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A systematic review is made of the experimental and theoretical investigations of the mechanism and
kinetics of mass transfer in a system of islands of substance A4 deposited on a solid substrate of substance
B in which A is insoluble. The analysis is carried out on the assumption that the total amount of matter
present jointly in the islands and in a two-dimensional gas of adsorbed atoms is constant. Behavior of
systems of islands at rest and in motion is discussed. Coalescence of islands is considered in the case of
diffusive mass transfer between islands at rest and also in the case of direct collisions between moving
islands. “Dispersion hardening” of the surface by a system of islands, which hinders evaporation and
growth of a crystal, is described. Considerable attention is devoted to reporting experimental
investigations carried out mainly by electron microscopy. Some new effects are predicted, including a
possible phase transition during coalescence of islands, size effect in recrystallization, one-dimensional
coalescence, etc.
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1. INTRODUCTION

The last fifteen or twenty years have seen the be-
ginning and growth of research into physical processes
in island films, i.e., in systems of islands of one sub-
stance located on the surface of another. Such systems
are attracting interest mainly because experiments on
island films are a source of important and sometimes
unigue information on the physics of surface phenomena,
particularly on the kinetic constants (surface diffusion
coefficients Dg and specific boundary fluxes Sg) and on
the nature of the interaction between atoms migrating
on the surfaces of a crystal and elements of the real
crystal structure, such as steps, defects (including
charged centers), points of emergence of dislocation
lines on the surface, etc. Moreover, island films often
provide convenient and easily visualized models of pro-
cesses occuring in heterogeneous bulk systems.

The knowledge of the properties of island films is
also needed for the understanding of the physics of
formation of continuous films from the vapor phase,
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when an island film is just a stage in reaching the final
goal.

From the thermodynamic point of view an island film
is a system which is far from equilibrium in respect
of many parameters at the same time. One of the prin-
cipal signs of lack of equilibrium of island films is the
presence of very highly developed free and interphase
surfaces, with which an excess energy is associated.
Naturally, at high temperatures when the necessary
diffusion mechanism is active, certain processes occur
in island films which tend to release the excess energy.
These processes must be accompanied by diffusive mass
transfer which results in the formation of intermediate
island film structures representing a stage toward
equilibrium, when all the matter in an island film col-
lects into one macroscopic drop, whose shape is
governed by the capillary constants of the island and
substrate materials. Our reviews will be devoted pre-
cisely to this aspect of the subject of island films.

The range of processes and phenomena which we shall
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discuss is restricted to those which occur when the
total amount of matter @ in an island film inside a
closed system remains constant:

0=x{ 1(r, 0 RS AR+ Qs

0

(1.1)

where f(R, t) is the island-size distribution function,

- which varies with time; R is the radius of an island; »
is a dimensionless factor which represents the island
geometry; @, is the total amount of the island material
present as two- and three-dimensional gases of atoms
of this material. We shall at best only touch upon the
phenomena which occur when Q# const, i.e., when nu-
cleation and growth of new islands or evaporation and
diffusion of the newly formed islands into the substrate
take place. This range of phenomena belongs not so
much to the subject of island films as to the kinetic ef-
fects discussed in many reviews of monographs,'~'°
including the formation of nuclei of a new phase, growth
of crystals from the vapor phase, role of the real sur-
face structure and of the surface layer in the nucleation
and growth processes, etc.

From the point of view of the effects of interest to
us, there are two fundamentally different situations in
an island film: all the islands can be at rest or islands
may be in motion on the substrate for one reason or
another. In the first situation the diffusion fluxes may
determine the transformation of the shape of the islands
at rest and diffusive atomic transfer of matter from one
island to another. In the second situation the processes
just mentioned form a background to mutual collisions
of islands which result in their diffusive coalescence.
Both situations occur under real conditions and are dis-
cussed in the present review.

The entire presentation will be restricted mainly to
the “isotropic crystal” approximation. Since the pur-
pose of the review is to consider the transfer of mass,
it follows that the diffusion coefficients D and kinetic
coefficients B occurring in the equations are phenomeno-
logical constants irrespective of their relationship to
the actual mechanism of the elementrary events.

Il. SYSTEM OF ISLANDS AT REST

Islands at rest may participate simultaneously in two
diffusion processes: their shape may be transformed
so as to minimize the free energy associated with an
island and the islands may emit or absorb atoms and
thus participate in the minimization of the free energy
of the system as a whole. Both these processes occur
in the presence of the interaction between islands and
a two-dimensional gas of adsorbed atoms (adatoms) of
the island material on the surface of the substrate cry-
stal.

1. Interaction of an island with a gas of adatoms

In many real situations encountered in island films
the linear size of an island varies with time because of
the surface migration of adatoms to or from an island,
which is induced by the lack of equilibrium between the
islands and a two-dimensional gas of adatoms. A mea-
sure of this lack of equilibrium is the difference be-
tween the chemical potential of the island atoms uy and
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the chemical potential of the adatoms far from an island
i, governed by the average concentration of these ada-
toms &.

A quasisteady distribution of the chemical potential
of adatoms near an isolated island is described by a
radially symmetric function . (r), which satisfies the
equation®!

MAp—(p—p) =0 1.1

where A=VD, 7 is the average diffusion length of an
adatom; D, is the diffusion coefficient of adatoms of the
island material on the substrate surface; 7 is the aver-
age lifetime in the adsorbed state at the end of which an
adatom is either desorbed or is captured by a trap on
the surface. In the latter case, A represents the aver-
age distance between traps. Equation (1.1) represents
the law of conservation of matter in which allowance is
made for the condensation from the vapor, which is in
equilibrium with the island system, and for the desorp-
tion (or for the equilibrium of adatoms with traps on
the surface).

Equation (1.1) satisfies the boundary conditions

H frsco =1,
s
D3| =Bulu () —pale

(1.2)

The first condition gives the quasisteady value of the
chemical potential ;i far from an island. The second
allows for the connection between the diffusion and
boundary fluxes along the perimeter of the island base
(R, is the radius of this base).

The kinetic coefficients D, and 8, are related to the
diffusion coefficient D, and the specific boundary flux
B, by the expressions!!

Du=DNo(32), . Bu=bBe (&), ,- 1.3)

The specific boundary flux 8, represents the number
of adatoms which become attached to a unit length of
the island perimeter per unit time in the presence of a
unit concentration gradient at the island boundary;"’
N,=1/a® is the surface density of the adsorption sites,
a is the lattice parameter.

The solution of Eq. (1.1) subject to the boundary con-
ditions (1.2) is

Bud (5 ——pr) ( r )

(1.4)
B )= DR TR M —BAKs (Y 20 AT

where K, and K are a modified Bessel function and its
derivative with respect to the argument. The fluxes

J s of adatoms migrating toward an island, calculated
subject to Eq. (1.4), are found to depend on the ratio

of the radius R, to the distance A. This is due to the
fact that a change in the relationship between R and A
alters a characteristic linear size which governs the
adatom concentration gradient near a given contour and,
therefore, the flux toward this contour.

We shall now consider two important limiting cases.

DThe coefficient B, introduced in this way ([8]=cm™.gec™)

differs by a factor a? from the corresponding coefficient §
with the dimensions of velocity.!!
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(1) R, «X, In this case the flux of adatoms toward or
away from an island is given by the expression

- DsfsaR,
Dg+-pse?R, 1n (A/R,)

(1.5a)

Jom—Delleiim B :
where Dg=D,¢, is the surface heterodiffusion coef-
ficient; £, is the equilibrium concentration of adatoms

of the island material on the substrate; B;=8,%,.

(2) R >>x. We now have

__ DsNyp—ug 7. _ Dsbsa®™
Js = T Ds—Ds"r‘ﬁsﬂ?l'

(1.5b)

It follows from Eqs. (1.5a) and (1.5b) that the flux of
adatoms is governed by surface heterodiffusion only if
Dg «Bga®R,In(A/R ) or Dg<«<Bga®». In this case we have
Dg=Dg. For the opposite inequalities, the flux is
governed by the rate of acquisition or emission of ada-
toms by an island and is of the form Jg=—(Bs/RTHH — ug)
in both cases considered above.

The reality of the boundary kinetics in the interac-
tion of islands with an adatom gas has been demon-
strated convincingly in the experiments of Shrednik
et al.,’®> !® who used an electron projector to investi-
gate the kinetics of growth and dissolution of two-di-
mensional hafnium and zirconium islands on the sur-
face of tungsten or niobium carrying, respectively,

a supersaturated or an undersaturated two-dimension-
al vapor of adatoms of the island material. Their ex-
periments demonstrated that the temperature depen-
dences of the rate of growth and dissolution of the
islands were governed by different activation ener-
gies: the activation energy of the dissolution process
was approximately 2-3 times greater than that of the
growth process, This asymmetry between the growth
and dissolution processes in the case of known values

of 1. and r, Boverned by the adatom concentrations is-
according to Eq. (1.5)-possible only in the case when the
change in the direction of a given process alters its
limiting stage. It is likely that the rate of growth of
islands is limited by the surface heterodiffusion and the
rate of dissolution by the boundary kinetics, i.e., by the
rate of emission of atoms by islands.

