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List of abbreviations and symbols

(CMOS)
(MSD)
(MOSFETS)
(ULS IC)
(GB)
(DIGM)
(DIR)

Ha

Hao

Cy

Complementary metal-oxide-semiconductors

Metallic source/drain

Metal-oxide-semiconductor field effect transistor

Ultra-large-scale integrated circuits
Grain boundary

Diffusion induced grain boundary motion
Diffusion induced recrystallization
Chemical potential of A material
Chemical potential of pure A material
Flux of A atoms

Flux of B atoms

Onsager coefficient

Boltzmann constant

Absolute temperature

Atomic fraction (concentration) of A atoms
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Cp

Ya
Pa

Pp

Atomic fraction (concentration) of B atoms
Atomic volume

Atomic volume of A atoms

Atomic volume of B atoms

Activity coefficient of A atoms

Number of A atoms per unit volume

Number of B atoms per unit volume

Thermodynamic factor

Intrinsic diffusion coefficient of A material
Intrinsic diffusion coefficient of B material
Number of atoms or moles per unit area
Number of atoms in plane 1 per unit area
Number of atoms in plane 2 per unit area

Distance between neighboring atoms (the
distance)

Jump frequency

Jump frequency from plane 1 to 2
Jump frequency from plane 2 to 1
Average jump frequency

Jump frequency across the interface

Brownian diffusion coefficient of A material

Vertical coordination number

lattice
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Pure chemical driving force

Convective velocity

Pressure driving forces

Pressure

Diffusion coefficient

Melting temperature
Kirkendall-velocity

Flux of A atoms in the laboratory frame
Flux of B atoms in the laboratory frame
Chemical or interdiffusion coefficient
Darken interdiffusion coefficient
Nernst-Planck interdiffusion coefficient
Boltzmann new variable

Time

Distance in x direction, position of the interface
Distance in y direction

Matano plane

Shift of the interface

Shift velocity of a plane or interface
Thickness of the growing phase
Growth rate constant

An intermediate phase
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Thickness of grain boundary
Grain size
Grain boundary diffusion coefficient

Effective diffusion coefficient

Grain boundary fraction

Parameter (P = 6D')
Parameter (a' = 6/+/Dt)

Parameter (B’ = ﬁ:/m)

Laterally averaged (tracer) composition
Flux of A atoms across the A/AB interface
Shift velocity of the A/AB interface
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Composition width of the interface

Composition range where the AB phase exists

Difference of the number of A atoms in two
neighbouring planes per unit surface

Concentration gradient

Critical thickness at which the transition from linear to
parabolic happens

Film thickness
Concentration of A atoms in the GB

Concentration of B atoms in the GB



List of abbreviations and symbols 5

D'y
D'y
q

da

D'P

D’NP

S
¢
by,

(GBDIREAC)

(RTA)
(SNMS)
(TEM)
a-Si

c-Si
(DCS)
(XRD)
(DC)

B (FWHM)

’

A

0

Grain boundary diffusion coefficient of A material
Grain boundary diffusion coefficient of B material
Parameter (q = q4¢'4 + q5C'p)

Proportionality factor between the GB composition and
the composition deposited by the moving boundary

Darken like interdiffusion coefficient in the GB
Nernst-Planck like interdiffusion coefficient in the GB
Coefficient of segregation

Height of GB step

Burgers vector

Grain  boundary diffusion-induced reaction

formation

layer

Rapid thermal annealing

Secondary neutral mass spectrometry
Transmission electron microscopy
Amorphous-Si

Crystalline-Si

Differential scanning calorimetry
X-ray diffraction

Direct current

Full width at half maximum

Wavelength

Angle of diffraction
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Csat

Average migration distance

Equilibrium composition of the growing phase
Average concentration

Activation energy

Growth constant

Activation energy obtained from the temperature
dependence of linear growth constant

Linear growth constant

Volume fraction
Resistance
Conductivity
Volume

Corrected time after subtracting the time required to fill
the boundary t,

Shift of the A/AB interface
Shift of the AB/B interface

Saturation value of concentration



Motivation

Nowadays, the increased demand for minimizing the size of any kind
of device became technologically a chief challenge. This field of science
plays a vital role in the present technologies. The down scale can affect
significantly the properties of the product and improve their performance.
Thus, the nanoscale investigation of diffusion and solid state reactions in thin
film systems is very important for many technologies and applications such
as complementary  metal-oxide-semiconductors  (CMOQOS), metallic
source/drain (MSD) MOSFETSs and in the ultra-large-scale integrated circuits
(ULS IC). These investigations contribute to better understanding of the
details of the reactions.

Silicides are very important contact materials in such applications.
Nickel mono-silicide (NiSi) has advantages over the other silicides
especially due to its lower resistivity and the good contact to other materials.
We report a process to obtain homogenous NiSi layers by grain boundary
diffusion induced solid state reaction between nanocrystalline-Ni,Si thin film
and crystalline(c)-Si at low temperatures (180-200°C). We could show the
existence of certain temperature-time and thickness-time windows in side of
which the formation of NiSi takes place, allowing the production of the
requested NiSi layer in a well-controlled way down to about 5 nm thickness.

Then, we studied the low temperature (180°C) solid state reactions in
Ni/c-Si and Ni/amorphous(a)-Si by following the kinetics of the growth of
the product layer and the shift of individual interfaces as well. Also, the
effect of Pt in both systems was investigated. In usual investigations, the
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thickness of the reaction layer is determined as function of the annealing
time. However, the growth of a reaction layer is always a result of the
simultaneous shift of two interfaces bordering the given phase. Thus, for a
deeper understanding of such nanoscale solid state reactions, following the
kinetics of both individual interfaces and thus the experimental methods of
their determination are very important. Knowing these one can easily
compose their combination for the interpretation of the growth kinetics of
phases and the controllable formation of ultrathin metal silicide films. Thus,
Ni/Si system can be used as a model system for better understanding the
details of the early stages of the solid state reactions at nanoscale. This model
can be applied in other systems.

During the interdifussion in binary system at low temperatures where
the bulk diffusion is completely frozen, the inequality of the grain boundary
(GB) fluxes can lead to diffusion induced grain boundary motion (DIGM)
and also to porosity formation along the GBs. Since there are only few
results on porosity formation at the GBs (and all the studies were done on the
microscale, and at relatively high temperatures), we were interested in
investigating the nanoporosity at low temperatures. In addition in most of the
previous studies the DIGM was studied in the slower component of the
diffusion couple. Thus we investigated simultaneously the DIGM on both
sides. We could provide clear experimental evidence on the porosity
formation along GBs and triple junctions in Ag during intermixing in Ag/Au
thin film system at low temperature (120-200°C). The understanding of this
process is important for basic understanding of many technological aspects
of nanomaterials.



Chapter 1

Introduction

In order to understand and control the solid state reactions in the matter
on the nanoscale, we need to understand the phenomena of diffusion. The
diffusion is atomic scale mixing in the matter whatever it has an ordered or
disordered structure [1,2]. There are a lot of diffusion mechanisms e.qg. direct
and indirect interstitial mechanisms, ring mechanism, vacancy mechanism
...etc [2]. In this chapter expressions describing the atomic flux, which is the
number of atoms crossing a unit area per unit time, are explained. The two
equations of Fick are also presented. Then, diffusion in both bulk and grain
boundaries will be described. Furthermore, the nucleation and growth of
layers, diffusional kinetics and the solid state reactions in thin films at low
temperature are summarized.

1.1. Atomic fluxes and Fick law

In a binary AB system the flux of atoms A - if there is no driving
forces other than given by the gradients of the chemical potential, 4, - can
be expressed as [2-4]:

Ja=—Lyagrad py, (1.1)

where L4, is the Onsager coefficient and u, is given by [5]:

Ua = Hao + kT Inyycy, (1.2)
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where u,, is the chemical potential of pure A material, kg is the Boltzmann
constant and T is the temperature. ¢, and y, are the atomic fraction and the
activity coefficient, respectively. Combining Egs. (1.1) and (1.2) and using
that p, dca/0p, = c4 and p, + p, = constant, where p, is the number of
A atoms per unit volume (ca/Q=pa where Q is the atomic volume), the
following relation is obtained [4]:

k TLAA aln k TLAA
== Bp I1+al grad p, = 5 dgrad p,
A A
= —Dyugrad p,, (1.33)

where @ is the thermodynamic factor and D, is the intrinsic diffusion
coefficient.

It is clear that Eq. (1.3a) is just the well-known Fick's first law. In
general the diffusion flux and concentration are functions of time and
position. In one dimension, Eq. (1.3a) can be written as:

_ _kBTLAA aln]/A dﬂ — dﬁ
Ja= Pa [1 6lncA] - D (1.3b)

T dx A gy "

According to Fig. 1.1, if the number of atoms or moles per unit area, n,
varies slightly with the distance perpendicular to the atomic planes, we can
write:

dn a
nl—n—a; and le—n-l‘ag (14)

and the flux of atoms A can be also expressed as [4]:
Ja =T = npl, (1.5a)

where T, and I',; are the jump frequencies from plane 1 to 2 and in the

- - . - . - - n
opposite direction, respectively. Combing these equations and using —=p,
we obtain:

F12+F21

]A = _azr + pa(rlz - F21) Wlth = FO . (15b)
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n, n,
F12 >
< l"21
a
1 2

Positionx ———

Fig. 1.1. Jump frequencies between neighboring atomic planes.

The first term in both Egs. (1.3b) and (1.5b) corresponds to the
Brownian-migration (random walk) of atoms [2,6]. In this case, I, =T},
and a current, perpendicular to the planes, arises only due to the difference
between the numbers of atoms in the two planes. The Brownian diffusion
coefficient, D4, corresponding to this term can be expressed as:

pA = keThas _ g2y 1.6
= T, (1.6)
Sometimes the average jump frequency, I, is expressed as the product
of the vertical coordination number z and jump frequency I'. Note that in
case of vacancy mechanism I, contains the product of vacancy concentration
and vacancy-atom exchange frequency.

The second term in Egs. (1.3b) and (1.5b) corresponds to the presence
of any driving force resulting in different jump frequencies between the two
atomic planes (I, # ;). For example, if y, =1 (dilute or ideal solid
solution), this so called chemical term is zero. The effect of the pure
chemical driving force, F., = —kgT grad (Iny,), can be expressed as a
convective term so Egs.(1.3a), (1.3b) and (1.5b) can be given in the
following form [4]:

Ja=-DAgradp, +p,v , .7
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where the convective velocity is given by [4]:
A
v =a(ly; ~ ) = =D grad (ny,) = o rFon - (1.8)

Eqg. (1.8) is the well-known Nernst-Einstein equation. The effect of
other driving forces (e.g. temperature gradient, electric potential gradient,
pressure gradient, etc.) can be treated similarly [2,7] and e.g. in the presence
of a pressure gradient F, = —Q grad p.

1.2. Equations for diffusion

Any real crystal has lattice defects such as dislocations, grain
boundaries and free surfaces. Because diffusion along such defects is usually
higher than in the bulk, they are denoted as diffusion short-circuits of high
diffusivity (see Fig. 1.2) [4].

Rel. temperature /T |

. 05T, 03T,
10 | |

-1

Diff. coeff. D[m's |
=]
Pyl
e
/
S
N
&
—
/
/

18 s
10 S
.

7
2 NG
~

o

s

1.0 15 10 25 3.0 35
Rel. inv. temp T /T

Fig. 1.2. Schematic illustration of different diffusion coefficients D on the
inverse temperature relative to the melting temperature T,,/T (Arrhenius
diagram).
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1.2.1. Bulk diffusion

For non-steady diffusion problems, the continuity equation should be
taken into account. It has the following form for particles undergoing no
reactions;

%a + div ], = 0. (1.9)
Combining Eqg. (1.3a) with Eq. (1.9), we can obtain the Fick second

law:

a .

% = div (D4 grad p,). (1.10)

When the concentration varies only along the x direction (in isotropic
solids), Eg. (1.10) becomes:

op, 0 dp
=5 (04 32) (1)

- - o H 1 a
For constant diffusion coefficients, Fick's second law will be: (% =

2%p . )
4), which can be simply solved.

DA 0x

1.2.1.1. Chemical or interdiffusion

If two different materials are in contact, the diffusional mixing can be
described by Eq. (1.9). Since the atomic currents between the partners A and
B of the diffusion couple are usually not equal (as shown in Fig. 1.3), there
will be a resultant volume transport (J,Q4 # J5Qp). Also, in the case of
vacancy mechanism, there is a resultant vacancy flow proportional to the
difference of J, and Jg. This is equivalent to the creation of a non-uniform
stress-free strain: contractions arise on one side of the diffusion zone, while
extensions will arise on the other side. The resulting stress field contributes
to the atomic currents across the driving force F, = —Q grad p [4,8].
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(a)
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Positionx —>
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Markers Matano plane
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Positionx —
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>
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S
= x
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Fig. 1.3. (a) Atomic currents J, and Jg, (b) the result of interdiffusion
schematically in an AB diffusion couple.

