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A unique surface force type apparatus that allows the investigation of a confined thin film using
neutron reflection is described. The central feature of the setup consists of a solid substrate (silicon)
R
and a flexible polymer membrane (Melinex
). We show that inflation of the membrane against the
solid surface provides close and even contact between the interfaces over a large surface area. Both
heavy water and air can be completely squeezed out from between the flexible film and the solid
substrate, leaving them in molecular contact. The strength of confinement is controlled by the pressure
used to inflate the membrane. Dust provides a small problem for this approach as it can get trapped
between membrane and substrate to prevent a small part of the membrane from making good contact
with the substrate. This results in the measured neutron reflectivity containing a small component of
an unwanted reflection, between 10% and 20% at low confining pressures (1 bar) and between 1%
and 5% at high confining pressures (5 bar). However, we show that this extra signal does not prevent
good and clear information on the structure of thin films being extracted from the neutron reflectivity.
The effects of confinement are illustrated with data from a poly(vinyl pyrollidone) gel layer in water,
a polyelectrolyte multilayer in water, and with data from a stack of supported lipid-bilayers swollen
with D2 O vapor. The data demonstrates the potential of this apparatus to provide information on the
structure of thin films under confinement for a known confining pressure. © 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4767238]
INTRODUCTION

The solvent-mediated forces between macromolecular
structures at surfaces are the essence of the physics of adhesion, steric stabilisation of colloids, tack in rubbers, biofouling, lubrication, and many other applications in particle
aggregation and coalescence. An understanding of the origin of these forces is important in many different branches of
science and engineering, ranging from fluid flow to bioengineering. Colloids are heavily dependent on these forces and
the polymers that are adsorbed to particles can either enhance
the stability of colloidal dispersions or promote aggregation.
Consequently, industrial colloids such as paints and pharmaceuticals frequently bear adsorbed macromolecules. The nature of the interaction between polymer coated colloidal particles has been studied extensively both from a theoretical and
experimental viewpoint.1–4
Experimental techniques have been developed to investigate these forces directly using two smooth surfaces bearing adsorbed flexible chains. This pioneering work began in
the 1970s with the development of a surface forces apparatus
(SFA), which made it possible to bring two coated mica surfaces within a fraction of a nanometre by means of a known
external force.3 This work has been complemented more rea) Author to whom correspondence should be addressed. Electronic mail:

wiebedevos@gmail.com.
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cently by atomic force microscopy (AFM),4 which can measure the force profiles between pairs of particles and between
particles and substrates. A major factor missing from these direct force measurements is that the structures of the interacting media are not known in detail, particularly as the surfaces
are compressed or confined.
Neutron reflection has been shown to be a very powerful
technique to study the structure of thin films at interfaces.5–7
The technique is sensitive to variations in composition and
concentration near an interface, and has a very high spatial
resolution (a few Å) normal to the reflective interface. Its
high transmission through materials allows its use for buried
interfaces, while selective deuteration allows the investigation of single components in mixed systems. The technique
has been used very successfully to study the adsorption (and
co-adsorption) of polymers, proteins, and surfactants to interfaces, and to study the structure of more complex systems such as polymer brushes, polyelectrolyte multilayers,
and lipid bilayers.5–7 A drawback of the technique is that a
large beam-footprint is required (500 to 2500 mm2 ) to be able
to do a reflection experiment on an acceptable experimental
time scale.
Developing a sample environment in which neutron reflection can be used to investigate confined thin films is a
large technical challenge, as uniform confinement needs to be
reached over a very large surface area. An early example is a
thin film confinement apparatus developed by Cosgrove and
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Zarbakhsh8–11 in 1992, that could be placed in the neutron
reflectometer “CRISP” at the ISIS source. The cell was designed around two blocks of silicon or quartz that were pushed
together by hydraulic pressure. Results on adsorbed layers of
homopolymers and diblock-copolymers showed qualitatively
that the interlayer polymer structures were influenced by an
applied confining force. More recently, a similar apparatus
has been developed, designed by Kuhl et al., using a similar strategy.12, 13 The main problem in both previous designs
is ensuring that the two surfaces can approach each other on a
nanometre length scale. This problem is due to the lack of flatness of the surfaces over the large interfacial areas that are required to explore the full footprint of the neutron beam (500–
2500 mm2 ) and the concomitant difficulty of removing dust
over such a large area. As a result, for both sample environments, no confinement smaller than 80–100 nm was ever reported, making it impossible to study the confinement of truly
thin films. However, on thicker films, such as two dense and
long polymer brushes, Kuhl and co-workers14–16 were able to
achieve very good results using their setup. They measured
the structure of the polymer brushes when bringing them in
confinement, and by using selective deuteration they were
able to estimate the interpenetration between the brushes.16
In this manuscript we describe a novel surface force
type apparatus, based on a flexible membrane approach,
which allows the confined film to be studied using neutron
reflection. By using one solid surface, such as a block of
silicon, and a flexible membrane, we show that it is possible
to provide molecular contact between two interfaces, a huge
improvement on the 80–100 nm lower confinement limit in
previous confinement setups. The flexible membrane is able
to adjust to both the long range surface roughness (flatness)
and to any dust particles stuck on the interface. In this way
it becomes possible to provide good contact between two
interfaces over a large enough surface area to be accessible to
neutron reflection. Our experimental setup will be discussed
in detail after which experimental results on a variety of
different systems will be shown, including the confinement of
a polymer gel layer, a polyelectrolyte multilayer and a stack
of lipid bi-layers.

