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INTRODUCTION

The davn of nano -scae science can be traced to the classic talk of Richard Feynman
gave on December 23h, 1959at the amual meeting of the American Physicd Society a
the California Institute of Techndogy. In this lecture, Feynman suggested that there exists
no fundamental reason to prevent the controlled manipuation of matter at the scale of
individual atoms and moleaules. Twenty-one years later, Eigler[ 1] and co-workers
congtructed the first man -macde object atom-by-atom with the aid of a scanning tunnelling
microscope. This was just 7000 years after Democritus postulated atoms to be the
fundamental building blocks of the visible world. The field derives its name from the Sl-
prefix nang meaning 1/1,000000,000 of something. A nanometre is thus 21,000000000
of ametre, whichis around 150,000 of the dianger of ahuman hair or the space accupied
by 3-4 atoms dacd endto-end.

Recent fundamental invedigations and the apgied research in maerials science
concentrate in many aspects on the plyscs and technology of nanostructures. The new
properties of materiadls a nano-scde dmensions manifest itself in peauliar mechanicd,
chemica, magnetic, optic and biological characteristics. The posside gpplicaton s cover a
wide range from the construction of materials for micro - and nanoelectronics to biomedical
apgdications. Applications of these requre, however, the knowledge of parameters and
physicd lawsvalid at nano-scae.

Grain bourdaries are, gereraly, dffuson short circuits, consequently, the maor part
of material transport will occur by gran-boundary diff usion in nanomaterials where a large
amount of atoms can lie on giain or interphase boundaries (50% for a gain size equal to 5
nm; 20% for a gan size equal to 10 nm). An interesting quesion arose duing the
interpretation of the already existing data on giai -boundary diffusion in nanocrystaline
materials. whether the giai -boundary diffusion coefficients measured in these dloys are
identicd to those obtained in microcrystalli ne state or not? An answer to this guestion
would solve a fundamental problem concerning to the structure of GB in these materials
weather it is a well defined and more or less adered one asin coarse ganed materials or a
disordered like frozengas structure. In Chapter IV we try to answer this qlegtion b
comparing the temperature dgpendence of Ag grain-bouwndary diffusionin Cumeasured b
Auger electron spectroscopy in C -kinetics regme with triple pioduds determined
previously using rado tracer technique n B-kinetics regme. Furthermore the temperature
dependence of thesufacesegregation factor will be aso extracted.

We will see in Chapter |1l that diffuson in nanodructures has other challenging
features even f the role of structural defects (dislocations, thase- or grai -boundaries) can
be nedected. This can be the case for diffuson in amorphous materials, in eitaxially
grown highly ideal thin films or multilayers where dffuson along shat circuits can be
ignored and “only” principal difficulties, related to nanoscae effects, raise. For example
one of the mast important differences for diffusion in such crystaline materials — as
compared to diffuson for long dstances (orders of magnitude longer than t he atomic
spacing) — is that the continuum approach cannat be automaticdly applied. Furthermore, a
short diffusion dstances in case of interdiffusion, due to the compostion deperdence of
the diffuson coefficients, the shape d the interface can be ak o different from the well -
known interfaces ohtained in bulk sampes. Moreover, in these materias, at short diffusi



times, when the gradient of concentration is large, the usud parabdlic law of diffusion an
be violated leading to alinear law even if there is no reaction control a al. These dff erent
stuations will be investigated both experimentally and by smulation in dfferent A/B
couples.

REFERENCES

1 D.M. Eigler, E.K. Schweizer, Nature, 344, 524-526 (1990
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Chapter |

THEORETICAL ASPECTS

.1 VOLUME DIFFUSION

.1.1 Fick’sequations

Diffuson of atoms in solids can be described by the Fick's equetions. The first
equetion relates the flux (] : number of atoms crossing a Wit area f@r unitt me) to the

gradent of the concentration (p: number of atoms pe unit volume) via the dffuson
coefficient tensor D:

j=-Dgrag. (1.1)

This equetion pemits to determine the diffuson coefficient in cases, where the
concentration gradient istimeindependent (steady state regme).

In non steady state regime, the dffusion flux and concentration are function of time
and position. In order to be able to ddermine the dffusion coefficient, it is necessary to
take into account the conservation of matter. For not interacting particles (no chemica
reaction, no reactions between dfferent types of dtes in a crystal, etc.), this is the
continuity equédtion:

p . -
—/—+div] =0. [.2
5 V] (1.2)

Combining equations (1.1) and (1.2), one obtainsthe secondFick’s law:
%—‘t’ =div(B gracp). (1.3)

For cubic crystds and isotropic media, the dffusion coefficient tensor redwces to a
scdar D, thusthefirst Fick'slaw is:

j=-Dgrag. (1.4)

Moreover, if the concentration varies only in the x drection, equetion (1.3) reduces to:

% _00 0
ot ax@:) GXEl (1:5)

If, addtionally, the dffusion coefficient is independent of the concentration, equation (1.5)
can be written in the following form:

17
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2
9% _H0°pP (1.6)

at ax?

From methematical point of view, equation (1.6) is a second ade, linear patial
differential equetion. Initial and boundary condtionsare necessary to solveit [ 1].

1.1.2 Atomic aspects d volume diffusion

Let us consgder a sygem d migrating paticles. The paths of particles belongng to
time t are represented by vectors I?(t). The piojection on the Ox axisis denoted b X and
is equal to the sum of the projections x; of the dementary jump vectors cenoted by T;.
Since theaverage value o X is:

(x)= Ilrpmﬁﬁxi @ (1.7)

congdering a mrticle making n jumps (on average) during the time t, it can be written

[2,3]:
nI|m —i H (1.8)

In the same way, the guadratic mean free path can be given by[ 2] :

HN

<X2> nhm—&x +2.ZZ - (1.9)

J#I

If the migration of particles is random (Brownian migration or random wak [ 4,5]), the
first Fick’' sequationis[2]:

(X?) ac (1.10)

=

if the Brownian diffusion coefficient in the direction x is defined by the relation:

o, =4 (1111
2t

Repacing the quadatic mean ree m@th by its expression (1.9) and nedecting the second
term with dauble summadion (the double podud tems of this relation compensate each
other for arandom walk, since junpsin opposite drections have the same piobabili ty), one
obtains:

18
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n. 10 ,0 T
DX:EMN : XiZH:E<Xi2>’ (1.12)

where I = n/t is the total jump frequency of atoms. Note that the Brownian dffusion
coefficient is often approached by the dffusion coefficient of an isotope ( or tracer) Dy .
We recall that, theoretically, Dy = D,f, where f is a correlation factor [ 6]. Its presence is
necessary because the migration of the marked (or tracer) atomsis na always completely
random [7], i.e. the second tem with double summadioni n (1.9) cannot be neglected. Inthe
case of sdf-diffusionf (< 1) is usidly a numerical factor depending on the crystal structure
and dffuson mechanism. For impurity or heterodiffusion (the tracer atoms are dfferent
from the atoms of the matrix), thisfactor can depend on the temperature as well.

In a crystd, the migration of atoms takes place by ste -by-site. The pasitions of these
sites are pefectly defined by the structure. If 'y denates the frequency dong drection s
and Z is the number of neighbouring Stes, one can write:

z
F=ZFS. (1.13
Since the proportionof jumpsina gven drectionisequal to 4T,
r. 1&..r1 1&
D,==(x*)=—=Im =S N=x2=>-YTx. 1.14
=5 00) =5 SNTHR =23 T (1.14)

According to this expression, in the case of sdfdiffuson by vacancy mechanism it is
possble to determine the dffusion coefficient alongOx if thelattice parameter is known.

‘\

¢

Figurel.1 Elementary jump for vacancy mechaniam in aBCC structure @ : vacancy ; @ : atoms).

In an isotrop crystal with body @ntred cubic (BCC) structure (or face certred cubic —
FCC), the jumping lengths and frequencies are the same for the 8 (FCC: 12 directions[see
Figure 1.1 and Figure 1.2]. Applying relation (1.14) for the direction Ox, one can write for
bath of the structure types:

1 o
DX—ZS%QFS ral. (.15

19
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Figure 1.2 Elementary jumps for vacancy mechanism in a FCC structure. Only the dementary jumps
that have the projection on the axis Ox different from zero are merked by arrows (O : vacancy ;
® : atoms).

[.1.3 Interdiffusion

[.1.3.1 ATOMIC FLUXES

According to the Onsager’'s theorem [3,6,8], in an A/B binary system, if the onl
driving forceis the gadent of the chemicd potential (), the flux of i (A,B) atomsrelative
to the lattice planes canbe given as:

Ji =-L; grady;, (1.16)

where L is the ‘Onsager coefficient’. The chemicd potential can be expressed n the
following way [9]:

K = Ho tKgTIny;c, (1.17)

where kg is the Bolzmann-constant and T the absolute tenperature. Moreover, ¢; and y are
the atomic fraction and the thermodynamic activity coefficient, respectively. Comhining
equetions (1.16) and (1.17) and wsing that podci/op =c¢ and pa+ ps=p= cons, one
obtains:

o =- Ogradp, =-D, gradp,, (1.18)
dln c o}

J=- K TL" a+a|n y; U _ kgTL,
O

where O is the thermodynamic factor. D; is the intrinsic diffusion coefficient which relates
to the Brownian diffusion coefficient [seel.1.2] D' by © :

D, =0D'. (1.19

20
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[.1.3.2 INTERDIFFUSION COEFFICIENT

When two species of atomsintermingle, their rate of mixing depends on the dffusion
rates of bath species. For diffusion in an isolated system, an interdiffusion coefficiert (or
mutual diffusion coefficient or chemical diffusion coefficient) can be dfined which gives
the rate at which the origina concentration gadent disappears.

When the two species in an interdiffuson experiment have urequd intrinsic diff usion
coefficients, there is a net atom flux across ary plane in the dffuson zone. Thus mare
atoms will be on ore sde d the interface after dffuson which results a net volume
transport. Thisis equvaent to the creation of a nonuniform stressfree strain [10]: on one
side of the diffuson zone contractions, while on the other side extractions will arise. The
stress field related to this stressfree strain contributes to the atomic fluxes across the
driving force - Q gradp, and could causea gdastic deformation (by creep or by dislocation
glide) as well. The plastic flow obvioudy relaxes the stress developed and results in a
complex feedbad effect [11]. The description of the interdiff usion pgrocess then depends
on theratio of the relaxation timeof plasticf ow, 7, and the time of diffusiont.

If t » T the relaxation of stress can be consdered to be fast and almost complete. Inthis
case the stress gadient as a diving force can be neglected. However, the relaxation o
stresses is equvdent to a convective transport in the diffuson zone: e.g. for vacanc
mechanism, expansion as well as contractions on dfferent sides d the dffuson zone can
be redized by annihilation and creation of vacancies at edge ddlocations. Fro
experimental point of view, if there is no change in the lateral dimensons of the
specimens, amarker wireintroduced origindly at the interface appears to movetoward one
end of the diffuson couple. This effect, which was first observed by Kirkerdall [12,13], is
cdled theKirkerddl shift (seeFigure[.3).

The marker wire is assumed to identify a gven lattice gdane. The flux J, of i (A, B)

species with regect to a gven lattice dane (or in the lattice framé can be expressed n
terms of intrinsic diffuson coefficients as in equation (1.18). If the plane is moving with
velocity v with respect to the ends of the dffuson coupe (or inthe laboratory frame of
reference), theflux j; of i (A, B) species with respect to the ends of the dffusion cougde

is:
i) =701+ p (r.t)v(r). (1.20)
In a two component crysal of constant dimensions and atom dengty (the number of

lattice sitesis conserved [14], i.e. 0(p. + ps)/0t = 0), it is necessarily truetha j, = -] and
dc,/0x = —0dc, /dx . Thusthetotal atom flux J; with respect to theends of thecouple is:

Ji = Ta+ o =~(Da - Do Joracp, +pv = 0. (29

The Kirkendall velocity can then be written in the following form:
21
V:;(DA—DB)gradpA. (1.22)

Therefore, using equations (1.4), (1.20) and (1.21) the fluxes of A and B atoms can be
expressal by:
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f’ -A’ 1
Jn=-Ts =—;(pBDA+pADB)gradpA- (1.23)

Consequently, the interdiffusion can be characterised by only ore diffusion coefficient
definedin the following way:

~ 1
D::;(pBDA-'-pADB):CBDA+CADB’ (1.24)

where ¢ = p/p (i =A,B) is the atomic fraction. Equation (1.24) is cdled as Darken's
formula[6].

T
I:?::>j/_\
| @
A ) | B
jB<::::|
Xk Xk
I
o OI + o+ o+
|
(b) o oI + +
o ol * * ¥
Xk

I
|
|
|
i ©
|
|

Figure 1.3 Kirkendall shift. (a) During the diffuson, A atoms diffuse to the right acrossthe marker plane
(designed Ly the dashed line) while B atoms diffuse to the left. (b) If A diffuses faster thanB, more
atoms are on the right of the markers after diffusion than before. Also fewer aoms are on the left.
This expands the crystd volume on the right and shrinks that on the l€ft. If the plane containing the
markers is held in a fixed position, the crystal moves to the right by a distancexx. The hollow
circles indicate the region with a surplus of vacancies, where porosity may be found. The plus signs
indicate the region where extra planes are added. (c) If the crystal is then moved into alignment
with diagram (a), it appears that the wireshave moved to theleft adistance.

On the other hand, if t« 1 (but t is long enoudn for the development of the stress
gradent) then we can be in a second limit, when practically there is no stress relaxation at
al (vOO0). An addtiona term proportional to the stress (pressure) gradient shoud be
adckd to the right hand side of equetion (1.4) and it can be shown [15,14] that the mixing
processis controlled by:

N — DADB
DNP TN L~
CADA + CBDB

(1.25)
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Here the index NP indicates that this is the so-cdled Nerns -Planck limit. After an initial
transent period the pressue gradent developed makes the two fluxes equal, i.e. the
volume trangport willbe determined by the dower intrinsc dffuson coefficient (series

couding of currents) in contrast to the Darken’'s limit (parallel cougding), where the
chemical dff uson coefficient is determined by the faster one.

1.1.3.3 EFFECT OF STEEP CONCENTRATION GRADIEN

The first analysis of diffusion taking into account a steep concentration gradent as well
was given by Hillert [ 16] in 1956.He wsed a regular solid sdution mode consderingonly
neares -neighbour interactions between the atoms to calaulate the free energy of a binar
solid solution with compasition variations in one dmenson. Adopting an andysis of
Bedker [ 17], Hillert showed that the excess local free erergy due to a concen tration
gradent is pioportional to the square of the gadert. Accordingly, equaton (1.6) will
contain an extra term proportional to 9*p /0x*. Considering direte atomic planes and
solving the eguations numericaly, Hillert de ermined the eguili brium dstribution [ 16],
afterwards he calaulated the kinetics of the process [L9].

In contrast to Hillert, Cahn and Hilliard (1958 [ 19] consdered a continuu
appoximation in which three -dimensional compasi ion variations might arise. Expressing
the locd free energy as the sum of Taylor seriesof local composition derivates and taking
just a few terms, Cahn and Hilli ard dso found that the locd free energy depends on the
squere of the locd compostion gladient [seel.1.3.3 a)]. Furthermore, Cahn (1961, 1963
[20,21] gave the continuum diffuson equation in this approximation and determined its
analytic solutions for smdl departures from hanogereity.

In 1969, Cook etal. [22,23] combined the two previous modds. They considered
threedimensional compasition variations on a dscrete lattice and dd not make ary
asumptions abou the thermodynamics of the binary solution. Furthermore, they showed
that the continuum and direte approximations gve the same results oy for  A>6d,
where A is the wavelength of the compostion variation and d is the interatomic digance in
the drectionof diffusion.

More recently (1990, Martin [24] constructed a one-dimensiona discrete model [see
1.1.3.3 b)] in which the cohesive energy and the activation barrier for interatomic
exchanges can be cdculated e.g. from pair interaction energies. Based on this kinetic
model, equations for the atomic fluxes are given. It was also shown that these equaions
drive the system to a correct (locd) equilibrium. Furthermare, it was also ill ustrated thatin
the framework of the Bragg-Willi ams apgroximation used, the gradient energy effects were
aready naturdly includedinto this modd.

a) Gradient erergy: CahnHilliard model

Cahn ard Hilli ard supposed that the locd free energy depends nat only on the loca
composition, but dso on the composition of the surrounding volume It is conve nient to
express the locd free energy in Taylor series form. Neglecting the higher order terms and
congidering ore dmersona composition variations, Cahn and Hilli ard showed that the
free enagy of a sdid sdution conssting of A and B atoms can be expesseal in the
followingway [19]:

FzAIéfo(cﬁK%gédx, (1.26)
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where 4 is the crosssectional area of the system normal to the x direction, ¢ the atomic
fraction of A atoms, fo(C) the locd free erergy per unit volumein a homogeneous system,
and k the gradient energy coefficient which is a combination of the Taylor coefficients.
Note that kK can be @culated from aregular solid solution model and it is pioportiond to
the ordering energy (k 1 V) [25].

