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Dynamics of Au, Cu, Pt, Ni and Fe Nanoislands Growth on Amorphous Carbon
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In this paper we present the fitting results of the experimental curves for the sputter deposition of Au, Cu, Pt, Ni and Fe
on the amorphous carbon substrate. From the calculated curves the phenomenological coefficients which describe
various steps (adsorption, adatom diffusion, cluster migration, coalescence) of deposition process are obtained.
Considering different deposits the main influence have processes of nucleation of new clusters and adsorption at the
edges of existing clusters. Discrimination of other processes (surface diffusion, cluster migration, coalescence) for
different deposits is much less pronounced. It is shown for gold and copper the three-dimensional island growth
mechanism, and for nickel and platinum two-dimensional island growth mechanism is prevailing. The cluster density
depends on substrate temperature. The experimental results were obtained for Fe film deposition on amorphous carbon
substrate at different target temperatures. The calculated results show that change of substrate temperature mainly
influences not surface diffusion which could be expected but sticking of adatoms on substrate which drastically

decreases with temperature increase.
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INDEX

i, — the relative flux of arriving atoms;
@s— the coverage by single adatoms;
@c — the coverage by islands;

n — the relative island density;

ns— the relative density of adatoms;

A — the diffusion radius of adatoms;

Qg =ngA* +22ngpq the dimensionless area

around the single adatoms;
@p =nl> +22\np, — the dimensionless area around

the clusters;

J — the migration radius of island;

@p — the dimensionless area around the island within
the range of the migration radius of the island f3;

a4 — the probability of nucleation of the atoms, which
are arriving at ¢gs and @g*;

a4 — the frequency probability of adatom to stick on
the substrate surface;

ayc — the frequency probability of adatom to stick at
the edge of the island;

a,r — the frequency probability of adatom to stick on
the top of the island,;

0.0 — the frequency probability of coalescence.

INTRODUCTION

The growth of a solid film on a substrate generally
takes place in one of the three modes (island, layer and
island plus layer) which depend on the relative values of
the adatom — adatom (cohesive) and adatom — substrate
(adhesive) interaction energies. Certain deposition
conditions, such as high vacuum, low supersaturation, high
surface diffusion and lattice matching between the
deposited film and the crystalline substrate, favour
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epitaxial layer growth. But where the epitaxial layer
growth do not occur, as in the case of metals on alkali
halides, MoS,, MgO, SiO,, mica and graphite, island
growth predominates. When island growth does occur the
nucleation density is profoundly affected by defects on the
substrate surface because the adatom binding energy at a
defect is greater than on the open surface.

Metal films may be deposited on substrates by a
number of different techniques such as evaporation,
sputtering, plasma decomposition etc. No matter which
method is employed, it is necessary to have close control
over the deposition parameters so that their individual
influence on the growth processes can be observed. lon
beam sputtering (IBS), the technique used for preparing the
samples studied in this paper, produces a well-defined flux
of metal atoms sputtered by energetic inert gas atoms from
a metal target surface. High-quality metal films may be
fabricated owing to the energetic flux of metal atoms.
Another major advantage of IBS is that the deposition rate
is low and can be precisely controlled. The deposition can
therefore be terminated at a very early stage in the
substrate coverage, which allows initial stages of film
growth to be observed [1].

Generally, five stages of film formation history may be
considered in terms of the average cluster density and
average cluster diameter [2—5]: 1) the induction time;
2) initial nucleation stage (both cluster density and size
increases with time); 3) the saturation stage (cluster density
has reached the maximum value, but the clusters continue
to grow in size due to growth of adatoms to the clusters);
4) the coalescence stage (cluster density decreases rapidly);
5) the continuous growth stage.

Nucleation and islands growth are critical stages in
thin film formation. Thus, a study of initial stages of thin
film growth is fundamental to improve the understanding
of growth mechanisms and to control the final materials
microstructure, which governs the thin film properties [6].



The traditional view of epitaxial growth in the
nucleation regime supposes that the process is initiated by
binary collisions between adatoms that diffuse on the
surface [7]. The resulting dimmer island nucleus may or
may not be stable against dissociation before the arrival
and attachment of further adatoms. So long as the adatom
concentration on the surface exceeds its equilibrium value,
an island population develops [8, 9]. In the classical theory
of homogeneous nucleation it is assumed that all clusters
of given size have only one, strictly determined shape. The
cluster is usually approximated by that of spherical
segment and by that of disk or prism of fixed height
[10, 11]. According to the classical or capillary theory of
nucleation the condensation of new phase of material takes
place if the positive fluctuations of free energy needed for
the existing activation barrier occurs [12]. Activation
barrier is formed as a result of the changes in free energy
with radius of cluster [13]. For a disk-shaped clusters free
energy F(i) (in units of kT) as a function of number of
atoms in it / may be expressed as [14]