THE APPARATUS
An overview

In Figure 1, a schematic overview of the cell is given.
The cell, based on a cylindrical design, is 180 mm in diameter with the wall being 1 cm thick stainless steel. The figure
shows a cross section along the beam path. The cell consists
of two main parts, one part to hold the substrate, and one part
to hold the flexible membrane and pressure chamber. The substrate, usually a block of silicon (76 mm in diameter, 10 mm
in thickness), is placed on a stainless steel support. The block
is suspended on three height adjustable screws that allow full
control over its height and tilt. Placed on top of this block
is a stainless steel masking ring that fits exactly into the cell
but has a 69 mm diameter opening in the middle exposing the
silicon substrate to the flexible membrane. This masking ring
provides support for the inflating membrane and prevents it
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FIG. 1. Schematic depiction of the neutron reflection confinement cell. A
silicon block is placed on a stainless steel support, and exposed to solvent. A
flexible (Melinex) membrane is then inflated by a known gas pressure, leading to the silicon and Melinex surfaces coming into close contact. A masking
ring on top of the silicon block (shown in dark grey) protects the membrane
from overstretching. The solvent is free to enter or leave the confined space.

from overstretching and entering the beam path. As discussed
later, the exact thickness of the masking ring is very important
for its operation. Apart from where the beam enters and leaves
the cell, the ring is supported in turn by the stainless steel support that also supports the silicon block (not visible in this section). The cell is closed off by placing the pressure chamber
and its support on top and tightly fastening six evenly spaced
screws. The masking ring also contains two small holes (not
shown in Figure 1) that can be used for solvent to enter and
leave the cell. Under pressure solvent can also easily leave the
cell where the masking ring and the silicon block are in contact. A nitrogen gas bottle and regulator are then used to increase pressure in the pressure chamber, thereby inflating the
flexible membrane against the silicon substrate. This inflation
can be observed optically using the view port, a strengthened
glass window 55 mm in diameter and 10 mm in thickness.

A detailed look

In Figure 2 we provide a more detailed picture of the
cell, showing all the separate components and how they fit
together. It is shown much more clearly, that all components
fit within a cylindrical shell made up of the main cell body
(6) and the cell lid (1). All metal components are made from
stainless steel. Furthermore all components are aligned concentrically along the axis of this cylinder, with the circular
symmetry in the cell only being broken by the neutron beam
path that is etched out in the substrate holder (2) and the main
cell body (6). The sample holder and the pressure chamber are
built up separately, before they are combined for the actual experiment. First the substrate (3), in our case a block of silicon
(76 mm diameter, 1 cm thickness), is placed in the circular
space in the substrate holder (2). To protect the unused side
of the substrate (the top side in Figure 2) from scratching it is
placed on a thin metal circle of the same diameter and some
Teflon thin film (not shown in the figure). First the masking
ring (4), is placed on the substrate holder (3) and is fastened
with 4 M5 screws. To bring the silicon block into good contact with the masking ring we use three grub screws shown in
Figure 3 in purple. The screws are 3 mm in diameter and are
headless so they can be moved through the substrate holder.
By tightening these screws, the substrate is forced into good
and reproducible contact with the masking ring. The substrate
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FIG. 2. Three-dimensional representation of the thin film confinement setup.
(1) cell lid, (2) substrate holder, (3) silicon substrate, (4) masking ring, (5)
flexible membrane, including metal rings to fix to main cell body, (6) main
cell body, (7) viewport. The pressure chamber and sample holder are built up
separately, after which the sample holder is fitted in the main cell body of the
pressure chamber.
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holder, substrate and masking ring are then attached to the
cell lid (1) with six evenly spread M6 screws. It is important
to note that there are holes that match up exactly between the
masking ring (4), the substrate holder (2), and the cell lid (1).
These holes are important for the experiment as they provide
an access and outlet route for fluids when the cell is fully assembled.
The next step is to assemble the pressure chamber inside
the main body of the cell. A 14 cm diameter circle of our
flexible membrane (shown in transparent blue) is securely fastened between two metal rings (5). These rings have 12 evenly
spread screwholes, six short M2.5 screws end in the bottom
ring and are used to tighten the rings together. The other six
holes go through both rings and are used to fix the rings to
the main cell body (6) which has six screw holes available for
that purpose and requires six long M2.5 screws. A 1 mm thick
recessed rubber o-ring is fastened as well between these rings
to provide an air-tight seal. A similar o-ring is positioned between the main cell body and the rings to provide the same
air-tight seal there as well. The cell window (7) consists of a
block of strengthened glass 5.5 cm in diameter and 1 cm in
thickness. It is placed on an o-ring and over a 4.5 cm diameter hole in the bottom of the main cell body (6), this hole is
not visible in Figure 2 due to perspective but is clearly shown
in the schematic Figure 1 diagram. Another o-ring is placed
over the glass and is then fastened down by placing an open
cylinder, partly closed on one side (see Figure 1), over it and
fastening the cylinder with 8 M5 screws, 3 cm in length. The
final part of the pressure chamber is a pressure inlet. A small
screwhole (2 mm diameter) penetrates the bottom of the main
cell body, a small piece of stainless steel piping with a 90◦ turn
in it is screwed into the hole tightly with some Teflon lining to
provide an airtight seal. The piping ends in a female 1/8 NPT
fitting (PEEK, Upchurch Ltd) which allows us to connect to a
pressure regulator using PEEK tubing (Upchurch Ltd, 1.6 mm
outer diameter, 0.75 mm inner diameter using a 1/8 NPT fitting flangless ferulle (PEEK, Upchurch ltd).
To control the pressure we use an electronic pressure regulator (QB1, Proportion Air Inc.), controlled by a DC2-10T
potentiometer (Proportion air Inc.), which is connected to a
mechanical regulator on a N2 gas bottle. With the mechanical
regulator we control the input for the electronic regulator
which needs to be about 10 bar. With the electronic regulator,
the pressure is maintained constant by a finely adjusted
feedback system giving a very stable pressure. We found that
with only a mechanical regulator, the pressure would drift
by about 10% of the initial pressure on the time scale of our
experiments (3–4 h), with the electronic regulator no such
drift is observed.
THE FLEXIBLE MEMBRANE APPROACH

