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Growing wetting films: An x-ray study
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The growth kinetics of thin liquid films, completely wetting a solid substrate, are studied. The film

thickness is perturbed and reduced by a short thermal pulse. Subsequently the time dependence of the
growth process was monitored by x-ray reAectivity measurements in the region of total external
reAection. The examined sample systems are CBrC13 films on top of silicon, germanium, and glass wafers
and CBrC13 on glass/gold and glass/silver substrates. The observed growth kinetics of the wetting layer
are discussed in the framework of two models that were adapted to the experimental conditions, particu-
larly the finite temperature stability of the experimental setup. From the growth law

I (t) ~ 1 —exp( —t/~)" fitted to the data, time constants ~ and dynamic exponents n are determined. n de-

pends on the dimension of the growth mechanism. Various systems with quite different substrate-
adsorbate interactions can be explained quantitatively within this model.

I. INTRODUCTION

In recent years a large number of studies have focused
on wetting phenomena (for a review see de Gennes' or
Dietrich ). Most of these papers deal with the properties
of wetting layers which are in thermodynamic equilibri-
um with their surroundings. The growth of liquid films is
a typical case where a film is far away from equilibrium.
In the past the case of incomplete wetting and the spread-
ing of droplets on solid surfaces were examined by several
authors. In these systems the evolution of the liquid
phase takes place in several directions which have
different growth characteristics. In the case of complete
wetting the film grows only in one direction, which
means that the thickness of the liquid layer monotonous-
ly increases with time. The theory developed by Lipow-
sky yields an expression which explains this behavior
quantitatively. Although computer simulations' seem to
support this model, it can only explain the growth of a
wetting film in an ideal system. For a description of the
film evolution under real experimental conditions the
Lipowsky model has to be extended slightly. Particularly
the finite temperature stability of the setup has to be in-
cluded.

In this paper the growth of liquid bromotri-
chloromethane (CBrC13) films on Si and Ge wafers
covered with their native oxide layers and on top of glass,
glass/gold, and glass/silver substrates is investigated. All
these substrates provide the case of complete wetting and
a stable CBrC13 film with a thickness in the range of
150—300 A builds up. The thickness was first reduced by
a short pulse disturbance caused by a temperature
difference between the substrate and the vapor in the
sample cell. Subsequently the time dependence of the
film formation is monitored by x-ray reAectivity measure-
ments in the region of total external reAection. These
measurements are well suited to yield the thickness and
the electron-density profile perpendicular to the surface
of liquid layer systems. "'

The paper is structured as follows: After the introduc-
tion a brief description of the theory of specular x-ray
reAectivity is given. Then a discussion of the Lipowsky
~odel and the semiquantitative Kolmogorov approach of
an arbitrary growing process follows. Next the experi-
mental setup and the sample system are described. Then
measurements with dry substrates and the time-
dependent measurements are reported. The presentation
of the results and a discussion followed by a summary
and an outlook finish this paper.

II. THEORY

A. X-ray reAectivity

With the approach of Parrat, ' the reAectivity of a lay-
er system can be expressed in terms of a recursive formu-
la'

r, +R ( l )exp(2ik, 111 )R. i(11,) = 1+r, R (l )exp(2ik, jl, )

with the Fresnel reAectivity of one smooth interface

k J ] k J
J —

& J

Here R =E /E is the ratio of the amplitudes of the
outgoing and incoming x-ray waves. The starting point
of the recursion is the substrate which is assumed to be
semi-infinite, and therefore R,„b=0. In each layer of
thickness l the component of the wave vector normal to
the surface k, is given by the law of refraction

k, =k sine —= Qe —2(5 +iP ). .