In the following, the influence of the gadent energy term will be studied For this
purpose, we will write the diffuson equation containing this term. It is aways pssble to
choose aframe of reference such that the flux of B atomsis equal and opposite to the flux
of A atoms [see [.1.3.2]. Using the mobility (always mpdtive, M;) and the patial free
energies pe unit volume (hemica potentials per unit volume, ;) instead o D; and g in
equation (1.4), and suppsing that pa=ps =p =1/Q (Qa = Q) and Ma= Mg = M, the
interdiffusion flux can be then expressed by:

_ O _
I =M (). (1.27)

The quantity pua-s) correponds to the exchargein free energy on reversibly replaang a
unit volume of B atomswith A atoms If the volume dengty of aoms is constant, it is

given by:

Il
HA_HB:£H0 +K&gﬂ—f'

: .28
oc & Px0 & 6 2 (1.28)
where fy' = dfg/oc. Therefore, the interdiffusion flux is:
3
~3 =M ,,gc MK% , (1.29)
X X

where fo” = 0%fo/dc®. Supmsing that M, fo” and k are composition independent (which is
reasonable when the deviations from homogenaty are small), and taking the divergence of
the flux, the following linearized dff uson equationis obtained

Y N 4
ac_Da c 2D ad'c

—=D——-—Kk—, 1.30
ot ox* f) ox* (130
where D is the interdiffuson coefficient andi D = Mfo” . Consdering a periodicd
concentration maduldion, aparticular solution of equation (1.30) is:
0~ 200
c—c, =expr+ Dh %+ £ E[poshx (1.32)
O

where ¢, is the average atomic fraction of the A comporent and h (h=21/A, A the
wavelength of the compostion moduation) the wave number of the composition
moduation. The amplitude A of this harmonic wave may decay or growth in the function
of the sign of the amgification actor R:
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2
3 (InA)= :—D% 2h % =-D,h. (1.32)

In the presence of a steg concentration giadient, therefore, there is an effective
interdiffusion coefficient D, , which dgpends on the wavelength of the moduation. If there

were no gadient energy effects (k=0), the interdiffusion coefficient would be
independent of A.

Equetion (1.31) describes the evolution of one harmonic compostion wave only. In
artificialy moduated materials, the peiodic composition variation can be described by the
sum of such types of waves. The advantage of thelinearized equation (1.30) isthat this su
is adso a solution and its comporents can be considered independertly. The eguations
(1.300 and (1.32) are, therefore, very useful in the andyss of the behaviour o
compositionaly modulated maerials. On the other hand, the linearity has a didvantage
it isvalid only for small amplitude moduations.

Moreover, even considering k and fp” in the frame of the reguar solid solution modd
[25], the behavior of materials can be classified in three categories: whenk >0 and
fo” <0, we areinthe case of a spinodal decompostion; when k >0 and f;” > 0, we have a
phase separation; and when k<0 and fo” >0, we have an ordering tendency. The forth
case is wlikely and impossble for a reguar solution where only nearest neighbour
interac ions are taken into account. The cetailed analysis of these cases can be found n
reference [25].

b) Interdiffusion on a@omic scale: Martin’s model

In this pat, we will consider only one dmensioral diffusion in a dscrete lat ice. The
model describedis basedon Martin’swork [ 24].

Statistical description

We consider N lattice ganes normd to the X axis (Figure 1.4): there are Q atomic Sites
on each lattice plane. Each site has z nearest neighbou's on the same pane and z, on the
neighbour panes. For example for BCC[10( z=0, z=4; for FCC[111] z=6, z=3. The
coordination rumber is Z=z+2z,. Besides, we suppse that there are no vacancies,i.e. in a
binary system, the A and B atoms occupy ever NxQ atomic site. Be {Aq; ...; A;; ...; An}
the number of A atomsonthe danes ], ...,i ,..., N, and ¢i=A/Q atomic fraction; c(x) gives
the concentration piofile [here x=(i-1)d, where d is the digance between the planesin the X
direction).
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177
71X

0 1 i-1 i i+1 N-1 N

Figue I.4 One atom in plane i has z nearest neighbours in the same plane andz, in plans (i-1) and
(i+1). The coordination number isZ=z+ 2z, there are Q lattice sites in each plare. The number of
A atomsinplanei isA;. Inthefigure z=4, z=4 and Z=z+2z2~12.

We can create anN dimensiona vector A from the {A} quantities. In this way, it is

possble to define an internd energ  E(A) for each atomic configuration. At equili brium,
the probability for a given configuration to occur is:

p(A)= 2 “W(A)exd- FE(A)] 039

where f=1/kgT, z is the normdisation factor (partition function), and W( A) is the number
of microscopic states of the corfiguration A:

2=y exdl- pe(A) (1.34

Here the summetion is performed over dl possble arrangements of the A and B atoms that
kee the overall composition constant.
Equetion (1.33) may be rewritten:

P(A)= z* exd- B#(A)), (1.35)

where
#(A)=€e(A)-TS(A), (1.36)
S(A)=k, InW(A). (1.37)

#(A) and S(A) are the Helmhaitz energy and configurational entropy.

According to the equation (1.35), the most possble corfiguration is which has the
minimal free energy. Therefore, one has to calaulate the free energy of the binary system,
then to find its minimum with the condition that the number of particles is constant
(extreme value roblem).

For interior planes ( i=2,..., N-1), the resut (Bragg-Williams description, taking into
acoount nearest nelghbour interactions) is:
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.Y C
o 26 +2,(c.. +6 —2¢ )]+ In 1o =H (1.39)

where V=Vag-(VaatVep)/2 is the ordering energy and u the chemicd potential. In
principle, it is pasible to deermine the configuration of equili brium from these equdions,
but it is nat an easy problem. {Note that in equation (1.38), the term 2V(Ci+1 + Ci-1 - 2C)
presents the naturally involved gadent energy (2k 9°c/dx®) [see equation (1.28)].} Instead,
Martin [24] constructed a pocedure alowing nat only the calculation of the equili brium
configuration but to follow the time evolution of the sysem as well

Deterministic kinetic description

Let us introduce the exchange frequency (jump frequency) IMij+1 with which an A atom
in plane i exchanges with a B atom inplane ( i+1), and Iij.; denates the exchange
frequency with which an A atom in plane i exchanges with a B atom in plane ( i-1). The
variation in the concentration in plane i is gven by thefoll owing equation:

d

d_(: =Jiy —Jdin (1.39)
where Jj+1 is the net flux [24] (the atomic flux isjii+1 = Jij+1/A, where A isthe areaof the
specimen perpendicular to the direction of the dffusion) of A atoms between the dares i
and (i+1) :

Jijn = Z\ll_cl (1_Ci+1)ri,i+1 _Ci+1(1_ G )ri+1,i J (1.40
For J.1; a smilar expresson can be written. ¢; is the piobability that a sitein pare i is

occupied by an A atom and z,(1-ci+1) gives the pobability tha one site in plane (i+1) is
occuped by aB atom. Thus, equa ion (1.39) can begiven by

d
d_('z = _Zv[ci (L- Ci—l)ri,i—l -(t-¢ )ci—lri—l,i +o(L- Ci+1)ri,i+1 -(t-¢ )Ci+1ri+1,i . (1.41)

From this eqLetion, the steady-state conditionis:

G (1_ Ci+1) — ri’fl,i
= r (1.42

Ci+1(1_ci) i+l

This condtion shoud coindde with (1.38). In this case it would be pssble to find the
same ejulli brium state by equations (1.41) and (1.38). Additionally, such away we could
also cdculate the trangtion states.

Martin [24] showed that adequae chaices for jumping frequencies exist. Asaming
Arrhenius-type temperature dependence:

r

L =V ex i‘B'frl E (1.43
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where v denates the attempt frequency and E;j.1 is the activation barrier of diffuson, for
instance, thefoll owing choice [26]:

S E° - [Zv (Ci + Ci+2)+ Z Ci+1](VAB _VBB)
+ [Zv (Ci—l + Ci+1)+ 4G ](VAB _VAA) (l -44)
—-Z(V, +Vgs) i=2...,N-1

satisfies (1.42).
.1.3.4 EFFECT OF INTERNAL S RESSES

Diffuson induced dformation can be dwe to three effects [27] : i) the sizes and/or ii)
the difference of diffusivity of atoms and/or iii) a reaction between the components. Even
if there isnoreaction duing t e diffusng process, in most real cases, the dff erence of size
or/and dffusivity exists. Consequently, there is a resultant current of volume which builds
up strain and stressfield. In this part, we will treat this phenomenonin detall s.

a) Cahrismocd

The first treatment of strain effects on the free energy of a compositiordly modulated
solid was given by Cahn (1961) [ 20]. He considered a threedimensiona isotropic soli
with no longrange dastic stran fields. Furthermore, there were no dsocations (e.g. no
sinks and sources of defects and/or vehicle of stressrelaxations) in the sample. Moreover,
coherency grains will arise duing dffusion if the molar volume is a function of
composition. Taking int  account only smadl compostion variations, he obtained for the
free energy of thesystem

2 O
E(c—co)zéqjx, (1.45)

TR

where n = (1/a)(da/dc), a is the lattice parameter, E and v the Young s moduus and the
Poisson' s ratio, and ¢ the average atomic fractionof one of the two comporents. From this
expresson, following a similar procedue asin 1.1.3.3a), it is pessible to daermine the

amplification factor:

_ 2 2
R=-DR+ 2N 2TE H. (1.46)
fy  foll-v)

Stubsequently, Cahn (1962) [21] extended his continuum mald to the case of cubic
crystals in which the dastic deformation is anisotropic. He showed that in this case t he
amplificationfactor is:

— 2Kh2 2’72
R=-DH+ £ +?Y<uvw> %’2’ (1.47)
0 0
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where the moduus Y<uwe IS the function of the wave vector of the compostion
moduation. In an isotropic maerial, the value of Y<uws is equal to E/(1-v) [see equation
(1.46)].

As was mentioned i 1.1.3.3, the continuun model became imprecise when the
wavelength of the compostion moduation and the interatomic dstances are comparable.
Conseqtently, we have to use a dscrete model. Cook and de Fontaine (1969,1971) [28,29]
used the microscopic theory of elasticity formulated by Born and Huang (19549 to deive
the dastic free energy. In contrast to the continuum nodel, it was found that the excess
free enegy, in the case of a harmonic composition modulation, dgoends not only on the
direction, but also on the magnitude of the wave vector of the moduation. Therefore,
Y<uww has to be regacd in the equation (1.47) by a wavelength dgpendent effective
modulus M<uywws

On the basis of the above resuts, Spegpen (1996) [30] showed that if stress develops
during the diffugon itself the process can be characterised by an effective coefficient. For
example for anided system (k = 0):

mZEH/%

+ .48
fo”(l v (1.48)

w))
OO

where A is the initial amplitude of the wave. Asthe expression shows, 5eﬁ depends on the

time [A = A(t)] and it decays gradudly withtime. It becomes zero when theincrease of the
stress energy can stop the dffuson. At this time, A/A; reaches its termina value:
[1 +fy" (1-V)/2n°E]™ . Therefore, the expression (1.48) shows clearly that this model does
nat contain the relaxation of stress.

b) Sephensorismocd

Stephenson pesented a gened theory of dress and deformation effects duing
interdiffuson which uwnifies the analysis of the Kirkenddl effect by Darken, and the
treatment of the interaction between stress and deformation proposed by Cahn et
al.[20,31,32,33,34].

The idea, which will be pesented here, is based rather on the work of Daruka et al.
(19969 [35] thanthat of Stephenson (1988)[10Q].

Material transport

According to the classcal treatment of Darken, the ntinuity equation for componen i
inthe fixedlabaratory frameof referenceiis:

6(;? +div (ji +pi\7)=0 (1.49

Where p; is the volume cersity, V the Kirkendall velocity due to convective trangport and
j. theflux inthe lattice frame The substantial derivate, Dp/Dt gives the rate of change of

0 seen at the actual (moving) lattice point and can be exressal by partial derivatives as:

Dp _0p _ .
—L =—L +\yradp,. .50
Dt at vgradp, (1.50)
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From equations (1.49) and (1.50), one can eadly obtain:
%+divfi + p.divv =0. (1.51)

According to Stephenson [10], in the case of isotropic stress field, the diffusion potentia
(generalized chemicd potential) is the sum of the chemical potential in an unstressed
system (1~ ) and the poducd p$;, where p and Q are the pressure and the atomic volume,
respectivey:
= 1T+ pQ;. (1.52
Note that the equation (1.52) is apgicable only in the case when the number and

efficiency of sources and snks are high enoughto establish the local equilibrium of the
defects at any time (local equilibrium hypothess). Thus the expressions of the fluxes are

given by:
J. =M o0 +0,p). (.59
where M; isthe mobility. Formdly, the flux can bea so written in the following way:

Ti = _Di gradpi - Li pigradp’ =12 (1.54)

where D; is the intrinsic diffusion coefficient and L; the cross coefficient. The relation
between the thermodynamic factor (®) and the chemicd potentia is:

RTOOc = e = {1-c¢)dws', (1.55)

where ¢c= pi/p (1-c=p/p) and p=1Q the average dbnsity of the solid solution.
Comparing equetions (1.53) and (1.55) and using the Vegard-law:

Qp, +Q,p, =1, (1.56)
oneobtainsarelation between the mohli ty and the intrinsic dffusion coefficient
D, =M,RTO/pQ, , (1.57)

where R is the molar gas constant and T the absolute temperature. Moreover, from the
equations (1.54), (1.53) and (1.57):

L, =M,Q,=D,0Q,Q,/RTO. (1.58)

Strains and stresses

The total strain tensor is taken to be the sum of éastic, plastic and stress -free stran
tensors[10], that is:
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T _ E p SF
& =& & g, (1.59

the stressfree stran is rdated to the volume transport and we will suppse that this
deformation is isotropic, i.e. on the length scdes of interest there is a anse, isotropic
distribution of sources and sinks of lattice Stes. The rate of the stressfree dsformation can
be gven by the expression:

De* __1
Dt 3

(Qdiv], +Q,divT,), (1.60)

where e¥=trace(™/3) [10].

If the stress abveloped it can rdax by creep. The resultant macroscopic deformation
relaxes the stress levd without danging the total volume. Consequently, one can use the
simple viscous cregp model (Newtonian flow; see dso equation(24) in[ 10]):

De’
5t =30, -0,6,13) (1.61)

where 1 isthe shear viscosty.

The stress rdlaxation can dso take dace by dislocation gliding mechanism, if the stress
exceedsthecritical shear dress level. Using the Trescdlow model, this effect can betaken
into account introducing a cu-off stress leve; the value of the shear stress cannot exceed
thislevel.

The internal stress canaso be related to the dastic deformation. According to Hook’s
law:

_ E _ E E
o, _—(1+V)(1_2V)[(1 WEE +vels, ) (1.623)
or
& =é[(1+v)oij -vo, 9, | (1.62b)

where E and v are the Y oung moduus and the Poissonratio.
It isworth mentioning thet thereisarelation betweenVv andthe strainrate:

divv, (1.63)

1
Dt 3

where e'=trace(e'/3) and €"=0. Moreover, for isotropic cae equation (1.62b) has the
following form:

1-2v
ef=—"2 .64
c P (1.64)

and
divv = -(Q,div ], +deivL)—3(1_T 2”)%. (1.65)
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Thus, from equations (1.51) and (1.65), the continuity equation can be written into the
form:

Dp,
Dt

. . 31-2v)D
:Qz(pldlvjz_pzdlvjl)-'-pl%?[t)a

(1.66)
where the Vegard-law wasusel [equation (1.56)].

The stress dstribution willbe governed by the condtion of local mechanica
equlibrium [10]

divo =0, (1.67)

and by nonlocal bowndary condtions and condraints. The final form of the coupled
equations of sysem and thus ther solutions can be different for different boundary
condtions.

For example Stephenson (1993) [36], in the case of an amorphots, isotropic, one-
dimensiond sys m, obtained the following equdions:

Dp__ 2E 02, .y, 3 O
Dt 9(1_V)§(Qﬂji)+4np% 169
Dv:—Z(QiDji)—@%, (1.69)
Dc__l [P Y —
o p(l c)j, ~c0j, . (1.70)

Notethat, considering that c=p1/p , equations (1.66) and (1.70) are equivdent ard:

Dc_1Dp,_p, Dp. 071
Dt p Dt p° Dt

Equetions (1.70) and (1.68) determine the evolution of concentration and pressure in the
function of time. Since the system of equetionsis strongy coupled and cortains nonlinear
terms, it is impossble to solve it andyticdly. It can be solved only numericdly.
Linearizing the equations, the andytical solution is possble [10].

[.1.3.5 NONLINEAR EFFECTS

In the previous maragraphs linearized equetions were weal to desaibe the dffuson
phenomena. In thi case, the Fourier components of a concentration profile evolve
independently in time and there can be charaderized by the amplificaton facor R. It
implies that the paameers M, fo” , k and the paameers characterizing the stress effec n,
Y<uw are independent of the concentration. It is evident that these assumptions are not
justified in the case of composition moduations with large ampitudes (there exist during
spnocal decompasition or at the beginning of the heat treatment of artificial mutila ers).
Thus nonlinear analysis is necessary. Let us congder an initidly hamogeneaus spinocHl
system. The begnning of the reaction can be written satisfactorily by a linear analysis
putting the average concentration in the parameters. If we keep this aver age value to
describe the continuation of the phenomena, we will have an exponentid growth of the
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fluctuations. In redlity, they dow down in time, principally becawse the paameer fyo” is
nat constant, espedally when we approach the total decomposition.

a) Corcentration dependentfo”

The first possbility to solve the poblem can be to consider a concentration dgpendent
fo” .

