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Abstract. - We have used off-specular neutron reflectometry to study the rupture of a thin,
deuterated polystyrene layer confined between a silicon substrate and a thick poly(methyl
methacrylate) upper layer. After total rupture of the buried layer the resulting roughness at
the interface that controls the the total reflection edge gives rise to Yoneda off-specular scattering.
This hypothesis is confirmed by specular reflectivity data that can be fitted to an effective error
function subsequent to the rupture of the buried layer. The observed increase in the Yoneda peak
intensities, integrated along the path of constant momentum transfer qz, can be directly related
to the formation of an interdigitated structure upon rupture of the buried layer. A distorted-
wave Born approximation is used to quantitatively simulate the form of the off-specular data in
terms of an equivalent error function, with fitting parameters in good agreement with the physical
properties of the samples and key experimental results.

Introduction. – The stability of a polymer film de-
pends on the surrounding medium as well as its substrate.
It is thus possible that a normally stable film will dewet
if thin enough and if covered by a medium whose attrac-
tive van der Waals interaction with the substrate exceeds
its own such interaction. Although the stability of poly-
mer films is a mature subject with many experiments per-
formed [1,2], there is still much that is not studied or not
understood. A particularly interesting area that has been
little considered is the dewetting of the buried layer in
a polymer bilayer. Here the interest is because the sta-
bility can be readily controlled by altering the thickness
of both layers [3]. The study of the interface between
two polymer layers can be readily achieved by the use of
a selective solvent to dissolve the upper layer to reveal
the morphology of the interface. This has been achieved
with the polystyrene-poly(methyl methacrylate) (PMMA)
system that we study here. Most of the bilayer experi-
ments have used cyclohexane to dissolve an upper layer of

(a)E-mail: j.desilva@physics.org
(b)Present address: Laboratoire de Physique des Solides, UMR
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polystyrene, allowing the buried interface with PMMA to
be studied by scanning force microscopy (SFM) [1]. Not
only are such SFM experiments inherently destructive, it
is possible that the acid rinse will also interfere with the
interface of interest. A polymer-polymer interface consists
of interdigitated chains, as well as thickness fluctuations
(capillary waves). The buried layer of thickness L can be
described by a thickness dependent free energy function
W , given by

W (L) = − A123

12πL2
− A1234

12π(L+ h)2
, (1)

where A123 and A1234 are the respective Hamaker con-
stants describing the interaction between the top polymer
layer of thickness h and the substrate, and the interac-
tion between the ambient environment (usually air, nitro-
gen, or vacuum) and the substrate across the polymeric
bilayer; the subscripts 1-4 correspond to the substrate,
buried polymer layer, upper polymer layer, and ambient
environment respectively. Such a layer may be unstable
if d2W/dL2 < 0 and may dewet with a preferred length-
scale Λ predicted by Λ =

[
−4π2γ/(d2W/dL2)

]1/2, where
γ is the interfacial energy of the buried, highly deformable
liquid-liquid interface [4, 5].
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Neutron reflectometry is an ideal tool to study the in-
terface between two polymer layers [6], and experiments
using off-specular reflectivity are capable of revealing in-
formation about lateral structure [7] as well as the more
usual depth profile. However, off-specular measurements
such as those that rely on Bragg-type scattering require
long acquisition times depending on the degree of lateral
ordering. Here we show (specular) neutron reflection data
that reveal information about the laterally averaged shape
of the interface as a function of depth from the substrate,
as well as off-specular data that reveal the point at which
the buried film ruptures. We use the onset of off-specular
Yoneda scattering, which is due to non-correlated rough-
ness, in order to better understand the structure forma-
tion at buried interfaces; a consequential advantage is that
much lower acquisition times are required in order to col-
lect representative data.