FIG. 3. (a) Schematic representation of the membrane coming into contact
with the substrate, and the subsequent contact area that it touches. (b) Contact
area radius as a function of inflating pressure for two masking ring heights
(D) as indicated.

The main innovation in this setup is the use of a flexible
membrane to achieve confinement. The flexible membrane
used is a 50 μm thick poly(ethylene terephthalate) (PET)
R
. A low roughness
film sold under the trade name Melinex
is essential for neutron reflection and Melinex inherently
has a very low roughness. AFM imaging revealed the RMS
roughness of the membrane to be about 1 nm for a 1 μm2
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surface area, while neutron reflection revealed a roughness of
25 Å. Melinex is often coated or roughened for commercial
use to improve its handling, but our Melinex was supplied
without any treatment by DuPont Teijin films Ltd. Melinex
has a yield strength of about 110 MPa and a tensile strength
of 190 MPa, it can be stretched up to a length of about 155%
before breaking.17 For our setup, this means that the membrane is sufficiently ductile that only low inflating pressures
are needed to bring the membrane into contact with the solid
surface, while it is strong enough to stay intact under much
larger pressures. Another advantage is that the film is optically clear, it is thus possible to see if good contact is made
between membrane and solid surface through the view port.
As can be seen in Figure 1, there is as sharp height step
between the masking ring and the solid surface, and this step
results, as depicted, in the inner part of the membrane coming
into contact with the surface and the outer part of the membrane remaining suspended above the solid surface. This step
is essential to achieve a uniform contact between the flexible membrane and the solid surface, as the pressure that is
applied to the suspended flexible membrane applies a tensile
(pulling) force on the membrane. In an early design of the cell,
the mask gradually decreased its thickness to come a height
step of only 0.2 mm. Inflation of the membrane in that design lead to large pockets of water or air being captured under
the membrane preventing the two surfaces from coming into
the close contact needed for confinement. A tension on the
membrane prevents this capture of air and water. We studied the effect of spacer thickness D (shown in Figure 3(a))
on the radius of contact between the flexible membrane and
the solid substrate. This area of good contact could easily
be observed through the view port as the reflection of light
from a Melinex/silicon interface is quite different to that of
a Melinex/air/silicon interface. We tested three spacer thicknesses at different pressures. For D = 1 mm, air pockets were
found to be captured and under no pressure did we obtain
good contact. However for D = 3 and 5 mm, we found a
good and even contact and the contact radius was recorded,
the results of which are shown in Figure 3(b). As shown, for
D = 3, a pressure of 0.2 bar is enough to create a first contact of about 5 mm in radius, which quickly rises with further
increases in pressure. For D = 5 mm a much higher pressure
of 0.7 bar is needed to achieve a similar contact after which
the shape of the curve, while the shape of the curve is nearly
identical to that of D = 3 mm. When performing a neutron experiment it is very important to only illuminate the part of the
surface where good contact is made between the Melinex and
the substrate, otherwise the reflection data obtained will be a
combination of two signals from different interfaces and will
be very hard to interpret. Conversely, it is beneficial to have a
large contact area, as this allows the use of a larger part of the
neutron beam and thus shorter experiments with better statistics can be realized. From Figure 3(b) it is clear that D = 3
mm is the best spacer distance for our setup as it provides
good contact but also a large contact area at low pressures.
For that reason all neutron reflection experiments have been
done using this spacer thickness. The lowest pressure used for
these experiments is 1 bar as this gives a large enough area of
good contact to allow good neutron reflection measurements.
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FIG. 4. The distribution of forces on the substrate and the masking ring of
the setup for a membrane inflated at 1 bar of pressure. Blue color: no applied
force, Green color: 1 bar of applied pressure, red color higher applied pressure (∼3 bar). As calculated using finite element modelling (ABAQUS), in a
recent study.18 Reprinted with permission from S. Bates et al., M.Sc. thesis,
University of Bristol, 2012. Copyright 2012 University of Bristol.

