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Abstract

The dynamics of growing wetting films is studied by the method of x-ray scattering
in the region of total external reflection. With a short pulse disturbance caused by
a temperature difference between the substrate and the vapour in the x-ray cell. the
wetting film thickness is reduced. Afterwards the time dependence of the growing film
is monitored by x-ray reflectivity measurements. The examined sample systems are
Hy/Si. CH3/Si. Ge/Si and a quartz glass wetted by a liquid film of CCly. The observed
growth kinetics of the wetting layers are discussed in the framework of a model which
is adapted to the experimental conditions. particularly the finite temperature stability
of the experimental set-up. From the growth law I{#) < 1 — exp —(t/7)"] fitted to the
data. the time constants 7 and the dynamic exponent n are derermined. The quantity

n depends on the dimension of the growth mechanism.
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Chapter 1

Introduction

Much recent work. both theoretical and experimental, for example see reviews[8.11]. has
been devoted to the study of wetting transitions: most of them focus on the properties
of wetting layers in thermal equilibrium. It is also of interest. however. to study how
such lavers approach equilibrium. i.e., growth of liquid films. if they are far awayv from
it. A liquid film is adsorbed on a substrate surface leading to an interface between the
adsorbed liquid phase and the gas phase in the bulk. A solid surface in contact with
a vapour in coexistence with its liquid can be classified as completely or incompletelv
wet. depending on whether the surface-adsorbed liquid film is macroscopically thick or
microscopically thin. In the case of complete wetting the film grows only in one direction.
which means that the thickness of the liquid layer monotonously increases with time.

[n this paper the growth of liquid CCly film on a Si coated with H,. Ge and CH,
and on a quartz glass substrates is investigated. All these substrates provide the case
of complete wetting with a build up of stable film thickness. The thickness was first
reduced by a short pulse disturbance and afterwards the evolution of a stable film was
observed over days.

To study the dyvnamics of growing films we use x-ray specular reflectivity scans near
total external reflection. With Parratt’s approach(28], the rvesulting film thickness as a
function of time is obtained by fitting the x-ray reflectivity data. The experiment was
done in the "Institute of Experimental Physics of the Christian-Albrechts-University”
Kiel -Germany. with a three-crvstal diffractometer and a laboratory x-rayv tube.

The paper 1s structured in the following sequence: After the introduction a brief
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description of the theory of x-ray scattering. with more emphasis on specular reflec-
tion, is given. In chapter three the film thickness as a function of a differential heating
temperature is derived based on van der Waals tnteraction with the Hamaker constaut
therein. Also. the Kolmogorov growth model is explained in this chapter. Chapter four
deals with the properties of the sample svstems used in the experiment. Next to this
chapter the experimental set-up and the scattering geometry are given. In chapter six we
present the x-ray determined parameters of the bare substrates and their corresponding
wetting svstems. The adaption of the experimentally determined film thickness with the
time dependent growth model is left for chapter seven. Afterwards. a discussion with a

concluding remark finishes the work.




Chapter 2

Theory of X-Ray Scattering

Electromagnetic waves scatter. diffract and interfere. Reflection is the result of the con-
structive interference of many scattered or diffracted waves originating from scattereres
in a stratified medium. The reflection of a monochromatic wave can be analvzed as that
of a superposition of general electromagnetic waves. For a given angular frequency. w«.

the time dependence of all fields is carried in the factor exp(-i.t}.

2.1 X-Ray Scattering in the Region of Total Exter-

nal Reflection

The propagation of an electromagnetic plane wave £(r) = £y exp{i(k - Fwt)} in a
medium characterized by an index of refraction n follows from Maxwell's equations to

obeyv the Helmmholtz equation:

Py
1

VEE(F) + Bt E(F) = 0 (2.1)

where {k] = w/c 1s the wavevector and « and ¢ are the frequency and speed of the
electromagnetic wave, respectively,

The index of refraction is given in[18] by

N, A
n=1_ 20 pij- (2.2
J
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£
—
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where
A is the wavelength of photons. p the density of substance. .\, the Avogadro’s number.
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A the molecular weight. r, the classical electron radius. and f, the atomic scattering
factor.
The effective number of electrons contributing to the scattering is affected by the

presence of absorption edges. Denoting the form factor of the atom by

fi=Zi + [N +if](A). (2.3)

the index of refraction n can be expressed as

n=1-48—-:3 : (2.1
where
5= \)I:ip22+f (25)
is called the dispersion. and
3= )’;i , Zf” (261

the absorption (extinction) coefficient. The parameters § and 3 are of the order of 1077
to 107° (dimensionless quantities).

Because the refractive index of a substance for x-rays is less than unity it is possible to
obtain total external reflection from a surface. since the x-rays. on entering the substance
from the air (vacuum). are going into a medium of smaller refractive index. Then. the
taws of refraction lead to the result that x-rays should be totally reflected from a plane

surface at all glancing angles smaller than a certain critical angle a.. given by
cosa, = 1 — 4. i (2.7)

Since é and a. are small. on expanding the cosine we get

., = \/ﬁ {:

SN
.8

We consider now the situation of a plane x-ray wave in vacuum impinging on a flat
surface of a crystal (at z=0) under a shallow angle a; which is in the vicinity of the
critical angle a,. The linearly polarized incident x-ray wave field E(r) = E,exp{ik - r}

reads in the coordinate system of Fig. 2.1 as

SIn 0
E; = £y 0 + B} (2.9)
— COS Q ]




and

U 0 (2.10)
1 N,
where Ejyy and £, denote the components of the electric field vector parallel and per-

pendicular to the plane of incidence (x-z plane).

Figure 2.1: Monochromat-
ic x-ray with wave vector !:,
and field vector f[, imping-
ing onto an interface {at z

< K ~‘-‘ = ) at an incidence angle

a,[9].

surface

v
z

2.2 Specular Scattering

Specular scattering is the result of the constructive interference of many scattered or
re-radiated waves. In the specular case the angle of incidence 1s equal to the angle of
scattering {a; = ay). |

Assuming a svstem consisting of N lavers j = 1.2......V. such that. the refractive
index n; of laver j is nj = 1 — é; — i/3; with the dispersion ¢; and the absorption J;. the

Fresnel-reflection and transmission coefficients for each {smooth) interface [27] are

]1'- i—1— k-,
S e B 2,11
-1 'I\':.j—l -+ k:._) ( !
and
2]{-. i—1
fog = == 2.12)
b ‘ll':.j—] + !\':‘,z (

respectively. Here k. is the z component of the wavevector in medium j. The j* inter-

face lies between the (j— 1) and the (j)* lavers where laver 0 is assimed to he vacunm.

a1
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and the interface j=1 is the free surface (see Fig. 2.2).The z-axis is perpendicular to the

surface and its origin lies at the surface (z; = 0}: the x-axis lies in the incidence plane.

z
T 3
Vacuum 0 4 5 £
z.=() a?\ /‘J’af g:__
! ER—‘""T R n, 1
Laver | ! B gt L,
zz ‘—--._.__‘_"L 1

Laver J oy \El\ /E,' ! L

_ E.RH '
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Laver N X g g ;
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Zy e 1

n
Substrate N+1 \E’m i

Figure 2.2: A model of an x-ray scattering in a muitilaver svstem.

In each laver of thickness L;{{; = {z,41 — z;|} the component of the wavevector normal to
A FARY; I+ J i

its surface. which is determined by the law of refraction. is

. 25 _ }
k.; = kjsin{aj) = l;,—(n:‘? —costa;)? = ﬁ%\/a’ =208, +1.3;). 12.13)

This expression is valid only for simall incident angles @;. The optical constants ¢; and
3; of each layer j are defined by the complex index of refraction. eq. (2.4i. They are
proportional to the density p; of each layer. The glancing angle of incidence is a; and
ki = kg = 2n/A = &y denotes the modulus of the incoming wavevector (and A is the
x-ray wavelength),

To calculate reflectivity curves for single and multiple layered systems. we follow the
treatment of Parratt[28] first formulated for the case of metal-dielectric layers. This
formalism is based on Maxwell's theory applied to a syvstem of N parallel layvers from
which x-rays undergo multiple reflection and refraction. The reflectivity of a layered
system as a function of the incident angle a; and the layer thickness {; (between interfaces

at z; and zj41 ) can be expressed in terms of a recursive formula as

Ri_1(l) = ri-i; + Ri{lj41) expl2ik. ;1
T L v Rl explRik, 1

fA
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with the Fresnel-reflectivity of one smooth interface r,_y; given by eq. (2.11). Here
R; = ER/ET is the ratio of the amplitudes of outgoing and incoming x-ray waves,

In the case of rough interfaces. the Fresnel coefficient. eq. (2.11}. has to be replaced
by that of a rough interface in the recursion formula. Numerical tests show. however. that
in the case of relatively small roughnesses (¢ ~ 10A} this procedure is indistinguishable
from fitting a density profile of the whole system to the reflectivity data [27]. If a

probability density function in z-direction

Ptardl(s) (215'

1
V2 cosh®(y/2 /72 /o)
for the roughness distribution is chosen. an analytical solution for the tanh-refractive

index profile between media j — | and j is found [21] as

n; +n;_ n;

n(z) = 5 + __)n"*] tanh(\/‘.?/ﬂi). {2.16
= J

where o} is the root-mean square roughness of the ()™ layer. Figs. 2.3 and 2.4 show

0'4‘_IIIC¥I!IIIIIII'I'I'TIIIIIIII'FI_

Figure 2.3: Assumed Gaus-
sian roughness distribution

function.
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the assumed Gaussian roughness distribution function and the tanhyperbolic density

profile. respectivelv. with

N(z/o) = (nfz/o) —n;_ )+ (n(zfo) — n)_]. 207)

i, — 1,

Eq. (2.16) has the advantage that the Helmholtz eq. (2.1} of the electromagnetic field
can be solved analytically. The resulting reflection coefficient of one rough interface with
the above roughness distribution now leads to [21]

sinh[oy (7 /2% 2k, ;21 — ko))

sinh [O'J( 77.-'[2 ]3/2(;\'3.j-l + k:-) }]

Fy-15 =

Glhej1 kojooj). (2.