If the relaxation of stresses is fast and almost complete, the additional
term to Egs. (1.3a) and (1.3b), caused by the stress gradient as a driving
force, can be neglected.

The relaxation of stresses is equivalent to a convective transport in the
diffusion zone. For vacancy mechanism, expansions and contractions on
both sides of the diffusion zone can be realized by annihilation and creation
of vacancies at edge dislocations. This will lead to an additional convective
term — in the laboratory frame — to the right hand side of Eq. (1.7): p,vx,

where vy is the Kirkendall-velocity [4]. This limit was treated by Darken [9]
and its results were widely used in the evaluation of chemical or
interdiffusion experiments. If the number of lattice sites is conserved [10],

3(patrp)

~—- =0, we will obtain [4]:

ja=-Dgradp, =5 =D gradp, . (1.12)

The prime indicates that the currents now are expressed in the
laboratory frame. It is clear that the diffusion mixing can be described by a
unique diffusion coefficient for both components called chemical or
interdiffusion coefficient D;
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ED = CBDA + CADB == pBQBDA + pAQADB . (113)
Furthermore, the Kirkendall-velocity can be expressed as [4]:
vy = (Dy — Dg)grad cy4 . (1.14)

The shift of lattice planes with respect to axes fixed at the end of the
sample can be determined by inserting inert markers (e.g. insoluble particles,
wires) into the initial interface and by measuring their shift [4].

When the above relaxation processes are restricted, we will be in the
second limit (Nernst-Plank limit). In this case, there is no stress relaxation at
all (and thus v, = 0). Now an additional term, proportional to the stress
gradient should be added to the right hand side of Egs. (1.3a) and (1.3b) and
in this case the mixing process is controlled by [10,11]:

Dy. Dp
caDp+cpDp ’

5NP = (1.15)

After an initial transient period, the developed pressure gradient makes
the two currents equal. This means that the transport will be determined by
the slower intrinsic diffusion coefficient (series coupling of currents) in
contrast to the Darken's limit (parallel coupling) where the chemical
diffusion coefficient is determined by the faster one [4].

The resultant vacancy flow can lead to a super-saturation and
precipitation of vacancies, i.e. porosity formation, in the diffusion zone. It
was observed that there is a competition between such porosity formation
and the Kirkendall-shift. The application of small hydrostatic pressures
(~100 bar) can prohibit the porosity formation [12,13], due to blocking the
increase of the sample volume by the external pressure. At the same time,
this enhances the vacancy sink efficiency of dislocations in the diffusion
zone [4].

Boltzmann transformation

By introducing a new variable A =x/+t, Eq. (1.11) will be
transformed to an ordinary differential equation [4]:

Adp _ d (7P
241 dA (D d/l) (1.16)
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The solution of Eq. (1.16) is a p(4) function. This transformation can
be applied if the initial and boundary conditions can be expressed as
functions of A only. This will be the case in a diffusion couple consisting of
slabs thick enough as compared to 2v/Dt. D can be evaluated from the
Boltzmann-Matano equation [4]:

~ 1 fpp Adp 1 f; xdp
D=tz T_ L1 T (1.17)
2 (@), 2 (3),

The origin of x, denoted as the Matano plane M, is determined by the
following condition [4]:

f/fz/l dp=0 =f;’2x dp = 0. (1.18)

This interface fixes two equal areas on the p(x) or c(x) profile (as
shown in Fig. 1.4); through this plane equal amounts of the material moved
in the positive and negative directions. For concentration independent D, the
Matano plane coincides with the initial position of the interface [4].

(dc/dx),.
Cy b

Cz

fxdc

€1

Concentration ¢
oy
1

x=20
Position x —

Fig. 1.4. Illustration of the calculation of the chemical or interdiffusion
coefficient from the concentration profile according to the Boltzmann-
Matano method.

Because the solution of Eq. (1.16) is a function of 2 = x/~/t only, a
plane of constant concentration shifts as the square root of time; x ~+/t. This
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is also valid for the Kirkendall-shift. Similarly, in multiphase diffusion (i.e.
when there is no complete solid state miscibility of the components and there
exist intermetallic compound as shown in Fig. 1.5) the Boltzmann-Matano
method is also applicable, because the phase boundaries are points of
constant concentration. It is clear that the thickness ¢ of the growing phase
should also follow the parabolic law (if the role of the reactions at the
interfaces and the possible competition between simultaneously growing
phases is neglected [2, 4]);

§? = Kt, (1.19)

where K is the growth rate constant and can be related to the intrinsic
diffusion coefficients and to the thermodynamic data [4].

(a) (b) T

1 1 1 —

"""" N /’
\ 4
o o v
c
o c
= 0 N0 2 }
5 \ o n
c =
o | TN s --
o @
c n Q
o S R
(&] o AR
,,,,,, . ’ ~
] \ B / ~ e

Position x Temperature T

Fig. 1.5. Concentration distribution in the diffusion zone, when the
constituents have restricted solubility (a) and an intermediate phase n exists
also in the phase diagram (b).

It is interesting that in the case of diffusion on the nanoscale [14] there
exist a paradox: from Eq. (1.19) &~+/t i. e. the shift velocity of a plane with
constant composition (e.g. an interface) tends to infinite as the time tends to
zero:

__dx

1 .
U =L X oD lim;_,¢ v, = oo. (1.20)
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This means that the growth rate of the diffusion zone will be infinite
when t goes to zero. It can be shown from atomistic simulations [15] that
this paradox can be resolved if one takes into account that even if at the
beginning, when the compositions on the two neighboring atomic planes are
1 and O, i.e. the gradient (= —1/a) is very large, the jumps across the
interface should be restricted by the finite atomic jump across the interface
(finite interface permeability): see also below. Note that in this case, since
v,~J = const., where now J is the flux across the interface, x~t, i.e. the
interface shifts linearly with time. Thus below certain diffusion distance
(time) the shift is linear and above it proportional to the square root of time:
this is called linear-parabolic law [15].

1.2.2. Grain boundary diffusion

In general the grain boundary, GB, is an internal surface between two
adjacent grains. It can be a curved surface, but here only planar boundaries
are considered. The thickness of these boundaries, &, is estimated about few
atomic layers (6=0.5nm is a good estimate). The constrain of the two
differently oriented grains, being in contact, is strong enough to make the GB
structure different from amorphous. This allows the formation of periodic
GB structure in special cases.

In mathematical models describing the GB diffusion, the boundary is
supposed to be a homogeneous slab of thickness & (as shown in Fig. 1.6),
with a high diffusivity, D', as compared to the bulk (D,, D).

Position x ——

c. D,

<«<—— Diff. Direction y, 1

Fig. 1.6. Isoconcentration contour according to Fisher's model for grain
boundary diffusion.
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As proposed by Harrison [16], depending on the time of the heat
treatment and on the grain size, d,, three types of kinetic behavior can be

distinguished (as shown in Fig. 1.7).

Positionx —>

3
= |ed,

Type A VDt » d,

— 1]

Naap

1006 < /Dt < d,/20

f

TypeC D¢ 200Dt < &

| .

<— Diff. Directiony,n

Fig. 1.7. Different types of diffusion regimes for grain boundary diffusion.

e Type-A Kinetics

Here the diffusion fields, developed around each boundary in the bulk,

overlap since vDt > d,. This can be for large enough annealing time or for
small enough grain size [1]. Thus, the diffusion process can be characterized

by an effective diffusivity [4]:
Desr = gD"+ (1 —g)D, (1.21)
where g is the grain boundary fraction.

This Hart's equation is obtained simply by averaging over the whole
period of the migration of the diffusant; the time fractions spent in the
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boundary and inside the grains are proportional to g and 1 — g, respectively
[4,17].

e Type-B kinetics

In this type the volume diffusion length is shorter than the GB
diffusion length. So there is no uniform diffusion front line, but there is
diffusion into the grains [1]. This is the generally realized situation in most
experiments. It can be shown [4] that if

P

a =6/VDt <0.01 and B’ = TN

> 10, (1.22)

(where P = 6D’ and D;=D,=D), from the solution of diffusion equation both
for thin film or constant source initial and boundary conditions, that the
parameter P can be expressed as [4]:

- (3 e oz

where y is the direction of diffusion and A = 0.78 [18].

It is an advantage that the form of the tracer penetration function, In¢
vs. y®/5, (where ¢ is the laterally averaged (tracer) composition in the plane
perpendicular to y) is practically independent of the boundary conditions,
and the product P = 6D’ can be determined, if the bulk diffusion coefficient
is known [4]. Note that for impurity diffusion the parameter P contains the
GB segregation factor, s, too: P = 6D's.

e Type C Kinetics

This type refers to the limit when the bulk diffusion length VDt is
negligible as compared to §. In this case the diffusion is restricted to the
grain boundaries only and direct determination of D’ is possible [4].

1.3. Solid state reactions

1.3.1. Nucleation and growth of layers and diffusional Kinetics

The above mentioned problem of linear-parabolic growth of reaction
products in solid state reactions is as old as the experimental investigation of
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this phenomenon. Solid state reactive diffusion in general is a rather complex
process because it involves both diffusion and phase transformation.

Consider a binary diffusion pair (A/B). For simplicity, we restrict
ourselves to one dimension and assume formation of one AB intermetallic
compound. Also, only one of the components, A, is assumed mobile. Then
first AB nuclei will form at the original interface and grow continuously until
they will meet each other and form a continuous layer with A/AB and AB/B
interfaces parallel with the original interface (see Fig. 1.8).

Ac,

AX

Fig. 1.8. Composition profile versus distance schematically for growth of
AB intermetallic layer.

The position of the A/AB interface and its shift are denoted by x and
Ax, respectively. The flux of A atoms across this interface, J;, is given by:

avy a d(Ax)

Ji = o " q at’ (1.24)

where v, is the shift velocity. This is the consequence of the conservation of
matter (Stephan’s law) and the a<1 proportionality factor can be estimated
from the composition width of the interface, Ac;. On the other hand, the
diffusion flux of A inside the AB phase can be given as, if gradc =
— Ac/Ax:
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] = —% grad c = % %’ (125)

where Ac,, is the composition range where the AB phase exists, and D =

za?T.

Expressions (1.24) and (1.25) should be equal to each other (there is no
either deposit of A atoms or take up of extra A atoms), i.e.

d(Ax) _ D Acp

= (1.26)
The integral of this leads to:
Ax~t, (1.27)

This is the well-known parabolic diffusion kinetics ((Ax)?~t) of phase
growth.

The above description — similarly as the macroscopic Fick | law — is
valid for continuous materials. It is not valid for very short distances and
large composition gradients. This is due to the discrete character of the
crystal: for the initial contact of pure A and B the composition gradient
would be infinite in the above continuum limit, while in discrete lattice it
will be —1/a, where a is the lattice spacing. Thus the flux is infinite in
continuum approach and finite in more realistic atomic approximation. This
also means that at atomic scale the flux of atoms across the interface is finite
and can be expressed as [15]:

Ji = zli(ny — ny) (1.28)

where n; and n, are the number of A atoms in the planes 1 and 2,
respectively, per unit surface. Using the relation between surface and bulk

density (n = pa = éa):

_c—cp a_zcl—cz _ _a_2 Ac
(—mp) == Fa=7"—=-"17= (1.29)

where (n; > n,) and (— %) is the concentration gradient: for contact of pure
Aand B, Ac = —1 = constant can be taken at the beginning. Thus,
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2
Ji= 2% - (1.30)

Now, Egs. (1.24) and (1.30) should be equal to each other at least for
Ax values for which (1.30) will be still less than the classical flux given by
(1.25). In this comparison it is important to realize that in D present in (1.25)
the jump frequency I is the atomic jump frequency in the AB compound and
it is different from I'}:

d(Ax) _ zaly
a  a

(1.31)

Since the right hand side is approximately constant, the integral of this
gives

Ax ~ t (1.32)

This is the linear growth law. For short annealing times, i.e. for small
values of Ax the composition gradient in (1.25) would be so large that it
would be larger than (1.30) and in this case the interface shift will be
determined by the small flux (1.30). This is why this linear shift is called
interface transfer controlled mechanism and the right hand side of (1.31) is
the so-called interface transfer coefficient (having a dimension m/s). Of
course with increasing time (or with increasing Ax) the flux given by (1.25)
will be less than the (constant) flux (1.30) and there will be a transition to
parabolic regime. From the equality of (1.26) and (1.31) the critical thickness
at which the above transition happens is expressed as:

D all
AXC = ACp ;FI = ACp F_I (133)

Since (Ac,) is in the order of 0.1, the value of Ax,. depends on the FL
1

ratio. If it is unity, which corresponds to composition independent jump
frequency; the jump frequency is the same at the interface and in the AB
phase, Ax, will be in the order of 0.1a, i.e. the effect is not observable even
on nanoscale. In the other hand, when the jump frequency has a very strong

composition dependence, the Fi can be 10* (this can be the case for many
1

systems at low temperatures) and in this case Ax, can be in the order of 10*a,
I.e. it can be even about 300 nm.
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1.3.2. Solid state reactions in thin film systems at low temperatures

The problem of solid-state reactions between nanostructured thin films
is still a challenging subject. In case of nanocrystalline films, the mass
transport along different GBs can affect significantly the entire intermixing
process [19]. It is well known that the GB diffusion coefficient can be rather
different in GBs or triple junctions [20,21] with different structures. This
process can be also characterized by a bimodal GB network with fast and
slow diffusivities [19].