Experimental. – Thin, monodisperse deuterated
polystyrene (dPS) (217 kDa) films of 3, 7, 11, 15, and
30 nm thick were spin coated onto 5 cm silicon sub-
strates. Monodisperse PMMA (281 kDa) was spun cast
onto cleaved mica to form a film of 205±5 nm. The PMMA
film was floated onto deionized water and picked up onto
the polystyrene film on the silicon wafer to create a bi-
layer structure. The resultant bilayers were dried under
vacuum at 333 K for 2 h in order to remove residual water.
These bilayers were annealed at 423 K for 0.5, 1, and 2 h
and 433 K and for 3 and 8 h. In the case of this model
system, γ=1.52 mJm−2 at 433 K (the calculated, tem-
perature dependent dPS-PMMA interfacial tension) and
A123 > 0, A1234 < 0 for the chosen experimental thickness
range, ultimately driving an instability in the buried dPS
layer when annealed above the Tg of both polymers [3],
where Λ ≈ 1µm (confirmed by SFM measurements). Scat-
tering length densities (SLDs) for PMMA, dPS and Si are
taken as 1.07, 6.48 and 2.08×10−6 Å−2 respectively. The
amorphous silicon oxide layer is neglected when fitting the
data, and the substrate roughness is invariant at 0.5 nm.

Neutron reflection experiments were performed using
the time-of-flight reflectometer D17 at the Institut Laue
Langevin. The D17 reflectometer incorporates a high-
resolution area detector that permits the concurrent cap-
ture of both specular and off-specular scattering data. The
spectrometer is used in time-of-flight (TOF) mode with
a relaxed momentum transfer (~q) resolution in order to
maximize the data acquisition rate. Off-specular scatter-
ing is orders of magnitude weaker than the specular re-
flection, and therefore the acquisition times required for
convincing statistics are far greater. Data are collected
for two angles covering a qz range of 0.008 to 0.24 Å−1.
Specular data over the whole qz range are analysed us-
ing downhill simplex routines to fit a model profile to the
reflectivity data [8] by minimisation of χ2 on normalised
data combined from both angles at an appropriate value
of qz. Normalised off-specular data are manipulated using
the LAMP [9] software.

Fig. 1: (a) Smaller angle specular reflectivity data Rq4z(qz) and
fits for all sample sets annealed for 0 (•), 0.5 (♦), 1 (4), 2 (×),
3 (H) and 8h (�). Each dataset is offset by 10−3 for clarity, the
total reflection edge is marked by the dashed line.(b) Simulated
reflectivity R(qz) around the total reflection edge for a 210 nm
PMMA film on deuterated polystyrene films of thickness 30,
15, 11, 7, 3, and 0 nm, the latter being a single PMMA layer.

Results and discussion. – Specular reflectivity data
in the form Rq4z(qz) for all dPS thicknesses are shown in
fig. 1(a) for a set of bilayers annealed for different times.
Fits to all of the data are of good quality, with typically
χ2 < 2. It is interesting to note that fringes remain visi-
ble for the polystyrene layer in the reflectivity curves for
the thicker polystyrene layers, which is an indication of
the integrity of this layer. When these fringes disappear,
the Kiessig fringes for the whole bilayer remain (although
difficult to determine in these plots), but the reflectivity
decreases. This can be confirmed by simulated reflectiv-
ities shown in fig. 2(b), where the resolution is 0.01% of
qz,

the roughnesses and interfacial widths are all 0.01 nm,
and incoherent terms in the scattering length densities
were set to zero in order to show the total reflection edge
without being affected by other phenomena. Increasing
the polystyrene thickness has the effect of starting to move
the total reflection edge. This is an indication, not only
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Fig. 2: Example of effective dPS volume fraction profiles,
corresponding to unannealed and post-rupture samples where
the data are well fitted to an error function profile. (Inset)
Polymer-polymer interfacial widths for all samples prior to the
total rupture of the buried layer for dPS thicknesses 7 (◦), 11
(♦), 15 (N) and 30 nm (�).

of an increase in the transmission of neutrons through the
film, but of off-specular scattering. The PMMA surface
roughness plays a limited role in the fitting of the data,
supporting the premise that the experiment specifically
targets the buried layer. The strong reduction in reflec-
tivity after 0.5, 2 and 3 h annealing for the 3, 7 and 11
nm dPS samples respectively is attributed to the complete
rupture of the buried dPS layer. It is no longer possible
to fit the data to a slab model after this point, and subse-
quently the complementary error function model describes
the data well, while preserving the total volume of dPS
material.

