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1. INTRODUCTION

Polymer interfaces and surfaces are an area of
study that has always been important since they
impinge on all aspects of polymer science. The
interfacial behaviour is fundamental to the bulk
properties of the system, and consequently the
applications of the polymers. For instance
adhesion, miscibility, compatibilisation, welding,
surface wetting, blend morphology, mechanical
strength, etc, are all controlled by interfacial
behaviour. The characterisation and
understanding of these properties on a
microscopic level are therefore of vital
importance.

Numerous techniques have been applied to
investigate the surface and interfacial behaviour
of polymers. However, the accuracy demanded of
the experimental data in order to obtain useful
interfacial information requires specialist
techniques and the associated equipment that
goes with them. One technique which has seen
an explosion in popularity within the polymer
community over the last ten years is specular
neutron reflectivity. The reasons for this
popularity are partly to do with the development
and advances in the reflectometers, but are
mostly associated with the simple fact that
neutron reflectivity is often the only technique
that can answer the questions that are being
posed by the polymer interface community. The
wealth of information that can be obtained by a
well designed experiment would have been

difficult to comprehend ten years ago. The
object of this contribution is to demonstrate the
power of the technique and why it is worth
going to one of the handful of neutron sources
around the world where neutron reflectometers
are operated.

2. REFLECTIVITY TECHNIQUE

Neutron reflection provides the composition
variation normal to the surface of the polymer
film, with an accuracy on a sub-nanometer
length scale. This kind of information is also
given by X-ray reflectivity and to some degree
also by light ellipsometry, however the neutron
scores over these other radiation sources in two
important respects. Firstly, there 1is the
favourable difference in scattering properties
between elements and isotopes of elements.
With X-rays contrast between different regions
of the sample is provided by the electron density
difference between molecules, whilst for light it
is the refractive index. The analogue for
neutrons is the neutron scattering cross section.
Across the periodic table, this scattering cross
section appears to be not only of random
magnitude, but also of sign and varies even
between isotopes of a specific element. For the
polymer scientist the neutron is of particular
interest because hydrogen and deuterium have
vastly different neutron cross sections. This
means that with a little careful chemistry
deuteration can open up a huge area of unique
experimental possibilities. Deuteration is



therefore an ideal labelling technique to highlight
whole molecules or specific sections of the
polymer and produce a large contrast variation
with the normal hydrogenous molecules around
it.

The second major advantage is that the neutron
can penetrate through many engineering
materials. This allows the use of neutrons in
complex sample environments if the situation
warrants it, without the worry of absorption,
which is a major problem for light and X-ray
techniques. The energies of the thermal neutrons
used for reflectivity, make the technique non-
destructive, allowing repetitive measurements on
one sample to be made, for instance to look at
changes after successive annealing processes.
The neutrons do not require high vacuum
containment which allows samples to be
measured under normal atmospheric conditions.
Because of these advantages there should be little
wonder at the huge growth in the application of
neutron reflectivity to the investigation of
polymer interfaces and surfaces. However, it
must always be remembered that although
neutron reflectivity is an extremely powerful
technique, it should be used in conjunction with
other techniques to fully exploit its potential.

ON R

It is the wave behaviour of neutrons that has
allowed a close analogy with classical optics.
With only a few minor modifications, neutron
waves are able to reflect, refract and interfere
following all the standard optical rules [1]. A full
discussion of the theory of reflection is not
appropriate at this point since this has been
covered extensively in the literature [1,2].
However, it is necessary to include a brief
description of the essential points since an
understanding of them is vital in the
interpretation of reflectivity data.

At this point it is necessary to define a few
concepts. An interface is defined as the position
between media of 2 different refractive indices.
The neutron refractive index of medium j is
given as:
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where N, is the atomic number density, b is the
coherent scattering length, the product N = p,
is the scattering length density, G, is the
adsorption cross-section and A is the neutron
wavelength. Strictly then the refractive index is a
complex number. For most materials, however,
with the exception of those containing the
elements, Li, B, Cd, Sm, or Gd, the adsorption
cross-section is effectively zero, i.e. 6, = 0, and
therefore for most polymers Equation 1 reduces
to:

=1-—* 2)

The neutron scattering length b is a nuclear
property describing the interaction between the
neutron and the atomic nucleus [3]. The value of
b varies randomly across the periodic table and
also between isotopes of the same element [4].
Here neutrons present a big advantage over other
radiation such as light or X-rays, with isotopic
substitution providing enhanced contrast
between two otherwise equivalent s?ecies. The
large difference in b between 'H and “H (D) is of
particular usefulness to the polymer scientist, as
will be discussed in a little more detail later.

Figure 1: Schematic diagram of an incident neutron
beam on a flat interface between two media,
showing the reflected and refracted beams.