One of the earliest treetment of nanlinear diffusion in compostionally moduated
materials was given by Hillert (1956 1961) [ 16,18]. He asumed a system with
composition madulaions in one dmenson in which he calculated the free energy from a
reguar solid solution madd considering only nearest -neighbour interactions, and no
restrictive assumptions were made abou fp” . He ignored, however, the drain effects as
well as M/c(1-c) and k were takento be constant. He damorstrated that the growth slowed
down as equli brium compositions were approached ard that “stationary states’ would be
reached a infinite time. He also showed that the stationary sates are the minimum energ
configurations for a gven moduaton wavelength. Huctuaions of large wavelength
exhibited an gopreciable anount of “squarng” during growth, and in the resuting
stationary gates the composition profiles were not harmonic.

Tsakalakos (1977) [37] derived andytical expressons describing the stationary states,
which are in excdlent agreement with Hill ert’s numerical solutions.

Cahn (1961) [ 20] consdered malulations only of a single wavelength in <100~
directions in a three-dimensiona sysem. Solving the nonlinear diffusion equation, he
showed that after the initial stages, harmorics of the origind wavelength appea and the
oddharmonics cause squaring of the moduation.

The coarsening demonstrated by Hillert is relevant for one-dimensiona compasiti
moduations suwch as are found in artificialy moduated structures. Because of the
asumption of a single initial wavelength, the Cahn’s gproach may aso be appopriate
only for these cases.

b) Corcentration dependent mobility/diffusion coefficient

The second pasibility to solve the poblem can be to consder a concentration
dependent mohility/ diffusion coeff icient.
De Fontaine (1967 [38] studied the evolution of a one-dimensiona modulated sysem

The gladient energy teem kK was asaumed to be zero and the interdiffusvity D was a
guadatic function of compasition. Figure 1.5 shows the evolution of the firs three Fourier
components ofan A -Au-layered structure. The first Fourier component decays dmos
exponentially; the effect of the nonlinearity on this component is small. The second and
third Fourier components, however, are strondy affected by nonlinearity. The most
striking featureis the emergence of the second component, whichisnot present at al inthe
original rectanguar pofile. This reflects the developing asymmetry in the compostion
profile, dueto the faster diffusion in the Au-rich than in the Ag-rich regon. Tsakalakos
[37] has given an agpproximate anaytical solution to the nonlinear diffusion equation,
whichisin good agreement with de Fontain’s rumerical results.

Later on (1992) Menon and de Fontaine [ 39], from numericd solutions of the
diffusion equdion for a quedratic concentration dependence of the dffuson wefficient,
postulated the following conjecture: ‘... the nth amplitude of the Fourier spectrum of the
solution of the dffusion equation with nonlinear diffusvity changes its sign (n-1) times
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before decaying exponentialy with time.” This behaviour can be seen n Figure |.6. for Ag-
50at%Au system.

De Fontaine [38] and Hilliard (1970 [40] have taken into account the cmpostion
dependence of both paameers. They used the parameters for the Al -Zn system. They
described the variation of the free energy with compostion by afourth-degee mlynomid
The interdiffusion coefficient was described by a quadratic function of composition. The
resuts for asymmetric dloy Al-22.5at%Zn obtained by numeical solution of the nonli near
diffuson equdion are shown in Figure 1.7. This shows the development of a regular
structure followed by coarsening.

The higher-order terms in the expression of the free energy of a nonhomogeneous

solution lead to deviations in the wavelngth -dependence of the interdiffuav ty 5,\ , @ given
by equations (1.32), (1.45) and (1.47) [41]].
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Figure 1.5 First three Fourier components of anAg-Au-layered structure. [38]
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Figure 1.6 (a) Logarithm of the normalized intengties vs. time (the first four order) for the Ag-50at%Au
system. (b) The first six harmonics vs. time. [ 1o and Ay are the initid first order intensity and
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.2 SURFACE SEGREGATION

.21 Thermodynamical agoects

In a binary aloy, the concentration close to the suface an be dfferent from its buk
value. This plenomenon is cdled suface segegation. Although it was treated already &
the erd of the nineteenth century by JW. Gibbs[42], a sophisticated statistica
thermodinamicad treatment can be very difficult, and many experimental and theoretica
aspects of theproblem are till actively studiedin theliterature [43].

Theoreticdly, the seagregation must affect the poperties of several atomic planes.
Nevertheless, themostusad odel, sinceit is the simfdest, is the monolayer one[ 44]. The
suface is dfined as a two-dimensional homogeneous phrase of the same structure & the
volume The equlibrium of suface sgregation in an AB binary system corresponds to the
following relation:

A'+B° <« A’+BY,

where the superscripts sand v correspondto the sufaceand vdume, respectively.
Determining the chemicd potentials of A (ux) and B (us) atoms bath in the surface
layer and in the volume and usng that chemical potentials are eq ua in the suface layer

andinthevolume( u; — Ug = Uy — Ug), One obtainsthe well -known relation:

Ca Cpr 0 AH O

1-c; 1-c, P RTH (.72

c (i=s, v) are the suface and vdume atomic fractions of A and B atoms and AH is the
segegation energ . Formally, the expression o AH can bedivided into three parts:

AH = AH,, + AH

tens chem

+AH size* (|73)

The first term represents the effect of surface tension (AHiens) [ 42], which tends to
segegate the dement having the smdler surface tension, the second one corresponds to the
chemica effect (AHchem) [42], which takes into consderation the nature and the number of
interactions between atoms at the surface and the last one (AHsz) takes into account the
elastic energy of rdaxation[45, 46].

Sometimes, the size eff ect is negligible as compared to the two other terms. However,
if the sign of these two terms are differen t, they can compensate each other and the ske
effect canbedominant

Of course, the concept mentioned above cannot be applied in al cases. For example, if
the segregation expends mare than one surface layer, a multilayer model can be wseal (with
different approaches for the energy temsin (1.73), see e.g. estimates based on pair

interactions [47,48,49] or, in trangtion and ndole metal alloys, on the electronic sructure:
Tight Binding Isng Model [50]).
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.2.2 Kinetic agects

In practice, the deéermination of segregation datais dfficult snce the equili brium
distribution of compasition has to be reached.

Application of the “loca equlibrium” hypotheds [51,52] permits, however, to obtain
these dda from kinetic studies. During the segreg ation process, two phenomena have to be
taken into acoount: exchangeof atomsclose to the surface and the volume diff usion.

Most of the models describing the kinetics of surface segegation ( e.g. [563,54]) are
based on the simplified concept that only the surface (terminal, first) layer is dstinct fro
the volume (morolayer model). A multilayer approach is far mare appopriate than the
monolayer one. The sarting point can be the Ising model with nearest neghbour
interactions and the Bragg-Williams approximation [55], and e.g. Cserhati et al. apgied
Martin's model [see1.1.3.3b)] to caculate the kinetics of suface sgregation in ordered
aloys[26].

[.2.2.1 APPLICATION OF THE MARTIN MODE

Since Martin have nat written explicitly the expresson of the chemicd potentials and
diffusion activation barriersfor the termind layers, Cserhati et al. [26] gaveit (i = 1):

vl P C
-—— + +c, -2 In—— = .74
KT %Cl ZV[QV © q% 1-¢ H (1749
where P = (Vaa-Veg)/2 + V (for the N-th plane, a similar relation can be created) and

E.,= E° _[Zv(cl +C3)+ ZICZ] (VAB _VBB)

: 1.7

+ [Zvcz *t2Z Cl] (VAB _VAA)_ ZVgg — (Z| + Zv)‘/AB (79
For the plane i =N, similar expressons can be written. As input parameters in [26] pai
interaction energies were ugd, but of course, in the literature, there are other models for
more gopropriate description of the energetics taking into accoun e.g. structural relaxation,
size effect, electronic structure, etc. (embeddedatom [56], Kinetic Tight Binding Ising
Model 57]).

.3 GRAIN-BOUNDARY DIFFUSION

Up to this pant, we treated only morocrystali ne or amorphous materials. In these
systems, the materia transport occurs by volume diffuson only. Whereas, in
polycrystaline materias, grain bowndanes are, genedly, dffuson ot circuits,
consequently, the mgor part of maerial transports occurs by grain-boundary diff usion.
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[.3.1 Fisher' smodd

Diffusion sour ce
x=0 >y

Figure 1.8 lllustration of Fisher's model

As it can be seen n Figure 1.8, grain boundaries, with thickness o are pependicular t
the suface where the dffuson sourceis deposited are considered as an isotropic medum,
semi-infinite, unform characterized by a higher dffusivity as compared to the buk
[58,59]. With these assumptions, and considering the case, when there is a so dffusoninto
the gains (type B-regme), the Fisher model is based on the following satements:

1. Volume ard gran-boundary diffusion coefficients (Dy and Dy) are isotropic,
concentration, position and time indeperdert.

2. The concentration and the flux are continuous at the boundary/volum
interface.

3. The g -boundary thickness is so small that the concentration variation in the
bouwndary isnegligiblein the y direction.

Then

dc, _, 9%, , 2D, ac, | (1.76)

o a5 oy,
Y=

where ¢, and ¢, are the concentrations of the dffusing species in the kulk and in the
bouwndary, respedively, and t the time.

One can find severa sdutions of equations (1.76) in the literature. For example
Swuoka [60,61] gave the solution for the case of a thin -film source. Whipple's solution
[62] apdies when the suface concentration is maintained constant on the suface of the
sample. Le Claire formulated a smple relationship between dDy, Dy, t and the dope of the
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experimental penetration curve (8IncT/dx®® , where T is the value of the concentration in

the yz plane) [ 58,7]. These expression are wed in general, for the interpretation of
experimental penetration curves. Plotting the logarithm of the concentration versus x%°, at

penetrations larger than 5,/D,t, a straight line is obtained, the slope of which can be wsed

for evaluation of dD,.

However, the solutions of equaions (1.76) concern only diffuson in bicrystals. Levine
and MacCallum treated the case of grainbowndary sdf-diffuson for polycrystas in the
most general way [63]. They considered that the crystal contains randomly oriented grai
boundaries and that the grain size dstribution is also random. Suppasing that concentrati
gradents are uriqudy oriented dong the gain boundaries it is possible to show that Le
Claire's equations can be wsed provided that the mean inclination of boundaries is taken
into account. There ore, these equations give the basis of the mahemaica analysis of
grain-boundary diffusionin polycrystds.

1.3.2 Diffuson regmesin polycrystals

Bulk materias are, generally, polycrystaline. In polycrystas, three dffuson regimes
are dstingushedby Harrison [64] : type A, B and C regmes(Figure 1.9).

Regime A

I L

(0.5
—~N—FYY N ~_— —~_}— ~_—
(Dyt)¥3 q

A

(D>

Regime B {
15—\ /\\ /\
A 4 | | | - |
(Dbt)lli
RegimeC (D,t)¥2~0

(Dbt) 1/4

Figure 1.9 Schematic illustration of Harrison's diffusion regines

Redme A : If the diffuson annealing time is suficiently long and/or the gairboundary
szed is amdl (+/Dt>>d), the diffugon fidds related to the dffusion into the gains are
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nat isolated from each other. Macrosaopically, the crysta behaves like a homogeneous
medum, characterised by one effective dffusion coefficient De. This effective dffusion
coefficient can be related to volume and grain-boundary diff usivities by the fracti  f of
the atomic dtesin grain bowndaries. Degi=fDp+(1-f)Dy.

Redme B : In this case the dfferent grains are isolated from each other with a non
nedigible contribution of volume dffuson from the surface and from the boundaries. This
regmewas arealy treated inl.3.1.

Redme C: If 1<<k,&/2(D\t)*?, the diffus  process takes dace only in grain boundaries,
since the drect volume diffuson contribution and lateral leakage from grain boundaries
are nedigible. Therefore, the processis characterized by one dff usion coefficient (Dy) ina
homogeneous medium. The a dvantage of this regme is that the gai -boundary diff usion
coefficient can drectly be measured withou any supmsition onthe grain-boundary width.
However, it is ganerally extremdy difficult to attain the necessary experimental condtions
using the tracer tedhnique BY].

1.3.3 Hwang-Balluffi model

Hwarg et al. [66] analysed the pooblem of diffusion in an array of uniformly
spaced paralel grain bourdariesin a thin-film system under the conditiors of C kingtics. In
this regme, volume dffusion is essentially frozen out so that the material trangport takes
place only within the gain bourdaries without arny leskage into the adjoining grains. The
geometry and the natations of the thin-film system analyzed are illustrated in Figure 1.10.

Hwang and Balluffi developed a mathematical andysis for interpretation of the
accumulation kinetics measurements. They assumed that the aomsarriving from the gain
bowndarnesspreadout on the surface.

They determined a relation, which links the gain-boundary diffusion coefficient Dy
with the average concentration cs of the accumulation surface. This Hwang -Ball uffi
relation is given by:

(k" /K ),/ ¢, =1-expl- wt'), (1.77)
w= 3D/ 5.k (1.78)

Here A is the gai -boundary dersity (e.g. for a pdycrysal having cubic grains with  d,
A =2/d). Moreover, K is the segegation coefficient at the accumulation surface/grain -
boundary interface and k” the segegation coefficient at the gai -boundary/source
interface. They are dfined by the proportionscy/cy, and c,/Co, respectively. We note that the
form given here is not exactly that written in [ 66], but its a little bit generaised version
[58,67]. Thet’ quantity isa“correded time” of theform:

t=t-t,, (1.79)

where tp is a constant, taking into account that a transiert phenomenon occurs in  eac
diffuson measuement before a quas-stead -state is reached andt is the red time. The
Hwang-Balluffi equation can be gpplied wnder the following condtions: i) a quas-stea -
state giai -boundary diffusion current to the accumuation suface has been established i)
the suface dffusion rate is sufficiently rapid so that the segregated atoms are wiformly
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distributed laterally in the suface region; iii) a constant concentration of diffusing source
atomsis maintainedin the g-ain-boundary/source interface.

Surfaced’ accumulation : ¢, 5,

— O [-—

o k" .
Source dediffusion: ¢, Entrée

Figure 1.10 Geometry of the thin film system used in the HwangBalluffi method
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Chapter I

SYSTEMSAND TECHNIQUES

[1.1 SYSTEMS

In this chaper, we present the sysems studied experimentally, the techniques gpplied
and the methods used for fabrication of m ultilayers and thin films.

[1.1.1 Si-Gesystem

The Ge-Si phase diggram is shown i  Figure Il.1 [1]. There is a comdete nmutua
solubility in this system. The nutual dffuson coefficients (Si in Ge and vice versa) are
strongy influenced by the chemical compasition of the alloy. Moreover, it is possble to
prepare samples in amorphous gate.

Weight Percent Silicon

0 10 20 30 40 50 60 70 80 90 100
Jrvrvvrv-rlvvvvv|vvv]'vlv| TTT ||vrvvvvvl¥|vryy YYYT'VII T T T T =T T T T | AR
1 1414°C
1400 L
1300 L
1200 L
(Ge,Si)
1100 -
1000 C
19383°C
900 ~rrrrrrrrr SN S P S S NN_————-- S — e
0 10 20 30 40 50 60 70 80 90 100
Ge Atomic Percent Silicon Si

Figuell.1 Ge-Si phasediagram [1]
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11.1.2 Cu-Ni system

The CuNi phase di gram is shown in Figue 11.2 [1]. There is a comgdete mutua
solubility in this system. Both dements form a BCC dructure. The nmutud diff usion
coefficients (Cu in Ni ans vice versa) are strondy influenced by the chemical compostion
of the dloy, egecidly a low temperatures. According to certain authors LL,2], there exist,
however, a miscibility gap a lower tempeatures than we worked.