A. denotes the wavelength of the x-ray radiation. The ex-
pression is valid for small angles of incident e. The opti-
cal constants 5 and P of each layer j (which are propor-
tional to the electron density pj. ) are defined via the (com-
plex) index of refraction'
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n =. 1 —5J —ip (4)

The critical angle e, for total external reAection can easi-
ly be obtained by the expression (P~ =0)

6„=+25,.
In the case of rough surfaces, the Fresnel coefficients in
formula (1) have to be replaced by those of rough inter-
faces'

sinh[o (m/2) ~ (k, , —k, . )]
sinh[o (m /2) ~

(k„,+k, ) ]

From numerical tests it follows that the factor G can be
set to 1 for roughnesses o. . smaller than 100 A. '

Because of the large density contrast between some of
the substrates (Au, Ag) on one hand and the adsorbate
(CBrC13) on the other hand, only slight differences be-
tween the re6ectivity of the bare and wetted substrates
are visible (see Fig. 1). For incident angles 8&,z which
fulfill the condition Oc, apso', ate —Opip —Oc, substrate&

the reAectivity of the wetted substrate appears. ' ' In the
case of thin liquid layers (i (500 A) the intensity reduc-
tion in the dip is proportional to the layer thickness of
the wetting film. This can be derived for a simple system
consisting of a smooth semi-infinite substrate and an ad-
layer with thickness l. Then Eq. (1) yields

2ro+ri exp(2ikoBil)R= (7)1+rori exp(2ikoB, l)

a = —[Q(6&; —25) +4P+(Bz,~
—25)]'~

2
(8)

R(Bs; )
—1

R(Bq;„)+1
(10)

Here R is the reflectivity at the angular position 6&; of
the intensity dip, and C a constant which is given by

1+
I ro I'+ 2

1 ro I cos(@0—~'& )

87r ~ro~ [a sin(@0—@i)+b sin(40 —C&i)]

Consequently, for most of the systems (e.g. , CBrC13 on
top of Au/glass or Ag/glass) the thickness of the growing
wetting film was determined using Eq. (10). This formula
only yields the correct thickness if the absolute value of
the reAectivity is inserted. However, due to the experi-
mental conditions, only relative R values were measured.
Afterwards these relative thicknesses were scaled by
fitting the whole reAectivity curve of the stable wetting
film to obtain the definite values. Therefore it is possible
to determine the actual thicknesses of all investigated sys-
tems.

B. Lipowsky model

b= —[Q(6,. —25) +4P—(6, —25)]'i
2

Equation (7) can now be transformed into a relation be-
tween the reAectivity R and the film thickness l of the
wetting layer:

5 J c, adsorbate

The Fresnel reAectivities of the air-layer and layer-
substrate interfaces are denoted by ro and r „respective-
ly. Each of them can be decomposed into a modulus and
a phase: r =

~r~ ~exp(i@ ), with j=0 and 1. Further-
more, B,=a+ib is the (complex) refraction angle inside
the layer. a and b are given by

The properties of a wetting layer which is in thermal
equilibrium at a temperature T are obtained from the
free-energy functional'

F[l]= Jd" 'x[1/2y(Vl) + V(l)]/(ksT) . (12)

y is the interfacial tension, 1 =l(xi, . . . ,xz, ) is the dis-
tance between the (d —1)-dimensional interfaces which
bounds the wetting film, and V(l ) is the free energy per
unit area for a layer of constant thickness. In the case of
complete wetting V(l ) is given by

V(l)= +5@i .A

12+i~
(13)

0—
0.0

0 [deg ]

l.0

The first term with the Hamaker constant A favors a
larger value of I, and the second term with the chemical
potential difference 6p between the substrate and the gas
phase encourages a smaller value of l. As 5p~0, the
mean thickness of the layer diverges. The exponent p de-
pends on the nature of the van der Waals interaction:
p =~—d —1, with v =6 and 7 for nonretarded and retard-
ed van der Waals forces, respectively.

The dynamic behavior of a wetting film is defined by
the Langevin equation

FIG. 1. Measured specular reAectivities of a bare (open cir-
cles) and a wetted (solid line) silver/glass wafer. For incident
angles e&;~, which fulfill the condition
e, ,~„,»„e~; e, ,„l,„„„,a dip in the reAectivity of the wet-
ted silver/glass wafer appears. The thickness of the CBrC13 film

0
is about 280 A. The inset schematically shows the layer system.

