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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 daspace. It is demonstrated that the interfacial
parameters can be determined with high accuracy although the difference in the electron(tfensity
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 systems20@ American
Institute of Physics.S0003-695(00)03719-0

Thin-film layer systems are often studied by x-ray orused with the thickness equal to the whole thickness of the
neutron specular reflectivityRF). The RF is determined by bilayer. To analyze the low-contrast interface of bilay®y
the density profilep(z) perpendicular to the sample surface, quite laborious methods such as maximum entropy fitting
in particular, by the thicknessed;, the interfacial rms can be used. However, a more straightforward way to obtain
roughnesses; , and the densitieg; of the layers denoted by the information exists and is outlined in the following.
j.! Using x-ray photong(z) means the electron density, for The right-hand side of Fig. 1 also depicts the FTs of the
neutrons it is the scattering length density. In Born approxi-RFs. They are related to the corresponding one-dimensional
mation the reflected intensity is given by Patterson functions and occasionally have been used to ana-

) lyze RF dat&’ In the following, we discuss
dp(2) .
4z exp—iq,z)dz ,

1
I(qz)'\'_

d;
where g, is the wave-vector transférThus, it is hard to
study interfaces with small density contragtgven by |p;
—pj|/pi) becausd (q,) is determined by the Fourier trans-
formation (FT) of the gradient ofp(z). We present a practi-
cal way to overcome the “contrast problem.”

There are many interesting “small-contrast” layer sys-

qz.up . 2
F(d,Ag,10w) = fq Iqu;‘l<qz>exp<|qzol>dqz : (1)

as gfunction of the lower limigj, 5, . The upper limitq, ,,

is given by theq,-range of the data. It can clearly be seen
that even the low-contrast layer systéB) shows the signa-
ture of a bilayer system: two small peaks at the position of
i h i i Ref 131 pol the thicknesses of each layer and one large peak at the total
ems, suc ass magnetic multilay¢see, e.g., Ref.jr POY"  thickness. The small peaks contain the information about the
mer bilayers'® In the latter case, the x-ray contrast is essen| . contrast interface

tially less than 10%. Therefore, neutron scattering is The shape of the FTs strongly depends on the ratio of the

preferred to investigate polymer—polymer interfaces Sinc?o hnesses and the choicemof ce Fi If film—
the scattering contrast can be enhanced by deuterating one o#g 8588 iCeRfow (5 9.2 1f oy (f

the two polymers. However, deuteration may change the

chemical behavior of the polymer. Furthermore, neutron RF ;O e
data often suffer from low intensity argl-space resolution, ok e
107%

which yield large error bars.
Figure 1 depicts RFs calculated using the Parratt
algorithm?® A bilayer system with maximum contrast was 1o ok T &y
taken for curve(A). The oscillations corresponding to both (LR S
layers are easily visible in the pronounced beating. CtBye % A7
represents a RF of a bilayer system with only 5% contrast. Itig. 1. calculated RFgeft) and FTs(right). (A) bilayer on silicon with

is almost identical to curvéC), for which a monolayer was maximum contrastd; =2p,) andd,;=100A andd,=300A. (B) bilayer

with 5% contrastd; =100 A, andd,=300 A. (C) monolayer,d,; =400 A.

All o; are 5 A, theq, limits ared, j,,,=0.065 A~* andg,,,,=0.8 A%, For

dpostal address: HASYLAB am DESY, NotkestraRe 85, 22603 Hamburgglarity, the RFs are only shown up to 0.4 & The insets show that curve
Germany; electronic mail: ohseeck@mail.desy.de (B) still exhibits a tiny modulation.
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FIG. 2. Effect of different roughnesses and lower lindts,,, on the FTs. 3

From top to bottomq,, ,,=[0.064;0.18;0.25;0.3§7A . The upper limit
of integration isq,, ,,=0.8 A~ The roughness of the film—film interface is
denoted byo; and of the film—air interface byr,. The substrate—film

roughness was sed 5 A for all calculations.
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film interface and o, (film—air interface are identical, the RN
shape of the FTs is basically independentqgfow.8 In the o
case o,>0, the small peaks disappear with increasingFIG' 4. FTs of measuredsymbols) and calculatedsolid lineg RFs. The
. ) values ofq,o, are typically (from the top to the bottom curves in each

Ozlow- The main peak remains unaffected. In the reversguppioy 0.05, 0.08 and 0.11 &. The precise values depend on the sample.
caseo< o, the small peaks stay visible while the large peak
shrinks considerably. . . peratureT and the van der Waals interaction between both

This behavior can easily be explained: The scattered aMsolymers given by the effective Hamaker constAgk via
plitude at each interface] is damped by a factor 92, z%ﬁm(zkaTapdzl)_s,n If the film thickness of
exp(—q?o?/2). Thus, at largeq, the smoothest interface pe e e