Figure 1 shows a neutron beam incident on an
interface between two infinitely thick media
with refractive indices n; and nj,;, where the
interface is also infinitely sharp. The beam can



be either reflected, at an angle, 6;, equal to that of
the incident beam, or refracted with an angle
according to Snell’s Law [S5]:

n,cos@, =n,,, cosd,, 3

Taking the case where the interface is between a
vacuum, or essentially air, (j=0) and a liquid or

solid (j+1=1), then ny is 1 and Equation 3 reduces

to cos8, =n;"' cosh,. At a critical angle, 6, = 0.,

the angle of refraction becomes zero (8; = 0) and
thus cos8. = n,. For values of 6y < O, total
external reflection of the incident beam is
observed with only an evanescent wave
refracting into the sample. For values of 6y > 6,
external reflection of the incident beam is
accompanied by refraction into the sample.

The reflectivity of an incident beam on an
infinitely sharp interface as described above is
defined as the ratio of the reflected to incident
beam energies [5]). A similar expression for the
ratio of the refracted to incident beam energies
defines the transmissivity, T. The reflectivity has
both parallel and perpendicular components with
respect to the interface. It is only the
perpendicular reflectivity component that is of
importance to the specular reflection of neutrons,
since is contains the information about the
concentration-depth profile.

The perpendicular reflectivity, R, is determined
using the Fresnel reflection coefficient, r;;.;, for
the interface described in Figure 1, which is
defined:

n,sin® —n,,, sinb,,

Fivg = (4)
j'j*] 3 »
n;sin@ +n,, sinf,,,

The reflectivity is then simply given by:

R=r, . .r (5
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where the asterisk (*) denotes the complex
conjugate. Since there is no complex component
to the reflectivity from most materials then this
simplifies to R=r] . The reflectivity from this
sharp interface is characterised by the critical
angle, 0., indicated by the point at which the
reflectivity drops from unity, and is often referred

to as the critical edge. The wavelength at which
this occurs is given by 6, = X(Nb/n)oj. Since
the neutron momentum transfer is related to the

incident angle and wavelength by the
relationship

4
q=2k = —f—sinﬁ (6)

it is also possible to derive r;;.; and hence R in
terms of q. Therefore, the reflection coefficients
are given by:

9. 4:,jn
Tjjn =[ J ] ) (7)
qz.j +qz.j+l

where g,; are the component of the momentum
transfer perpendicular (normal) to the surface.

Since qu=2(q22/4—qf/4)0'5, where g, is

defined by Equation 6, and gq. is the critical
value of g,; below which total reflection occurs.
Substituting Equation 7 into Equation 5 gives
the reflectivity for a sharp interface between two
bulk media as:

2 ]‘/2 T

r1-[1-(qc/qz)
_1+[1-(qc/qz)

R(g) = 7 8)

J

This is also known as the Fresnel reflectivity and
is often denoted as Ry A calculated Fresnel
reflectivity is shown in Figure 2(a). The region
of total reflection below g, is clearly visible. The
drop off in reflectivity at g, > q. can be shown to
be proportional to 1/g;°, at large values of g; [2,
6] which is identical to the behaviour observed
in systems which have infinitely sharp interfaces
and scattering that obeys Porod’s Law.

One interesting result is that the plot of R(g;)q;
asymptotes to a limiting value which is
proportional to the square of the reflectance at
the air-media interface.

With these equations in mind, the problem of a
sample containing m discrete layers can now be
addressed. The situation is shown in Figure 3,
where the (m+1) layer is the substrate and O is
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Figure 2: (a) Calculated Fresnel neutron reflectivity
profile from an infinitely sharp interface between
two media obtained from Equations 4 and 5 or 8.

Total reflection (R = 1) occurs for g, < g.. (b)
Reflectivity multiplied by g¢,', showing the
asymptotic limit reached at large values of g,.

defined as the medium surrounding the sample,
i.e. air. The reflection coefficient for the sample
is calculated by firstly considering the coefficient
between the substrate and the bottom layer,
rmm+l1, i.€. between the (m+1)® and m™ layers,
which is simply given by Equation 4 where j = m.
The reflectivity coefficient between the (m-l)”‘
and m™ is then given by:

, T tm = T exp(ZiBm)
f m-1m = . (9)
147 T exp(2zB_)

where r..; » is again given by Equation 4, and the
prime () indicates that internal reflections have
been taken into account, in this case between the
m-1, m and m, m+1 interfaces. A phase factor,
Bm, has also been introduced and represents an
optical path length term for the mth layer, such

that, B, =(2n/A)n_d_sin®, where n, and dn
are the refractive index and thickness

Figure 3: Schematic diagram of a sample composed
of m discrete layers each with a thickness, d;, and
refractive index, n;.

respectively of layer m, and 6 is the angle of
incidence. The reflectance, ' m.2.m.1, is calculated
in a similar way, and the process continued in a
recursive method for each successive layer until
the reflectivity coefficient for the top layer, g,
is obtained. The reflectivity, R, is then given by
substituting /y; into Equation 5.