BI(x, t) 5FI l]
at

(14)

(g) =0, (g(x, t)g(x', t')) =2A5(x —x')5(t —t') . (15)

A is an Onsager coefficient, and g is a Cxaussian random
force with
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In the mean-field approximation which is valid for
d ) (2+3p)/(2+p), Eq. (14) can be transformed to

since this process is much faster than the growth of the
liquid layer.

dl(t) A BV(I )

Bt k T BI

A solution of this differential equation with the potential
given by Eq. (13) and 5p=0 is

pAA
12m/k~ T (17)

r(l)=—kii T k~ T (I„—I )
I — I„ln

A5p 6A5p I2 + I I +~I

k~T 2l+l
„+ — I „arctan (19)

3A5p
" 31„

with I = &2 /6m5p the finite value of the wetting layer
thickness for t~~. Some further approximations (the
third term becomes constant, I =I in the logarithmic
term) which are only valid for t ))0 lead to an exponen-
tial growth law:

I(t) ~I t 1 —exp( —C(I )t)] . (20)

An expansion of Eq. (19) for short times yields that Eq.
(20) is also a good description for the beginning of the
film growth. Additionally the evolution of the wetting
film might be influenced by the temperature development
in the sample cell after the beginning of the thermal dis-
turbance. Of course in an experiment one cannot achieve
an instantaneous thermal pulse AT at t =0 which van-
ishes for t &0. In order to avoid the solution of a heat
transfer equation, the temperature behavior for small t is
approximated by the Newton law of cooling, which
means that AT decreases exponentially to a final value
AT„.Accordingly the film thickness is limited by the
temperature difference between the substrate and the va-
por. Fortunately it turns out that the evolution of the
wetting film is independent of the temperature relaxation,

with /=1/(2+p). This yields I(t) ~t'/4 for systems
with two-dimensional interfaces and nonretarded van der
Waals forces.

Although Monte Carlo simulations confirm this
growth behavior, ' Eq. (17) is not able to describe the
time dependence of the wetting layer thickness in reality.
In an experiment, 5p is never exactly zero. This means
that the thickness of the wetting layer stays finite for
t —+ oo.

As a consequence the chemical potential difference 5p
in Eq. (13) cannot be set to zero. Instead, the Langevin
equation in the mean-Geld approximation and for con-
stant 5p&0 must be written

dl(t) = pAA
l (1+p) A5-p

dt 12+k~ T k~ T

In the case of two-dimensional interfaces the solution for
the dynamic behavior of the film thickness is given by an
implicit equation for the time t(l ):

(21b)

Cd is a constant, which depends on the dimension d of
the growing mechanism with Cd=2, vr, and 4'/3 for
d =1, 2, and 3. Then, with the approach of Kolmogorov,
an explicit expression for the volume fraction X(t) of the
transformed inaterial ( A ~8 ) can be given by

X(t ) = 1 —exp[ —(r /r)" ], (22)

with the dynamic exponent n =d+ 1.
Equation (22) leads to an exponential law for the grow-

ing process of the film:

I(t) ~ I I 1 —exp[ (r/r)" ]]—. (23)

In the case of complete wetting the film grows only in the
direction perpendicular to the surface, which leads to a
dynamic exponent d =2.

III. EXPERIMENTAL SETUP
AND SAMPLE SYSTEMS

The x-ray measurements were performed using a high-
resolution three-crystal diffractometer (TCD; see Fig. 2).
For a detailed discussion of the general setup and the

Si(111)
monochromator

slit
rotating anode

nalyser

detector

FICi. 2. Setup of a high-resolution three-crystal
diffractometer (TCD) with a silicon analyzer and monochroma-
tor crystal.

