d by t h e c r y s t a l l o g r a p h y a n d i s not n e c e s s a r i l y
e q u a l to t h e c o n t a c t a n g l e 0 r e s u l t i n g f r o m t h e b a l a n c e
o f s u r f a c e t e n s i o n s . H o w e v e r , in v i e w o f t h e v a l u e
f o u n d a n d o f t h e f u r t h e r c h a r a c t e r i s t i c s o f t h e d e p o s i t
( e . g . , t h e p r e s e n c e o f w h i s k e r s ) t h e a n g l e 0 m u s t be
r a t h e r h i g h too . S i n c e t h e g r a i n b o u n d a r i e s o f t h e
t u n g s t e n s u b s t r a t e h a v e a c q u i r e d a V - s h a p e d c r o s s -
s e c t i o n t h r o u g h t h e r m a l e t c h i n g , t h e o r y 23'24 w o u l d p r e -
d i c t a p a r t i c u l a r l y f a v o r a b l e s i t u a t i o n f o r n u c l e a t i o n
a t t h e b o u n d a r i e s f o r 0 ~ 90 d e g . H o w e v e r , o n a l l t h e
m i c r o g r a p h s o b t a i n e d , F i g s . 10 , 11 , a n d 14 , d e c o r a t i o n
o f t h e g r a i n b o u n d a r i e s i s a b s e n t . T h e r e f o r e it m u s t
be a s s u m e d that 0 > 90 d e g .

W h i s k e r s

M a n y w h i s k e r s w e r e f o u n d in b o t h t h i n a n d t h i c k
cadmium films on oxidized tungsten. On clean tung-
sten they had been completely absent.~ The whiskers
are quite numerous on some gralns, completely absent
on others, Figs. 10 and 11. Sometimes they are con-
centrated on a grain boundary, Fig. 15. They typically

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.25 They do not seem to grow through
a VLS mechanism 26 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.

Inview of the limited amount of material present
in the form of whiskers, no appreciable effecton the
overall growth kinetics of the films is expected.

5) C O M P A R I S O N W I T H H E T E R O G E N E O U S
N U C L E A T I O N T H E O R Y

H e t e r o g e n e o u s n u c l e a t i o n of a v a p o r o n a s u r f a c e
a c t i n g a s n u c l e a t i o n " c a t a l y s t " is c l a s s i c a l l y d e -

Fig. 12--Light m i c r o g r a p h of thick cad-
m i u m deposit, a v e r a g e c o v e r a g e a b o u t
500 m o n o l a y e r s , deposited at 4 8 ° C , b e a m
intensity 7 x I0 I3 c m -~ sec-l:
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s c r i b e d a s a p r o c e s s i n v o l v i n g a d s o r p t i o n o f v a p o r
a t o m s onto t h e s u r f a c e to f o r m a d i l u t e a d l a y e r , in
w h i c h n u c l e i f o r m by s u r f a c e m i g r a t i o n a n d e n s u i n g
s t a t i s t i c a l v a r i a t i o n s of t h e l o c a l c o n c e n t r a t i o n . 2~ It
was r e c o g n i z e d by G i b b s28 that s u c h s y s t e m s p a s s
t h r o u g h a f r e e e n e r g y m a x i m u m a s t h e s i z e o f t h e s e
n u c l e i i s i n c r e a s e d . T h i s m a x i m u m h a s b e e n a s s o -
c i a t e d w i t h the e x i s t e n c e of a c r i t i c a l n u c l e u s , w h i c h
w o u l d h a v e e q u a l p r o b a b i l i t i e s o f d e c a y o r f u r t h e r
g r o w t h .29,3o

