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Variation of the in-plane structure with depth revealed by grazing incidence x-ray diffraction
in a thin Langmuir-Blodgett film
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Grazing incidence x-ray diffraction is used to characterize the molecular arrangement of ultrathin Langmuir-
Blodgett~LB! multilayers. Using two angles of incidence of the beam allowing its penetration either through-
out the complete depth of the film or only through the external layers, we show that it is possible to discrimi-
nate between the molecular packing of the deeper monolayers and that of the external monolayers of the LB
film.
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The use of LB films for many applications implies th
fabrication of well-ordered films@1#. It is thus essential to
have well-adapted techniques to characterize the films
various lengthscales and in different directions: in the pla
of the layers and perpendicularly to them. The main di
culty is to find an experimental method which allows one
determine the in-plane structure at the molecular scale
both the external layer and the deeper layers of the LB fi
Among the experimental methods used to study thin
films @2–5#, the more suitable techniques to probe the str
ture at the molecular scale are transmission electron diff
tion ~TED!, atomic force microscopy~AFM! and the x-ray
techniques. However, TED and AFM only provide the stru
ture of the external monolayer. Concerning the x-ray te
niques@6,7#, x-ray reflectivity allows the characterization o
the structure of the films in the surface normal direction. T
experimental data of reflectivity are compared, in general
a model electron density profile along the perpendicular
rection. They have to be corrected from the signal due
diffuse scattering, which corresponds to long-range late
correlations of the interface. From diffuse scattering m
surements, the film roughness and the correlations betw
the layers can be deduced@6#. Grazing incidence x-ray dif-
fraction ~GIXD! @8# allows the determination of the structu
in the plane of the layers; it provides the in-plane molecu
packing, the positional correlation length and also the ori
tation of the hydrophobic chains~tilt angle!. In such experi-
ments performed on thin LB multilayers@5,9,10#, the angle
of incidence of the x-ray beam is usually fixed at abo
0.85ac , whereac is the critical angle for total external re
flection for the solid substrate; this value minimizes t
background scattering of the substrate. With such an ang
incidence, the beam propagates throughout the comp
depth of the LB film. The obtained GIXD pattern is thus
measurement of the superposition of the in-plane structur
all the monolayers of the LB sample. In this paper, we u
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the possibility of varying the angle of incidencea of the
x-ray beam to determine the in-plane molecular packing
different depth of a thin LB film. We take advantage that t
critical angle for total external reflection for the hydrophob
chains of the molecules,achains ~2.4 mrad for hydrocarbon
chains!, is lower than that of the solid substrate,asubstrate

~3.9 mrad for a Si/SiO2 wafer!. Thus, for a,achains, the
wave is evanescent in the LB film; its low penetration dep
~a few tenth of angstroms! allows to probe the in-plane struc
ture in the external monolayers of the LB film, as the con
bution of the first deposited layers becomes negligible. C
sequently, by probing the LB film with two angles o
incidence a of the x-ray beam such asa,achains and
achains,a,asubstrate, it is shown that the structure of th
external monolayers of a thin LB film can be distinguish
from that of the deeper monolayers. Indeed, forachains,a
,asubstrate, the contribution of the different monolayers o
the LB film to the diffracted intensity is nearly identical. Th
method is applied to the characterization of 3-layers LB fil
transferred on air-oxidized silicon wafers. The first tw
monolayers are behenic acid monolayers while the th
monolayer is made of a fluorinated amphiphilic molecu
called FEP. All three layers are transferred with cadmiu
ions.

Behenic acid was purchased from Sigma a
1-~28-F-hexylethylthio! -3-~29-ethylhexyloxy! -2-ol-propane
~FEP!, CF3-(CF2)5-(CH2)2-S-CH2-CHOH-CH2-O-CH2-
CH-(C2H5)(C4H9), was provided by L’Ore´al. The two com-
pounds were used without further purification and spre
from chloroform solution on a subphase containing 1
31026 mol l21 of CdCl2 ~Sigma! and adjusted to pH 6.5 by
addition of NaHCO3 ~Sigma!. The experiments were per
formed at room temperature (20°C). The Langmuir-Blodg
films were prepared by vertical deposition on polished o
dized silicon wafers (Si/SiO2 wafers! ~Applications Couches
Minces!. The studied samples were made of two behe
acid monolayers and of a FEP monolayer as third layer. T
two first layers were transferred at a surface pressure o
mN/m whereas the third layer was deposited at a surf
pressure of 28 mN/m. The dipping speed was 10 mm min21.
tre
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The grazing incidence x-ray diffraction experiments~GIXD!
were performed at the D41B beamline at the LURE~Orsay,
France!. The selected wavelength was 1.646 Å. The d
fracted intensity was monitored by a Ar/CO2-filled position
sensitive detector~PSD, 13°), as a function of the in-plan
componentQxy of the wave-vector transfer, selected using
Soller collimator with a resolution of 5 min. The experime
tal maximum signal to noise ratio is close to 5. TheQxy
pattern, corresponding to the diffracted intensity integra
over the vertical componentQz of the wave-vector transfer
allows one to determine the cell parameters of the tw
dimensional lattice. The tilt angle is deduced from the ve
cal intensity profiles~Bragg rods!. The angle of incidencea
of the beam was fixed using a polished glass mirror with
accuracy of 0.05 mrad and checked by measuring the i
dent and reflected beams. Two angles of incidence were
to probe the samples more or less deeply. The first value
fixed to a53.5 mrad, which is slightly below the critica
angle for total external reflection for Si/SiO2 wafers ~3.9
mrad!. The second value was 1.5 mrad which is below
calculated critical angle for total external reflection for t
hydrocarbon chains~2.4 mrad! ~Note that the critical angle
for total external reflection for the FEP molecules is sligh
higher than that of the fatty acid molecules!.