For these confinement experiments, it is very important
to know exactly what pressure is exerted on the surface by the
inflated membrane. One would expect that once the Melinex
membrane is lying fully flat on the substrate, that the applied
inflation pressure will be completely transduced by the membrane onto the substrate. To test this, three-dimensional finite
element modelling was performed in a recent study,18 using
the exact dimensions of the apparatus and the material properties of Melinex. A full model like this was believed to be
the best to investigate the complex setup. The commercially
available modelling software ABAQUS was used for this study,
and we refer to the original study for full details, including
validation of the model.18 The key result of this study was
that indeed, once the flexible membrane is lying flat on the
substrate, the exerted pressure on the surface is equal to the
gas pressure used to inflate the membrane. In Figure 4 we
show a snapshot of the finite element model where the colors
represent the pressure exerted by the flexible membrane on
any touching surface. The blue color, or no exerted pressure,
shows where the membrane is suspended above the surfaces.
The green color denotes an exerted pressure equal to the applied gas pressure (1 bar). The outer green ring is where the
Melinex is in contact with the masking ring, the inner circle
is where it is making contact with the substrate. One position
where the contact pressure is higher than the applied gas pressure is the edge of the masking ring (red color). This figure
illustrates the results from the study very well, and confirms
that the inflated membrane is able to provide a uniform confining pressure on the substrate over a large surface area, with
the contact pressure simply being equal to the pressure used
to inflate the membrane.
NEUTRON REFLECTION
Experimental details

Materials

Silicon blocks of 76.3 mm diameter and 10 mm thickness, polished on both sides, were purchased from Crystran
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Ltd, UK. The polymers poly(vinyl pyrollidone) (PVP Mw
= 40 K, poly(styrene sulfonic acid) PSSA (Mw = 70 K),
poly(ethylene imine) (PEI, Mw = 60 K), and poly(allylamine
hydrochloric acid) PAH (Mw = 15 K) were received from
Aldrich. Deuterated PSSA (Mw = 67.4 K, d-7) was ordered
from Polymer Source Inc. 1,2-Distearoyl-sn-glycero-3phosphocholine (DSPC) was obtained from Avanti Polar
Lipids Inc. Demineralised (Milli-Q) water with a resistivity
of 18 M cm was used in all experiments for preparing
solutions and cleaning. NaCl (Aldrich) was used to control
the ionic strength. Melinex, a sheet of poly(ethylene terephthalate) 50 μm in thickness, was kindly supplied by DuPont
Teijin films. Its roughness was measured with AFM to be
approximately 1 nm over a 1 × 1 μm square.
Sample preparation

The silicon blocks were cleaned using a piranha solution
(a fresh mixture of 97% H2 SO4 and 30% H2 O2 , in a 3:1 ratio) and subsequent rinsing with copious amounts of demineralised water.
A gel PVP layer was prepared by spin-coating
(2000 rpm) of a 11 g/L PVP, 1.6 g/L 2-methylantraquinone
solution in chloroform directly onto the cleaned silicon block,
and by exposing this layer to strong UV light under a N2 atmosphere for 120 min. The layer formed was washed with
demineralised water to rinse off any uncrosslinked materials
and was found to be 36 nm in thickness as measured by ellipsometery (Whoollam XLS-100, spectroscopic ellipsometer).
A stack of supported lipid-bilayers was created by directly spincoating onto silicon of a 0.5% DSPC solution in
a mixture of chloroform/2-propanol (4:1) for 1 s at 500 RPM
and 60 s at 3000 RPM, as described by Mennicke et al.19 This
gives a total dry layer thickness of about 37 nm, and seven
lipid bi-layers.
To create a polyelectrolyte multilayer, the surface was
first primed with a poly(ethylene imine) (PEI) layer, which
was adsorbed from a pH 8 solution (no added salt) to yield
a layer of about 0.5 nm in thickness. For the sample preparation, spincoat assisted layer-by-layer deposition (SA-LbL)
was used, pioneered by Cho et al.20 and Chiarelli et al.21 We
followed a recipe used by Kharlampieva et al.,22 using 2g/L
solutions of PAH, PSSA, and d-PSSA. No salt, base, or acid
were added to the solution and their respective pH values were
found to be 3.5, 5.5, and 6. A volume of approximately 5 mL
of polymer solution was dropped on the silicon substrate, always making sure that the surface was fully wetted, and left
for 30 s. The substrate was then rotated for 30 s at 2000 rpm,
and then rinsed and dried (using the same spincoat settings)
twice with demineralised water. After that, the oppositely
charged polymer was applied in exactly the same way creating multilayers of 23 PSSA/PAH bi-layers (PAH terminated).
However, every 6th PSSA layer was substituted for a d-PSSA
layer. The samples were always kept dry until the experiment.
Neutron reflectivity, experimental

