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Analysis of x-ray reflectivity data from low-contrast polymer bilayer
systems using a Fourier method
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X-ray reflectivity data of polymer bilayer systems have been analyzed using a Fourier method which
takes into account different limits of integration inq-space. It is demonstrated that the interfacial
parameters can be determined with high accuracy although the difference in the electron density~the
contrast! of the two polymers is extremely small. This method is not restricted to soft-matter thin
films. It can be applied to any reflectivity data from low-contrast layer systems. ©2000 American
Institute of Physics.@S0003-6951~00!03719-0#
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Thin-film layer systems are often studied by x-ray
neutron specular reflectivity~RF!. The RF is determined by
the density profiler(z) perpendicular to the sample surfac
in particular, by the thicknessesdj , the interfacial rms
roughnessess j , and the densitiesr j of the layers denoted by
j.1 Using x-ray photonsr(z) means the electron density, fo
neutrons it is the scattering length density. In Born appro
mation the reflected intensity is given by

I ~qz!;
1

qz
4 U E dr~z!

dz
exp~2 iqzz!dzU2

,

where qz is the wave-vector transfer.2 Thus, it is hard to
study interfaces with small density contrasts~given by ur i

2r j u/r i! becauseI (qz) is determined by the Fourier trans
formation~FT! of the gradient ofr(z). We present a practi
cal way to overcome the ‘‘contrast problem.’’

There are many interesting ‘‘small-contrast’’ layer sy
tems, such as magnetic multilayers~see, e.g., Ref. 3! or poly-
mer bilayers.4,5 In the latter case, the x-ray contrast is ess
tially less than 10%. Therefore, neutron scattering
preferred to investigate polymer–polymer interfaces si
the scattering contrast can be enhanced by deuterating o
the two polymers. However, deuteration may change
chemical behavior of the polymer. Furthermore, neutron
data often suffer from low intensity andqz-space resolution
which yield large error bars.

Figure 1 depicts RFs calculated using the Par
algorithm.1 A bilayer system with maximum contrast wa
taken for curve~A!. The oscillations corresponding to bo
layers are easily visible in the pronounced beating. Curve~B!
represents a RF of a bilayer system with only 5% contras
is almost identical to curve~C!, for which a monolayer was

a!Postal address: HASYLAB am DESY, Notkestraße 85, 22603 Hamb
Germany; electronic mail: ohseeck@mail.desy.de
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used with the thickness equal to the whole thickness of
bilayer. To analyze the low-contrast interface of bilayer~B!
quite laborious methods such as maximum entropy fitt
can be used. However, a more straightforward way to ob
the information exists and is outlined in the following.

The right-hand side of Fig. 1 also depicts the FTs of t
RFs. They are related to the corresponding one-dimensi
Patterson functions and occasionally have been used to
lyze RF data.6,7 In the following, we discuss

F~d,qz, low!5U E
qz , low

qz ,up

qz
4I ~qz!exp~ iqzd!dqzU2

, ~1!

as a function of the lower limitqz,low . The upper limitqz,up

is given by theqz-range of the data. It can clearly be se
that even the low-contrast layer system~B! shows the signa-
ture of a bilayer system: two small peaks at the position
the thicknesses of each layer and one large peak at the
thickness. The small peaks contain the information about
low-contrast interface.

The shape of the FTs strongly depends on the ratio of
roughnesses and the choice ofqz, low ~see Fig. 2!. If s1 ~film–

g,

FIG. 1. Calculated RFs~left! and FTs~right!. ~A! bilayer on silicon with
maximum contrast (r152r2) and d15100 Å andd25300 Å. ~B! bilayer
with 5% contrast,d15100 Å, andd25300 Å. ~C! monolayer,d15400 Å.
All s j are 5 Å, theqz limits areqz, low50.065 Å21 andqz,up50.8 Å21. For
clarity, the RFs are only shown up to 0.4 Å21. The insets show that curve
~B! still exhibits a tiny modulation.
3 © 2000 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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film interface! and s2 ~film–air interface! are identical, the
shape of the FTs is basically independent ofqz, low .8 In the
case s1.s2 the small peaks disappear with increasi
qz, low . The main peak remains unaffected. In the reve
cases1,s2 the small peaks stay visible while the large pe
shrinks considerably.

This behavior can easily be explained: The scattered
plitude at each interfacej is damped by a facto
exp(2qz

2sj
2/2). Thus, at largeqz the smoothest interfac

dominatesI (qz). Small values ofqz, low yield FTs with all
interfaces visible, larger values suppress rougher interfa
By fitting the FTs using differentqz, low the sensitivity to the
respective interfaces can be tuned.

In this letter we analyzed x-ray RFs of polymer bilaye
~see Fig. 3! using the FT method. At the interface of tw
immiscible polymers enthalpic terms, which favor perfec
smooth interfaces, are balanced with entropic contributi
which would lead to infinite roughness. The resulting eq
librium rms roughnessspp is given by the Helfand–Tagam
theory,9 which includes the Flory–Huggins interaction p
rameterxpp between the two polymers.5 Additionally, capil-
lary waves have to be taken into account. In the limit of hi
molecular weights10 one yields

spp5F a2

3pxpp
1

1

4par
A 6

xpp
lnS qmax

2

qcoh
2 1qmin

2 D G1/2

, ~2!

if the statistical segment lengthsa and the monomer volume
1/r are comparable for each polymer. The upper cut
qmax52p/sintr is determined by the intrinsic roughnesss intr ,
which is the square root of the first term in Eq.~2!.5 For
thin-film systems the lower cutoffqmin depends on the tem

FIG. 2. Effect of different roughnesses and lower limitsqz, low on the FTs.
From top to bottom:qz, low5@0.064;0.18;0.25;0.367# Å 21. The upper limit
of integration isqz,up50.8 Å21. The roughness of the film–film interface i
denoted bys1 and of the film–air interface bys2 . The substrate–film
roughness was set to 5 Å for all calculations.