For a double layer sample Equation 9 can be
applied together with Equation 5, to give the
reflectivity profile shown in Figure 4(a) for a
deuterated polystyrene (dPS) layer on a
poly(methyl methacrylate) (PMMA) layer on a
silicon substrate. The minima and maxima
observed are characteristic of the layer
thicknesses. When the neutron wavelength
satisfies the Bragg condition A =2d,sin0,

constructive interference occurs. This leads to
d,=2n/Aq,, where Ag, is the difference

between successive minima. Therefore the high
frequency interference fringes are from the
thicker layer, in this case 600 nm, and the low
frequency fringes from the thinner layer of 200
nm thick. The reflectivity in the Rq* versus q
plot as in Figure 4(b) is seen to asymptote to a
limiting value at high q values, which is
proportional to the sum of the squares of the
reflectances at each of the interfaces, given by:

R =16nY (p?-p}) (10)
tJ
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Figure 4: (a) Calculated reflectivity profile of a
bilayer of dPS on PMMA on Si using Equation 5
and 9. (b) Reflectivity plotted as Rq* versus q,
showing that the reflectivity oscillates about an
asymptotic value (dashed line).

This approach to calculating reflectivity is exact,
but extending it to multilayer systems proves to
be extremely cumbersome mathematically. For
this reason many people have favoured a more
general solution and perhaps the most versatile
and widely used among these is that of Abeles
[7]). This method defines a characteristic matrix
for each discrete layer so that for the mth layer

the corresponding matrix is:
c. =[ .cosB'. —(1/K_)sxnﬂ,:l (1)
—ix, sinf, cosf,

where X, = nnsind, and B,.., has been defined
above. Once matrices for each individual layer
have been calculated, an overall sample matrix M
is defined as the product of the individual
matrices, so that for a sample with m layers as
described in Figure 3 the resultant matrix is

defined as:
- Mll Ml2]
M=]]c, = (12)
Il [uz, M,

The reflectivity is then simply related to the
matrix elements from M by the relationship:

2
R—I(Mll + MK )‘co ‘(MZI +M22)K-+1
I(Mn +M12K-+1)Ko+(M21 +M22)K-+1

where m+1 denotes the substrate and O the air.
As can be seen this general solution lends itself
very well to the use of computers. It is well
suited to modelling the reflectivity profiles from
samples with complex internal layer structure.

(13)

4. INSTRUMENTATION

It is obvious from the definition of the
momentum transfer g (Equation 6) that
reflectivity measurements as a function of q can
be achieved by varying either 6 or A. Fixed
wavelength reactor sources using
monochromatic beams therefore vary 0 to give
the required q range, whereas pulsed neutron
sources use a broad band or ‘white’ beam
polychromatic beam and time-of-flight (TOF) to
determine A at fixed 6. Common to both
methods of measurement however is a high
degree of automation which is essential for
accurate measurement of R(q). Perhaps the
major drawback to neutron reflectivity is the
limited number of instruments around the world,
which basically only reflects the small number
of facilities. However, the number of
instruments continues to grow.

This article is not meant to be a comprehensive
review of instruments since this has been dealt
with in depth in the literature (see for example
References 8-17 with a good review by Russell
[6] ). With two ways of producing neutrons there
are basically two designs of reflectometer, each
of which will be illustrated by describing typical
instruments.

The CRISP reflectometer at the ISIS Facility at
the Rutherford Appleton Laboratory is typical of



a pulsed source time-of-flight (TOF) instrument.
A schematic illustration of the major optical
components is shown in Figure 5. The moderated
neutrons pass through a double set of choppers,
firstly, a disc chopper to select the wavelength
range and then a prompt pulse suppressing
nimonic chopper. The beam is coarsely
collimated by neutron absorbing jaws before
entering the experimental measurement area.
Fine collimation is achieved by two slits before
the sample which define the illuminated area and
resolution at the sample position. The beam
profile and intensity is monitored just before
reaching the sample using a scintillator detector.
Post sample the background noise is suppressed
by two further slits or by a shielded nose cone.
Reflection is detected either with a single or a
position sensitive detector. CRISP views a liquid
hydrogen moderator which gives a wavelength
range of 0.5-6.5 A, with the disc chopper
working at 50 Hz. This range can be extended to
12 A if the disc chopper is operated at 25 Hz,
although this has the drawback of only collecting
1 in every 2 pulses of neutrons. The instrument
has been designed to be able to measure liquid
surfaces and therefore has a horizontal sample
geometry and an inclined beam at 1.5° to the
horizontal. At 50 Hz this angle yields a q, range
of 0.05 to 0.65 A™', which is optimised for liquid
surface measurements. In this q region the
kinematic approximation (see Section 6) is
applicable and is widely utilised for analysis of
monolayer structure at the air-water interface
[18]. Computer controlled goniometers at the
sample position allow movement of solid
samples (or confined liquids) to angles other than
the 1.5° specified by the instrument design
geometry. For liquid surfaces accessing angles
less than 1.5° to measure in a q range lower than
0.05 A", a super-mirror is inserted in the path of
the beam. This super-mirror totally reflects all
wavelengths greater that ~1.5 A, and reduces the

