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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 (4h-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-A-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
tited 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 {&f663-651X99)06106-1

PACS numbd(s): 64.70.Md, 61.30-v

[. INTRODUCTION Langmuir films of the same compourid3,14. A careful
study of x-ray reflectivity spectra allows us to confirm this

The interaction of liquid crystal$LC’s) with solid sur-  trilayer organization and to determine precisely the substruc-
faces has attracted considerable attention both in fundameture of this film. According td 15], we discuss the origin of
tal and applied researdi—3]. On the one hand, LC's ex- the stability of the trilayer stacking in terms of dipolar inter-
hibit various kinds of surface ordering and surface transitionsiction. Finally, we study the shape of a drop spreading in the
which are far from being completely understood. On thenematic phase, where 8CB completely wets the substrate.
other hand, alignment layers are key components of liquidVe observe a complex structuration of the drop close to the
crystal displays and, despite a large research effort, the msolid substrate. The specific spreading behavior of the
lecular mechanism of bulk anchoring to a surface remaingrilayer is of particular interest since it may result from the
unclear. dipolar interactions that are believed to account for the sta-

In this respect, the organization of the LC molecules inbility of this film.
first layers at interfaces is of special interest. Research has Even though using silicon wafers as substrates ensures
been carried out to study the organization of LC moleculesrery good contrast for x-ray studi¢$7], the determination
on solid surfaces using optical microscagl, x-ray reflec- of the arrangement of the LC molecules in films that are
tivity [5,6], ellipsometry[6,7], second-harmonic generation thinner than 50 A has proved to be tricky. One common
[8,9], scanning probe microscopg0,11], and Fourier trans- approach to fitting complex x-ray reflectivity daameaning
form infrared spectroscop}l2]. Most of these techniques data that cannot be described by a one-slab model, which can
have also been used to study Langmuir films of liquid crys-be solved analyticallyis to use at least two different physi-
tals[13—14. In this paper, we describe the use of ellipsom-cal models or two different fitting procedures in order to
etry and x-ray reflectivity to study the arrangement ofvalidate one solution. For our analysis, we use the slab and
4’ -n-octyl-4-cyanobipheny(8CB) molecules in prewetting finite element models concurrently. The detailed analysis of
films spreading on silicon wafers covered by a thin nativethe corresponding fitting procedures is presented in an ap-
oxide layer. When the macroscopic part of the drop is in thependix.
smectic phase, 8CB partially wets the substrate, and we ob-

serve the spreading of a r_10ndense monol_ayer in front of a Il. EXPERIMENTAL DETAILS
45-A-thick homogeneous film. Those two films are of great
interest because they appear during the spreading ofC8| The liquid crystal used was 8CB from BD#Vlerck). The

compounds (4 n<12,n being the length of the alkyl tail of purity as provided by the manufacturer is better than 99.5%
the LC molecul¢ both in the nematic and in the smectic 8CB forms a smectiéyy; phase(smectic phase where the
phaseg7]. By ellipsometry, we show that the density of the molecules organize in bilayers, with their long axis along the
monolayer depends on the relative humidity and that the horormal of the bilayersbetween 21.5 and 33.5 °C, a nematic
mogeneous film may be similar to the trilayer observed inphase between 33.5 and 40.5°C, and an isotropic phase
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above 40.5°(18]. All phases consist of rodlike molecules djus (ro=2.85x10 ®m), \ is the wavelength of the beam

organized in “dimers”[19] with a rigid polar center formed (\=1.54A), p is the total electron density, angB

by the overlapping cyanobiphenyl groups and one flexible= NMAmw, where u is the x-ray absorption length3(

alkyl chain extending on each side of the dimer. The director- 10-8).

of the liquid crystalline phases is along the long axis of the X-ray reflectivity measures the ratiq 6)/1icigent, Where

dimers. The length of one monomer is 22[20], and the | (¢) is the intensity of x rays that are reflected in the specu-

smectic periodicity is 31.4 A21], corresponding roughly to |ar ‘direction from a surface as a function of the angle

the length of the dimers. o ~ between the incident beam and the plane of the sample, and
~ The substrates were silicon waf¢gsin. diameter, intrin- |- is the intensity of the incident beam. The reflectivity

sic, orientation(100), purchased from Siltronixcovered by  of 3 bare, perfectly smooth substrate with a sharp interface

native oxide. Using ellipsometry, we found the thickness ofyjth vacuum is the Fresnel reflectivifg: . In the kinematic

the oxide to be 15-25 A, with the uncertainty due to varia-approximation, the reflectivity of a real surface and of a sur-

cleaned the substrate using UV illumination under oxygenne Fresnel reflectivity:

[22]. Additionally, during the last 20 min of cleaning, we

switched the UV lamp off and swept the substrate with a )

flow of oxygen saturated with water. This ensured that avail- R(Q)=Re(Q)[®(Q)[%, @)
able silanol groups were covered with water and therefore

largely protected from ambient contamination. We used 1
atomic force microscopy and x-ray reflectivity to check that P(Q)=— f
this cleaning procedure does not increase the roughness of Poo J =
the substrate. Using x-ray reflectivity, we measure that the

roughness of the wafers varies between 3 and 4.5 A depengzhereQ,= (4/))sin(9) is the scattering vectotdp/dz) is
ing on the wafefcf. Appendix, Sec. 2 for a definition of the the derivative of the electron density profile averaged over