At low temperatures, during interdiffusion in binary systems where
intermetallic layers can grow, the morphology of the formation and growth
of the reaction product can be different from the usual picture observed at
high temperatures, where the new continuous phases form at the initial
interface growing parallel to the contact surface. It is well known that at low
temperatures, where bulk diffusion processes are practically frozen,
intermixing of components in binary nanocrystalline couple can happen by
grain boundary migrations through the volume. Diffusion-induced grain
boundary motion (DIGM) and diffusion-induced recrystallization (DIR) are
the examples of such type of GB motions [23,22-24].

During DIR, a large number of new small grains are formed with
different composition from the surrounding original grains due to
recrystallization combined with diffusion of solute atoms along the GBs
[25,26]. The nucleation of the DIR grains is suggested to be based on
emission of dislocations by moving boundaries into low angle boundaries
which become high angle boundaries surrounding DIR grains [26].

The other mechanism, DIGM, is a process where the presence of a
solute able to diffuse along GBs causes migration of the interface leaving
behind an alloyed region with different composition [25,26] (as shown in
Fig. 1.9). Unbalanced fluxes of solute and solvent result in a net vacancy flux
which allow climb of GB dislocations and consequent migration of the
boundary.
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Fig. 1.9. Schematic diagram for DIGM, the red zones represent the alloyed
regions left behind the moving boundaries.

Although there are still discussions in the literature about the role of
chemical driving forces [27], it is more and more widely accepted that at low
temperatures in both processes the driving forces are related to stress
accumulation and relaxation around the moving boundary [22,28,29].

It is difficult to distinguish between DIR and DIGM experimentally
[30]. DIR has mainly been investigated in binary systems with wide mutual
solubility range above either the miscibility gap or the critical temperature of
ordering (e.g. in Cu/Pd [30], Au/Cu [31], Ag/Pd [32], Ni/Cu [27,33]). A
model interpreting DIR was even developed for such systems in [22].

The essential features of DIGM were first described by Hillert and
Purdy [34] by heat-treating of polycrystalline Fe in Zn vapor at a temperature
where the volume diffusion coefficient of either zinc or iron in iron is small.
It was observed that the grain boundaries close to the exposed surface
migrated [35].

Regarding the theoretical description, for the sake of simplicity, we can
consider a free standing B film of H thickness during diffusion of A atoms
from the vapor sources on both sides (Fig. 1.10)
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Fig. 1.10. Scheme of the GB interdiffusion process: material A diffuses into
the GB of pure B from the gas phase [36].

The GB fluxes of the two species, Ja and Jg (in units of atoms per unit
time and unit length: the line along which this unit length is taken is
perpendicular to the plane shown in Fig. 1.10), are given by the following
expressions at the beginning:

1 aC’A 1 aCIB

Ja= _Q_A D’A5 9y’ I = _Q_B D’B5 9y’ (1-34)

where Q4 = Qg = Q is the atomic volume.

Since D'y > D'y, and J, > Jg, accumulation of atoms (more A atom
arrives in B than leaves the GB) takes place and a stress field develops
normal to the boundary [37-39]. Accordingly, Egs. (1.34) should be
corrected as (see also [38]):

_ 1 acry Dr4ct46 00 /0y
Ja = Q D'ad ay KT '
_ 1 dc'g Digcrgé da /0y
Jg = 5 D'gé 3y o . (1.35)

Furthermore, assuming that the stresses can relax, at least partly, by the
motion of the boundary along the direction x, the condition of mass
conservation for both components can be written in the form;
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%:_%%_%QAC,A! at s oy s 1BCB (1.36)
and the g4 = f(c,) factor in these expressions takes into account the
transitions of extra A atoms from the GB to the bulk, as well as the transition
of B atom from the bulk to the GB [36], due to the shift of the boundary with
v, velocity. The compositions of atoms in the boundary and in the bulk (¢’
and c, respectively) are obviously interrelated.

Now we can consider the following limits after a certain transient
period. The GB fluxes are equalized either [36]:

a) by the relaxation of stresses (if this relaxation is continuous, fast and
efficient enough) via the shift of the boundary and one can neglect the
second terms in (1.35): Darken-type limit, or

b) by the corrections due to the stress gradients (see the second terms
in (1.35)) and the GB does not move, i.e. v, = 0: Nernst-Planck-type limit.

Let us see the first case a) — Neglecting the terms containing the stress
gradients in (1.35) and taking the sum of the expressions given by (1.36), we
get (assuming also for the sake of simplicity that D’y and D' are constant
and using that ¢’y + ¢'5 = 1):

dcr dcr , , ~ 0%cr Ve
atA + atB = (D A - D B) VZA - Eq 1 (1'37)
with g = quc's + qgc's. Since a;'t“ + 6;::3 = 0, Eq.(1.37) gives
8§ ., ; « 0%cr
vy, = ;(D .—D'p) ay;’. (1.38)

Putting back expression (1.38) e.g. into the first one of (1.36), one
arrives at

9cta _ prp 2l
4= pPZos, (1.39)
with [36]

DID = DIA(l - CA) + D’BCA! (140)
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and C, = %Ac’A .

Interestingly expression (1.40) has similar form as the bulk
interdiffusion coefficient in the Darken limit but here the GB diffusion

coefficient is weighted by the factor (%‘“).

For the other limit b) — Now the stress gradient corrections compensate

the differences of fluxes, and again from the condition a;% + a% =0 and
assuming that v,, = 0 in (1.36), one arrives at
0(JatiB) _
~a = 0. (1.42)
From this condition, the
1y y9%¢a (Drac1a+Drpcrg)Q %0 | (D14=Drp)Q g dcrg _

(DA b B) dy? + kT dy? + kT dy dy 0,
relation can be obtained, i.e.

Q 0%0 _ Dig—Diy d%cry Q 90 dcrg

kT 8y2  Drgcig+Digerg [6y2 kT 9y 9dy ] (1.42)
Putting this e.g. into the first equation of (1.35), we obtain [36]
a a2 A

c’'a _ /NP O7CA kT 3y @
i Er7e ] (4)
ay?

with
p'NP = Dlal's (1.44)

(ctaDra+crgDrg)’

where D'NP has the form of a Nernst-Planck like interdiffusion coefficient. If
the second term in the bracket can be neglected, this is the GB interdiffusion
coefficient in this limit.

It can be seen that the two interdiffusion coefficients obtained (Egs.
(1.40) and (1.44)) - as it was expected - give the same conclusion as one can
get from the bulk analogues of them: if D', > D’g, then D'P = D', and
D'NP = D', respectively, i.e. the GB intermixing is controlled by the



Introduction 29

diffusivity of the faster as well as by the slower components in the Darken as
well in the Nernst-Planck limit, respectively.

It is worth mentioning that a relation was derived in [40] for the
composition left behind the sweeping boundary and it was obtained that

bn
D . 7
Cy = 4 with o = —5—. (1.45)
Dry—Dip 1+7"

In [40], the shift of the GB was interpreted as a climb of a GB step of ¢
height with a GB dislocation (GBD) Burgers vector component, b,
(perpendicular to GB plane). In order to reach an order of magnitude
estimation of the composition left behind the moving boundary, it was

Dry

argued that for D', substantially larger than D'y the ratio is of order

Dr4—Drg
of unity and only the multiplying factor will determine the composition.

Since b?" values were estimated to be in the order of 0.1, the experimental

values were reproduced.

Recently, it was observed that there are extensive intermixing and the
reactive diffusion was accompanied by grain boundary migration, grain
growth, and formation of phases in nanocrystalline systems at low
temperatures [19,41,42]. The explanation of general features of this low
temperature reaction layer formation can be explained by the following
model [19].

This model is called grain boundary diffusion-induced reaction layer
formation (GBDIREAC). Indeed the GBDIREAC is similar to the DIR or
DIGM. The most important difference lies in the complete ruling out the role
of bulk diffusion as well as in considering the formation of new phases. This
can lead to formation of a completely reacted nanocrystalline thin film into
AnB1.n intermetallic layer, where n depends (if there exist more than one
intermetallic phase in the phase diagram) on the initial film thicknesses and
grain sizes. In fact, the details of such processes can be understood by the
combination of the effect of the bimodal GB structure and the solid state
reaction taking place during sweeping of the GBs perpendicular to the
original boundary plane [19].
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Thus instead of nucleation and growth of a product layer, parallel to
the original interface, the compound phase is formed by means of
GBDIREAC. High concentration regions with compositions close to the
stoichiometric composition may develop in GBs and can grow
perpendicularly to the GBs consuming the parent phase. The grain boundary
network in thin films, even at low temperatures, is able to supply enough
material to reach a complete homogenization or phase formation in the
whole volume of the film. Fig. 1.11 illustrates schematically the effect of
GBDIREAC on the entire composition profile inside the films. It can also be
shown that the solid-state reactions can obviously start first along those GBs
which were filled up earlier and the amount of the reacted phase can
gradually increase and expand according to the morphology of the film [19].

(@) (b) (©)

(d)

Fig. 1.11. Diffusion and formation of reaction layers around GBs in an A/B
thin film, schematically. A and B are blue (dark grey) and green (light grey)
and the reaction layers are light blue (lighter grey) and brown (darker grey),
respectively, [19].




Chapter 2

Literature review

In this chapter, summary of the literature about Ni/Si and Ag/Au
systems is presented. This highlights the importance of our topic and outlines
what we will study in these systems.

2.1. Ni/Si systems

NiSi as well as its derivatives such as Ni(Pt)Si have been used
extensively for contact metallization in aggressively down-scaled
complementary metal-oxide-semiconductor devices, metallic source/drain
MOSFETs and in the ultra-large-scale integrated circuits [43-49]. It has
many advantages over the other silicides due to its lower resistivity, lower
formation temperature, lower consumption of Si during the silicidation
process and no resistivity increase on narrow line [44-49]. The phase
diagram of Ni-Si is shown in Fig. 2.1.

A controllable formation of ultrathin metal silicide films in the sub-10
nm regime represents a chief challenge [50-53], since e.g. the scaling of
CMOS devices require reproducibly obtained NiSi films in the 3-6nm
regime.
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Fig. 2.1. Phase diagram of Ni-Si system [54].

The contacts based on NiSi are usually obtained by solid state reaction
between Ni and Si using the self-aligned silicidation process [55,56]. The
preparation of these contacts is currently done in two annealing steps. First,
Ni,Si or Ni-rich phases are formed during a heat treatment by rapid thermal
annealing at 280°C (RTAL), and then the non-reacted metal is removed by
selective etching. As a second step the NiSi phase is obtained after a second
high temperature rapid thermal annealing at 390°C (RTA2). During
annealing at high temperatures the NiSi, phase can also be formed, which is
a major disadvantage for its integration in devices because of its relatively
high resistivity [57].

An interesting, new process scheme was proposed recently by Zheng
Zhang et al. [53], which is based on the interfacial atomic intermixing, when
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a metal film is deposited on Si substrate. After the deposition of the Ni film,
selective wet etching was applied to remove the deposited metal film. The
silicide formation, from the left behind intermixed layer, was carried out by a
rapid thermal annealing process at 500°C for 5 s.

In the above high temperature technologies, the phase nucleation and
formation is based on a mixed contribution of bulk and grain boundary
diffusion processes during the rapid thermal annealing processes.

In this study (Chapter 4), we present a production scheme based
exclusively on grain boundary diffusion and low temperature heat treatment.
The proposed method has the following advantages; by the use of Ni,Si,
instead of Ni as the initial reaction layer, the complications related to the
initial formation of sometimes non-uniform Ni,Si layer can be avoided and
the final thickness of the requested NiSi layer can be well controlled down to
about 5nm thickness. In addition, the fully GB controlled process allows the
use of much lower temperatures as compared to the usual RTA technologies.
Thus, secondary neutral mass spectrometry (SNMS) and profilometer were
used to map concentration profiles and to investigate the kinetics of solid
state reactions between Ni,Si with different thicknesses and the Si substrate
at low temperatures. The microstructure of the samples was analyzed by X-
ray diffraction (XRD) and transmission electron microscopy (TEM).

The trend towards smaller transistors implies thinner silicide films,
whose reaction pathways are still being debated. Recent works highlight
changes of phase sequence and silicide texture with the decrease of Ni
thickness and the controllable formation of ultrathin metal silicide films
[53,58]. Thus, nanoscale investigations of the solid state reactions as well as
the better understanding of the kinetics of growth of the phases are very
important. Besides, the Ni/Si system can be used as a model system for
better understanding the details of the early stages of the solid state reactions
at nanoscale.