We can use the expressions for the fluxes in consider-
ing the problem of the interaction of an island with an
adatom gas making specific assumptions about the phy-
sical factors responsible for the difference it — uz. By
way of example we shall consider the kinetics of the
growth of an island in the form of a spherical segment
of radius R, which varies in accordance with

dR J
TE ). (1.6)
where ¥(8)=2sin8/(2 - 3 cosf +cos?), ¢ is the angle of
contact; w is the atomic volume. The quantity p~ up

in Eq. (1.4) can be expressed in the following form if the
supersaturation is weak:

et (= 5) = (1= ).

(1.m

where 8£=F ~ £,; a=2y,w/kT; R*=ak,/5¢ is the cri-

tical radius; v, is the surface tension of the island ma-
terial. The relationships (1.4), (1.5a), (1.6), and (1.7)
are sufficient to obtain the following equation which de-
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termines the time dependence of the rate of growth of
an island:

4R _ 24, (6) Dy 0N, (1___R_')
dt ’

where ,(8) = y(6)/siné.

The problem of the growth of an island which has
formed at an active center of charge g can be con-
sidered in a similar manner!'®® (see Sec.4).

It is worth noting the following feature of the kinetics
of island growth, which is associated with the electro-
static interaction of a charged center with adatoms.®
This interaction can be regarded as a reduction in the
potential barrier hindering the diffusion of an adatom
to a charged center; the reduction is by an amount

AQ=2uin 2

or 27

(1.8)

where u(r}= —pq®/v* is the energy of the interaction be-
tween the center and the adatom, which can be repre-
sented as the energy of the interaction of a dipole with a
point charge; p is the polarization coefficient of the
adatom. In view of the strong dependence u(r) we may
find that at some value ¥ =R the reduction in the bar-
rier height AQ is equal to @,, which is the migration
energy of the adatom. This means that inside a circle
=R, an adatom migrates toward a charged center in an
activation-free manner. The radius R, of the “ada-

tom capture zone” of a center follows from Eq. (1.8):

(1.9)

2\ 1/5
= ()"
which can be considerably greater than the lattice pa-
rameter for a resonable relationship between the con-
stants. For example, for p=10"2 cm®,* ¢g=5¢=2.5
xX107° cgs esu, a=3%x10"% cm, and @,=0.3 eV, we find
that R /a ~3-4.

A similar estimate is obtained by postulating that an
adsorbed atom has an effective charge g and by regard
ing u(r)=-gq/r as the energy of the Coulomb interac-
tion between the adatom and the center under consider-
ation. For g=0.1e *5X10!! ¢gs esu, we again obtain
R,/a=3-4,

It should be noted that this effect and the existence of
a capture zone are similar to a “pulsating” vacancy and
its instability zone in the bulk of a crystal, discussed
earlier by Koshkin et al.%2-2

2. Transformation of the shape of an island to
equilibrium shape. Coalescence during shape
transformation

The general problem of the equilibrium shape of an -
island in the case of anisotropic surface tension can be
considered conveniently using the Wulff construction®2*
and bearing in mind that, in constrast to free surfaces
characterized by a surface tension y,, the interface be-
tween an island and its substrate should be regarded
as having a tension 7,,-v,, where y,, is the tension of
the interface between the two phases and v, is the sur-
face tension of the substrate material. This definition
follows from variation of the free surface energy of the
island-substrate system:®
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8Fs=38 | (y— 1) dS +6 | vidS=0. 2.1)
S

Sg2

Equation (2.1) is derived on the assumption that
dS,,= —dS,; the index 1 refers to the island material and
the index 2 to the substrate material. An example of
the Wulff construction is shown in Fig. 1. A similar
- construction for an amorphous island leads to the well-
known rule governing the angle of contact
0=cos (v, ~7,2)/7,]-

It is difficult to solve exactly the problem of the trans
formation of an arbitrary shape of an island to an equili
brium shape. However, we can easily estimate the
characteristic times for conversion of the shape of an
island whose dimensions vary little with direction so
that spontaneous breakup into smaller islands is unlike-
ly from the thermodynamic point of view.”

We shall now consider the kinetics of formation of an
equilibrium shape of an island in the isotropic approxi-
mation. Mass transfer necessary for the formation of
a drop of isomeric shape may generally be due to bulk
or surface self-diffusion or due to diffusion via a gas,
However, the surface fluxes predominate if R < R= Dsa/
D, (D5 and Dy, are the surface and volume or bulk self-
diffusion coefficients). Even at high temperatures when
the ratio Dy/Dj has its minimum value (~10%, we find
that R=~10"* cm. This means that the fluxes of interest
to us in real islands are of the surface type.

Estimates of the characteristic time 7 of establishing
an isomeric shape can be obtained by assuming that the
surface fluxes may be limited not by the actual kinetics
of self-diffusion of adatoms on the island surface but
also by the rate of detachment of atoms from parts of
the surface with a curvature K greater than the average
value K or by the rate of attachment to those parts of
the surface where the curvature is less than average.
The average curvature of an island may be defined by
K- f K(S)dS/ f dS, where K(S) is the local curvature of
a surface region of area dS. The rate of emission or
acquisition can be represented by the specific boundary
flux 8', normalized to a unit surface area of the island
([Bl]z cm-2 Sec-l).la,hi

f‘\xzv 7’.7'3‘[;\
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FIG. 1. Examples of the Wulff construction for determination
of the equilibrium shape of an island on a substrate for vari-~
ous relationships between v, ¥;, and vy;. On the right the
value of v, is isotropic and on the left it {s anisotropic.2®
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The flux of adatoms along the surface of an island can
be written in the form J,= -DyVyu,, where p, is the
chemical potential of adatoms measured from the value
i, representing atoms in an island of infinite dimen-
sions; D/ =DgNy /kT; N, is the surface density of island
atoms. The value of u, at any point on the island sur-
face generally differs from the local chemical potential
of the island atoms u =Ky ,w? (also measured from the
value of 4,); this is why emission or acquisition of ada-
toms may limit the process of shape conversion. We
find that u,> ug in regions with K <K and that u, < ug
in regions where K > K.

Simple calculations give the following estimate of the
value of T:
Re =,  Difga*R?

= , Di=5"2—rs, (2.2)
Dy, 02N, Di+Bga*R

t~kT

where B =8'Ep; £, is the equilibrium concentration of
adatoms of the island material on the island surface.

We shall now consider the two limiting cases of re-
striction on the rate of transformation of the shape of an
island.

(a) D's « Bsa®R% In this case the rate is limited by the
surface self-diffusion. We then have D =D and T <R*,

(b) Ds>>Ba’R% The rate of transformation of the
shape of an island is now limited by the rate of adatom
acquisition or emission. In this case we have ﬁ’s
=p5a’R? and the characteristic relaxation time of the
island shape is 7=kTR?/B5y,w? ie., TxR?

We shall estimate 7 for metal island films on the as-
sumption that the process is limited by diffusion, Sub-
stituting in Eq. (2.2) the values R =107 ecm, 2T =101
erg, D5=10"% cm?/see, y,~10° erg/cm?, and w’N,
~10"% cm?, we obtain 721073 sec. fR=10"% cm, then
7=10° sec. These estimates, made on the assumption
of isotropy of v,, can be used also when an island has
crystal faceting because the characteristic difference
between the chemical potentials governing the relevant
fluxes is not very sensitive to the details of the island
geometry. However, in such a case it is more likely
that the shape relaxation time will be governed by the
specific boundary flux because of the difficulty of de-
tachment (attachment) of atoms from (to) mirror-
smooth surfaces forming the island facets.

Islands are frequently disk-shaped with an angle of
contact less than the equilibrium value.?*-3! n this
case the relaxation of the shape towards its equili-
brium configuration results in a contraction of the
island and in a reduction of the area of contact with the
substrate. This process is sometimes called autocoal-
escence.’?

In the course of shape modification to the isomeric
form it may happen that two adjacent nonisomeric
islands come into contact and coalescence by diffusion.
This occurs if the distance between neighboring noniso-
meric islands is less than the sum of the radii of islands
of equilibrium shape. We can easily estimate the char-
acteristic time for diffusion coalescence 7, of islands
which have come into contact (for simplicity, we shall
assume that their volumes are the same). We can use in
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this case Eq. (2.2) to estimate the coaleseence time of
interest to us. The smallness of 7. creates an illusion
of liquid-like coalescence, which has been observed
frequently in experimental studies®~3* of the kinetics of
the growth of island films in sifu.

If the angle of contact is sufficiently large (6=7), the
coalescence time of islands can be determined more ac-
curately employing a relationship describing the kine-
tics of merging of spheres as a result of surface dif-
fusion:3®
Digpio?N;

T th7 (2 . 3)

28~ 25
where x is the radius of the contact “neck” and R is the
initial radius of the spheres. Assuming in Eg. (2,3) that
x =R, we find that 7 is given by an expression which dif-
fers from Eq. (2.2) by a factor of 25 in the denominator.