+w<dz(zz)>exp(Qz.z)dz, (3)

roughnesb o the in-plane coherence length of the x rays, andis the
In order to get prewetting film areas that were larger tharyensity of the semi-infinite substrate.
the footprint of the x-ray beam (1 mx26 mm at the critical Equationg2) and(3) describe the interference pattern that

angle, we deposited lines\(~1 mn?) of 8CB on freshly  results from the reflection of x rays from an arbitrary electron
cleaned silicon wafers using a copper wire stretched betweegstribution p(z). Therefore, the interpretation of the mea-
two electrical tweezers held by the arm of a micromanipulasyred x-ray spectra is based on finding proper electron den-
tor. These lines were typically 4 cm long and 1 mm wide.sjty profiles whose reflectivity properties best match the
We allowed them to spread at room temperature under amneasured data.
bient atmosphere for at least 1 day to make sure that the Before describing this method and the model we used for
prewetting film extended over more than 1 nifig. 3b)].  electron density profiles, let us discuss three relevant param-
The x-ray generatofRigaku RU-200BEHi is a rotating  eters of the experiment.
anode operating at 40 kV and 25 mA with a copper target (i) The reflectivity is expressed as the Fourier transform
and a fine focus (0.1 mm1lmm). The apparent source is & of the gradient of the electron density along the substrate
point (0.1 mmx0.1 mm), and the scattering plane is horizon-normal. Therefore, the maximum value of scattering vector
tal. A germanium(111) monochromator is used to select the __ gives an order of magnitude for the sensitivity of the
Cu Kay, line (\=0.15405nm). We use a slit before the technique to modulations of the electron density profile.
sample with size of 0.1 mm1mm. The intensity of the in- . =7/Q_ .. is the theoretical spatial sensitivity of the ex-
cident beam is 610 000 count/s with a background scatteringeriment: it provides an estimate of the minimum length
of the order of 0.08 count/s. The reflected beam is detecteghat can be observed in the electron density pro@igay is
by a scintillation detector. A slit0.5 mm) in front of the |imited by the signal over noise ratio of the setup, which
detector and at a distance of 320 mm from the sample definefepends on the x-ray source, on the detector, and on the
the resolution of the scattered beam. sample. In our experiment,, is of the order of 5 A.
We used a spatially resolved ellipsometer to observe the (jj) The in-plane coherence lengthof the x ray over
spreading of the film before x-ray reflectivity measurementsynich the gradient of the electron density is averaggd.

This setup has been described elsewh2s3. gives the maximum wavelength for the roughness of the in-
terfaces that can be measured. In our experiment, this length
I1l. BASIC EQUATIONS AND ORDERS OF MAGNITUDE is of the order of 16A.
A. X-ray reflectivity (iii) As discussed in detail by Pershg2b], another im-

ortant parameter is the characteristic length !

. . p
di Althqugh thedx—trsy w?vetlﬁngth IS ﬁomparafblti to _a'E[on;nc =\"1]x(—=)], wherey(— =) is the dielectric susceptibil-
IMENsions an us 1o the roughness of the INteracesy of the supstrate. It corresponds to the minimum film

specular x-ray refleption can be described by .the'Frean ickness over which one would be able to get the phase
laws of classical opticg24]. For x-rays, the refractive index information contained in Eq(3). Therefore,L provides an

is given by estimate of the minimum thickness of the film for which
n=1-—46—i8, (1) analysis of x-ray data using the Parrat method can differen-
tiate between an electron density profile and the correspond-
wheres=\?rop/27w(~10 ©), r, is the classical electron ra- ing reflected profiles [(dp(z)/dz)=—(dp(zy—2)/d2),
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where z, is an arbitrary plang In our systemL is of the related to the relative kinetics of spreading of the monolayer
order of 500 A: therefore, we are not able to reach suctfnd the dense filnjwater molecules have been shown to
precision. reduce the friction between a polymer film and a silicon sub-
Although Egs.(2) and (3) are useful to discuss the rel- strate[27]) or to a thermodynamical stabilization of this film
evant parameters of the experiment, we do not use them Y the presence of water moleculéss]. _
describe our experimental data. As explained in the Appen- 8CB forms bilayers composed of dimers perpendicular to

dix, we use a matrix formulation equivalent to Parrat’s for-the layers in the smectiéy phase. Because the height dif-
mulation[26]. ference we measure at the step separating the monolayer

from the homogeneous film is close to the smectic periodic-
ity of the bulk material, we think that this homogeneous film
The spatial resolution of the ellipsometer is 2. Itis  corresponds to a trilayer where a smecticlike bilayer stands
sensitive to thickness within 1 A. However, one must beon the monolayer described previously. A similar organiza-
careful because ellipsometry is not convenient for measuringon of 8CB molecules has been previously observed in
the absolute thickness of such films since they are birefrinLangmuir films of this compounfil3,14.
gent and we do not know if the optical indexes in molecu- The spreading of a trilayer is indeed observed with all of
larly thin layers are equal to the bulk optical indexes. Addi-nCB compounds (4n<12), even those that do not have a
tionally, it is not possible to decorrelate the thickness fromsmectic phaséct. [7]). Therefore, the trilayer appears to be