In usual investigations, the thickness of the reaction layer is determined
as function of the annealing time. However, the growth of a reaction layer is
always a result of the simultaneous shift of two interfaces bordering the given
phase. Thus, for a deeper understanding of such nanoscale solid state
reactions, following the kinetics of both individual interfaces and the
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experimental methods of their determination are very important. Knowing
these, one can easily compose their combination for the interpretation of the
growth Kinetics of phases [59]. In previous paper of our laboratory [59], a
method, based on depth profiling, was illustrated for the determination of the
nanoscale shift of interfaces bordering the growing phase in Ni/amorphous-
Si system. However only qualitative conclusions were drown on the growth
exponents. In this study, we apply this method to investigate the effect of
substrate (amorphous, a-Si, and crystalline, c-Si) as well as the addition of Pt
on the kinetics of the shift of individual interfaces. Results obtained in Ni/a-
Si, Ni(Pt)/a-Si, Ni/c-Si and Ni(Pt)/c-Si systems will be compared.

It is worth to summarize the literature data on low temperature heat
treatments in Ni/c-Si and Ni/a-Si system under the condition of unlimited
supply of silicon and nickel, which will also be the case in our studies.

a) Ni/a-Si system

- During deposition of Ni on a-Si, an amorphous nickel silicide has been
formed between the nanocrystalline Ni and amorphous Si [60]. This
formation is an asymmetric process, i.e. it cannot be observed at the
interface obtained by deposition of amorphous Si on Ni [61]. This is due
to the so-called dynamic segregation effect: the Si segregates on the
surface of Ni and thus during the deposition, the formation of an
intermixed layer is possible if Ni is deposited on the surface of a-Si, but
not by deposition of Si on Ni. The above intermediate (amorphous) layer
IS a mixed zone containing regions corresponding to both NiSi and NiSi
compositions (see Fig. 4 in [61]).

- During low temperature heat treatments (between 187°C and 217°C), a
crystalline Ni,Si layer forms between the Ni and the amorphous nickel
silicide [60]. The composition of the latter is now about one Ni to one Si
atom (see Fig. 6 in [60]). The two phases (the amorphous silicide and the
crystalline Ni,Si) simultaneously grew further. It was also concluded in
[60] that nucleation barriers are responsible for the initial formation of
the amorphous nickel silicide, and the formation of the Ni,Si cannot be
explained by a pure planar-growth mechanism. After longer annealing
times, crystalline Ni,Si and NiSi phases grew. On the other hand it was
shown in [62], from in situ TEM and X-ray diffraction in Ni/a-Si
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multilayers, that after annealing at 400°C for 6h, an amorphous silicide
phase has been formed at the Ni/a-Si interfaces according to a planar
growth mode. TEM observations also confirmed that amorphous silicide
has been formed along the Ni grain boundaries too.

- In [63], the authors also observed that two different phases (Ni,Si and
NiSi) have been formed in two distinct layers and the growth of these
phases was parabolic with activation energy in the range of 1.3-1.6 eV.
These activation energies suggest that the growth of the reaction layers is
controlled by grain boundary diffusion [64] of Ni along silicide grain
boundaries. As it was proposed in [64], such growth mechanism can be
imagined e.g. as the fast diffusion of Ni along the Ni,Si grain boundaries
and a subsequent interface diffusion along the interface between the
Ni,Si and Si-rich region (see also Fig. 6¢ in [64]).

- Regarding the growth mode, in a more recent paper [65] — using
differential scanning calorimetry (DCS) and in-situ XRD — it was shown
that the growth of crystalline Ni,Si (the XRD did not give information
about the amorphous phase if it was present) could be described by a
linear parabolic law at 210°C i.e. the first stage of the growth was linear,
which is in line with the conclusion of [60] (non-planar growth mode).

b) Ni/c-Si system

There is unanimous opinion in the literature (see e.g. [63,66,67]) that
only (strained) Ni,Si forms at low temperatures (200-327 °C ) and grows as
an intermediate layer between the Ni and Si. Its growth is diffusion limited
with activation energy of about 1.5 eV indicating the Ni grain boundary
diffusion along the Ni,Si grain boundaries as the main mechanism. Note that
in [67] it was established that a composition gradient existed inside the Ni,Si
layer but its quantitative estimation was difficult (it was about 3-15% along
the growing layer). This is in accordance with the conclusion, drawn in [66],
that a transient phase (identified as Ni3Siy) just after the Ni,Si formation can
be present. From TEM observations it was concluded that this phase was
nonuniform.

c) Effect of Pt additions
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In addition to the above observations, there are many publications in
the literature about the effect of Pt addition on the first phase formed as well
as on the stability of NiSi, as compared to the Ni,Si [68-72]. It was observed
that the formation of silicides began during the deposition and there were
two regions with composition corresponding to Ni,Si and NiSi. While the
NiSi product formed a continuous layer with a relatively constant thickness,
the Ni,Si particles formed seeds and grew laterally. Furthermore, it was
argued that after the relaxation of stresses accompanied to the formation of
the Ni,Si phase, the fast growth of the NiSi occurred [69]. These results, as
compared to those obtained in systems without Pt, were interpreted by the
very low solubility of Pt in the bulk of Ni,Si (as compared to the NiSi) and
segregation at the grain boundaries: this slows down the silicide growth
kinetics.

2.2. Ag/Au system

It is well known that during interdiffusion in binary AB systems at low
temperatures, where the bulk diffusion is completely frozen out, the
inequality of the grain boundary, GB, diffusion fluxes can lead to diffusion
induced grain boundary migration, DIGM, and/or grain boundary diffusion
induced recrystallization, DIR, [28,38,40,73]. At the same time, the above
inequality, similarly as in the case of bulk intermixing, can lead to porosity
formation at GBs of the faster component due to the resultant GB vacancy
flow. Although there are evidences for vacancy mechanism of GB diffusion
(see e.g. [20,74,75]), there are only few experimental results on porosity
formation along GBs as the consequence of GB intermixing. In [76], beside
the observation of DIGM and DIR in Cu/Ni diffusion couple, pore formation
along the GBs was observed by TEM on the Cu side after different heat
treatments between 600 and 900°C. In [77], some porosity was observed in
the AINi matrix at the vicinity of wedge-type shape Cu enriched penetration
zones by optical microscopy after heat treatment at 850°C for 54 hours. The
authors interpreted this as the result of GB diffusion intermixing between Cu
and Al (assuming that the Cu preferentially occupied sites in Al-sublattice,
i.e. the process could be considered as a quasi-binary intermixing). In both
above cases, the porosity formation was observed on micrometre scale and
the annealing temperature was relatively high, i.e. the contribution of bulk
diffusion was not negligible: in [77] even it was concluded that their
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experimental conditions corresponded to B-regime (instead of C-regime) of
GB diffusion.

In this study (chapter 4), we provide clear experimental evidence on
porosity formation along GBs and triple junctions in Ag during intermixing
in nanocrystalline Ag(15nm)/Au(15nm) thin film at low temperature (at
150°C) where the bulk diffusion processes are completely frozen out. In
addition, it was shown in [13] and [78] that the application of small
hydrostatic pressure (at about 180 bar: low enough that the pressure
dependence of the bulk diffusion coefficients can be neglected) led to
disappearance of the pores formed in the bulk of Cu of the Cu/Ni diffusion
couple. Thus, following the plausible analogy between the bulk and GB
intermixing, we show that the application of small (about 100 bar)
hydrostatic pressure is enough to prohibit the nanoscale porosity formation
along GBs at 150°C. In addition, we demonstrate that homogenization is
possible by DIGM in both nanocrystalline Ag and Au films, at least up to the
level corresponding to the compositions left behind the moving boundaries in
their wakes.
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Chapter 3

Experimental techniques & tools

Different thin film systems such as Ni,Si/c-Si, Ni/c-Si, Ni/a-Si,
Ni(Pt)/c-Si, Ni(Pt)/a-Si and Ag/Au were deposited by DC magnetron
sputtering. The sputtering rates were calculated from the layer thickness
measured by AMBIOS XP-1 profilometer. The samples were annealed in
vacuum furnace (10" mbar) at different temperatures for different annealing
times. Ag/Au samples were annealed under high and low hydrostatic
pressure of high purity Ar.

Structure of some of the samples was investigated using X-ray
diffraction and by transmission electron microscope. The concentration-
depth profiles were determined by means of secondary neutral mass
spectrometry and profilometer. The resistance of the Ni,Si/c-Si sample as
function of the annealing time was measured by the 4-wire resistance
measurement technique at 180°C.

3.1. DC Magnetron Sputtering

The DC magnetron sputtering system consists of power supply, low
pressure noble gas (Ar), two electrodes and a magnet inside a chamber (see
Fig. 3.1). The target is placed at the cathode while the substrate is placed at
the anode. Applying DC voltage accelerates free electrons in the chamber.
These free electrons collide with the Ar atoms leading to ionization of Ar
atoms (formation of plasma). The positive Ar ions will be accelerated
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towards the target and bombard (sputter) the target. The magnet is placed
below the target to increase the electrons participating in the ionization and
to make the electron orbits curved leading to more collisions. This increases
the sputtering rate, decreases the voltage required to strike the plasma and
reduce the substrate heating from the electron bombardment.

* Electron
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Fig. 3.1. DC magnetron sputtering system, schematically.

In our DC magnetron sputtering system (see Fig. 3.2), three targets
with three magnetrons can be used simultaneously. Each target is shielded
with shutter. The magnetrons are fixed on the bottom of a stainless steel
chamber. Transition of the sample between the targets and controlling the
shutters can be done manually or automatically with computer program.
Also, the chamber contains vacuum gauges, gas management, quartz crystal
monitor and an in-situ heating sample holder attached with an annealing
system. The distance between the target and the sample holder is 5 cm. The
targets are disc-shaped with diameter of 2 inch. The homogeneous area of
the deposition is about 2-3 cm?, thus limited number of samples could be
prepared in one deposition circle.
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Before the sputtering process, the chamber was pumped down to a high
vacuum (~107 mbar). This base pressure is achieved by the combination of a
turbo-molecular pump and a rotary pump. During the sputtering process,
high purity (99.999%) Ar gas is introduced into the chamber. The Ar
pressure is maintained 5x10°° mbar under dynamic flow. Then, the plasma
was created by applying DC voltage to the target. The sputtering power was
20 and 40 W. The ions of the plasma will bombard the atoms of the target
surface. These atoms will move further toward the substrate.

Fig. 3.2. The side view photograph of the DC magnetron sputtering system.

In order to determine the sputtering rates, films of each target were
deposited for certain time and their thicknesses were measured by
profilometer (see section 3.4). The thin film systems were deposited at room
temperature.

Before introducing the SiO; and the single crystal-Si substrates into the
sputtering system, the substrates were cleaned in distilled water and later
with ethanol in ultrasonic bath to get rid of dust and any other surface
contaminants. The c-Si substrate was etched by HF to remove the oxides and
nitrites. The samples for top-view TEM were prepared as follows: instead of
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using SiO; substrate, the bilayer was deposited on a freshly cleaved single
crystalline sodium chloride surface. After annealing, the substrate was
dissolved and top-view TEM images were made.

3.2. High vacuum and hydrostatic pressure furnaces

The samples were annealed at low temperatures for different annealing
times. Most of samples were annealed in high vacuum (~10" mbar) furnace
(see Fig. 3.3). This furnace has movable sample holder and shutter to
decrease the heating and cooling times to be suitable for short annealing
times.

Fig. 3.3. The side view photograph of the high vacuum furnace.

The Ag/Au samples were annealed in hydrostatic pressure furnace (see
Fig. 3.4). First, the furnace was pumped down to 10 mbar using rotary
pump. Then, high purity (99.999%) Ar gas is introduced into the furnace and
the furnace was pumped down two times to clean the furnace. Finally, the
low (1 bar) or high (100 bar) pressure of Ar are introduced in the furnace
during the annealing.
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Fig. 3.4. The side view photograph of the hydrostatic pressure furnace.

3.3. Secondary Neutral Mass Spectrometry (SNMS)

The depth profiles of the samples have been investigated by means of
secondary neutral mass spectrometer (SNMS) (INA-X, SPECS GmbH,
Berlin) equipment [79] (see Fig. 3.5). In SNMS, the sample is destructively
analyzed by layer-by-layer removal of the material. An ion beam
successively erodes the material, while the ejected neutral atoms are post-
ionized and analyzed in a quadruple mass spectrometer [80]. The ion
bombardment and the latter post-ionization are achieved by the low pressure
Ar gas plasma [1]. SNMS has an extremely high lateral homogeneity: low
bombarding energies (about 300 eV) and homogeneous plasma profile result
in an outstanding depth resolution (<2 nm) [81] and the detection limit is
about 10 ppm [81,82].

