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In the early stage of thin film preparation from vapor, growth patterns consisting of stable clusters will gradually

cover almost the entire substrate surface. During this process, the density of single atoms is zero on growth patterns

and the nucleation of clusters will proceed in the substrate parts uncovered by these patterns. The influence of growth

pattern coverage on the nucleation of thin films has not been considered wholly in the classical theory of thin films.

‘We will systematically study the influence of growth pattern coverage and give some correction formulas for the widely

used classical theory of thin films. It was found that the classical nucleation rate is proportional to the square of the

uncovered area. The corrected formulas are of particular importance in the dominant coverage case.
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I. INTRODUCTION

The growth of thin films is an important subject
in science and technology.!!! The application of thin
films is rapidly increasing in many fields such as in
microelectronics for integrated circuits, in the con-
struction of machines and tools for wear resistance
and corrosion protection, and in the manufacture of
windows for optical coatings. Thin films are also im-
portant within physical science itself for exploring dif-
ferences between three-dimensional (3D) and (quasi-)
And

inprinciple the growth of crystals in the initial stage

two-dimensional (q2D) states of matter.

can be guided by atomic or molecular recognition at

interfaces. 2]

The well-known classical theory of thin films was
developed nearly thirty years ago.®# At first, the
atomic nucleation theory was developed.!®6! Since the
first publications of Zinsmeister, kinetic rate equations
had been used to describe nucleation and growth be-
havior and interpret experiments.[”) Then, the capture
numbers, which describe the diffusional flow of single
atoms to critical or stable clusters, were much dis-

cussed in literature.[®°] Walton gave the expressions

of the nucleation rate for small critical clusters.!'%! Re-
searchers have discussed the influences of a coverage of
stable clusters on the nucleation rate since the classical
theory was drawn up. On the one hand, the correction
factor of coverage for the nucleation rate is assumed
to be (1-2),"!] but the influence of the coverage for
the expression of density of subcritical clusters was
not involved. On the other hand, the correction fac-
tor of coverage for the single atom density was used,
but the influence of the coverage on the density of free
sites was not considered, consequently the correction
factor of the nucleation rate was rather uncertain and
unsatisfactory.[%! The influence of coverage on the cap-
ture rate and rate equations has not yet been studied.
In this paper, we systematically consider the coverage

influence and give a series of new correction formulas.

I. THEORY SCENARIO

Thin films can be prepared by numerous meth-
ods, such as evaporation, sputtering, plasma decom-
position, etc. Here, we deal primarily with the growth

from vapor.

According to atomic views of nucleation and
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growth, the process on the substrate surface in the
initial stage of growth can be described as adsorption,
desorption, and diffusion of atoms. Initially, single
atoms from the vapor source impinge on the substrate
at a rate Ry (the number of single atoms per second
per unit area). On the substrate containing Ny (per
unit area) sites of equal adsorption energy E,, ad-
sorption and desorption of the atoms occur with the
re-evaporation rate characterized by an average stay-
ing time 74. The atoms of a surface concentration
n1(t) may diffuse over the substrate surface at a dif-
fusivity D and an activation energy FEq4 for diffusion.
Surface diffusion leads to the formation and growth of
2D or 3D clusters. Small clusters containing j atoms
with the surface concentration n;(t) may grow or de-
cay. Growth becomes more probable than the decay
when the cluster size exceeds a certain critical size .
All clusters larger than the critical cluster can be con-
sidered to be stable and may form nuclei even if some

atoms leave during subsequent growth.
II. SINGLE ATOM DENSITY

According to the classical theory of thin films, 48]
the density of single atoms nj(r,t) is given by the

following rate equation

% =DV2ny(r,t) + Ri(1 — 2)

—’I’Ll(’l",t)(Ta_l + o,Dn,). (1)

The equation states the varying rate of the density of
single atoms. The first term on the right hand side is
the diffusion contribution. The second term denotes
the rate of impingement of single atoms from the gas
The third terms

are the desorption rate of single atoms and the rates

phase on the uncovered substrate.

of capture of single atoms by stable clusters respec-
tively. Z is the surface coverage of stable clusters.
The capture numbers (o) describe the diffusion flows
of single atoms to stable clusters.®9 And n, is the
density of the stable clusters, r is the distance from

the nucleus at »=0. The boundary conditions are
ni(r,t) =0 r=nry, (2)
at the border of an island and
Vni(r,t) =0 r — oo. (3)

From the density equation of single atoms in the
previous theory of thin films,[* it can be seen that

the density of single atoms is defined as the number

of single atoms per unit area on the substrate surface.
Once stable clusters appear, the single atoms would
be captured in the process of jumping that leads to
the growth of the stable clusters. Hence, the density
of single atoms would be zero on the substrate parts
covered by stable clusters. We can see that the density
of single atoms used in the previous thin film theory
is the average density on the covered and uncovered
area of the substrate. In fact, in the area of substrate
uncovered by stable clusters, the density of the single
atoms my should be different from n{. With Z denot-
ing the covered fraction of the substrate, m; can be
expressed as n1/(1 — Z). Then, the density m is just
the solution of Eq.(1) divided by (1 — Z).

