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Organization of cyanobiphenyl liquid crystal molecules in prewetting films spreading
on silicon wafers
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We observe prewetting films of 8CB (48-n-octyl-4-cyanobiphenyl) spreading at room temperature on
silicon wafers by ellipsometry and x-ray reflectivity. Ellipsometry indicates the formation of a nondense
monolayer spreading in front of a 45-Å-thick film. X-ray reflectivity, performed using a ribbon geometry for
the liquid crystal~LC! reservoir, allows us to determine the organization of the 8CB molecules in the homog-
enous film. It consists of a trilayer stacking with a smecticlike bilayer standing above a polar monolayer with
tilted molecules. We show that the thickness of the bilayer is equal to the smectic periodicity in the bulk
material and that the tilt angle of the molecules in contact with the solid surface is close to 60°, in good
agreement with second-harmonic generation studies reported by other groups. Such organization can be pre-
cisely determined using x-ray reflectivity because it induces a modulation of the electron density along the
normal to the surface. Furthermore, a study of the ellispometric profile of a drop heated in the nematic phase,
where we observe a complete spreading of the LC, shows the complex structuration of the LC close to the solid
interface. In particular, the spreading behavior of the trilayer compared to the subsequent smecticlike bilayers
indicates the existence of specific interaction between the trilayer and silicon wafer.@S1063-651X~99!06106-1#

PACS number~s!: 64.70.Md, 61.30.2v
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I. INTRODUCTION

The interaction of liquid crystals~LC’s! with solid sur-
faces has attracted considerable attention both in fundam
tal and applied research@1–3#. On the one hand, LC’s ex
hibit various kinds of surface ordering and surface transiti
which are far from being completely understood. On t
other hand, alignment layers are key components of liq
crystal displays and, despite a large research effort, the
lecular mechanism of bulk anchoring to a surface rema
unclear.

In this respect, the organization of the LC molecules
first layers at interfaces is of special interest. Research
been carried out to study the organization of LC molecu
on solid surfaces using optical microscopy@4#, x-ray reflec-
tivity @5,6#, ellipsometry@6,7#, second-harmonic generatio
@8,9#, scanning probe microscopy@10,11#, and Fourier trans-
form infrared spectroscopy@12#. Most of these technique
have also been used to study Langmuir films of liquid cr
tals @13–16#. In this paper, we describe the use of ellipso
etry and x-ray reflectivity to study the arrangement
48-n-octyl-4-cyanobiphenyl~8CB! molecules in prewetting
films spreading on silicon wafers covered by a thin nat
oxide layer. When the macroscopic part of the drop is in
smectic phase, 8CB partially wets the substrate, and we
serve the spreading of a nondense monolayer in front
45-Å-thick homogeneous film. Those two films are of gre
interest because they appear during the spreading of allnCB
compounds (4,n,12,n being the length of the alkyl tail o
the LC molecule! both in the nematic and in the smect
phases@7#. By ellipsometry, we show that the density of th
monolayer depends on the relative humidity and that the
mogeneous film may be similar to the trilayer observed
PRE 591063-651X/99/59~6!/6808~11!/$15.00
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Langmuir films of the same compound@13,14#. A careful
study of x-ray reflectivity spectra allows us to confirm th
trilayer organization and to determine precisely the substr
ture of this film. According to@15#, we discuss the origin of
the stability of the trilayer stacking in terms of dipolar inte
action. Finally, we study the shape of a drop spreading in
nematic phase, where 8CB completely wets the substr
We observe a complex structuration of the drop close to
solid substrate. The specific spreading behavior of
trilayer is of particular interest since it may result from th
dipolar interactions that are believed to account for the s
bility of this film.

Even though using silicon wafers as substrates ens
very good contrast for x-ray studies@17#, the determination
of the arrangement of the LC molecules in films that a
thinner than 50 Å has proved to be tricky. One comm
approach to fitting complex x-ray reflectivity data~meaning
data that cannot be described by a one-slab model, which
be solved analytically! is to use at least two different phys
cal models or two different fitting procedures in order
validate one solution. For our analysis, we use the slab
finite element models concurrently. The detailed analysis
the corresponding fitting procedures is presented in an
pendix.

II. EXPERIMENTAL DETAILS

The liquid crystal used was 8CB from BDH~Merck!. The
purity as provided by the manufacturer is better than 99.
8CB forms a smectic-Ad phase~smectic phase where th
molecules organize in bilayers, with their long axis along t
normal of the bilayers! between 21.5 and 33.5 °C, a nema
phase between 33.5 and 40.5 °C, and an isotropic ph
6808 ©1999 The American Physical Society
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PRE 59 6809ORGANIZATION OF CYANOBIPHENYL LIQUID . . .
above 40.5 °C@18#. All phases consist of rodlike molecule
organized in ‘‘dimers’’@19# with a rigid polar center formed
by the overlapping cyanobiphenyl groups and one flexi
alkyl chain extending on each side of the dimer. The direc
of the liquid crystalline phases is along the long axis of
dimers. The length of one monomer is 22 Å@20#, and the
smectic periodicity is 31.4 Å@21#, corresponding roughly to
the length of the dimers.