B. Ellipsometry

the optical index value for very thin filmg€200A). induced by short-range interactions with the substrate rather
than being the expression of the smectic character of 8CB. In

IV. MONOLAYER AND TRILAYER order to illustrate this idea, we have studied the stability of

this film with temperature. Figure 2 shows the range of tem-

A. Influence of humidity and temperature perature over which the ellipsometric thickness of the

Figure 1 presents two characteristic ellipsometric profiledrilayer is constant within 0.5 A. We have been limited in the
of S8CB microdrops Spreading at room temperature u[(‘der |OW'temperatUre side by the condensation of water on the
ambient humidity (RH-45%) and(b) saturated humidity —Substrate below 5°C. Above the nematic-isotropic bulk tem-
(RH~98%). At this temperature, the macroscopic part ofPerature transition, the trilayer dewets slowdeveral hours
the dropgwhich are out of scale in Fig) &re in the smectic- Pefore the appearance of the first holelat 50 °C). There-

A4 phase and do not spread. However, we observe thfore, the reported thickness corresponds to the metastable
spreading of two prewetting filméartial wetting regimg  trilayer before it dewets. We observe that the thickness of the
Under ambient humidityFig. 1(a)], we observe a film with frilayer is constant over a wide range of temperature cover-
an optical thickness varying continuously from Oltg=10  ing all the mesophases of the bulk compound, confirming
extend over millimeters after 3 days of spreading. The gra- [N conclusion, we distinguish two different prewetting
dient of the outer film could be related to a density or tilt films with a height difference close to the smectic periodicity
gradient. When the drop spreads under saturated humidif§f the bulk material. The outer film is a monolayer with tilted
thickness equal td,,. On both profiles, the height of the We propose that the homogeneous film corresponds to a
edge separating the outer film from the homogeneous film i§ilayer organization of 8CB similar to what has been ob-
lpie=33+2 A, close to the bulk smectic periodicity of 8CB

[21]. Solid / Sm A / N / Isotropic liquid
The comparison between Figgaland Xb) indicates that 21 34 41 TF’C)
the outer film is a monolayer. From the valuelgf, we can /Il TTTFITH

determine an order of magnitude of the tilt of the molecules
in this layer: #=arcos(,,/lgcg) =63°*=6° (assuming a
rodlike model for the molecules;cg being the length of one FIG. 2. Temperature domain where the trilayer has a constant
8CB moleculg. The origin of the appearance of a densethicknesswithin 0.5 A) reported along with the bulk phase diagram
monolayer under a very humid environment remains unclearwf 8CB for comparison. The dashed line indicates a range of tem-
As a matter of fact, we are not able to determine whether it iperature where the trilayer is metastafité texd.

A< 05A
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FIG. 3. (a) Sketch of the spreading geometry: the macroscopic 8 . , . ; . , . ;
reservoir is a ribbon of roughly 4 crl mm; the prewetting films 0 0.1 0.2 0.3 0.4
spread in front of the reservoir and extend over a couple a millime- Q, (A"

ters after 1 day of wetting at room temperatui®. Thickness pro-
file measured by ellipsometry along a line perpendicular to the rib- FIG. 4. (a) Symbols: x-ray reflectivity data measured on the
bon (x direction. The thickness is measured assuming an averagéhomogeneous” (trilayer) prewetting film The sample was posi-
optical index of 1.6 for the LC film. The same sample was used taioned in order to have the footprint of the x-ray beam in the posi-
perform the x-ray experiments presented in Fig. 4. The position ofion (@) pictured in Fig. 1. Line: fit of the data corresponding to
the beam corresponding respectively to Figs) 4nd 4b) are de-  the worsty? among all our “mathematical solutions.(b) X-ray
noted(a) and(B), respectively, in this figure. spectrum recorded on the “nondense” film:  footprint of the beam
in the positiong pictured in Fig. 3.
served in Langmuir films. In order to support this idea, we
have performed x-ray reflectivity experiments on these two Figure 4b) presents the data measured on the ‘“non-
films. dense” film[position B in Fig. 3(b)]. The estimated position
of the beam for this measurement is presented in Rig), 3
B. X-ray reflectivity the maximum error for that position being 0.5 mm.

As expected from an organic film on a silicon substrate,
we observe Kiessig fringeldig. 4a)]. These fringes arise

Figure 3a) presents the geometry of the liquid crystal line from interference between light reflected at the surface of the
we have used in order to get large-areas prewetting filmgilm and at the solid surfacéative oxide layer The posi-
Figure 3b) shows the ellipsometric profile of the line after 4 tion of the first minimum iQ=0.075 A~1. Closer examina-
days of spreading at room temperature under ambient humidion of the reflectivity reveals that minima at larger angles do
ity. Using ellipsometry, we checked that prewetting films not occur at positions that are integral multiples of the posi-
obtained from the drop and the line geometries are the saméion of the smallest-angle minimurfwe checked that this

Figure 4 presents x-ray spectra obtained on different areazannot be accounted for by refraction in the filnThis
of the LC line. The positions of the beam corresponding toshows that our data on the “homogeneous” film cannot be
those measurements are presented in Rig. 3 described by a one-slab model and therefore that the order of