For films that had not undergone complete rupture, a
bilayer profile was appropriate, consisting of two step func-
tions convolved with a Gaussian roughness function. For
films in which the PMMA layer penetrated the polystyrene
layer to the substrate, the volume fraction, φ of deuter-
ated polystyrene decreases to zero with distance, z from
the substrate in a manner that could be effectively fitted
with a complementary error function profile of the form

φ(z) = φ0 + (φ1 − φ0)
erfc (z −∆z/w)

erfc (∆z/w)
, (2)

where φ1 is the areal average polystyrene volume fraction
at the surface, φ0 = 0 is the volume fraction away from
the substrate, ∆z is an offset, and w is the width of the
complementary error function. When ∆z is equal to the
thickness of the original polystyrene layer, φ1 = 1.

The error functions shown in fig. 2(a) give some in-
dication as to the lateral dimensions of the interdigitated
structure that is formed by the rupture of the buried layer.
It should be noted that such an error function may be used
here to describe an immiscible system because the coher-
ence length of the neutrons is greater than the structural

length scales of around 1µm, so the neutrons interact with
a SLD averaged over the different phases. The interfacial
widths for the 3, 7 and 11 nm samples continue to in-
crease up to the point of rupture, as expected for such
unstable buried layers, while on the timescale of the ex-
periment the 15 and 30 nm samples are rather stable and
thus tend towards an equilibrium interfacial width that
can be predicted by considering the capillary fluctuations
sustainable by the liquid-liquid interface [10]. (The sur-
face of the PMMA remains relatively uniform over the
time period of these experiments, limiting any contribu-
tion from its dewetting—spontaneous or otherwise—to the
processes observed here.) The observed late stage inter-
facial widths for the 15 and 30 nm samples are indeed in
good agreement with a theoretically calculated value of
approximately 2.4 nm for these polymers and tempera-
tures [10]. Such values are also in good agreement with
SFM data for both interfaces before and after the selective
dissolution of the PMMA capping layer using acetic acid
as a selective solvent.

In fig. 3 we show an example of off-specular data
for pre- and post-ruptured samples, presented as neutron
wavelength λ against 2θ/2, where the scattering angle
2θ = (αi + αf ), αi and αf are the angles of the inci-
dent and scattered waves respectively, and larger values of
wavelength correspond to slower neutrons and thus smaller
qz. The refracted transmission peak is barely visible at
the far left hand side, the longest vertical line to the right
of the transmission is the specular reflectivity defined by
2θ = 2αi. The detector is placed 3.4 m from the sample
centred at an angle of 2θ = 2.5◦; it is clear from fig. 3
that the specular reflection is placed off-centre in order
to give access to an increased qx range. Correlated, off-
specular Bragg scattering from approximately one micron
dewetted structures should be manifested as visible peaks
of around qx = 6.3×10−4 Å−1 for the first order (discussed
in detail below), but any firm indication of this is not sys-
tematically observed. The absence of off-specular Bragg
scattering may be due to two possibilities: the periodic-
ity of the dewetted buried structure may not be strong
enough to give rise to the off-specular reflection, or the
peaks may be there, but so weak that they are lost in ex-
perimental noise. Certainly, one of the few experiments so
far to realise off-specular Bragg scattering is that due to
Sferrazza and co-workers [7], who were only able to achieve
the identification of off-specular Bragg scattering by using
a constant wavelength and collecting large statistics on the
shoulder of the specular scattering peak. The TOF exper-
iment employed here is not suited to an analysis based on
Bragg diffraction due to the rather low off-specular inten-
sities acquired.