[ A
f—
)
—

where Gk, ;_1.k.;.0;) Is a relatively complicated expression in k.j_1. k. .a;. But nu-
merical tests show that the factor (¢ is equal to one for roughnesses o; up to 1003
(31].

When a thick film is grown on the substrate. the experiment shows that a dip. Fis.
2.5. is observed at a certain incident angle between the critical angles of the suhstrate

and the adsorbate. provided that the critical angles fulfill the condition
Qe < Qdip < Qe (2.19
where ay. and a,. are the critical angles of the film and substrate. respectively.

q. [R7']
0.00 0.02 0.04 0.06
T

Figure 2.5: A reflectivity scan taken

— oofF T ) from the svstem C'Cly on CHs /51 which
= : . . .
5 —05%L shows an intensity dip at a film thick-
[ S— L .
[ o i {
~—10F ness of 2704.
E r
\;ﬂ -1.5 C
O L
= —-2.0F

0.0 0.1 02 0.3 04 05
ay [deg]

For a thick film of thickness I, incident angle a; and angle of refraction a,. the

recursion formula reduces to{33]

2

ry + reexp{2ikyayl) (2.90)

1 4+ rirgexp(2ikiayl)

-

2 -




The quantities k; and Ay are the wavevector of the incident and refracted waves. respec-
tivelv. and r; and ry are the Fresnel-reflectivities at the two interfaces {z; and z; }. see
Fig. 2.6. At an angle of incidence ag,(ay = agy) between the critical angles of the film

and the substrate. the Fresnel-coeflicient reduces to

Qdip — Q2

'y =

Qdip + o

Figure 2.6: Representation of x-rav

scattering from a one laver struc-

ture(33].

Here we consider radiation from a non-absorbing medium (real ny) onto an absorbing
medium (complex ny). Thus the angle of refraction is complex. and has a formal meaning
only and we write

ay = a, + iay. {2.22)

The real and imaginary parts. a, and ay. can be expressed in terms of the dispersion ¢

and the absorption J of the film as[23]

N L 2 ‘ 2 ey 2 9 1/2 7 SIS

O.r —_ \/‘E [\/(adlp_zé) +—L,d-|—(0.’d]p ,_,(S‘):| . (__“__3}
1 ; - ) ) . t/2 .

o1 = 5 [lod, =207 + 45— (o, -20)] (2.20)

Eq. (2.20) can now be transformed into a relation between the reflectivity £ and the

film thickness { of the wetting layer:

Rla,) —1

{=C .
R(adip) +1

[Here R is the reflectivity at the angular position ayi, of the intensity dip, and (" a

constant which is given by:

. A L+ nP+2[mfcos(Aa)
8 [ sin(Aa) + arsin{Aa)]’

(2.26)

N -




The Fresnel-reflectivities of the vacuum-laver and layer-substrate interfaces are denoted
by ry and ry. respectively, and the angles a;, are defined via the eq: r, = |r;]exp(ia,)
with j = 1.2 and {Aa = a; — ay).For a film thickness | < 300 the dependence of { on

the reflectivity at the dip eq. (2.23) is linear[35].

2.3 Diffuse Scattering

N-ray reflection has frequently been used for structure studies of crystalline and amor-
phous layers and multilayers. By measuring the specular reflectivity. the thickness and
electron densities of the layers can be determined and the root-mean-square (rms) rough-
nesses of the interfaces can be estimated. From the non-specular reflectivity{diffuse scat-
tering). the correlation function of the interface roughness profile can be reconstructed.
The specular reflected wave consists of the coherent wave and of the part of the incoher-
ent wave propagating in the direction of specular reflection (¢, = 0). The non-specularly
reflected wave is incoherent. If we neglect the divergence of the primary beam irradiating
the sample, the coherent wave is plane and the incoherent wave is divergent (diffuse).
The diffuse scattering can be described using the formalism of the differential scattering

cross-section[31].

i _ Tk N n? 2 2 2 s
(((I_g.)diffuse - T%ZJK 1( —n Jj+ 1)(n’k - n’k-{»l)* CJ‘A' (-q’“)'

1
3 e n”

S Gy G expl=3((a20,)" + (g0

Tk— N 2 2 . .
Tﬁ_fr%(Zj:l I”j - ”j+1|2 Cj (qr).
~ 2

~0 ~3
|(GJ.-}-GJ.)exp[—é(qu )]+(G' +G yexp[— %(ffﬂ Ik
+Z )R 1 f

~ T~

Z?n,n:o G G exp(—35((¢™0;)2 + (¢or)?)))

Dd = n)* o lan).

(2.27)

mT

77)" is the momentum

The illuminated area of the sample is denoted by T, q;" = {¢-q
transfer within each layer, and Cj {q.) and C‘jk () are the Fourier-transforms of the

auto- and cross- correlation functions of the interface[31]. Furthermore. the factors G,

are defined by

[S)
N
o
—_—

C,J = G exp[—iql;2;] (2.
10




with the respective expressions for G given in {33].

To anal}'z;s? x-ray diffraction data. particular correlation functions for the interface
and the strength of the correlations between different lavers have to be assumed. The
correlation functions contain the information about the morphology of the surface.

The shape of the interface j at the position :;{( ) = z,+¢;(R) [31] can be statistically

described via the so-called height-height correlation function ';(R) which is defined by
CHR) =< oj(rio;(F + R) »,= ffszoj(;f)ojff+ R). (2.29)

Here R = (r.y)T and 7 are vectors within the surface and < ... >, means the average
over the {x.v)-plane. The (single valued) function oj(é) is the height fluctuation of the
interface =; at a lateral position R with roughness o; = m and vanishing mean
value < o,(F}) >,.

For the solid-solid and solid-liquid interfaces Cj(}_:t,;) is represented by the correlation

function!32! of a self-afline fractal surface [33]
C;(R) = o? exp[~(R/&)™™] (2.30)

with the correlation length &; and the Hurst-parameter £; of the respective interfaces[33].
The quantity £; describes the lateral length scale on which the interface begins to look
rough. For R < & the surface is self-affine rough where as for R > &; the surface looks
smooth. The parameter A; is restricted to the region 0 < £; <1 and defines the fractal
box-dimension £; = 3 — h; of the interface. Small values of & produce extremely jagged
surface while values close to one lead to interfaces with smooth hills and valleys. For
clarity see Fig. 2.7, which shows possible real structures which are calculated assuming

the correlation function given by eq. {2.30) with different §; and k; values respectively.
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Figure 2.7: Calculations of possible one -dimensional surface structures tising the cor-
relation function given by eq. (2.30) for various kinds of the parameters ¢ and h[30].

Always a rms -roughness of 0 =14 was assumed[31].




Chapter 3

Theory of Growing Wetting Films

3.1 Wettability

The formation of liquid drops on a substrate is a common phenomenon. What makes
it interesting is the fact that the macroscopic shape of such a drop is intimately related
to the three surface tensions(energy per unit area} associated with the three interfaces
meeting at the contact line between the drop and the substrate: vps the liquid-substrate.
Yvs the gas-substrate, and (yv; = v) the gas-liquid surface tensions. These parameters
describe adequately the energy content of the interfaces in the far field (far from the line
of contact). In equilibrium the energy must be stationary with respect to any shift (da)

of the line position. Hence the contact angle is related as[41]
s = qLs — 7 cos O = 0, (3.1)

where O refers to the contact angle at equilibrium. Eq. (3.1) shows that the contact
angle is entirely defined in terms of thermodynamic parameters.

When a small liquid droplet is put in contact with a flat solid surface, three distinet
equilibrium regimes may be found. The contact angle © permits a classification for the
wettability of a substrate by an adsorbate: for ©=0 the substrate is called wet. for © < 7

non-wet, and for © = 7 dry (see Fig. 3.1). For complete wetting {@=0) we have

7= VS TOULS- (3.2)




Wet Non-wet Dry
®=0 0<®<n ®=n

Figure 3.1: A small droplet in equilibrium over a horizontal surface: a. b and ¢ correspond

to complete wetting, partial wetting and dryv with ©=0, (0.5} and r. respectivelv[li].
3.2 Van der Waals Force and the Hamaker Con-

stant

This paper is mainly concerned with intermolecular forces essentially electrostatic in
origin. Once the spatial distribution of the electron clouds has been determined by
solving the Schroedinger equation. the intermolecular forces may be calculated on the
basis of classical electrostatics.

Thus, for two charges. we have the familiar inverse- square Coulomb force. while
for moving charges we have electromagnetic forces. and for complex fluctuating charze
distributions occurring in and around atoms, we obtain the various interatomic and
intermolecular bonding forces.