Neutron reflectivity experiments were performed on reflectometer D17 at the institute Laue-Langevin, Grenoble,
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France, and on reflectometer INTER at ISIS, UK. D17 was
operated in the time-of-flight mode, with a useful wavelength
range of 2–20 Å. Reflectivity was measured at two angles of
incidence, 0.4◦ and 1.1◦ , to provide a Q-range of 0.0041 Å−1
to 0.11 Å−1 . INTER has a useful wavelength range of 1–16 Å
and reflectivity was measured for angles 0.3◦ and 1.2◦ . All experiments were performed in our neutron reflection confinement cell described above (Figures 1 and 2). For the experiment we used the masking ring with a 3 mm height step. This
means that at 1 bar, the membrane and substrate are in good
contact in a circular area of 36 mm in diameter. This allows us
to use a square footprint of 25 × 25 mm2 , which is achieved
by using slit openings to achieve a 25 mm wide beam, but
only 0.1 mm in height at 0.3◦ , 0.12 mm in height at 0.4◦ , and
0.34 mm in height using 1.1◦ . After a confining pressure is
applied the sample was always given at least 60 min to equilibrate. By doing short reflection experiments of only 10 min
we could follow the equilibration process and often found,
especially for the transition from 0 to 1 bar, that in the first
40 min the thickness of the layer was still changing (as observed by moving and less sharp fringes). After 60 min the
thickness and hydration were always found to be stable.
Neutron reflectivity, background, and data analysis

Neutron reflectivity is sensitive to the variation of scattering length density, ρ, as a function of perpendicular distance
from the surface, z. The scattering length density of a material
is determined by the distribution of different atomic species
and their neutron scattering lengths. If the number density of
species i is ni (z), the scattering length density is given by the
summation over the different species:

ni (z)bi ,
(1)
ρ(z) =
i

where bi is the scattering length of a species.
For quantitative analysis a model is defined in terms of
the scattering length density (SLD) profile of the bulk media
and sublayers at the surface. Each sublayer is defined by its
scattering length density, ρ j , its thickness, dj , and its interfacial roughness, uj , with the next layer. The scattering length
densities of pure molecular materials are easily calculated
from the scattering length of a molecule, B, the mass density of the material, D, the molar mass, M, and the Avogadro
constant.
BDNA
.
(2)
ρ=
M
For a system consisting of a polymer that may be swollen
by solvent the scattering length density and thickness of each
sub layer are modified by the volume fraction of the solvent:
ρj = ρS0 ϕj + ρP0 (1 − ϕj ),

(3)

djW ET = djDRY /(1 − ϕj ),

(4)

where ρS0 is the scattering length density of the pure solvent,
ρP0 is the scattering length density of the pure polymer and ϕ j
is the volume fraction of solvent in sub-layer j. The roughness
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of such a swollen layer is a free fitting parameter, but was in
all cases found to be larger for more swollen layers.
There is a close analogy between the reflection of neutrons and visible light. For neutrons, the refractive index depends on the scattering length density
μ = 1 − ρ λ2 /2π.

(5)

The value of the scattering vector (Q) at the critical edge (Qc )
depends on the difference in scattering length density between
the two bulk phases

QC = 16π ρ.
(6)
For an interface comprising many sublayers, the reflectivity is calculated using an optical matrix method based on the
refractive indices of the sublayers.23 In this work, some interfaces comprise different areas with different media in contact. For instance, if x is the fractional area that is a type
A contact (e.g., silicon/Melinex) and (1–x) is type B (e.g.,
silicon/D2 O/Melinex) then the overall measured reflectivity is
a simple weighted average, provided the areas are not smaller
than the relevant coherence length (∼10 μm)
R = xRA + (1 − x)RB .