Figure 4a) corresponds to measurements performed orthe LC molecules is high enough to produce a modulation of
the “homogeneous film”[position « in Fig. 3b)]. The the electron density along the normal to the surface. Thus the
sample is mechanically positioned to have the x-ray beantotal thickness of the film cannot be deduced from the posi-
incident on the area where we observed the “homogeneoustion of the first minimum using the formulgg,= 7/Qmin -
film by ellipsometry just before we put the sample on theNevertheless, this equation gives a first estimate of this
stage of the x-ray setup. To make sure that the footprint ofhicknessl,,=42A. Furthermore, with our experimental
the beam is confined to this film, we check that the x-raysetup, we cannot measure reflectivity smaller than®10
spectrum does not change when we move the saitijjle which limits our measurements to transferred vectors smaller
half-millimeter steps in both directions along tkexis). than Qma=0.45A"1, giving the resolutiord,i,~7 A.

1. Experimental data and qualitative analysis
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(@) ) © FIG. 5. (a) Sketch of the finite-element mod-

3 el: the film is divided into 25 layers of equal
thickness and adjustable electron dengity. The
four-slab model: the film is divided into four
l,.= d3+2.d4 slabs with adjustable thickness and electron den-
_____________________ sity. A given slab describes a sublayer of the film

with constant electron density that is associated
: with some specific chemical group of the 8CB
«é\) y £.= d1+d2-d4 molecule(polar head with high electron density

Wﬂ { and alkyl tail with low electron density (c)
_ Sketch of the trilayer arrangement of the LC mol-

ecules as it has been described by other groups
working on Langmuir filmg13,14].

The density of the monolayer over argacan be esti- would like to emphasize that we do not introduce any corre-
mated by dividing the average ellipsometric thickness of thidation between the different slabs of the multislab model.
area[cf. Fig. 3b)] by I,,. It is of the order of 40% of the Particularly, the electron density of each slab is fitted inde-
density of the homogeneous monolayer. The x-ray spectrurdéndently. Consequently, even if it may describe a trilayer
measured in this area, presented in Fi¢h) 4exhibits only ~ organization, as depicted in Fig. 5, the four-slab model does
one minimum Corresponding to Kiessig fringes_ The positiomot COI’I’eSpond Intl’lnSIcally_tO th|S kln-d Of Organ|zat|0n. _FOI’
of this minimum isQ=0.268 A" L. It gives us an estimate of m_stance_, one of the conditions for this mpdel to describe a
the thickness of the “nondense” film in the area illuminated trilayer is that the two slabs corresponding to alkyl parts

by the beam onqenss- 12 A. This value is close to the value (slabs_2 and )4reac_h similar e_Iectron_d_ensjty va_Iqes. We will
of I, measured by ellipsometry on the homogeneous monosnow in the following that this condition is verified.
We cannot use these two models separately to calculate

Iayetr[ctf. I':tlf?.tl‘:ll(b)]’shtomémg that thte dt'lt of (tjhe 'Tt]r? Iegulegtln directly the electron profile in the film because the substruc-
contact with the substrate does not depend on the density alyGas 4rising from the modulation of the electron density, in

is equal to 57°_F3°.[acc0rding to our x-ray analy.sis;. cf. Sec. other words, the slab thickness, are comparable to the reso-
6(b) of the appendik Furthermore, these results indicate thatIution of our setup. Thus the finite-element model, which has

the gradier)t of OPU?Q' thickpess opserved in the monOI""yanore degrees of freedom than the multislab model, can reach
'tjhndzr amtbler:cttuumldlt{/cr. Fig. J@)]is d”? tofa dect:rr]ease of different mathematical solutions, but always with the correct
€ density ot t eCmon_(:jay_er "ﬁ] V\t’e god%r rotm b € MacCr0in4) thickness because this thickness is one order of magni-
scopic reservoir. .onsidering that we did not Observe any,,je larger than the theoretical resolution. In contrast, the
dense substructures by antiferromagnetism on this no”denﬁ’?ultislab model. which can be seen as a more constrained

fr_r;onolgyerl[a28] a?d thatl Daﬂlantet al. did not delte(;:t ;[L"St model, may converge toward mathematical solutions even at
ilm using Brewster angle microscojpg], we conclude tha the cost of a poor evaluation of the film thickness. In order to

the LC_moIecuIes m_the nond_ens_e monolayer have a tWoE)recisely characterize these processes, we have systemati-
dimensional(2D) gaslike organization.

cally observed the mathematical solutions that we reach
o _ _ when we vary the initial parameters of the fit, assuming the
2. Organization of the molecules in the trilayer physical solution is one of the mathematical solutions. This