Weight Percent Nickel

0 10 20 30 40 50 60 70 80 90 100
1600 - S e e Crhe

1455°C
1400 1 L -
1200 3
1084.87°C}

1000 - 2

(Cu,Ni) ;
800 -] 3

Temperature °C

600 F
400

2004

Cu Atomic Percent Nickel Ni
Figurel.2 Cu-Ni phase diagram[1]

1.1.3 Ag-Cu system

The Ag-Cu phase diggram isshown i Figure 1.3 [1]. There is a miscibility gapin this
system. Both elements form a FCC structure.
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Weight Percent Copper

0 10 20 30 40 50 60 70 80 90 100
1200 v e R A RAaRmsas e e AAARS: e e e e _

1000 L -

1961.93°C _
] cu)f
800 780°C -

o
Temperature C
>
8 g
PSS B U S G U S I S A S S 'Y
>
&
LA T

200 ................. SN — Pt N S

Ag Atomic Percent Copper Cu

FigueI.3 Ag-Cu phase diagram [1]

[1.2 SAMPLE PREPARATION AND HEAT TREATMENTS

Ouwr samples were prepared by magnetron sputtering (Si -Ge and Cu-Ag) except for the
Cu-Ni which were evaporated in-situ under ultra high vacuum

Sputer depasition is a rapid, fairly inexpersive pocess, which produces cers films,
often with nearbulk qualities. In the sputering process a gasma dscharge is maintained
above the targes, which are sputtered orto SiO, substrate by Ar" ion bombardment
(P = 7x10°mbar). Our S -Ge multilayers (5-120 nm) and Cu (21 nm)-Ag (12 nm) thin film
samples were prepaed from demental targets. Thicknesses are measured by a  quartz
crystal monitor. Figure 11.4 shows the sputteing sysem designed and built in our
laboratory (Depatment of Solid States Phydcs, University of Debrecen) [ 3]. This syste
can be wsdal for depogtion of various meals, semi conductors, multilayered structures and
aloys. The deosition chamber (of 400 mm dianeter and 300 mm kight) is connected to
an ultra-high vacuum system pumped by a dffuson pump.Pressure of 1-5x107 mbar is
routinely obtained with liquid nitrogen trap. The sputering chamber contains two
magnetrons with shutters, instrumentation feedthroughs, viewing pat, quartz crysal
monitor, associated electric leads gas management, ferrofluidics rotary feedthroughs and
vaauum gauges. The magnetrons are two identicd commercially available 5 cm dameter
planar sources. They are postioned in the bottom plate of the stainless-sted vacuu
chamber. The preumdically driven substrate hdder equippeal with an option of hegting the
stbstrates duing the mation is daced on the top plae of the sputteing chamber. To
produce mutilayers the substrates are trandated between the beams from the sources and
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the motion of substrate hoder and the shutters of magnerons is synchronised and
controlled by compute. This system makes it possble to cortrol the dgaosition time for
each layer with 0.1 s. In order to decrease the interfacial intermixing between the layers, a
delay of 1s between the closing of one shutter and the qoening of the other onre is
employed

quadrupole mass
spectrometer

l ferrofluidics rotary
1 feedthrough

quartz monitor
YA
| o— ﬂ —] S— )

Juup substrate
4
LLTJ S AN /

l}‘_jl_l =)

1 J
T e T _
— [LJ ]

w g
J-I-l ﬁ%’
) o magnetrons

vacuum system l-- gas management -

Figure 11.4 Scheme of the magnetron sputtering equipment.

The characteristics of S -Ge multilayers pepared for RBS and Auger analysis are a
little bit different. In the first case the moduation lengths are between 10and 40nm and
the total thickness is chamged between 55 et 220 nm. For the second technique the
moduation length are between 10 et 20nm and the tota thicknessis changed between 60
and 120nm. In both cases the thickness of the S and Ge layers is practically equvalent.

The dsructure of the multilayers (amorphouws for Si -Ge) and the thin films was
controlled by transmission electron microscopy (Jeol 2000 FX -I1). Inthe case of the Cu-Ag
system the gain size of the Cu film, determined before and after hea treatment, was abou
20nm.

The Si-Ge multilayers were heat treated in high puity argon atmosphere 9999%%) a
683K (RBS experiment) and 680K (Auger experiment), i.e. bellow the re-crystalli sation
temperatures of Ge (700K) and Si (900K) [4]. The temperature was measured by a NiCr-
Ni thermocoupe.

Nickel dissolution into monocrygaline Cu(111) as wellas slver grai  -boundary
diffusion in nancstructured Cu were studied i -ditu in high vacuum in the traditional Auger
equpment.

A Cu(11]) singe crysta was cleaned in-situ prior to any nickel deposition by repeated
cycles of argon ion bombardment and thermal annealing at 400°C urtil no impurity could
be deected The Ni/Cu (111) sample was prepaed i -Situ by vapour deposition of Ni onto
the Cu(11l) substrate by heating a nickd wire. LEED observations were peformed t
confirm that epitaxial Ni layers depodted onto Cu(111) and the cdibration of the as -
deposited nickel quantities (3, 6, 14eq-ML) was carried out in the same way as described
in[5].
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1.3 ANALYTICAL TECHNIQUES
11.3.1 Small Angle X-Ray Diffraction

[1.3.1. GENERAL DESCRIPTION OF THE METHOD

X-ray diffractometry is a pwerful, widely used technique for characterisation o
multilayers. It is non-destructive and provides structurd information on atomic scale. The
X-ray diffraction paterns are commonly divided into smdl angle (  <15°) and high angle
(=15°) regions. At small angle the length scde is geater than the lattice spadang of the
condtituent layers, so the scattering of X -ray can be consdered as aising fr om the
chemica moduation of the structure ard is practicaly independent of the particular atomic
structure (and that is why amorphous nultilayers can also be characterised with the help o
this technique). A good qudity of mutilayer with a modulationlength of A can povide
many orders of intense and sharp Braggreflections at positions cescribed by the modified
Bragg-formula[6]:

Ona O
sin? @ = %D +23, (I1.2)
AQ

where O is the angle of the peak postion, n is the order of reflection, A is the radation
wavelength, and 19 is the real part of the average index of reflection of the superlattice.
By fitting a straight line to the i@ versus n? function the A and the index of reflection of
the superlattice can be determined The intensity of the small angle Bragg-pe&ksis strondy
influenced by the shampness of the interface. This behaviour can be uwed to contro
interdiffusion in multilayers.

11.3.2 Auger Electron Spectroscopy

In the following paragaph the Auger effect is summaised briefly (a cdetaled
description of thetechniqueis givenin reference [7]) and the used goparatusis described.

[1.3.2. GENERAL DESCRIPTION OF THE METHOD

The sample is irradiated by afocused monoenergetic dectron beam(1-10keV) (Figure
I1.5). These dectrons wndertake several types of perturbations. In eastic collisons the
incident electrons urdertake an anguar deflection but conserve their initial energy
Individual inelastic collisions cause the ionisation of at oms. The incident electron looses an
energy of AE, which is higher than that of the eectronleve E; with which it interacted.
The amount of energy (AE- E;) is communicated with a reemitted secondary dectron. In
collective indastic collisions an incident eectron trangmits a @t of the energy to the
electron ga& of metals. The Auger effect is the resut of the following process. after
ionisation the hde of the internal leved (E;) is filled in by an dectron of a more externa
level (E2). Two relaxation mades are possible: i) emission of an X photon with an energy
hv=E;-E; or ii) atransfer of this energy to an electron of a more externd levd (Es), which
is reemitted. Therefore, the knetic energy of an Auger dectron is characteristic of three
electron levels of the dement. E=E;-E,-E3 and it makes pasible to identify the emitting
atom [8]. The Auger spectroscopy is a surface anadysis technique, since most of the Auger
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trangitions are in between 40and 1000eV: the mean free p@th of theses electrons varies
from 2 to 10monoatomic layers|[ 9].

Auger Electron

Primary ~ Seconday Phdon E=E-E,E
_ 1 3
electron  electron  v=E-E, level of the vacuum

\ R
\ \ o [ E|
N+

Bl

E,

()

Hole

Figure I1.5 Schematic illustration of the emission of Auger electron

[1.3.2. AUGER DEPTH PROFILING

This equpment was ugd to cetermine expearimentally the innterdiffuson profilesin he
Si-Ge multilayers. The piofiles were measured in the following condtions[10]: ion energ
0.8 keV; angle of incidence (with regect to the surface normal) 80°; the specimen was
rotated duing ion sputtaing. The sputtering rate of silicon and germanium using these
sputering condtions are the same [11] and thus the sputering time can be readily
transformed to sputer depth. For Auger analysis the following Auge pedks have been
recorded: Ge 52eV and Si 92eV. The smal Ge peak of 89 eV overlapswith the measured
Si pe& thus the later was correded b asauming that the alloying (mixing) of Ge and S
does nat influence the peak shapes. The concentration was caculated by comparing the
corrected S pek with that measured on pue slicon substrate; correction for
badkscattering was mede [ 11]. Because of the ion uttering induced alteraions, the
meadured depth profile is a digored version of the origind concentration dstribution. A
recently developed method was ugd to calculate the original concentration dstribution
from the measured depth profile [11,12]. In this method it is suppased that the mgority of
the ion-induced dteration is dueto ballistic mixing (which assumption is satisfied for this
case, 9nce the other importart distorting process the surface roughening results in less han
1 nm rms roughnes wng the earlier sputtering parameters [13]), which is poperly
described by TRIM smulation [12,14]. The method takes aso into account the intrinsic
interface roughness or waviness.

[1.3.2. TRADITIONA AUGER APPARATUS

This apparatus was usd for studying Ni dissolution into morocrystalli ne (111) cupper
and slver grai -bowndary diffusion in nanostructured cuppe films. The equipment
contains a conventiona UHV chamber (P<110° torr) equpped with a threegird LEED
optics, an ion g and a o/lindrical mirror andyser (CMA). The gun operated with an
electron beam of 2 keV and 6QUA. A 4eV moduation tenson was wsed to oltain the

52



Systems and Techniques

derivative spectrum dN(E)/dE. The sampe was fixed on a heater (carbon furnace
encgpulated in aboron nitride ceramic), which presents 5 degrees of freedom (X, Y, Z and
two rotationa movements). This heater is monitored by an Eurotherm regulaor (902P) and
the temperature controlled by a Pt-PtRh thermocouge fixed on the surface of the sampe.
In the present work the surface concentrations of slver and copper were montored by
following the behavior of the 356€eV silver Auger peak and the 60and 920eV copper
pe&ks as a function of annealing time. The pek heghts were obtaned by the wsual
procedure of measuring the dfference of intensity from the most negative point (fro
where the kiretic energy is m easured) to the most postive pint on each pe&k of the
derivative spectrum.

Before heat treatment, a survey spedrum of the samples was recorded to check he
cleanness o surface. Since oxygen and carbon contamination were observed
systematicdly, a rather low Ar® sputering (ions being accelerated to 2 keV with curren

densities of 70 uAcm’z) of the suface wasapplied.

In the case of the dudy of Ni dissolutioninto cupper, duing anneding of the sample,
Auger peak -to-ped& heights variations of Cu(920eV) and Ni(84&V) versus time were
recorded. The dssolution kiretics were measured a t different temperatures. 635721K.
There is an overlapping between the Ni(8482V) and Cu(84%V) Auger transitions, and thus
a smilar methodwas used than for the S -Ge system.

In the case of Cu-Ag system the suface concentrations of silver and copper we re
monitored by following the behaviour of the 356eV silver Auger pe&k and the 60and 920
€V copper peaks as a function of anneding time. The study of dlver gan -boundary
diffusion was madeat 393428K.
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NONLINEAR DIFFUSION

[11. VALIDITY OF THE CONTINUUM APPROXIMATION IN MULTILAYERS

As we have seen, the continuum modd becomes imprecise on atomic scales. For
example Cook et al. [1,2] showed that the continuum and direte approximations gve the
same resuts only if the wavelength of the modulai A is at least s x times longer than the
interatomic digance, d, in the direction of the dffusion ( A > 6d) [see paragraph 1.1.3.2].
Furthermore, in references [3,4] it was shown that in crystalline materials the continuumn
description bre&ks dwn for concentration fluctuaions with A < 10d, where A is the
wavelength of a sinusoidal concentration profile. Cahn [5] and Yamauchi and Hilli ard [6]
found the smilar range of validity of the continuum approach for intermixing o
multilayers. These corclusions, however, are obtained inlinear approximation, i.e.
asaming that the dffusion coefficient is independent of concentration. The treatment of
the effects of this type of nonlinearity is very complicaed even if one reglects the stress
effects [see paagraph 1.1.3.5]. As is written in paagraph 1.1.3.5, Tsakalakos [7,8] and
Menon and de Fontaine [9] tried to treat this poblem anaytically, or by solving the
continuum eudions numericdly consdering a concentration dependence no stronger
than a qualratic one in the dffuson coefficient, although even inidea solutions it can be
stronger and is better described by an exponentia dependence [ 10].

Inthis chapter [11,12,13], the pioblem of the stronger concentration dependence of the
diffusion coefficient is investigated in the frame of the continuum and dscrete models [see
1.1.3.4b) and 1.1.3.3b)].

[11.1.1 Theory

For the sake of smplicity, we will restrict ourselvesto the case of anided binary solid
solution (i.e. no gadient energy effects), athough both of the modds (continuum and
discrete) can take into account the gredient energy eff ect [see Appendix at the end of this
chaper]. Moreover, as the dicrete modd does nat contain the Kirekendal and stress
effects, the input parameters have to be chaosen in such a way that these eff ects not to be
intervened and thus the two models can be cmpared under the samecondtions.

[11.1.1. CONTINUUM MODE

First of all, it is necessary to include the composition dependence of the diffusion
coefficient in the continuum model. Congtructing the expresson of atomic flux [see 1.1.3.1
and 1.1.3.4b)], no redtriction has been made reated to the composition dependence of the
diffusion coefficient, therefore, we can assumethat it is exponential:

InD =mc+InD(0). (1.2

Here c is the atomic fraction of one of the two components, D(0) the diffuson coefficient
for c=0. Note that coefficient m can be large, because in the pue constituents the values
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of D can be condderably different [10]." Furthermore, the form of the activaion energies
in the Martin model [see 1.1.3.3b)] also suggest that equetion (lIl.1) gives a gad
description.

Since the dscrete model is nat able to describe the Kirkendall shift and the pressure
effects, we have to assume that both of the intrinsic diffusvities and the atomic volumes
are gqud to each other:

(I.2)

Therefore, there is no net trangport of volume i.e. the absolute values of the atomic fluxes
of thetwo components are equal to each other. Notetha under these condtions, the atomic
flux is gven by [see equation (111 .39)]:

ji ==D(c)aract/Q. (Il .3)

The input parameters in the calaulations are close to the Mo -V system. Thisis a nearly
ided system, and we asumed tha V =0. Thus, since the thermodynamic factor is wity
[@=1, seeequation (Il .47)], the intrinsc diffuson coefficients are iderticd to the tracer
diffusion coefficients [see eguation (1.19) (f = 1)]. There are no trace diffusion ceta in the
literature for either Mo or V diffusion as a function of the concentration in the Mo-V
system. Thus, fixing the two ends of equetion (I11.1), diffusion data for the V diffudon in
pure Mo and V were wsed [10]: Dy (c, = 0) = 9.8 x 10%® m?/s and Dy(c, = 1) = 1.8 x 10°°
mf/s a T=1053K. These values de¢ermine the experimental value of m in equation
(1'.1): mexp = 16.7, but as we will see latter, m can be wsed as a @rameter as well. Note
that the ratio of the impurity dffusion of V in Mo and Mo self diffusion coefficient a the
temperature for which our caculation was carried out is Dy (c, = 0)/ Dwo(cy = 0) =2 [1(].
Furthermore, the atomic volume of V was taken as Q (8.36x 10° m*mol) in the
cdculations.

A finite difference method was wsed to calculate the evolution of the concentration
distribution. We started from an initially square composition profile and the only spatial
coordinate axis (onedimension) was paralel to the drection of diffusion. Since the
composition profile is periodicd (multilayer) and symmeérical to the midde of the one of
the monolayers duing the pocess, it is enough to consider a helf -bilayer during the
numericd calaulations. A calaulation cycle can be dv ided onto two subsequent steps first
the atomic fluxes of each dement are calculated from the equaton (Il .3), then the new
concentration dstribution is obtained from the dfference form of (1.70), and using it, the
new value of the diffuson coefficient is caculated from equdi (1.1). In the aove
cdculations, the values of the compostions and dffusion coefficient are defined at the
midpoint of each dab, and accordin gly, grad ¢ is cdculated between two neghbouing
dabs, while in the expression of the atomic flux [equation (II1.3)], D is cdculated as the
arithmetic mean of the two values.

L In this way, the system of equations (1.68), (1.69), (1.70) and (I11.39) can be usd to calculate the time
evolution of the concentration dstribution taking into account all the effects mertioned (Kirkendall, stress,
gradent energy, concentration dependence of thediffusion coefficient).
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[11.1.1. DISCRETE MODE

A numericd method wes usal to solvethe set of couped dfference equations(l1.41) to
obtain the time deperderce of compasitions in dfferent layers. Since the compasiti
profile is peiodical and symmetrical like in the continuum case, we can use a Smilar haff -
bilayer system (congsting of N atomic planes). The boundary condtions were established
in the following way: at each cdculation cycle, the concentration in the atomic layers on
bath sides of the symmery plane were taken to be equal (e.g. cn = Cn+1) to each other. We
nate that the maduldion length A is deermined implictly by the lattice spacing d in the
direction of diffusion and N (A = 2Nd).

Since, as was mentioned, we want to compare the continuum and dscrete models, we
have to choose a condstent set of inpu parameters. It is easy to show that if V=0,
Eij+1 = E+1jand lj+1 = Ms1y =T Thus, for abcc or fcc structure [see equation (1.15)]:

r=D/d?. (1.4)

Furthermore, taking a bcc lattice with a (100 direction of diffuson, i.e. z,=4, z =0, we
have [seeequations(1.43) and (1.44)]:

M =vexp(- E/k,T)
=vexp(-Q/kgT) (11.5)
X exr{— 2(\/AA —VBB)(CH *+G G,y Gy )]

where Q = E° + 4(Vaa + 3Ves). According to equation (111 .1), for ¢ = 1:
m=In[D(1)/ D(0)] (I11.6)
and thus
D = D, exp(- Q, / ks T )exp(ma). (1.7)
Here Do and Qo are independent of concentration and, for example Qo corregondsto the

activation energy of V sdf-diffuson. Compaing equaions (I11.4), (ll1.5), (lll.6) and
(tm.7):

D, =vd?>, Q=Q, (1.8)
and

m= In[D(l)/ D(O)] = 2(VAA ~Vesg )(Ci—l +C +Cy +C4 Gy )/CkBT

(1.9)
= 8(VAA Vs )/ KgT
Thus al the inpu parameters for the dixrete modd are fixed. It isworth mentioning, that
equation (111 .9) corregpondsto the result which can be obtained for the linear concentration
dependence of activation energy from a continuum, mean field approximation in an idea
solid solution, i.e. equation (I11.9) establishes the condition that the concentrati
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dependence of the activation enegy shoud be identicd in the two modds if the
concentration digributionis homogeneous ( Ci.1 = G = Ci+1 = Ci+2 = C).