angle of incidence on the sample by 6 =15-6_, -

where 0, is the angle of the super-mirror to the
beam. CRISP like other pulsed neutron source
reflectometers has a fixed wavelength range,
therefore at each incident angle on the sample a
limited q range is obtained. The q range can
easily be extended by running 2 or more incident
angles and combining the data [9]). The
reflectivity profile at a fixed incident angle due to

the polychromatic beam is therefore collected all
at once, and the time required to measure the
total spectrum is only limited by the statistics of
the collected data.

Figure 5: Schematic layout of the time-of-flight
neutron reflectometer CRISP at the ISIS Facility,
Rutherford Appleton Laboratory.

TOREMA

Figure 6: Schematic of the fixed wavelength
neutron reflectometer Torema II at the GKSS.

By contrast reactor based reflectometers with
fixed wavelength sources measure the
reflectivity profile point-by-point in 6 and hence
in q. This method of measurement is often called
0-20 scans and is identical to the method
employed by the closely related X-ray
reflectometers. A typical example of a 0-20
neutron reflectometer is Torema II at the GKSS
research reactor, Hamburg, Germany (see Figure
6). Here moderated neutrons are focused using a

monochromating graphite crystal to give a
neutron wavelength of 0.43 nm. The beam flux



is then monitored before attenuation and 3
variable slits define the beam on the sample. The
sample is vertically mounted and is rotated at
each angle of measurement (8). The position
sensitive detector is rotated at each measurement
point at twice the incident angle (20). Due to the
relatively high neutron flux at reactor sources , it
is necessary at the lower incidence angles to
attenuate the beam using plexiglass plates before
the collimation to reduce the intensity reaching
the sensitive detectors. A drawback of this
technique is that both sample and detector must
move with respect to the beam. This has a
serious repercussion in that the illuminated area
varies with rotation of the sample. This is not a
problem if there are no lateral inhomogeneities,
but can pose difficulties for data interpretation of
the measured reflectivity profile if they do exist.
On the whole, many of the advantages or
disadvantages regarding sample measurement are
trivial and the real differences between
instruments now seems to be the perception by
the users as to speed of measurement. This is
only related to the ‘brightness’ of the neutron
source and not the reflectometer.

3. ISOTOPIC SUBSTITUTION

As mentioned before, one of the greatest assets
available to neutron reflectivity and of course
neutron scattering in general is the use of isotopic
substitution for contrast enhancement. For the
polymer scientist this is extremely important,
because by substituting hydrogen for deuterium a
vastly different scattering length density can be
produced. This has enormous implications since
by a very minor chemical alteration it is possible

to contrast a molecule or even a part of a
molecule from an environment. In Table 1 the
scattering length densities for some common
polymers are compared in their normal
hydrogenous and deuterated forms using the
equation:

— ZbiD-NA
pz - M

(14)

where Zb, is the sum of the monomer atomic

coherent scattering lengths, [4] D, is the bulk
polymer density, N4 is the Avogadro constant
and M,, is the monomer molar mass. The use of
deuteration can be illustrated further by
imagining a reflectivity experiment, for example
polymer-polymer interdiffusion, where it is not
possible to distinguish between the polymers
using X-rays. If two different polymers are
chosen their hydrogenous isotopic forms may
have enough natural contrast to distinguish
between them using neutrons. By comparison of
the values in Table 1, however, it is seen that
even in this case the differences are very small.
Consider now the case of interdiffusion between
layers of the same polymer, something which is
of vital interest in all aspects of adhesion for
example. Here there is no natural contrast and
indeed the separate layers are totally identical
and no distinction between the sample before
and after annealing can be made. If however,
one layer is made of deuterated polymer a large
difference is immediately introduced between it
and the normal hydrogenous layer. When the
layers interdiffuse the change in the interface
from a sharp step to a diffuse profile can easily
be followed. This deuteration scheme can also

Table 1: Calculated bulk scattering length density values for some common polymers in both their hydrogenous

and deuterated forms, calculated using Equation 14.