We have seen in the previous section that it is not possibl@nalysis is presented in detail in the Appendix. o
to use a one-slab model to describe the experimental data The main conclusions of this anal_yS|s are that the finite-
obtained on the “homogeneous film” because of the modu_elgment model a_llows us to determme accurately the total
lation of the electron density in the film. In order to describethickness of the film, while the multislab model allows us to
this modulation, we have used two different models of thedescribe the organization of the molecules in the film once
electron density that are presented in Fig. 5 along with dhe total thickness i_s_known. The elect_ron density profiles
schematic representation of the trilayer organization. Théletermined by the fitting procedures using both models are
multislab model[Fig. 5(b)] describes the system by using Presented in Fig. 6. The thickness of the bilaylf
slabs of different electron density corresponding to different=33""A and of the monolayelyons=12°* A is determined
parts of the LC molecules. This model has been successfullffom this study. We propose in Fi§ a possible arrangement
used to study molecular ordering in Langmuir-Blodgett filmsOf the molecules in the film corresponding to those profiles.
[29], at the surfaces of bulk LC'§30], and in freely sus- Even if this arrangement is not unique, our results confirm
pended LC filmg31]. For our system, the alkyl tail of 8CB the trilayer organization of the molecules. Interestingly, the
has a lower electron density than the polar head. Therefordilt angle of the molecules in contact with silica within the
we use different slabs to describe these chemical groups. THElayer is equal to the tilt angle determined for the molecules
finite-element mode[Fig. 5] allows one to deduce an In the monolayer by ellipsometry and x-ray reflectivity. The
electron density profile from the x-ray data by arbitrarily thickness of the smecticlike bilayer is also in good agreement
dividing the film into numerous sublayers that are thin com-With ellipsometry measurements.
pared to any parts of the LC molecule and to the theoretical
resolution of the experimenti{ Q.0 Therefore the multi-
slab model is more directly linked to the way LC molecules The trilayer organization of the 8CB molecules we ob-
are organized in the film than the finite-element model. Weserve on silica is similar to what has been reported by other

C. Comments
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FIG. 6. Electron density profiles corresponding to solutin Radius (mm)

andC (with |nterf§C|aI roughness equal to 3.3,_&for sol_utlﬁinand FIG. 7. Ellipsometric profile of a 8CB drop spreading in the
sketch of a possible molecular arrangement in the trilayer that can . o . . .

. . nematic phaseT=38 °C) under ambiant humidity. In this phase,
be deduced from those profiles. The x-ray analysis allows us t

. . - - CB completely wets the substrate and the characteristic thick-
determine accurately the thickness of the smecticlike bilayer (3 hesses that appear in the profiles indicatenatastabl structura-
+1 A) and the thickness of the polar monolayer £12A). From PP P

these results, we can then propose several different molecular org%{(-)n of the drop.

nizations of the LC molecules in the trilayer that match these val-

o i iBerature in the whole nematic range. The existence of the
ues, but we cannot distinguish between them from our experiment . * . .
data. smectic blockl7 is related to the surface induced ordering

effect[3]. The fact thatl] is constant with temperature re-

A mains to be clarified. However, in the following, we will

Eroups an'ILang:]Lrgwr f'lms[lil_%]q' Early Work onf SCBh only focus on the dynamical behaviors of these smectic lay-
angmuir films[13] suggested that water coming from the ers. All the ellipsometric profiles we have observed in the

subphase could play a determining role in the stability of thqqematic phase have two common feature§) the trilayer

t_rllayer. Since the preyyettlng films we observe are equmb—Spreads faster than the smectic block, 4fill bilayers of
rium structures on silica, our results show that a larg

t of water i i ired 1 d h a tril ®Nos. 2, 3, and 4 form a compact block that spreads at a given
amount of water Is not required to produce such a tr ayerspeed. This shows that the first smecticlike bilayer, which is

organizgt_ion. The formation of a stable polar monolayer at "’bart of the trilayer film, has a specific behavior. According to
hydrophilic interface can be understood becalse¢here are de Gennes and Cazaljad], assuming that each layer is an

strong interaction between the polar heads of the LC mo'incompressible two-dimensional liquid, a group of layers

gcules and SI|IC? art;dZ) lt(he priserr]lqe fOf a Sg:'dtsﬂﬁacfe In- having the same velocity indicates that the chemical poten-
uces a symmelry breaking which 1S tavorabie 10 the 1ormag, of the molecules is equal in every layer forming that

tlonf of gzpolTar: monolayer rfegardlest_s I(')kf ﬂtﬁ nature tOf thfgroup. Therefore, the chemical potential of the smecticlike
,[S#r acei[ . el presv_anpet 0 at_smet;: IClike |ayetr on c;p Iq bilayer that stands directly on the polar monolayer is differ-
IS polar monolayer IS Interesting beécause most SIMpe g from the potential of all the successive bilayers forming

uids and light polymers form monolayers or “Maya-like” % e . .
pyramids when they spre4g3]. To our knowledge, the only the blocl7 . The'speC|f|C|ty o_f the first bilayer may be due to
an excess of dipoles pointing up that compensates for the

reported exception is the case of “superspreaders” Spreadingolarity of the monolayer, supporting the model proposed by
on hydrophobic surfacedormation of bilayer[33]. In the lbn-Elhaj et al. [15] '

case of Langmuir films, there is strong experimental evi-
dence[15,16 that the trilayer organization is energetically
favored by the presence of a smecticlike bilayer. The bilayer

allows the film to compensate for the overall dipole of the  yve have studied the organization of 8CB at the vicinity of
polar monolayer if there is an excess of molecules havinghe surface of a silicon wafer by observing the wetting of
their dipoles pointing upward in the bilayer. We think this microdrops at different temperatures and relative humidity
model is also applicable to our system. rates.

