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Topology of forward scattering of neutrons from imperfect multilayers
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Neutrons sent at grazing incidence on imperfect multilayers of polymers are scattered both out of and
within the plane of reflection. In the latter geometry the scattered intensity is highly structured in two
series of ridges, whose loci can be labeled in terms of the neutron momenta. Intersecting ridges show
evidence of mode coupling. Similar topology is expected for x-ray scattering.

Small-angle-scattering experiments of neutrons or x
rays are routinely used to determine the size, shape, and
spatial organization of “particles” dispersed in a medium.
The scattering entities may be macromolecules or mi-
celles in a solvent or pores or precipitates in a solid, with
sizes ranging from 10 to 1000 A. Small-angle scattering
is conventionally performed in transmission geometry'
and the scattered intensity is measured starting with an-
gles as close to the incident beam as possible. The
recorded intensity versus angle is translated, with the
help of standards,? into an absolute differential scattering
cross section as a function of the momentum transferred,
g =4msind/A, where A is the wavelength of the incident
radiation and 0 the angle of scattering. If the scattering
power of the particles comprised in the system is weak,
only single scattering needs to be considered and the ki-
nematic, or first Born approximation retains its validity.

Small-angle scattering may also be observed in grazing
incidence geometry. In this configuration (Fig. 1) the in-
cident beam is in part reflected from the surface, in part
refracted through it. Layers parallel to the surface also
partially reflect the beam, and from the intensity reflected
as a function of g, =¢ (the component of the momentum
transfer perpendicular to the sample surface), the depth
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FIG. 1. Geometry of forward and lateral scattering of neu-
trons sent at grazing incidence to the surface.
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profile of the material may be obtained to fine detail.>*
Planar imperfections (such as rough surfaces or inter-
faces, undulation of the layers, or lateral inhomogeneities
within the layers) scatter neutron away from the reflected
beam. The scattering may take place within the plane of
reflection defined by the angle of incidence 6; and
reflection 6 ¢, OF else at an angle A¢ out of the reflection
plane. There is an important difference between the two
cases, and to avoid confusion the scattering in the plane
of reflection will be named “‘forward scattering.” Disho-
mogeneities in the plane of the film may be represented
by a reciprocal plane vector 7 with components 7, and
7,, respectively, in the refiection plane and perpendicular
to it (Fig. 1). When |7| <<gq, the conservation of energy
and momentum for the scattered beam require that

7. = |k|sin6,A0 ,

(1)
,=|k|Ad,

where |k|=27/A and A@ is the angle between the scat-
tered and the reflected beam in the reflection plane. If
the lateral fluctuations are isotropic in the plane of the
film (7, =7,) scattering might be present at a detectable
A even when A¢ is negligibly small. The expression for
lateral scattering is identical to that for small-angle
scattering in transmission geometry. Forward scattering
is instead observable for particles on the micron size
scale.>® The question is, can the intensity scattered at
grazing incidence be translated into a reliable density-
density correlation in real space?

Beautiful and delicate work has been done (mostly by x
rays) to study phenomena® ® characterized by a finite
value of 7,. Here the scattering data were analyzed in
terms of the first Born approximation.”® Groundbreak-
ing observations have been made in the forward-
scattering geometry. The scattering from rough surfaces
has been analyzed in the framework of the distorted wave
Born approximation.*!® Conformal propagation of
roughness in multilayers has been monitored in selected
metallic and semiconducting systems. The procedure
used consisted in calculating the forward scattering for a
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mean depth density profile plus some model lateral disho-
mogeneity. Often good agreement with the data was
found;>!'"'* however, the models proposed never
stemmed directly from the scattering data. The purpose
of this paper is to show the forward scattering of two
types of polymer multilayers having large roughness,
with nanometer high lateral perturbations. It will be seen
that the scattering figures are well structured, showing
ridges of maxima that can be indexed in terms of scatter-
ing modes. The data show features that might aid in the
interpretation of the scattering.

The first example shows the forward scattering from a
film made of a symmetric, diblock copolymer or poly-
styrene (PS) and polymethylmethacrylate (PMMA),
denoted P(S-b-MMA). The molecular weight of each
block is ~5X10% Thin films of P(S-b-MMA)), cast onto
silicon substrates, heated to temperatures above the glass
transition temperature (~ 100°C), microphase separate
into a multilayered, lamellar morphology.!®> The lamellae
are oriented parallel to the film surface, and at any point
in the specimen the thickness is given by (n +1/2)L
where n is an integer and L is the periodicity of the layers
(for this copolymer L =520 A). PMMA segregates to
the substrate and PS to the air surface. Films with a total
thickness not commensurate with the layer thickness
form islands or holes at the surface.!® The multilayered
configuration of the copolymer is made more visible to
neutrons by substituting the hydrogen with deuterium in
the PS block of the copolymer (the neutron-scattering
length density of polystyrene is 1.5X107¢ A2 while
that of deuterated PS is 6.5X107¢ A_ZZ. The sample
studied here had a thickness of 3.4X 10> A which corre-
sponds to n =6 layers and was annealed at 190° C for 240
h to achieve equilibrium. Disorder was introduced into
the layered structure by the addition of 10% of pure
PMMA homopolymer (M, =5X 10*) to the copolymer.