C r i t i c a l A d a t o m C o n c e n t r a t i o n

I n t h e c l a s s i c n u c l e a t i o n t h e o r y , t h e t o t a l a d a t o m
c o n c e n t r a t i o n i s u s u a l l y a s s u m e d to be v e r y s m a l l
c o m p a r e d to t h e m o n o l a y e r . It h a s to b e , s i n c e t h e
n u m b e r o f p a i r s , t r i p l e t s , a n d so f o r t h , r i s e s r a p i d l y
w i t h i n c r e a s i n g c o v e r a g e o f t h e s u r f a c e . H i g h c r i t i c a l
a d a t o m c o n c e n t r a t i o n s w o u l d h a v e a s a c o r o l l a r y e x -
t r e m e l y l a r g e c r i t i c a l n u c l e i o r , in o t h e r w o r d s , v e r y
s m a l l e n e r g i e s o f a t t r a c t i o n b e t w e e n t h e a d a t o m s .
T a k e , f o r i n s t a n c e , a t o m s w i t h a p a i r i n t e r a c t i o n o f
- 2 k T a d s o r b e d o n a s q u a r e l a t t i c e . T h i s a d l a y e r b e -
c o m e s u n s t a b l e w i t h r e s p e c t to c o n d e n s a t i o n to d e n s e
c l u s t e r s a t a r e l a t i v e c o v e r a g e r ~ J N -~ 2 × 10 -2 ( R e f .
31). N is h e r e the n u m b e r o f s i t e s p e r u n i t a r e a , n*
i s the n u m b e r d e n s i t y o f s i n g l e a t o m s a t n u c l e a t i o n .

I n the c a s e of t h e c o n d e n s a t i o n o f m e t a l s , p a i r i n t e r -
a c t i o n e n e r g i e s a r e m u c h L a r g e r t h a n k T u n d e r t h e
u s u a l e x p e r i m e n t a l c o n d i t i o n s , a n d c r i t i c a l a d p o p u l a -
l i o n s n * / N << 10 -2 w o u l d t h u s be e x p e c t e d . H o w e v e r ,
f o r s i l v e r o n t u n g s t e n a c r i t i c a l a d p o p u L a t i o n o f
n * / N N 0.2 was f o u n d , a n d the r a d i u s o f t h e c r i t i c a l
n u c l e u s was c a l c u l a t e d to be 1 .SA ( R e f s . 32 a n d 33).
I n the p r e s e n t c a s e of c a d m i u m o n o x y g e n a t e d t u n g s t e n
the o b s e r v e d c r i t i c a l a d p o p u l a t i o n i s 4 . 0 × 10 ~4 c m -2
o r n * / N ~- 0 . 4 . It i s e v i d e n t t h a t t h e s e h i g h a d p o p u L a -
t i o n s a r e not c o n s i s t e n t w i t h c l u s t e r f o r m a t i o n by

s t a t i s t i c a l d i s t r i b u t i o n o f t h e a d a t o m s o v e r t h e s u r -
f a c e . T h e d i s c r e p a n c y c a n be e x p l a i n e d by a s s u m i n g
t h a t t h e a d a t o m s f i l l t i g h t - b i n d i n g s i t e s a n d a r e not
p a r t i c i p a t i n g in c l u s t e r f o r m a t i o n b e c a u s e t h e i n t e r -
a t o m i c d i s t a n c e in t h e c l u s t e r , w h i c h s h o u l d be c l o s e
t o t h a t in t h e bulk m e t a l , i s too d i f f e r e n t f r o m t h e
d i s t a n c e b e t w e e n t h e s u r f a c e s i t e s . T h i s w o u l d l e a d
t o a n a v e r a g e s u b s t r a t e - a d a t o m i n t e r a c t i o n w h i c h i s
a p p r e c i a b l y l o w e r f o r t h e c l u s t e r t h a n f o r s i n g l e
a t o m s , r e s u l t i n g in l o w o r e v e n v a n i s h i n g n e t i n t e r -
a c t i o n e n e r g i e s . T h e t o t a l c o v e r a g e in s u c h a c a s e i s
o f l e s s i m p o r t a n c e t h a n t h e e x c e s s p o p u l a t i o n a f t e r
s a t u r a t i o n o f t h e a d s o r p t i o n s i t e s .