Merging of islands is frequently accompanied by re-
crystallization in which one of the islands assumes the
orientation of the other, which has a lower free sur-

face energy (allowing for the island-substrate interface).

Since the difference between the chemical potentials of
atoms in islands coming into contact is inversely pro-
portional to the dimensions of the islands, the recry-
stallization of island (and more generally, thin) films
should be subject to the size effect. Estimates indicate
that the predicted size effect should be of magnitude suf-
ficient for experimental detection.

3. Two-dimensional diffusive coalescence on a smooth
surface of a single crystal

The basic idea underlying the calculation of the kine-
tics of this process can be found in the paper by Lifshits
and Slezov,%® where the theory of the coalescence of a
system of inclusions in the bulk of a crystal is de-
veloped. According to Lifshits and Slezov,’ variation
of the radius of a given island with time is a con-
sequence of its diffusive interaction not with the near-
est neighbors but with a generalized diffusion field. In
the case of a two-dimensional system of islands we
mean here either a generalized reservoir of atoms in
the three-dimensional vapor phase above the island film
surface or the generalized field of adatoms.

The generalized diffusion field can be described by an
adatom concentration ¢ which depends on the island-
size distribution function f(R, f) and which is in equilibr-
ium with islands of critical size R*, Islands of radii
R < R* dissolve in the diffusion field because near them
the equilibrium adatom concentration is £5> £, whereas
islands with R > R* grow because they are character-
ized by £,< . This model is valid provided the diffus-
ion field concept does not lose its meaning, i.e., pro-
vided the two-dimensional density of islands satisfies
the inequalities [4(R +)\)?]"1< N < (4RH-L,

The problem of kinetics of diffusive coalescence of a
system of islands can be reduced to the solution of the
equation of continuity in the space of island sizes for
the function f(R, t):

(3.1)

of (R, t) [ dR
5 +—a'R*[f(R»t) ‘d:—]=0'

where Eq. (I.1) from the Introduction (Sec. I) is used.
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The method developed by Lifshits and Slezov® gives a
solution of the system (3.1)-(1.1) if we know the R-de-
pendence of dR /df, the rate of change (with time) of the
radius of a single island which is in a diffusion field
corresponding to the average concentration of atoms of
the island material.

We shall now consider various mechanisms of two-
dimensional coalescence.

a) Diffusion of atoms in the gaseous phase. Time
dependence of the island radius is in this case given
by3'7

dRy Dy _Dg ano( R
(F)KN—IT(n——nR)_—-m o 1= ),

2z " (3.2)

where 7=ny[1+ (@/R¥)]; ng=nf1+(a/R)]; D,=DB8 wR/
(D, +B'wR); D, is the coefficient of diffusion in a gas;
ny=po/kT; p, is the saturated vapor pressure of the
island material, It follows from Egq, (3.2) that the de-
pendence of dR /dt on R is different in the two limiting
cases of restriction on the rate of growth of an island.

1) D, «fwRk. In this case we have D =D,. The asymp-
totic law R(t) is given by?

(3.3)

e — D 2

Re=Ry e,
where R is the initial average radius of islands in the
system.

2) D,»B'wR. In this case, we have D, ~f'wR, and
the asymptotic law becomes

— — s @3,
R4 ﬁ(“j:;’)z“‘ ‘. (3.4)

b) Diffusion ofadatoms on the suvface. It is clear from
Eqgs. (1.4)-(1.6) that the expressions for dR/dt and,
consequently, the asymptotic laws R(¢) for this mech-
anism depend on the ratio of the average radius of the
islands at their bases R, to the average diffusion length
A traveled by an adatom on the substrate surface. We
shall write R () for limiting cases of practical impor-
tance:®’

1) R, «; Dg<«Bga®R, In(A/R,): (diffusion-controlled
regime):

V(6 Dsvio®N
In (A/Ry) KT !

'ﬁ4=§a+ (35)

where §,(6) = $(6)/sin#;
2) R, «A; Dg>»Bga®R In(A/R):
R =Rt W(e)fiﬁm"’ £ (3.6)
3) B »); Dg«Bga®:

Re— By 2O D10, 4, 3.7

4) B >>); Dg>Bga®r: in this case the law R(?) is
identical with Eq. (3.6),

The expressions (3.3)—(3.7) describing the dependence
R(#) can be used to find the time dependences of the two-
dimensional density of islands N4 (¢) for each of the
above cases. Since the amount of matter contained in

D1t has been shown® that the average radius R of islands in a
system is practically identical with the critical radius R*.
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the islands is much greater than that present on the
surface in the form of isolated adatoms, we can sim-
plify Eq. (L1) by dropping @, and write @=xNg(0)R3
=uNg(R3(f), which gives
Ns(t)=Ns (0) Rs(t)
It follows from the calculations that the asymptotic
island-size distribution functions are in each case in-
dependent of the initial distribution and have the form
R

N p )y, u=Z,

(R, =250 %

The functions P,{u) are found to be the same for a
given power exponent n (n=2,3, or 4), governing the
law R(¢), and they depend only on the dimensionless
ratio u=R/R.%®-% Tabulated asymptotic functions P, (u)
are plotted in Fig, 2,

The expressions (3.3)-(3.7) can be used, in principle,
to determine the kinetic coefficients, controlling the
coalescence process, from the known law R(f) and to
find the form of the asymptotic function representing the
size distribution of islands.

Two-~dimensional coalesence in metal island films
with an effective thickness from 1072 to 10”° cm hasg
been observed experimentally on various substrates by
electron®~* and optical®®~*" microscopic methods. Ty-
pical photomierographs showing successive stages of
coalescence and the corresponding island-size distri-
bution functions are shown in Figs. 3 and 4.

The main difficulties in the interpretation of the ex-
perimental results arise in the determination of the
mechanism and rate-limiting stage of the process. A
comparison of the experssions giving dR/dT for vari-
ous mechanisms shows®’ that for most metal island
films the principal coalescence mechanism at tem-
peratures T=T,,/2 (T,, is the melting point of the
island material) is the surface heterodiffusion.

Identification of the rate-limiting stage is a more dif-
ficult task. K the inequality B «, is obeyed, the dif-
fusion and boundary kinetics give different laws R (¢)
[compare Eqs. (3.5) and (3.6)] and different island-size
distributions (Fig. 3), so that we can determine the rate-
limiting stage. However, if R >\, the diffusion and
boundary kinetics are governed by the same law R3«t
[compare Eqs. (3.7) and (3.6)], which makes it more
difficult to find the rate-limiting stage. However, we
can say that in systems of islands with small {com-
pared with Dg/Bsa®) distances I between them, the rate-
limiting stage is the boundary kinetics. On increase of
1, the “resistance” due to the diffusion mechanism in-

A [u
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FIG. 2. Asymptotic distribution functions P,(x),
Py(u).

Py(u), and
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FIG. 3. Successive stages of the coalescence in a silver island
film on the surface of nickel at T =850°C applied for different
times ¢ (h): a) 0; b) 1.5; ¢) 4.2; d) 8.2. Arrows are used to
identify some of the dissolving and coalescing islands. Magni-
fication X300 (reproduced here at 213).%

creases and then diffusion becomes the rate-limiting

stage.

The surface heterodiffusion coefficients have been de-
termined from the kinetics of two-dimensional coal-
escence® ¥ in which the rate of coalescence (governed
by the experimental conditions) has been governed by the
boundary and not by the diffusion kinetics. The results
of these experiments, together with Eq. (3.5), can be
used to determine the coefficient Dg=D, £, Data on the
heterodiffusion coefficients Dy obtained from the coal-
escence experiments are given in Table I at the end of
Sec. 6. The coefficients determined from the coal-
escence kinetics* are close to those found by the labeled
atom method.*® The relatively high activation energies
of surface heterodiffusion (Qs =30-50 kcal/mole) de-
duced from the coalescence experiments (Ni, Ag, Au) de-
termine the temperature dependence of the coefficient
Dg=D,¢, and consist of the migration energy of ada-
toms Q,, and the energy of formation of these atoms
Q,, which may be greater than @,,.

4. Coalescence of electrically charged isltands

Islands may be charged either because of partial
ionization of a molecular beam® from which an island
film is formed or because of the presence-on the sur-
face of an insulating substrate-of electrically charged
centers which are nucleation centers in the process of
formation of island films.**'® The existence of an ef-
fective charge g alters, irrespective of its sign, the
equilibrium concentration of adatoms near islands be-
cause in addition to the compressive Laplace pressure
=27,/R thereis also a stretching “electrostatic” pres-
sure =q%/2nR%, Therefore, the expression which gives
g is of the form™

b=t (1+5— %) (4.1
FIG. 4. Histograms of the island-size distribution corres-
ponding to Fig. 3.
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where s = q¢%w/27kT (Fig, 5a). It is clear from Eq. (4.1)

that the influence of charges is important for R of the

order of R The value of R can be found by comparing

the second and third terms in Eq. (4.1):
’E—;(i)‘/a—; (_12’__)1/3.