FIG. 3. Measured RFs~symbols! and refinements~solid lines! of the poly-
mer films. The fits have been performed simultaneously using the respe
FTs shown in Fig. 4.
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peratureT and the van der Waals interaction between b
polymers given by the effective Hamaker constantAeff via
qmin

2 5AeffA6/xpp/(2pkBTard4).5,11 If the film thickness of
the bottom layer is sufficiently large, the effect of the su
strate can be neglected andd stands for the thickness of th
top layer. The finite coherence length of the x-ray photon
taken into account byqcoh, which is on the order of 1.25
31025 Å 21 for our setup. From Eq.~2! follows that thin top
layers cause slightly smoother polymer–polymer interfa
than thick top layers.5

Thin-film bilayers of polystyrene~PS! on poly-2-
vinylpyridine ~PVP! and PS on polymethylmethacrylat
~PMMA! have been investigated. The films were made
spin coating PVP~or PMMA, respectively! on commercial
silicon wafers and covering them with PS afterwards. Th
were annealed for 24 h atT5438 K and then quenched t
300 K. We used molecular weights between 600 and 70
with a'6.7 Å ~Ref. 9! and 1/r'174 Å3.5 The respective
interaction parameters arexPMMA–PS50.037 ~Ref. 12! and
xPVP–PS50.1.10 A sufficient estimate for the Hamaker con
stants of both systems isAeff'2310220J.5 The measure-
ments took place at beamline X10B~Brookhaven National
Laboratory! using a photon energy of 11 keV. Monolayers
PVP have also been prepared for comparison.

To analyze the data of a sample, the RF and the F
have been refined simultaneously. The only fitting para
eters were the thickness of the bottom and the top poly
film (dbot,fit anddtop,fit , respectively!, and the roughnesses o
the film–film interface spp,fit and the film–air interface
s top,fit . The refraction indices of the polymersn512d are
determined by the electron densities and the photon en
and have not been fitted. The calculated dispersions
dPVP52.0031026, dPS51.9231026, and dPMMA52.17
31026.

Figure 4 shows, that only the FTs of the PVP monola
ers~‘‘pvp1’’ and ‘‘pvp2’’ ! can be refined well using a mono
layer model. All other FTs show the signatures of a bilay
system, which are more pronounced for PMMA–PS than
PVP–PS because of the larger contrast. To refine the bila
data, three FTs with differentqz, low were used to be more
sensitive to the polymer–polymer interface.

The results are summarized in Table I. For t
ive

FIG. 4. FTs of measured~symbols! and calculated~solid lines! RFs. The
values ofqz, low are typically ~from the top to the bottom curves in eac
subplot! 0.05, 0.08 and 0.11 Å21. The precise values depend on the samp
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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PMMA–PS systems~‘‘pmma-ps1’’ and ‘‘pmma-ps2’’!, the
roughnessessPMMA–PS are identical to already publishe
values,5 where neutron-scattering methods have been u
However, the x-ray scattering results are two times m
accurate. We also investigated PVP–PS interfaces~‘‘pvp-
ps1’’ and ‘‘pvp-ps2’’!, where the rms widthssPVP–PSturn
out to be considerably smaller than for PMMA–PS. This
due to the largerxpp parameter of PVP–PS. Furthermore,
is evident thatsPVP–PS is larger thansPVP–air for the PVP
monolayers because in the latter cases the surface rough
is purely of capillary wave origin. Finally, the dependence
spp on the film thickness can easily be identified for bo
systems, PMMA–PS and PVP–PS.

In addition, Table I lists the calculated values forspp,theo

using Eq.~2!. For all bilayers they exceedspp,fit by a con-
stant offset. This finding was also observed by oth
authors.5,13 The reason may be the finite thickness of t
bottom layer which is not considered in the theory. Quali
tively, it would smoothen the interfaces by introducing ad
tional cutoffs to the capillary wave spectra. Also, viscoel
ticity may affect the interfacial properties,14 especially in the
case of PVP which strongly interacts with the Si substra

TABLE I. Results of polymer layer systems. The first two lines repres
PVP monolayers, the last lines bilayers. All values are given in angstro
The error of the thicknessesd is 1–2 Å. The errors of the roughnesses a
10%–15% of the value.

dbot,fit spp,fit spp,theo dtop,fit s top,fit

pvp1 226 ¯ ¯ ¯ 5.2
pvp2 510 ¯ ¯ ¯ 7.3

pvp-ps1 927 11.1 18.6 356 10.8
pvp-ps2 926 12.7 20.0 1091 12.5
pmma-ps1 813 20.4 23.6 287 11.4
pmma-ps2 910 22.3 26.1 1176 8.8
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Summarizing, it is shown that for polymer bilayers x-ra
reflectivity measurements, with the advantage of the la
qz-range and high resolution, yield very accurate results
polymer–polymer interfaces if the FT method is used to a
lyze the data. Generally, there is no restriction to polym
and any other low-contrast layer system can be studied s
larly.
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