SNMS is suitable to investigate conducting and non-conducting
samples. The latter one is provided by High Frequency Mode, which controls
the amount of charge being transferred to the sample by periodically
interrupting ion accelerating voltage between the sample and the plasma.
Thus, the charging of the sample can be compensated [1].
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(a)

(b)

Introduction chamber

Sample transport system

Fig. 3.5. The INA-X Secondary Neutral Mass Spectrometry system; (a) side
view photograph, (b) schematic view [1].

Using this system, the structure and stability of thin films and the
development of grain boundary diffusion and interface reactions as well can
be followed in nanometer depth resolution. This technique provides
relatively fast results since it does not require special sample preparation.
However, many samples may be required for certain investigation since it is
destructive technique.

Certain mask with circular hole should be placed on the top of the
investigated sample. In our case, Cu mask was used and the diameter of the
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hole in the center of the mask was 2mm. SNMS provides intensity-sputtering
time profiles which are required to be converted to composition-depth
profiles. The intensity is converted to composition by determining/knowing
the sensitivity factors of the investigated elements. The sputtering time is
converted to depth by measuring the depth of the sputtered craters at
different points of the measurement by the profilometer (see section 3.4) and
by using the proportionality between the intensity and the number of
sputtered particles [83]. Before the conversion, the background of the plasma
is subtracted from the intensity.

3.4. Profilometer

The thickness of the films was measured by Ambios XP-1 profilometer
(see Fig. 3.6). Also, it was used to determine the sputtering rates of the
different elements used in this study (W, Ni,Si, Ni, Si, Au, AQ).
Furthermore, it was used to measure the depth of sputtered craters at
different points to convert the sputtering time axis (of the intensity-sputtering
time profile) into depth. In this contact profilometer, a stylus with ~2 um
radius moves along a certain path on the sample to follow the changes of the
surface. The system is able to measure/identify the small surface variations
or steps, layer thicknesses or the roughness of the surface. We used low-
force stylus (0.05-10 mg) to avoid the scratching/damaging. This technique
can be used with large variety of samples.

(a)

AMBI0S XP-1

..........

Fig. 3.6.(a) Ambios XP-1 profilometer, (b) a measured depth profile.
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3.5. X-ray Diffraction (XRD)

The diffraction phenomenon is observed when a wave meets an object
having a periodicity similar in length. Since the wavelengths of X-ray are in
the same order of magnitude as the distances of atoms in matter, X-ray can
provide information about the crystalline structure through diffraction
patterns that follow the fundamental Bragg's law:

2d sinf = ni (3.1)

where d is the distance of the lattices planes in crystalline structures, 8 is the
incident angle and A is the wavelength of the wave beam.

In our study, we used Philips X-ray diffractometer (model X'-Pert) by
utilizing monochromatic CuK,, radiation operated at 40 kV and 25 mA to
study the Ni,Si/Si and Ni/Si systems.

3.6. Transmission Electron Microscope (TEM)

The microstructure of samples was analyzed by transmission electron
microscope (TEM) (JEOL2000FX+EDS). TEM was used for both the top-
view and cross-section view of the samples. TEM provides both a direct
image and a diffraction pattern of the specimen. In this technique, high-
energy electrons are used as probe. Imaging of the transmitted electrons
reveals information on the morphology and structure of the sample.
Furthermore, the energy analysis of the transmitted electrons or the emitted
characteristic X-rays provide information on the chemical composition. The
main disadvantage of TEM is that the sample suffers from many heat
treatments during the preparation for cross-sectional TEM. This may affect
the microstructure of the sample to be analyzed. The description of theory
and practice of TEM techniques can be found in [84].



Chapter 4

Results and discussion

In this chapter, | show the results and detailed discussion of the
diffusion and solid state reactions at relatively low temperatures in Ni,Si/c-
Si, Ni/Si and Ag/Au thin film systems.

4.1. Production of NiSi phase by grain boundary diffusion
induced solid state reaction between Ni,Si and Si(100)
substrate

Fig. 4.1 shows the concentration-depth profiles of the as-deposited and
annealed samples of W(10nm)/Ni,Si(20nm)/c-Si at 180°C for different
annealing times. The symbols are just for identification of curves, since the
intensity/sputtering time profiles were recorded continuously. The W layer
was used just to avoid the surface oxidation of the samples measured by the
SNMS, since we find that it makes difficulties in the calculations during the
conversion from intensity to concentration. It is clear that the as-deposited
Ni,Si film is homogeneous and the annealing leads to diffusion of Si into the
Ni,Si layer. With increasing the time of annealing, the film is still Ni rich
until 1 h, while homogenous NiSi is formed after 2-3 h. It is obvious that
there is no clear formation of planar reacted layer at the initial interface,
which would be expected for a "normal (i.e. bulk diffusion assisted) growth™.
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Fig. 4.1. Concentration-depth profiles of W(10nm)/Ni,Si(20nm)/c-Si; (a) as-
deposited, (b) annealed at 180°C.

Top view X-ray diffraction pattern (XRD) of the as-deposited and
annealed Ni,Si/c-Si samples at 180°C for 2 h is shown in Fig. 4.2,
confirming the phase transformation from Ni,Si to NiSi. The crystallite size
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d, of the as-deposited Ni,Si film was estimated from the full width at half
maximum (FWHM) of the (021) peak using Debye—Scherrer formula [85]:

_ 09
o B cosé@

(4.1)

where B is the FWHM (0.44°), A" is the wavelength of CuK, radiation and @ is the
angle of diffraction: d, = 20nm. It is worth noting that in the freshly sputtered film
no X-ray reflection peaks were observed, i.e, the film was X-ray amorphous: the
“as-deposited” spectra, shown in Fig. 4.2, was obtained after about two months
ageing at room temperature. Keeping the as-deposited samples at room temperature
could cause partial recrystallization but no other changes (regarding the phase
transformation) are expected. This recrystallization could be achieved during
the heating up to the annealing temperature. All the heat treatments were
done on freshly prepared samples.
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Fig. 4.2. XRD of as-deposited and annealed Ni,Si/c-Si samples at 180°C for
2h.

For further investigations, the W(10nm)/Ni,Si(20nm)/c-Si samples
were annealed at 190 and 200°C for different annealing times. The
concentration-depth profiles are plotted in Fig. 4.3(a and b). It can be seen
that the NiSi phase was formed after 1 and 0.5 h for the samples annealed at
190 and 200°C, respectively. At longer times (i.e. in over-aged states: 2 and
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1h for 190 and 200°C, respectively) surprisingly there are steps suggesting
the formation of the NiSi, not near to the Si, but near to the W.
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Fig. 4.3. Concentration-depth profiles of W(10nm)/Ni,Si(20nm)/c-Si
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To investigate the solid state reactions at lower thicknesses, samples

60

with 10 and 5 nm thick Ni,Si were annealed at 180°C for different times. The

concentration-depth profiles obtained are shown in Fig. 4.4(a and b). It can
be seen that the NiSi phase was formed at 1 and 0.25 h for the samples with
Ni,Si thicknesses of 10 and 5 nm, respectively. At 0.5 h already the
increased Si content (see especially the shoulder close to the Si in Fig 4.4(b))

indicates that the formation of NiSi, takes place too.
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Fig. 4.4. Concentration-depth profiles of as-deposited and annealed samples
for different annealing times at 180°C; (a) W(10nm)/Ni,Si(10nm)/c-Si, (b)

W(10nm)/Ni,Si(5nm)/c-Si.
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From Figs. 4.1, 4.3, 4.4, we can construct the temperature-time and
thickness-time windows inside of which the formation of NiSi takes place
(see Fig. 4.5(a and b)).

(a) for Ni_Si(20 nm) (b) at 180°C
4
N NiSi,
<
o 2
E
'—
14 . .
Ni,Si
0 T T T 1 0 T T
180 185 190 195 200 5 10 15 20
Temperature (°C) Thickness (nm)

Fig. 4.5. (a) Temperature-time and (b) thickness-time windows for the
formation of NiSi.

As we already mentioned, the formation of the NiSi phase — instead of
nucleating at the original Ni,Si/Si interface and growing as a compact planar
layer with parallel phase boundaries — shows an anomalous growth process.
Indeed Figs. 4.1, 4.3, 4.4 illustrate that the most important change is the
gradual increase of the Si content inside the original Ni,Si layer until the
composition here corresponds to the NiSi phase. Since at these low
temperatures, the bulk diffusivity of the Ni in the Ni,Si after 1 hour at 200°C
would allow of about 1.4x10™ nm bulk penetration depth [86] only (and the
Si bulk diffusivity is at least two orders of magnitude less than that of Ni)
[86], the contribution of the bulk diffusion to this reaction can be definitely
excluded. Thus the grain boundary, GB, diffusion should be the determining
process.

It is known that at low temperatures, a complete intermixing of
components in binary nanocrystalline couples can happen (called also as
“cold homogenization”) [87]. This can take place by GB diffusion induced
boundary migrations through the volume [19,22,24,42,87,88]. Even it was
shown that the alloyed zones left behind by the moving boundary can be not
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only solid solutions but ordered phases as well [19,30,31,42,89-91]. Such
type of low temperature reaction product formation is also called as grain
boundary diffusion induced reaction layer formation (GBDIREAC) [19].

It is more and more widely accepted that in both processes, at
intermediate temperatures, the driving forces are related to stress
accumulation and relaxation ahead/around the moving boundary [22,28]. In
case of low temperature processes (when there is no volume diffusion ahead
of the migrating GB), it is most likely that the driving force is the diffusion
induced GB stresses (created by the differences of the GB atomic fluxes of
the two components) [92]. Furthermore, in references [93] and [94]
expressions were given for the front velocity as function of the average
migration distance, L, and it was found that it can be constant for small L
values. Since in those investigations the typical migration distances were in
the order of 0.1-1 microns, it can be assumed that a linear regime can be
observed in our nanoscale experiments. Furthermore, Pan and Balluffi [95]
constructed the L(t) function from the time dependence of the concentration
of the plateau region. This idea can also be applied here.

It is worth mentioning that a closer look of the composition profiles
between 0.25 and 2 h in Fig. 4.1 reveals that, simultaneously with the overall
increase of the Si composition in the layer, there is a small step in the Si
composition near to the Si substrate, which gradually diminishes with
increasing time. This can be the effect of DIR: nearby the original interface
the stress accumulation can be strong enough to initiate the formation of
small new grains with NiSi composition, similarly as e.g. it was observed in
Au/Cu system [31]. Indeed, it was obtained in [31] by TEM that new grains
were formed in the reaction zone. Fig. 4.6 shows the cross sectional TEM for
the as-deposited sample. As during even a very careful preparation, the
sample more or less suffers a warming up, this “as received” sample is
equivalent to a certain intermediate stage of annealing (e.g. to 20nm thick
annealed sample for about 0.25-1 h at 180°C). It can be seen that in the
vicinity of the Si layer the grain size is much less than far from it. Of course
the above explanation is one of the possible explanations for the morphology
of the reaction and more extended TEM would be necessary to reveal the
details.
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Si substrate

20 nm

Fig. 4.6. TEM picture of the as-deposited W(10nm)/Ni,Si(20nm)/c-Si sample.

In Fig. 4.7, on the basis of our observations summarized above, we
show a schematic view of the time evolution of the process.

(a) as-deposited (b) annealed for 0.25 h (c) annealed for 1 h (d) annealed for2 h
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Fig. 4.7. Sketch of grain boundary diffusion of Si (blue) into Ni,Si film
(yellow) forming NiSi (red), for as-deposited and annealed samples at 180°C.

Let us turn back to the increase of the average composition and its
relation to the interface velocity. In the following we will neglect the small
morphological difference and the film will be taken to have a homogeneous
distribution of grains. Since in thin films the average grain size, d,, is
usually less than the film thickness, H, it is plausible to assume spherical
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grain structure with §/2 thick spherical shell (see Fig. 4.8) at the beginning
(at t = 0). As a first step, the GBs will be filled up (during t, time) and then
the interface shift of this GB phase starts by a constant interface velocity, v.
We assume that the interface shift starts after the Ni,Si GBs have been filled
up to the equilibrium composition of the new phase. Then the internal
sphere, in which the initial composition is c,, has the radius d/2 =d,/2 —
(6/2 +vt"), if d is the diameter and t' =t —t,. Now, denoting the
equilibrium Si composition of the growing phase by c., the average
concentration, c, in the middle of the film can be given as:

(i) e (1) )

(ce—c0)6(§+vt’) (co—ce)12(§+vtr) (5+2vtr)
+ 2 [1 - ]r
do do 3d,

(4.2)

:CO

which, with ¢, = 1/2 and ¢, = 1/3 and neglecting terms (& + 2vt")/d, on
the third power, has the form
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Fig. 4.8. Reacted and un-reacted zones in a spherical grain just after the
saturation of the GB of & thick (a) and after some additional heat treatment
when the interface moves with velocity v (b), schematically.