In order to illustrate the specificity of the smecticlike bi-  |n the smectic phase, 8CB partially wets the substrate and
layer forming the trilayer, we present in Fig a typical e observe the spreading of two prewetting films. Combin-
ellipsometric profile of a 8CB drop spreading in the nematicing ellipsometry and x-ray reflectivity, we have shown that
phase. In this phase, 8CB completely wets the substrate aRfese films correspond to a monolayer and a trilayer.
we observe three characteristic thickness in the prdfle, (i) The LC molecules are tilted in the monolayer. Under
17, andl,. Herel, is the thickness of the trilayet, has  ambient humidity, this film exhibits a gradient of density
been interpreted as a metastable thickness resulting from thgong the drop radii, but the tilt of the molecules does not
competition between spreading energy and elastic distortiongepend on the density. We think that 8CB molecules orga-
in the drop(cf. [7]). The thickness7 is equal to the thick- nize in a 2D-gas-like structure when the monolayer is non-
ness of the trilayer plus an integral multiple of the smecticdense.
periodicity of 8CB. The corresponding number of smectic The trilayer film is formed by a smecticlike bilayer stand-
bilayers is between 3 and 5, and does not depend on tenng above a monolayer with tilted molecules in contact with

V. CONCLUSION
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FIG. 8. Evolution of the electron density profiles calculated with the finite-element model (@htive interfacial roughness is changed.
We assign the same roughness for all sublayer interfaces, at the free surface of the film and at the surface of the silicbn Tiefer.
constraint, which is a numerical parameter that limits the variation of the electron density from one sublayer to the other, is (oo@iid.
number of sublayers, which have a thickness fixed to 2.4 A, is increédedhe initial electron density of the sublayers is varietdl the
sublayers have the same electron density when we start a fitting procedure

the substrate. The tilt angles in the monolayer and in theameters that are used to minimize the absolute difference
trilayer (for the molecules in contact with the substiadee  between the calculated reflectivity and the measured reflec-
the same ¢=57"%°). We think that the stability of the tivity using the Levenberg-Maquart fitting routine.
trilayer results from dipolar interaction between the bilayer We also calculated the Patterson function of our x-ray
and the monolayer. spectra, but our films are too thin to deduce precisely their
In the nematic phase, 8CB completely wets the substratehickness by using this method.
During the spreading of a drop, we observe the appearance
of a smectic block, between three and five smectic bilayers
thick, above the trilayer. The relative spreading dynamics of
this block and of the trilayer indicates that the smecticlike
bilayer that is part of the trilayer exhibits some specific in-
teraction with the substratgovered by the monolayerwWe <d p>
dz

2. Interfacial roughness

We model the interfacial roughness by Gaussian functions
such as

exp(—z2/2r?)

think that this specificity results from the dipolar interaction o WZ_

mentioned above.
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APPENDIX: FITTING PROCEDURES AND MODELS g 0.2 |
3] |
1. Fitting procedure % O':)
We use a matrix formulation to fit our experimental data 0

because it is convenient to compute and does not use the
kinematic approximation. The main drawback of this tech-
nique is that it does not use any analytic form of the electron FIG. 9. Electron density profiles corresponding to the solutions

density profile. Briefly, we calculate the reflectivity of a A andB (solid symbol3 and corresponding symmetrical profilas
model electron profile. This profile contains adjustable paandB’; cf. text (open symbols

Z(R)
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FIG. 10. Variation of the total thickness of the trilayer corresponding to the electron density profiles calculated with the four-slab model
as a function of the interfacial roughness. We assign the same roughness for all slab interfaces, at the free surface of the film and at the
surface of the silicon wafefa) Profiles corresponding to solutig® (b) Profiles corresponding to solutidh. The dashed lines define the
domainL ,,=45+0.6 A that is physically acceptable according to the analysis carried with the finite-element [icfod®sc. 6 b of the
Appendix. This criterion allows us to exclude soluti@hand determine a roughness domain for which the electron density profiles of type
C can have a physical meaning as depicted by the gray boxes in this figure.

wherer is the root-mean-square roughness of the interfacd.Fig. 8b)], number of layer§Fig. 8c)], and the initial elec-

In our analysis, we set all the interfacial roughnesses to the&on density[Fig. 8d)] are modified. For the sake of clarity,
same value. This is reasonable approximation because tlvee have not presented all the profiles we have calculated in
films we observed are of molecular thickness. We have usethis figure. As expected, we observe in Figa)8that the
atomic force microscopy to ensure that the roughness of the

free surface of the film and of the substrate are indeed con- (a)

formal [28].

& o cedd ced3 sed2 +ed1
3. Definition of a solution :t

As a result of the large number of fitting parameters and 2
the loss of any phase informatiqdiscussed in Sec. Il A -E
the solution to the inversion of the experimental data is not s
unique. The problem is then to determine which is the physi- 'g < 7
cal solution among all mathematical solutions. A mathemati- o I s ; —1
cal solution is an electron profile that describes experimental 'g' 03+
data “perfectly.” That is, the calculated reflectivity from this i
profile is equal to the experimental data within the experi- 0.2 +————+—— f = =
mental error. Figure 4 presents the experimental data and the 3 31 32 33 34 35 36 37
calculated reflectivity for the worst fitn terms ofy?) in this interfacial roughness (A)
study.