F(i)=2vai —iln(£+1)-1n "2

n

(M

The first term in the eq. (1) describe surface tension, the
second term describe the difference of chemical potential,
and third is the statistical term related with the distribution
of adatoms n, in the lattice surface nodal points ng. The
parameter a is expressed as a = (o/kT)’mv/h, where o is the
energy per unit length of disc boundary, v is the atomic
volume in the cluster and h is the height of disc. The
parameter ¢ defines the oversaturation: &=mn/njc—1,
where 7, is the concentration of adatoms and n;c is the
concentration of adatoms at the thermodynamical
equilibrium conditions.

In the early low-coverage stage two growth modes — a
steady state and aggregation regimes are distinguished
[15]. In the former, the growth process is dominated by
evaporation from the surface and the diffusion of single
atoms on the surface. The monomer concentration reaches
a steady state and this governs the evolution of the islands.
If evaporation from the surface is negligible, all atoms
deposited diffuse and combine with existing islands. This
regime is called as the aggregation regime.

The growth exponents and scaling behavior have been
explored in details [15, 16, 17]. It was found the following
time evolution of the main characteristic quantities at
aggregation regime for three-dimensional islands the
number of clusters N, the mean cluster size S and the

surface coverage: Noct'”, <§>ocr””, Myocs””’; and for two-

dimensional islands: NoClnt. <S>oct, M oct.

During film growth, islands are always growing
because of deposition of material. In this early growth
stage, when two islands touch, they quickly coalesce into a
larger compact island, and in so doing wipe clean part of
the substrate which was covered. This wiping action
constantly creates gaps comparable to the island radius and
results in overlarge islands separated by gaps filled with
smaller islands nucleated since the lost wipe [18].

The random motion of islands on the substrate results
in the so-called mobility coalescence [10, 19]. Mobility
coalescence affects the cluster density time dependence,
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saturation cluster density, the cluster special distribution,
cluster size distribution. The process of touching of two
semi-spheres was studied in [20]. Below the bulk melting
temperature and on scales smaller than 10 um, the motion
of atoms along the surface is the dominant mechanism for
mass transport. Since large values of the surface curvature
are concentrated around a very small region where the two
spheres touch, one expects a very rapid local motion of the
bridge joining the spheres. The mass flux is proportional to
the gradient of surface curvature. The radius r which is
defined as the height of bridge between two clusters
exhibit power law scaling as a function of time and was

found rocs'’.

In this work we use the partially improved model [21]
which describes different modes of island-like growth of
metal films. From the fitting of experimental curves the
phenomenological coefficients which describe different
steps of deposition process are found. Obtained values for
different deposits and different deposition conditions are
analyzed.

THE MODEL

1) Sticking coefficients. In order to consider layer-
plus-island morphology of the growing film, four different
sticking coefficients are introduced in model and surface
coverages by single atoms ¢g" and clusters pc" are
separated (ps" + oV = o).

Sticking of adatoms to the surface defines sticking
coefficient a4y. The surface coverage by islands increases
when the arriving atom sticks at the edge of already
existing island with probability oa4c. The sticking
coefficient a7 is the frequency probability of adatom to
stick on the top of the island. The surface coverage by
islands also increases when the arriving atom sticks at the
already existing single adatom (island nucleation) with
probability (or sticking coefficient) a4 (Fig. 1).
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Fig. 1. Schematic of sticking coefficients

2) The diffusion radius of adatom. 1t is assumed in
the model that island could capture adatom if it falls at the
distance from the edge of the island less than 4 (Fig. 2).

The dimensionless area ¢pc* is obtained

(pz =nA? +20no,

where 7 is the relative island density and 4 is the diffusion
radius of adatoms. The characteristic area around adatoms
takes the following form

ps =nsA’ + 24y nsps

where 7y is the relative density of adatoms.
Considering the growth of higher monolayers K> 1,

the diffusion radius of the adatom on the top of island A%’



is introduced. The parameter goﬁK) having meaning close
to pc* is obtained as

2
(0/(11() :2./1<TK—1) /M)(K—l) +n(ﬂ(TK_l)) .

Fig. 2. Schematic definition of A and ¢*
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Fig. 3. The growth of higher monolayers (K > 1)

If (p(Kfl) - (p(K ) > (p}fq then the adatoms stick on the
(K-1)™ monolayer and form K™ monolayer; and
ifp & — &) < (oflK) then the adatoms move to (K-2)"
monolayer and form (K-1)™ monolayer (Fig. 3).