There are three distinct types of forces contributing to the van der Waals force:
namely, the induction force, the orientation force and the dispersion force, each of which
has an interaction free energy that varies with the inverse sixth power of the distance.
Thus. the total van der Waals interaction energy is given by

CVDH’ _ (Crind -+ Cort'eni + Criisp)

7‘6 ré

]vf/;D”r(I') = -

(3.3)

In 1963 McLachlan[24] presented a generalized theory of van der Waals forces, which
included in one equation the induction. orientation and dispersion forces. McLachlan's
expression for the van der Waals free energy of two molecules or small particles I and 2

in medium 3 is given by the series {17]

T - (v )asliv
6'i'v . Z O](”"n)aZ{”n)‘ (}4)

e2(ivy)




where a(iv,) and a,{iv,} are the polarizabilities of molecules I and 2 and z3{:1,) the

dielectric permitivity of medium 3 at imaginary frequencies ¢1-, . with

B 2rkT
n - h

n 4 x 108Pns! (3.3)

at 300 and where the prime over the summation indicates that the zero frequency n =0
term is multiplied by 1/2.

Dispersion forces generally exceed the dipole -dependent induction and orientation
forces except for small highly polar molecules. such as water. In the interaction between
two dissimilar molecules of which one is non -polar, the van der Waals energy is almost
completely dominated by the dispersion contribution.

The van der Waals interaction energy between two dissimilar molecules A and B is
usually intermediat between the values for A-A and B-B. In fact. the coefficient C'y-py-
for A-B is often close to the geometric mean of A-A and B-B.

When two atoms are an appreciable distance apart. the dispersion energy between
them begins to decay faster than -1/r%, approaching a -1/r" dependence at r >3003 27].
This is called the retardation effect. and the dispersion forces between molecules and
particles at large separations are called retarded forces. Tha is. at a greater separation
the time taken for the electron field of the first atom to reacn the second and return can
become comparable with the period of the fluctuating dipole itself. When this happens
the field returns to find that the direction of the instantaneou:s dipole of the first atom is
now different from the original and less favorably disposed “v an attractive interaction.

In this paper. since the film thickness is smaller than 800A. the non -retarded case is
assumed. At a smaller distance the dispersion interaction energy (~ —1/r®) is superior
over the induction and the orientation energies.

Van der Waals forces play a central role in all phenomena involving intermolecular
forces. for while they are not as strong as Coulomb or H-bonding interactions. they arve
alwavs present. By assuming a non -retarded interaction for an interatomic van der
Waals pair potential of the form w(r) = -C/r® one may sum (integrate) the energies
of all the atoms in one body with all the atoms in the other and thus obtain the two
-body potential for an atom near a surface, for a sphere near a surface. or for two flat

surfaces. The resulting interaction laws are given in terms of the conventional Hamaker




constant[14] (which measures the strength of the dispersive forces)
A =7 Cppy. (3.6)

where p; is the number of molecules per unit volume in material 1. p; ts the number of
molecules per unit volume in material 2 and (' is the coefficient of r=% in the expression
for the dispersion energy between isolated molecules | and 2. separated by a distance r.

For the assumed case. non -retarded and dispersion. the Hamaker constant for an

interaction of two media I and 2 across a third medium 3 is expressed based on the

Lifshitz theory22] as

[q]
—_
——
.
=
—
(&7
)
—
—
A
—
iy
v ™)
——
o~
=
~—
(3
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~
~
o —
=
'\
—_
el
-1
—

3ho 7 (e ,
A= — . .
r [, \ai(iv) + 23liv)

with

A . f S &3 .

pioy = 22,51 (5,‘ n 53) (S.b)

for C eq. (3.4). and ¢ = 1.2 (media 1 and 2, respectively.). where | .z; and &3 are

the static dielectric constants of the three media. z(iv) are the values of = at imaginarv
frequencies.

To obtain the Hamaker constant for anv system we first need to know how the

dielectric permitivity of the media vary with frequency, after which we can integrate

eq. (3.7) to obtain 4. The dielectric permitivity z(ir) can usually be represented by a

function of the form|23]
(n% —1)
(14 v2/u2)

where v, is the mean electronic absorption frequency in the UV typically around 3 x

)y =1+ (3.9
10571, and n is the refractive index of the medium in the visible (i.e., n? = z,i,(v)).
Note that =(ir) of eq. {3.9) is a real function of .

For interactions dominated by dispersion forces, combining relations (or combining
laws) are frequently used for obtaining approximate values for unknown Hamaker con-
stants in terms of known ones. The non -retarded Hamaker constant for media I and 2

interacting across vacuum is approximated by[17]

Alg ALY f{nAgg (3]0}

and for media 1 and 2 interacting across mediwn 3 is given by

A % (VA = Vs) (Vi = V). (3.11)

1A -




In order to calculate Hamaker constants for materials of practical interest it is neces-
sary to have information on the relevant intermolecular forces and a means of calculating
the constant (". Different expressions[7.38] of the Hamaker constant are given based on
different assumptions. for example based on the assumption of additivity of intermolec-
ular dispersion forces and on the macroscopic approach. The Hamaker constant for two
interacting similar media[13] on the assumption of short-range macroscopic treatment is

given by
(S:) - ]-)2
(g5 + 1322, + 201/

A =0.23hv, (3.12)

where v, is the characteristic frequency., & is Plank’s constant and =, is a limiting dielectric

constant.

3.3 Film Thickness

A growth of wetting films is studied as a function of time ¢ in the framework of effective
interface models. The thickness of such a wetting film depends on a temperature dif-
ference AT, due to differential heating of the substance relative to the temperature of
the liquid reservoir. An expression for the relation between the film thickness { and the
temperature difference AT now is following.

The disjoining pressure[37]. I1{{) provides a convenient formalism for the discussion
of wetting. By definition

dG7 (1)

= - . (3.13;
I{7) i _ (3.13;

where G7(1) is the excess real free energy density of an adsorbed film of thickness /.
Phenomenologically. the disjoining pressure is the thermodynamic force per unit area
between the free surface of the wetting film and the adsorbing substrate. The excess free
energy per unit area of the filin can be split into a thickness dependent part £(I) and a

part which only depends on the surface tension|[27] as
Gy = F(I) - S, {3.14)

where F(1) is the thickness-dependent part of the excess free energy of the liquid film

and .5 1s the total surface tension between interfaces(LV. SL. SV). For a volatile liquid




in thermal equilibrium and above the wetting transition temperature S is always zero
due to Antonoff’s rule-['ET].

Considering only the van der Waals interactions between the adsorbed molecules
and a uniform substrate. the thickness -dependent part of the excess free energy of the
liquid[17] can be expressed as

Aepr/(1208) 1< A
F(ly= (3.13

B/(38) > A:
where A.;s is the Hamaker constant of the whole svstem. The first part of eq. (3.13} is
for the case of non-retarded van der Waals forces and the second part is for the retarded
case. A van der Waals interaction energy between molecules of the form wir) = -Ci /i
is assumed. where n depends whether the interaction is retarded or non-retarded. and the
definition for the Hamaker constant A;; = 72pip;C;;. with p;; as the molecular density.
The constants A.;; and B are assumed to be positive (complete wetting). This means
that the van der Waals forces tend to thicken the liquid film. The critical length A, is
of the order of 800A. Therefore, the non-retarded case is considered in this paper. The

disjoining pressure for the non-retarded case is then given by

Ae _
[,() = sszg (3.161

A muore general approach given by Dietrich([3] is
Fiy=al ™+l + ... I>d,. (3.171

which is exact for T = OK. For distances smaller than a microscopic distance 4, the
density of the liquid near the wall vanishes[27] (in the case of C'Cly. d_ < T.i). Here d..
1s a hard-core radius that takes into account the fact that. owing to the finite size of the
adsorbate and substrate molecules. they cannot come arbitrarily close to each other. k
= 2 corresponds to the non-retardéd case and & = 3 to the retarded one. n > k is the
exponent of the first correction term and usually » = & + 1. For T>0K the coefficients
a and b become temperature dependent. Under the asswmption that this temperature
dependence is only weak and that only a small temperature interval is regarded. the
following expression is obtained

~

Aesy B 4
’ I = I . :. x‘
()= S s o (3.18)
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and the disjoining pressure is

~

Aeys B _s :
= S+ O(I7?), 3.19
Mo(l) = 5 + @ + 017 (3.1

It should be mentioned that a thin laver between the substrate and the liquid CCly film
also may cause an {~* term in the disjoining pressure as pointed out in[37]. Inclusion of a
substrate surface layer in the Hamaker formalism vields an effective adsorbate substrate

Hamaker constant with an { dependence:
Acpsl) = (Arp — ArL) + (Ase — ApL YL+ d/H 77 (3.20)

where . §. and F denotes the liquid filin, the substrate and the solid layer between
liquid and substrate with thickness d. respectively. Inserting eq. (3.20) into eq. (3.16)

and expanding IT,({) in powers of (d/I) up to first order vields.

H, H -3 ;
() = 2+ 54 00) Bl
where
Hy = _j;l'__‘:‘_% (3.22)
: G
Hy = —dw. (3.23]
2
and
oy = @ldse = Are) (3.24)

w3
In general. the wetting properties depend on the magnitude and sign of H;. H,. etc.
For example. if Hy and Hy are both positive (i.e., Apz > Asz > Apr) the wetting is
complete: however, if Hyj is positive and H,y negative (i.e.. Asz > Apr > Arz). the surface
is either incompletely or completely wet, depending on the precise value of H;/H[37].
The temperature difference. AT'. represents only a slight perturbation of the ther
modynamic eqtiilibrium. Therefore, the related film thickness can be calculated by an
expansion in the vicinity of thermodynamic equilibrium. With the pressure p,. the
temperature 7, and the chemical potential u(p,.7T,) of the vapour and the respective
quantities for the liquid wetting film (indices v — {}, the equilibrium conditions at the

gas-liquid coexistence line are

—_
Lo
I~
it

—

Pv = Pis T, =1, ok poy Toy = il pe. 1)
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The chemical potential gives the total free energy per molecule: it includes the interaction
energy as well as the contribution associated with its thermal energy. Introducing a
temperature difference between the vapour and the liquid. the equilibrium 1s perturhed.
thus.