Polymer Abbreviation Pz (A% x 10°
| hydrogenated deuterated
polystyrene PS +1.41 +6.50
poly(methy! methacrylate) PMMA +1.10 +7.22
polyethylene PE -0.33 +8.24
poly(dimethylsiloxane) PDMS +0.06 +5.04
__polybutadiene PB +0.41 +6.60

8



be applied to enhance the natural contrast
between layers of two different species. Indeed it
can be used in a whole host of experiments for
example to look at molecules segregating to
interfaces and surfaces, or even deuterating the
ends of polymer chains to look at preferential
adsorption. The use of such deuterated contrast
enhancement seem endless and only limited by
the ability of the synthetic chemists who provide
the labelled polymers.

However, a cautionary note must be added.
Although for the most part deuteration leaves a
polymer with physically identical properties, for
a few well studied examples deuteration can alter
considerably the polymer behaviour, especially
near phase transitions. Blends of some polymers
have been shown to display upper critical
solution temperatures contradicting the expected
assumption that such isotopic blends form ideal
mixtures [19-30]. The effect was first noted for
isotopic mixtures of hydrocarbons [31], but has
been observed for polystyrene (PS) [19, 22, 23,
26] polybutadiene (PB) [20] and
poly(ethylenepropylene) (PEP) [25]. When
annealed to equilibrium thin films of isotopic
blends of these polymers have a non-
homogeneous structure with the lower surface
energy component preferentially segregating to
the air-polymer and polymer-substrate interfaces.
The segregation occurs due to a weakly
unfavourable ) interaction parameter originating
from the difference in polarizability between C-H
and C-D bonds [22]. The effect is only observed
however, if the relationship:

2
X <-1; (15)

is satisfied, where N is the degree of
polymerisation. This means that isotopic
segregation in these system is only evident if
N > 2/ and since g is typically very small for
hydrogenous-deuterated mixtures (x(h/d-PS) =
2x10™ [20] ) means that effectively N must be
very large. Although this segregation may in
principle be a problem in practice it is not so,
since careful use of deuteration and design of the
experiment can eliminate the problem entirely.

6. _DATA ANALYSIS

Routine analysis of reflectivity data would
ideally be solved by direct inversion of
experimental data into either scattering length
density, p(z), or even volume fraction, ¢(z),
profiles. Generally, this cannot be achieved due
to the loss of phase information, making this
closely related to the phaseless Fourier problem
[32]. The analysis then becomes effectively the
reverse situation, where reflectivities calculated
from simulated p(z) profiles are used in a
comparative way to minimise deviations from
the measured reflectivity.

For simple systems analytical expressions exist
for calculating reflectivity profiles, using the
relationships of Fresnel and Snell (see above).
However, most real samples do not typically
conform to this simplistic ideal. Extracting the
scattering length density profile from the
reflectivity data, R(q), becomes necessarily more
complex. Because of the lack of phase
information from measured reflectivity data it is
not generally possible to directly obtain p(z)
profiles by inversion of the R(q) curve. Analysis
of the R(q) curves to give p(z) profiles is
generally not unique in that it is possible that
several different p(z) profiles are consistent with
the experimental data given the experimental
error and limited g range. There are essentially
two methods of data analysis:

e model fitting

e approximations and free-form techniques.
These are briefly described below together with
a review of theoretical work on inversion
techniques which are still not widely applicable
to real problems due to the limitation with
regard to the lack of phase information.

It should be stressed that many of the problems
associated with fitting reflectivity data such as
uniqueness of fit can be alleviated by use of
complementary techniques. In cases where such
additional information is not available the
careful design of the experiment becomes
imperative, and labelling schemes must be
extensively used. In general the more
information acquired regarding the sample the
casier the task of fitting the data.



6.1 Model Fitting

The standard approach to reflectivity analysis is
model fitting and refinement mostly using the
matrix technique. In this method a functional
form for p(z) is chosen on the basis of all known
data about the system. This will include any
complementary  information from  other
reflectivity measurements and/or techniques. The
resulting reflectivity profile assuming the p(z)
model is computed using Equations 11, 12 & 13
and compared to the experimental data. The
parameters of the model are then modified using
least-squares or simplex fitting routines so that
the deviations of the calculated and measured
reflectivity profiles are minimised [33]. Clearly
then this approach requires a significant amount
of prior knowledge of the sample. This method
works well when the system is quite well defined
and therefore the initial model p(z) profile gives
R(q) sufficiently close to the experimental data.
This approach has the advantage that many of the
other non-unique solutions for p(z) can be
eliminated based on the expected physical
properties of the system. However, many cases
present themselves where no reasonable starting
guess for p(z) exists, making the process of
model fitting one of hard work and many
intuitive guesses.

