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The paper presents theoretical and experimental results of studies of nanoisland metallic coatings on
semiconductor substrates obtained by vacuum annealing of ultrathin solid films. It is shown experimental-
ly that the formation of islet structure is possible only for films with thickness above a certain value. The
study of surface morphology of the films was carried out using SEM.

Keywords: Thin film, Vacuum annealing, Diffusion, Nanoisland, SEM.

1. INTRODUCTION

One of the promising areas of nanophysics is pro-
duction and characterization of heterogeneous nano-
catalysts. Such catalysts usually are ordered systems of
nanoislands of metals or their compounds on substrates
of various types [1].

Formation of such ordered systems (in particular
palladium (Pd) nano-islands on silicon (Si) substrates)
is a complex engineering problem. One of the possible
and the cheapest method is vacuum annealing of ul-
trathin continuous metallic films deposited on a sub-
strate [2-4].

This method is realized in two stages. First stage is
a vacuum deposition of ultrathin continuous metal
coating on a substrate; the second stage is a vacuum
annealing of obtained samples. For this reason, this
method has some drawbacks.

Firstly, the presence of two process steps reduces
the reproducibility of results. Secondly, due to statisti-
cal straggling of islands size and location it is impossi-
ble the formation of ordered system of nanocatalysts in
principle. Thirdly, interdiffusion of the film and the
substrate materials lead to the formation of the transi-
tion diffusion layer which is a negative factor.

2. THEORETICAL SPECULATIONS
2.1 Processes in the Film-Substrate Interface

A Consider in details processes in the film-substrate
interface during vacuum annealing.

Due to the diffusion at the interface between the
film and the substrate there will be the intermixing
(interdiffusion) of two materials. This process can be
described by Fick’s first law:

¢=-0,%, @.1

ox
where ¢ is the diffusive flux of atoms, Dy is the diffu-
sion coefficient (diffusion constant), dC/dx is concen-
tration gradient in the x direction.
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The diffusion coefficient Dx is defined by the Arrhe-
nius equation [5]:

E
D, = Dy, exp| -—= |, 2.2
) o exp( kBTj ( )

where Eq is the diffusion activation energy.
Pre-exponential factor Doz is the diffusion coefficient
at Fo = 0 and can be expressed as:

D, = va?, 2.3)
where v is an average frequency of thermal vibrations
(the number of collisions with the potential barrier Eo),
a — interatomic distance.

Consider a simplified model for which the diffusion
coefficient Dy is a constant and lattice parameters of the
diffusing materials are equal, i.e. flux is proportional to
the concentration gradient. Let’s carry out a step by step
analysis of the mass transfer during the formation of a
diffusion layer on the film-substrate interface (Fig. 1).
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Fig. 1 - Step by step model of the mass transfer during the
formation of a diffusion layer on the film-substrate interface
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At the initial time # =0, gradient 0C/ox=C/a
(Fig. 1a). Then equation (2.1) takes the form
¢o=—-D.(Cla).

During time ¢1 one atomic layer of the film material
will be “mixed up” with a one atomic layer of the sub-
strate material forming diatomic diffusion layer
(Fig. 1b). The distance from the pure film material to
pure substrate material becomes 3a, gradient
oClox=C/3a. The diffusive flux
¢ =—D.(C/3a)=¢,/3.

Accordingly time of interdiffusion of two next
atomic layers of the film and the substrate
ty = (¢, / ¢)t, =3¢, . Now the distance from the pure film
material to pure substrate material is 5a (diffusion lay-
er — four atomic layers, see Fig. 1c), the gradient
oClox=Clba and the diffusive flux
¢ =—D_(Clba)=¢,/5.

Similarly for the mixing of the third layer (Fig. 1d)
we have: Ly =(dy/ Pt =5t 0Clox=ClTa,

¢, =-D.(ClTa)=¢,17.

Summarizing we receive:
— as a result of interdiffusion of n layers of the film
and the substrate, the diffusive flux:

C &

= —D = 5 24
. “@n+la (2n+1) @4

— time of n layers diffusion:
t=3t =>(2n-1) =n’,. (2.5)

Fig. 2 graphically illustrates formulas (2.4) and
(2.5).

As one can see, the diffusive flux after “mixing” of n
atomic layers of the film with the substrate material
decreases by a hyperbolic law. A total diffusion time
t(n) increases by a quadratic dependence.