[ 4nvy

(4.2)

Near an island with R =R the equilibrium concentration
of adatoms is £, For ¢=(5-10)e, where e is the ele-
mentary charge, and v, ~10° erg/em?, we find that
R=10"" em.

Application of Eq. (4.1) to the diffusion-controlled case
allows us to obtain from Eq. (1.7) the following depen-
dence of dR/dt on R

4R DsN.,m\h(e)(ﬁa @ _S_)’

e v

at R (4.3)
which shows that there are two critical radii: R,~R

and R,=R*=a/(6£/¢,) (Fig. 5b). The islands with R=R,
should be stable against diffusive dissolution and growth,
because according to Eq. (4.1) a reduction in their size
lowers the value of £ and an increase in their size en-
larges £5. The critical radius R, corresponds, like R*,
to the thermodynamically unstable state,

Stabilization of charged metal islands with R ~R may
be regarded also as a quantum effect a small metal
island is a potential well for localized electrons, which
govern the excess charge. A quantum-mechanical cal-
culation® allowing for the presence of one electron per
island gives the following estimate of R :

= 2kt (44

R~ (——mvl ) ,
where m is the electron mass and 2 is the Planck con-
stant. For y,=10° dyn/cm, we have R=10"" cm.

A charge-stabilized island resembles a Krivoglaz
phason.5%3%3

In view of the stability of the critical size R, the dif-
fusive coalescence of a system of charged islands
should have the following features. The island-size dis-
tribution function should be described by a curve with
two maxima. The width of the first maximum, located

FIG. 5. Schematic dependences of £ (a) and dR/dt (b) on the
radius of charged (continuous curves) and neutral (dashed
curves) islands, 5
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near R, depends onthe distribution of the island charges.
The second maximum describes the size distribution of
those islands whose radius is sufficiently large to
ignore the influence of charges.

The coalescence of charged islands should be slower
than in the absence of charge. The process of dissolu-
tion of charged islands of subcritical dimensions slows
down on approach of their size to R, whereas neutral
islands dissolve more rapidly on reduction of their ra-
dius. An increase in the average size of an island re-
duces the influence of charges on the coalescence pro-
cess.

It is reported™ that the coalescence of a gold film on
the surface of NaCl is slower when the average island
size is R *10~7 c¢m that when it is R ~107° em (Fig. 6).
The amount of matter redistributed between islands in
a film with R #10~7 em and this may be explained by a
possible influence of charged defects of the substrate
surface on mass transfer.

Charged centers distributed randomly on the surface
of a crystal may act as localized sinks of diffusing ada-
tOmS. 51,54,55

5. Coalescence on a rough surface. One-dimensional
coalescence

The surface of an arbitrary section through a crystal
is covered by natural roughness steps!'*® whose pres-
ence should affect the process of diffusive coalescence
in island films, The mechanism of the influence of such
steps can be established by considering the role played
by an isolated atomic step in the coalescence of a sys-
tem of islands located along this step. In a real situa-
tion if the distance between steps is much less than the
linear dimensions of an island, such an island overlaps
a large number of identical steps. Under thermodynam-
ic equilibrium conditions we can expect adsorption of
the island material atoms at each step and this process
can be represented by the adsorption coefficient y. As
a result of adsorption the concentration of adatoms at a

oo, | O8N

s

FIG. 6. Successive stages of the coalescence in Au island
films of different degrees of dispersion on NaC1% at T=410°C
applied for different times ¢ (min): a) 0; b) 20; c) 60,
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step is now given by £, =yx&,, and the “linear hetero-
diffusion” coefficient is now Dg;=D,&;, where D, is the
coefficient of the Brownian migration of atoms adsorbed
by the steps. For a certain value of y we may find that
Dg,;>»Dg even when D, < D,. This intensifies the dif-
fusive mass transfer between the islands located in the
immediate vicinity of a step, so that the islands on the
step become larger compared with those located on the
“smooth” parts of the surface (other conditions being
equal).

The presence of a zone near a step where the concen-
tration of adatoms is higher creates conditions under
which islands located along the step become an inter-
acting system.

The criterion of preponderance of the “linear” fluxes
of adatoms to islands over the two-dimensional motion
is given by the self-evident relationship®

where d, and dg are, respectively, the characteristic
distances along the step and on the surface governing the
variation of the adatom concentration with ¢ to a value
which is in equilibrium with a given island; m is the
number of steps intersecting the island.

The problem of linear coalescence has been consid-
ered® %" ynder various assumptions concerning the ratio
between D, and D,. Slezov and Levin® calculate the coal-
escence kinetics on the assumption that D, >>D, ignoring
the effects of adsorption. Geguzin and Kaganovskii®?
postulate that D, < D,, and that the adsorption coefficient
is fairly high. The results of these calculations®’+5
can be summarized as follows,

It the number of steps intersecting an island is fixed
and the distance between the islands 7 is much greater
than A;, which is the diffusion path of an atom adsorbed
at a step, the asymptotic law representing the time de-
pendence of the average size of the islands located along
a line is R*«t, irrespectively of whether the diffusion
or boundary kinetics limits the rate of the process. I
islands are located on a rough surface and the number
of steps intersecting an island is proportional to its
radius, this law becomes R« t, In the I« 2, case
the condition of constancy of the amount of matter in
the islands along a step leads to 7 « 1/R?, so that we
then obtain the law R"cc £,

The predominance of “linear” diffusion in the coal-
escence of island films of gold on a (100) surface of an
LiF single crystal with steps was observed experimen-
tally by Geguzin ef al.5® In these experiments a simul-
taneous study was made of the coalescence of islands on
rough and smooth parts of the surface. Figure 7 shows
a photograph illustrating the distribution of the gold
islands on different parts of the surface of a growth
hump formed by circular concentric layers of approxi-
mately the same height (=5 X107 ¢m). The islands
along the steps bounding these layers were (after an-
nealing) considerably larger than those on the smooth
terraces between the steps. A typical sequence of elec-
tron-micrographs illustrating the process of coal-
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FIG. 7. Gold islands on smooth and stepped parts of the sur-
face of LiF after annealing at T=380°C for 20 h.%

escence of islands on smooth and rough parts of the
surface is given in Fig. 8.

6. Coalescence on the surface of a polycrystalline
sample

In describing the process of coalescence of islands
on the surface of a polycrystalline sample with grain
boundaries at rest one has to allow for the possibility
of two basic situations associated with the polycrystal~
line structure of the substrate. One of them is the
presence of grain boundaries, which can act as adatom
sinks even when the island material is insoluble in the
substrate. The other possibility is that the energy of the
island-substrate interface and particularly the surface
energy of a gain may differ with the orientation of the
adjoining grains. ‘

These two circumstances may have a considerable

g BB TG 3 a S G
2, SRy
® 5N aly

FIG. 8. Successive stages of the coalescence of Au islands on
smooth (on the right) and stepped parts of the surface of LiF.5?
T=380°C applied for different times ¢ (h): a) 0; b) 6; c) 20,
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influence on the coalescence kinetics. We shall now
consider this influence.

a) Substrate grain boundary as a sink. Since a
grain-boundary is a perfect sink and attracts a flux of
adatoms originating from islands, it follows that islands
near a grain boundary will dissolve and island-free
zones will appear on both sides of the boundary. The
width of these zones g;(t) (=1 or 2) varies with time in
accordance with the law

b —~7,

= °
a h*

where i is the effective thickness of an island film and

J; is the flux of adatoms which can be found if the dis-

tribution of the chemical potential near the boundary is

determined first; under steady-state conditions this dis-

tribution obeys

Ap, = 0. (6.1)
This equation may be solved subject to the self-evident
boundary conditions

i (0y=pmg, &)= lIh
where 1, is the average chemical potential of adatoms in

the diffusion field far from a grain boundary. The above
equations lead to®®

In (h/R) ]‘/"' B)S s

TN ) [X7E) 6.2)

Li (t) V‘s l_
where B; = Dg;v,w’N/&T and Dy, is the heterodiffusion
coefficient on the surface of the sth grain.

b) Allowance for different orientations of neighbor-
ing grains. We shall simplify the problem by assuming
that a grain boundary is not an adatom sink. In this
case the difference between the orientations of neigh-
boring grains, which is the cause of the difference be-
tween the chemical potentials of adatoms, determines
the flux directed from one grain to another across the
boundary. Clearly, this flux produces a zone where the
amount of matter in the islands increases in time (this
zone appears on grain 1) and a second zone free of
islands (on grain 2). The relevant flux can be found by
solving Eq. (6.1) subject to the following boundary con-
ditions

pal—L) =p, pz{Ge) = pa
1y (U) =p2(0), D5V, (0) = DV (0).