The substrates were silicon wafers@2 in. diameter, intrin-
sic, orientation~100!, purchased from Siltronix# covered by
native oxide. Using ellipsometry, we found the thickness
the oxide to be 15–25 Å, with the uncertainty due to var
tion between wafers. To remove organic contaminants
cleaned the substrate using UV illumination under oxyg
@22#. Additionally, during the last 20 min of cleaning, w
switched the UV lamp off and swept the substrate with
flow of oxygen saturated with water. This ensured that av
able silanol groups were covered with water and theref
largely protected from ambient contamination. We us
atomic force microscopy and x-ray reflectivity to check th
this cleaning procedure does not increase the roughnes
the substrate. Using x-ray reflectivity, we measure that
roughness of the wafers varies between 3 and 4.5 Å dep
ing on the wafer@cf. Appendix, Sec. 2 for a definition of th
roughness#.

In order to get prewetting film areas that were larger th
the footprint of the x-ray beam (1 mm326 mm at the critical
angle!, we deposited lines (V'1 mm3) of 8CB on freshly
cleaned silicon wafers using a copper wire stretched betw
two electrical tweezers held by the arm of a micromanipu
tor. These lines were typically 4 cm long and 1 mm wid
We allowed them to spread at room temperature under
bient atmosphere for at least 1 day to make sure that
prewetting film extended over more than 1 mm@Fig. 3~b!#.

The x-ray generator~Rigaku RU-200BEH! is a rotating
anode operating at 40 kV and 25 mA with a copper tar
and a fine focus (0.1 mm31 mm). The apparent source is
point (0.1 mm30.1 mm), and the scattering plane is horizo
tal. A germanium~111! monochromator is used to select th
Cu Ka1 , line (l50.15405 nm). We use a slit before th
sample with size of 0.1 mm31 mm. The intensity of the in-
cident beam is 610 000 count/s with a background scatte
of the order of 0.08 count/s. The reflected beam is dete
by a scintillation detector. A slit~0.5 mm! in front of the
detector and at a distance of 320 mm from the sample defi
the resolution of the scattered beam.

We used a spatially resolved ellipsometer to observe
spreading of the film before x-ray reflectivity measuremen
This setup has been described elsewhere@23#.

III. BASIC EQUATIONS AND ORDERS OF MAGNITUDE

A. X-ray reflectivity

Although the x-ray wavelengthl is comparable to atomic
dimensions and thus to the roughness of the interfa
specular x-ray reflection can be described by the Fre
laws of classical optics@24#. For x-rays, the refractive inde
is given by

n512d2 ib, ~1!

whered5l2r 0r/2p(;1026), r 0 is the classical electron ra
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dius (r 052.85310215m), l is the wavelength of the beam
~l51.54 Å), r is the total electron density, andb
5l/4pm, where m is the x-ray absorption length (b
;1028).

X-ray reflectivity measures the ratioI (u)/I incident, where
I (u) is the intensity of x rays that are reflected in the spe
lar direction from a surface as a function of the angleu
between the incident beam and the plane of the sample,
I incident is the intensity of the incident beam. The reflectivi
of a bare, perfectly smooth substrate with a sharp interf
with vacuum is the Fresnel reflectivityRF . In the kinematic
approximation, the reflectivity of a real surface and of a s
face covered by a film may be expressed as a perturbatio
the Fresnel reflectivity:

R~Q!5RF~Q!uF~Q!u2, ~2!

F~Q!5
1

r`
E

2`

1` K dr~z!

dz L exp~Qz .z!dz, ~3!

whereQz5(4p/l)sin(u) is the scattering vector,^dr/dz& is
the derivative of the electron density profile averaged o
the in-plane coherence length of the x rays, andr` is the
density of the semi-infinite substrate.

Equations~2! and~3! describe the interference pattern th
results from the reflection of x rays from an arbitrary electr
distribution r(z). Therefore, the interpretation of the me
sured x-ray spectra is based on finding proper electron d
sity profiles whose reflectivity properties best match t
measured data.

Before describing this method and the model we used
electron density profiles, let us discuss three relevant par
eters of the experiment.

~i! The reflectivity is expressed as the Fourier transfo
of the gradient of the electron density along the substr
normal. Therefore, the maximum value of scattering vec
Qmax gives an order of magnitude for the sensitivity of th
technique to modulations of the electron density profi
dmin5p/Qmax is the theoretical spatial sensitivity of the e
periment: it provides an estimate of the minimum leng
that can be observed in the electron density profile.Qmax is
limited by the signal over noise ratio of the setup, whi
depends on the x-ray source, on the detector, and on
sample. In our experiment,dmin is of the order of 5 Å.

~ii ! The in-plane coherence lengthj of the x ray over
which the gradient of the electron density is averagedj
gives the maximum wavelength for the roughness of the
terfaces that can be measured. In our experiment, this le
is of the order of 104 Å.

~iii ! As discussed in detail by Pershan@25#, another im-
portant parameter is the characteristic lengthL21

5l21Aux(2`)u, wherex(2`) is the dielectric susceptibil-
ity of the substrate. It corresponds to the minimum fi
thickness over which one would be able to get the ph
information contained in Eq.~3!. Therefore,L provides an
estimate of the minimum thickness of the film for whic
analysis of x-ray data using the Parrat method can differ
tiate between an electron density profile and the correspo
ing reflected profiles @^dr(z)/dz&52^dr(z02z)/dz&,
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FIG. 1. Ellipsometric profiles of two 8CB
drops spreading at room temperature.~a! Relative
humidity (RH)545%, ~b! RH598%. The data
are not filtered. The thickness is deduced fro
the retardation~raw data! assuming a constan
optical index of 1.6.
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wherez0 is an arbitrary plane#. In our system,L is of the
order of 500 Å: therefore, we are not able to reach su
precision.