2.2 Mechanism of Formation of Island
Structures

Now consider the mechanism of formation of island
structures on the surface of the metal film during its
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annealing. We assume that the annealing temperature
is less than the melting point of the film. In this case the
only mechanism of the formation of atomic clusters (is-
lands) on the continuous film surface is the mechanism
of surface self-diffusion. In this process an atom diffusing
on the surface jumps from "occupied" lattice site into the
"free" lattice site. That is, in the case of surface self-
diffusion the concentration gradient is always constant
0C/0x =C/a . The flux in this case will be determined
by a change of the diffusion coefficient. That is, at
steady-state thermal conditions, according to (2.2) and
(2.3), the rate of mass transfer will depend only on the
value of activation energy and interatomic distance.

Consider as an example the surface of fce structure
which is typical for many metals (Fig. 3).

Fig. 3a illustrates structure of the fcc (100) surface.
The black color highlights an arbitrary surface atom,
for which bonds with the nearest neighbors (bold black)
and bonds with the length equal to the lattice parame-
ter (bold grey) are defined. The coordination number of
surface atom is z=8, the number of bonds with the
length equal to the lattice parameter is x=5. Fig. 3b
shows that the location of the atom above the plane of
the fcc (100) surface leads to the formation of four
bonds with its nearest neighbors and one bond equal to
the lattice parameter. Analyzing the possible directions
of diffusion one can conclude that the elementary dis-
placement of the diffusing atom (from one lattice site to

the neighbor) occur along the {110} and {110} direc-

tions.

The structure of the fcc (110) surface is presented
on Fig. 3c. The coordination number of surface atom in
this case is z = 7, the number of bonds with the length
equal to the lattice parameter is x = 4. Location of the
diffusing atom above the fcc (110) surface (Fig. 3d) sug-

gests the presence of 5 bonds with its nearest neighbors
and 2 bonds with the length equal to the lattice pa-
rameter. As can be seen from the figure, the diffusion
of the atom on the fcc (110) surface is possible in
twodirections with a different probability of diffusion
jumps. The first direction (less likely) coincides with
{001} crystallographic direction, the second (more like-

ly) —with {110} direction. The difference in transition
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Fig. 2 — The relative change of the diffusive flux during interdiffusion of n atomic layers of the film and substrate materials (a)
and relative total time of diffusion (b)
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Fig. 3 — Surface structure: (a), (b) — fcc (100); (c), (d) — fee (110); (e), (f) — fec (111). Bonds of the atoms located "in" and "above" the
surface are denoted (bold black — bonds with nearest neighbors, bold grey — bonds with the length equal to the lattice parameter)

probabilities is due to the difference in the distance
between the surface atoms and the number of broken
bonds. Thus, in the atomic rows perpendicular to the
{001} direction, the distance between atoms is the dis-

tance between nearest neighbors a as well as in rows
perpendicular to the {110} direction it is a parameter of

cubic lattice a~/2 . Then, according to (3), the pre-
exponential factor which determines the diffusion coef-
ficient will be: for the {001} direction Dy, = va®, and

for {110} direction Dyy10y = 2va® = 2Dy 001y -

The structure of the fcc (111) surface is presented in
Fig. 3e. The (111) plane of fcc structure is the most
close-packed, and the coordination number of surface
atom is z = 9. Besides this atom forms three bonds with
the length equal to the lattice parameter. Fig. 3f pre-
sents the possible location of the atom above the
fce (111) surface. Two possible examples, corresponding
to the fece and hep structure are presented. In both cas-
es the coordination numbers are the same (z = 3). The

difference is only in a number of bonds with the length
equal to the lattice parameter (for fcc packing x = 3, for
hep packing x = 4). Possible directions of atom diffusion
above fcc (111) surface coincide with the directions
{111}, {121} and. The transition of the diffusing atom

to a neighboring site will be accompanied always by a
change in the type of packing.

Let’s estimate the values of the binding energy of a
surface atom and the surface self-diffusion activation
energy for different surfaces of the fcc structure.

The binding energy of the atom with the crystal is
proportional to the number of bonds with neighboring
atoms. Herewith bonds with nearest neighbors and
bonds with the length equal to the lattice parameter
should be considered. If the coordination number of the
atom in the crystal is zo, the number of bonds with the
length equal to the lattice parameter is xo and the bind-
ing energy per atom is Ko, we can write:

Ey=z,-E. +x,-E, =E_(zy+kx,),

X

(2.6)
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where E. is the binding energy with nearest neighbor;
Ex — binding energy of bond with the length equal to
the lattice parameter; k = EJ/E..