(7)

Experimental results

Demonstration of molecular contact

For the confinement cell to be effective, it needs to
proven that the Melinex and the silicon substrate can be
brought into very close contact. We have demonstrated this
using neutron reflection for two situations, one in which the
cell was filled with D2 O (Figure 5(a)) and one in which the
cell was filled with air (Figure 5(b)). For 0 bar of pressure,
the Melinex membrane is uninflated and we simply expect
to measure a Si/SiO2 /D2 O or a Si/SiO2 /Air transition.
Indeed, in Figure 5(a) we see a clear critical edge at Q
= 0.0141 Å−1 , clearly indicative of a Si/D2 O interface. In
Figure 5(b), we see that at 0 bar no critical edge is observed
exactly as expected for a silicon/air interface. For both
curves, a good fit of the data was obtained when assuming
a 25 Å surface layer of silica on the silicon with an SLD of
3 × 10−6 Å−2 .
The Melinex was then very gently (over a period of
5 min) inflated by increasing the pressure up to 1 bar. Through
the view port it was observed that the Melinex was indeed
inflated against the substrate. When the water or air layer gets
thinner, colored patches (Newton’s rings) were observed,
but after 10–20 min the colored patches had disappeared
and even contact seemed to have been made. However, in
some places dust particles were captured under the Melinex,
keeping a small portion of the membrane surrounding the
dust particle (radius ca. 0.5–1 mm) from achieving good
contact. In the neutron reflection data, a very clear shift in the
critical edge to Q = 0.0049 Å−1 was observed upon increase
of pressure to 1 bar. The location of the critical edge is the
same in both experiments and is exactly what is expected for
a reflection from a silicon/Melinex interface. Hence, this shift
in critical edge clearly shows that both D2 O and air can be

FIG. 5. Neutron reflectivity curves for Melinex membrane inflated against a
block of silicon as schematically depicted in Figure 1. Points are data, lines
are fits. (a) In D2 O, (b) in air. Dashed line is without mixed signal.

expelled from between the two interfaces to bring them into
close proximity. In Figure 5(a), the 1 bar data shows another
clear feature at Q ∼ 0.01 Å−1 . We first investigated if this
feature could be a fringe connected to the thickness of a layer
of D2 O trapped between the silicon and Melinex. However,
this model was not found to be consistent with the data;
secondary fringes would be expected and these are simply not
observed. A much better explanation for the feature is that it
stems from a small contribution of reflection from a different
interface. As mentioned before, we were able to observe
optically that when dust particles get trapped between the
membrane and the substrate, they prevent the membrane and
silicon from coming into good contact for a small surface
area. We estimate that for 1 bar, on average about 10% of the
membrane is held up in this way. This would mean that while
90% of our reflected signal stems from the interface between
Melinex and silicon in good contact, another part of the signal
could stem from places where the Melinex membrane is held
up by dust particles. When using a high SLD solvent such as
D2 O this 10% can have an enormous impact on the eventual
reflection profile. As can be seen in Figure 5(a), the reflected
intensity going from silicon to a thick layer of D2 O to
Melinex is over a significant Q range about 10 to a 100 times
larger than the reflected intensity you get from a Si/Melinex
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interface. The 10% could significantly affect the full reflection signal, adding features that are difficult to interpret. We
found that the data at 1 bar of confining pressure could indeed
be well fitted to a model where 90% of reflection comes
from Silicon/SiO2/Melinex being in molecular contact, and
10% of the reflection stems from areas where Melinex is
being kept away from the interface by dust particles. The
mixed signal is simply a weighted average (see Eq. (7)),
meaning that we assume the signals to be incoherent. (For
an incoherent signal the patches need to be larger than the
coherence length (∼10 μm), based on optical observations
they are significantly larger.) For Melinex being kept away
from the interface we assume a Silicon/SiO2/D2O/Melinex
interface, where the D2 O layer is very polydisperse, with
an average thickness of about 100 nm thick. When the
pressure was increased to 5 bar, the amount of membrane
held away from silicon becomes significantly less. The 5
bar data could be fitted to a model where only 1% of extra
signal needs to be added to provide a good fit. In more recent
experiments, where the cell was assembled in a laminar flow
hood, a great reduction in the amount of captured dust was
observed.
In Figure 5(b), it can be observed that the 1 bar data for
expelling air from between the Melinex and silica does not
show any clear features, such as those observed for the D2 O.
For the D2 O the feature was a result of the large shift in critical edge which does not occur for a change from a silicon/air
interface to a silicon/Melinex interface. However, to achieve
a good fit, it was necessary to model the reflection as a mixed
signal with 85% stemming from a silicon/silica/Melinex interface, and 15% Silicon/SiO2/air/Melinex with a thick and
polydisperse layer of air. For the study of thin polymer films
using neutron reflectivity, features such as fringes are very important. From the data presented in Figure 5 we believe that
it is best to use a low SLD bulk such as air or H2 O, as any
feature in the data can then automatically be ascribed to the
polymer layer and not to a remnant of the substrate/solvent
critical edge.
We believe that the data and fits presented in Figure 5
show clearly that a large part of the Melinex membrane can
be brought into very close contact with the silicon surface.
This is a major advance. In the past, apparatus relying on the
confinement between two solid substrates could not bring the
surfaces closer than about 80–100 nm.8–16 We show that with
our cell using the flexible membrane approach we can come
into molecular contact, making our cell very suitable as a confinement cell for the study of thin films.