Although Eqs.~2! and ~3! are useful to discuss the re
evant parameters of the experiment, we do not use them
describe our experimental data. As explained in the App
dix, we use a matrix formulation equivalent to Parrat’s fo
mulation @26#.

B. Ellipsometry

The spatial resolution of the ellipsometer is 20mm. It is
sensitive to thickness within 1 Å. However, one must
careful because ellipsometry is not convenient for measu
the absolute thickness of such films since they are biref
gent and we do not know if the optical indexes in molec
larly thin layers are equal to the bulk optical indexes. Ad
tionally, it is not possible to decorrelate the thickness fro
the optical index value for very thin films (t,200 Å).

IV. MONOLAYER AND TRILAYER

A. Influence of humidity and temperature

Figure 1 presents two characteristic ellipsometric profi
of 8CB microdrops spreading at room temperature under~a!
ambient humidity (RH;45%) and~b! saturated humidity
(RH;98%). At this temperature, the macroscopic part
the drops~which are out of scale in Fig. 1! are in the smectic-
Ad phase and do not spread. However, we observe
spreading of two prewetting films~partial wetting regime!.
Under ambient humidity@Fig. 1~a!#, we observe a film with
an optical thickness varying continuously from 0 tol m510
62 Å spreading in front of a homogeneous film. Both film
extend over millimeters after 3 days of spreading. The g
dient of the outer film could be related to a density or
gradient. When the drop spreads under saturated hum
@Fig. 1~b!#, we observe that the outer film has a const
thickness equal tol m . On both profiles, the height of th
edge separating the outer film from the homogeneous film
l bic53362 Å, close to the bulk smectic periodicity of 8C
@21#.

The comparison between Figs. 1~a! and 1~b! indicates that
the outer film is a monolayer. From the value ofl m , we can
determine an order of magnitude of the tilt of the molecu
in this layer: u5arcos(l m / l 8CB)563°66° ~assuming a
rodlike model for the molecules,l 8CB being the length of one
8CB molecule!. The origin of the appearance of a den
monolayer under a very humid environment remains uncl
As a matter of fact, we are not able to determine whether
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related to the relative kinetics of spreading of the monola
and the dense film~water molecules have been shown
reduce the friction between a polymer film and a silicon su
strate@27#! or to a thermodynamical stabilization of this film
by the presence of water molecules@13#.

8CB forms bilayers composed of dimers perpendicular
the layers in the smectic-Ad phase. Because the height di
ference we measure at the step separating the mono
from the homogeneous film is close to the smectic period
ity of the bulk material, we think that this homogeneous fi
corresponds to a trilayer where a smecticlike bilayer sta
on the monolayer described previously. A similar organiz
tion of 8CB molecules has been previously observed
Langmuir films of this compound@13,14#.

The spreading of a trilayer is indeed observed with all
nCB compounds (4,n,12), even those that do not have
smectic phase~cf. @7#!. Therefore, the trilayer appears to b
induced by short-range interactions with the substrate ra
than being the expression of the smectic character of 8CB
order to illustrate this idea, we have studied the stability
this film with temperature. Figure 2 shows the range of te
perature over which the ellipsometric thickness of t
trilayer is constant within 0.5 Å. We have been limited in t
low-temperature side by the condensation of water on
substrate below 5 °C. Above the nematic-isotropic bulk te
perature transition, the trilayer dewets slowly~several hours
before the appearance of the first hole atT550 °C). There-
fore, the reported thickness corresponds to the metast
trilayer before it dewets. We observe that the thickness of
trilayer is constant over a wide range of temperature cov
ing all the mesophases of the bulk compound, confirm
that this structure is stabilized by short-range interaction.

In conclusion, we distinguish two different prewettin
films with a height difference close to the smectic periodic
of the bulk material. The outer film is a monolayer with tilte
molecules whose density depends on the relative humid
We propose that the homogeneous film corresponds
trilayer organization of 8CB similar to what has been o

FIG. 2. Temperature domain where the trilayer has a cons
thickness~within 0.5 Å! reported along with the bulk phase diagra
of 8CB for comparison. The dashed line indicates a range of t
perature where the trilayer is metastable~cf. text!.
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PRE 59 6811ORGANIZATION OF CYANOBIPHENYL LIQUID . . .
served in Langmuir films. In order to support this idea,
have performed x-ray reflectivity experiments on these t
films.

B. X-ray reflectivity

1. Experimental data and qualitative analysis

Figure 3~a! presents the geometry of the liquid crystal lin
we have used in order to get large-areas prewetting fil
Figure 3~b! shows the ellipsometric profile of the line after
days of spreading at room temperature under ambient hu
ity. Using ellipsometry, we checked that prewetting film
obtained from the drop and the line geometries are the sa

Figure 4 presents x-ray spectra obtained on different a
of the LC line. The positions of the beam corresponding
those measurements are presented in Fig. 3~b!.