T h e C r i t i c a l S u p e r s a t u r a t i o n

T h e e x p l a n a t i o n a n d p r e d i c t i o n o f t h e c r i t i c a l s u -
p e r s a t u r a t i o n a n d i t s t e m p e r a t u r e d e p e n d e n c e h a v e
b e e n t r e a t e d b o t h a s a n e q u i l i b r i u m p r o b l e m 34'3~ a n d
a s a k i n e t i c p r o b l e m . 27'29'38'37 I n t h e e q u i l i b r i u m
t r e a t m e n t , t h e c o n d i t i o n s a r e c a l c u l a t e d f o r t h e p h a s e
t r a n s f o r m a t i o n of the a d s o r b e d l a t t i c e gas into a c o n -
d e n s e d p h a s e . N e g l e c t i n g t h e e f f e c t o f a t t r a c t i o n b e -
t w e e n a d a t o m s o n t h e e n t r o p y , F o w l e r a n d G u g g e n -
h e l m d e r i v e d t h e f o l l o w i n g f o r m u l a f o r t h e p h a s e
t r a n s f o r m a t i o n :

2 ~/-m ~,3
v l - k T exp [ - ( 2 a h o - z e 2 ) / 2 k T ] [7]

w h e r e v i i s the c r i t i c a l i n t e n s i t y o f t h e i m p i n g e m e n t
b e a m a t c o n d e n s a t i o n t e m p e r a t u r e T , u i s t h e g e o -
m e t r i c m e a n o f t h e f r e q u e n c i e s f o r t h e t h r e e d i r e c -
t i o n s of v i b r a t i o n in t h e l o c a l i z e d m o n o l a y e r , z i s t h e
c o o r d i n a t i o n n u m b e r o f t h e l a t t i c e , a n d Aho a n d e2 a r e
t h e a t o m i c h e a t o f a d s o r p t i o n a n d t h e p a i r i n t e r a c t i o n
e n e r g y , r e s p e c t i v e l y . T h e a t o m i c m a s s i s d e n o t e d by
m , t h e B o l t z m a n n c o n s t a n t by k . T h e r e l a t i o n s h o u l d
g i v e a s t r a i g h t l i n e w h e n l o g v* i s p l o t t e d v s 1 / T , a n d
t h i s i s in a g r e e m e n t w i t h t h e e x p e r i m e n t a l r e s u l t s ,

Fig. 13--Scanning e l e c t r o n m i c r o g r a p h
of c a d m i u m d e p o s i t of 500 monolayers;
s e e s u b s c r i p t Fig. 12 .
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F i g . 7 a n d E q . [5]. H o w e v e r , t h e p r e e x p o n e n t i a l f a c t o r
p r e d i c t e d by E q . [7] i s 1028.6 c m -2 s e c - 1 , a f a c t o r 125
h i g h e r t h a n t h e 1026.5 c m -2 s e c -1 f o u n d e x p e r i m e n t a l l y .
(A f r e q u e n c y v = 1012 s e c - 1 was u s e d in E q . [7 ]). T h e
f o r m u l a a l so p r e d i c t s too h i g h p r e e x p o n e n t i a l s f o r t h e

c o n d e n s a t i o n in o t h e r s y s t e m s . 34'3s
I n a s i m i l a r t r e a t m e n t of the p r o b l e m , 3 5 t h e e n t r o p y

o f t h e a d s o r b e d a t o m s i s r e p r e s e n t e d by t h a t o f t h r e e
t r a n s l a t i o n a l d e g r e e s of f r e e d o m , l e a d i n g to t h e e x -
p r e s s i o n : t

Fig. 14--Scanning electron micrograph
of fringe area of cadmium deposit. A
tungsten grain boundary is visible in the
lower left-hand corner.

Fig. 15--Cadmium w h i s k e r s on a tungsten
g r a i n boundary. S c a n n i n g e l e c t r o n m i c r o -
g r a p h of a d e p o s i t of 500 m o n o l a y e r s
a v e r a g e thickness; s e e s u b s c r i p t Fig. 12 .
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*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 (2rrmkT)V2, andv
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 ofthe adsorbed atomsis represented by three harmonic oscillations
rather than three translational degrees of freedom, and~2o = I.

kT )l/z ~o
v* : ~ ~ e x p [ - ( 2 A h o - ze2)/2hT] [8]

H e r e , ~2o s t a n d s f o r t h e c o n t r i b u t i o n o f t h e g r o u n d
s t a t e o f t h e a t o m to t h e e l e c t r o n i c p a r t i t i o n f u n c t i o n ,
a n d v i s the v o l u m e a s s o c i a t e d w i t h o n e s u r f a c e s i t e .
T h i s m o d e l i s c l e a r l y o v e r e s t i m a t i n g t h e e n t r o p y o f
t h e a d s o r b e d p h a s e , a n d it i s t h e r e f o r e y i e l d i n g p r e -
e x p o n e n t i a l f a c t o r s that a r e m u c h too low. O n e c a l c u -
l a t e s the f a c t o r to be 1019"3 c m -2 s e c -1 f r o m E q . [8],
a s c o m p a r e d to t h e e x p e r i m e n t a l 10e~'s c m -~ s e c - .