Following the calculation procedure described above, we
can find the dependences ¢,(f) and £,(f) which describe
the process under discussion,
The quantities £,(¢) and ¢,(t) vary with time and obey
the following relationship:%
GH+p=T B art (6.3)

where

Dg, In (A /Ry 7 In (A /R,) |14
=gt A=[3aye ] e
It follows from Eq. (6.3) that the law £,(£) <¢3/% is
satisfied for ¢,> .

The formation of an island-free zone on one side of a
grain boundary may have the final result that an island
film exists only on certain grains to which the matter
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from all other grains is transferred by diffusion.

These features of the coalescence on a polyerystalline
substrate with grain boundaries at rest were observed
clearly in experiments on chromium island films de-
posited on copper, silver films deposited on nickel, and
copper films deposited on tungsten.®® These particular
systems were selected because their components were
not mutually soluble. Typical photomicrographs de-
monstrating the successive stages of the formation of
island~-free zones on both sides of a grain boundary
{case A) and on one side (case B) are shown in Figs. 9
and 10.

The surface heterodiffusion coefficients were deduced
in these experiments from the dependences ¢¥ *=f(t)
and from the data on the coalescence kinetics in a re-
gion far from the boundaries, where the asymptotic law
R« ¢ was obeyed (see Eq. (3.5)]. The values of Dg
found by these two methods were in satisfactory agree-
ment (Table I),

7. Coalescence accompanied by a phase transition

The possibility of influence of a phase transition onthe
coalescence process follows, in principle, from the
circumstance that at temperatures close to the phase
transition point the equilibrium phase in the islands of
size less than a certain critical value R is the high-
temperature modification.?°-%? This means that in a
system of islands showing different phase states be-
cause of the difference between their dimensions, the
islands whose size becomes greater or smaller than the
critical value in the course of coalescence may be ex-
pected to undergo a phase transition. We can easily
establish the relationship between the critical size, con-
stants of the system, and temperature.

The critical size R, is found by equating the chemical
potentials of the material in the islands which are in
different phase states (I and II):
=l SRS ZV\ all (7.1)

At a temperature T such that AT/T = (T -T)/T< 1(T
is the temperature of the phase transition in bulk
samples), we find that the difference between the chem-
ical potentials is uf - ul' = gAT/T, where q is the heat
of phase transition.®® Using this relationship and as-
suming that w* = w'! >, we find from Eq. (7.1) that

Zym
[

2mA'y?"

Lol (7.2)

Rc: =

FIG. 9. Successive stages of the formation of island-free
zones on both sides of grain boundaries in the case of a Cr
film on Cu.’® T=1000°C applied for different times ¢ (h):
b) 5; ¢) 10, Magnification X500 (reproduced here at X355).

a) 3;
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FIG. 10. Successive stages of the formation of a one-sided is-
land-free zone near grain boundaries for a film of Ag on Ni.™
T'=800°C applied for various times ¢ (h): a) 1; b) 9; c) 18.
Magnification X200 (reproduced here at x142).

Since Rer <1/AT, it follows that at temperature suf-
ficiently close to the phase transition point the effect
under discussion can be observed in a system of suf-
ficiently large islands. The reported measurements®*:%3
indicate that the melting points of Al and Cu islands of
radius =107% ¢cm are approximately 200 °C lower than the
melting points of the bulk materials (further informa-
tion can be found in other papers®-%%),

Naturally, the above coalescence process eventally
results in an increase of the volume of the low-temper-~
ature phase; the rate of increase of this volume V is
governed by the diffusion constants of the coalescence
process:

V(t):nS f(R, ) R*dR = Py (u) ut du,

Rer R/ R(t)

where R(t) is given, depending on the coalescence mech-
anism and the rate-limiting stage, by one of the rela-
tionships (3.3)-(3.7). The expression for P,(u) was de-
rived by Geguzin and Kaganovskii.®”

This phase transition during coalescence may be
complicated by the fact that the islands which have in-
creased above the critical size may not undergo transi-
tion immediately but remain in a metastable phase be-
cause, for example, of the absence of a nucleus which
might induce the phase transition in the island.®® In this

TABLE 1.
Island—sub- | Temperature| Investigation Range of Qs» Dy, Ref
strate systemi( range, °C method Dg, em2fsec | keal/mole 'cm2/sec | erence

Au—NaCl | 370—450 |From coalescence| 10-13—10-11 52,0 5.104 51
Ag—Ni 750—850 Ditto ,2:10-8—40-7 37.0 18 48
700—850 Ditto 10-8—-10-6 60,0 4-105 46
800 Ditto 2-10-5—7.40-5 — — 59
800 From growth of 1,8.10¢ — — 59

one-sided zone
Ni—W 1200—1300 From coales- 1-10-5—4.10-5} 30,0 6-10-1 | 47

cence

Cr—Cu 1000 Ditto ~ 4-10-8—2.10-5 — — 59
1000 From growth of | 3-10-6—9.10-9 — — 50

two-sided zone

Cu-—W 950 From coales~
cence
950 From growth of

one-sided zone

7-10-8 — — 59
8.40-8 — — 59

620 Sov. Phys. Usp. 21(7), July 1978

1 case we may have a system of closely spaced islands in
' a metastable state. The subsequent fate of this system

and the coalescence kinetics change drastically at the
moment when some of the islands undergo a transition
due to some random event. Then, the difference be-
tween the chemical potentials Au,, = ga T/f‘, between
atoms in neighboring islands becomes important and it
determines the directional flow of matter to the island
which is now in an equilibrium phase state.

The problem of the coalescence of a system of islands
which are in a metastable state deserves special con-
sideration mainly because the difference between the

chemical potentials Apu,, due to the differences between
the phase states is usually (for AT/T ~10~1) much
greater than the difference between the chemical poten~
tials of the islands resulting from different radii of
curvature of their surfaces (Ap,, =10%A ).

An important feature of this situation is that in the
immediate vicinity of an island in the stable phase we
may expect formation of a “courtyard” free of meta~
stable islands and the kinetics of growth of this court-
yard is governed by the same mechanism as the coal-
escence process,?*5:40:7°

1. SYSTEM OF MOVING ISLANDS

By analogy with the movement of macroscopic in-
clusions in the interior of a crystal,” islands on the
surface of a crystal may migrate as a whole under the
action of a force acting directly on the islands, execut-
ing Borwnian motion or being exposed to external force
fields. Such motion may influence greatly the mechan-~
ism and kinetics of the coalescence of islands and es-
tablishment of a continuous film, In this section we
shall consider various specific situations under which
we can expect motion of islands and we shall discuss the
mechanisms of this motion as well as the relationships
describing coalescence in a system of moving islands.

8. Mechanisms and kinetics of diffusive motion of
istands

a) Motion under the influence of extevnal forces and
Brownian movement. In general, the velocity of an
island and the force applied to it F are related by

v = IF, (8.1)

where b is the mobility determinedby the actual mechan-
ism of transfer of mass needed to set the island in mo-
tion. In determining the mobility we have to distinguish
two basically different situations: in one case an island
moves on a mirror-smooth substrate, whose profile is
not distorted by the island itself and the second is the
case when an island partly “digs (diffuses) into the sub-
strate”%'™ and during its motion remains partly “im-
mersed” in the substrate.

The motion on a mirror-smooth surface is a diffusive
glide in which matter may move as a result of fluxes
along the island-substrate interface or as a result of
fluxes of volume or surface self-diffusion of the island
material.

Diffusive boundary glide can be described by the
boundary viscosity 4, which is the coefficient of pro-
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portionality between the tangential stress ¢, and the vel-
ocity gradient:™

0= anz'rr‘;—.

where § is the thickness of the island-substrate bound-
ary. Assuming approximately that o, =F/R? we obtain
the following expression for the island mobility:

by = R_E'fl— .
The viscosity is governed largely by the properties of
the interface layer. I the latter is sufficiently amor-
phous, the viscosity is given by™ 4°~kT/D,,6, where
Dyt is the diffusion coefficient of the island material in
the interface layer. In this case, we find that

b =i ()7 (8.2)

It follows that the rate of diffusive interface glide of
an island is given by Egs. (8.1) and (8.2).

If the interface layer is not completely amorphous,
the expression for b;; should depend on the real struc-
ture of the interface and this may vary with time. Vari-
ous specific structures of interface layers are discussed
extensively in the literature.” ™

We can easily obtain expressions for the mobility of
an island in those cases when the transfer of mass is
due to the surface (b5) or volume (b, ) self-dif-
fusion™-78-8

Y

e () b ()

(8.3)

where D and Dy are the surface and volume self-dif-
fusion coefficients of the island material.

Numerical estimates of the value of b;, are practically
impossible to obtain because of the absence of data on
the diffusion coefficients along the island—substrate in-
terface. Estimates of b5 and b, can be found, for
example, in the book by Geguzin and Krivoglaz.”™ By
way of example, we shall give an estimate of b for cop-
per islands of R *3x10~7 ¢m size. At T'=400°C, we
have D§ ~5Xx107° cm®/sec® and b4 =70 cm-sec™.dyn™+
It is convenient to use this estimate in calculating the
time 7 during which an island with a charge ¢, interacts
with an active center located at a distance [ from the
island and carrying a charge ¢,. We can easily show
that 7 =13/3b5q,q, For q,=q,~e and [=107° cm, we
find that 7 =10~ 2 sec.