All the equations so far used to describe the
reflectivity from specimens have been from
infinitely sharp interfaces. However, no interface
is infinitely sharp, but exhibits a gradient in
density not only between the specimen and the
surrounding media, i.e. the substrate or air, but
also between consecutive layers of polymers.
This may represent a diffuse interface between
the polymers or even interfacial roughness or
waviness. It is important to distinguish between
these. Extensive treatment of interfacial
roughness and waviness can be found in the
literature [34-36]. The difference between
roughness and waviness is evident in the p(z)
profile projection over the neutron coherent
length, I [6]. Long-range roughness or waviness
of the interface over distances larger than, /., has
an effect similar to that of a divergence of the
incident beam. This can be seen as leading to a
small curvature in the p(z) profile. Neutrons
impinging on a rough interface, with interfacial
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Figure 7: Schematic diagram to show how a diffuse
interface, in this case a hyperbolic tangent function,
between two polymers can be described by division
of the system into histograms with discrete
thicknesses, d;, Associated with each layer is a
specific scattering length density, p;.

waviness smaller than /., have local angles of
incident which vary greatly from the average.
When projected onto a p(z) profile this gives a
wider smooth transition between the two layers.
In general, this leads to a reduction in the
reflectivity arising from that interface. Névot and
Crocé [37] showed that for a Gaussian
roughness at a bulk interface the Fresnel
reflectivity is modified by an exponential factor:

R=R,exp(—q20'2) (16)
where ¢ is the standard deviation of the
Gaussian function describing the roughness.
Clearly, from this equation it can be seen that
reflectivity is very sensitive to interfacial
roughnesses. Large deviations from Fresnel
reflectivity are expected even for small amounts
of roughness. The treatment of roughness has
been extended to thin layers by applying a
similar Gaussian factor to the reflectivity
coefficients of Equation 7 [38]:

- 2
rﬁ _ [qz.J qz.j+l )CXP(— LO’ 2 ) (17)

q.; v49:jn 2
An alternative approach to introducing a diffuse
interface between two bulk layers is to divide the
interface into a number of discrete layers as
shown in Figure 7. The change in concentration

between each layer must be small enough that
the calculated reflectivity profiles do not contain




interference fringes associated with the arbitrary
choice of histogram thicknesses.

6.2 Maximum Entropy and Bayesian Analysis

Since generally the total thickness of the sample
is known from other techniques it is possible to
apply a free form solution. One approach is the
simulated annealing procedure [39], where the
total sample thickness is divided into a suitably
large number of equally sized pixels. The
problem then becomes one of statistically varying
the values of p, in each pixel with certain
restrictions concerning jump height and
smoothness of curve. This method has the
advantage that very little is assumed about the
nature of the density profile. However, it does
suffer from ambiguity since it is possible to
produce a large number of satisfactory fits which
are quite possibly meaningless. This problem can
be reduced if a suitable starting situation is used.
An alternative approach which has been gaining
much interest and demonstrated considerable
success especially among the polymer
community is the maximum entropy (MaxEnt)
technique of free form solutions (32, 40, 41].
This uses entropy as a regularising function when
varying the value of p, in each of the pixels,
which make up the model. A smoothing
correlation function is applied to the values of p,
between pixels removing physically meaningless
small wavelength p, spikes which could occur
with uncorrelated pixels. Codes now exists where
very little prior knowledge is required other than
total sample layer thickness and air and substrate
scattering length densities. The program
developed by Sivia [42] tries to fit at first one
layer and then incrementally more layers to a p(z)
model until a precision limit is reached in a v fit
of calculated and experimental R(q). Clearly then
these free-form solutions can prove very useful in
interpreting data, but a cautionary note must be
added that some of the results may still be
meaningless.

From the reflectivity data, R(q) it is desired that
the scattering length density profile, p(z), can be
inferred. This inference can be summarised
mathematically by the conditional probability
distribution function (PDF), prob[p(z) | R(g)).
[32] where ‘|‘ means given. This means that
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with respect to the data, the best estimate of R(q)
is given by the p(z) profile which maximises this
PDF.

However, this PDF is an unknown, and to
calculate it, it is necessary to apply Bayes’
Theorem. Bayes' Theorem relates the unknown
PDF to two others, one of which can be
calculated and the other estimated.

prob(p(z) | R()]

= prob[R(q) | p(2)Ix problp()]  (18)
Using Bayesian terminology the ‘prior’ PDF
(prob[p(z)]) represents the state of knowledge
about p(z) before measurement of the sample.
The prior state of knowledge is that modified by
the data through a ‘likelihood function’
(prob[R(q) | p(z)]), which indicates how likely it
is that the data set would have been obtained
given a trial p(z) profile. To give the required
PDF, called the ‘posterior’ PDF, the product of
these ‘prior’ and ‘likelihood’ PDF’s are taken.
This then represents the state of knowledge
about the density profile after data have been
collected.