At short times, the last term in the last bracket of Eq. (4.3) can be
neglected leading to linear relation. Fig. 4.9 shows the average composition
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inside the silicide layer as function of the annealing time, ¢t: the first part is
linear (the saturation at longer t values is due to finite size effects). From the
intercept of the linear initial part, 6 /d, = 0.07 can be obtained (by assuming
that the ¢, time necessary to start the interface shift is negligible) which, with
& = 0.5nm, yields d, = 7nm. The 7nm grain size is less than that obtained
with the XRD data: d, = 20nm, but taking into account the errors in both
estimations the agreement is still acceptable (as an order of magnitude
agreement). Using d, = 7nm, the velocity of the interface shift is 2x10™
nm/s.

0.0 0.5 1.0 1.5 2.0 25 3.0
Time of annealing, [h]

Fig. 4.9. Dependence of the average concentration of Si, cg;/c., on the
annealing time at 180°C for 20 nm thick initial Ni,Si layer.

Usually the growth process of silicides is divided into two regimes:
formation or nucleation and growth regimes [96-98]. The activation energy,
Qg of growth constants, K, for the parabolic growth of Ni,Si, was equal to
the activation energy of the GB diffusion of the Ni (the faster component)
indicating that the GB diffusion should have important contribution [86,97],
even at higher temperatures than those used by us. In the formation regimes,
the nucleation and lateral growth of the nuclei takes place. The picture is
much more puzzling and sometimes even linear growth was observed: this is
why sometimes it is called reaction rate control regime. Thus, the analysis of



56 Results and discussion

experimental data is frequently carried out by the so-called linear-parabolic
growth law giving a unified description for the linear and parabolic regimes.
Although there were indications in the literature [65,96-99] that the nuclei
can be formed and grow not only at the original interface but also e.g. at
triple junctions of GBs, in general not too much attention was given to
understand the linear dependence [97]. It is important mentioning that using
experimental techniques in which only the amount of the product phase is
detected as the function of the time (e.g. X-ray diffraction, electrical
resistivity, etc.) one cannot know about where the new phase forms and how
it grows.

Our results offer a plausible explanation for the linear growth kinetics
in this regime at low temperatures: if the front velocity is constant, the
amount of the product phase should grow linearly with time and the
activation energy obtained from this part should be close to the activation
energy of GB diffusion. This can also explain why the activation energy, Qr,
obtained from the temperature dependence of linear growth constant, K, (in
x = K¢t) is little bit less than Q4 [65]. In contrast, according to the reaction
rate control, it is expected that Qr > Q, [65,97-99].

Since in the traditional technology the Pt addition is used just to
stabilize the NiSi phase (as compared to the other two, Ni,Si and NiSiy,
possible phases), we also checked the role of Pt addition on the process
introduced here. Fig. 4.10 shows the effect of 5% Pt addition on the
formation process. It can be seen that surprisingly the Pt slows down the
NiSi formation process and the NiSi, phase (shoulder in the Si side) appears
after 3h annealing before the formation of the homogeneous NiSi layer
finished. Thus, it can be concluded that our process scheme does not need Pt
addition; even its presence leads to some negative effects.
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Fig. 4.10. Concentration-depth profiles of W(10nm)/Ni,Si(20nm)Pt(5%)/c-
Si; as-deposited and annealed at 200°C for different annealing times.

The resistance of the film with 20 nm thick Ni,Si layer was also
measured versus the annealing time at 180°C. It is clear from Fig. 4.11(a)
that the resistance, after the sample reached the annealing temperature,
decreases with increasing annealing time. In [100], a relation for the
conductivity of a matrix (index 1) containing spherical particles of the
second phase (index 2) was derived:

(1) _ )
e 4.4
() (4.4)

k1

Here p* is the volume fraction of the embedded spherical particles into the matrix
(p* =V, /(Vy + V), k is the conductivity of the two phase materials, k;, and k,
belong to the matrix and to the second phase, respectively. Let us denote the volume
of Ni,Si by V, and that of NiSi by V; (i.e. the Ni,Si phase corresponds to the
spherical particles and the shell is the NiSi phase) and thus p* =1 att = 0 and
p*=0att =oo,sinceatt =0, k/ky = k,/kyandatt = oo, k/k; = 1. Thus, p* is
a monotonic decreasing function of the time between t = 0 and t = oo, changing
between 1 and 0.
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Fig. 4.11. (a) Resistance and temperature versus the heating time, due to the
heating up effect point t = 0 was put to the t, time belonging to the sharp
kink on the temperature/time curve, (b) r(t")/r(t" = 0) versus the corrected
time t’ at 180°C.

Now using the relations k; = 1/R;, k, = 1/R, (R, > R4, since the
resistivity of NiSi is less than that of Ni,Si) and k = 1/R, Eq. (4.4) can be
rewritten as:

R_l_ll
pr=lr—A=r()A", (4.5)
£
Riy2
with A* = (ﬁi )
(-1
Thus, in principle the r(t) = [%] function should be equal to 1/A4*
1

att =0 (R,/R =R,;/R;)andequaltoOatt = o (R,/R = 1).

What can one expect for the time dependence of p*? At an
intermediate t time the volume of the remaining Ni,Si can be given as
4m(d/2)3/3, where d is the average diameter of the spherical particle not
consumed yet. At t = 0, the radiusisd,/2 and d = d, — 2vt, thus,

b (@) - (1-2) 1o 49
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if higher order terms of vt are neglected. Thus, it is expected that p* will be
a linear (decreasing) function at the beginning of the process.

If we take into account that the interface shift (with v velocity) starts
after an incubation time (time to fill up the boundaries of § width) then the
above results should be corrected, because the kinetics of p* will be
described by (4.5) and (4.6) only after t,. If we correct the time scale
accordingly by introducing t' = t — t,, then the p*(t’) function at ¢’ = 0 will
be less than 1. Then, it is better to use the o = p*(t")/o(t’ = 0) normalized
function. In this case, p*(t) =1 — 6vt’/d, — 36/d,, and p*(t’ = 0) can be
estimated as 1 — 30/d,, corresponding to the filled up boundary shells of &
width.

Thus,

Ry
-1
R(t

r(t) I%')“l p (") r» ,
= = =1-t'—%_=1—mt. (4.7)

r(t'=0) [R—l l_p*(t’=0)_ ‘ (1-3)

R(t'=0) *
R1
R(t'=0)

+2

Now, plotting of (") /r(t’ = 0) versus t’ should yield a straight line at
the beginning. For the construction of the above ratio we need the value of
Ri. In principle, it should belong to t" = co when the film has been fully
transformed to NiSi. But according to Fig. 4.4 the process did not finish after
reaching the NiSi phase, since there is a Si reservoir in contact with the film
and this provides more and more additional Si atoms, resulting a gradual
deviation from the stoichiometric composition of NiSi. Thus, it is not easy to
find the value of R, from the resistance curve alone. But the value belonging
to cg;/c, = 1 in Fig. 4.9 or the medial value of the time window at 180°C
can be taken as the time when already the formation of the NiSi phase has
been finished. The value of R = 900 Q belonging to this time (¢=2.5h) can
be taken as R,. Fig. 4.11(b) shows the r(t")/r(t’ = 0) versus t’, constructed
with the use of the above R; value. It can be seen that it is a good straight
line (except the small deviations at around 0, which is probably the
consequence of the approximation used). The origin of the t’ scale (t,) was
taken at the point indicated by the vertical line in Fig. 4.11(a) (the first part
of this curve reflects the effect of the fast increase of the temperature and
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some relaxations in the structure). The velocity can be calculated from the
initial slope of the straight line shown in Fig. 4.11(b), m = 6v/(d, — 39), if
d, is known.

Taking d, = 7 nm, determined from the fitting of the straight line in
Fig. 4.9, the velocity of the grain boundary diffusion induced interface
motion is about 0.3x10™ nm/s. This value is close to that obtained from the
SNMS depth profiles and thus confirms our model.

4.2. Kinetics of shift of individual interfaces in Ni/Si system
during low temperature reactions

Experimental results

Fig. 4.12 shows the concentration-depth profiles of the as-deposited
and annealed samples of nanocrystalline-Ni/c-Si at 180°C for different
annealing times. The position of the Ni/Si interface in the as-deposited
sample was taken as zero point in the depth axis. It is clear that the solid state
reactions between the nanocrystalline Ni film and the c-Si substrate led to the
formation of product layer of NiySi;x with x = 0.5. Furthermore, it can be
seen that this product layer is not fully homogeneous and is Ni-rich at the Ni
side. A closer look of curves at shorter times (at 0.25 and 1 h) reveals that the
Ni rich composition is at about 60%, suggesting a formation of Ni,Si layer
first and with increasing annealing time the average composition in the
reaction zone gradually approaches to the composition of the NiSi phase.
Nevertheless the thickness of the overall product layer increases gradually
with the annealing time by shifting its bordering interfaces in opposite
directions i.e. consuming both the initial Ni and Si. It is important to
emphasize that in the investigated time interval there is an unlimited supply
of silicon and nickel, i.e. these result should be clearly distinguished from
supply limited cases [101].
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Fig. 4.12. Concentration-depth profiles of Ni(20nm)/c-Si: (a) as-deposited,
(b)-(d) annealed at 180°C for different annealing times.

Fig. 4.13 shows the concentration-depth profiles for the as-deposited
and annealed samples of nanocrystalline-Ni/amorphous-Si. It is clear that the
product layers are wider than the corresponding ones in Fig. 4.12 (see e.g.
the curves corresponding to t = 2 h). Furthermore, again at short annealing
time there is a shoulder on the Ni side with 0.6/0.4 Ni/Si ratio and
additionally at longer times (t>1 h) a new shoulder appears on the Si side
suggesting also the formation of the NiSi, phase (see the arrow in Fig.
4.13(c)).

It is important noting that there are no visible penetrations of Si along
Ni grain boundaries, since the Si profile in Ni is unchanged after heat
treatments. This is in contrast to the observed remarkable Si penetration
along Co grain boundaries [102] where even the formation of the reaction
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layer with planar interfaces was not observed at 310°C between 1 and 24
hours annealing times.
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Fig. 4.13. Concentration-depth profiles of Ni(20nm)/a-Si(50 nm): (a) as-
deposited, (b)-(d) annealed at 180°C for different annealing times (see also
the text).

The XRD results (Fig. 4.14) show that in the annealed samples, there
are peaks which can be attributed to Ni,Si and/or NiSi in both types of
samples.
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In order to investigate the kinetics of the shift of interfaces bordering
the reaction zone and that of the growth of the product layer, it is important
to choose the position of the interfaces carefully. Since the position of the
Ni/Si interface at concentration of 50% in the as-deposited sample was taken
as zero point in the depth axis, the distance of the Ni/NiSii.x and NiyxSiy-/Si
interfaces were measured from this zero point. The positions of the above
interfaces were chosen at the points of inflection at about 75% as well as
25% Ni, respectively. Plots of the logarithms of (X), (Y) and (X —Y) (up to
2h annealing time) versus log t show that the curves can be fitted by straight
lines (Fig. 4.15(a)). The slopes of these lines are about 0.5. This means that
these kinetics follow the parabolic growth law i.e. the change of the
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thicknesses were proportional to t*2. To confirm this, the values of X, ¥ and

(X —Y) were plotted as functions of the time and the square root of time as
shown in Figs. 4.15(b) and 4.15(c), and fitted assuming linear dependence.
Comparison of the R? values of these fits confirms the parabolic growth law.
Similar results were observed for Ni/a-Si as shown in Fig. 4.16 with the only
difference that the shifts are larger here (the analysis of the linear/parabolic
behavior resulted in the same conclusion, thus only the plots analogous to
Fig. 4.15(c) are shown in Fig. 4.16). Note that the existence of the shoulders
at the Ni side (in Ni/c-Si) and at both the Ni and Si sides (in Ni/a-Si) in Figs.
4.12 and 4.13 can make the determination of the position of the NixSi;x/Si
and Ni/NiySi; interfaces a bit uncertain if these are indeed indications of the
appearance of different phases. As a first approximation we neglected this
effect, i.e. our results for (X —Y) versus time can be considered as the plot
for the average growths of the reaction layer.
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Fig. 4.15. Interface positions (X,Y) and phase thickness (Y — X) as functions
of the annealing time: (a) logarithmic scale, (b) linear scale, (c) square root

of time scale for Ni(20nm)/c-Si.
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Fig. 4.16. Interface positions (X,Y) and phase thickness (Y — X) as functions
of the square-root of annealing time for Ni(20nm)/a-Si(50 nm).

The effect of Pt on the solid state reactions is shown in Fig. 4.17 and
4.18. For Ni/c-Si (Fig. 4.17), the Pt — in accordance with the literature [70-
72] - enhances the homogeneity of the product layer with a composition of
the NiSi phase and the NiSi/Si and Ni/NiSi-interfaces are sharper.
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Fig. 4.17. Concentration-depth profiles of Ni(5%Pt)(20nm)/c-Si: (a) as-
deposited, (b)-(d) annealed at 180°C for different annealing times.
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Fig. 4.18. Concentration-depth profiles of Ni(5%Pt)(20nm)/a-Si(50 nm): (a)
as-deposited, (b)-(d) annealed at 180°C for different annealing times.