Despite off-specular Bragg scattering not being de-
tected, we note the existence of Yoneda peaks [11] that
trace a path from the specular total reflection edge to the
horizon (2θ = αi), as highlighted in fig. 3. Yoneda scatter-
ing occurs when radiation is incident on a surface of higher
refractive index than the medium in which it is initially
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Fig. 3: Plot showing off-specular neutron data (intensity is pre-
sented logarithmically) for an 11 nm dPS sample (top) unan-
nealed and (bottom) annealed for 8 h. The solid line defines
qz = 0.0105 Å−1 (corresponding to the critical angle) which in-
tersects the specular at the total reflection edge, the expected
path traced by the Yoneda peak. The dashed lines are the rep-
resentative positions of first and second order Bragg peaks due
to a one micron lateral structure, qx = 6.3 and 12.6×10−4 Å−1

respectively.

travelling, and is observed when either the incident or exit
angles are equal to the total reflection angles for that wave-
length. In the case of the incident angle equalling θc, the
refracted wave is in the plane of the interface and may
be scattered out of the film by roughness in the sample.
The scattered radiation must exit the sample at an angle
greater than θc. In the case of the exit angle equalling θc,
the path of the radiation is the reverse of that for the case
of the incident angle equalling θc, since the direction of
radiation must be reversible. In our case, the exit angle
is equal to θc and it is therefore interfacial roughness that
causes an incident wave that one would normally expect
to be (mostly) transmitted to be refracted into the plane
of the surface.

The onset of Yoneda scattering in the 3, 7 and 11 nm
data corresponds to the complete rupture of the buried
dPS layer. This is because there can be no change in
neutron contrast at the solid Si interface until rupture of
the buried layer occurs. We find that the intensity of the
Yoneda peak on the horizon side of the specular reflectiv-
ity is of much higher magnitude, indeed a Yoneda peak
to the right of the specular reflection is never observed in
our samples due to this disparity. Due to the nature of
TOF data, all wavelengths up to the critical wavelength
(λ ≈ 14 Å) contribute to the Yoneda peak on the hori-
zon side of the specular reflection (satisfied by αf = θc),

whereas on the reverse side only a single incident wave-
length contributes (αi = θc) resulting in a disparity in
intensity possibly of one or two orders of magnitude. In
the subsequent analysis we therefore neglect the Yoneda
peak on the non-horizon side of the specular reflection.

The Yoneda peak is not evident in any of the samples
prior to annealing, so there is a point at which the rough-
ening of the interfaces becomes significant enough to cause
the resulting Yoneda scattering. Simulations show that
the total reflection edge is controlled by the silicon-dPS
interface up to 30 nm thickness of dPS, as shown in fig.
1(b). This means that any visible Yoneda peaks should
always converge to the Si critical edge. In order for the
Yoneda peaks to be observed the sample must have suffi-
cient roughness at the critical edge to cause strong diffuse
scattering. As the silicon-dPS interface is non-deformable,
we interpret the onset of Yoneda peaks as the point at
which the buried deuterated polystyrene film completely
ruptures and the PMMA makes contact with the Si sur-
face, creating a high contrast rough interface giving rise
to diffuse scattering. In the case of the thin polystyrene
films, the deuteration is not enough to move the total re-
flection edge to higher values of qz; for this reason, the
total reflection edge for all rupturing samples (3 to 11
nm) is located at qz = 0.0105 Å−1, the value for silicon.
When the PMMA makes contact with the substrate, the
roughness gives rise to the Yoneda peaks.

We present in fig. 4 the integrated off-specular intensity
of the Yoneda peak versus annealing time for all sample
sets, together with the associated PMMA volume frac-
tion at the Si interface after rupture. We use a novel
approach to analyse the rather weak Yoneda peaks: the
total intensity is derived by integrating along the path de-
fined by qz = 0.0105 Å