As was shown above, for the fce packing the lattice

parameter is /2 times larger than the interatomic
distance. If we present the interatomic interaction en-
ergy in the form of Lennard-Jones potential, then
k = 0.23. For surface atom with coordination number z
and the number of bonds with the length equal to the
lattice parameter x, the binding energy is

E,=E_(z+0.23x). 2.7

In the case of palladium (Pd) (the binding energy of
atom in a crystal is 3,936 eV [5], zo = 12, x0 = 6) we have
E.=0,294 eV. The results of calculations of Es are pre-
sented in Table 1.

Thus, for realization of surface self-diffusion the
atom located "in" the surface must jump into position
"above" the surface (Schottky mechanism) As was
shown (Fig. 3) during the surface self-diffusion atomic
transitions from one site to another are not accompa-
nied by energy consumption (z and x are constant). Re-
striction in movement creates only the presence of a
periodic potential barrier (diffusion activation energy
E.), whose value is determined by the number of bro-
ken bonds with its nearest neighbors z and bonds
with the length equal to the lattice parameter xes
(Table 2).

On the basis the foregoing discussion it is clear that
diffusing atom has relatively weak binding energy with
the surface and can move overcoming the potential bar-
rier Eq by its thermal energy. Taking into account the
described properties, the state of the diffusing atoms
can be considered as "quasi-liquid". Herewith stresses,
arising due to decreasing of the coordination number of
atoms in the surface "quasi-liquid" layer, leads to the
formation of forces similar to the surface tension forces
in liquids. Thus, the system will spontaneously relax
with a decrease of surface energy i.e. freely diffusing
atoms will form clusters (islands). A similar mechanism
of formation of island structures during solid thin films
growth is called "Stranski-Krastanov" mechanism [7].

Consider the kinetics of island structures formation
[8]. The primary stage of an island growth is the for-
mation of a stable nucleus of supercritical size. As a
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result of the island growth a so-called capture zone of
diffusing atoms around the island is formed. The radius
of such a zone is:

r=~D-7, (2.8

where D is surface self-diffusion constant, 7 is mean
stay time of the diffusing atom on the surface.

Then the surface coverage (by islands and capture
zones) can be described by an expression:

F(t)=N()Dr (2.9

where N(t) is the average number of supercritical nu-
clei per square unit, ¢ is annealing time.

Further formation of new nuclei is possible only on
the surface which does not belong to the capture zones.
Rate of change of the nuclei number on the surface
square unit can be described by the expression:

d = . —
G NO=1-n-F@), (2.10)

where I — rate of formation of supercritical nuclei.
From (2.9) and (2.10) the surface coverage

F(t)=1-exp(-IDr -t). (2.11)

Accordingly, the number of nuclei per square unit
is:

F@)_ 1

N(@) = —
® Dr Dr

[1-exp(-IDr-t)]. (2.12)

3. EXPERIMENTAL RESULTS

Consider the results of experimental studies of ul-
trathin palladium films morphology on Si(111) sub-
strate after vacuum annealing.

The metal film of 1 and 2 nm thickness were depos-
ited on the semiconductor surface by thermal evapora-
tion from a tungsten crucible in a vacuum (the basic
pressure (8 £0,5)10->Torr). As the substrates semi-
conductor-grade silicon wafers were used (surface ori-
entation (111), both sides polished (surface roughness
< 10 nm), thickness 400 + 20 um). Deposition was car-
ried out simultaneously on 4 samples in order to create
an identical coverage. One sample was not annealed,

Table 1 — The binding energy E; of surface atom for the various surfaces of the fcc lattice of palladium (Pd)

Surface Atom «in» surface Atom «above» surface
z X Es, eV z X Es, eV
fee (100) 8 5 2.690 4 1 1.244
fce (110) 7 4 2.328 5 2 1.605
fec (111) 9 3 2.849 3 3(4) 1.085(1.152)"

* In brackets the value for hep packing is indicated

Table 2 — Surface self-diffusion activation energy for the various surfaces of the fcc lattice of palladium (Pd)

Surface 2bb Xbb Eq, eV Data from [6] Eq, eV
fce (100) 2 1 0.656 0.15, 0.71, 0.74
; Direction {001} 3 2 1.017 -
110 —
cc (110) Direction {110} 3 1 0.95 -
fcc packing 1 2 0.429 0.1, 0.031, 0.059
fee (111) hep packing 1 3 0.497 —
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and the other three were annealed in vacuum at a tem-
perature of 450 °C during 1, 2 and 3 hours, respectively.
The study of surface morphology was carried out by
scanning electron microscopy (SEM) (Carl Zeiss Inc.).

Fig. 4 illustrates the results of SEM study of palla-
dium film samples (2 nm thickness) on Si substrate
after vacuum annealing.