Figure 4~a! corresponds to measurements performed
the ‘‘homogeneous film’’ @position a in Fig. 3~b!#. The
sample is mechanically positioned to have the x-ray be
incident on the area where we observed the ‘‘homogeneo
film by ellipsometry just before we put the sample on t
stage of the x-ray setup. To make sure that the footprin
the beam is confined to this film, we check that the x-r
spectrum does not change when we move the sample~by
half-millimeter steps in both directions along thex axis!.

FIG. 3. ~a! Sketch of the spreading geometry: the macrosco
reservoir is a ribbon of roughly 4 cm31 mm; the prewetting films
spread in front of the reservoir and extend over a couple a millim
ters after 1 day of wetting at room temperature.~b! Thickness pro-
file measured by ellipsometry along a line perpendicular to the
bon ~x direction!. The thickness is measured assuming an aver
optical index of 1.6 for the LC film. The same sample was used
perform the x-ray experiments presented in Fig. 4. The position
the beam corresponding respectively to Figs. 4~a! and 4~b! are de-
noted~a! and ~b!, respectively, in this figure.
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Figure 4~b! presents the data measured on the ‘‘no
dense’’ film @positionb in Fig. 3~b!#. The estimated position
of the beam for this measurement is presented in Fig. 3~b!,
the maximum error for that position being 0.5 mm.

As expected from an organic film on a silicon substra
we observe Kiessig fringes@Fig. 4~a!#. These fringes arise
from interference between light reflected at the surface of
film and at the solid surface~native oxide layer!. The posi-
tion of the first minimum isQ50.075 Å21. Closer examina-
tion of the reflectivity reveals that minima at larger angles
not occur at positions that are integral multiples of the po
tion of the smallest-angle minimum~we checked that this
cannot be accounted for by refraction in the film!. This
shows that our data on the ‘‘homogeneous’’ film cannot
described by a one-slab model and therefore that the orde
the LC molecules is high enough to produce a modulation
the electron density along the normal to the surface. Thus
total thickness of the film cannot be deduced from the po
tion of the first minimum using the formulal total5p/Qmin .
Nevertheless, this equation gives a first estimate of
thicknessl total542 Å. Furthermore, with our experimenta
setup, we cannot measure reflectivity smaller than 1028,
which limits our measurements to transferred vectors sma
thanQmax50.45 Å21, giving the resolutiondmin;7 Å.

c

-

-
e

o
f

FIG. 4. ~a! Symbols: x-ray reflectivity data measured on t
‘‘homogeneous’’~trilayer! prewetting film The sample was pos
tioned in order to have the footprint of the x-ray beam in the po
tion ~a! pictured in Fig. 1. Line: fit of the data corresponding
the worstx2 among all our ‘‘mathematical solutions.’’~b! X-ray
spectrum recorded on the ‘‘nondense’’ film: footprint of the bea
in the positionb pictured in Fig. 3.
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FIG. 5. ~a! Sketch of the finite-element mod
el: the film is divided into 25 layers of equa
thickness and adjustable electron density.~b! The
four-slab model: the film is divided into fou
slabs with adjustable thickness and electron d
sity. A given slab describes a sublayer of the fil
with constant electron density that is associat
with some specific chemical group of the 8C
molecule~polar head with high electron densit
and alkyl tail with low electron density!. ~c!
Sketch of the trilayer arrangement of the LC mo
ecules as it has been described by other gro
working on Langmuir films@13,14#.
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The density of the monolayer over areab can be esti-
mated by dividing the average ellipsometric thickness of t
area@cf. Fig. 3~b!# by l m . It is of the order of 40% of the
density of the homogeneous monolayer. The x-ray spect
measured in this area, presented in Fig. 4~b!, exhibits only
one minimum corresponding to Kiessig fringes. The posit
of this minimum isQ50.268 Å21. It gives us an estimate o
the thickness of the ‘‘nondense’’ film in the area illuminat
by the beaml nondense;12 Å. This value is close to the valu
of l m measured by ellipsometry on the homogeneous mo
layer @cf. Fig. 1~b!#, showing that the tilt of the molecules i
contact with the substrate does not depend on the density
is equal to 57°63° @according to our x-ray analysis; cf. Se
6~b! of the appendix#. Furthermore, these results indicate th
the gradient of optical thickness observed in the monola
under ambient humidity@cf. Fig. 1~a!# is due to a decrease o
the density of the monolayer as we go far from the mac
scopic reservoir. Considering that we did not observe
dense substructures by antiferromagnetism on this nond
monolayer@28# and that Daillantet al. did not detect this
film using Brewster angle microscopy@6#, we conclude that
the LC molecules in the nondense monolayer have a t
dimensional~2D! gaslike organization.

2. Organization of the molecules in the trilayer

We have seen in the previous section that it is not poss
to use a one-slab model to describe the experimental
obtained on the ‘‘homogeneous film’’ because of the mo
lation of the electron density in the film. In order to descri
this modulation, we have used two different models of
electron density that are presented in Fig. 5 along wit
schematic representation of the trilayer organization. T
multislab model@Fig. 5~b!# describes the system by usin
slabs of different electron density corresponding to differ
parts of the LC molecules. This model has been success
used to study molecular ordering in Langmuir-Blodgett film
@29#, at the surfaces of bulk LC’s@30#, and in freely sus-
pended LC films@31#. For our system, the alkyl tail of 8CB
has a lower electron density than the polar head. Theref
we use different slabs to describe these chemical groups.
finite-element model@Fig. 5~a!# allows one to deduce a
electron density profile from the x-ray data by arbitrar
dividing the film into numerous sublayers that are thin co
pared to any parts of the LC molecule and to the theoret
resolution of the experiment (p/Qmax). Therefore the multi-
slab model is more directly linked to the way LC molecul
are organized in the film than the finite-element model. W
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would like to emphasize that we do not introduce any cor
lation between the different slabs of the multislab mod
Particularly, the electron density of each slab is fitted ind
pendently. Consequently, even if it may describe a trila
organization, as depicted in Fig. 5, the four-slab model d
not correspond intrinsically to this kind of organization. F
instance, one of the conditions for this model to describ
trilayer is that the two slabs corresponding to alkyl pa
~slabs 2 and 4! reach similar electron density values. We w
show in the following that this condition is verified.