Results from typical samples

The next step in commissioning the confinement cell was
to see if it could be used to study the structure of a thin polymer layer under confinement. A poly(vinyl pyrollidone) PVP
gel layer was prepared on a silicon substrate by spincoating
and subsequent UV crosslinking. Such a layer can swell by a
factor of 5 when immersed in water.24 Neutron reflection was
measured for a PVP layer under confinement for a number of
confining pressures and the results are shown in Figure 6.

Rev. Sci. Instrum. 83, 113903 (2012)

FIG. 6. (a) Neutron reflectivity curves for a PVP gel layer, prepared with
15% crosslinking, under different confining pressures as indicated. Data
shifted for clarity. Points are data, lines are fits. (b) SLD profiles corresponding to fits in (a).

For 0 bar of applied pressure, the neutron reflection
data was featureless as shown in Figure 6(a). This would be
expected for a strongly swollen (low contrast) and diffuse
(rough) polymer layer. However, when pressure is applied
(1 bar) clear thickness fringes appear as does a critical edge
at Q = 0.0049 Å−1 . Both observed changes are a strong
indication of good confinement being reached. Increasing
the pressure (3, 5 bar) does lead to sharper thickness fringes,
but does not lead to a shift in fringe spacing. In Figure 6(b),
we show the SLD profiles connected to the fits as shown in
Figure 6(a). An SLD profile shows the structure of the layer,
with the SLD plotted as a function of distance from the
surface (Z). The SLD profile is 2.07 × 10−6 Å−2 at Z = 0,
which corresponds to pure silicon. The sharp spike in SLD
near Z = 0, represents a thin SiO2 layer, and on top of that we
find the polymer gel layer. The SLD of the gel layer depends
on the amount of solvent in the layer, with a SLD of −0.56
× 10−6 Å−2 corresponding to pure H2 O, and a SLD of 1.4
× 10−6 Å−2 corresponding to pure PVP. The final part of the
stack is the bulk phase, either pure H2 O for 0 bar, or Melinex
(2.58 × 10−6 Å−2 ) for 1–5 bar. As the dry layer thickness
(at 10%–20% humidity) of the PVP layer was determined by
ellipsometry to be 34 nm, the main fitting parameter was the
amount of H2 O taken up by the layer, which determines the
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swollen layer thickness and the SLD. The roughness is fitted
as a separate parameter. Indeed the data at 0 bar of pressure
can be well fitted to a strongly swollen and very rough layer
(Figure 6(b)). For 1, 3, and 5 bar the layer can be well fitted to
a situation where the polymer layer is strongly confined with
only about 25% of hydration left in the layer, and a thickness
of about 45 nm. The main difference between the different
pressures is the amount of extra signal, stemming from parts
of the membrane being kept away from the substrate by dust
particles. For these samples, observations made through the
view port confirmed a large amount of dust on the sample
(20% at 1 bar). In the spincoating and crosslinking steps to
prepare this sample (see Materials and Methods), quite some
dust particles were embedded in the polymer layer. Indeed
to get a good fit, we needed to use a mixed signal of 20%,
where the main effect of the mixed signal a smoothing of the
fringes. The sharper fringes in 3 and 5 bar, thus stem mainly
from the lower amount of mixed signal.
The data and fits in Figure 6 show that, even though there
is a problem with dust particles on the surface leading to
a mixed signal, valuable information on the structure of the
polymer layer can still be extracted from the data. The polymer layer is confined, with the water having been expelled
from the layer under this pressure. Furthermore the polymer and remaining H2 O are evenly distributed throughout the
layer and the confined layer has only a relatively low roughness. Clearly, our neutron setup is doing exactly what it was
designed to do, allowing the investigation of the structure of a
thin polymer layer under a known confining pressure. These
fringes also confirm that good even confinement is reached
over a large surface area, as any significant polydispersity in
thickness of the PVP gel layer could not result in the distinct
fringes observed here.
It is interesting to discuss how our cell could be applied
to study the structure of more complicated thin film systems
under confinement. In Figure 7 we show two examples of
this, Figure 7(a) shows data from a stack of lipid bi-layers
as confined in apparatus, while Figure 7(b) shows similar
data from a polyelectrolyte multilayer (PEM). In both systems fringes originating from the overall thickness of the system are clearly present but there are also clear Bragg peaks
present. These Bragg peaks are the result of a repetitive internal structure in the layers. For the stack of lipids, as prepared by spincoating,19 this repetitive structure stems from
8–10 bi-layers being stacked on top of each other, with a thin
D2 O hydration layer between them. The position of the Bragg
peak is thus determined by the thickness of a single lipid bilayer. The polyelectrolyte multilayer was prepared by subsequent spincoating of the cationic poly(allyl amine) and the
anionic poly(styrene sulfonic acid).20–22 The total layer was
23 PAH and PSSA bi-layers in thickness but every 6th layer
of PSSA was replaced by deuterated PSSA. As a result, the
layer is evenly divided into four parts of equal (dry) layer
thickness by the deuterated PSSA layers, and this results in
Bragg-peaks with the Bragg peak position related to the thickness of a quarter of the layer. The layer was swollen with
H2 O, and we subsequently investigated if we could reverse
this by squeezing the water out of the layer using a confining
pressure.
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FIG. 7. Neutron reflectivity curves for thin films under different confining
pressures as indicated. Data shifted for clarity, vertical lines denote shift in
Bragg peak position from 0 to 5 bar. (a) Data from a stack of approximately
eight lipid bi-layers (1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)),
on silicon swollen by D2 O. (b) Data from a 23 bi-layer PSSA, PAH polyelectrolyte multilayer with every 6th PSSA layer deuterated, on silicon, swollen
with H2 O.