It is unusual to be totally ignorant of prior
knowledge about the sample, since information
is usually available on the sample preparation, in
addition to the possibility of being able to
describe the p(z) profile by a histogram-like
structure of ‘heights’ and ‘widths’. This
additional prior knowledge allows the problem
to be simplified further, and an estimate of the
p(z) profile is then obtained by maximising the
‘posterior’ PDF, prob[{d;, p:} fR(q), p;s], where
d; and p; are thicknesses and scattering length
densities of each of the M layers describing p(z),
and p, is the substrate scattering length density.
If the number of layers is known this is then a
simple problem then of parameter estimation. If
however, M is not known it is necessary to
calculate the PDF prob[M | R(q), p,] [32, 40].

6.3 Speckle Holography and Other Techniques

Although the application of neutrons to the study
of density profiles as a function of depth is now
well established, the information obtained is



often subject to questions of uniqueness. In fact it
is quite possible that several different models
adequately describe the same reflectivity profile.
The experimental data hold vital information
about layer thicknesses as well as interfacial and
surface structure. As described above most work
to date has involved fitting paramaterised models
to the measured data. This is mostly successful,
but can lead to the possibility of scientific
prejudice leading to constraints of the model. To
alleviate this problem, the ability to directly
invert the reflectivity data to a density-depth
profile would be most desirable. However, the
lack of phase information in the reflectivity data
prevents true inversion, and while several
inversion methods can be applied they still rely
on some knowledge of phase information. This is
discussed in more detail in section 6.4. Two
related approaches to reduce ambiguity of fits,
speckle holography and use of magnetic
substrates, are briefly described below.

To alleviate the ambiguity problems inherent in
traditional reflectivity measurements, a novel
approach is based on the holographic speckle
imaging technique [43, 44] used in optical
astronomy, which Sivia [32, 45] has called
speckle holography. Assuming that the
reflectivity is related to the derivative of the
density profile (dp/dz) by a phaseless Fourier
transform:

2

(4n)’

R(q)=— e dz
q

[ (19)

dz

then the autocorrelation function (ACF) of dp/dz
is given by the Fourier transform of R(q)q":

d) * .
ACF(—;Z—) =c [ R(@)q e™"dg  (20)

where c is a constant. However, Sivia shows [32,
45] that autocorrelation functions are not unique
unless there is a distant reference signal (see
Figure 8). Such a reference signal can be
introduced into a reflectivity sample by
introducing a thick buffer layer between the real
sample under investigation and the substrate. The
p(z) discontinuity at the substrate-buffer layer

interface then acts as the distant reference in the
dp/dz plot. In practice, the reflectivity data
plotted as Rq* versus q is Fourier transformed to
give the autocorrelation function of dp/dz. The
p(z) profile is then simply obtained by
integration of the peaks in the ACF(dp/dz)
profile. Although the Fourier approximation of
Equation 19 is only strictly valid for R(qg) << 1
and g >> q. , this method at least in principle

should  distinguish  between  previously
ambiguous solutions.
4 4
(@)
| 2 o | 2
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Figure 8: Derivatives of the scattering length
density profiles (dB /dz) from 4 different samples,
together with their autocorrelation functions
(ACF(dB /dz)). The values of dB /dz in (a) and (c)

and (b) and (d) are identical except for the inclusion
of a reference point source on the right-hand side of
(c¢) and (d). The inclusion of the reference source

produces a scaled mirrored copy of the df/dz on

the right-hand side of the ACF’s (After References
[32] and [45]).

Direct inversion of simulated data has shown
that simultaneous use of X-ray and neutron
reflectivity data on a sample with an additional
artificial bilayer between the substrate and the
film under investigation [46], can often
eliminate ambiguities in data inversion [32].
This idea has been developed by Sanyal [47] for
use with tuneable X-rays and the distorted-wave
Bormn Approximation to successfully analyse



synchrotron reflectivity data obtained from
Langmuir-Blodgett films. The neutron equivalent
has also been developed and is based on the use
of polarised neutrons and magnetised substrates,
to determine uniquely and unambiguously the
density profile of thin non-magnetic films [48].