We cannot use these two models separately to calcu
directly the electron profile in the film because the substr
tures arising from the modulation of the electron density,
other words, the slab thickness, are comparable to the r
lution of our setup. Thus the finite-element model, which h
more degrees of freedom than the multislab model, can re
different mathematical solutions, but always with the corr
total thickness because this thickness is one order of ma
tude larger than the theoretical resolution. In contrast,
multislab model, which can be seen as a more constra
model, may converge toward mathematical solutions eve
the cost of a poor evaluation of the film thickness. In order
precisely characterize these processes, we have syste
cally observed the mathematical solutions that we re
when we vary the initial parameters of the fit, assuming
physical solution is one of the mathematical solutions. T
analysis is presented in detail in the Appendix.

The main conclusions of this analysis are that the fin
element model allows us to determine accurately the t
thickness of the film, while the multislab model allows us
describe the organization of the molecules in the film on
the total thickness is known. The electron density profi
determined by the fitting procedures using both models
presented in Fig. 6. The thickness of the bilayerl bic
53361 Å and of the monolayerl mono51261 Å is determined
from this study. We propose in Fig. 6 a possible arrangemen
of the molecules in the film corresponding to those profil
Even if this arrangement is not unique, our results confi
the trilayer organization of the molecules. Interestingly, t
tilt angle of the molecules in contact with silica within th
trilayer is equal to the tilt angle determined for the molecu
in the monolayer by ellipsometry and x-ray reflectivity. Th
thickness of the smecticlike bilayer is also in good agreem
with ellipsometry measurements.

C. Comments

The trilayer organization of the 8CB molecules we o
serve on silica is similar to what has been reported by ot
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PRE 59 6813ORGANIZATION OF CYANOBIPHENYL LIQUID . . .
groups on Langmuir films@13–16#. Early work on 8CB
Langmuir films @13# suggested that water coming from th
subphase could play a determining role in the stability of
trilayer. Since the prewetting films we observe are equi
rium structures on silica, our results show that a la
amount of water is not required to produce such a trila
organization. The formation of a stable polar monolayer a
hydrophilic interface can be understood because~1! there are
strong interaction between the polar heads of the LC m
ecules and silica and~2! the presence of a solid surface i
duces a symmetry breaking which is favorable to the form
tion of a polar monolayer regardless of the nature of
surface@32#. The presence of a smecticlike bilayer on top
this polar monolayer is interesting because most simple
uids and light polymers form monolayers or ‘‘Maya-like
pyramids when they spread@23#. To our knowledge, the only
reported exception is the case of ‘‘superspreaders’’ sprea
on hydrophobic surfaces~formation of bilayers! @33#. In the
case of Langmuir films, there is strong experimental e
dence@15,16# that the trilayer organization is energetical
favored by the presence of a smecticlike bilayer. The bila
allows the film to compensate for the overall dipole of t
polar monolayer if there is an excess of molecules hav
their dipoles pointing upward in the bilayer. We think th
model is also applicable to our system.

In order to illustrate the specificity of the smecticlike b
layer forming the trilayer, we present in Fig. 7 a typical
ellipsometric profile of a 8CB drop spreading in the nema
phase. In this phase, 8CB completely wets the substrate
we observe three characteristic thickness in the profile,l 1 ,
l 1* , and l 2 . Here l 1 is the thickness of the trilayer.l 2 has
been interpreted as a metastable thickness resulting from
competition between spreading energy and elastic distort
in the drop~cf. @7#!. The thicknessl 1* is equal to the thick-
ness of the trilayer plus an integral multiple of the smec
periodicity of 8CB. The corresponding number of smec
bilayers is between 3 and 5, and does not depend on

FIG. 6. Electron density profiles corresponding to solutionA
andC ~with interfacial roughness equal to 3.3 Å for solutionC! and
sketch of a possible molecular arrangement in the trilayer that
be deduced from those profiles. The x-ray analysis allows u
determine accurately the thickness of the smecticlike bilayer
61 Å) and the thickness of the polar monolayer (1261 Å). From
these results, we can then propose several different molecular
nizations of the LC molecules in the trilayer that match these v
ues, but we cannot distinguish between them from our experime
data.
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perature in the whole nematic range. The existence of
smectic blockl 1* is related to the surface induced orderin
effect @3#. The fact thatl 1* is constant with temperature re
mains to be clarified. However, in the following, we wi
only focus on the dynamical behaviors of these smectic l
ers. All the ellipsometric profiles we have observed in t
nematic phase have two common features:~i! the trilayer
spreads faster than the smectic block, and~ii ! bilayers of
Nos. 2, 3, and 4 form a compact block that spreads at a g
speed. This shows that the first smecticlike bilayer, which
part of the trilayer film, has a specific behavior. According
de Gennes and Cazabat@34#, assuming that each layer is a
incompressible two-dimensional liquid, a group of laye
having the same velocity indicates that the chemical pot
tial of the molecules is equal in every layer forming th
group. Therefore, the chemical potential of the smecticl
bilayer that stands directly on the polar monolayer is diff
ent from the potential of all the successive bilayers form
the blocl 1* . The specificity of the first bilayer may be due
an excess of dipoles pointing up that compensates for
polarity of the monolayer, supporting the model proposed
Ibn-Elhaj et al. @15#.