A cdculation cycle canbe dvided into two subsequent steps: first the activation barrier
and the jump frequency are calaulated from equations (1.43) and (1.44), then the new
configuration of the composition from equai  (1.41).

[11.1.1. CALCULATION OF INTENSTIESOF SMALL ANGLE X-RAY DIFFRACTION

In both cases, In(I/lg) vs. t curves for the different orders of the smdl angle X -ray
diffractions (SAXRD) were dways caculated from the c(x,t) distributions in the following
way (In is the nth order and Iy the initia height of the first order SAXRD peak). The
Fourier transform of the dectron density p was made to obtain the ampitude of the wave
scattered by the eledrons of the atoms of the specimen A(S) (scattering ampitude; 5 is

the scattering vector). For example, for amutilayer it isgiven by[ 14]:

Als) _sin(rsNA)
A sin(rsA)

exdri(N —1)s/\]} p(z)exp(- 2risz)dz, (I11.10)

where s is the component of S in the z direction (z is the direction of the modulation, i.e.
S«=5=0, ;= 9), N the number of hilayers composing the multilayer, A the moduation
length, Ae the scattering ampitude of an electron and i is the imagnary unity. The square
of this guantity vs. sgivesthenormaized (b Ae) small angle X-ray diffraction spectrum.

A multilayer can be conddered as a onedimensional supelattice with A lattice
parameter, and the basis is one bilayer. The absolute value of the reaproca-lattice vector
(g) of this superlattice is 1/A. Thus, sinces = n/A (according to the Bragg eguation), from
equation (111.10) the squere of the nth order normdized scattering amgitude, i.e. the nth
order normdizedintensity is:

o _y D AVALY) f

) I .11
" "BAGAt=0)F (119

[11.1.2 Results and Discussion

First, in order to chedk our calaulation pocedure, the pograms were run with a
concentration independent diffusion coefficient, i.e. with m=0. Figure 11l .1 shows that, as
expected, the curves obtained from the continuum as wel as dscrete model coincide with
each other for A > 8d (d = 0.3 nm).
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In 1/I,
&
I

-12 | |

time [s]

In 1/I,
&
I

-12 | | | | I =
0 10 20 30 40 50 60 70 80
time [s]

Figure 111.1 Comparison o the decay of the height of the first order X -ray peaks (a) for A=4 =1.2nm
and (b) for A=8 = 2.4nm for continuum (solid line) and discrete (dotted line) models when tie
diffusion coefficient is concentration independent. Note that in (b) the dopes of the two curves
differ by lessthan 5%.

For the simulation of the effect of the strong @mncentration dependence of D, the value
of m, and accordingly the value o

m =mloge (.12
was changed (O<sm' < 7.3, m' isintroduced in order to make the comparison easier with

experimental data usudly plotted onlog D vs. 1/T, or log D vs. ¢). Figure 1l .2 illustrates
the range of the input parametersfor D used in thecdculations.
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Figure 111.2 The assumed concentration dependencies of the diffusion coefficients in the calculatiors;
each straight line corresponds to a giverm or m' value [seeequations(l11.1) and (111.12)]

Figure 111.3 contains the concentration dstributions at different times for the dscrete
and continuum malds as well, when D strongy deperds on the concentration, i.e.
m' = 7.3. There arefiveman interesting feaures of the curves:

(i)

(i)
(iii

(iv)
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In both cases, die to the fast diffusion in vanadum, there is a fast homogenisati
on the vanadium sde; here the concentration profileis pradicdly flat at each time
and only the amplitude of the compostionmoduation decreasesgradualy.

There is a shift of the boundary between the pue Mo and the V(Mo) all oy towards
the Mo side. The boundary remainssharp dthoughitsheight gradwally decreases.
The shape of the bowndary is dfferent in the two modés: in the continuum nodel
(Figure 111 .3b) it remains almost as sharp asit was at the beginning (the small sharp
bregk onthe airves at thefirst three times can be an artefact of the finite dfference
cdculation). On the other hand in the dicrete modd alayer -by-layer dissolution of
Mo can be observed (Figure 111.3a). For example on the curve a t = 5x10° s the
sharp bre& ill ustrates that from the origind (atomic flat) interface the first aomic
layer patially dissolved This disolution continues wtil dmost the whade layer
dissolves (see the curve at the nexitime), and the disolution of the new layer start
(curve a t = 4x10% ). The “interface” can be also two or three atomic layers hick:
the disolution of the next layer can start before the previous one has been finished
(cuves a t=7.5x10" and t=2.5x105s). Thisplae -by-plane disolution
mechanism is dso reflected in Figure 1l .4, where the concentrations in different
lattice panes are pldted as a function of time. This layer -by-layer dissolution
behaviour is aso reflec ed on the curve shown i Figure Il .5, where, in order to
emphasise the eff ect of above layer-by-layer dissolution, the derivative of the In 1/l
vs. t function is also potted. It can be seen that around points where a new atomic
layer starts to dissolve there is a small enhancement in the hamogenisation piocess.
The minima (indicated by arrows) shown in Figure 1l .5b corregpond to the
moment when the concentration piofile changes its shape from corvex to concave
one (on the Mo side). The lag wide mnimum (na indicaed by arrow) indicates
the begnning of theacceleration dueto the corsumption of theMo layer

When the boundary (its height is dill abou 0.4 -0.5) reaches the centre of the Mo
layer the homogenisation process siddenly considerably accelerates because of the
consumptionof the Mo layer (which has a very low diffusivity and thus serves as a
diffusion barrier) in bath models. It can be seenm Figure Il .6 that there isindeed
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an acceleration of the process and the dope of the h 1/lp vs. t function visibly
increases. Obvioudy the keginning of this effectis A dependent. Note that in this
plots the small effects illustrated in Figure 111 .5 cannot be seen. Thus while the
sudaen acceleration caused by the elimination of the lagt dab of the slow diffusing
component is large enoudh to be experimentally well detected, probably the
detection of effect of thelayer by layer dissdutionwill bea nore delicate problem.

(v) Althoudh in the case showni Figure lll .6a A = 16d, there is a ddinite diff erence
between the rates of the processesin the two models: the continuum nodd gives a
faster homagenisation. Thisis dso ill ustr ated in Figure |1l .6b, where it can be seen
that the validity limit of the continuum model is shifted by about ore order of
magiitude as compared to the case of the concentration independent (linear)
problem. Figure 1l1.7 summarises the resuts of our cdculations carried out for
different m'" vaues by giving the values of the critica /. (above which the
continuum mald is valid) as the function of the exporent m' = mlge. It can be
seen that for the range covered here, the validity limit of the continuum model is
shifted by abou one order of magnitude. This means that for moduation lengths
typicd in experimentsfor e.g. in Mo-V system, the cortinuum appoach canna be
used

Do -+ 4
D+ <
i

0s <©—
5 x 103s =+—
1x 10%s B—
4 x 10%s »—
A—
_‘A_
o
_e_
|
9

atomic fraction of V

7.5 x 10%s
2.5 x 10%s
7.5 x 10%s
1.75 x 10%s

1 1 1

1 2 3 4 5 6 7 8
label of the lattice plane

10

Figure 111.3 Concentration distributions at different times for (a) the discrete (the solid lines drawn only
to guide the eye) and (b) continuum nodels aflf = 1053K and for A=6nmandm’ = 7.3 (see also
the text)
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Figure I11.5 Usual decay of (a) the height of the first order X-ray peak and (b) its time derivate for the
discrete model, obtained from the concentration curves shown ifrigure Ill.3a
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Figure I11.6 Comparison of the decay of the height of the first order X-ray peaks for A =16d =4.8nm
(a) and for A=160d =48 nm (b) for the continuum (solid line) and discrete (dastshort dash line)
models when the diffusion coefficient strongly dependsn the concentration (n' = 7.3).
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Figure I11.7 Values for the critical modulation length A¢, above which the continuum modd is valid, as
a function of the vaue of exponent in the concentration dependereof D [m' = mige: see aso

equati  (l11.2)].

Findly, it is worth investigating the behaviour of the higher order pe&s of the sma
angle X-ray diffraction spectrum, in order to compare aur results to the hypothesis o
Menon and ce Fontaine [9] [seel.1.3.5b)]. Figure 11l .8 shows that this statement is valid
for bath madds in our case as wel. In this figure m' =1 corregonds to the case
investigated by Menon and de Fontaine[9].
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Figure 111.8. Decay curves of the height of the higher order X-ray peaks for T=1053K, A =20d for the
continuum model atn’ =1 (a) andm’ = 7.3 (b) aswell asfor thediscretemodel at m' = 7.3 (c).
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[11.1.3 Conclusions

We have shown that in case of strong (exponential) concentration dependernce d the
interdiffusion coefficient, the large asymmetry is manifestedin

() a fast homogenisat on on the side where the dffuson is faster, and here the
digtribution is practicaly flat and only the amplitude of the compostion
moduation decreases with time

(i) a shift of a sharp boundary between the sow comporent and the newly formed
(homogeneous) alloy; and when the dab of the dow component is used up the
homogenisation processis consderably accelerated

(iii  adifference between the reallts obtained from the continuum and dscrete models:
the shape of the moving bowndary changes with time in the dsc rete model and it
shows a layer-by layer dissolution kinetics, while in the continuum model the
interface remains atomic sharp

(iv) astrong change in the range d the validity of the continuum model: this change
depends on the strength of the concentration degndence o D, and in many rea
multilayer systems with typicd moduation length of few nanomeer, it can break
down.

[1l. CONSEQUENCESOF THE DIFFUSIONAL ASYMMETRY

In this paagraph, expeimental results obtained by SAXRD [ 15], Rutherford
badckscattering (RBS) [ 16] and Auger depth profiling (AESDP) [ 171 on S-Ge
homogenisation will be shown.

[11.2.1 Introduction

In accordance with the linear approach, the h 1/l versus t curve (I = 1;) should
decrease acording to [see equabn(1.32) and | O AY4]

d O di 8’ ~
E%HET%:_FDA' (11.13)
0

Thus the decay of the first order normalized intendty is alinear function of time and its
dope is pioportional to the interdiffusion coefficient. This reation is obtan ed for
sinusoidal moduations, as was mentioned in 1.1.3.3a). However, it can dso be wsedfor a
genera periodicd compostion moduation because it can be described by a Fourier series
and the Fourier components develop indepgendently as a function of time. Furthermare, i
linear gpproach, the hgher harmoncsin that series will decay rapidly, so that after sone
interdiffusion the fundamental will be the only sgnificant term. That is, the composition
moduation will become s nusoidal, only the first order SAXRD intensty will be observed,
and equation (I11.13) can be used directly [1§].

According to recent works, however, frequently there is a sgnificant initial curvature
onthelnl/ly vst curve, which is many times explained by structural relaxation and gresses
[19]. Nevertheless in the pervious paagraph, we could already observe that in case 0
concentration independent diffusion coefficient the intensity decay function is linear
(except for the homogenisation part, see Figure 1ll .1), whereas when D depends on the
composition, there is a dignificant curvature, athoudh there are no stress effects or
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structural relaxation. For that reason, in this paragraph a ditailed andysis will be given

regarding the strong concentration dependence of the dffuson efficients in amorphous
multilayers and its influences on the In1/ly vs t curve which can gve another passible
explication for the arvature mentionred above. Moreover, dr ectstudes of the

concentration dstributions by Rutherford badkscattering (RBS) and Auge depth profiling
(AESDP) will also be shown.

By SAXRD, multilayers with only shart moduation length can be investigated Thus
accarding to the results of the previous paagraph, regarding the smulation of diff usiond
processes, the dscrete modd should ke wsel. But, there are no vacancies and stress eff ects,
whereas they can be important from intermixing point of view of. To lift this contradiction,
we wanted to choose an amorphous system where the continuum modd can be dso wsed.
Furthermore, in order to study a pue intermixing, we wanted to choose an ided or near
ided solid solution system (V [10). The Si-Ge system is an ided candidate for thissince t
has a complete mutua solubility and they can easily produced in amorphous state.
Additionally, these amorphous nultylayers are of considerable microelectronic interest
[20].

[11.2.1. STRUCTURAL RELAXATION AND NONLINEARITY

If the aurvature of the In I/lo-t curves a the begnning is aused by structura
relaxation, the interdiffusion coefficient shoud dependont [19]:

Bft)=D, + D,e ™", (I11.14)

where Do, D1 are constants and 1 is the relaxation coefficient. Therefore 5(’[) is
concentration independent. Considering a peiodicd concentration modulation [ c-
co = A(t) cos (hx)], from equation (1.30) for k = O:

%m Al)=-Dh?, (I11.15)

%Eh%l_o%: 2D th? :—8/’\722 B(). (I11.16)

Thisequation can beintegrated, thus theln 1/1p versus t function is given by:
s T ER
InI/IO———F Dt +1D,{L-e™" . (11.17)

Consequently, in a A?n I/l versis t plot al intensity decay curves sould run together if
only structural relaxation was present and caused the upwvard curvature & their beginnings.
Asit can be seen n Figure 111 .9, it isnat satisfied.
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Figure 111.9 Experimental A%In I/, versust curves for amorphous Si/Ge system (T = 703K) [15]

[11.2.2 Direct experimental evidences on the diffusional asymmetry and its
consequences

In order to chedk directly the validity of our theory according to which the dffusion is
asymmetric, consequently the interface remans sharp and shifts, we mede two experiments
being able to urcover the compasition distibution of our samples: Rutherford
badkscattering (RBS) and Auge depth profiling (AESDP). In this paagraph the results of
these experiments will be presented.

[11.2.2. RUTHERFORD BACKSCATTERING

The RBS andyses were performed sing 1MeV He™ beam at the 5MeV Van de Gra
accelerator of ATOMKI in Debrecen. The backscattered particles were detected atl65° b
the beam drection with a 14keV energy resolution PIPS déector. The paameers of the
meagurements were gotimised by caculating the cepth resolution for Ge and Si at different
depths. For these calaulations the latest upgade of DEPTH code, which software is
generdised for multilayers, was usd [ 21,22]. The RBS gectra were evaluaed and
simulated by the RBX computer code [23].

We tried to ddect directly the theoretically predicted thickening of the Ge layer.
Several high-resolution RBS analysis were dore for thisreason witha depth resolution of 2
nm for the first Ge layer being at 10-20 nm depth. However, experimentd observation of
the above effect was not unambiguaus. By evaluating and simuating the measured spectra
we gd the best fit by taking into account the thickening effect [see Figure 111 .10 (a)-(b)].
According to the simdated layer structures the depth resolution at these experimental
condtions was nat enoudh to detect directly the thickening of the Ge layer, asit was just
abou 10% o the layer thickness.
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Figure I11.10 RBS spectra of a Si/Ge multilayer sample with repeat length of 20 nm: (@) experimental
and simulated (solid line) spectra of the as-recelved sample; (b) as-deposited and annealed sample
(683 K, 100 h), simulated (solid line), me asured before and after annealing (fill and hollow circle,
respectively). [16]

[11.2.2. AUGER DEPTH PROFILING

Figure 111.11 shows one period of the measured depth profiles for the asreceived and
annealed (680 K, 100 h) specimens, respectively. It is clear that the structure of specimen
changed due to the annealing; the thickness of the slicon layer decreased, and the silicon
concentration in the germanium layer increased. On the other hand, no germanium could
be observed in the silicon layer. It should be mentioned that silicon was also present in
germanium layer of the asrecelved specimen. This slicon can be attributed to some
contamination from the sputtering system.
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Figure 111.11 One period of the measured depth profiles for the as -received and annealed specimens.
[17]

In the case of the as-received specimen, the best agreement between the measured and
simulated depth profiles was obtained by supposing an origina structure of 19 n
Ge(94%)S(6%) and 17 nm pure Si, and an interface waviness of 1.8 nm amplitude.
Applying this method, the thickness of dl layers in the specimen (supposing the same
waviness) has been determined to be 18.6+0.6 and 17.2+0.5 nm for the Ge(94%)S (6%)
and pure Si layer, respectively. Theses thicknesses dightly differ from the nominal ones
(18 nm Si/ 18 nm Ge).

Figure 111.12 shows the measured and simulated depth profiles (assuming the same
waviness) for a period of the depth profilesin the case of the heat treated specimen. Inthis
case we have obtained, considering all the layers, the following structure: 21.3 +0.7 nm

Ge(86%)S(14%) and 14+0.5 nm pure Si.