P = Di. T,.+ AT =T, (3.26)

and

ol pe . To) + Mt = (e . Ty + AT = (i Th). (3.27)

Here the reservoir provides isobaric conditions. A Tavlor expansion of the chemical
potential together with the definitions of the heat capacity (',; and latent heat of va-

porization per molecule ¢ leads to the following expression[10}:

?i :i_i’.lﬂ_ (3.8
arj), T Ny T

With the introduction of a temperature differential, the thickness-dependent part of the

excess free energy of the adsorbed liquid film is
F(ly = F(1) + AF. (3.29)

where AF' is an additional contribution to the excess free energy density. F. caused by
the temperature difference AT. The term AF is proportional to Ay and represents the
energy cost {per unit area) associated with forming a liquid layer of thickness { at a

temperature A7 oft the liquid-vapour coexistence line. Thus. it can be expressed|23] as

6\ u
AF = pil 3.
p ( 5T )p_\T (3.30
and eq. {3.29) is given by
_ Ay B vy 4 .
FO=50p 1 3 ”‘1( ar )pATJ’ o) (3:31)

Omitting higher terms in the expansion of eq. (3.27) and using eqs. (3.19), {3.28) and

(3.31) we obtain the following expression for the disjoining pressure

A
I1(0) = (1) — pig S (1 — (AT)), (3.32)

where (AT} = (¢/q)AT with ¢ = C,;/N,. In the case of ("Cl,. the latent heat of
vaporization per molecule is ¢ = 1.8209 x 107*°J /particle[12] and the heat capacity per

N




molecule is of the order of & = 2.1870 x 107%.J/(particle.K}[20]. Hence the second term
in eq. (3.32) is of the order of £(AT) = 107, even if a temperature difference as large
as AT = 10K is taken. Thus. this term can be neglected. Therefore. with the condition

[I{{} = 0 for an equilibrium film thickness ly eq. (3.32) is transformed to

Ho”o) = -‘é—Tr-E + E = piq— (3.33;

And finally we get an implicit formula for the change in temperature as

AT = (A”f + B) . (3.34)

gpi \ 672 T 1
From eq. (3.34). we can see that, introducing a temperature differential changes the
condition for the film thickness from [I({) = I1,{{,) = 0 at liquid-vapour ceexistence to
Ho(l,) = (pigAT)/T and a measurement of the film thickness [, as a function of the
temperature difference AT between the liquid wetting film and the vapour is well-suited
to determine the microscopic constants A.;; and B.
For the case of the non-retarded van der Waals force. the thickness as a function of

temperature difference is given by

Aesy TP
{AT) = -~ . 3.33
(&7) (Gﬁqm—\T) (333)

The temperature behaviour for small time t is approximated by the Newton law of

cooling{3]. Mathematically,

dAT
— x AT {3.36)
di
which gives
AT = Alyexp(—et). (3.37)

Eq. (3.37) shows an exponential decay of the temperature difference to zero as t — ~c.
But, the experimental result is quit different, the change in temperature AT decreases
exponentially against a final value AT, (see Fig. 3.2). Thus. eq. (3.37) is transformed
to

AT = ATgexp(~et) + AT, (3.38)

and the AT dependence thickness, eq. (3.35) is given by

A T /3
Hi) = . 130
( ) (Gfrqpi ATOEXP(—Ct) 4 AT(\) {} 3))
P!
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Figure 3.2: Schematic drasw-

loﬁ—r*‘*v T T T LA R | T T T T T T

and the substrate as a func-

AT = ATy exp(—ct)+AT,

tion of time eq. (3.67)[41].

AT [a.u.]

Time [a.u.] -

Eq. (3.39) shows that the maximum film thickness depends on the change in temperature.
AT,,. achieved in the experiment as ¢ — >c. Accordingly the film thickness is limited

by the temperature difference between the substrate and the vapour.

3.4 Kolmogorov Model for Film Growth

In recent years there has been renewed interest in the process of nucleation and growth
at first-order phase transformation[l3]. The IKolmogorov model{19] (also called the
Johnson-Meh!-Avrami model[1.2,39]) was developed to describe a first order phase trans-
formation from a metastable phase A into a stable phase B. In this section the model is
discussed first in its general sense and then as applied to our film growth process.

The assumptions of the model are as follows. At an initial time t=0 infinitesimal
grains of stable phase are randomly produced throughout the initially homogeueois
metastable phase at a constant rate. I, per unit volume. The nucleation rate thus
decreases with time in direct proportion to the volume fraction of metastable remaining.
Once formed. the grains grow isotropically with constant domain wall velocity v until
the wall is impeded by impinging on neighboring grains.

Let V' be a certain volume. Initially (at t=0) it is occupied by the mother phase A.

After time t a certain part Vi(t} of the volume V is occupied by another phase B. The

- i 91)

ing of the temperature dif-

!
. 4 ference between the vapour
]




volume 11{t) grows with time t. A necessary and sufficient condition for a point to be
in the transformed field at time t is that at some previous time t, > 0 there be a grain
nucleated within the free propagation range vif —1,) of p. where p is a random point in
the transformed region. The volume occupied by a hypothetical "free” grain {one that

does not impinge on a neighboring grain) at time ¢’ = ¢ — #, after nucleation is given by
V(L) = Cyhlet) (3.40)

(’; 1s a constant. which depends on the dimension d. for d = 1. 2, 3. 'y =2, n. 4= /3
[14]. The probability that such a nucleus has formed in the volume V(t'} during an

. . . . . r !
infinitesimal time interval A# around t; can be expressed as

Q =TV(t))AL, (3.41)

and thus the probability that such a nucleus has not found in the volume during the

. - . . t fr o,
infinitesimal tirne At around t; is

L

Pi=1-Q=1-TV({)AL. (3.42)

The probability that such a nucleus has not been transformed throughout the entire time

mterval 0 < t;- <t{is
t

Pty = [[01 - TV(E)AD). (3.43)

I
L
=i

Taking the logarithm of eq. (3.43), we obtain

f
In{P(t)] = = 3 TV(t;) AL (3.44)
i;:D
For At' - 0. we get
t
In[P(t)] = ——f TV (t)dt {3.43)
0

On substituting eq. (3.40) into eq. (3.45) and taking the antilogarithm we find
i
P(t) = exp [_ f Cgr(ut')ddt’] : (3.46)
0

Assuming I'. and v as constants in the integration. eq. (3.46) 1s transformed to

‘, F ‘d
P(1) = exp [_%t”‘] . (3.47)
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Eq. (3.47) gives the probability of a nucleus in its first phase A. Thus. the probability

of transforming in to phase B in time t will be
N{ty=1—-P(t) =1 —exp[—ct"]. (3.43)

with n = d + I and ¢ = [{Cye?)/(d + 1).
Since the model is completely characterized by the parameters ' (with dimension
{7'L7%in a d -dimensional space) and v (dimension #-1L). it follows that there exists a

single characteristic length scale and time scale[4] given by

= (g)‘?ﬁ (3.49)

Cyul\
,—:(rdfl) . (3.30)

Thus. eq. {3.43) reduces to a simple. but general. exponential growth law

and

X(t)=1—exp[-(Z/7)"]. (3.51)

Let us see how this global model works to the dynamics (special case) of growing
wetting films. Assume 13(t) be the volume of a liquid film adsorbed in the interval
between [0.t] and 13 be the volume in the interval [0.t— 20]. Then. the volume fraction

adsorbed in the interval [0.t] can be expressed as

Vi(t) _ OL(t)

Xit) = = : 3.52
T (5.52)

where O is the surface area. Substituting eq. (3.51) in to eq. (3.52) gives
Lty = L{1 —exp[—(t/T)"]}. (3.33)

But the actual thickness of the film. at time ¢, is 1;(¢) + [, where I, is the thickness at

t=0. Thus. eq. {3.53) is transformed to

(1) = 1, + (Ipax — L){1 — exp[—(¢/7)"]} (3.54)

With ez (lnar = & + ;) the maximum equilibrium thickness. 7 as the time constant of
the film growth process. and n = d + I, d being the growth dimension. Eq. (3.54) gives
the thickness of the film at timet,

2d




Chapter 4

Sample Systems

4.1 The Substrates

Two substrates were used to study the wetting process: Silicon and a quartz glass. Each

has been carefully characterized by x-ray techniques. The details are given in chapter 6.

4.1.1 Silicon Wafer

The first type of substrate was an opticallv polished silicon{111) wafer. Polished sili-
con(100) wafers with a thin native oxide layer on top have a high surface tension which
leads to a spreading parameter greater than zero26]. Furthermore. polished silicon
wafers are well-suited for x-ray reflectivity measurements because they are smooth on an
angstrom-scale. This is very important because the wetting behaviour might be strong-
ly influenced by the surface roughness of the substrate[30]. Therefore. a homogeneous
liquid film covers the substrate and variation of the density of the film will only concern
the direction normal to the surface. Table 4.1 shows the theoretically obtained (optical)
parameters of the silicon wafer.