C. Kolmogorov model

The Kolmogorov model ' (also often called the
Johnson-Mehl-Avrami model ) was developed to de-
scribe a first-order phase transformation from a metasta-
ble phase A into a stable phase 8. In this stochastic
model, several assumptions are made: (a) the system is
infinite, (b) grains of zero size nucleate with a constant
rate 1, and (c) grains grow isotropically with a constant
velocity v until they are impeded by impinging on neigh-
boring domains. Both parameters I and v are assumed
to be time independent. Because the model is completely
characterized by these two parameters, the required scal-
ing follows from a dimensional analysis, and it is possible
to define a characteristic time scale r and a length scale g
given by

(21a)
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resolution of the TCD, see Ref. 28. A 12-kW rotating-
anode x-ray generator (Rigaku Ru 200) with a copper tar-
get was used as source, a Si(111) monochromator picks
out the Cu Kn, lines, and a slit selects the Cu Ka, line
(A.=1.54056 A) which impinges onto the sample. The
detector unit contains a Si(111) analyzer crystal, which
leads to high resolution and suppresses background radi-
ation and a Canberra NaI ( T/) scintillation counter.

The measurements were performed with an x-ray cell
which is mounted on a two-circle goniometer. The cell is
designed as a two-chamber arrangement: the inner
chamber (height h =65 mm and diameter d=60 mm)
made of copper defines the surrounding of the substrate,
and contains the saturated vapor atmosphere; the outer
chamber guarantees the temperature stability by using a
thermostated air stream which surrounds the inner
chamber. The temperatures of the wetting film and of
the surrounding vapor was measured every 30 s. A glass
tube furnace serves as a heat source of the cycle and a
membrane pump maintains the air How. Kapton win-
dows in the sample cells allow the analysis with x-ray ra-
diation. The substrate (typical size 100 mm ) is mounted
vertically against a thermoelectric device and placed 25
mm above a reservoir which contains the adsorbate (5 ml)
and defines isobaric conditions.

In order to confirm that the growth mechanism of the
liquid film is independent from the experimental setup,
further experiments with a different x-ray cell were per-
formed. This cell was completely made out of brass, and
the inside of the inner chamber was coated with HALAR
(E-CTFE). HALAR prevents wetting and therefore assures
that only the observed wafer is wetted by the adsorbate.
Again the wafer was mounted in a vertical position
against a thermoelectric device. Additionally a third
chamber with a second thermostated air stream which
surrounds the two inner chambers was added in order to
obtain a higher-temperature stability. The air stream was
regulated using two LAKESHORE 330 temperature con-
trollers. These experiments yield the same results as
those which were performed in the uncoated cell. Equal
results were also achieved by using different types of air
cycles or heating sources. This means that our results are
clearly independent of experimental details.

The adsorbate is bromotrichloromethane (CBrC13),
which is liquid at room temperature ( T =268 K,
Tb =377 K). The vapor pressure (at 293 K) is sufficiently
high (ps =46 hPa) to guarantee the transport of the ad-
sorbate from the reservoir through the vapor phase to the
wetting film. The structure of the CBrC13 molecule is
nearly tetrahedral, with a van der Waals diameter of 7.5
A and a dipole moment of p =0.21 D. Therefore the in-
teraction between CBrC13 and the substrate is mainly van
der Waals like. The critical angle for x-ray reAection of
liquid CBrC13 is 0, =0.18 . Thus it is lower than the crit-
ical angles of all substrates used.

The substrates are as follows: (a) A polished silicon
(100) wafer with a thin (5.8 A) native oxide layer. Silicon
has a high surface tension which provides the case of
complete wetting. Furthermore, silicon wafers are very
smooth (width of the Si/Si02 interface: o =9.5 and 2.6 A
for the rms roughness of the surface) and therefore they

are well suited for x-ray reflectivity measurements. (b)
A p-type doped (boron) germanium(111) wafer with a
thick (55 A) oxide layer and a quite rough (cr = 15 A) sur-
face. (c) A 360-A gold and (d) a 390-A silver-film (o =26
and 38 A, respectively) evaporated on top of crownglass
substrates, and (e) a bare crownglass wafer (o =12 A).
Because of their high surface tension, a case of com-
plete wetting is expected, too.