Expressions (1)—(3) can be corrected as

amgi(:’t) =DV?my(r,t) + Ry
—my(r,t)(r, 't +0.Dng),  (4)
my(r,t) =0 r=rmry, (5)
V2my(r,t) =0 7 — oo. (6)

If Z is not a spatial function, then Eqs.(1)—(3) will be

equivalent to expressions (4)—(6).
IV.CAPTURE RATE OF A SINGLE ISLAND

The capture rate wy, is defined as the number of
atoms captured by an island containing k atoms on

the substrate per second, and is given by!%

Wi = 27rrkD<M> = opDny, (7)
or -
21ry [ Ong
= — . 8
o= 2L (2 ) ®)

We consider the density of single atoms as in the above

section; expressions (7) and (8) can be corrected as

omy(r,t
o) s o )

2ry (O
o = M’“( ml) . (10)
Tk

wg = 2mry D <

my or

If Z is not a spatial function, then Eqgs.(7) and (8) will

be equivalent to expressions (9) and (10), respectively.

V. NUCLEATION RATE

A. Liquid drop model

In the classical theory,['?! the nucleation rate J
is defined as the nucleation number per second per

unit area on arbitrary parts of the substrate. In fact,
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growth only occurs in the parts covered by the stable
clusters (nuclei), while nucleation occurs in uncovered
parts. Hence, we define the nucleation density rate V,
as the nucleation number per second per unit area on
uncovered parts. The nucleation density rate V, is the
growth rate of critical clusters at the uncovered sites.
Similar to the treatment of the nucleation rate J,
we have

Vi=Z%w;m;, (11)

where Z* is the Zeldowich factor, w; is the number
of atoms which flow per second to a critical cluster,
and in analogy to m; we take m; as the equilibrium
density of critical clusters in the uncovered parts.

In equilibrium the following relation is valid

mj:mlexp<—w> G<d, (12

kT
where m; is the density of clusters of the size j in un-
covered parts, kg is the Boltzmann constant, T is the
substrate temperature, and AGk(j) is the Gibbs free
energy of formation of a cluster j.
The nucleation density rate V,, is given by

AGxk(t
Vo= Z*0;Dmiexp| — AGk(i) . (13)

ksT;
In the calculation of classical theories the coverage of
nuclei is usually neglected. The nucleation rate J be-
comes the nucleation density rate V. In general, ac-

cording to the classical theory,[* we have

. AGKk (i)
J=Z UiDn%exp< T TR ) (14)
Therefore, we obtain
J=01-2)*V,. (15)

According to Egs.(13) and (15) and because V,, is a
time constant, J is a function of the growth time and
rapidly decreases to zero with the coverage Z increas-
ing to 1 in the growth process of thin films. We can
see that it is a very rough approximation that J is a

time constant as a result of the classical theories.
B. Walton’s expressions

For small clusters (several atoms), the use of
macroscopic surface energy for computing the free en-
ergy of formation is not only somewhat dangerous, but
the concept of surface energy itself is subject to cer-
tain doubts.'® Walton gave the related expressions

for small clusters.[10]

On a substrate devoid of stable clusters, the den-

sity of clusters n; can be calculated by the equilibrium

(10]
I I ’ E; (16)
N =0jc; 7 exp| 7 |

where c; is a statistical weighting factor. The values

relation

of c¢; were overestimated by Frank and Venables.[14]
To account for the departure from equilibrium in rate
equations, the Zeldowich factor should be incorpo-
rated in the nucleation rate.
U, = UiCiNélfi)Dnzﬁ'lexp <E> . (17)
kT
In fact, stable clusters appear on the surface of the
substrate. It should be noted that in these expres-
sions, as in the other equations, the density ny(r,t)
is the average number of atoms per unit area on the
covered and uncovered parts of the substrate. As it is
commonly assumed that the coverage fraction Z is so
small that the necessary condition of Walton’ theory is
approximately satisfactory, and Walton’s relation can
be used. Similar to the above section, it is more rea-
sonable to use the density m; = n;/(1—Z) on the un-
covered field and the free site density My = No/(1—Z2)
in the description of the presence of stable clusters.
The nucleation density rate on the uncovered parts of

the substrate is

Ve= iciMlizD ol —L 18
a 0 m; exp kT ’ ( )

1
=—>=U;. 19
U= (11— 2)V,. (20)

This equation is similar to expression (15).

VI. KINETIC GROWTH THEORY

The rate equations can be written as/®4

dnq ny d(nsz)

=R —- - =% % 21
dt TA dt (1)
dnj
-2 -0 2<j<1 22
dn,,

=U; —U;.—Up, 23
gy (23)
d
% = (i + 1)U; + ngopDny + RZ, (24)

where W, is the average number of atoms per clus-
ter, n, is the density of stable clusters, n,W, is the
U, denotes the
nucleation rate J. U. = 2n,(dZ/dt) is the loss rate

number of atoms in stable clusters.
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due to the growing together of clusters. RZ is the di-
rect impingement rate of vapor atoms on stable clus-
ters. U,, is the loss rate by the coalescence of mobile
clusters. We now consider the coverage Z and local
density m;(j < 1) of subcritical clusters on the uncov-
ered parts of the substrate. Taking m; = n;/(1 — 2)
instead of n;(j < i), Egs.(21)—(24) can be corrected

as

d(n,W,) (i+1)U;
5 = a=2) +ngo,Dmy + RZ. (28)
VII. CONCLUSION

Based on the detailed consideration, we use the
density of subcritical clusters m; on the uncovered
parts of the substrate instead of the average density n;
and obtain a series of correction rate equations. It has
been found that the classical nucleation rate is equal
to the square of the uncovered area multiplied by the
nucleation density rate. The classical nucleation rate
will vary from a certain value to zero when the cover-
age changes from zero to one. The corrected formulas
are especially important in the dominant coverage case

of thin film preparation from vapor.

dm! my  d(nW,) 1
_— = __ - 2
dt R A dt 1-2° (25)
dmj
=0 2<j<i 26
dn
T _(1-2Z)V,—U. -U,
T )
U,
— U, Upn, 27
i-2 (27)
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