The Hamaker constant of Si is found[38] ranged from 22.1x 107 Perg to 25.6 x 10~ Perg

and in reference(27] it is found as 24 x 107 erg,




Absorption{3 - 107) | Dispersion (§ - 10%) | Critical angle (a.)

173 7.56 0.223° |

S S —

Table 1.1: Absorption 3. Dispersion é and the critical angle a. of the silicon substrate

calculated for the wavelength 1.534056 A(Culk,)[16].

4.1.2 Quartz Glass

Quartz is a crystalline form of silica. It has a hexagonal structure. Each silicon atom
is surrounded by four oxygen atoms and each oxvgen by two silicon atoms. Quartz is
hard and has a high melting point. about 1600°C. This is hundreds of degrees above the

melting point of an ordinary glass.

4.2 The Adsorbate

Adsorption is the accumulation of a gas or a solute at the interface. hence it is a surface
phenomenon. In this paper the adsorbate used is carbon tetrachloride(C'Cly) which is
liquid at room temperature.

Over a limited range of temperature the dependence of the vaponr pressure of Hquids

on temperature may be represented by a formula of the form

B
logwp:fl—? (4.1}

in which 4 and B are constants over a temperature range and 1" denotes temperature
on the absolute scale. A plot of log,qp versus 1/T gives a straight line. The vapour
pressure is a function of the substance and of the temperature.

For the liquid C'Cly in equilibrium with its vapour. the p — T relation is given by the

following expression{23] within the indicated range of temperature,

p= 10530527555 ¢ £¢[19.00 , $0.00) (4.2)

where ¢ and p are in °C and Torr. respectively.
The vapor pressure of CCly(at 293K) is sufficiently high (p,=120hPa) which is highly
volatile and provides transport of molecules from the liquid in the reservoir through the

26




vapor to the wafer. So. a liquid film on top of the substrate can quickly be formed|[26].

The structure of CCly is a nearly tetrahedral molecule which can be assumed as spherical

if one takes its (rotational} motion at room temperature into account, The interaction

between CCly and silicon is predominantly of the van der Waals type. atleast in the

temperature range of the experiment. The van der Waals diameter of CCly is T.O.i[‘)?}.

Some physical/thermodynamic constants of CCly are given in table 4.2,

Van der Waals diam.
V.pressure(at 293K)
Molecular mass
Density of gas(75°C')

| Density of liquid p(T')
Surface tension
Melting point

Boiling point

Tripte point

| .04

| 120hPa

i 153.34g/mol
0.0051g/cm?
1.63372-0.001997 +
0.00000057%g/cm®
12.921-0.01259T') x
1072J/m?

-23.0°C

76.7°C

: -22.9°C( 10.9mbar)

Heat capacity(at 25°C) f 131.7J/g.mol (liquid)

Heat capacity(at 25°C) ' <3.4)/g.mol (gas)

Hamaker constant

Critical temp.
Critical pressure
Critical density
Bond length ('—Ct
B.angle C1-C—CI

dissociation energy

(CCly—Chy
Dielectric constant
Critical angle(a,)
Dispersioni ¢}

Absorption: .3)

(33.7— 57.0}
x 107 1%erg
283.15°C
44.98atm
0.5377g/cm?
1.766A
109.5°

67.9kcal/mol
2.24

0.181°
5.008x107°

1.871x 1077

Table 1.2: Some physical/thermodynamic constants of CCly taken from refs.[6,38]. In[27]

the Hamaker constant of pure CCly is found as 45x 107 3erg.
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Chapter 5

Experimental Set-up and

Scattering Geometry

5.1 Experimental Set-up

The x-ray measurements were carried out by a high - resolution three crystal diffrac-
tometer whose general set up is given in(3]. A 12kW rotating anode generator with a
copper target was used as an x - ray source. The schematic diagram is shown in Fig.
5.1. Two slits and a perfect. svmmetrically cut Si{111) monochromator which picks out
the Cul{,-lines are placed infront of the sample. The widths of the slits are 0.2mm and
heights are 10mm which defines the height of the x - ray beam and theyv also define
the illuminated area of the sample. A Si (11!} analyzer crystal (which gives a better
resolution) and a Nal(Tl) scintillation counter weré used as detector unit. Lead shields
around the monochromator and the detector system reduce the background radiation.
The x-ray cell is designed as a two chamber arrangement with an nner chamber
(height h = 63mm and diameter d = 60mm) made of copper defining the surrounding of
the substrate. It contains the ('Cly atmosphere with a gas of volume 166.5ml. The wafer
is mounted vertically onto a thermoelectric device. It is placed 25mm above a reservoir
containing 3ml of CCly which defines isobaric conditions. A controlled drv air cycle was
designed for stabilization of the vapour temperature. A glass tube furnace which serves
as a heat source of the cycle and a small membrane pump maintains the air How. Kkapton

windows in the sample cell allows the analysis with x - ray radiation.

IR




Monochromator

Two-circle gomometer

Analvzer

X-ray tube

Detector

Figure 5.1: Schematic drawing of the three -cryvstal diffractometer[5].

With the heating principle of a thermostated air stream which surrounded the inner
chamber. a uniform. smooth heating is realized and the C'C’l; atmosphere is nearly tree
of temperature gradients. The thermoelectric device in contact with the wafer allows
changes of the temperature difference between the wafer and the surrounding vapour on

short time scales. The best temperature stability achieved with this set-up was 2mR{27}.

5.2 Scattering Geometry

In the experiment different scans were performed. When the angle of incidence is repre-
sented by a; and the excite angle by a; in all scans and the wavevector of the incident
and scattered x-rays are k; and &y respectively, with the scatiering angle sc(=a; + a,).

the momentum transfer § = &y — &; = (¢x. 0. ¢.)7 is given by

qr = ki{cosay — cosa;) & —(a; — anise 13.1)

(N

¢ = ki{sinay + sina;) = kisc 15.2)
Therefore. a reflectivity-scan {a; = ay) corresponds to a ¢. (Bragg) - scan. Fig. 5.2, with
qr = 0.

By performing a detector scan. which means a scan with fixed angle of incidence a;
and varying the scattering angle sc. the ¢, - and the ¢. -components of the scattering
vector, Fig. 5.3, are changed simultaneously.

A rocking - scan is performed by rotating the sample at a fixed detector position.

Thus the incidence angle a; varies and the scattering angle sc = a; + a; is constant.

G




' ~ Sample

Figure 5.2  Geometry of the specular  Figure 5.3: Detector scan: A scan with
Bragg scan: a; = ay with g, = 0. fixed a; and varving the scattering angle.
sC.

Rocking scans are (nearly) g.-scans. Fig. 5.1, at a fixed ¢.-position.

Figure 3.1: Rocking scan: The in-
cidence angle a; varies. with the

scattering angle. sc. fixed.

All these different scan modes were performed during the experiments of all the drv
substrates. and of the liquid film after maximum equilibrium thickness is reached. but

the wetting process was analvzed using the Bragg-scan.




Chapter 6

Measurements and Evaluation

In the previous chapters the theoretical explanation of the x-ray reflectivity and the flm
growth model were given. In this chapter the experimental results are analyzed using
Parratt’s formalism and the model given in section 3.1. The parameters in the fit were
controlled by the least square value of the quadratic function \?:

A feas Theo 2

. log yM*=1s —log y
2 O g Lo
Z[ Ay |

=1

Ay, is the difference between the i** measured value and the i** theoretical value and the

least square value of x? was taken during the fit. The bare substrates were fitted with
the specu.ar. and the diffuse scattering models given in chapter 2 (where too much time.
over dayvs. was expended to fit a single scan). Wetting experiments were controlled hy
a differential temperature AT which decreases with time but never equals to zero and
the fitting was carried out using the specular model where the time taken to fit a single

scan was up to hrs.

6.1 Dry Substrates

X-ray diffraction within the region of total external reflection is a powerful tool for
obtaining detailed information about the structure of thin solid and liquid films[32).
Whereas specular reflectivity samples the averaged electron density perpendicular to
the surface. the non-specular diffuse intensity contains information about the in-plane

structure of the sample.
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The sources of the diffusely scattered intensity are lateral inhomogeneities. The most
prominent inhomogeneity is the interface roughness which can be regarded as a (small)
perturbation of an otherwise smooth interface.

To study the wetting behaviour of a liquid C'Cly we characterized four bare sample
svstems: Hy/Si. CHs/Si. Ge/Si and a quartz glass. using x-ray reflectivity measurements.
The reflectivity data were explained using a one layer model. (j=1); where the starting
point of the recursion formula .eq. (2.14). is the substrate {j=2). There R;=0 because
the substrate is assumed as a semi-infinite, The theoretically obtained optical constants
of the bulk silicon were kept fixed during the fit. and all fit parameters of bare substrates
are shown in tables 6.1 and 6.2. In the measurement, the detector scan and the rocking

scans were performed at a; =0.4° and sc =0.8° fixed. respectively.

System || 6+ 108 | o[ A] | layer[A] | 673 [}l System || 8- 10° | o[A] | liyyer[A] | 873
S 6] 5.0 —— | 40 S 7.6 | 11.6 —— | 40
H, 281 0.7 [1.9 (261 Wit Ge [1.0417.1 3981 35

| 1

rSi 7.6 | 15.0 —— | 40 ||| Glass 7.5 1 37.9 ——= | 40 r
(C'Hj 3.2 4.8 6.0 | 990 |if Layer 5.8 | 126 28.8 1 36

Table 6.1: Parameters obtained fitting specular reflectivity data of bare substrates

eq.(2.14).