Neutron-scattering measurements were performed on
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FIG. 2. Contour plot (log scale) of the forward scattering
from a multilayer of PS-PMMA copolymers with 10% PMMA
added. Angle of incidence: 6, =1.58°. In the abscissa 6 is the
exiting angle. 6,=0 is the horizon of the sample surface and
the limit for neutrons reemitted form the surface. The specular-
ly reflected beam is at 6, =6,.
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the POSY II reflectometer'’ at the Intense Pulsed Neu-
tron Source at Argonne National Laboratory. In this in-
strument a pulsed beam of neutrons, of all wavelengths in
the thermal range, are brought on the sample at an angle
0;. A position sensitive detector records the specularly
reflected neutrons at 6,=6; as well as the scattered neu-
trons at 6,76, as a function of the time-of-flight, and
thus of their wavelength. The detector is position sensi-
tive only in the 6,6, plane with a resolution of
AB~0.02°, whereas for lateral scattering the resolution is
relaxed (A¢=0.2°). In practice the measurements in-
tegrate over 7,.

Figure 2 shows the contour plot of the intensities ob-
tained for P(S-b-MMA) at 6,=1.58°. The abscissa is
given in terms of the angle of scattering from the incident
beam 6, +6, and the ordinate as the neutron wavelength.
Well visible is the specular reflectivity at 6;,=6,. The an-
gle 6,=0 corresponds to the surface horizon, which
divides the neutrons scattered back in free space from
those refracted into the substrate and exciting from its
edge. As in a Laue camera, here the whole scattering
spectrum is recorded. However, the spectrum is also too
rich to be easily interpretable. To simplify the presenta-
tion only the positions of the local maxima are plotted in
Fig. 3. The combined datasets for the runs at 6,=0.6°,
1.05° and 1.58° form a simple pattern that can be inter-
preted in terms of the salient characteristics of the specu-
lar reflectivity.

The specular reflectivity is obtained by taking a strip of
intensity at 6,=6,, of width equal to the instrumental
resolution and normalizing it to the incident wavelength
spectrum. The inset in Fig. 3 shows the reflectivity R
multiplied by g¢; as a function of g, =k +k,;, since Rg;

0, + 6, (degrees)

FIG. 3. Scattering maxima for the sample of Fig. 2, for three
different angles of incidence. Open squares: 6,=0.6°, full
squares: 6; =1.05°; open circles: 6;=1.58°. Most of the maxima
relative to the specular reflection have been omitted. Dashed
lines represent Eq. (2) in the form: (60;,+0,)(1/q,)
—0;(1/q,,)=A/4m; Full lines represent Eq. (3), which here be-
comes (8, +6,)-2m/q,, = A; In the inset: specular reflectivity of
the same sample.
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tends to a constant value for large values of g,. Peaks are
visible at the critical momentum (g,, =0.012 A™!) and at
the strong interference maxima at g,;=0.0208,
4,,=0.0336, and ¢,;=0.0468 A~! (the difference be-
tween adjacent maxima, Agq,~2w/L, where L is the
periodicity of the layer). Outside of the specular
reflection, scattering appears at

2msind, /A=q, /2=k,y (2)

with g, taking one of the value listed above. Equation (2),
is presented in Fig. 3 in the form of dashed lines. Clearly
these describe the positions of the majority of datapoints.
The location of the ridges is independent of the angle of
incidence 6;: in Eq. (2) appear only some special values
of the momenta of the remitted neutrons. The constant-
k, scattering at the critical angle was discovered by
Yoneda a long time ago.'® At least one observation® has
been made recently of constant-k, scattering of other in-
terference maxima of the reflectivity. Qualitatively the
mechanism that gives rise to the diffuse scattering may be
described in the following way. The lateral imperfections
scatter the incident plane wave into spherical waves.
These may be thought as composed of plane waves
which, for special values g,,,, are reflected by the lateral-
ly averaged sample. In this pictorial description scatter-
ing at k,,, occurs as a sequence of two events, first the in-
coherent scattering from the lateral imperfections, second
the coherent scattering from the mean lattice.