The equation for the coverage of K™ monolayer in our
model is the following:

d(p(K) . _
L A(K)aATIO((p(K n _(p(K))+
+B®a iy (¢(K) - Xgo““” - (o(K)) K=23,.,.N

The coefficients 4% and B® are introduced from the
condition (p(K )<1:

0 if @& o) <)

A
Lt K k) 5 oK)
K=23,..N
B(K) ~ 0 if (D(K) _q)(K-H) > (05’1()

1 if k) gk £ o)
K=12,.,N

3) Nucleation. The atoms arriving at ¢g and @g*,
nucleate with probability a,,. The nucleation term may be
expressed as nucl = o iy |\ +go;). The increase in

. ... . dN
number of islands per unit time is Z'c o ’;ud
Py

, where ¢,
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is the area of one atom (dimensionless) multiplied by
factor of 2 because two stuck atoms become as one island;

then:
i) 2 440 \Ps T Pg )-

4) The migration radius of the island [ and the
coalescence effect. Value ¢ is the dimensionless area
around the island within the range of the migration radius
of the island g (Fig. 4). ¢ may be obtained in the same

way as ¢cf or ¢@sf and is expressed as
_ o p2
Qg =np” +2p\noc .
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Fig. 4. Schematic definition of §f and ¢y

During film growth, islands are always growing
because of deposition of material. In this early growth
stage, when two islands touch, they quickly coalesce into a
larger compact island, and in so doing wipe clean part of
the substrate which was covered (Fig. 5).

Fig. 5. The mobility coalescence effect

The term of mobility coalescence may be obtained
from the assumption that coalescence occurs when
@c + @z 2 1. The coalescence term is

(%jc = acnlCcol (1 —@c — (pﬂ)?

where C,, is normalization factor that may obtain two
values:

0if g +pz<1
Tt Pc+pp 21
The coefficient a., is the frequency probability of

coalescence (s '). During deposition the surface coverage
increases (ps +@c)—1 and it means that the areas gg*



and ¢c* decrease. Fulfilling the following condition

o, <1, 01 = ps +a)ps +¢c +alpc,  the
normalization parameter a(t) is introduced which obtain the
following values

where

1 if ¢, <1
a(t) = l_iﬂs(f)_iﬂc(t) it g 21
s () +oc (1)

All steps of deposition process can be expressed as the
following system of equations:

d *
% =a 10io (1= 9 ) — @ 440 ((DS + a(t)gos)

do . . e
th =2-a 40 (603 +a®)ps )+ at)a 4cigpc +

+BVq i (1 — o0 X(pa) _ ¢<2>)

dp® . -
_(l;t = A(K)aATlo(¢(K K —W(K))Jf (2)
B ®g i, ((p(K) K X(p(K—n _ ¢(K))7
K=23,..,N
dn 1 ) X
Z:E “& 400 ((ﬂs +a()ps )+ A01C ool (1 l Zel ¢ﬁ)

RESULTS AND DISCUSSIONS

In Fig. 6 (a)—(f) the kinetics of surface coverage
¢"(¢) and average cluster size (diameter) are presented.
The calculated results (solid lines) are compared with
experimental ones (points) obtained by S. Xu and B. L.
Evans [1,22] for Au, Cu, Ni and Pt deposition on
amorphous carbon substrate. The calculated curves for
different deposits (Au, Cu, Ni and Pt) have been obtained
at different values of two parameters: a4 and ayc. Values
are summarized in Table 1.

Table 1. The values of parameters a4, o.4c and a7 for different

deposits
Au Cu Ni Pt
040 0.17 0.1 0.9 0.152
e 11 8.8 100 147.8
agr 1 1 1 1

Other parameters have been kept the same (they are
indicated in legend of figures). For all deposits a4y < ayc,
and the ayc values for platinum and nickel are much more
higher than the a4 values for copper and gold. The ayo
values are very similar for platinum, gold and copper; and
the nickel has a little bit higher a4, value than other three
mentioned deposits. If ay9/a,c<1, the growth by islands
occurs. Island growth for nickel (o49/04c=0.009) and
platinum (o 49/a4c =~ 0.001) is more pronounced than for
other two deposits — gold (ayg/04c~0.015) and copper
(a40/04c = 0.011). At the higher values of the ratio ar/oc
the islands three-dimensional growth is more presumptive.
For gold (ayr/ayc = 0.091) and for  copper
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(ayr/04c = 0.114) three-dimensional island growth is much
more pronounced than for other two deposits: platinum
(atar/04c = 0.007) and nickel (o47/04c=0.01). It is likely,
that for nickel and platinum island growth is two-
dimensional, and for gold and copper island growth is
three-dimensional.