(b)

4. Models of the electron density 5

°0d4 od3 ed2 «d1

The two models we use to describe the modulation of the
electron density in the trilayer are depicted in Fig. 5 and
explained in the text. The “finite-element” model uses many
slabs(25) of the same thickness and gives an envelope of the
electron density profile. The four-slab model use four slabs
that correspond to different sublayers within the films com-
posed by the same chemical groupkyl tail or polar heag
It gives the organization of the molecules in the trilayer.

Slab thickness (A)
3 &

[3)]
et

5. Finite-element model e = + + ;
3 31 32 33 34 35 36 37
a. Mathematical solutions interfacial roughnéss A
In order to exclude solutions that do not have physical |G, 11. Evolution of the parametefslectron density of the
meaning, it is necessary with this model to introduce a pasjabs(a) and thickness of the slalb)] of the profiles correspond-
rameter (the “constraint”) that limits the gradient of the ing to solutionC with the interfacial roughness. The gray boxes
electron density from one layer to another. indicate the interfacial roughness domain corresponding to solu-
Figure 8 presents the variation of the electron density protions that are physically acceptable according gg=45+0.6 A
file when the interfacial roughne$Eig. 8@)], the constraint  (cf. Fig. 10.
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TABLE |. Parameters of the solutio@ as determined from Fig. 11. The thicknesses of the smecticlike
bilayer and the monolayer are calculated from those parameters according to the formula given in Fig. 5.

SolutionC Slab 1 Slab 2 Slab 3 Slab 4 Bilayer  Monolayer Total
Thickness(A) 7x2 14+3 15+1 9+1 33x1 12+1 45+ 1
Density €/A3%) 0.40°00¢ (327001 (40001 (.32-001 6=57+3°

interfacial roughness has no influence on the calculated elecrore suitable for comparison between the total thickness de-
tron density profile. We observe in Fig(d® that the fit does termined using this model and using the multislab model.
not correspond to a physical solutigimfinite electron den- Combining these two approaches, we conclude that the
sity gradient at the interface LC/aivhen the number of total thickness of the homogeneous film is equal to 45
layers is too small. Once we use enough layers, the calcu=0.6 A.
lated profiles do not depend on this parameter. Figube 8

shows that a large value for the constraint prevents conver-
gence toward nonphysical solutiofsscillation of the elec- a. Mathematical solutions
tron density with a small spatial periodicjitand that it has
no effect on the profile when it is increased further. Finally,
we observe in Fig. @) that we can reach either “solutioh

6. Multislab model

Before going any further, we would like to emphasize that
we do not introduce any correlation between the different
o ; 9 . o slabs in this model. Particularly, the electron density of each
profiles (respect.lve_ly., . solutionB_profiles”) ?:/vhen the slab is fitted independently. Consequently, the four-slab
electron density is énmally set below 0.40A° (respec-  \oqal does not correspond intrinsically to a trilayer organi-
tively, above 0.4@/ A®) before starting the fitting procedure. zation. For instance, one of the conditions for this model to

As discussed by Pershb], the electron density profiles gescribe a trilayer organization is that the two slabs corre-
that can be extracted from x-ray reflectivity measurementgponding to alkyl partgslabs 2 and $reach the same elec-
are not unique because the equations of x-ray reflectivity argon density. We will show in the following that this condi-
invariant by an inversion operator that changes the depsity tion is verified.
to (psubsrae ) @nd the coordinate to (Loy— 2). Usually, Using the same method as described in Sec. 5 of the ap-
physical arguments allow one to choose between the twpendix, we systematically run our fitting procedures with the
possible profiles. In our case, solutignis not related to four-slab models to study the possible mathematical solu-
solution B by the symmetry of this operator. Thus we havetions. We observe that we reach two types of solutidbs,
four possible profiles4,B,A’,B’, whereA’ andB’ are the and D, depending on the values of the initial parameters.
symmetric solutions of\ and B, respectively and no clear Contrary to what has been observed using the finite element
physical arguments to exclude any of them. Figure 9 presenf®odel (where the value of the initial electron density deter-
the fourA,B,A’,B’ solutions. We observe in this figure that Mines which solutionA or B, is reache we cannot find a

the four profiles correspond to the same total thickness of thP€cific parameter that determines which solution is reached.
Furthermore, we observe that, for a given type of solution,

film. However, they are different and the exact electron den-h file i ble when the initial thick d density of
sity profile cannot be determined using this model. the profile is stable when the initial thickness and density o
the slabs vary. In contrast, the profile changes when the in-

b. Film thickness terfacial roughness changes.