V. CONCLUSION

We have studied the organization of 8CB at the vicinity
the surface of a silicon wafer by observing the wetting
microdrops at different temperatures and relative humid
rates.

In the smectic phase, 8CB partially wets the substrate
we observe the spreading of two prewetting films. Comb
ing ellipsometry and x-ray reflectivity, we have shown th
these films correspond to a monolayer and a trilayer.

~i! The LC molecules are tilted in the monolayer. Und
ambient humidity, this film exhibits a gradient of densi
along the drop radii, but the tilt of the molecules does n
depend on the density. We think that 8CB molecules or
nize in a 2D-gas-like structure when the monolayer is n
dense.

The trilayer film is formed by a smecticlike bilayer stan
ing above a monolayer with tilted molecules in contact w

n
to
3

ga-
l-
tal

FIG. 7. Ellipsometric profile of a 8CB drop spreading in th
nematic phase (T538 °C) under ambiant humidity. In this phas
8CB completely wets the substrate and the characteristic th
nesses that appear in the profiles indicate a~metastable! structura-
tion of the drop.
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FIG. 8. Evolution of the electron density profiles calculated with the finite-element model when~a! the interfacial roughness is change
We assign the same roughness for all sublayer interfaces, at the free surface of the film and at the surface of the silicon wafe~b! The
constraint, which is a numerical parameter that limits the variation of the electron density from one sublayer to the other, is modified~c! The
number of sublayers, which have a thickness fixed to 2.4 Å, is increased.~d! The initial electron density of the sublayers is varied~all the
sublayers have the same electron density when we start a fitting procedure!.
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the substrate. The tilt angles in the monolayer and in
trilayer ~for the molecules in contact with the substrate! are
the same (u55763°). We think that the stability of the
trilayer results from dipolar interaction between the bilay
and the monolayer.

In the nematic phase, 8CB completely wets the substr
During the spreading of a drop, we observe the appeara
of a smectic block, between three and five smectic bilay
thick, above the trilayer. The relative spreading dynamics
this block and of the trilayer indicates that the smecticl
bilayer that is part of the trilayer exhibits some specific
teraction with the substrate~covered by the monolayer!. We
think that this specificity results from the dipolar interacti
mentioned above.
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APPENDIX: FITTING PROCEDURES AND MODELS

1. Fitting procedure

We use a matrix formulation to fit our experimental da
because it is convenient to compute and does not use
kinematic approximation. The main drawback of this tec
nique is that it does not use any analytic form of the elect
density profile. Briefly, we calculate the reflectivity of
model electron profile. This profile contains adjustable
e

r
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ce
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f
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n

he
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rameters that are used to minimize the absolute differe
between the calculated reflectivity and the measured refl
tivity using the Levenberg-Maquart fitting routine.

We also calculated the Patterson function of our x-r
spectra, but our films are too thin to deduce precisely th
thickness by using this method.

2. Interfacial roughness

We model the interfacial roughness by Gaussian functi
such as

K dr

dzL }
exp~2z2/2r 2!

~2pr 2!1/2 ,

FIG. 9. Electron density profiles corresponding to the solutio
A andB ~solid symbols! and corresponding symmetrical profilesA8
andB8; cf. text ~open symbols!.
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FIG. 10. Variation of the total thickness of the trilayer corresponding to the electron density profiles calculated with the four-sla
as a function of the interfacial roughness. We assign the same roughness for all slab interfaces, at the free surface of the film
surface of the silicon wafer.~a! Profiles corresponding to solutionC. ~b! Profiles corresponding to solutionD. The dashed lines define th
domainL total54560.6 Å that is physically acceptable according to the analysis carried with the finite-element model@cf. Sec. 6 b of the
Appendix#. This criterion allows us to exclude solutionD and determine a roughness domain for which the electron density profiles of
C can have a physical meaning as depicted by the gray boxes in this figure.
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wherer is the root-mean-square roughness of the interfa
In our analysis, we set all the interfacial roughnesses to
same value. This is reasonable approximation because
films we observed are of molecular thickness. We have u
atomic force microscopy to ensure that the roughness of
free surface of the film and of the substrate are indeed c
formal @28#.

3. Definition of a solution

As a result of the large number of fitting parameters a
the loss of any phase information~discussed in Sec. III A!,
the solution to the inversion of the experimental data is
unique. The problem is then to determine which is the phy
cal solution among all mathematical solutions. A mathem
cal solution is an electron profile that describes experime
data ‘‘perfectly.’’ That is, the calculated reflectivity from th
profile is equal to the experimental data within the expe
mental error. Figure 4 presents the experimental data and
calculated reflectivity for the worst fit~in terms ofx2) in this
study.