For these systems, neutron reflection gives clear information on both the overall thickness of the layer and on the internal structure of the layer. Under a confining pressure (1, 3, and
5 bar) this information remains as can be observed from the
data in Figure 7. While a full model fit of these more complicated systems is beyond the scope of this manuscript, a substantial response to confinement is demonstrated by the pressure dependence of the Bragg peak positions. The d-spacing
of the internal layers is directly connected to the Bragg peak
position as described by d = 2π /Q. For the lipid bi-layers we
find that under a confining pressure, the Bragg peak position
shifts from Q = 0.094 Å−1 to Q = 0.098 Å−1 , thus indicating
a gradual decrease in lipid bi-layer thickness from approximately 65 to 62 Å in thickness under the various confining
pressures. For the PEM, we focus on the position of the 2nd
Bragg peak, which shifts gradually with increasing pressure
from Q = 0.068 Å−1 at 0 bar to Q = 0.075 Å−1 at 5 bar. This
corresponds to a gradual decrease in thickness of the whole
layer (4 × d-spacing) from about 74 nm to 67 nm. The dry
layer thickness is known to be 59 nm (from ellipsometry),
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and a change in thickness is a direct result from uptake or release of water. This shows that a confining pressure reduces
hydration in the layer from about 25% at 0 bar to 14% at 5 bar.
The data for both systems shown in Figure 7 will be further analysed and will be the topic of upcoming publications.
What we have shown here, however, is that simply by looking
at the features in the data, such as the Bragg peak positions,
very clear information can be gained on the structure of confined thin films. It shows again that our cell is a promising new
tool to study the structure of thin films under confinement.
Furthermore, these systems show, in contrast to the polymer
gel layer, a much more gradual decrease in thickness when increasing the pressure. Indeed, for these systems the measure
of confinement can be controlled by the applied pressure.

CONCLUSION

To study the structure of a thin film under confinement
using neutron reflection, it is essential to bring two surfaces
in close and uniform confinement over a large surface area.
In the past, this has proven to be very difficult as dust and
waviness prevent solid surfaces from coming together over
the required surface area, with previous attempts never being
able to achieve better confinement than about 80–100 nm.8–16
We show that with a new approach, using a solid surface and a
flexible polymer membrane, much closer confinement is possible. The flexible membrane (Melinex) is inflated against the
solid surface and due to its flexibility is able to adjust to any
dust particles or long-range roughness. Neutron reflectivity
data shows that the membrane is for the most part in molecular contact with the silicon surface. Dust remains a small
problem as a dust particle trapped between membrane and
surface does prevent as small surface area of the membrane
from reaching the surface and confining the thin film under
investigation. This means that a small part of the neutron reflectivity stems from an unwanted signal, and for a high SLD
solvent like D2 O, this can lead to very significant features in
the data. However, when using a low SLD bulk like air or
H2 O, this extra signal has a much smaller effect on the total reflection, although it is still necessary to include a small
mixed signal to correctly fit the data. In addition, more recent
experiments, with cell assembly and sample preparation taking place in a laminar flow hood, showed a greatly reduced
effect of dust.
We have demonstrated the use of our confinement cell
for three different thin film system: a poly(vinyl pyrollidone) gel layer in H2 O, a stack of 1,2-distearoyl-sn-glycero3-phosphocholine (DSPC) lipid bi-layers swollen with D2 O
vapor, and a PSSA/PAH polyelectrolyte multilayer in H2 O.
For the PVP gel layer, the data fitted well to a layer swollen
with a large amount of H2 O (77%) before confinement, but
after applying a confining pressure (1 bar) only 25% of water
remained in the layer. For the stack of lipid bi-layers, the location of the Bragg peak provided information on the thickness
of a single bi-layer in the stack. Upon applying a confining
pressure of 0 bar to 5 bar, the bi-layer thickness gradually decreased from 6.5 nm to 6.2. The polyelectrolyte multilayer
was shown to decrease in thickness from 74 nm to 67 nm un-
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der a confining pressure of 5 bar by decreasing the amount of
H2 O in the layer from 25% to 14%.
From the data presented here we thus conclude that our
confinement apparatus, based on a novel flexible membrane
approach, is a very useful tool to study the structure of thin
films under confinement.
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