Rcadivd ' z : _ the bottom layer is sufficiently large, the effect of the sub-
dominatesl (q,). Small values ofq, oy yield FTs with all  girate can be neglected addstands for the thickness of the
interfaces visible, larger values suppress rougher interfaceg,p, |ayer. The finite coherence length of the x-ray photons is
By f|tt|ng th.e FTs using differenq, o, the sensitivity to the  5ken into account b¥leon, Which is on the order of 1.25
respective interfaces can be tuned. % 10~° A~ for our setup. From Eq2) follows that thin top

In this letter we analyzed x-ray RFs of polymer bilayers|ayers cause slightly smoother polymer—polymer interfaces
(see Fig. 3 using the FT method. At the interface of tWo nan thick top layer8.

immiscib_le polymers enthalpic term_s, which f_avor pe_rfe(?tly Thin-film bilayers of polystyrene(PS on poly-2-
smpoth interfaces, are _balanced with entropic Cont”bu"'or_]%inylpyridine (PVP) and PS on polymethylmethacrylate
v_vh|_ch would lead to |nf|n|_te r_oughness. The resulting qul-(pMMA) have been investigated. The films were made by
librium rms roughnessr, is given by the Helfand—Tagami gpin coating PVRor PMMA, respectively on commercial

9 . . . . .
theory;” which includes the Flory—Huggins interaction pa- gjlicon wafers and covering them with PS afterwards. They

beiary
N . o
500 1000 1500 0 1000 2000
d [A] d (A]

rametery,, between the two polymefsAdditionally, capil-  \ere annealed for 24 h a&ti=438K and then quenched to
lary waves have to be taken into account. In the limit of high3gg k. We used molecular weights between 600 and 700 k
molecular weight¥ one yields with a~6.7A (Ref. 9 and 1p~174 A3.> The respective
a2 1 6 qﬁm }1/2 interaction parameters amgyma_ps=0.037 (Ref. 12 and
Opp= + \/—hl——o ., (2 _ps=0.110 A sufficient estimate for the Hamaker con-
P 37xpp 4map Y xpp | Geont Oimin Xpve-pS

stants of both systems 8.4~2x10 2°J.° The measure-

if the statistical segment lengthsand the monomer volumes ments took place at beamline X10Brookhaven National

l/p are comparable for each polymer. The upper cutoffLaboratory using a photon energy of 11 keV. Monolayers of
Umax= 27 gy, IS determined by the intrinsic roughnesg;, , PVP have also been prepared for comparison.

which is the square root of the first term in E@).> For To analyze the data of a sample, the RF and the FTs
thin-film systems the lower cutofi,,;, depends on the tem- have been refined simultaneously. The only fitting param-
eters were the thickness of the bottom and the top polymer
film (dyot it @anddigp 5it, respectively, and the roughnesses of
the film—film interface o, and the film-air interface
Topfit- The refraction indices of the polymens=1— 6 are
determined by the electron densities and the photon energy
and have not been fitted. The calculated dispersions are
Spyp=2.00<10"% 6ps=1.92x10°%, and Spyua=2.17

X 10,

Figure 4 shows, that only the FTs of the PVP monolay-
ers(“pvpl” and “pvp2” ) can be refined well using a mono-
layer model. All other FTs show the signatures of a bilayer
system, which are more pronounced for PMMA-PS than for
PVP-PS because of the larger contrast. To refine the bilayer

FIG. 3. Measured RF&ymbols and refinementssolid lineg of the poly- data, three FTs with dlfferemz"o"" were used to be more

mer films. The fits have been performed simultaneously using the respectivé€nsitive to the polymer—polymer int?rface-
FTs shown in Fig. 4. The results are summarized in Table |. For the
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TABLE I. Results of polymer layer systems. The first two lines represent Summarizing, it is shown that for polymer bilayers x-ray

PVP monolayers, the last lines bilayers. All values are given in angstromsreﬂectivity measurements. with the advantage of the Iarge
The error of the thicknessebis 1-2 A. The errors of the roughnesses are ;

10%—15% of the value. g,-range and high resolution, yield very accurate results of
polymer—polymer interfaces if the FT method is used to ana-
ot it Tppfit Oppiheo  Copifit opfit lyze the data. Generally, there is no restriction to polymers
pvpl 226 5.2 and any other low-contrast layer system can be studied simi-
pvp2 510 7.3 larly.
pvp-psl 927 111 18.6 356 10.8 This work was supported by DOE under BES, Contract
Eﬂ;ﬁisl 982163 12%1 22%% 1398§ 112154 No. W-31-109-ENG-38; from NSF-MRSEC, Program No.
pMMma-ps2 910 223 261 1176 88 DMR-9732230; and from FZ Jigh, IFF 8, 52425 Jich
(Germany.
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