For a given electron density profile, there are two ways to b. Physical solution

measure the total film thickness. The next step is to use the value of the total thickness of
(i) The first consists in measuring the distance that sepahe film, |y, that has been determined using the finite ele-
rates the abscissa of the points that have electron densifyient mode[Sec. %b) of the appendikto select from all the
equal to(p)/2 and Qgypsratd (p))/2 corresponding, respec- density profiles corresponding to solutio@sand D those
tively, to the LC/air and substrate/LC interfacép) is the  that effectively fulfill the constraink,y,=45+0.6 A. Figure
average density in the filmThis method does not make any 10 shows the evolution of the total thickness of the profiles
assumption about the organization of the molecules in theorresponding to solution€ and D as a function of the
film. The result is a thickness of 44:.2 A. interfacial roughness. We observe in this figure that the
(if) The second is linked to the trilayer model and takesthickness constraint rules out solutién but not solutionC,
the LC/air and substrate/LC interfaces at the abscissa corrgrhich is still valid for roughness between 3.26 and 3.48 A.
sponding to density equal, respectively, [9,/2 and  Such precision in the value of the roughness has no physical
(psubstrate™ Pmax/2. With this model, the thickness is 45.4 meaning. Physically, this result indicates that the roughness
+0.2A. As will appear in the following, this approach is of the substrate and the free surface of the film are both of

TABLE Il. Parameters of the solutio@’ symmetrical profile of solutiorC.

SolutionC’ Slab 1 Slab 2 Slab 3 Slab 4 Bilayer Monolayer Total

Thickness(A) 9+1 15+ 1 14+3 7+2 28+1 17+3 45+1
Density @/A%)  0.38°%06 03009t 038901 (.30700 0=46+3°
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the order of 3.3 A, which is a reasonable range compared to Quantitatively, we observe thadf) the thickness of the
the typical roughness of silicon wafet3-4.5 A). Neverthe-  smecticlike bilayer is 33 A close to the smectic periodicity of
less, we can use the “interfacial roughness” as a numericathe bulk 8CB(31.4 A), (2) the thickness of the monolayer is
parameter and, in this frame, such precision is meaningful2 A, equal to the thickness of the nondense film that spreads
and necessary in order to determine the value of the othen front of the trilayer(cf. Sec. IV A), and(3) the tilt angle of
parameters of the four-slab model. Closer examination othe molecules in contact with silica is 5¥3° assuming a
Fig. 10 shows that the total thickness determined by thigodlike shape for the LC molecules.

model is larger than the film thickness fiox3.26 A and that We know from SHG experimen{8,9] that the organiza-

it drops abruptly in the good range at=3.26A. Forr tion of 8CB molecules on silica does not depend on the
>3.26 A, the variation of the four-slab total thickness isdensity of the monolayer or on the presence of other LC
smooth. molecules on top of it. Our observation that the thickness of

Figure 11 shows the evolution of soluti@as a function the monolayer is equal to the thickness of the nondense film
of the interfacial roughness. We observe that the electrois in good agreement with this. The tilt angle of the mol-
density profile depends strongly on the exact value of theecules in the monolayer is also in agreement with SHG ex-
interfacial roughness. More precisely, the abrupt decrease gferiments although we must be careful since SHG only
the total thickness at=3.26 A is associated with a drop of probes the organization of the polar head and not of the
the electron densitfe.d) of slab 1 from a nonphysical value entire molecule.

(e.d>0.55e/A® for r<3.25A) to a reasonable value (e.d. As explained in Sec.(8) of the appendix, there is a sym-
=0.40+0.06e/A3 for 3.26<r<3.48). metric profileC’ associated with solutio€. The values of

From this result we can deduce the value of all the paramits parameters are given in Table Il. Although solutidds
eters of the four-slab models. Then we can determine thandC' are close to each other, we think that soluthis
length of the smecticlike bilayer, the length of the mono-ruled out because the thickness of the monolayer calculated
layer, and the tilt angle of the LC molecules in the mono-from this solution is significantly different from the thickness
layer assuming a rodlike modédf. Fig. 5. All these values of the nondense film.
are presented in Table I.

Quallitatively, we observe thdt) the electron density of
slab 1(respectively, slab)2is equal to the density of slab 3
(respectively, slab ¥ (2) the electron density of slabs 1 and  We can use solutioil© to determine which of solutions
3 is higher than the density of slabs 2 and 4, the ratio beA,B,A’,B’ best describes our system. Figure 6 presents
tween these densities is 1.25, a@3)ithe thicknesses of slabs electron density profiles corresponding to solut®iwhich
2 and 3 are approximately equal to 2 times the thickness df closest toC) and C with the corresponding molecular ar-
slabs 4 and 1. rangement. Note that there are several possible molecular

From(1) and(2), we deduce that slabs 1 and 3 correspondarrangements that can be deduced from solutorend A.
to the polar head of the 8CB molecules and that slabs 2 an@nly the total thickness of the film, the length of the smec-
4 describe their alkyl tail. The ratio between the head and taiticlike bilayer, and the tilt angle of the molecules in contact
densities(1.25 is close to what is obtained by assuming awith silica are relevant. We observe that the profiles corre-
rodlike shape of the LC molecules and counting the electronsponding to solutiorA (which is uniqu¢ and to solution
in both parts. Furthermore, the polar head of 8CB is expecte@(r =3.3 A) are in good agreement. A relevant point is that
to be at the highly polarizable silica/LC interface and thethe maximum and minimum densities, corresponding, re-
alkyl tail at the LC/air interface. Our results agree with thosespectively, to the polar head and the alkyl part densities, are
constraints(slab 1 corresponds to polar head and slab 4 taespectively equal to 0.400.01 and 0.320.01e/A 2 for all
alkyl tail). Finally, (3) shows that solutiorC describes a profiles corresponding to solutio® and for the profile cor-
trilayer organization of the molecules. responding to solutior.
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