−1
(as indicated in fig. 3), which

corresponds to the wavelength dependent path traced by
the Yoneda peak at a constant momentum transfer de-
fined by the critical angle, and in this way the result is
optimised to exclude any diffuse broadening of the spec-
ular reflectivity and other artefacts. The intensities are
normalised to the unannealed samples. We see that the
strong asymptotic increase in Yoneda intensity corrobo-
rates the expected point of rupture for the 3, 7 and 11 nm
samples as determined by the specular reflectivity data.
The 7 and 11 nm samples in particular show the clearest
indication, with intensities around unity (i.e. no change
from the unannealed samples) until 2 and 3 h annealing re-
spectively, where the Yoneda scattering increases sharply
as the buried layer ruptures. One may expect it to be pos-
sible to relate the intensity of the Yoneda to the contrast
generated by the form of the buried structure: we see in
fig. 4 for instance that the Yoneda intensity reaches a max-
imum after 3 h annealing, but subsequently falls after 8 h
annealing. This may be due to the PMMA becoming the
majority material at the Si interface (when (1− φ) > 0.5)
and thus the effective SLD contrast is actually reduced.
This may also indicate some large-scale structural evolu-
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Fig. 4: Normalised, integrated Yoneda intensity (•) and ef-
fective PMMA volume fraction at the Si interface (�) against
annealing time, for dPS thicknesses of 4 (a), 7 (b), 11 (c), and
15 and 30 nm (d). Dashed vertical lines correspond to the
point of complete rupture of the buried dPS layer.

tion, such as the onset of layer inversion due to the for-
mation of a wetting layer of PMMA at the Si interface
for instance [12]. The intensity of the Yoneda scattering
relative to the unannealed sample also increases with in-
creasing dPS thickness (more deuterated polymer causing
more scattering), ranging from a factor of 1.5 for the 3
nm sample up to 2.3 times the intensity of the unannealed
sample for the 11 nm dPS sample. There may be some
evidence of early Yoneda scattering in the unnanealed 3
nm sample, possibly due to partial dewetting of the 3 nm
thick dPS layer during sample preparation.

The thicker 15 and 30 nm samples do not exhibit a well
defined Yoneda peak at any stage of annealing because the
buried layers do not proceed to complete rupture, either
due to the time scale of the experiment being shorter than
that of the rupture timescale, or simply that the buried
layers are stable in this configuration. Certainly we do
not see in fig. 4 any clear change in Yoneda intensity for
these sample sets. Symmetric lateral broadening of the
specular peak in the thicker dPS samples is indicative of
increased diffuse scattering, possibly from the roughening
dPS-PMMA and PMMA-air interfaces, as confirmed by
the interfacial widths derived from the specular data. As
shown in fig. 3 it is possible that the total reflection edge
shifts towards the polymer-polymer interface for the 30 nm
sample, and thus the increase in diffuse scattering seen in
these samples may be attributed to the polymer-polymer
interface as there is no rough structure at the Si interface.
There is some evidence of scattering due to a correlated
roughness as seen to the left of the specular peak in fig.
3 for instance, this may be related to increased neutron

statistics from the thicker dPS layer or strong scattering
from the polymer-polymer interface.

In order to form a quantitative description of the off-
specular data and confirm that features such as the
Yoneda peak are correctly interpreted, we perform simu-
lations of the off-specular intensity using parameters that
relate to the physical structure of the studied system. The
form of the off-specular reflectivity may be described by a
modified form of the distorted-wave Born approximation
(DWBA) [13,14], where the diffuse intensity Id is given by

Id = I0

∣∣∣∣TiTf (1− n2) exp
(
−(qt

z)2
Σ2

2

)∣∣∣∣2
exp(−

[
(qt

z)2 + (qt∗
z )2

]
σ2/2)

|qt
z|

2∫ ∞
−∞

(exp

(∣∣qt
z

∣∣2 σ2 exp

[
−
∣∣∣∣Xξ
∣∣∣∣2H
])
− 1) cos(qxX)dX,

(3)