It s h o u l d be n o t e d that in t h e d e r i v a t i o n o f E q s . [7 ]
a n d [8] t h e t o t a l i n t e r a c t i o n e n e r g y o f t h e c l u s t e r s h a s
b e e n a s s u m e d to be p r o p o r t i o n a l to t h e n u m b e r of
p a i r s , w h i c h i s a r a t h e r p o o r a s s u m p t i o n , e s p e c i a l l y
f o r t h e m e t a l s o f g r o u p I I B ( R e f s . 39 a n d 4 0 ) .

T h e c a p i l l a r i t y t h e o r y o f c r i t i c a l n u c l e a t i o n
r a t e s 29'36'37 uses c o n t a c t a n g l e s a n d s u r f a c e e n e r g i e s
d e t e r m i n e d in s y s t e m s o f m a c r o s c o p i c s i z e to e x p r e s s
t h e f r e e e n e r g y of t h e c r i t i c a l c l u s t e r . T h e f o l l o w i n g
e q u a t i o n , b a s e d o n t h e G i b b s - T h o m s o n r e l a t i o n s h i p ,
is found:37,41

(kT ~ - 2 _ 3 { k T ( l n C + 2 l n p * )
-V- in Pe/ 16~3cI,(0)

+ 2AGUe s-Aosm} [9]

H e r e i n ,

C = a s in 0 in (P*/Pe @(O)WeT [10]
gTrm

T h i s r e l a t i o n h a s b e e n e v a l u a t e d f o r t h e p r e s e n t e x -

p e r i m e n t a l v a l u e s f o r p* a n d T, f r o m F i g . 7 , a n d a
c o n t a c t a n g l e 0 = 9 0 d e g (bu t s e e S e c t i o n 4) w h i c h
y i e l d s ~I,(8) = 0.50 ( R e f . 41). AGUe s was c a l c u l a t e d
f r o m t h e e x p e r i m e n t a l h e a t o f a d s o r p t i o n AHo = 18.5
k c a l p e r g - a t o m w h i l e n e g l e c t i n g t h e t r a n s l a t i o n a l
d e g r e e s o f f r e e d o m o f t h e a t o m s in t h e a d l a y e r . T h e

A *b a r r i e r f o r s u r f a c e m i g r a t i o n Gdes was n e g l e c t e d .
F o r t h e l a t t i c e c o n s t a n t , a = 4 x 10 - a c m w a s u s e d ,
a n d f o r t h e s u r f a c e e n e r g y , a = 700 e r g p e r sq c m
( R e f . 42). V is the a t o m i c v o l u m e o f bulk c a d m i u m ,
k, T, and rn have the usual meanings, and p = I0Iz
sec-I is the jump frequency on the surface.

The values for In (P*/Pe) calculated with Eq. [9] are
a factor 10 larger than the experimental results, re-
sulting in values for p* which are a factor 101° to 1013
too high. This large discrepancy cannot be due to the
a s s u m p t i o n s m a d e f o r 0 , A G n e s a n d A G ~ m , but s e e m s
to r e s u l t l a r g e l y f r o m t h e u s e o f a bulk v a l u e f o r a .
A g r e e m e n t c a n be o b t a i n e d w i t h ~ = 160 e r g c m -2.
H o w e v e r , t h e b a s i s o f t h e c a p i l l a r i t y t h e o r y i s t h e
use of bulk v a l u e s f o r t h e e n e r g y p a r a m e t e r s . R e d u c -
t i o n of z to a n a d j u s t a b l e p a r a m e t e r w o u l d m a k e t h e
v a l u e o f t h e t h e o r y r a t h e r q u e s t i o n a b l e .