For Ni/a-Si (Fig. 4.18), the Pt again enhances both the homogeneity of
the product layer (with a composition corresponding to NiSi) and the
sharpness of the interface on the Ni side. At the same time on the Si side the
product layer still has a shoulder at the composition of about NiSis.

Fig. 4.19 shows the XRD results of the as-deposited and the annealed
samples for Ni(Pt)/c-Si and Ni(Pt)/a-Si. It is clear that, similarly to Fig. 4.14,
there are peaks in the annealed samples which can be related to Ni,Si and
NiSi in Ni(5%Pt)/c-Si and to Ni,Si, NiSi and NiSi, in Ni(5%Pt)/a-Si.



Results and discussion 67

(a)

3004 I o

Si substrate
Nisi (111)
NiSi (020)
UNisi(130)

NiSi (211)
NiSi (021)

200 -

Intensity, [a. u.]

100

500

—_
(=2
~

400

Si substrate
Tsi(112)

NiSi (020), Nisi, (311)

300

NiSi (021), Ni,Si (220)

annealed

200 -

Intensity, [a. u.]

> as-deposited

100 -

30 35 40 45 50 55 60
20

Fig. 4.19. XRD of the as-deposited and annealed samples at 180°C for 3h:
(@)Ni(5%Pt)/c-Si (b) Ni(5%Pt)/a-Si.

Similar plots can be created for the shift of the interfaces and the
growth of the product phase like those shown in Figs. 4.15 and 4.16. From
the analysis of the fits it was again concluded that they obey the parabolic
law as shown in Fig. 4.20 (a, b). Although 5% of Pt has strong influence on
the homogeneity of the product layer and sharpening of the interfaces, it has
no effect on the growth kinetics.
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Discussion and conclusions
a) Ni/a-Si system

As one can see from Fig. 4.13(a), the Ni/a-Si interface is a bit wider
than that of for the Ni/c-Si system (see Fig. 4.12(a)) in as-deposited state, but
our depth resolution limits us from getting an unequivocal conclusion about
the presence of an amorphous silicide layer in the Ni/a-Si system, as
observed in [60] and [61]. It is worth noting that as a consequence of the
formation mechanism of such an initial layer (dynamic segregation effect:
the lower surface energy of Si helps the intermixing when the Ni is deposited
on it) it is expected that the appearance of the amorphous silicide layer also
depends on the conditions of the film deposition (e.g. substrate temperature,
sputtering rate).

At short annealing times there is a small shoulder at the composition
of Ni,Si and the reaction zone is not homogeneous, containing a gradient
(the composition changes between 60% and 40% of Ni). This is in
accordance with Refs. [60,62,63], where it was observed that regions with
two different compositions, corresponding to Ni,Si and NiSi, formed.
Although from our results we cannot decide whether the Ni,Si phase
develops (between Ni and the amorphous/crystalline NiSi) with a planar
growth mode or not, we can conclude that the Ni shrinkage follows a
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parabolic law i.e. it is diffusion controlled. This can be an important
contribution to the apparently controversial literature results on a possible
planar or non—planar growth of crystalline Ni,Si (and the corresponding
parabolic [63] or linear growth in the first stage [65]): at least the Ni
consumption is parabolic. It is worth noting that in [65] the growth of the
crystalline Ni,Si phase was followed by such methods (DSC, XRD) which
do not provide information about the morphology of the growing phase.
Thus, their results rather characterize the overall increase of the amount of
the Ni,Si phase but whether this phase had a planar interface with NiSi
region or not could not be decided from the above type of measurements
only.

At longer annealing times (longer than 1 h), Fig. 4.13(c) illustrates
that a plateau develops at compositions of about 40% Ni on the a-Si side
suggesting the formation of the NiSi, phase. Comparison of Fig. 4.13(d) with
Fig. 4.12(d) also reveals that this growths at the expense of amorphous Si.
This can be related to the fact that the Ni diffusion coefficients in amorphous
Si can be comparable with the GB diffusion coefficients in the growing
silicides. It was published in [103] that elements like Cu and Pd have very
low solubility in amorphous Si and they are fast diffusers. Although it was
mentioned in [103], that the authors were not able to measure the diffusivity
of Co, Ni and Fe, because of the very low solubility of these elements, it was
predicted that these should also be fast diffusers in a-Si. Thus, according to
Fig. 4.13 of [103] the diffusivity of the Ni should be even higher than that of
Cu at 177°C: 1x10™'m?s. Furthermore, according to [62], the grain
boundary diffusivity of Ni in Ni,Si is about 5 orders of magnitude less than
the above value. Taking into account that on the Si side the amorphous NiSi
can be formed, in which a similar diffusivity is expected as for the Ni
diffusion in a-Si, the intensive intermixing between a-NiSi and a-Si and the
enhanced shrinkage of the a-Si is understandable. On the other hand, the Ni
diffusion in single crystalline Si at 177°C is about 5.8x10°%* m?/s, which
explains why there is no NiSi, formation at the c-Si interface: the Ni
penetration into the Si bulk is fully negligible and the Si shrinks just only
because of the Si dissolution into the reaction zone.

In addition our results show that the Si shrinkage is also diffusion
controlled, i.e. follows the parabolic growth law.
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b) Ni/c-Si system

Our results shown in Fig. 4.12 are also in accordance with the
literature results summarized in Chapter 2. The presence of the Ni,Si phase
can be identified and at the same time there is relatively large composition
gradient present, similarly to the results of Refs. [66,67]. Note that here no
traces for the formation of the NiSi, phase are detected. This is plausible if
we take into account the above explanation about the diffusivities.

Both measured interfaces shift by parabolic law, and the shrinkage of
Si is fully due to the dissolution of Si into the growing reaction layer.

c) Effect of Pt addition

The results shown in Figs. 4.17 and 4.18 clearly indicate the
stabilization effect of Pt: in both (a-Si and c-Si) cases practically only a wide
homogeneous region with NiSi composition can be observed. Thus, from our
results, we conclude that only the NiSi phase formed and grew with
parabolic mode. We cannot make a statement about the presence of Ni,Si
seeds: if they are present their amount should be small enough to result in
measurable change in the composition within the limit of our method. The
only difference between the plots obtained with a-Si and c-Si is that at longer
annealing times, similarly to the case without Pt, the NiSi, appears on the Si
side with a-Si layer. The same arguments as used above can be repeated here
for the interpretation of this observation.

Finally, Fig. 4.21 shows the comparison of the Ni and Si shrinkages
versus the annealing time at 180°C for all the investigated cases. It can be
seen that both the Ni and Si shrinkage are a bit faster for a-Si than for c-Si in
both samples with and without Pt addition. Especially the difference between
the Si shrinkage in Ni/a-Si and Ni/c-Si is considerable (Fig. 4.21(b)). This
can be related to the above mentioned fact that in the Si shrinkage not only
Si-consumption during Si GB diffusion into the reaction layer is important
but the a-Si shrinks also because of the Ni penetration into it.
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Fig. 4.21. Shrinkage of Ni (a) and Si (b) versus the annealing time at 180°C.

4.3. Grain boundary intermixing in Ag/Au thin film system
and nanoscale Kirkendall porosity formation.

Fig. 4.22 shows the concentration-depth profile of the as-deposited
Ag(15nm)/Au(15nm) bilayer. Fig. 4.23 (a-d) shows the concentration-depth
profiles at different annealing temperatures (120, 150, 170, 200°C,
respectively) for different annealing times under low (1 bar) pressure. It can
be seen that there is an intensive intermixing and the average compositions in
the centre of Ag and Au after 20 hours reached levels of 14-31% of Au and
19-37% of Ag, respectively, as shown in Fig. 4.24(a-d). These are definitely
higher than the value due to any possible atoms concentrated in the cores of
the GBs only. It should be about ¢ = 7.5 % as estimated assuming 6 =
0.5 nm for the grain boundary width and taking d, about 20 nm (see the
TEM picture below): ¢ = 39/d,. It is worth mentioning that there is no
planar diffusion zone at around the original interface, which would be
expected e.g. in case of a pure bulk diffusion intermixing. It is clear that
these saturation values increase with increasing the annealing temperature
but still less than 50%.
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200°C, respectively) under low (1 bar) pressure.

For further investigation, the samples have been annealed under low (1
bar) and high (100 bar) pressures at 150°C for 5h. The concentration-depth
profiles of these samples are shown in Fig. 4.25. It can also be seen that the
composition profiles are the same, within experimental errors, at the two
different pressures. The TEM pictures of these samples are shown in Fig.
4.26(a and b). In Fig. 4.26(a), there are nanopores at the Ag grain boundaries
and especially at triple junctions (see the arrows in Fig. 4.26(a)). On the
other hand, there are no pores present in Fig. 4.26(b). The average grain size
was estimated to be about 20 nm.

While there are nanopores at the GBs and triple junctions of Ag in
samples annealed at 1 bar, there is no porosity in samples heat treated under
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100 bar pressure (Fig. 4.26 a and b). This is what one would expect from the
analogy of the effect observed in bulk Cu/Ni interdiffusion couple [13,78]. It
was also shown in [13] that the porosity formation and the Kirkendall shift
competed with each other: the shift was considerably larger when the pore
formation was suppressed. Accordingly, since the DIGM can be considered
as a special way of relaxation of stresses created by the inequality of GB
fluxes, a similar competition would be expected between the GB porosity
formation and DIGM: the latter should be faster under high pressure. Note
that in [104] it was observed that the DIGM was a bit stronger in the film
with low constraint case (free standing film) as compared to the high
constraint case (film on the substrate).

We were not able to show changes in DIGM by the application of
different pressures: the composition profiles at high and low pressures were
the same within the experimental errors.
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Fig. 4.25. Concentration-depth profile in Ag(15nm)/Au(15nm) bilayer
annealed at 150°C for 5h under low (1 bar) and high (100 bar) pressure.
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Fig. 4.26. Top view TEM of Ag(15 nm)/Au(15nm) bilayer annealed at
150°C for 5 h under (a) low (1 bar) and (b) high (100 bar) pressure.

Experimental results showed that in this system measurable DIGM
occurred in Au even at low temperatures (at 150-200°C [104] as well as at
room temperature [105]). In addition, using Auger depth profiling, similar
composition versus depth profile was obtained at 250°C in [104] like shown
in our Fig. 4.23(a-d). The increase of the composition in the plateau was
interpreted by the formation of Ag alloyed zone by DIGM of Au GBs. The
differences between their and our investigations, besides the application of
100 bar pressure, were that the grain size of the film was about 330 nm in
[104] and that they did not investigate the processes in the Ag layer. The
authors, using the linear relation between the average migration distance of
the boundaries, L, and the average composition in the plateau region, cg,,
plotted L versus the annealing time, t, at 250°C and showed that the
migration rate decreased with increasing t and saturated at about 55 nm shift
(see Fig. 13 in [104]). At the same time, the composition left behind the
moving boundary, c, = 20%, was estimated from scanning transmission
electron microscopic (STEM) investigation in the sample annealed at 200°C.
Since the grain size in [104] was larger than two times of the above distance,
the slowing down of the increase of the L was caused by slowing down the
migration rate.

It can be seen from Fig. 4.24(a-d) that we also got saturation type time
dependence with about c,; equals 14-31% Au and 19-37% Ag saturation
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values in the Ag and Au layers, respectively. However, in our case this
saturation should be caused by the gradual overlapping of DIGM regions,
resulting in the consumption of the original pure Ag and Au grains, since our
grain size is about 5 times less than double of the estimated migration
distance (2 L). Thus, our c,,; Vvalues belong to the composition left behind
the moving boundaries. In fact values of c,,; in Au are not too far from the
value c;, estimated in [104].

The overall intermixing takes place on both sides of the diffusion zone
(Fig. 4.23). Although, there are several publications in the literature on
DIGM in the faster diffusing components (see e.g. [76] for DIGM in Cu of
the Ni/Cu pair, [106] for DIGM in Cr of the Cr/W system), in the majority of
cases the DIGM was investigated on the side of the lower component in
which J, > Jg (in our case in the Au layer, where J,4 > J4,,). Our results
demonstrate that if the grain size is small enough (less than two times the
migration distance before the DIGM slows down considerably) a
homogenization in a bilayer film is possible on both sides. The saturation
values are visibly different in Ag and in Au. It is an interesting question:
whether a full homogenization is possible exclusively by DIGM or not? The
composition gradient is still present in our samples after reaching the
saturation: are there any Kkinetic passes to proceed further after the saturation
levels which are less than 50%? The understanding of the above questions is
important for many technological aspects of nanomaterials: for instance
effective low temperature homogenization can be reached by DIGM in
systems, where intermetallic compounds can be formed (see e.g. [19]).