Figure 1 shows the diffraction pattern obtained forQxy in
the range of 1.07 to 1.35 Å21. For the two angles of inci-
dence of the x-ray beam, a large in-plane peak is detec
By fitting this peak with a Lorentzian shape, one obtains
maximum atQxy51.22560.007 Å21 and its full width at
half maximum~FWHM! that leads to a positional correlatio
length L ~L 5 2/FWMH! of the order of 40 Å. This indi-
cates a weak organization of the FEP molecules on a rou
hexagonal lattice. The position of the peak leads to a mole
lar area A5 30.460.1 Å2, in agreement with a dense pac
ing of fluorinated chains@11#.

The diffraction patterns obtained forQxy in the range of
1.4 to 1.75 Å21 for two angles of incidence of the x-ra
beam a53.5 mrad anda51.5 mrad are shown respec
tively in Figs. 2~a! and 2~b!. For a53.5 mrad, two in-plane
doublets are clearly visible whereas fora51.5 mrad, only
two in-plane diffraction peaks are detected atQxy51.529

FIG. 1. Grazing incidence x-ray diffraction data in the horizo
tal plane, integrated overQz , for a FEP monolayer transferred at 2
mN/m on a behenic acid bilayer deposited at 35 mN/m. All th
layers are transferred with cadmium ions. The angle of incidenc
the x-ray beam was set to 1.5 mrad.
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60.007 Å21 andQxy51.67460.007 Å21. The splitting of
the two peaks for the higher incidence angle of the x-
beam means that the use of two angles of incidence allow
detect different structure in each of the monolayers of the
film. Indeed, fora53.5 mrad, the penetration length corr
sponding only to the absorption is greater than 100 nm,
the beam penetrates throughout the complete depth of the
film with approximately the incident intensity. In contras
for a51.5 mrad, the wave is evanescent and its penetra
depth is close to 65 Å. The diffracted signal is thus main
provided by the external layers. Indeed, calculating for a
layers LB sample the ratio between the intensity of the in
dent evanescent wave in the external monolayer and in
first deposited monolayer, one obtains a value of abou
while the experimental maximum signal to noise ratio
close to 5.

One can notice that theQxy positions of the two peaks
detected fora51.5 mrad correspond exactly to that of th
second peaks of each doublet obtained fora53.5 mrad.
Also, for a53.5 mrad, the first peaks of each doublet a
detected at Qxy51.50560.007 Å21 and Qxy51.638
60.007 Å21, which correspond exactly to theQxy positions
of the two peaks measured for 3-layers LB films of behe
acid with cadmium ions presented in a previous study@12#.
These peaks can be indexed according to a centered re
gular lattice as respectively the degenerate~11!/(11̄) peaks
and the nondegenerate~02! peak. In the studied samples, th
peaks are located in the scattering plane indicating unti
molecules. The structure is thus in agreement with theS
phase of Langmuir monolayers@13,14#. Consequently, the
second peaks of each doublet also correspond to a mole
packing of behenic acid molecules in the S phase but w
different lattice parameters. These observations evidence
for a53.5 mrad, each of the two behenic acid monolay

e
of

FIG. 2. X-ray diffraction data in the horizontal plane, integrat
over Qz ~left! and contours of equal intensity vs the in-plane a
out-plane scattering vector componentsQxy and Qz ~right! for a
FEP monolayer transferred at 28 mN/m on two behenic acid lay
deposited at 35 mN/m. All three layers are transferred with c
mium ions. Two angles of incidence of the x-ray beam were us
~a! a53.5 mrad;~b! a51.5 mrad.
1-2



ci
s

c

-

ob
m
fo

an-
les
f the
de-
nic

of
in-

th
r on
hod
e-
lm.

BRIEF REPORTS PHYSICAL REVIEW E66, 012701 ~2002!
has a contribution to the diffracted intensity, whereas fora
51.5 mrad, only the signal of the second behenic a
monolayer is detected. Moreover, the lattice parameter
the two behenic acid monolayers are different. From theQxy
positions of the peaks, one can deduce the rectangular
parametersa and b. One obtainsa54.9860.02 Å andb
57.6760.02 Å in the first deposited monolayer anda
54.9160.02 Å andb57.5160.02 Å in the second mono
layer. The area per molecule of the first layer,A519.1
60.1 Å2 is thus larger than that of the second layer,A
518.460.1 Å2. These results can be compared to that
tained for a 3-layers LB film of behenic acid with cadmiu
ions @12#. The measured diffraction pattern was identical
,
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the two studied angles of incidence of the x-ray beam, me
ing that the in-plane structure of the behenic acid molecu
is the same in each of the three monolayers. In the case o
3-layers sample with FEP molecules as the third layer
scribed in this paper, the contraction of the second behe
acid monolayer indicates a reorganization of the film.

As a conclusion, the use of GIXD with two angles
incidence is a very promising method to characterize the
plane structure of the different monolayers of LB films wi
few layers. Reorganizations of the layers after the transfe
solid substrate can be evidenced. For thick films, this met
can allow to study the evolution of the molecular arrang
ment of the layers when increasing the thickness of the fi
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