6) S U M M A R Y A N D C O N C L U S I O N S

T h e e f f e c t o f h y d r o g e n p r e a d s o r p t i o n a n d a h y d r o g e n
a m b i e n t o n the c o n d e n s a t i o n of c a d m i u m v a p o r o n p o l y -
c r y s t a l l i n e t u n g s t e n i s n e g l i g i b l e . T h i s i s p r o b a b l y
due to t h e r a t h e r w e a k a f f i n i t y o f h y d r o g e n f o r e i t h e r
t u n g s t e n o r c a d m i u m .

O x y g e n , o n t h e o t h e r h a n d , b e i n g s t r o n g l y c h e m i -
s o r b e d o n t u n g s t e n s u r f a c e s , c h a n g e s t h e c o n d e n s a t i o n
b e h a v i o r o f c a d m i u m c o m p l e t e l y a s c o m p a r e d to that
o b s e r v e d on c l e a n t u n g s t e n . T h e r m a l a c c o m m o d a t i o n
o f c a d m i u m o n o x y g e n a t e d t u n g s t e n i s i n c o m p l e t e o n a
s m a l l f r a c t i o n o f t h e s u r f a c e .

Fig. 16--Cadmium w h i s k e r s in the c e n t e r
of a tungsten g r a i n . Scanning e l e c t r o n
m i c r o g r a p h of d e p o s i t of 500 monolayers
a v e r a g e thickness; s e e s u b s c r i p t Fig. 12 .
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The c a p a c i t y of the t u n g s t e n s u r f a c e f o r c h e m i s o r p -
t ion o f c a d m i u m is g r e a t l y r e d u c e d by o x y g e n , a n d the
heat of a d s o r p t i o n i s d i m i n i s h e d f r o m 27 to 51 k c a l
p e r g - a t o m to 18 .5 k c a l p e r g - a t o m . The s u r f a c e o x y -
g e n c o n s t i t u e s a n u c l e a t i o n b a r r i e r , the e f f e c t s o f
w h i c h a r e e v i d e n t in the m o r p h o l o g y a n d o r i e n t a t i o n
o f the c a d m i u m d e p o s i t . I s l a n d s o f i r r e g u l a r o r i e n t a -
t ion a r e f o r m e d , r e f l e c t i n g l i t t l e , i f any, i n f l u e n c e o f
the o r i e n t a t i o n of the u n d e r l y i n g t u n g s t e n g r a i n . The
h i g h l y p o l y c r y s t a l l i n e d e p o s i t s h o w s a high e v a p o r a -
t ion c o e f f i c i e n t , /3 = 0 . 9 0 . In c o n t r a s t , c a d m i u m d e -
p o s i t s on c l e a n t u n g s t e n a r e e p i t a x i a l a n d show a
r a t h e r low e v a p o r a t i o n c o e f f i c i e n t , ~3 = 0 . 6 3 .

The k i n e t i c s t u d y o f the e a r l y s t a g e s o f g r o w t h
s h o w s a high a d a t o m c o n c e n t r a t i o n (4 × 10x4 c m -2) at
the c r i t i c a l n u c l e a t i o n . T h i s i n d i c a t e s that only p a r t
o f the a d a t o m s a r e i n v o l v e d in the s t a t i s t i c a l d e n s i t y
f l u c t u a t i o n s l e a d i n g to n u c l e a t i o n . T h e d e s o r p t i o n flux
f r o m the a d l a y e r c a n b e u s e d to m o n i t o r the t h e r m o -
d y n a m i c p o t e n t i a l o f c a d m i u m in the l a y e r up to the
p o i n t o f n u c l e a t i o n . T h i s g i v e s a r a t h e r d i r e c t e q u i -
l i b r i u m m e a s u r e m e n t of the c r i t i c a l s u p e r s a t u r a t i o n .
The f a c t that th i s l e a d s to the s a m e r e s u l t s a s m o r e
c o n v e n t i o n a l m e a s u r e m e n t s s h o w s that the n u c l e a t i o n
p r o b l e m c o u l d b e t r e a t e d a s a n e q u i l i b r i u m p r o b l e m ,
a s has i n d e e d b e e n d o n e .