Sys. || 6108 o [A] | €[A]| b | {[A || Sys. | &10° | o [A]] €[A}] h | {[A]

S 7.6 4.0 | 7000 § 0.30 -l S 7.6 1361770 | 0.99 _|
H; 2.8 0.7 9001 0.17 | 12,5 || Ge 1231 174 {1160 | 0.14 ;
Si .6 | 14.6 1 5300 [ 0.20 — |l Glass 7.5 36.0 | 1230 | 0.11 -
CHs || 3.1 4.8 12000 [ 0.99 | 6.0 || Laver | 5.4 | 1451380 | 0.13 | 27.3

Table 6.2: Parameters obtained fitting the bare substrates with the diffuse scattering

model. The 6/3 values given in table 6.1 were taken fixed in fitting the diffuse scattering.
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6.1.1 H,/Si Substrate

The H,/Si sample was prepared. such that. a Si-substrate is covered {coated) by a thin
H;-laver. The preparation steps were rinsing with deionized water taking a desoxidation
step of 90 to 120 sec iteratively, The thick oxide fabrication rime was 3 min at 30°C and
the thin oxide fabrication time 3 to 10 min at 80°C.

Before the wetting experiment the drv substrate was characterized by an x -ray
reflectivity. Fits of the specular reflectivity data vield the optical constants of bulk-Si
and the Hy-layver, table 6.1. It was tried to fit the data without laver {only substrate).
but. since the Hy-layer was open to the atmosphere some foreign atoms may adhere to
it. for example adsorption of water molecules from the surrounding since the density of
water (dg,0 = 2.85 x 107°%)[18] is almost the same as the value obtained from the fir.
and hence affects the reflectivity.

Fig. 6.1 shows the measured reflectivity of the system. open circles denote the mea-

surement and the solid line gives the best fit with the specular model. Figs. 6.2 and 6.3

q (A7)

0.0 0.1 0.2 0.3 04

Figure 6.1: A reflectivi-

tv scan of the bare H,/5i
substrate . Clircles de-
note measurement. solid
line fit result using the
specular model and the
broken line a fit result us-

ing the diffuse scattering

Log(Int) [a.u.]

mode].

. I : PR ST S B IR
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show the measured diffuse scattering intensity: namelyv. detector scan and the rocking
scans, respectively. A specular peak at a; = ay is observed in the diffuse scattering and

Yoneda peaks[10] at a; = a.s; in the rocking scan. where

R




Figure 6.2: Detector scan of
the substrate Hy/5i at a; =
0.4% (solid line 1s a fit and

circles are measured values ).
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a..s;i is the critical angle of the bulk silicon substrate. The measurement of the rocking
scan shows non-syvmmetry, Fig. 6.3, perhaps due to a deformation of the sample during
the installation. Nevertheless. the wetting experiment was expected not to be atfected

by the non-syvmmetric form of the diffuse scattering,

6.1.2 CHj3/Si Substrate

Using the procedure of section 6.1.1 we characterized the bare substrate of C'H3/Si. A
thin layer of C'Hj coats the bulk-Si substrate. The optical parameters are given in table
6.1 where the theoretical value of the dispersion {fixed on fitting) was calculated[16] using

the close-packing model taking the bond length[6] between Si-C* 1.875A C-H 11154 and

A




the bond angle between Si-C-H as 110°[36].
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A bump is seen in the specular reflectivity measurement. Fig. 6.4. which can be
resulted from the coating procedure and was not succeeded to fit that region. Figs. 6.7
and 6.5 show the diffuse scattering measurements: namely. detector and rocking scans.

respectively.
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6.1.3 Ge/Si Substrate

This sample was prepared by evaporating a (e layer on a bulk Si substrate. Before
the wetting experiment the dry sample was characterized by x-ray reflectivity. The fit
parameters of the one layer system. Ge layer on a silicon substrate. are given in table
6.1. From the fit we observe that the density of the Ge laver was reduced by 23% as
compared to its theoretical value (14.44x107%)[16]. The density reduction of the Ge
layer can be explained such that the molecules of the Ge (thin) laver are not as close
packed as the molecules of bulk germanium.

Figs. 6.7, 6.8 and 6.9 show the detector, specular reflectivity and the rocking scans.
respectively. In the rocking scan (diffuse scattering), a specular peak at q; = ay and

Yoneda peaks at ay = a.g; are observed.

Figure 6.7: Detector scan for the
Ge/Si system at a; = 0.4°, (-
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Figure 6.83: A reflectivi-
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6.1.4 Quartz glass

We examined this sample before we inject the liquid, and the fit parameters are given in
table 6.1. The measured reflectivities are shown in: Fig. 6.10 specular reflectivity. Fig.
6.11 the detector scan and Fig. 6.12 the rocking scan. The fit was performed assuming

a one layer model.
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An examination of the bare substrates after the wetting experiments lead to the same

curves. i.e.. the surface of the wafers was not affected by the wetting process,

6.2 Wetting Experiments

N-ray specular reflection was used to study the wetting of liquid C'Cly on top of the
bare substrates considered in section 6.1. After injecting the liquid into the reservoir
of the evacuated x-ray cell, a stable wetting film was formed on top of the respective
sithstrates. Then. the liquid film which builds up after the injection was monitored by a
short rocking scans and. then. removed from the wafer introducing a disturbance of the
thermodynamic equilibrium by a short temperature pulse AT between the substrate and
the vapour phase. see Fig. 6.13. The perrturbation was monitored with transverse-scans
(i.e.. g;-scans at a fixed position of ¢.=0.03A~!). After a short time the temperature
at the glass tube furnace was set to the desired value. The switching off of the heating
source sets the zero point of the time axis and the beginning of the growth. With in-situ

measured reflectivities the growth process was monitored.

20 —— ~— '
. . Newton's curve
1.5 “Heating :
— : of cooling
— ost
“ .
0.0 E____J_Heatmg
on 1 ! ?
_05 L 1 1 1 3 F i L " PR | i
-2 0 2 4 6
Time [hr.]

Figure 6.13: Example of a heating and cooling systems for a growing film of C'C'lsBr on

Si [35]. The zero time corresponds to the starting point of the film growth.

All reflectivity curves of the wetted wafer were measured in the range of ¢, = 5.7 x
1072 A~ and ¢.=0.22A71 for each scan with a step width of Ag. = 3.7x 107 A between
the points which denotes a good compromise between time resolution and counting

statistics.
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6.2.1 CCl_; o1l Hg/Sl

The reflectivities were fitted with the theory of section 2.2, assuming a two-laver model.
The starting point of the recursion formula is the silicon substrate { y=31. Since the silicon
substrate was assumed as a semi-infinite the reflectivity Rj is equal to zero. During the
fit the parameters of the dryv substrate were kept constant.

Due to the fact that the film thickness changes during the measurements, only av-
eraged parameters over the time resolution of 0.522hr can be obtained. Therefore. the
fit vields the mean density profile of the svstem. The fit results are given in table
6.3. From the table one can see that the roughness increases with increasing thick-
ness and the density of the adsorbed film varies from 42.1% to 64.9% of its bulk value
(50@(4 = 5,01 x 10"6[15].

An example of the density profile found during the fit i1s shown in Fig. 6.14.

Fig. 6.15 shows the measured reflectivities over a time range of 25hrs and the film is sta-
ble after this time. The x-rayv determined film thickness of CCl; on H;/Si laver is shown
in Figs. 6.16. 6.17, 6.18 and 6.19 for a time length of 6.27hrs each: open circles and
triangles denote specular reflectivities and solid lines represent fit results. For clarty the
curves are shifted by a 0.8-unit order of magnitude {log-scale) against each other. The
measurement starts with the reflectivity curve at the bottom. and the time increases.

from t=0. by a step of 0.522hrs from bottom to top.
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LSC.NO!&IDB oA} | I[A] || Se.No | 810° | o[A] | 1[.9] Sc..\'oi&lqs a{A] | 1[A]
3.0 | 52 205 7] 31 | 156 [360]  33] 29 200|506
20 32 | 82 1267 18] 32 | 166|552 341 2.9 1255 | 83.0
333 | 96 300 19|30 Liraleroll 351 30 l26 810
4 32 (104 {324 201 3.1 | 182631 36| 2.9 | 25.2 | 820
5132 [ 110338 |  20] 30 [ 1781646 37| 29 | 274 | 840
6 32 1181370 2|32 [189 660 35| 23 | 262|855
U2 |22 lass | 23] 30 [ lenT| 39 27 20870
s:32 | 1340400 2¢] 3.0 119.0]633 0 40 2.8 |27.2 {830
9 31 [120 |48 25|31 | 196669 41| 30 279|560
10 32 | 136 1t | 26|31 | 202 69.5 1 120 3.0 312|800
)30 {0 laes 271 30 | 213 LY 43 27 | 2838709
12031 [ 100|480 28|31 J206 |20 e ] 27 | 29.9 | 88.9
131 3.1 { 14.6 | 49.0 200 3.1 | 240 763 ] 45| 2.7 | 307 | 864

1430 (s ls20 30| 30 [ 200|730 461 25 1264 | 90.0
150 3.2 | 153|513 B 20 [ 253 13026 47 | 2.6 | 27.0 | 33.6
16 3.1 | 151|532 32|30 |53 |80k 48] 26 | 278|870

Table 6.3: F'it parameters of the growing wetting film CClL; on the substrate H,/Si.
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Figure 6.14: An example of

- o
| % a density profile of the wet-

. ting filim C'Cly on H,/Si.
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Figure 6.15: Measured reflectivities over 23hrs for the system C'Cly on H,/51. The arrow

indicates the time direction.
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Figure 6.16: Specular reflectivities (open circles and triangles ) and fit results (solid

lines) during the growth process for the system CCly on Hy/Si.
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Figure 6.17: Continuation of Fig.6.16.
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Figure 6.18: Continuation of Fig.6.17.
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6.2.2 CCL; on CH‘;/SI

Fit yield parameters are given in table 6.1. The roughness parameter shows an increase
with increasing thickness and the density of the wetting liquid film gradually inecreases
to the theoretical value of the bulk liquid C'Cly. The fit was done assuming a two laver

model (CHy and CCly).