100 -
80 1 %
S e}
E Q g ¢ meas
40 4 3 .
D o O simul.
D ¢
2 4 a o
0 T T ;mg T T 1
30 40 50 60 70 80

depth (nm )

Figure Ill.12 Measured and simul ated depth profiles for the annealed specimen. [L7]

The resuts clearly show that the diffuson is indeed ver y asymmetric. In accordance
with our cdculations, the silicon could enter into the gemrmanium layer but the germanium
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coud na diffuse into the slicon. At the same time, dwe to the silicon dffusion to
germanium, the gemanium layer became thicker and th e thickness of Si decreased from 17
to 14 nm. It is also clear that during the heat treatment the sharpness of the interface
remained the same, which is also in accordance with our cdculations. On the other hand,
our resllts clealy indicate that the diff uson coefficient shoud grondy depend on the
concentration and consequertly measurements based onthe SAXRD of multilayers cannat
be interpreted by nedecting nonlinear effects and/or rdying, e.g., on the effects o
structural relaxations alone.

In concluson the Auger depth profiling technique povided direct eviderce on the
asymmetric interdiffusion in amarphows S -Ge system. Due to the strong corcentration
dependence of the interdiffuson coefficient, the slicon amost homogeneously had been
distributedin the Ge layer and there was practicdly no Gediffusoninto the Si.

[11.2.3 Calculations on the combined effects of nonlinear diffusion and stresses

[11.2.3. INPUT PARAMETER SET

In order to solve the couped equations (1.68) - (1.70) and (1.54), one hasto specify the
necessary input parameters. Table Ill1.1 shows those of them which were kept corstant
during the calaulations and correspondto the anorphousSi -Ge system [19,24].

TaHdelll.1 Input parameters kept constant during the calculations corresponding to Sbe system
TIKI | Qg[m¥mol] | Qee[m®mol] | E[Pd | v | n[Pa

700 | 1.20x10° | 1.36x10° | 840x10® | 03 | 2x10%

Furthermore, we assumed, in accordance with the binary phase dagram [25] and
Spagoen [19], that the Si-Ge system is nearly ideal, i.e. V=0 andthusk=0and © =1,
therefore j;* =0 (i = Si or Ge) [seeAppendix at the end of this chapter].

From compilations of diffusion data in crystdline S-Ge dloys [26,27], it is knavn that
the diffuson coefficient deperd on the compodtion. In this work, in order to get more
relevant estimate of the order of magnitude in amorphous gate, the absolute values of Dg
a 700 K were fitted to experimental data for the concentration deoendence published i
[28,29,30]. For theratio 0 Dg/Dge, We suppsedthat it isindependent of the concentration
and equal to 24 ( Figure 1I1.13). This is in accordance with the experimental fact ha
Ds > Dge and is within the dlowed range cetermined by the scatter of experimental data
for tracer diffusion of Ge and S in crystallineSi [19].

75



Chapter Il

-21

10

1022 £

10284

D (nf/s)

10724 4

1024

Prokes

26 |

10
0 0.2 0.4 0.6 0.8 1

atomic fraction of S

Figure 111.13 Concentration dependence of the diffusion coefficients used in the simulation. Triangles
denote experimental data measured inamorphous SiGe system by Prokes [28,29,30)].

Figure 111.14 shows the concentration and pressure digribution at different annealing
timesfor A =5 nm. It can be sen in Figure Il .14athat, dueagginto the strong dff usiona
asymmetry, there is a similar behaviour which is shown aready in Figure Il .3 for the Mo-
V system. The diffugon in the Ge-Si dloy is very fast and amost a flat concentration
profile is observed in this part, whereas there is a shift of boundary between this dloy and
the pue slicon. The pressure dstribution shows a sharp tensile peak on the slicon side
just at the boundary, and relaxation of this becomes intensive when the pue slicon has
been consumed (Figure 11l .14b). Figure Ill .14c shows the | 1/lp versus t curves which
presents a significant upward curvature at the beginning ast was seen and discussed n
details in the previous paragraphs It is worth noting that this calculation was repeaed for
stressfree case and stress effects dd nat modify the behaviour of the compostion profile
and the time evolution of theintensty curve only its ‘sop€.

atomic fraction of Si

0 0.5 1 15 2 25
distance [nm]

(@)
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Figure 111.14 Concentration (a) and pressure (b) distribution at different annealing tines for A =5 nm
and the corresponding Inl/l decay curve (C)

[11.2.4 Conclusions

Investigating the combined eff ects of stress and nonlinearity due to the concentraion
dependence of the dffusion coefficients, it was shown that in the Si-Ge system nat only
the concentration tut the presaure dstribution is also very asymmetricd. Furthermore,
stress effects do not modify the behaviour of the compostion piofile and the time
evolution of the intensity but slow down the homogenisation.
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[11. INTERPLAY OF NONLINER DIFFUSION AND SURFACE SEGREGATION

The giowth of nickel onto the (111) suface of a Cu single-crystal at room temperature
and its disolution kinetics were recently investigated by low energy dectron dffraction
(LEED) and Auger dectron sectrosoopy (AES) [31,32]. Measurements of the dssolution
of nickel in copper were dso performed by Auger spectroscopy in the tenmperature range o
635721 K. For the evaluation of the Ni bulk diffusion coefficients, a simple analysis of the
kinetics, usng a thin film solution of the dffuson equation, has been applied. It was
concluded that the values obtained ae in agreement with the Ni impurity diffuson datain
Cu published dsewhere [33,34,35].

The am of this paragaph is to propose a more sophisticated method to evauate the
experimental kinetics of dissolution/segreggtion of thin layers of Ni into Cu(111) and to
investigate the effect of surface sgregation on the interdiffuson between the finite N
layer and the semi-infinite Cu substrate. Althoudh sveral studies have been devaed to
suface segregation in Cu(Ni) system [ 36,37], kinetic effects in a dscrete lattice mode
have nat yet been studied Since the nickd thickness was between 3 ard 14 equivden -
monolayers (eq-ML), deviations from the continuum de<cription of diffuson are expected
(see l1l.1) and, dueto the interplay between disolution and segregdtion, the effective
diffuson coefficient deermined shoud depend on time. As we will see, our simulation
indicates a step-wise character of the dssdution and an interesting interaction between
suface sgregation and nonlinear dffusion. On the basis of these caculations a procedue
for the evaluation of an averaged diff uson coefficient is gven.

Besides the re-evaluation of our previous resultson 8 eq-ML’s[31], we dso caried ou
new measurements with 3, 6 and 14eqML’s in the temperature range of 600-730K, and
they have been evaluatedin the same way.

[11.3.1 Method for the evaluation of dissolution kinetics

The calaulations can bedivided into three siccessive steps: i) Caculations of time
evolution of the concentration profilesin a dscrete lattice made for an initial distribution
of several atomic layers of Ni on the semi-infinite Cu dab. ii) Calculation of the intensties
of the Auger signa coming from the digributions obtained in dep i). i) Determination of
the diffuson coefficient from the time evolution of the Auger Sgnal. Note that in the
smulations - in accordance with [25,38] — it was suppsed that there is a comdete nutua
solubility inthis system.

[11.3.1. TIME EVOLUTION OF CONCENTRATION PROFILESIN A DISCRETELATTICE

The model used in our caculations concerning to the time evolution of concentrati
profiles is based on Martin’s ceterministic kinetic equations [ 39 described i 1.1.3.3b),
.22.1and 111.1.1.2

To compare the theoreticd reallts with the experimental ones, the cdculations were
conducted for the following initial distributions:

1 3ML of nickel

1) 8ML of nickel
on the top o a Cu(111) morocrystal containing 51 lattice darnes (i.e. N= 54 and N = 59
for | and 1, respectively) and

[1) 100ML of nickel
on the top a semkinfinite Cu(111) monocrysal. The following inpu parameters were
chosen: T=1000K, Vnini =- 0.74 €V Vnicu =- 0.66 eV, Vgycu =-0.58 eV (these values
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were calaulated from the cohesive erergies of pure mdals [40]). Note that, Snce it was
suppsed that the system is ided, (VninitVeucw)/2 = Vnicu. Thus, na regarding the
concentration independent termsin equdions (1.44) and (1.75), the activation energies are
determined by (Vnini-Veucu)-
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Figure 111.15 Time evolution of concentration profiles in Ni/Cu(111) discrete lattices: (a) 3ML of nickel
(I-system:) and (b) 8L of nickel (Il -system). (For the meaning of time units shown in the insert,
see the text)

The time evolutions of the concentration profil es caculated from equdi (1.41) are
presentedin Figure Il .15. The time shown in the figures can be converted to "real” time b
the relation tre/t = V'exp{E%z(Vae+ Ves)/KT}. Note that, to redice the computing time, a
higher temperature was chasen in the computer smulation than the experimental annealing
temperatures. This choice daes nat influence the characteristics of the dssolution kiregtics,
becuse it was supposed that the Cu-Ni system isided. It can be seen, in accordance wih
[36,37], that Cu segegates to the first suface layer. However, in case | (Figure 1l .15a),
suface sgregation of copper begins dready after 26 time wnits, whereasin case Il Figure
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[I1.15b) the suface sgregation starts only after 250 time unts. This is an obvious
consequence of the dfferent initial Ni thicknesses.

In Figure III.15 the most interesting feature is the step-wise character of the N
dissolution. It can be especialy well seen for case Il that the dssolution starts at he
interfacial layer, and wntil this is not consumed, the next layer remains complete (see in
Figure 111.15b the aurve related to 90 times wits; only the concentration of the 5" plane
changes while the 4" and 6" planes remain dmost pure Ni and Cu, respectively). Thus the
interface shifts 4ep by step. This layer -by-layer dissolution takes dace urtil the moving
“interface” reaches the Ni layer just before the last. Then, due to the diving force for
suface sgregation, the intermixing will be continued by the saturation of Cu in the top
layer. Thus the charnge in the second layer will be retarded according to the sgregation
isotherm. Figure Il .16 shows the concentration of the surface layer as a function of the
concentration i the second lyer  (kinetic segeggtion isotherm) and the theoretical
McLean isotherm (equlibrium segregation isotherm in monolayer limit; segregati
energy: AH> = z,(Ves-Vaa)/2 [41]). This indeed corresponds, as it is expected, to a
McLean isotherm and llustrates that the disolution kinetics is linked to the segregation
isotherm (“locd equlibrium” [ 42, 43]), which is in good agreement with experiments
[44,45,46] and other predictions obtained by a dfferent model [ 37]. Finally, after the
saturation of the surface layer by Cu, the find homogenisation takes dace by the comgete
dissolution of the second lgyer.

0.6 1 ¢ 3 Nilayers
0.5 1 O 8Ni layers
0.4 1 —— McLean

atomic fraction of Cu on the surface

0 T T T T T
0 0.2 0.4 0.6 0.8 1 1.2

atomic fradion of Cu in the secondlayer

Figure 111.16 Segregation isotherm of Ni/Cu system at 1000 K for cases | and |l as well asthe
theoretical McL ean isotherm.

In Figure 111.15 we illustrated the case when the Cu substrate was finite (with 51
planes). However, as in many experiments, if a semi-infinite substrate is usd then
C1=...¢1=1 (in the Ni) and ci+1=...= C.=0, because the dffuson coefficient strondy
depends on the concentration and has a very large value in Cu (i.e. [.1,<<[7;+1) and thus
Ji-1i<<Jij+1. Consequatly equation (1.41) can be redwced to:
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dc,
E:_‘Ji,iﬂ =-Z,Gl - (Ill.18)
On the other hand, the atomic flux from dane i to (i+1), jij+1 (=Jij+1/A where A isthe area

of the specimen perpendicular to the direction of the dffusion), can also be gven by
(discrete Fick' sfirst law):

_E G —G

o C,
Jiia o d

E ’

D
— .19
o (1.19)
where Q is the atomic volume (Q2=dA and d is the digance between the atomic danesin

the drectionof the dffusion). Note againthat ¢;.1[D0, since the substrateisse -infinite.
The spedl of theinterface shift, v, isrelatedto j as

j=-1/Q (.20
and thus
d
D=——v.
c v (.21

{Inthe above euations D has the meaning of theintrinsic diffusion coefficient (composed
as a piodud of the tracer dffusion coefficient and the Darken thermod ynamic factor, ©
[47]) which, in the present casg, isgiven b

D=2zd,,,. (I1.22)

Sincein an ideal syste © =1, and if the jump frequencies are independent of ¢, i.e. [j+1
= Fja, =21+ M), and thus Yo =2z05.1 equation (111.22) equvaent to D=%4d
(see H. (1.11)in [49]).}

For the estimation of D from equation (1l .21) the knawledge d v/c; is needed From
equations (111.18) and (Il .20), one can write

v dc.
Yzzer,. =5 H .
d ZVCI 1,1 1D dt D (”I 23)

Thisresut shows that v/d isin fact the decay rate of the concentration of the interface layer
Ci.

Figure Il .17a shows the v/d versus t function obtained from numericd solution of
equation (111.18) for ¢(t), taking dso into account the concentration dgoendence o [j+1
given by equations (1.43) and (1.44). Having ¢i(t) the v(t)/d function was calculated wsing
equation (111.23).
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Figure I11.17 One period of the interface shift peed versustime. The dashed line denotesits average.

We have seen that the dssolution of the (i-1)-th plane begins o nly after the
complete disolution of the i-th plane. This means that this layer -by-layer dissolution
resuts in a peiodic behaviour as a function of time: each plane dssolves subsequently
reprodwcing the same process. Therefore v/d (and thus D) is aso a peiodic function of
time and the time evolution within one perod characterizes the disolution of one
individual plane. In fact thisis what is shownin Figure Il .17 for v/d. Althoudh, the value
of v/d (and D) can change congderably, it is worthwhile to ddine an average value of v/d

characterising the mean speed of the interface shift, <v>/d=(Td) *fo dt, where T is the time
necessary for the cmnaumption of one layer. Due to the step-by-step character of the
dissolution, thisaverage speed of the interface shift should be constant, independent o
time. Thisresult isinherently related to the strong non-linearity of the problem: the strong
concentration dependence of the diffusion coefficient (or [;+1) shifts the validity [ imit o
the continuum approach (fromwhich a parabolic law i.e. v [Jt*2 would be expected) out
of the range considered here. Of course, after the dissolution of more and more layers the
supposition that ci+1/0 will be less and lessvalid and we will have a transtion to the
parabolic dissolution. Obvioudly, thistransition will depend on the concentration
dependence of the diffusivity. Thisis very smilar to the resuts obtained i 111.1, where the
shift of the validity limit of the continuum appoach to higher dffuson dstances was
obtained in multilyares with increasing non -linearity.

Thus the time evolution of the thickness of Ni layer, containing origindl no atomic
layers, can begiven by

n(t)=n0+@t. (I11.24)

In order to illustrate the validity of averagng leading to equation (l11.24), Figure 111.18
shows the pogtion of the interface versus time, obtained from smulation for a semi -
infinite Cu(111) substrate with 100atomic layers of Ni. The pasition of the interface, y (in
monolayers wnits), is defined as the dace a which straight line interpolated between the

two neighbouiing planes, havi ng compositions above and below ¢ = 0.5, crosses thec = 0.5
value. Due to this the aurve in Figure Il .18 has peiodic oscillations around the straigh

line fitted Because of the log-log dot the first part of the aurve uptoy =1, i.e. logy=0)
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clearly shows the time evolution illustrated dready inFigure 11l .17. On the other hand, the
slope of the straight linefittedis equal to 1 + 8x10?, i.e. the average shiftisindeed linear.
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1 :
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éﬁ 14 100th Ni la}::;ﬁ 99th -1st Ni layers
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-3 4 X % i
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0 2 4 6 8
log(time[a.u.])

Figure 111.18 Position of the interface versus time for the dissolution of 100 Ni layers into the semi -
infinite Cu(111) substrate (see also the text).

[11.3.1. DECAY OF THE AUGER CURVES

In the case of a homogeneous specimen containing n layers, the measured Auger
intensity can begiven by thefollowing formula [49] :

_ n
L= ltal el s = (e e ) = 2 iy

where |, is that part of the tota intensity which would come from each layer withou
attenuation. The usud form d the attenuation coefficient is:

a =exp-1/(A coss)], (I11.26)
where A is the inelastic mean free path (IMFP) [in morolayer (ML) units], and & is the

emisson angle of Auger electrons to the narmd of the surface of the sampge. | n- oo, i.e.
for abulk specimen, the Auger intensity is:

R o
l.=lm I, =72 O l,=(1-a).. (11.27)

Since there are (i-1) layers on the top dof the i-th layer, the signal coming from layer i is
atenuated by a"*; hence the contribution of the i-th layer to the total measured intensity is:

L =@-ak'™,. (111.28)

The atomic fraction of thei-th layer of an AB aloy can be determined usng the foll owing
equation:
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_10)_ (1_01)(2_”& , (11.29)

G |

where I(i) is the Auger intensity coming from the A atoms of the i-th layer. The total
(measured) intendty can be expressed asthe sum of thecortributions of the layers:

n n

| = Zl(i)z(l—a)lmgciai‘l. (111.30)

The Auger curves correponding o the above evolution of the concentration profil es,
shown in Figure Il .15, are calaulated fro (111 .30) and reported in Figure 111.19. In the
present case, the values 0 A [A(Cugev) = 1.19 nm, A(Ni gsgev) = 1.10 nm]| were calaulated
using Seah and Dench formalism [50], and & = 42°. Moreover, a theoretical peakto-peak
height ratio, g, was caculated from the Auger curves:

AR [
q=Nisssl Niew _ Inisss g (.33

0
I Cu920 / I Cu920 I Cu920

where the superscript zero denates the pue element in the bulk formand  Siis the relative
Auger sendgtivity factor of both elements. This value can be estimated from the
experimental bulk Ni and Cu Auger signals as S= 1%ug20/1°Nisas = 1.13. In order to show
the influence of the segregation we have investigated the ghenomenon with and withou

copper suface sgregation. The reallts are pesented in Figure 111.19 for cases | andll,
respectively. For the present curves withou segregation, it was supposed that there was no
free airface,i.e. the I, original suface, layer was covered by a (" layer for which ¢, = c;.
It can be seen that at the beginning (region a h Figure 111.19), no mgor diff erences can be
observed between the airves with and without sgregation. In the central part (region b)

the aurves dverge. Furthermore, curves withou segregation change faster and show one
extrastep. Finally al curves approach equli brium (regionc).