The motion of islands which are “immersed” in the
substrate should be governed by the diffusion fluxes of
the substrate material under conditions such that the
required gradient of the chemical potential of the sub-
sirate atoms is due to the force applied to the island.
H we assume that the shape of a depression under an
island during its diffusive motion adjusts to the island
shape, the process in question is qualitatively similar
to the motion of a boat which is towed in water.

A consistent solution of the problem of the motion of
a partly “immersed” island meets with serious mathe-
matical difficulties, However, we can obtain estimates
of the mobilities assuming that the motion of an island
is similar to that of an inclusion in the bulk of a sample
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(the immersed part of the island) under the action of
external forces. The relevant estimates have been ob-
tained earlier™ and they can be described by the follow-
ing expressions:

1) fluxes in the interior of the substrate,
, 3
g ()

where D, is the volume self-diffusion coefficient of the
substrate atom;

8.4

2) fluxes along the island-substrate interface,

, Dy a \A
Ve vz ()

(8.5)

3) fluxes of the substrate material via the interior
of the island,
(8.6)
De 3
%~ 5 (1)
where Dy and ¢ are the diffusion coefficient and the solu-
bility of the substrate material in the island material.

The above expressions for the mobilities govern also
the rate of Brownian migration of islands as a whole.
If we substitute in Eqgs. (8.2)—(8.6) the value b=Dy/kT,
we can estimate the coefficient of Brownian migration of
an island, Dy, which should be used in the determina-~
tion of the mean-square displacement rZ in a time £:

P = 4Dgt. (8.7)

The coefficient of Brownian diffusion should be related
to the corresponding atomic diffusion coefficient. How-
ever, there may be no direct relationship because the
fluctuating force which sets an island in motion de-
stroys an imperfect (patchy) contact between an island
and its substrate. Apparently this is the situation which
was observed in the well-known experiments of Kern
et al . ™ 8% 8 who established that the effective viscosity
and effective activation energy were influenced by the
linear dimensions of the islands (see also Trusov and
Kholmyanskii®®).

We may also find that random migration of an island
as a whole is not associated with thermal fluctuations
but occurs under the action of a randomly varying (in
magnitude and direction) external force resulting from
electrostatic or elastic interaction between islands. In
this case the “Brownian” diffusion coefficient found ex-
perimentally from the mean-square displacement in a
given time [see Eq. (8.7)] depends not only on the actual
mobility of an island but also on the applied force. In
fact, we shall assume (for simplicity) that a constant
force F acts on an island for a time interval T and then
its direction changes in a random manner. During the
time 7 the island is displaced through a distance
1= (D, /kT)F, and, therefore, the experimentally de-
termined coefficient is related to the true Brownian
coefficient by

(8.8)
It follows from Eq. (8.8) that in the case of diffusion
under the action of a fluctuating external force the ex-

perimentally determined “Brownian” diffusion coeffi-
cient is greater than the true value by a factor equal to
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the ratio of the work done by external forces during an
“elementary event” (I is regarded as an elementary
jump) to the thermal energy.

It follows that in an analysis of the experimental re-
sults we have to distinguish “free” migration under the
action of thermal fluctuations from migration under the
action of random forces causing displacements propor-~
tional to these forces.

It is worth drawing attention to the fact that random
migration under the action of such forces is a relaxa-
tion process and, consequently, its velocity should tend
to zero with time. This is indeed observed experimen-
tally.75’76'33—85

Many experimental observations of Brownian migra-
tion34:4243.87,88 516 really due to random forces of elec-
trostatic or elastic origin. For example, Skofronick
and Phillips* observed in a film of gold islands on
graphite individual gold islands whose size was an order
of magnitude greater than the average radius, and found
that these left behind twisted paths free of gold. We ob-
served similar behavior also in the case of silver films
on LiF (Fig. 11). Formation of such paths is possible
as a result of merging of moving islands with those at
rest or those moving much more slowly than the ones
under consideration. Since the paths form behind large
islands, it is clear that their motion is not due to ther-
mal fluctuations but due to random external forces.
Otherwise, the larger islands would have moved more
slowly than the smaller ones and their paths would have
been filled with small islands.

Kern et al,”™ ™ %% determined the Brownian migra-
tion coefficients of islands from the broadening (with
time) of an abrupt boundary between a region filled with
islands and a free surface (Fig. 12). They calculated
Dy from the distribution curves on the assumption that
each island moved independently of the others.

However, other results®-°2 indicated that islands in-
teracted actively with one another via elastic stress
fields whose existence was demonstrated experimentally
in studies of the formation of dislocation (sintering)
rosettes in the area of contact between an island and a
crystalline substrate.®™ A possibility of the interaction
between separate islands via the elastic stress fields
created by them in the substrate was pointed out also by
Indenbom,!*® who considered the influence of the elastic
interaction on the epitaxial phenomena. Islands migrat-
ed under the influence of elastic forces and became dis-

fo W
‘ll—l;’ §-.0.d‘

FIG. 11. Paths resulting from Brownian migration of silver
islands on the surface of LiF (T =400°C applied for =45 min).
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FIG. 12, Distribution of moving islands near the boundary of
an island film of Al on the (100) face of KCl hefore (2) and after
() annealing at T =180°C for 120 sec.®

tributed on the surface in a somewhat ordered manner,
as indicated by the radial distribution of the islands
(Fig. 13a) with maxima at distances which were mul-
tiplets of a characteristic length. The island-size dis-
tribution was not affected (Fig. 13b). These results in-
dicated that the energy of the elastic interaction between
the islands at the investigated temperatures was much
greater than BT, so that the experimentally determined
coefficient DE® was considerably greater than the true
value. One could, therefore, predict a strong depen-
dence of the coefficient D™ on the density of the islands:
the migration of the islands should be enhanced by an
increase in the density.

It should be stressed that the picture of the Brownian
migration of islands is not yet clear and experimental
papers appear sporadically in which electron micro-~
graphs obtained in situ either support®:1® or are in
conflict®*3® with this type of migration, which may be
due to differences in experimental conditions and in in-
vestigated systems.

b) Motion of islands in external force fields. As be-
fore, we must distinguish the cases when an island is
on a mirror-smooth surface and when it is partly “im-
mersed” in the substrate,

The motion of an island on a mirror-smooth surface
may be a consequence of directional fluxes of adatoms
which move in an external force field and are adsorbed
or emitted, respectively, by the front or rear surface
of an island which then moves against the flux. In the
case of a hemispherical island, we can describe the
balance of matter during the motion of an island by
(n/2)R%Ix=2J wR dt, i.e.,

40
v=cu Jgs (8.9)
P T T T T lmm Ng,om2
15 . 5
4, After annealing
2 -/
oF 0~
05 5 L
" I 1 i Y " TR I i I W
g 50 100 . 150 200 250 13 2231 40 4958 57 76
r,A 2R, A
a) b)

FIG. 13. Radial distribution function of islands P(7) (a) and
histogram of the island-size distribution (b) before and after
annealing.%
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where J is the surface flux governed by the gradient of
the chemical potential of adatoms in an external field.
The fluxes have been calculated™ in the case of tem-
perature J; , and electric J ; fields:

o=~ gy, T, (8.10)
Js,p= — 2200 ez 5By, (8.11)

where o= Q%/kT is the surface thermal diffusion ra-
tio; Q% is the heat of transfer on the surface, which in
the case of the adatom diffusion mechanism is equal to
the sum of the energies of formation and migration of an
adatom; eZ ¢ is the effective charge of an adatom; v T
and E are the temperature gradient on the surface and
the surface component of the electric field, The velo-
cities of interest to use are given by Eqgs. (8.9)-(8.11).
In general, the kinetics may be governed by the pro-
cesses of acquisition and emission of adatoms by
islands, i.e., by the boundary kinetics. Usually, the
diffusion coefficient Dg should be replaced by the com-
bined kinetic coefficient Dg =D¢Bsa’R/(Dgs +Bsa’R).

If an island is partly “immersed” in the substrate, its
motion is governed by fluxes of two types: of adatoms
of the island material along the substrate and of sub-
strate atoms in a surface layer whose depth is of the
order of the depth of immersion of the island. A con-~
sistent analysis of the problem of the velocity of an
island in this case is difficult to carry out. In the limit-
ing case when the motion of an island is governed by the
mobility of its immersed part which-being an internal
inclusion-appears to carry that part of the island which
projects above the surface, we can use the expressions
for the veloeity of internal inclusions;™ in the present
case the application of such expressions can only give
estimates.