where I0 is a constant, and (adhering to the notation of
Sinha et al. [13]) qt

z is the momentum transfer inside the
medium, Ti and Tf are the Fresnel transmission functions
of the incident and scattered waves, the neutron refractive
index n = 1 − (λ2ρ/2π) + i(λµ/4π) where ρ is the SLD
difference at the scattering interface and the absorption
coefficient µ is taken to be 10 % of ρ, Σ is the width of
an error function that simulates an SLD gradient across
the rough interface, σ is the physical roughness of the in-
terface in question, X is the distance between any two
points on the simulated fractal surface, ξ is a cut-off in
the correlation length of the fractal surface, and H is the
Hurst parameter that describes the nature of the fractal
surface, varied between zero and unity, the latter corre-
sponding to a less chaotic, more self-affine roughness. As
the data are TOF we must consider that multiple λ con-
tribute to any single value of 2θ; we therefore simulate qx
and qz terms λ using the relations λ = 2π sin(2θ)/qz and
λ = 2π [cos(2θ − αi)− cos(αi)] /qx [15]. As the majority
of the fitting parameters fall within an integral with a non-
analytical solution, simulations are performed by solving
numerically for any chosen fit parameters. Such a model
superimposes an error function profile across the rough in-
terface, which allows for a consistent model with the pre-
viously determined specular reflectivity profiles, but with
an important caveat: here we consider only the refractive
index difference at a single interface rather than the true
bilayer model as used to fit the specular reflectivity data.

We present in fig. 5 DWBA simulations of diffuse in-
tensity corresponding to horizontal slices of λ = 8, 11 and
15 Å through the experimental data shown in fig. 3 for
the fully ruptured 11 nm sample. For 2θ < αi we are in
the medium and the transmission function is essentially
imaginary. The simulation is performed using parameters
H = 0.3, ρ = 5.4 × 10−6 Å−2, σ = 3.2 nm, Σ = 11.5 nm
and ξ = 32000 nm. We see that the prominent features are
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reproduced, including the diffuse width of the specular re-
flection peak, the strong decrease in specular reflectivity
with increasing qz, the ratio of the Yoneda peak to that of
the specular peak and finally the position of the Yoneda
peaks, which are not so clearly delineated by eye in the
experimental data due to scatter in the data but can be
more clearly determined from fig. 3. The values of σ
and Σ correspond well to those derived from the specu-
lar reflectivity fits shown previously: although the value
of Σ is around a quarter of that used above to fit the
specular reflectivity data, this can be clearly attributed
to the prior discussed simplifications of the diffuse model.
Here we interpret the rather large cut-off length ξ to be
a consequence of the beam averaging the interface over
length scales much larger than the rupture length scale;
such large cut-off lengths have been reported previously for
off-specular neutron reflectivity data [17]. While this sim-
ple model reproduces the main features of the off-specular
data rather well, improved statistics and convolution of
the simulation with a resolution function will permit fur-
ther refinement.

Fig. 5: Simulations of off-specular intensity Id for λ = 8, 11
and 15 Å and corresponding experimental data for the 11 nm
dPS sample after 8 h annealing for λ = 8 (N), 11 (�) and 15
(•) Å. (Yoneda peaks arrowed.)

Conclusion. – We have performed neutron reflectom-
etry experiments to demonstrate the rupture of a buried
polymer bilayer. Specular neutron reflectometry probes
the transition from a simple bilayer structure to one where
the volume fraction profile can be characterised by an er-
ror function, while off-specular neutron reflectometry is
used to demonstrate that the rupture of the buried poly-
mer layer can be revealed by the appearance of Yoneda
scattering. We show that the onset of strong diffuse scat-
tering and Yoneda peaks can be quantitively predicted by
DWBA simulations that confirm the experimental obser-
vations. This off-specular scattering convincingly demon-
strates that the film has ruptured, without the ambigu-
ity associated with an error function profile, which may
also indicate a laterally homogeneous structure. Although

Yoneda peaks are readily studied in X-ray scattering [16],
their usage in neutron reflection from polymeric materi-
als is thus far limited to observing roughness [18] for in-
stance. It is hoped that these results will encourage fur-
ther study into the practical and quantitative application
of off-specular neutron scattering to the determination of
buried structures.
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