After the wetting experiments the bare wafers were
characterized again. Only the Ag/glass wafer shows
differences: Obviously chemical transformation of the
silver surface happened at the beginning of the wetting
experiment. The change of the critical angle indicates an
additional layer of AgC1/AgBr (o =57 A) on top of the
silver layer. Consequently the layer system glass-
Ag/AgCl/AgBr-CBrC13 was used for the fits of the wet-
ted wafer.

IV. TIME-DEPENDENT MEASUREMKNTS

q„( 10 A ) 1 —20
time (min)

FIG. 3. Measured transverse scans (q„scans at q, =0.055
o
A ) for the system CBrC13 on Au/glass over the corresponding
contour plot. The evolution of the specular peak in the first half
hour after the thermal disturbance can be seen.

After injecting the adsorbate (liquid CBrC13) into the
reservoir of the x-ray cell, a stable wetting film with its
equilibrium thickness I,

„

forms on top of the wafer.I,„depends on the particular sample system and the
temperature stability of the experimental setup ( b, T„=3
mK). From the fit of the data we obtain values fromI,„=157 A (CBrC13 on Si/Si02) up to l,„=280 A
(CBrC13 on Ag/glass).

The time-dependent measurements were started close
to the vapor-liquid coexistence line in the p-T diagram at
a temperature of T=300 K. The disturbance of the ther-
modynarnic equilibrium caused by a short temperature
pulse AT between the substrate (with the wetting film of
thickness I,„)and the vapor phase was monitored with
transverse scans (i.e., q scans at a fixed position
q, =0.055 A '). Figure 3 illustrates that the sharp spec-
ular peak vanishes right after the start of the thermal dis-
turbance. This means that the wetting film is strongly
perturbed, and no longer has a well-defined surface.
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Substrate SiliconGermanium Gold Silver Glass

Surface roughness o. (A) 2.6
Lipowsky model ~ (h) (9)
Kolmogorov model ~ (h) 15.4
n (Kol.) 3.0
lo (Kol.) (A) 56
l,„(Kol.) (A) 157

15
2.0
2.02
1.0

35
133

26 38 12
1.52 (0.7) 14.0
1.53 1.03 13.6
0.9 2.3 1.8

40 64 33
268 278 115

TABLE I. Results of the fits for the different substrates wet-
ted with CBrC13 using the Lipowsky and Kolmogorov models
(Kol.) with a dynamic exponent n which is free to vary in the fit,
respectively. The characteristic time constant of the growth
process is denoted with ~. Errors (for n and v) of approximatel

ave to be assumed. Values given in brackets indicate that
oxima e y

the respective fit does not explain the data sufficiently.

0» r r I r «r ) r r r r I r r r r

0 5 10 15 20 25 30
time [h]

FIG. 5. Growth functions l(t) of the wetting film in the sys-
tems CBrC13 on silicon (circles) and glass (triangles). The sym-
bol size denotes the error bars. The solid and dashed lines show
the best fits using the growth models of Kolmogorov and
Lipowsky, respectively.

i.e., the effective Hamaker constant, dominates the kinet-
ic of the film evolution. A large Hamaker constant leads
to a quicker film growth [see Eqs. (17) and (20)], keeping
in mind that under experimental conditions the film
thickness cannot become infinite. Additionally, an in-
crease of the roughness enlarges the film thickness (at a
fixed chemical potential diff'erence 5p) because the free
energy is reduced. Therefore the roughness of the sub-
strate can cause an acceleration of the growth process
and a small value of the time constant ~.

The inAuence of the Hamaker constant can be seen
from a comparison of the growth of a CBrC1~ film on sil-

I

I

250—

200—

150—
CD
CO

C3 100—

icon with a previous experiment with CC14 on Si. Due
to the nearly identical small roughnesses of the two Si
substrates which were used, the difference of 7 h between
the time constants (see Tables I and II) of CBrC13 and
CC14 must originate from the adsorbates. Although it is
dificult to measure Hamaker constants accurately, all
measurements (see Refs. 29 and 31) lead to a larger
Hamaker constant for CBrC13 than for CC14. This may
explain the difference in the time constants.