84



Nonlinear Diffusion
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(b)

Figure 111.19 Time evolution of Ni and Cu Auger signals (J O and ------- , respectively) for 3ML (a)
and 8ML (b) Ni layers. (Curves with and without marks o refer to the case of with and without
copper segregation.)

In the first stage, the process is comgetely cortrolled by aconcentration dgoendent
diffuson on dscrete lattice. The steps are related to the step-wise character of the problem
and each step corresponds to the end of the conrsumption of the atomic layer considered.
Since the dffusion of Ni depends strongy onthe nickd concentration c, the disolution of
the individual atomic layers will become faster as ¢ falls. It is dueto the fact that the
diffusion of both elementsin Cu is much faster than in Ni (practically there is no dffusion
in Ni). Note that this follows nat only from the choice of interaction energies entering int
the activation energes of I [equations (1.44) and (1.75)] but also in accordance with the
experimental self-diffusion coefficients in Niand Cu [ 51] (they differ by afactor of abou
10* at 1000K). The gpearance of an addtional step in the stage b on the curve without
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segegation is due © the lack of segregation; there is no enhanced sturation in the firg
layer and the remaining two layers dssolve“normally”.

[11.3.1. DETERMINATION OF THE DIFFUSIVITY

This time evolution can be aso deermined from the dssolution kinetics measured b
AES in the following way. Using the equations (Il .25) and (11l .27), the Auger intensity
coming from the A atoms of a specimen corntainingn A atomic layerson aB substrate is:

L =-03 ) pe- (11.32)

and the intensity coming from the B atoms of the bulk substrate is attenuated by the n A
layers, i.e. the cortribution of the substrate to the measuredintensity is.

lg =aglsg.,. (.33
Thusthe accumulation parameter:

lao/lae 1-a"
q, = an/ Lo 2 (Il .34)
IB/IB,oo aB

and sypposing that aa[g (in Ni/Cuit isreasonable since Ani=Acy):
g, Dag" -1. (.35

Thus one candeterminen from this equation:

n(t)=—ln(q” +) (11 .36)

Inag

In genera n(t) shodd be (according to Figure 11l .19) a step-wise function. However, if it i
appoximated by acontinuous curve ( e.g. if the resolution of the measurement is nat high
enoudh) then pdotting the right hand side of (Il1.36) versus time the linearity can be
chedked and then the dope will be just equd to <v>/d [see equation (IIl.24)] and the
intercept w | give an estimation of the original Ni thickness.

As we have seen, from the rumerica sdution of equation (Il1.18) c¢i(t) and o(t)/d
functions can be olbtained Obvioudy, if one ddines an average vaue of v/d, asit has been
done before, then a correpondirg average vadue of ¢ shodd also be introduced i
equations (111.21) and (111.23). Asit isillustratedin b, this average value correspondng to
<v>/d can be obtained. We have cdculated it a different temperatures for the interaction
energies (Vnini-Veucu) Usd inthe numeical solution of equdi (I.23). It canbe seen n
Table 1that it is practicdly independent of the tenperature. Furthermore, thevalue o cis
aso nat sendtive to the ( Vnini-Veucu) difference: changing it by abou 15% results in a
change in c of less than 1@6. Thus, in our temperature range, c is abou 0.78. Substituting
thisvalueinto equation (111.21) one can write approximately that in thissystent
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D 0-1.28d(v). (N .37)

The physca meaning o ¢=0.78 can dso be enlightened by the following arguments. In
contrast to dffusion with constantD (where the concentration gradient falls continuously
with time, leading to parabdlic law) in our case the linear shift of the interface with time is
related to the constancy of the diffuson current [see equation (I11.20)]. If we ddine atime
independent average value of D, aswe did,then the gadient of the concentration shoud be
aso congant i.e. <gradc>=<c¢>/d (=0.78d in our case). Of course, in generd, the
numericad value of this average concentration will depend on the strengths of the
concentration dependence of D.

) old (a.u.)

atomic fraction of Ni

(de/dt

time (au.)

Figure 111.20 Common plot of one period of the concentration of the dissolving plane and the speed of
the interface shift versus time. Dashed lines indicate the average values ofv/d and c corresponding
to each other (see dso thetext)

Findly, it isworthto nate that the evaluaion procedure proposed here can be generally
used in al cases when the dssolution takes place by a layer -by layer mode into a semi-
infinite substrate if the interface shifts linearly with time. [I aalg in equation (l11.34)
cannot be assumed, then n(t) can be determined from equation (111 .34) instead of equation
(111.36).] Obvioudy, if this linearity is not fulfilled the relation between the dffusivity and
the interface speed will be dff erent from equation (IIl.21). Furthermore, important to not
that the deermination of the n(t) function from measurements of the time evolution of the
Auger intensities can bring an important informaion on the character of the process
controlling the interface shift. For exampe, asit was shownin [ 43] and [52] if there is an
interplay between surface segegation and tendency for strong phase separation, but the
non-linearity is negligible, the shift of theinterfaceis proportional to t*2.

Tale I11.2 Temperature dependence of the corresponding.

T [K] ] 1200| 1000 800| 700
c |0.71]0.73|0.76/0.78

111.3.2 Analysis of experimental data

The general procedue gpied for determination of kinetics is described in 11.3.2.3. We
just remark that prior to any nickel deposition, the Cu (111) samplewas cleaned in Stu b
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repeated cycles of argon ion bombardment and thermd anneding at 400 °C urtil
impurity could be deected (chedked by AES) amd that during this cleaning the
monocrygalline structure of Cu(111l) was conserved (checked by LEED). The
pseudomorphic growth of 3-14 deposted nicke layers havea so been checked by LEED.

The relative variation of the Auger signd is a smooth function of time, for 6 -14 eq¢ML
(Figure 11l .21a for 8 eqtML and Figure Il .21b for 14 eqML), whereas large fluctuations
are observed for 3 eq-ML (Figure I11.21c). In the latter case, it was not possble to use the
proposed method because only a shart initial sharp deaease of the Ni peak was observed
That iswhy the andyds of the experimental data, described above, can be carried out only
for experiments mace at: 721K, 713K, 70K and 679K (in these cases the initial thickness
of Ni was higher than abou 6 eq-ML). Asanillustration, Figure Il .22 shows the thickness
of Ni as afunction of time cdculated by equation (111 .36) for 679K. Note that usually, the
first couge pants fall above the straight line fitted to the first part of the n(t) functions.
Since the sampes were prepared at room temperature the reason of this midfit can be
recrystdli sation and relaxation of the surface layers duing heat treatment. Furthermore the
change in the slope at the second layer (a t=4x10° sin Figure Ill .22) is a dear evidence
of the effect of surface segregation. Nevertheless, from the slopes of the lines fitted to the
first part of the aurves, according to equations (I11.24) and (Il .37), the values of D have
been calaulated (with d = 0.2032nm).

The Arrhenius pdot of the diffuson coefficients is shown in Figure 111.23 and the
temperature dependence of thediffusvity canbegiven by

297+ 62kJ/mol
D =2.9ex Hw” S. 11l.38
ey .39

peak-to-peak height [a.u.]

time (x10°)
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Figure I11.21 Measured Auger kinetics of nickd dissolution in copper for a) 8 eq-ML at 701K, b) 14

e¢ML at 721K and ¢) 3 egML at 639K.
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Figure 111.22 Time evolution of the Ni thickness at 679K. The first part of the curve fitted by a straight
line correspondsto the part controlled by interdiffusion.

Figure Ill.23 Temperature dependence of the intrinsic diffusion coefficient.

[11.3.3 Discussion

In our caculations, dueto the drect exchange of atoms it was assumed that the
exchange jumps of Cu and Ni are egud (i.e. ISy ™ =), This means that the intrinsic
diffuson coefficients of Niand Cu [see eguation (I.22)] are gqud to each other;
Dni(C) = Dcy(C), i.e. we are not able to didinguish the sel - and impurity diffusion. W
know that thisis not the casein redity (seeFigure Il .24, where the Arrhenius gots for Cu
self- and Ni heterodiffusion in Cu & well as for Nisel - and Cu hetrodiffusion in Ni are
different); this is an inherent limitation of the model. Nevertheless, the concentration
dependence of the intringc dffusion coefficient is naturally included. That is why we
could cdculate an averaged intrinsic dffuson coefficient belongng to ¢y = 0.78 This
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resut points out an important difference in the interpretation of the dffusion coefficients
estimated in our work and the previous one [ 31]. In fact in [ 31], usng the instantaneous
source solution of the cortinuous Fick 11 equation, threeman suppositionswere made
i) there isno segregati
i) there is only a dssolution of Ni into the Cu ( i.e. the diffuson of Cuinto the
Ni was nedected; only nickel heterodiffusion was considered)
i) theintrinsic dffusion coefficient of Ni is independent of concent ration.
iv) the piocess is corntrolled by a usud continuum diffusion behaviour
(parabdic law)
In [31], the diffuson coefficient was interpreted asthe Ni impurity diffusion in pure Cu
(i.e. a cy = 0), taking also into accoun that this system is ideal, and thus the intrinsic and
tracer diffugvities are equal to each other (i.e.®© =1). However, in our case, D is an
intrinsic diffuson coefficient correspondng to ¢y = 0.78. Thus its value shodd be located
between the two hatchedregonsi Figure Il .24. As one can see, this criterion is satisfied.
Furthermore, since pacticdly al Arrhenius curves n Figure 111.24 are paallel, the
activation energies should ke close to ead other, which is also reasonable (seedso [51]).

102 __[31] k

; Cu/Cu[5]]

D (m3/s)

10% 1 : : : :
135 14 145 15 155 16

10T (K™

Figure 111.24 Arrhenius plot of nicked lattice diffusion coefficients in copper (© our results) compared
wit theliterature data.

It can be seen from our caculations that the first two suppostions can be accemd
a least in the first stage of anneding. Indeed, the supposition i) is generdly valid and in
fact it is a consejuence of the strong concentration dependence of jump frequencies
(diffusion coefficients). Furthermare the effect of surface segregation on the knetics can
be nedected until thetime when the interface reachesthe nex-to-the-last layer.

There is obvioudy an important difference between our discrete modd and the
continuum ore (which corresponds to the instantaneous or constant source lution of the
continuous Fick Il equetion). As we have seen from our caculations, the shape of the
concentration profile duing dislution is nat an erfc-type function as it shoud be for
congtant source. Instead, a layer-by-layer dissolution mode can be observed (see Figure
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[11.15 and Figure 111.19) and the n[Jt relation indicates that the piocess ca nnot be
described by the parabdic law.

It is worth noting that the behaviour shown i Figure 111.15 is gmilar to tha
published by Sad et al. [53]. However, in their case [Ag thin layer deposited on Cu(111)]
the step-wise charader is the resut of the presence of the miscibility gap at the working
temperature. A phase transition occurs in the interfacial layer duing dssolution: the
initialy Ag-rich interfacial layer is tranformed in a Cu -rich phase when its silver
concentration reaches the kulk solubility limit. This transformation mechanism continues
layer-by-layer.

Findly we nate that, in this work we were not able to observe the step -wise
behaviour because of technica limitations. However we believe that it can be neaswd by
a high-resolution surface andysis technique. We also nate that the method can be used
only when the ceposted element has a higher kindic energy transition (in the case of
Auger meadurements, of course) in order to be possble to use about -8 atomic-layer thick
deposit.

[11.3.4 Conclusions

We have investigated the eff ect of segregation on the dssolution of a thin Ni layer (3-
14 egML) into a semi-infinite Cu substrate. Computer simulations have been also carried
out to urderstand the cetail s of the dsslution. On their basis we proposed a ophigticated
methodto analysethe experimental kinetics measured by AES.

The most important resuts are the following:

1) Our smulations indicated a step-wise character of dissolution and an interesting
interference between the segregation and dssolution. Because of the strong concentration
dependence of the dffusion coefficients of the dffusing spedes, the interface remans
sharp and shifts urtil it reaches the nex -to-the-last layer. In this pat of the dsolu ion a
corcentration depencert diffusion on dscrete lattice controls the process. Then, dueto the
driving force for segregation, the piocess continues by the saturation of Cu inthe top layer.
The charge of the concentration of the second layer occurs acording to the segeggtion
isotherm. Finally, after the saturation of the surface layer by Cu, the find homogenisation
takes daceby completedissolutionof the secondlayer.

2) We have seen that the thickness of Ni decreases linearly with time, indicaing the
strong nonlinearity and the deviation from the continuum description. An averaged
intrinsic diffuson coefficient has been determined from the expeimental AES kinetics of
Ni dissolutioninto Cu substrate, obtained by the mehod developed in this pgoer. While the
diffuson coefficient has a strong concentration dependerce, this averaged dffuson
coefficient belongs to a certain concentration which in our case is ¢y =0.78. At a given
temperature this concentration corresponds o the mean speed of the shift of the interface.
We have dso ceterminedthe temperature dependence o D:

297+ 62kJ/mol
D =2.9ex 3/s,
g sty

which (the activation energy) agrees well with the values published in theliterature for this
system [33,34,54,55].
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APPENDIX: GRADIENT ENERGY TERM IN THE STEPHENSON
MODEL

As was mentioned inthe paragraph 1.1.3.4b), Stephenson [56,57] gave a set of generdl,
coupded equetions for the cescription of atomic currerts, the resutant stress dvelopment
and stress relaxation by Newtonian flow for interdiffusion. The most important difference
of this description as compared to the treatment of the stress effectsin mutilayers by Cahn
and Hilli ard [58,59,60] is that the stress reaxation and a convective transport (Kirkenda -
shift) are dlowed. In the CahnHilliard treatment, due to the supmsitions M; = M, and
Q;=Q, [see 1.1.3.339)], only the dfference of the che mical potentials of the two
components had to be determined. Thus, for the use d Stephenson’'s description, where
the individual forms of the atomic currents are needed if the Kirekenddl vedocity is no
zero, agenerdisationis necessary if the gadien energy coefficient isnat zero.

Since all effects taken into account are an additive term in the expression of atomic
fluxes[e.g. equetion (1.54) containstwo, thefirst isrelated to the maerial transport and the
second to thestress effect], it ssems logicd to join formaly the gadient energy effect b

the atomic flux as an additive term ( j*°), i.e.:
ji =—Digradp; —L; p;gradp + j*, =12 (11.39)

where 2 is pioportional to the gadert energy coefficient k, therefore for anided syste

j % =0. Note that from now on, our desaiption is restricted to only one-dimensiona case,
but obvioudly it is possble to exterdit to moredimensions
For the deermination of %, we u® the results according to which the locd free

energy per volume wity of a non-uniform system for p=const (/p= Q =Q; =Q,) and
for p=0is gven by equation (1.26) :

C
f=f , Il .40
O(C)+Kélg_xg (11 40)

and itsvariation by the atomicfractionc s

of , 0%
E:fO_ZKy:IJl_IJZ’ (|||41)

where 1 (i=1,2) is the chemicd potential pervolume wity. Moreover, according t
Prigogine [61] for a system in mechanical equilibrium:

cX, +[1-c)X, =0, (I11.42)

where X; denote the chemicd driving forces, which for an isotherm sysem arerela edto
as X; = - gradi. Thus combining equations (111.41) and (lll .42), one obtains.
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0
= —gra(Ef _p9c SD (Il .43)
X* g
and

O
——graq%‘ ZKZ (z:D (Il1.44)

According to thedefinition[56] ji = MipiXi, where M; isthe mobility and assuming that k
does nat dgpend onthe spatial coordinate, one gets:

jl=—M10(1‘C)fo" - X a3c radc = -D, pgradc = —-D, gradp,, (111.45)
f"gradc 3

where the last two expressons are the tradtiona form o the first Fick equdion, but the
diffuson coefficient is very complicated For j, a smilar expresson can be written.
Equetion (111.45) give dso the relation between the molility (M;) and the intrinsic diffus
coefficient (D;’). Note that in equation (I11.45), the last algebraic transformation is possibl
onlyifof p=const. From this correlation, it is clear that for k=0 it resuts the usid
relation [see equation (1.57)], considering thet f, inabinary solid solution modd is:

f; = pRTO/c(l-c), (111 .46)
Where
®O= _—ZZVVC(]._ C) +1.