A specific feature of the motion of an island immersed
in the substrate, which distinguishes it from an intern-
al inclusion, is that during its motion an island rotates
about an axis perpendicular to the direction of an ex-
ternal field and lying in the plane of the surface. This
effect is due to the fact that part of the immersion sur-
face with the normal making an angle 8 to the direction
of motion travels at a velocity v=v,cos8, where v, is
the velocity of the island.”™ In this case the island ex-
periences a torque which is due to the fact that parts of
the front surface of the depression under the island
move away from the center of the island and parts of the
rear surface toward the center.

The motion of islands in external fields has been ob-
served experimentally in a situation when the islands
were immersed in the substrate forming characteristic
tracks in it during their motion.

The motion of liquid islands (R #1072 cm) of a german-
ium-gold alloy on the surface of germanium was in-
vestigated experimentally®® % under the action of a tem-
perature gradient (Fig. 14); the motion was due to the
diffusion of the substrate atoms via the interior of the
island. It was found that in the case of islands of R < 3
X 1073 ¢em dimensions the rate-limiting stage is the in-
terface kinetics, indicated by the experimentally ob-
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FIG. 14. Motion of germanium—gold alloy islands on the sur-
face of germanium in a temperature gradient field.®

served linear dependence of the velocity on the ra-
dius.”™'%" However, in the R> 3x107% ¢cm case the dif-
fusion takes place via the interior of the island. H we
know the characteristic size R at which there is a
change in the rate-limiting stage, we can estimate the
specific interface flux: g’ ~D/wR. For D=10"% cm?/
sec, w=10"® cm® and R ~3x107® ¢m, we find that

B =3x10% ¢m~?/sec™!, which is in good agreement with
estimates of 8’ deduced from other experiments.®®

The motion of gold islands on the surface of NaCl
in an external electric field was studied by Geguzin
et al.”® Islands of R ~10™* cm radius migrated at a velo-
city proportional to the field intensity but independent
of the island size (Fig. 15), whereas islands of R = 10~3
cm radius traveled at a velocity inversely proportional
to the radius. This motion could be regarded as diffus-
ive migration of a depression in the substrate crystal
under the island. This was why rotation of the island
was observed during its motion (Fig. 16b). The motion
of small islands was rate-limited by the volume dif-
fusion fluxes and that of large islands by the diffusion
along the island-substrate interface,'®

Islands moving in an electric field (Fig. 16b) could
gradually become “immersed” into the substrate. This
effect was a quadratic function of the field and it re-
sembled deformation of an inclusion at right-angles to
the field.’ 1% In the absence of the field but under other-
wise identical conditions there was practically no im-
mersion effect (Fig. 16a).

An interesting case of spontaneous motion of Mo
islands on a graphite surface was observed by Matthews
and Jenkins.'®® Since a eutectic was formed at the
island—substrate interface, rotation of the islands was
a consequence of the tendency to increase the surface
along which the contact melting took place.

[

FIG, 15, Motion of Au islands on the (100) face of NaCl in an
external electric field” (T=620°C, E=110 V/cm, magnifica-
tion X300, reproduced here at X213).

Ya. E. Geguzin and Yu. S. Kaganovskﬁ! 623



FIG. 16. “Immersion» and rotation of Au islands during their
motion on the surface of NaCl.”® Field £ (V/cm): a) 0; b) 260,
T =600°C applied for different times ¢ (h): 1) 0; 2) 1.2; 3) 3.
Arrows identify reference points demonstrating rotation in the
direction of the field. Magnification X150, reproduced here at
xX107.

9. Drag of islands by moving steps

When evaporation or condensation of the substrate
material takes place or when matter is redistributed be-
tween regions with different local curvatures, steps on
the surface of the substrate must move and interact with
the islands encountered in their path. This interaction
may result in two situations: either parts of a step be-
tween two islands may break through obstacles or a step
pinned by the obstacles may move only together with
islands. Clearly, both these situations may occur, de-
pending on the ratio of the excess chemical potential
Ayu responsible for the motion of the step and the value
of Au, which represents the pinning of a step which has
come into contact with obstacles. Since Ap,=2yw/l
(I is the average distance between the islands), the first
situation occurs for I> 2y,w/Au, and the second for
I<2yw/AL.

It should be noted that even when < 2y,w/Au, the
breaking of a step through obstacles may still occur as
a result of thermal-fluctuation-induced unpinning from
obstacles which is a process resembling thermal-fluc-
tuation-induced detachment of dislocations from ob-
stacles in the bulk of a crystal,'®-1% Thus, the com-
bined motion of a step with its obstacles is accompanied
by the fluctuation-induced loss of the coupling between
the step and the obstacles (islands).

In the process of combined motion of an island and a
step of height %, the latter exerts a force F,= al/w)Apu,
which determines the motion of the island.” The self-
consistent velocity v of the motion of a system consist-
ing of a step and the islands situated on it can be esti-
mated'®® by equating the velocities of the step and of the
islands

v=bFy=bsF3,

where F¥=F,-n,F; E=(h/w)Au is the force acting on
a step of unit length; n,=1/!; b and b, are, respective-
ly, the mobilities of an island ([6]=sec/g) and of a step
({p,]=cm/sec/g~Y). Elementary transformations give
(9.1)

~ 1 b
U=F“b"‘T—Fl_n-’ m= n‘;,'f .

3We can easily show that if Apu>(2R/a) Ayw/l, where Ay=7
+7Yy— Y13, the detachment of a step from an obstacle occurs
definitely and not as a result of probable fluctuations.
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FIG. 17. Drag of Au islands by steps moving during evapora-
tion of an LiF crystal.!®® The sagging of steps is evidence of
their pinning by islands. The shape of the shadows shows that
there are pedestals under the islands from which steps have
become detached.

The values of b have been found earlier [see Egs.
(8.2)—(8.6)]; the values of b, depend strongly on the
rate~limiting stage which restricts the motion of a step
during condensation or evaporation. In particular, when
this stage is the migration of adatoms on the surface of
the substrate crystal,!'''® we have

2DgE, _a*
KT hgh® ’

by &~

where A is the surface diffusion path of an adatom of
the substrate material; £, is the equilibrium concen-
tration of such adatoms; D; is the self-diffusion coef-
ficient of these adatoms.

The process of breakthrough of parts of a step be-
tween islands is accompanied by bending around islands.
Consequently, in the process of evaporation a pedestal
of height which is a multiple of 2 should form under the
island and during condensation an island should become
correspondingly immersed in the substrate.

The predicted effects were observed experimental-
1y0%:197 by electron-microscopic studies of gold island
films on the surfaces of alkali halide single crystals.
The islands acted as obstacles to the motion of steps and
they moved in a directional manner during evaporation
of the substrate crystal, as indicated by the sag of the
steps between the obstacles (Fig. 17). The moving steps
dragged the islands hindering their motion so that a
zone free of gold appeared behind the moving steps. In
the process of combined motion of steps and islands the
latter coalesced and became larger (see Sec. II). For-
mation of pedestals under the islands could be deduced
clearly from the shape of the shadow appearing when a
sample with an island film was examined by the shadow
technique at more advanced stages of evaporation. The
shadow was weaker near the island base (Fig. 17).

Geguzin et al.®® observed the interaction between
monatomic steps moving on the surface of a KCI cry-
stal in the course of its evaporation and the decorating
gold islands with an average radius of =40 A. Evapora-
tion of KCl under isothermal conditions was followed
for some time by the decoration of steps with gold;
then, the evaporation was continued under identical
conditions but in the presence of gold islands on the sur-
face. The positions of the islands during the second
evaporation changed by an amount which increased with
increasing temperature and duration of evaporation
(Fig. 18). Changes in the island positions accompanied

Ya. E. Geguzin and Yu. S. KaganovskiT 624




FIG. 18. Evaporation spirals on the surface of a KCl crystal:5®
a) decoration after evaporation at T=2340°C for 30 min; b) after
decoration of the spiral the sample was subjected to evapora-
tion for another 30 min at the same temperature; c) after dec~
oration the crystal was subjected to evaporation for 15 min at
T=375°C.

by formation of groups indicated that they were dragged
by moving steps. In these experiments the gold islands
moved under the action of a drag force F =2y,a. Mea-
surements of the average velocity v of the islands
yielded the diffusion coefficient Dy, which determined
the migration of islands as a whole. The estimates ob-
tained® gave v~10-% cm/sec at T=340 °C for F ~2Xx107°
dyn and hence it was found from Egq. (8.1) that Dy =10-Y7
em?/sec.

10. “Dispersion hardening” of the surface

The drag exerted by islands on the natural motion of
steps should slow down all the processes whose velo-
city is governed by the step velocity. In particular,
the mass transfer needed to heal surface defects!®®:1%°
or to form a natural face of a crystal**® should slow
down. Moreoever, there should be also a slowing down
of mass transfer in the evaporation or growth of a
crystal from the vapor phase, when a reduction in the
step velocity hinders the emission or acquisition of ada-
toms by the step. By analogy with the hardening (in the
mechanical sense) influence of particles dispersed in the
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FIG. 19. a) Relative change of the depth of the scratches healed
during evaporation of an LiF crystal with an Au island film (1)
and without such a film (2); T=600°C. b) Electron photo-mi-
crograph of a scratch on the surface of LiF with an island
film.!?? The steps at the edges of this scratch interact actively
with islands.

bulk, which hinder the motion of dislocations, we shall
use the term “dispersion hardening” of a surface in re-
lation to evaporation and condensation for the hindering
of the motion of steps.