4. Models of the electron density

The two models we use to describe the modulation of
electron density in the trilayer are depicted in Fig. 5 a
explained in the text. The ‘‘finite-element’’ model uses ma
slabs~25! of the same thickness and gives an envelope of
electron density profile. The four-slab model use four sla
that correspond to different sublayers within the films co
posed by the same chemical groups~alkyl tail or polar head!.
It gives the organization of the molecules in the trilayer.

5. Finite-element model

a. Mathematical solutions

In order to exclude solutions that do not have physi
meaning, it is necessary with this model to introduce a
rameter ~the ‘‘constraint’’! that limits the gradient of the
electron density from one layer to another.

Figure 8 presents the variation of the electron density p
file when the interfacial roughness@Fig. 8~a!#, the constraint
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@Fig. 8~b!#, number of layers@Fig. 8~c!#, and the initial elec-
tron density@Fig. 8~d!# are modified. For the sake of clarity
we have not presented all the profiles we have calculate
this figure. As expected, we observe in Fig. 8~a! that the

FIG. 11. Evolution of the parameters@electron density of the
slabs~a! and thickness of the slabs~b!# of the profiles correspond
ing to solutionC with the interfacial roughness. The gray box
indicate the interfacial roughness domain corresponding to s
tions that are physically acceptable according tol total54560.6 Å
~cf. Fig. 10!.
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TABLE I. Parameters of the solutionC as determined from Fig. 11. The thicknesses of the smectic
bilayer and the monolayer are calculated from those parameters according to the formula given in F

SolutionC Slab 1 Slab 2 Slab 3 Slab 4 Bilayer Monolayer Tota

Thickness~Å! 762 1463 1561 961 3361 1261 4561
Density (e/Å 3) 0.4060.06 0.3260.01 0.4060.01 0.3260.01 u55763°
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interfacial roughness has no influence on the calculated e
tron density profile. We observe in Fig. 8~c! that the fit does
not correspond to a physical solution~infinite electron den-
sity gradient at the interface LC/air! when the number of
layers is too small. Once we use enough layers, the ca
lated profiles do not depend on this parameter. Figure 8~b!
shows that a large value for the constraint prevents con
gence toward nonphysical solutions~oscillation of the elec-
tron density with a small spatial periodicity! and that it has
no effect on the profile when it is increased further. Fina
we observe in Fig. 8~d! that we can reach either ‘‘solutionA
profiles’’ ~respectively, ‘‘solutionB profiles’’! when the
electron density is initially set below 0.40e/Å 3 ~respec-
tively, above 0.40e/Å 3) before starting the fitting procedure

As discussed by Pershan@25#, the electron density profile
that can be extracted from x-ray reflectivity measureme
are not unique because the equations of x-ray reflectivity
invariant by an inversion operator that changes the densir
to (rsubstrate2r) and the coordinatez to (L total2z). Usually,
physical arguments allow one to choose between the
possible profiles. In our case, solutionA is not related to
solution B by the symmetry of this operator. Thus we ha
four possible profiles (A,B,A8,B8, whereA8 andB8 are the
symmetric solutions ofA and B, respectively! and no clear
physical arguments to exclude any of them. Figure 9 pres
the fourA,B,A8,B8 solutions. We observe in this figure th
the four profiles correspond to the same total thickness of
film. However, they are different and the exact electron d
sity profile cannot be determined using this model.

b. Film thickness

For a given electron density profile, there are two ways
measure the total film thickness.

~i! The first consists in measuring the distance that se
rates the abscissa of the points that have electron de
equal to^r&/2 and (rsubstrate1^r&)/2 corresponding, respec
tively, to the LC/air and substrate/LC interfaces~^r& is the
average density in the film!. This method does not make an
assumption about the organization of the molecules in
film. The result is a thickness of 44.660.2 Å.

~ii ! The second is linked to the trilayer model and tak
the LC/air and substrate/LC interfaces at the abscissa co
sponding to density equal, respectively, tormin/2 and
(rsubstrate1rmax)/2. With this model, the thickness is 45.
60.2 Å. As will appear in the following, this approach
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more suitable for comparison between the total thickness
termined using this model and using the multislab model

Combining these two approaches, we conclude that
total thickness of the homogeneous film is equal to
60.6 Å.

6. Multislab model

a. Mathematical solutions

Before going any further, we would like to emphasize th
we do not introduce any correlation between the differ
slabs in this model. Particularly, the electron density of ea
slab is fitted independently. Consequently, the four-s
model does not correspond intrinsically to a trilayer orga
zation. For instance, one of the conditions for this mode
describe a trilayer organization is that the two slabs co
sponding to alkyl parts~slabs 2 and 4! reach the same elec
tron density. We will show in the following that this cond
tion is verified.