— (Il .47)

Comparing equetions (111.39) and (111 .45) if p = 0, we have:

e 2k 0°c 2k 0°p
i = Dlp?ﬁ = Dl? ax31 ’ (111.48)
0 0

where D; is the intrinsc diffuson coefficient of the uniform sysem. We can determine
smilarly that:

. ge 9°
EREVY LA 1 Y

2k 0% 2K
0

Thus, a ganeral expression of flux was obtained for thecasewhenl/p=Q=Q,=Q, =
const bu Mz #Z My (D1 # D), which contains al the effects (gradient energy, Kirkendal,
stress) mentioned before. If p is nat constant, the stuation is mare complex and a generd
(variationa) me odisnecessary for the general treatment
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Grain-Boundary Material
Transport in Thin HImMs

In‘thischapter Ag grain-bounday
diffusonin Cuwill be determined by the
Hwang-Ball uffi methodin C-kinetics
regime fromthe Ag andCu Auger 9gnds
measured on he sufaceof nanarystalline
CuwAg thin bilayes






Chapter |

GRAIN-BOUNDARY MATERIAL TRANSPORT INTHIN FILMS

From the Ag and Cu Auger signals measured on the suface of nanocrystdline QuW/Ag
thin bilayers, the tenperature dependence of the parameter « for Ag grain-boundary
diffusion in Cu [ = 3k,Dp/dks, Where ks is the suface sgregationfactor; o = wd¥/2 dwe
to the smilar values of the grin size of the thickness, h, and the gmin sze, d, — see
equation (1.78)] will be deermined by the Hwang-Balluffi methodin C-kinetics regme in
the temperature range of 393428 K. These values will be compared with triple products,
P= Dy, deermined in the temperature range of -804 K by Bernardini et al. [1] usn
rado tracer technique n B -kinetics regme. The temperature deoendence of the suface
segegation factor will be extracted aswell [2,3,4].

V.1 THEORY

Using the HwangBalluffi equetion [equai  (1.77)], in piinciple it is po ssble to
cdculate the ganboundary diffusion coefficient, if the surface concentration of the
segegatedelement is known.

Auger Electron Spectroscopy can be gppied for grain-bouwndary diffusion sudes by
using the suface accumulation method based on the observation of surface accumulation
of the diffusng aomson the termina surface of the sample [ 7,5]. However, this method
can be affected by the presence of even small amounts of impurities, disturbing the
velocity of the suface dffuson [6]. The quantitative analysis is nat evident. This quedion
will be cetailedin this section.

IV.1.1 Surface accumulation paramete

If the suface accumulation is measured by Auger Eledron Spectroscopy, in order b
eliminate the passible fluctuation of the Auger current, it is ugful to define a & height
ratio [7]:

_lA/lA,oo
- ’
|B/|B,oo

(IV.1)

where |4 and |g are the meaaured peakto-pedk heights coming from the A and B atoms o
the spec men, respectivdy while Ia. and Ig. are the meadured peak-to-pesk heights
coming from the bulk specimen containing only A and B atoms respectively. This g
parameter, representing the accumulation of the dffusant on the suface, is cdled the
suface acumulation parameter. The value d g is sengtive to the details of the digributi
of segegated atoms snce the Auger eectrons correspondng to the measured peaks can
have widely different Inelastic Mean Free Pah (IMFP).

Using equetions (111.25) and (111 .27), the Auger intensity coming from a homogeneous
specimen containing n layers (or the pat of the total intensity which comes from the n top
layers of a homogeneousbulk specimen) is:
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l.=(-a"),. i=AB. (IV.2)
The concentration of A atomsinan AB bulk aloy can be defined by the following way:.
o A (1IV.3)

where 1”a5 » and 1 « are the Auger intensity coming from the A atoms of the bulk alloy
and the Auger intensity coming from the bulk specimen cortaining only A atoms
respectivey. According to this dfinition, it is aso pcssible to deermine the concentration
of A and B atomsin n AB homogeneous suface layers deposited on apure B substrate:

=1 2an/lan - (IV.4)

Since the sibstrate dbes nat contain A atoms, 1%as, is equal to the |, measured intensity
coming from the A atoms of the whde specimen. Using equation (1V.2), the concentration
of A atomsis:

(IV.5)

The concentration of B atomsis:
1=c=15en/len - (IV.6)

However, in the case of the B atoms it is necessary to take into account he lgp+1.. e
contribution of the subgrate as well, thus 154z, is nat equd to the Iz measured intensity
coming from the B atoms of the whde specimen:

n
B B,n+l-00 I B CYBI B,

B,n - (l_ag)l B,

1-c= (V.7)

(lomere =low —lon =lgw —L-al)ls. =ail,.).

Using the ddiniton of g and equations (1V.5) and (I1V.7), the suface accumulaton
parameter for n accumulated layersis:

— |A/| Ao _ C(l_a/rl)
a, = - n)"
lg/ls. 1-cll-al)

(IV.8)

Using the usud form o the attenuation parameter [see equation (1l .26)], the eguation
(IV.8), intwo layers limit (n= 2), is the same as the one which was used by Hwang et al.
in[1].

When there are monoatomic idands of A atoms on the B surface, introducing a
suface coveragef (<1), equation (IV.2) can be rewritten as:
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IA = f(:I-_(JA)I Ao
lg = faglg, + (- f)lg. (IV.9)

where the first and second temsi | correpond to the intensty attenuated by A islands
andto the drectintengty from thefree B surface, respectively. Thusq is given by

_ f(l_aA)
q 1- f(l—aB)' (V.10
Taking into acoount equation (1V.8) for n = 1, it can be seen tha f = ¢, and thus from
equation (1.77) w can be also daermined for the case when thereis a dscontinuous layer
on the surface.
The suface accumulation parameter can be detemmined experimentaly in the
following form:

| 3¢/ |
q:|356 356, :ﬁs’ (V.11)

920/ I 920,00 I 920

where Sis the so-caled reative Auger senstivity factor of both dements (for the pesent
experiment S= gy /1356, = 0.26).

V.2 RESULTS

Twenty years ayo, Gibson and Dobson [8] described that anneding of thin (10-20 nm)
eptaxia films of nickel or copper gr own on siver (111) at 300°C produced dastic
changes in the morphdogy d the Nior Cu layers. The flat depaosits contracted into three -
dimensiond islands

In our experiments, TEM was ugd to check the gain sze of the nanocrygalline
copper layer before and after heat treatment. It was shown that the gan sze of the Cu
deposited films correpondsto the thickness of the Cu deposited layer i.e. around 20nm.
The Ag/Cu coude was annealed at sufficiently low temperatures, so that the structure was
froze out [the copper gains 9ze remained unchanged (around 20 nm) after annealing],
and the dffusion occurred dong the grain boundaries.

Due to silver grai -boundary diff usion orto the copper surface, typical evolution of the
356 eV slver Auger peak and the 60and 920eV copper peaks as a function of anneding
time ispldted i Figure 1V.1. Time evolution of ¢ caculated from equation (1V.8) for
n=2isshownin Figure IV.2. For cdculation of ¢c;, we need to now the value of n, i.e. the
thickness of the segregated layer. Hwang et al. [7] conddered that, due b the carbon
contamination of the surface, the accumulation takes place pobably in mare than ore top
layers. In their cdculations of Ag grain-bowndary diffusion in Au, for example, they
suppsedthat this surface hamogenisation setsinthe top two monolayers. Barthés et al. [9]
(Ag-Ni system) supposed that this value is one. Because of the chace is not evident, we
computed for both cases and we found that the method is na too sensitive to this
parameter. However, dueto the surface “ceaning” by ion uttering, the surface is surely
nat pefectly smooth, thus we think that probably the “tw elayer suppsition” is mare close
to theredity. Thisiswhy the reallts presented here are aculated forn = 2.
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Figure IV.1 Evolution of the Ag(356) and Cu(60920) Auger pedk to peak heightswith time at 42&
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Figure 1V.2 The time evolution of In(1-c¢) at 403K [cs has been calculated bythe equation (1V.8), wit
n=2]

In our experiments, athoudh ¢p = 1 can be assumed in equation (1.77), the suface
saturation value of ¢s was always sandler than 1 duefor exampleto kinetics limitations
[10] and/or carbon contamination, thermal stresses caused by the differe nce of therma
expansion coefficients of the films and the substrate [ 11,12]. The same effect aises
because of the presence o k”/K' factor in theleft hand side of this expression. Thus, taking
into acocount that the value of [1-exp(-at’)] should ke normali sed between Oand 1, the
cdculated cs concentrations were normalized by the saturation value measured

Note that at 393 K and 403K the suface concentrations never reached the saturation
level, since at such low temperatures the dffuson was so dow that it was plcticaly
impossible to measure it. However, according to the tendency of the measured saturation
kinetics, i.e. the ¢cs vs. time, we have estimated the saturation value by extrapolation.

Using the HwangBaluffi equetion, under the condtions described above (and teking
into acocount that [ 13] Aszs6=5, Agoo=7, and 3§ =42°, d=21 nm) the kpDy/dKs((= )
products have been calaulated. Figure 1V.3 shows the Arrhenius pld of this parameter,
which can begiven b

5k, D,
5.k

Ss''s

4 0 (124£15)kI/mol
=1.49x10™
X expa— RT E

w'= m?/s, (IV.12)

where R, T are the molar Boltzmann’s constant and the absolute tenmperature, regectivdy.
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Figure IV.3 Arrhenius plot of the grain-boundary diffusion of Agin Cuin C kinetic regime

V.3 DISCUSSION

The ddermination of the suface segegation factors and the comparison of these
values with the triple pioduds ( P = &,Dp) obtained from the gain -boundary tracer
diffusion of Ag in Cu inB kinetics regime[ 1] will be dscussealin this section.

Since in [1] the triple piodud P, was deéermined from tracer measurements and we
meadured the w = K,Dp/dks parameter, it is passible to estimate the suface segreggtion
factor:

— =3k, (IV.13)

In equation (1V.13), only & is urknown, and either one or two monolayers are assumed,
one can oltain a reasonable estimate for ks (within a factor of two, whichisindependent o
the temperature).

Before deailing this point, we emphesize the agreement betwe en values obtained in
‘clasgcal’ polycrystds at high temperatures in B kinetic regme and those concerning
meagurements performed at low temperatures by using nano-structured samples. This
suggests a smilar grai -boundary structure in bath typesof samples. This resut confirm
some resuts obtained recently for nanocrystals [14,15]. It invalidates the idea d particular
structures of grain bourdaries in this type of maerial for the apgiedtemperature range and
time of the heat treatment

Furthermore in [1], usng experimental data on Ag dffusion in Cu latice pulished in
[16], the triple pioduds of Ag tracer dffusion in pue Cu aswell asin aCu-0.091at%Ag
aloy were cetermined and the following Arrhenius equations were obtained:

P =3.7x107 exp- 20 62Ol (1V.14)
0 RT 0
and
+
Py, = 21x107%2 expt 1124 S'?kjl Mol3ss. (IV.15)
0 0
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The activation energy correspondng to the heterodiffusion of silver in pure copp er [see
equation (1V.14)] contains the gain-boundary segregaton energy. In an dloy, the
radotracer atoms have migrated in a gain-bowndary for which k = ¢,*/c, = constin so far
asi) the giain boundaries are saturated by non active slver before the tracer diffusion and
i) the radotracer concentration is negligible. Supposing to afirst approximation that the
concentration of silver saturating the gain bowundaries is indegpendent of the temperature in
the range of the studied temperature, the activation energy 0 Pajoy (Q) corregpondsto that
of the grai -boundary diffusion coefficient of silver in copper. Therefore, these are the
values characterising Pyure Which have to beusdd to calaulate ks in equation (1V.13) and:

1 _ 4+16kJ/mol
k. =1 2.48x107%° expax L6 kJ/mol
=3 s El (IV.16)

The value of the activation energy agrees very well with other data previoudy published
38.7 kI¥mol obtained from experimental surface segegation kinetics data by Eugene [17]
and 376 kJmol by Bronner and Wynblatt[18], respectively.

10%
_— P=0kDy
102 B regime

Q)
E P=5cy
a :
10% A Our result Cregnme
"o |

10»28
X Cu-0,091a%Ag AKAH
10% |

M 13 15 17 19 21 2B X5
104T

Figure 1V.4 Arrhenius plots of the grain-boundary diffusion parameters P, o) measuredinB and C
regimes

Figure 1V.4 shows the Arrhenius plds obtained in the B and C -kinetics regme
meagurements and asit can be seenthey are consistent with each other (aking 6= 0.5 nm
in both cases): i.e. the activation energy 0 «, which contains the surface segregation
energy, is higher than that of Pywe and Paigy. It is reasonable, since if one asumes
Arrhenius-type temperature cependencefor both k' = kgk, and Dy:

by H'O . _ Q
k _kOeXpE?Q_TQ ; D, =D, exp@— RT@ (Iv.17)

and congdering that «i [7Dy/K', the effective activation energy o « is Q + AH’. Now, it
is reasonable to assume that the dfference of the segregation energies of ks and k;, is
positive, but less than the activation energy for gran-boundary segregation AH,. Indeed in
[1], from the difference of the activaion energies gven by equations (1V.14) and (1V.15),
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AHp = 29.4 kJYmol was given, which is less than our reallt for the surface segregation
energy [see equation (1V.16)]. In fact a rumerica esimate for AH’ could be obtained
either as the difference of the above energies or as the difference of the activaion energies
of & and Paioy. Althoudh the sign of AH’ is correct, since wnfortunately the errors are bo
high in both cases, it is meaninglessto gvethesenumbers.

V.4 CONCLUSIONS

Using the HwangBalluffi method the «w = dk,Dp/dks products for Ag grain-boundary
diffuson in nanocrygalline Cu films have been deaermined & low tempeatures where
lattice dffuson was vanishingly andl and type -C regme was pievaent. From the
comparison of these data with triple produds (P = kD), previoudy determined by tracer
technique in B regime urder dfferent segegation condtions, the activaion energy of the
suface segegation factor (kg was deermined (34 + 19 kJ¥mol), which is in a gad
ageement with aurfa ce segregation energies of Ag in Cu(Ag) aloys pulished in the
literature. These resuts as a whde show that there is no particular behaviour of the
nancstructured substrate in relationto the grain-boundary material transport.
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CONCLUSIONS

The am of this qudy was to invedigate difusion, segregation and dssolution in
multilayers and thin films, which present two particularities againg classical bulk
materials. diffusion dstances, which are nat infinite compared to the size of the sample
and a sharp interface.

The first aspect of our work was to darify the role of the ‘nanceffect’ on materia
transport. We have shown from smulations in multilayers A/B where the dffuson
coefficients of A (B) atomsin B (A) are very different, wh ich leads strongy (exponential
concentration deperdent diffusion coefficients duing the hamogenisdion, that large
asymmetry is observed in the evolution of the concentration profiles. We have seen that in
multilayers a fast homogenisation takes paae o n the sde where the diffusonis fagter, and
here the didribution is padicdly flat. Thus only the amplitude of the composition
moduation deaeases with time and the interface remains dharp and shifts. The Auger
depth profiling technique provided direct evidencefor thisin amorphousSi -Ge system.

Furthermore, we found that there is a difference between the reailts obtained from the
continuum and direte madds: the shape of the moving bourdary changes with time in
the dicrete modd and it shows a la  yer-by layer dissolution kinetics, while in the
continuum mald the interface remans atomic sharp. Furthermore, the validity of the
continuum mald shifts as the function of the strength of the concentration dependence of
the diffuson coefficients, and in many real mudtilayer systems with typical madulation
length of few nanomeers, it can break down.

Investigating the combined eff ects of stress and nonlinearity due to the concentraion
dependence of the dffusion coefficients, it was shown that in the Si-Ge system nat only
the concentration kut aso the pesaure dstribution is also very assymmerical. Furthermore,
stress effects do not modify the behaviour of the compostion piofile and the time
evolution of the intensity curve; only its ‘slop€, which i s poportional to the dffusvity,
has been chamged. Consequently stress effects can slow down the hamogenisation in
multilayers.

We have investigated the eff ect of segregation on the dssolution of a thin Ni layer (3-
14 egML) into a semkinfinite Cu substrate. Our simulations indicated a step-wise
character of dissdution and an interesting interference between the segegation and
dissolution in accordance with the results obtained in multilayers. Because of the strong
concentration deperdernce of the dff usion coefficients of the dffusing spedes, the
interface remains sharp and shifts until it reaches the nex-to-the-last layer. In this pat of
the disolution a concentration depencent diffusion on dscrete lattice controls the process.
We have seen tha the thickness of Ni decreases linearly with time, indicating the stong
non-linearity, deviation from the continuum description and violation of the parabdic law.
This was aso experimentally confirmed from Auge measurements of dissolution of Ni
into semi-infinite Cu substrate. In the final stage of the disolution, due o the diving force
for segegation, the process continues by the saturation of Cu in the top layer. The change
of the concentration of the second la/er (first underlayer) occurs accord ng to the
segegation isotherm. Finally, after the saturation of the surface layer by Cu, the final
homagenisation takesplace by complete dssolution of the second layer.

The second apect of our study was to characterise the gain-boundary material
transport in nanostructured thin films. Using the HwangBalluffi method and Auger
electron spectroscopy, Ag gran-bowndary diffusion in nanocrystdline Cu films have been
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determined at low temperatures where lattice dffusion was vanishingly smdl and type -C
regime was prevaent. From the comparison of these cata with triple products, previoudy
determined in pdycrygalline samples by tracer technique in B regime, the activation
energy of the suface segregation factor was also daermined, which isin a good ag reement
with suface egregaion energies of Agin Cu(Ag) bulk dloys published in the literature.
These resuts as a whde suggest that there is no dff erence between nanastructured and
bulk polycrystdsfrom the point of view of granbouwndary material transport.
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