B e y o n d the c r i t i c a l p o i n t , m o n i t o r i n g of the t h e r -
m o d y n a m i c p o t e n t i a l of the n u c l e a t e d d e p o s i t s h o w s
that i t r e m a i n s q u i t e high c o m p a r e d with that o f bulk
c r y s t a l l i n e c a d m i u m . T h i s i n d i c a t e s that the O s t w a l d
r i p e n i n g o f the d e p o s i t i s a s low p r o c e s s on the t i m e -
s c a l e of t h e s e m e a s u r e m e n t s (10 m i n ) .

C o m p a r i s o n of the n u c l e a t i o n d a t a wi th h e t e r o g e n e -
ous n u c l e a t i o n t h e o r y s h o w s the t h e o r y to be i n a d e -
q u a t e f o r a q u a n t i t a t i v e d e s c r i p t i o n . The p h a s e t r a n s -
f o r m a t i o n t h e o r y a d v a n c e d by F o w l e r a n d G u g g e n h e i m
c o m e s c l o s e s t , but i m p r o v e d e x p r e s s i o n s f o r the
e n t r o p y o f a t o m s in the c r i t i c a l a d l a y e r a r e n e e d e d .
F u r t h e r m o r e , n e i t h e r t h e o r y p r o v i d e s a d e q u a t e e x -
p r e s s i o n s f o r the e n e r g y of i n t e r a c t i o n a s a f u n c t i o n
o f c l u s t e r s i z e .

In s u m m a r y we c o n c l u d e the f o l l o w i n g :
1) C o n t a m i n a n t s w h i c h a d s o r b s t r o n g l y o n the s u b -

s t r a t e s u r f a c e have a v e r y s t r o n g i n f l u e n c e on the
n u c l e a t i o n b a r r i e r a n d on the m o r p h o l o g y of m e t a l
d e p o s i t s . T h i s e m p h a s i z e s the i m p o r t a n c e o f p e r f o r m -
ing n u c l e a t i o n e x p e r i m e n t s u n d e r c l e a n u l t r a h i g h
v a c u u m c o n d i t i o n s .

2) The heat o f a d s o r p t i o n of c a d m i u m on o x y g e n -
a t e d t u n g s t e n i s 18 .5 + 1 k c a l p e r g - a t o m f o r m o n o -
m e r s . Bulk c a d m i u m i s l a n d s n u c l e a t e at a c o v e r a g e
o f a b o u t 0 .5 m o n o l a y e r (4 × 1014 c m - 2 ) . They h a v e
a l m o s t r a n d o m o r i e n t a t i o n a n d e v e n t u a l l y f o r m a
p o l y c r y s t a l l i n e d e p o s i t wi th a n e v a p o r a t i o n c o e f f i c i e n t

= 0 . 9 0 .
3) The p r e s e n t e x p e r i m e n t a l a p p r o a c h m a k e s i t

p o s s i b l e to m e a s u r e the e q u i l i b r i u m t h e r m o d y n a m i c
p o t e n t i a l , the a d a t o m c o n c e n t r a t i o n , a n d the heat of
a d s o r p t i o n d u r i n g d e p o s i t i o n .

4) The c r i t i c a l n u c l e a t i o n s t a g e o f d e p o s i t i o n c a n
b e d e s c r i b e d by a n e q u i l i b r i u m t h e r m o d y n a m i c p o t e n -
tial w h i c h c a n b e o b t a i n e d e x p e r i m e n t a l l y .

5) P r e s e n t n u c l e a t i o n t h e o r y i s i n a d e q u a t e to a c c o u n t
q u a n t i t a t i v e l y f o r the e x p e r i m e n t a l r e s u l t s . In view of

(4) i t i s e x p e c t e d that a n e q u i l i b r i u m t r e a t m e n t of the
p r o b l e m is the m o r e l i k e l y to b e s u c c e s s f u l .
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A C K N O W L E D G M E N T S

W e t h a n k M i s s S . E . K o o n c e f o r the e l e c t r o n d i f f r a c -
t ion i d e n t i f i c a t i o n of c a d m i u m w h i s k e r s , G. W . K a m m -
lo t t f o r the s c a n n i n g e l e c t r o n m i c r o g r a p h s , C . J .
D o h e r t y f o r e x p e r i m e n t a l a s s i s t a n c e , a n d K. A. J a c k -
son f o r h e l p f u l d i s c u s s i o n s .
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