The surface roughness can be described by the value of
the rms roughness as well as by in-plane parameters like a
correlation length g and a Hurst parameter h. Due to
the roughness the effective surface area is larger than the
area of a smooth surface, and thus the surface is more at-
tractive. An analysis of the off-specular x-ray scattering
of the bare substrates yields their in-plane structures (see
Ref. 31). Fits of the data using a fractal height-h

'
ht

37
- eig

correlation function yield small values of h =0.2 —0.3
for the Hurst parameters h, and in-plane correlation
lengths of /=300 —700 A for the Au and Ge substrates.
This means that extremely jagged surfaces are present,
and a purely two-dimensional growth of the wetting film
is not possible. The small-n values which are obtained
from the data with the Au and Ge substrates may indi-
cate this because in the Kolmogorov model the exponent
n is related to the dimension of the growth process.

Additionally the time constants ~ are lowered with in-
creased roughness. The ~ value for the system CBrC13 on
glass is rather large compared with that for the Ag, Au,
and Ge substrates. This cannot be reconciled with sur-
face roughness supported film growth, but the time con-
stant is in agreement with previous values published in
the literature (see Table II). Therefore the substrate-

50— TABLE II. Comparison of some time constants ~ for the
growth dynamic of several wetting film/substrate systems.

0
0 2 4 6

System/Reference Time constant ~

time [h]
FIG. 6.~ . Growth functions l(t ) of the wetting film for the sys-

tems CBrC13 on silver (circles), gold (stars), and germanium (tri-
angles . T e symbol size denotes the error bars. Th 1'd de soi an

e as ed lines show the best fits using the growth models of
Kolmogorov and Lipowsky, respectively.

CC14 on Si/Si02 (Ref. 27)
(C~H, )„-[C~H,(C2H, ) ], „onSi/SiOz (Ref. 32)
CH3OH/C6H» on glass (Ref. 33)
CH3NO2/CS2 on glass (Ref. 34)
H20 on quartz (Ref. 35)
SF6 on laser mirror (Ref. 36)

22 h
~ 2 d
=3 h

1 —10 h
3

=1—3 d
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adsorbate interaction, described by the Hamaker con-
stant, seems to be rather small for crownglass wafers.
Unfortunately no values for Hamaker constants of
crownglass are published, so that this is only a specula-
tion [even values of quartzglass cover a range of
(4.2 —40) X 10 J (Ref. 39)j.

In general one can say that the growth rate should be
small in confined systems like thin films. ' ' For ideal
smooth substrates the only important value dominating
the growth kinetic is the strength of the substrate-
adsorbate interaction. Our measurements seem to indi-
cate, however, that the surface roughness is a second ma-
jor aspect and, more specifically, the real in-plane struc-
ture (jagged or smooth). Up to now, the microscopic
inAuence of the surface roughness of the wetting behavior
of liquid films has not been well understood. Andelman,
Joanny, and Robbins investigated how the Fourier com-
ponents of a rough surface are damped by an adsorbed
liquid film. But their calculations are only valid under
equilibrium conditions and therefore cannot be applied to
the film growth.

VI. SUMMARY AND OUTLOOK

The growth kinetics of thin liquid wetting films
thinned by a short thermal pulse disturbance was studied

as a function of time for different sample systems. The
growth process was monitored by x-ray reAectivity mea-
surements in the region of total external reAection. The
time dependence of the wetting layer thickness can be ex-
plained for several systems with the Lipowsky and for all
systems with the Kolmogorov growth model.

Time constants ~ in the region of hours were observed.
They cover the region from 1 h (CBrC13 on silver/glass)
up to 15.4 h (CBrC13 on silicon). Besides the different
surface tensions and the adsorbate-substrate interactions,
the roughnesses of the examined substrates seem to have
a strong inAuence on the time constants ~. Further mea-
surements with other substrates are in process to investi-
gate this topic.

In order to monitor the diffuse scattering during the
growth of the wetting film, additional measurements with
synchrotron radiation may be very useful. Then a sepa-
ration of the nucleation rate I and the growth velocity v
(see Sec. II C) is possible.
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