It is interesting to analyze and compare results
obtained by different authors in different laboratories
for the same deposits on the same substrates. Such analysis
was made and calculated results are presented in
Fig. 6 (g) — (h) and are compared with experimental ones
for sputter deposition of gold on the amorphous carbon
substrate with the deposition rate of 1.2:10" cm™s™ at
room temperature and at 5-10~ Pa pressure [23].

If compare Fig. 6 (a), (b) with Fig. 6 (g), (h) it is seen
that the majority of coefficients for two cases of Au
deposition on amorphous carbon are the same or very
similar, but the values of three coefficients (a4, a4c and 1)
particularly differ. The reason of such mismatch might be
different conditions of deposition of Au thin films.

In the case of Fig. 6 (g), (h) depositions were per-
formed using a Kaufmann ion source operating at 1200 V.
The pressure was 5x107° Pa prior deposition and 5x10~° Pa
during deposition when Ar gas was admitted to the ion
source. The angle between the axis of the ion beam and the
normal to the target was 45°. The substrate holder was
parallel to the target at a distance equal to 10 cm. All
depositions were made at room temperature and the
substrate holder was water cooled to prevent possible
heating [23]. In the case of Fig. 6 (a), (b) the deposition
chamber was cryopumped to a pressure of less than
5x10° Pa. When high-purity Ar gas was admitted to the
ion gun, the dynamic Ar gas pressure within the
continuously pumped chamber increased to 6.6x107 Pa.
A d.c. voltage was applied to the ion gun to initiate the
discharge and the Ar gas supply adjusted (and
subsequently computer-regulated) to give the required
value of ion gun voltage (during the deposition of Au thin
films voltage was 2200 V). The flux of inert gas ions and
excited atoms from the ion gun was incident on the target
at an angle of 60° to the normal [22]. Different conditions
of Au deposition in the cases of Fig. 6 (a),(b) and
Fig. 6 (g), (h) might determine the different energies of
atoms falling from the target to substrate. The different
energies of atoms arriving to substrate are the most reliable
reason to explain the high differences between three
mentioned coefficients (a4, ayc and 1).

Above different deposits were analyzed. For detailed
analysis it is necessary to consider results for the same
deposit at different deposition conditions. In Fig. 7 the
experimental results (points) obtained by X. X. Zhang and
E. Y. Jiang [24] for Fe film depositions on amorphous
carbon substrate at different target temperatures are
presented. As the flux of Fe atoms was 10'> cm s these
results represents the initial stages of film growth. The
fitting show that not diffusion but sticking process is
mainly influenced by temperature changes. By variation of
parameter A a good fit was not obtained [21]. The best fit
was done by decreasing parameter a4, with increase of
temperature. Other parameters have been kept as constants.
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Fig. 6. The time dependences of surface coverage for four different deposits: a — Au, ¢ — Cu, e — Ni, f — Pt; the time dependences of
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= 35;
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Oyr = 1; Aol

1075,

ip=0.01. Values of other two parameters are different for different deposits and are shown in Table 1. Experimental results are

taken from ref. [1

which are the same for all deposits: a,y

s

average cluster size for two different deposits: b — Au, d — Cu. The calculated curves are obtained from equations (2) at the

following values of parameters

— the calculated kinetics (line) of first monolayer coverage; h — the calculated kinetics (line) of

22].g-h:g

E)

island density. Experimental results (squares) are for sputter deposition of gold on amorphous carbon. Calculation parameters

are the

30;

s p=351=37; Ar

1’ Ocol = 1

same for the both presented figures: a9 = 0.19; a4 = 1.1; ayc = 0.323; ayr

0.01579. Experimental results are taken from ref. [23]
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Fig. 7. Logarithmic plot of the time dependences of cluster

density for different substrate temperatures: 7'=423 K —
Q40 = 03, T=508K - Q40 = 003, T=573K -
049 =0.0055. Other parameters are the same for all
temperatures: o,y = 105 o7=1; a4c=1; 000 = 1; p=1
A=350; Ar=1; i,=0.1;, C= 10'% cm™. Experimental
points obtained for Fe deposition on amorphous carbon
substrate at flux density 10" cm s at different substrate

temperatures, taken from ref. [24]

CONCLUSIONS

1.

3.

For Au and Cu 3-D and for Pt and Ni 2-D island
growth mode is prevailing because of different sticking
of adatoms on the top and at the edge of islands.

The main differences of deposition at the same
conditions of different deposits are: 1) sticking on the
surface and 2) sticking at the edge. Other steps of
deposition process are similar.

Analyzing deposition of the same deposits is concluded
that energy of arriving atoms mainly influences the
following processes: 1) surface diffusion, 2) nucleation
and 3) sticking at the edge.

Considering very beginning of deposition process is
concluded that change of substrate temperature mainly
influences not surface diffusion which could be
expected but sticking of adatoms on substrate which
decreases with temperature increase.
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