Some of the data points do not fit along the traced
lines, but instead are aligned along a straight line com-
mon to all scattering spectra regardless of the angle of in-
cidence. The strongest of these is identified as

kzi +sz=qz3 . (3)

The constant-g, scattering has also been observed before.
Often it has been attributed to “conformal roughness,”
which means that subsequent interfaces are in registry
but only over limited areas.>!'”!* The term covers a
wide range of situations: the film may be conformal from
top to bottom, or only in part; the lateral mismatch in the
layering may be due to orientational misalignment or to
unequal growth. The synthetic display of Fig. 3 shows
that constant=k, and constant-g, types of ridges are
coexisting in the scattering from one sample. At their in-
tersection different ridges do not follow an exact linear
relation, i.e., are not at constant g, or constant k,. In-
stead, the phenomenology is akin to that displayed in the
diffraction from perfect crystals when two Bragg
reflections are simultaneously excited. Finally, notice
that only one constant-g, line obeying Eq. (3) is clearly
visible for this film.

The second sample to be tested consists of a diblock
copolymer of poly(ethylene-propylene)-polyethylethylene
(PEP-PEE), of molecular weight 5.7 X 10* with 55% PEP
by volume.'® For neutron contrast the hydrogen of the
propylene was substituted with deuterium. PEP-PEE un-
dergoes an order-disorder transition at 125° C. Below
that temperature, the material has lamellar structure
with a 340-A period which, in a well annealed thin film, is
parallel to the surface. For this copolymer PEE segre-
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gates to both the air and the substrate interfaces and,
consequently, the thickness at any point is given by nL.
Since in our sample the initial thickness, approximately
3000 A, was not a multiple of L, the last layer was not
complete. When examined with a microscope, the sur-
face did not appear entirely flat, but exhibited wells with
depth estimated to be equal to L. These were the only
recognizable defects in this multilayered structure.

In Fig. 4 are plotted the positions of the maxima of the
forward scattering of the PEP-PEE sample for angles of
incidence 6;=0.33° 1.01°, and 1.67°. Regardless of the
angle of incidence the data fall on straight lines that ex-
trapolate to the origin. Following the procedure
developed above, Rg; is plotted as a function of g,: the
leading reflectivity maxima occur at g, =0.0096,
g,;=0.0222, ¢,,=0.0420, ¢,,=0.0570 A~'. Substituting
into Eq. (3), these values yield the solid lines in Fig. 4.
Here virtually all the reflectivity maxima give rise to con-
stant g, ridges, while the constant-k, scattering is not
visible— not even for the critical edge. However, some
of the datapoints of Fig. 4 do not fall on constant g,.
Precisely, for q,=gq,,, bifurcations appear for the data
taken at angles of incidence 6;=1.01° and 1.67°. Visual
inspection shows that the bifurcations take place when
the exit beam is equal to the critical edge: k,=k..
Below this angle the new branches represent a sequence
of two scattering processes:

kzi +kzv =4q:15 kzv +sz=qzc . )

Here k,, represents a virtual, intermediate scattering vec-
tor; the incident and the exit momenta are still k,; and
k,r. The new loci are drawn as dashed-dotted lines in
Fig. 4. The scattering from the PEP-PEE sample does
not show evidence of constant-k, scattering, but on top of
the simple constant-g, modes there are modes where two
g, are coupled.
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FIG. 4. Scattering maxima for an annealed PEP-PEE diblock
copolymer sample, three angles of incidence. Open circles:
6,=0.33° full circles: 6;=1.01°% full squares: 6;=1.67°. The
dot-point lines are discussed in the text. In the inset, the specu-
lar reflectivity of the same sample.
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The forward scattering of imperfect multilayers can be
quite structured, as was illustrated with two examples
(not necessarily inclusive) drawn from the study of par-
tially deuterated copolymers. The scattering of a “white”
neutron beam obtained from a pulsed neutron source pro-
vides most naturally a complete scan of a portion of the
scattering space, although the resolution is often less than
desirable and the range of the q space spanned is limited.
The topology of the maxima of the scattered neutrons
can be described in terms of constant-k, and constant-g,
lines. At their intersection the lines are not entirely
straight, indicating the presence of coupling between
different scattering modes. In the dynamical theory of
scattering (or for that matter in the Rayleigh scattering
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from surfaces) simultaneously diffracted beams show at
their intersection a coupling which is described by a rath-
er simple expression, which contains only the Fourier
components of the scattering potential relative to the in-
tervening modes. If, in a similar spirit, a scheme were de-
vised for forward scattering, much more direct informa-
tion would be obtained on the nature of disorder at the
surface and below in the growing number of systems
displaying a thin layered structure.
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