The slow down of the step velocity resulting in “dis-
persion hardening” may be associated either with the
drag due to islands moving together with the steps
(Sec. 9) or with the need to break through immobile ob-
stacles,

This process is qualitatively similar to the pinning of
steps by impurity atoms!!* except that the island mobil-
ity is always much less than that of an impurity atom,

The results of two experiments confirmed the occur-
rence of “dispersion hardening” of a surface. In one of
them'!? a study was made of the change of the depth of a
scratch on the surface of an LiF single crystal in the
presence or absence of an island & %107% ¢m) gold film
on the surface (Fig. 19a). Healing of scratches on a sur-
face covered with an island film was found to be much
slower than on a free surface. An electron-microscop-
ic study revealed the pinning of steps by islands (Fig,
19b).

In another experiment,'*® the process of evaporation
was investigated by electron microscopy as follows., An
NaCl crystal whose natural cleavage face had points of
emergence of screw dislocation was subjected to evapora-
tion of a constant temperature in two stages of the same
duration. During the first stage, when the surface was
free of an island film, a step-which during evaporation
formed a spiral around the screw dislocation-traveled
a distance tens of times greater than during the second
stage prior to which a gold island film was depostied on
the surface. (Fig. 20a). The positions of steps during
evaporation of a crystal was determined by the double
decoration method.4-41%
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FIG. 20. Successive stages of the breakthrough of steps form-
ing a spiral through pinning gold islands at T = 320°C.t3
«Free» evaporation time 15 min; evaporation time with an is-
land film in place (min): a) 15; b) 25,

The breakthrough of steps through a chain of obstacles
should in this experiment depend strongly on the ratio
of the critical radius of two-dimensional nuclei » * to the
average distance between the obstacles. During the
earliest stage of evaporation when the step has not yet
broken through the obstacles, the density of adatoms in
the surface region between two steps decreases strongly
during the adatom lifetime 7 and 7 * decreases so much
that the breakthrough begins between practically any
pair of neighboring obstacles so that a system of half-
loops of different radii appears along each step. Since
the segments that break through are the sources of ada-
toms, the value of »* increases and is governed now by
the average curvature of the loops that have broken
through. This begins the process of matched diffusive
coalescence: loops of small radii disappear and those
with large radii grow so that steps break through a chain
of islands and close behind them (Fig. 20b).

Geguzin et al.*'®analyzed the conditions under which
the breakthrough of steps through island obstacles must
be accompanied by loop coalescence. They showed that
this approach provides a description of the observed
“dispersion hardening.”

11. Coalescence in a two-dimensional system of
moving islands

a) Coalescence during motion in an external force
field and duving Brownian movement. The problem of
the kinetics of coalescence in a two-dimensional system
of moving islands was discussed by Botvinko and Krivog-
1az''® (see also the monograph by Geguzin and Krivog-
laz™). Botvinko and Krivoglaz''® considered a set of
islands moving in a directed manner at a velocity which
was some function of their dimensions. Assuming that
the coalescence of islands was limited by their velocity
and not by the rate of coalescence of the islands that
have already come in contact and that the velocity of
diffusive motion depended strongly on the radii of the
islands, for example, Jdv/dl| ~v/R, (this, in particular,
occurs in the mechanism of motion governed by surface
fluxes), Botvinko and Krivoglaz'!® obtained the following
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estimate for the time of doubling of the characteristic
size of an island

=

T &

’ (11.1)

Sy

<

where 7 is the velocity of an island with the most prob-
able value of the radius R and s, is the initial area oc-
cupied by the islands per unit surface area of the sub-

strate.

In addition to the process of coalescence during motion
there is a competing process of ordinary diffusive coal-
escence described by Egs. (3.5)—(3.7). If we compare,
for example, Eqs. (11.1) and (3.5) we can show that in
many real situations (high surface densities of large
islands and high island velocities) the coalescence in the
collision regime may be faster.

In the absence of external forces we may expect to ob-
serve coalescence of islands moving under Brownian
migration conditions. The time for doubling the char-
acteristic size of the islands is now given by™

Rt
Tp A ——
B~ SoDB'

where D, depends on the island migration mechanism
and is given by Egs. (8.2)-(8.6).

We can easily show that coalescence in the Brownian
regime may be noticeable (against the background of the
usual diffusive coalescence) only in the case of very
small islands present with a high density, i.e., at the
very earliest stage of coalescence of a highly disperse
island film,

An interesting case of the coalescence of silver islands
on the surface of NaCl single crystals was studied by
Dussaulcey et al.,''” who observed a system of islands of
~20 A linear size in a field of ~10° V/em, which created
a dipole moment in the islands. The coalescence pro-
cess was a consequence of the dipole—dipole interac-
tion between the islands.

In considering coalescence in the collision regime it
was assumed that islands coalesce every time they come
into direct contact. However, in actual fact closely
spaced islands may experience diffusive repulsion,
which should be observed in the case when the concen-
tration of adatoms between islands in the immediate
neighborhood of them is higher than the concentration
averaged over the whole system. In this case the over-
lap of the diffusion fields of adatoms of islands that have
come close together increases the concentration of the
adatoms between the islands and, consequently, their
chemical potential; moreover, the concentration and
chemical potential become dependent on the distance be-
tween the islands increasing on reduction of this dis~
tance. The latter circumstance implies the existence of
a repulsive (“osmotic”) force. An estimate shows that
in the case of two islands of the same size the maximum
value of this force is

0]
Fnx di.
In particular, this force may prevent merging of very
tiny islands moving under Brownian migration conditions

when the force bringing them into collision is Fy =kT/a.
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FIG. 21. Successive stages of coalescence in the “sweep» re-
gime revealed by a model experiment.!!

If we compare F, and F, we candemonstrate that islands
of size R »~Vy,wa/kT =10~7 ¢m should not merge.

b) Coalescence under “sweep” conditions. In contrast
to the above case, when coalescence is due to the de-
pendence of the velocity on the island size, we may also
expect coalescence when some of the islands move at
the same velocity and encounter other islands at rest,

In particular, this may occur when islands are dragged
by a moving step.

For a certain relationship between the velocity of a
step during evaporation or condensation of the substrate
and constants of the islands (such as their size, sur-
face tension, and self-diffusion coefficient) a step may
drag all the islands it encounters producing a sweep
effect. The islands colliding in the course of the
“sweep” may coalesce.

The problem of coalescence under sweep conditions!®
is characterized by the dimensionless time ¢ *= (v, /R)7,
where R is the average size of the colliding islands; v,
is the velocity of motion of the sweeping step; ¢ * is the
time for diffusive coalescence of the islands. For
t *«1 the true coalescence, i.e., an increase in the size
as a result of collisions, does take place. However, for
t *>>1 the velocity of this motion is considerably great-
er than the rate of coalescence and, consequently, coal-
escence does not occur but islands accumulate in front
of the sweeping step. In the most realistic case when
the merging of islands is due to the surface self-diffus-
ion mechanism (for R < 10~% cm), the value of 7 is given
by Eq. (2.2). The conditions for coalescence can be de-
scribed by the inequality

= D
Ry, < l’ﬁi at.

K the constants are given reasonable values (kT =~10"1
erg,v,=10° erg/em? a=3x107% cm, Dy =107° em®/sec),
we can easily show that the coalescence of islands with
R =10"%° cm occurs if v,<107% cm/sec,

Geguzin et al.'*® simulated the process of coalescence
under sweep conditions. They studied changes in the
size of identical circular coin-like islands swept by a
plane ruler. Figure 21 shows a typical sequence of
photographs corresponding to various stages of coal-
escence of a system of islands under sweep conditions
when the ratio of the initial radius of the island to the
average distance between them was » =0.33. These ex-
periments established the importance of collisions be-
tween islands which moved together with the ruler and
whose size increased with time.

In a real experiment coalescence in the sweep case
was observed!!? at evaporation or condensation nuclei
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FIG. 22. Coalescence in the sweep regime in a condensation
nucleus on an LiF crystal with an Au island film (T =600°C,
t=30 min, magnification X12 000, reproduced here at X8520).

on an LiF crystal, whose surface carried a system of
gold islands of R ~10~° ¢m radius with an average dis-
tance » > 0.25. During evaporation or condensation of

LiF, steps on its surface moved at a velocity v, =107
em/sec and, therefore, the colliding islands definitely
had a chance to merge by diffusion (Fig. 22).

The authors are grateful to M. A, Krivoglaz and L. M.
Lifshits for numerous discussions of the phenomena con-
sidered in the present review.
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