Fig. 4a illustrates a pattern of the continuous Pd film
surface on Si substrate which has not been annealed. It
is evident that the film has a high degree of homogeneity
(for clarity a contrast defect is shown). For the sample
annealed during one hour (Fig. 4b) the formation of sep-
arated islands on the surface of a continuous film is ob-
served that is consistent with the mechanism described
above in the theory. In the case of a two-hour annealing
(Fig. 4c) we have the same continuous film with islands
on the surface, but the number of islets per square unit
has increased, despite the fact that their sizes have not
changed. In the case of the "three-hour" sample (Fig. 4d),
we have a completely nanostructured film (the relief of
silicon polishing is observed).

In table 3 the results of the analysis of the structur-
al characteristics of island formations are presented. In

J. NANO- ELECTRON. PHYS. 5, 03014 (2013)

calculations hemispherical approximation for island
shape was used.

Fig. 5 graphically illustrates the results of analysis of
the SEM patterns. The points on the graph correspond to
the experimental data, solid line — theoretical calculation
based on (2.10) and (2.12). As can be seen, the experi-
mental results are in a good agreement with theory.

Fig. 4a illustrates a pattern of the continuous Pd film
surface on Si substrate which has not been annealed. It
is evident that the film has a high degree of homogeneity
(for clarity a contrast defect is shown). For the sample
annealed during one hour (Fig. 4b) the formation of sep-
arated islands on the surface of a continuous film is ob-
served that is consistent with the mechanism described
above in the theory. In the case of a two-hour annealing
(Fig. 4c) we have the same continuous film with islands
on the surface, but the number of islets per square unit
has increased, despite the fact that their sizes have not
changed. In the case of the "three-hour" sample (Fig. 4d),
we have a completely nanostructured film (the relief of
silicon polishing is observed). In Table 3 the results of
the analysis of the structural characteristics of island
formations are presented.

Fig. 4 — SEM study of Pd film samples (2 nm thickness) on Si substrate: (a) — 0 hours annealing, (b) — 1 hour annealing,
(c) — 2 hours annealing, (d) — 3 hours annealing.

Table 3 — Nanoislands parameters

Annealing . Prevalent island Island number per | The equivalent of film
. Island diameter, nm . .
time, hour diameter, nm pm?2 thickness, nm
1 30-85 70 4.5 0.283
2 30-85 70 6.85 0.474
3 30-85 (some 100) 70 8.15 0.556
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In calculations hemispherical approximation for is-
land shape was used.

Fig. 5 graphically illustrates the results of analysis
of the SEM patterns. The points on the graph corre-
spond to the experimental data, solid line — theoretical
calculation based on (2.10) and (2.12). As can be seen,
the experimental results are in a good agreement with
theory.

On the basis of these data we can calculate the fol-
lowing parameters: the rate of supercritical nuclei for-
mation 1=5.97 um-2hour-1!, the radius of the atom
capture by the island r=0.32 um, the maximum num-
ber of islands on the surface Nmax =10 um -2,

It should also be noted that the recalculation of the
material volume in the island structures per total
square of the sample gives an equivalent coating thick-
ness much lower than the initial thickness of the metal
film before annealing (see Table. 3). So, in the case of
the “three hours” sample only about 25 % of the film
material is in the island formations, despite the fact
that the coating was completely nanostructured. The
rest of the film material preferably has diffused into
the substrate to form silicide diffusion layer, which is
also consistent with the described theory and is ob-
served in [9, 10].

Fig. 6 illustrates the results of SEM study of an-
nealed palladium film samples (1 nm thickness) on Si
substrate. The annealing parameters are the same.

As one can see from these figures already for a "one-
hour" sample (Fig. 6b), there is complete absence of
metallic coating, including the island structures. The
same surface morphology have samples which were
annealed during two (Fig. 6¢) and three (Fig. 6d) hours,
although the initial film surface morphology has the

N )
o N(), pm= [a]
8 -
'}' .
6 -
5 -
4 -
5 N(t) =9.8-[1 — exp(— 0.61-%)]
2
1 t, hour
0 T T >
0 1 2 3

J. NANO- ELECTRON. PHYS. 5, 03014 (2013)

form shown in Fig. 6a. Thus it is possible to make the
assumption that all the metal film have diffused into
the substrate.

Such a result has quite reasonable explanation.
Considering that the film with thickness of about 2 nm
have diffused completely into the substrate during less
than 3 hours (see Fig. 4), then according to (5) film with
1 nm thickness should be fully diffused during less
than 45 minutes and this is observed in experiment.
The formation of islands is not observed because of the
ultra-low thickness of the initial film and its good ad-
hesion, which makes it impossible realization of the
Stranski-Krastanov mechanism.