Using the same method as described in Sec. 5 of the
pendix, we systematically run our fitting procedures with t
four-slab models to study the possible mathematical so
tions. We observe that we reach two types of solutionsC
and D, depending on the values of the initial paramete
Contrary to what has been observed using the finite elem
model ~where the value of the initial electron density dete
mines which solution,A or B, is reached!, we cannot find a
specific parameter that determines which solution is reach
Furthermore, we observe that, for a given type of soluti
the profile is stable when the initial thickness and density
the slabs vary. In contrast, the profile changes when the
terfacial roughness changes.

b. Physical solution

The next step is to use the value of the total thickness
the film, l total, that has been determined using the finite e
ment model@Sec. 5~b! of the appendix# to select from all the
density profiles corresponding to solutionsC and D those
that effectively fulfill the constraintl total54560.6 Å. Figure
10 shows the evolution of the total thickness of the profi
corresponding to solutionsC and D as a function of the
interfacial roughness. We observe in this figure that
thickness constraint rules out solutionD, but not solutionC,
which is still valid for roughness between 3.26 and 3.48
Such precision in the value of the roughness has no phys
meaning. Physically, this result indicates that the roughn
of the substrate and the free surface of the film are both
al
TABLE II. Parameters of the solutionC8 symmetrical profile of solutionC.

SolutionC8 Slab 1 Slab 2 Slab 3 Slab 4 Bilayer Monolayer Tot

Thickness~Å! 961 1561 1463 762 2861 1763 4561
Density (e/Å 3) 0.3860.06 0.3060.01 0.3860.01 0.3060.06 u54663°
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the order of 3.3 Å, which is a reasonable range compare
the typical roughness of silicon wafers~3–4.5 Å!. Neverthe-
less, we can use the ‘‘interfacial roughness’’ as a numer
parameter and, in this frame, such precision is meanin
and necessary in order to determine the value of the o
parameters of the four-slab model. Closer examination
Fig. 10 shows that the total thickness determined by
model is larger than the film thickness forr ,3.26 Å and that
it drops abruptly in the good range atr 53.26 Å. For r
.3.26 Å, the variation of the four-slab total thickness
smooth.

Figure 11 shows the evolution of solutionC as a function
of the interfacial roughness. We observe that the elec
density profile depends strongly on the exact value of
interfacial roughness. More precisely, the abrupt decreas
the total thickness atr 53.26 Å is associated with a drop o
the electron density~e.d.! of slab 1 from a nonphysical valu
(e.d..0.55e/Å 3 for r ,3.25 Å) to a reasonable value (e.
50.4060.06e/Å 3 for 3.26,r ,3.48).

From this result we can deduce the value of all the para
eters of the four-slab models. Then we can determine
length of the smecticlike bilayer, the length of the mon
layer, and the tilt angle of the LC molecules in the mon
layer assuming a rodlike model~cf. Fig. 5!. All these values
are presented in Table I.

Qualitatively, we observe that~1! the electron density o
slab 1~respectively, slab 2! is equal to the density of slab
~respectively, slab 4!, ~2! the electron density of slabs 1 an
3 is higher than the density of slabs 2 and 4, the ratio
tween these densities is 1.25, and~3! the thicknesses of slab
2 and 3 are approximately equal to 2 times the thicknes
slabs 4 and 1.

From~1! and~2!, we deduce that slabs 1 and 3 correspo
to the polar head of the 8CB molecules and that slabs 2
4 describe their alkyl tail. The ratio between the head and
densities~1.25! is close to what is obtained by assuming
rodlike shape of the LC molecules and counting the electr
in both parts. Furthermore, the polar head of 8CB is expec
to be at the highly polarizable silica/LC interface and t
alkyl tail at the LC/air interface. Our results agree with tho
constraints~slab 1 corresponds to polar head and slab 4
alkyl tail!. Finally, ~3! shows that solutionC describes a
trilayer organization of the molecules.
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Quantitatively, we observe that~1! the thickness of the
smecticlike bilayer is 33 Å close to the smectic periodicity
the bulk 8CB~31.4 Å!, ~2! the thickness of the monolayer i
12 Å, equal to the thickness of the nondense film that spre
in front of the trilayer~cf. Sec. IV A!, and~3! the tilt angle of
the molecules in contact with silica is 57°63° assuming a
rodlike shape for the LC molecules.

We know from SHG experiments@8,9# that the organiza-
tion of 8CB molecules on silica does not depend on
density of the monolayer or on the presence of other
molecules on top of it. Our observation that the thickness
the monolayer is equal to the thickness of the nondense
is in good agreement with this. The tilt angle of the mo
ecules in the monolayer is also in agreement with SHG
periments although we must be careful since SHG o
probes the organization of the polar head and not of
entire molecule.

As explained in Sec. 5~a! of the appendix, there is a sym
metric profileC8 associated with solutionC. The values of
its parameters are given in Table II. Although solutionsC
andC8 are close to each other, we think that solutionC8 is
ruled out because the thickness of the monolayer calcul
from this solution is significantly different from the thicknes
of the nondense film.

7. Comparison of both models

We can use solutionC to determine which of solutions
A,B,A8,B8 best describes our system. Figure 6 prese
electron density profiles corresponding to solutionA ~which
is closest toC! andC with the corresponding molecular a
rangement. Note that there are several possible molec
arrangements that can be deduced from solutionsC and A.
Only the total thickness of the film, the length of the sme
ticlike bilayer, and the tilt angle of the molecules in conta
with silica are relevant. We observe that the profiles cor
sponding to solutionA ~which is unique! and to solution
C(r 53.3 Å) are in good agreement. A relevant point is th
the maximum and minimum densities, corresponding,
spectively, to the polar head and the alkyl part densities,
respectively equal to 0.4060.01 and 0.3260.01e/Å 3 for all
profiles corresponding to solutionC and for the profile cor-
responding to solutionA.
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