S.No | 610° | o [A] | A1} S.No [ 610° | o [A}] {[A] || S.No | 610° | o [A]| HA}

1¢ 3.0 | 120

3130 | 1ol 530 14 147|330 1800l 25 | 18] 360 | 258,

0

21 3.0 130| +1.0 13 4.7 [ 33.0 | 155.0 || 24 4.9 1 35.0 | 260.0
| 0

0

11 3.0 | 1401 470 13 4.9 | 374 | 1790 || 26 5.0 { 37.0 | 267.

[t

3.0 18.0 0 5100 16 | 49 | 340 | 1850 27 | 50 | 37.0 | 263.0

6] 3.0 | 17.0 | 3.0y 17 48 | 36.0 | 218.0 | 28 ;4.9 338.0 ?.T0.0E[

-1

32 | 250§ 6000 18 | 49 | 370 [2320 | 29 ¢ 50 | 380 | 2670

o

33 1250 . 6401 19 | 47 | 380 [ 2113 ) 30 ; 50 | 350 | 266.0

9| 33 ]300 310 20 | 4.8 | 38.0 [2530 | 31 | 51 | 380 | 2700
10|36 | 3201 9300 21 | 46 | 380 |238.0 | 32 | 51 | 370 | 2130
|

11| £0 | 32.0 ;1180 22 4.6 | 36.0 [250.0 || 33 © 5.0 | 37.0 ‘ETO.D‘,

Table 6.4: Fit parameters of the wetting film of C'Cly on a C"H3/5i substrate.

An example of a density profile for this system is shown in Fig. 6.20. Figs. 6.21
and 6.22 show the transverse scans and the measured reflectivities over 17hrs and the
film is stable after this time. The reflectivity measurements and fit curves of the svstem
are shown in Figs. 6.23. 6.2, 6.25 and 6.26. These figures show a poor fitting but the
thickness of the wetting fihm. which depends on the modulation of the curve. is exact
within a range of errors. It was tried to get a good fit by dividing the liquid film into
two layers and the thickness is almost the same as that obtained fitting the one-laver

model. For comparison see appendix.
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Figure 6.20: An example of
a density profile of the wet-

ting film CClg on C'Hy/Si.

Figure 6.21: Mea-

sured transverse scans at g.

= 0.034 fixed for the svstem

C'C'ly on CHy/Si.
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Figure 6.23: Wetting reflectivities (open circles and triangles) and fit results (solid lines)
of the system CCly on CH;/51 for the first 4.2hrs. The curves are shifted by a 0.8 order

(log-scale) of magnitude against each other for claritv.
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Figure 6.24: Continuation of Fig.6.23 for the second 4.2hrs. The curves are shifted by a

0.8 order (log-scale) of magnitude against each other for clarity.
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Figure 6.25: Continuation of Fig.6.24 for the third 4.2hrs and the curves are shifted by

a 1.2 order (log-scale) of magnitude against each other for clarity.




Figure 6.26: Continuation of Fig.6.25 for the last 4.Thrs and the curves are shifted by a

1.8 order (log-scale) of magnitude against each other.




6.2.3 CCIl, on Ge/Si

The fit parameters of the system CCly on Ge/Si are given in table 6.5. The measured

transverse scans and a typical density profile of the system are shown in Figs. 6.27 and

6.23. respectively. Fig. 6.29 shows the reflectivities where the film is stable after 10hrs.

The corresponding fitted reflectivity measurements {curves) are shown in Figs. 6.30 and

6.31 for a time width of 3.22hrs each and the curves are shifted by a unit order (log-scalei

of magnitude against each other with the bottom as the starting point.

Sc.No. | §-10° | o[A] | {[4] §j Sc.No. | §-10° | o[d] | {[4]
L] 54 {170 | 470 11| 50 |483 2479
21 51 | 150 620 121 4.3 15502575
3| 51 [166] 773 13| 4.0 |38.0 2650
1 5.3 [7.1 92.14 14 1.0 56.5 | 260.2
50 53 | 2013|1013 151 13 |59 | 260.0)
6| 53 |223{1103 16| 1.2 | 34.0 2638
7] 50 [32.0 1480 17| 4.1 | 600 |270.7
8| 5.2 |40.0 |186.0 18{ 4.0 |59.0]262.6
9 5.0 |38.0 2267 19| 4.0 [380]267.0
10 2.0 18.0 | 2514 20 4.0 39.0 '257.4‘

Table 6.5: Fit parameters of the system liquid film CCL; on Ge/5Si substrate.
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Figure 6.29: Measured reflectivities over 10hrs for the svstem (‘C'ly on Ge’Si (the arrow
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Figure 6.30: Wetting reflectivity curves of the system C'Cls on Ge/Si. Measured (open

circles and triangles) and fit results (solid lines).
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Figure 6.31: Continuation of Fig.6.30.
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6.2.4 CCl; on a Quartz Glass

Table 6.6 shows the fit results of the wetting system where parameters of the dry sub-
strate were kept constant. The roughness of the film is almost constant during its growth

and the density gets its bulk value at the equilibrium thickness.

:]:_o

S.No | 610° | of4) | 1[A) || S.No | 810 | o{A] ] 114) | S.No [ s10° | o[A] ] 1] |

64.38 16 | 45 | 8.9 {1634 310 50 | 9.3 ‘2i5.51

1040 | 8.0
2. 41 | 3.0 | 653 1745 | 8.7 {1687 ] 32] 51 | 92 | 2235
3 43|82 | 67.0 18| 4.6 | 8.7 | 171.0| 33| 50 | 9.3 |226.9:
; '} OV ,i_r-—_i
1045 | 93 125 19| 46 | 84 (1751 34] 50 | 9.2 | 2280
5047 |96 | 750 || 20| 47 | 88 {1562 35| 5.0 | 92 2283
6 49 [100] 820 | 2| 7 | 89 [1822] 36[ 50 | 9.1 | 2258
Tian |85 1035 22| 48 | 89 | 1869 37|50 | 89 | 2250 |

s 11 |87 Vel 23] 48 | 8.7 {1901 1w | 5.0 | 9.3 | 2265 !
9 4.1 | 82 11224 2] 49| 89 j10t1| 3910 50 | 91 |22
10 43 | 86 113531 25| 49 | 9.0 1931 10 5.0 | 8.8 | 2223
. —
11 44 | 38 1416 26| 49 | 91 1969 41| 5.0 | 87 | 2226
12 14 | 9.0 |54 ) 27| 49 | 38 |2040 | 42| 50 | 9.0 | 2250
13 44 | 9.0 | 1525 8| 50 | 92 12129 43| 5.0 | 86 | 225.7
14 45 ] 88 J157.0) 29] 5.0 | 94 2127 44| 5.0 | 8.9 | 2239
15 46 | 93 ]162.3 301 3.0 | 9.5 ]211.8
i I |

Table 6.6: Fit parameters of the reflectivity measurements of the system CCly on a

quartz glass substrate.

A typical density profile for this system are shown in Fig. 6.32 and the measured trans-
verse scans during the growth process is shown in Fig. 6.33. The measured reflectivity
curves over 20hrs are shown in a three dimensional picture. Fig. 6.34. The fitted re-
flectivity measurements are shown in Figs. 6.35, 6.36. 6.37 and 6.38 for a time width of
5.74hrs each. and the curves are shifted by a unit order (log-scale) of magnitude against

each other.
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Figure 6.34: Measured reflectivities over 23hrs for the svstem: C'Cly on a quartz glass

where the arrow shows time direction.
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Figure 6.35: Measured specular reflectivities (circles and triangles) and fit results isolid

lines) for the system CCly on a quartz glass.
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Figure 6.36: Continuation of Fig.6.33.
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Figure 6.37: Continuation of Fig.6.36.
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Chapter 7

Discussion

The observed growth kinetics of the wetting lavers are adapted in this chapter in the
framework of the model given in section 3.4. Thus. the growth parameters are obtained

by fitting eq. (3.54).