4. CONCLUSIONS

Thus, it has been shown both theoretically and ex-
perimentally that during annealing of continuous ul-
trathin metal films on semiconductor substrates it’s
possible the formation of nanoisland structures at tem-
peratures much lower than the melting point of the
film material.

The formation of nanoisland structures is realized
by Stranski-Krastanov mechanism. Islands growth
take place on a continuous film surface from "quasi-
liquid" layer (the surface self-diffusing atoms).

It is shown experimentally that during annealing of
ultrathin Pd films of 1 nm (or less) thickness deposited on
the Si (111) surface the nanoisland structures don’t form
experiments confirm the formation of transition silicide
layers at the interface between the Pd film and Si sub-
strate during annealing. The rate of this process is sig-
nificantly lower than was claimed in some works [9, 10]
and in general depends on the annealing time.

T dN/dt, pm-—*hour! [b]
6 .
5 .
4 - [/ dN/dr=5.97-exp(-0.61-7)
3 .
2 .
1 -

¢, hour

0 1 T T }

0 1 2 3

Fig. 5 — The average number of islands per surface square unit vs the annealing time (a), the rate of change of islets number
per square unit vs the annealing time (b)
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Fig. 6 — SEM study of Pd film samples (1 nm thickness) on Si substrate: (a) — 0 hours annealing, (b) — 1 hour annealing,
(c) — 2 hours annealing, (d) — 3 hours annealing

Mexauuam u ycjaoBua (pOpMUPOBAHUSA HAHOOCTPOBKOBBIX CTPYKTYP
IpPU BAKYYMHOM OT?KHUT€ CBEPXTOHKHUX METAIJIUIECKUX MIEHOK

C.B. Tomunun, A.C. dHoBCKHI

Kageopa gpusuru nonynpo8ooHukos, 3anoporiccKuil HAyUOHAIbHbLL YHU8epcumen,
8yn. JKyrosckoeo, 66, 69600 3anoposcve, Ykpauna

B pa6ore mpencraBieHBl TeOpeTUYECKUE U IKCIEPUMEHTAIbHBIE Pe3yJIbTaThl WCCJIEOBAHUIN HAHOOCT-
POBKOBBIX METAJUIMYECKUX MOKPHITUN HA IOJIYIPOBOJHUKOBBIX MOJJIOMKKAX, MOJYYEHHBIX IMPU BAKYYMHOM
OTSKWre CBEPXTOHKHX CIUIOINIHBIX IJIEHOK. JKCIEPUMEHTAJBHO MOKA3aHO YTO (DOPMHUPOBAHME OCTPOBKOBOM
CTPYKTYPBI BO3MOXKHO TOJIBKO JJI IIJIEHOK C TOJIIUHOM 0oJiee HEKOTOpOro sHadveHws. Mcciemosanuwe mo-
BEPXHOCTHOM MOP(OJIOTHHY TLIEHOK IIPOU3BOIAIIOCH C UCI0JIb3oBanre POM.
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Mexaniam Ta ymoBH (DOPMYyBAHHA HAHOOCTPIiBIIEBUX CTPYKTYP
IpU BAKYYMHOMY BiJnasii HAATOHKNUX METaJI€eBUX IIiBOK

C.B. Tomimin, O.C. dHoBCbHKMI

Kageopa pizuru nanienposiorukxia, 3anopisvkuli HAUIOHAbHUL YHIdepcumem,
eys. JKyroscvkoeo, 66, 69600 3anopiscoca, Yrpaina

B pobori mpexncraBieHi TeopeTHdYH]1 TA eKCIEePHUMEHTAIBHI Pe3yJIbTaTH JIOCIIIIKeHb HAHOOCTPIBIIEBUX
MeTaJIeBUX MOKPUTTIB HA HAIIBIPOBIIHUKOBUX MIIKIAJIKAX, OTPUMAHUX IIPU BAKYYMHOMY BiIIasi HaJITOH-
KHUX CYI[IJIPHUX IUTIBOK. KKCIepHMMeHTAIBHO ITOKA3aHO, 110 (DOPMYBAHHS OCTPIBIIEBOI CTPYKTYPHU MOIKJIUBE
TIIBKH IS IUTIBOK 3 TOBIMHOIO OLIBINO0 3a Jeske 3HadeHHs. JlocimaxeHHs moBepXHEBol MOPQOJIOrii IwTi-
BOK IIPOBOJIWJIOCH 3 BUKOpucTaHusaM PEM.
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