As a first assumption, one can assume that these saturation levels may
be due to miscibility gap in the phase diagram. This assumption cannot be
accepted since the heat of mixing is negative in Ag/Au system. So, these
saturation levels can not correspond to equilibrium values. In this case what
is the reason behind of such saturation? In order to understand this, we
prepared samples with approximately the same initial compositions as the
saturated sample at 170°C. The concentration-depth profile of this
Ag(27%Au)/Au(31%Ag) as-deposited sample is shown in Fig. 4.27. The
sample was annealed at 170°C for different times and the concentration-
depth profiles are shown in Fig. 4.28. It is clear that there is still intermixing
on both sides reaching higher saturation levels (see Fig. 4.29). This confirms
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that the saturation levels of the initially pure Ag/Au samples do not
correspond to equilibrium values. These initial saturation levels are the
results of some kind of kinetic constrain. These constrains can be related to
two possible reasons:

1) They have been developed by stress fields caused by the initial
inequality of the GB fluxes. After reaching certain saturation, they do not
allow further DIGM, since they compensate the difference of the two fluxes
(see the expression for the flux in Eqg. (1.35) which contains a term
proportional to the stress gradient).

2) They are due to finite size effect: for thin films, the composition
gradient along the GBs should gradually decrease (because of the reflections
from the film boundaries) and thus the interface velocity can also gradually
decay, since it is proportional to the second derivative of the composition
(see Eq. (1.38))

1001 as-deposited

Ag(27%Au)/Au(31%Ag)

80

60

40

Concentration, [at %]

20

0 5 10 15 20 25 30 35 40
Depth, [nm]

Fig. 4.27. Concentration-depth profile of as-deposited
Ag(27%Au)/Au(31%AQ) bilayer.
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Fig. 4.28. Concentration-depth profile of Ag(27%Au)/Au(31%Ag) bilayer
annealed at 170°C for different annealing times.
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Fig. 4.29. Average concentration of Au and Ag inside the Ag and Au layers
versus annealing time at 170°C in initially Ag/Au and
Ag(27%Au)/Au(31%AQ) bilayers.



Conclusions

1. Ni,Si/c-Si system

1.1. Solid state reaction between the nanocrystalline Ni,Si and c-Si
substrate led to subsequent NiSi and NiSi, reaction layer formation
depending on the temperature, time and film thickness. There exist
certain temperature-time and thickness-time windows for the
formation of technologically important NiSi.

1.2. NiSi is formed by grain boundary diffusion induced solid state
reaction (GBDIREAC); i.e. by formation of the NiSi phase at the
grain boundaries and by growing perpendicular to the grain boundary
plane consuming the parent grains.

2. Ni/Si systems

2.1. Solid state reactions in Ni/Si systems, with both amorphous and
single crystalline Si (100) substrate, at low temperature lead to
formation of a product layer (Ni,Si + NiSi) with relatively large
composition gradient in it.

2.2. Our method allowed determination of the kinetics of shift of
individual interfaces (i.e. the Si and Ni shrinkage) as well as the
average growth kinetics of the product layer in the very early stage of
the solid state reaction. They followed the parabolic growth law in
both systems i.e. controlled by diffusion only.
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2.3. In a-Si the NiSi, is formed at long annealing times on the Si
side due to the high diffusivity of Ni in a-Si.

2.4. Presence of 5%Pt enhances the homogeneity of the product
layer and the sharpening of the interfaces, but do not influence
the growth kinetics.

3. Ag/Au system

3.1. We have provided clear experimental evidence on the formation
of nano pores in GBs of Ag in Ag/Au nanocrystalline thin films at
low temperature where the bulk diffusion is completely frozen out.

3.2. In analogy with bulk interdiffusion the formation of this porosity
can be suppressed by application of about 100 bar hydrostatic
pressure.

3.3. We demonstrated that the homogenization is possible by DIGM
in both Ag and Au films, at least up to the level corresponding to the
compositions left behind the moving boundaries.

3.4. The saturation levels, less than 50%, do not correspond to
equilibrium values. They are the result of some kind of kinetic
constrains which are due to the development of a stress gradient,
compensating the difference of the two grain boundary fluxes. These
constrains could be also due to the finite size effect, decaying the
interface velocity.



Summary

This thesis is about the investigation of diffusion and solid state
reactions in thin film systems in the nanoscale at relatively low temperatures
(120-200°C). The systems are nanocrystalline-Ni,Si/crystalline-Si,
nanocrystalline-Ni/c-Si, Ni(Pt)/c-Si, Ni/amorphous-Si, Ni(Pt)/a-Si and
Ag/Au. | prepared these systems by DC magnetron sputtering. Then, |
annealed the samples in high vacuum furnace except the Ag/Au system
which was annealed under low and high hydrostatic pressure (in argon of
99.999% purity). After that | investigated the samples using secondary
neutral mass spectrometry. It provides intensity-sputtering time profiles.
These profiles were converted to concentration-depth profiles by knowing
the sensitivity factors of the elements and measuring the depth of the
sputtered craters at different depths by profilometer.

In the first part of my thesis, | studied the solid state reaction between
Ni,Si and Si(100) substrate at low temperatures (180-200°C). The solid state
reaction led to subsequent NiSi and NiSi; reaction layer formation depending
on the temperature, time and film thickness. There exist certain temperature-
time and thickness-time windows inside of which the formation of NiSi takes
place. The technologically important NiSi is formed by grain boundary
diffusion induced solid state reaction (GBDIREAC), i.e. the NiSi phase is
formed at the grain boundaries and grown by the motion of these boundaries
perpendicular to the grain boundary plane consuming the parent Ni,Si grains.
These results were confirmed by XRD and TEM measurements. The velocity
of the grain boundary diffusion induced interface motion was estimated from
the depth profiles of the first stage of the process using the linear dependence
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of the average composition inside the film on the annealing time. The
normalized value of the resistance, proportional to the amount of the new
phase, showed also similar time evolution and yielded similar value for the
interface velocity. [papers 1, 4 and 5]

In the second part of my thesis, | studied the kinetics of shift of
individual interfaces in Ni/c-Si and Ni/a-Si systems as well as the average
growth Kkinetics of the product layer in the very early stage of the solid state
reaction (at 180°C for 0.25-2 h). The solid state reactions in both systems
lead to formation of a product layer (Ni,Si + NiSi) with relatively large
composition gradient in it. The kinetics of the Si and Ni shrinkage
followed the parabolic growth law in both systems i.e. the change of the
thicknesses was proportional to square root of the annealing time. In systems
with a-Si, at longer annealing times, a layer with composition of about 40%
Ni was developed suggesting the formation of the NiSi,. This was interpreted
by the relatively high diffusivity of Ni in a-Si. Presence of 5%Pt enhances
the homogeneity of the product layer and the sharpening of the
interfaces, but do not influence the growth kinetics. [paper 2]

In the third part of my thesis, | studied the grain boundary intermixing
in Ag/Au thin film system at low temperatures (120-200°C) for different
times, where the bulk diffusion processes are completely frozen out. Clear
experimental evidence is provided on nanoscale Kirkendall porosity
formation along grain boundaries in Ag during the intermixing. Application
of 100 bar pressure suppressed the porosity formation. The interdiffusion
leads to homogenization in both the Ag and Au layers up to levels
corresponding to compositions left behind the moving boundaries during
grain boundary diffusion induced grain boundary motion (DIGM). The
homogenization corresponds to saturation levels, less than 50%, which
would be expected for a system with complete mutual solubility, like Ag/Au.
These levels resulted from kinetic constrains, due to the development of a
stress gradient, compensating the difference of the two grain boundary
fluxes. Also, these constrains could be due to the finite size effect, decaying
the interface velocity, by reducing the second derivative of the GB
composition. [paper 3]

All the results summarized in this thesis are my own achievements.



Summary in Hungarian (Osszefoglalas)

Ez a tézisfiizet vékony rétegekben alacsony hémérsékleteken (120-200°C)
lejatsz6do, szemcsehatar diffuzio  kontrollalt keveredesre és szilardtest
reakcidkra vonatkoz6 eredmeényeket tartalmaz nanokristalyos-
Ni,Si/kristalyos(c)-Si, nanokristalyos-Ni/c-Si, Ni(Pt)/c-Si, Ni/amorf(a)-Si,
Ni(Pt)/a-Si és Ag/Au vekonyrétegekben, melyeket magnetronos porlasztéssal
készitettem. A mintadkat vakuum kemencében hékezeltem az Ag/Au rendszer
Kivételével, amelyet kis és nagy hidrosztatikai nyomason hdkezeltem (99.999%
tisztasdgu argonban). A probatesteket masodlagos semleges tomeg-
spektrométerrel, (Secondary Neutral Mass Spectrometry) vizsgaltam, amely
intenzitas-porlasztasi idé profilokat szolgaltat. Ezeket, az elemek érzékenységi
faktorainak ismeretében és a porlasztott kraterek mélységét profilométerrel
meghatarozva, 6sszetétel-mélység fliggvényekké alakitottam at.

Téziseim elsé részében NipSi és Si(100) hordozd kozotti szilardtest
reakciot vizsgaltam alacsony hémérsékleteken (180-200°C). A reakcio, egymast
kovetden, NiSi és NiSi, reakcio rétegek képz6déséhez vezetett és a részletek
fiiggtek a homérséklettél, az 1d6t6l ¢és a kiinduldsi rétegvastagsagtol.
Megmutattam, hogy léteznek bizonyos hdémérséklet-ido illetve vastagsag-idod
ablakok, amelyen beliil a NiSi fazis képzodése jatszodik le. A technoldgiailag
fontos NiSi keletkezése szemcsehatar diffuzio altal indukalt szilardtest
reakcidoval (GBDIREAC) jatszddik le, azaz a NiSi fazis a szemcsehatarokon
képzddott és a fazishataroknak erre merdleges mozgasaval nétt, elfogyasztva a
Ni,Si szemcsek anyagat. Ezeket az eredményeket XRD és TEM vizsgélatokkal
is megerdsitettem. A szemcsehatar diffuzid indukalta hatarfelillet mozgas
sebességét a koncentracionak a film belsejében az id6 fiiggvényében torténd
novekedésébdl, amely a folyamat elsd szakaszan linearisnak adodott, becstiltem
meg. A normalt elektromos ellenallas, amely szintén aranyos az (j fazis
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mennyisegevel, hasonld id6fiiggést mutatott es hasonld értéket adott a
hatarfellilet eltolodasi sebességére.

Téziseim  masodik részében a fazisokat elvélasztdo hatarfellletek
eltolodasi kinetikajat vizsgaltam Ni/c-Si és Ni/a-Si rendszerekben valamint a
keletkezett réteg atlagos novekedési kinetikdjat hataroztam meg a szilardtest
reakcio legelsd szakszan (180°C-on 0.25-2 6ras kezeléseknél). Mindkét
rendszerben a szilardtest reakcio egy (Ni,Si + NiSi) reakcio-réteg
keletkezéséhez vezetett, amelynek belsejében jelentds Osszetétel gradiens volt
jelen. A Si és a Ni fogyésa parabolikus torvényt kdvetett mindkét rendszerben,
azaz a vastagsag az id6 négyzetgyokével aranyosan nétt. Az a-Si-ot tartalmazo
rendszerben, hosszabb idoknél, egy kb. 40%-os Ni tartalmu réteg is kifejlodott
NiSi, fazis képzddést is sugallva. Ezt a Ni-nek az amorf Si-ban val6 viszonylag
homogenitasat és az eltolddd hatéarfelliletek élességét, de nincs befolyassal a
Kinetikara.

A harmadik részben szemcsehatar diffazios keveredést vizsgaltam Ag/Au
vékony filmekben alacsony hémérsékleteken (120-200°C) ahol a térfogati
diffazio teljesen befagyott. Egyértelmi kisérleti bizonyitékot szolgaltattam
Kirkendall nano-porozitdsok keletkezésére az Ag szemcsehatarokon. 100 bar
hidrosztatikai nyomas megsziintette a porusképzodést. A kolesonos diffiizio
mind a két (Ag és Au) rétegben homogenizaciot eredményezett olyan
koncentraciokig, amely megfelelt a diffazié indukalt szemcsehatar mozgéassal
(DIGM) mozg6 hatarok altal maguk mogott hagyott tartomany
koncentraciojanak. Az ennek megfelelé telitési koncentraciok 50%-nal
kisebbek, bar ez lenne varhatd egy idedlis rendszer, (mint amilyen az Ag/Au
rendszer is) teljes keveredésekor. Ezeket a telitési értékeket kinetikus
kényszerek eredményezhetik, amelyeket a két szemcsehatar aram kiilonbségébol
felépiild fesziiltségek eredményezhetnek, illetve véges-méret hatasok (id6vel
csokken a szemcsehatarban a koncentracié masodik derivaltja) is szerepet
jatszhatnak.

Az ebben a tézisfizetben ismertetett eredmények az én sajat
eredményeim.
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