7.1 Adaption of the growth measurements to the
Kolmogorov Model

As was explained in chapter 3. the Kolmogorov model describes the time dependence of
a first order phase transformation from a (metastable) phase \ into a stable phase B.
It contains two parameters: The rate of nucleation I' of infinitesimally small new grains
per unit volume of metastable material. and the velocity ¢ of the isotropical growth of
grains after nucleation until they are impeded by a neighboring srain. The parameters
I' and v are assumed as time independent constants. Thus. eq. (3.30) for d= 2 and

=1 can be reduced to

The constant Cy takes into account the geometry of the grain and depends on the
dimension d of the growing mechanism[4]. Note. that the time constant 7 depends
on I' and v. Therefore, a single experiment only yields the product Tv? for a particular
system. Results obtained from the fits of the data are given in table 7.1. and the

measured and Kolmogorov-fitted time dependence of the wetting film thicknesses are
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shown in Figs. 7.1. 7.2, 7.3 and 7.4 for the systems CCly on H,/Si, CHs/Si. Ge/Si and

on a quartz glass, respectively, Open circles are the measured thicknesses and the solid

and broken lines represent fits with the Kolmogorov model for n variable and n = 3.

respectively.

LSystem H,/Si (,‘H:},/SL Ge/Si Q.Glass
rlhrs] (n = 3) 149 | 745 3620 779
lo{ 4] 33.0 30| 3500 650
Linaz] A] 88.0 | 269.0] 2650 225.0
Fe2(1073(hrs)3) | 0.63 2901 2013 1 2.02
r[hrs) 1357| Tt 35T 3.57
(n variable} 1.18 253 1 2.64 1.35
lof 4] 25.0 13.0 | 300 63.0
Luae] 4] 101.0 | 271.0 | 264.0 = 233.0

Table 7.1: Parameters obtained fitting the Kolmogorov model to the examined liquid

film CCly on the four bare substrates.
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7.2 Concluding Remarks

Experiments in which the wetting of silicon (coated with Ha. ('H; and Ge} and a quartz
zlass by a liquid C'Cly determined by x-ray specular reflection have been described with
the Kolmogorov model. The aim of this work is to study the dvnamics of growing wetting
tilms. Gravitational effects as well as temperature stability of the svstem lead to a finite
value ln,[26.37]. The temperature pulse AT at the time t=0 reduces the thickness l;,,
to a value [,. Then the film starts to grow and for { *> 7 again reaches a thickness {,,,,.

From Figs. 7.1 to 7.4 it can be seen that the model is able to explain the data for all
investigated systems with different dimensionalities. Althouch it is difficult to measure
Hamaker constants accurately. it seems to follow from all measurements (see [27,37])
that the effective Hamaker constant of the system CCly/Ge, 51 is larger than the others.
This may explain the smaller value of the time constant: A larger Hamaker constant. i.e,
a large substrate-adsorbate interaction leads to a quicker film growth. This argument
is supported by an analysis of the off-specular x-ray scattering of the bare substrate
Ge/Si (see table 6.2). Iit of a data using a fractal height-heigat correlation function Eq.
+2.30) vields extremely jagged surfaces for small values of & the Hurst parameter) and
the in-plane correlation length £. Fig. 2.7. The smaller value of & provides a relatively
larger effective surface area which is more attractive, i.e. it gives a smaller value of r.
trom table 7.1 the growth seems two-dimensional. However. for an extremely jagged
surface a pure two-dimensional growth of the wetting film s not possible. Nevertheless.
the experimental data shows nearly a two-step (fast-slow-fast} growth of the film and
the fit vields an average value of the parameters (nearly two-dimensional} because in the
RKolmogorov model the exponent n is related to the dimension of the growth process.
Additionally, a greater roughness enlarges the film thickness (at a fixed chemical potential
difference §u) because the free energy'is reduced{30]. Therefore the roughness of the
substrate can cause an acceleration of the growth process and leads to a smaller value
of the time constant .

The time constants of the systems C'Cly/CH;/Si and CCly/quartz glass are not far
apart. The substrate CHs/Si matches with the theory that the average roughness with

a greater value of A(smooth hills and valleys) explains nearly a two dimensional growth.




-

However, the dimensionality n of the quartz glass substrate is smaller which results from
the su;'face roughness and small value of 4.

The fact that small roughnesses vield large time constants. can also be seen from
the dynamics of the system C'Cly/H,/Si where the smaller value of n is related with
the value of the Hurst parameter. Although the roughness of the substrate is small.
the dimensionality n of the growth is small. where in this svstem 1s related with the
parameter h, such that the jagged surface does not support a pure two-dimensional
growth.

The obtained time constants of the examined systems are in the range of 3.5his to -
13.5hrs. Comparably long r-values for other systems were observed[26]{CCly on Si0,/Si
with 7 =22hrs}. [34]{the polymer (C Hy), -{CyH3(CsHs)]1—r on Si0,/Si with 7 ~48hrs}
and [29]{H,0 on quartz with 7 =~3days}. Moreover, the effective dimensionality for the
growth process ranges approximately from 1.2 to 3.0. Although some of these dimen-
sionalities n are smaller than what one would expect from the theory, the quality of the
fits suggests that the theory is still relevant. and that some explanation for the small
measured values of n should first be sought within the context of the general Kolmogorov-
Avrami theory. Several systems appear to have the expected integer values of n. but in
many other systems the value of » is smaller and not necessarily integer[39]. A number
of explanations have been offered. many of which are specific to the particular system.
see for example[4.15.35].

In general the time constant and hence the growt.l-i process seems to depend on the
surface roughness, I;h-e real in-plane structure(jagged or smooth) of the substrate and
the Hamaker constant of the syvstem. Therefore, a better information about the growth
process can be obtained measuring a substrate with different surface roughnesses or

carrving out set of experiments with the same substrate and different liquids.
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Appendix A

As was mentioned in section 6.2.2 the wetting liquid film of the system CCly on CH3/51
was fitted assuming a two CCly laver model. The parameters obtained from the fits are
tabulated below and note that the thickness of the CHj layer must be subtracted to
get the actual thickness of the wetting layer. Parameters found from fitting the wetting
reflectivities and the growth model is given in tables A.l and A.3. respectively. The

assumed density profile is shown in Fig. A.l, and Figs. A.2. A3 and A4 are the

measured reflectivities with their fits 5.7dhrs each. Each of the reflectivity curves are

shifted by a unit order {log-scale) of magnitude against each other. Fig. A.3 shows the

x-ray measured thickness with the model fit results.
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SC.NO. (51 - 106 0'1[.‘1:] 11[;{] 62 - IO" 0'-2[;&] [2["‘1] (11 + 12)[;‘1]

1] 4.2 501 200! 42 501 27.0 17.0
2| 4.2 501 19.0 | 4.3 5.0 | 23.0 17.0
3] 4.6 55| 19.0 | 4.3 161 31.0 50.0
41 4.8 .00 210 43 171 32.0 53.0
51 3.l 12 2100 453 58] 35.0 1 36.0
6| 3.6 3.0 | 2401 4.5 5.0 1 39.0 63.0
71 6.0 17 290 4.7 52| 11.0 70.0
31 6.0 LT 37| 48 5.6 | 40.6 2.3
9| 6.4 9.0 | 488 49 1.4 | 39.0 87.3

10| 6.9 35.0 | 3501 5.0 6.0 | 46.0 101.0

11| 69 35.0 | 87.01 3.0 6.0 40.0 127.0

12} 6.8 315 | 120.7 1 5.0 15| 26.1 146.8

13| 6.7 17.1 | 130.0 | 5.0 5.2 | 36.6 166.6

4] 7.1 19.1 [ 1300 | 5.0 14| 358 ] 135.8

15| 6.9 19.7 [ 1302 | 1.9 15] 316 | 154.8

16| 7.1 26.1 | 165.0 | 5.1 1.3 ] 33.4 198 4

17| 74 26.4 [ 195.0 | 5.0 1.0 | 344 229 4

18| 7.5 33.8 | 219.2 | 5.0 3.2 | 30.6 249.3

19§ 7.3 25.9 1 190.0 1 4.9 121 349 224.9

20| 7.6 3.6 | 220.0 | 5.1 3.3 | 36.7 256.7

21| 7.6 13.9 | 2248 | 5.4 2.91 | 28.2 253.0

221 74 16.4 | 198.0 | 6.7 1.7 ] 64.1 262.1

Table A.1: Parameters obtained fitting the system CCly on C'H3/Si with two CCly lavers.
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Se.No. | 6;-10% | oq[A] | L[A] | 85108 | aafA] 1.2[.1]'(11+12)[_i1]
23| 7.3 4.0 2200 6.7 3.0 | 0.1 260.1
P2 131400 ] 7.2 0.1 | 130.0 270.0
25| 7.6 233 [ 170.0 | 7.2 0.1] 95.0 265.0
2| 1.3 3.0 12200 7.1 0.2 | 35.0 275.0
27| 7.3 8912100} 7.2 0.1 60.0 270.0
28| T4 14.5 | 208.0 | 7.2 0.1 ] 70.0 278.0
29| 7.3 242300 6.9 3.3 1 412 271.2
30| T 3.0 | 226.0 | 7.1 131 132 269.2
3 73 38.8 (2300 6.5 34| 46.9 | 276.9
320 7.4 31312290 | 6.6 39| 530 2320
33 74 21.1 [ 2200 | 6.4 3.2 370 277.0

Table A.2: Continuetion of Table A.1

n | v[hrs) l'o[.jk] Imu[j\] - [1073(hrsi—3)

|

3.0 121 47 | 274 2.33
2.6 | 7.33 47| 277 -

Table A.3: Parameters obtained fitting the model (with n = 3 and 2.6) for the system

CCly on CH3/Si with two CCly layers.
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Figure A.2: Wetting reflectivities (open circles and triangles) and fit results of the system

CCly on CHy/Si for the first 5.74hrs assuming a two layer of the wetting film.
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Figure A.3: Continuation of Fig.(A.2) for the second 5.74hrs.
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