The essential requirement of this technique is to
be able to measure the unknown non-magnetic
film on two different substrates whose scattering-
length densities can denoted by p; andp;. Using a
magnetised substrate and polarised neutrons this
condition is satisfied for the scattering-length
densities of the parallel and anti-parallel spin
components of the polarised neutrons. In this
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Figure 9: (a) Reflectivity curves of a dPS film on a
nickel substrate measured using polarised neutrons
with spins parallel (solid circles) and anti-parallel
(open circles) to the magnetic field. (b)
Autocorrelation function (ACF) data obtained by
applying Equation 22 to the data of (a). The spike in
the data at a z = 25 nm represents the thickness of the
film.

way two simultaneous experiments are being
performed on the same film but effectively
different substrates. The scattering-length
densities of the magnetic substrate will then be
given by either the sum or difference of the
nuclear and magnetic components. Under these
conditions the difference in the reflectivities for
the two neutron spin states is given by:

(R.@)-R,(@) _ (i-p?)+

1~ P 2

R(q) 21
dp(2) ig"
2(p -0 ) Re| [ 2,0

Where z is the perpendicular distance to the
surface, Ri(q) are the reflectivities as a function
of the neutron wavevector transfer, g, of the two
spin states of the neutrons (i=1,2) and Fresnel
reflectivity (i=f) and g¢q’' is the average
wavevector transfer measured in the film. In the
simplest approximation Ry (q) is given by 41/q4.
If Equation (21) is Fourier transformed, the
derivative of the scattering length density,
dp(zMdz, of the film is obtained directly and
unambiguously:

L[ (R@-R.@) -2,
2n R,(q)
=(p,=-p,)8(0) (22)

dp(z) dp(-2)
+(p,-p )| 22, 0]

The delta function, &0) , arises from the
interface between a substrate and the film
deposited on it. Using polarised neutrons the
reflectivities of R;(q) and Rx(q) are obtained
from the two spin states of the neutron when the
sample is in a magnetic field. This technique is
ideally suited to the study of polymer films, and
preliminary experiments to demonstrate its
effectiveness have  been successfully
demonstrated using a nickel substrate to
determine the profile of a single dPS film, see
Figure 9 [49]. Of course the technique is not
restricted to single layers as demonstrated by the
simulations of Sivia [48]. This study showed,
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however, that a perfectly sharp interface between
the magnetic substrate and the non-magnetic film
under investigation is vital for the distorted-wave
Born Approximation to be valid.

6.4 Inversion Techniques

The ideal situation for analysis of reflectivity
data would be a direct inversion of the
experimental data into a p(z) profile. However, a
big obstacle to this becoming routine is the loss
of phase information incurred due to the square
term in the reflectivity coefficients R(q)= | To |2.
Due to this, there are presently no valid analytic
expressions relating R(q) to p(z) over the entire
q. range of the reflectivity curve. However, in a
limited number of cases direct inversion is
possible. The kinematic approximation for
example together with extensive deuteration
schemes is very powerful for systems within the
kinematic regime, i.e. in the limit of high q
(g>>qc) and which are weakly reflecting (R>>1).
This limits the approach to systems which form
very thin layers at bulk interfaces. The technique
is well established therefore for the interpretation
of reflectivity data of surfactants at the air-water
interface (see for example references 18, S0, 51).
The kinematic approximation has been applied to
polymers adsorbed at the air-water interface [52]
but is of limited use to most polymer systems.

True inversion as stated requires knowledge of
not only the amplitude but also phase of the
reflection coefficients, rp;. If these were known
then in principle inversion of R(q) into p(z)
profiles would be possible and practical
algorithms exist. [53, 54]. However, in general,
except in the cases discussed above, no phase
information exists and methods to retrieve it
from the measured reflectivity have been
discussed on model simulated data in the
literature [55-66]. However, many of these
methods can yield numerous solutions for the
phase, which then leads to non-unique inversion
solutions. Extra data are then required to identify
the correct solution, either by complementary
depth profiling techniques [67, 68], or isotopic
substitution methods [50, 51]. As seen above
when placed on a magnetic reference substrate
the reflectivity data from an unknown film which
is non-magnetic can be inverted to p(z) with the

use of polarised neutrons. Schemes for inverting
the two spin states of the reflectivity data have
been proposed by Sivia [48] and Majkrzak [69].
However these methods are based on the Bomn
approximation which is valid only in the
kinematic limit (g>>q.). Independently de Haan
[70] and Majkrzak [65, 71] both proposed
essentially identical methods for retrieving
exactly the amplitude and phase information of
the reflection coefficient even in the dynamic
regime g=q.. This method uses a ‘tuneable’
reference layer beneath the unknown layer. The
complex reflection coefficient of the unknown
layer can be obtained unambiguously by
measuring the sample with 3 spin states with
respect to the magnetic reference layer [66].

7. REFLECTIVITY STUDIES

Since neutron reflectivity was first used to study
polymer thin films [72] the technique has been
applied to an ever expanding field of polymer
science. The unprecedented depth resolution has
provided answers to problems not previously
obtainable by other techniques. This ability to
determine concentration gradients on the sub-
molecular level has led to the rapid exploitation
of the technique by the polymer community. A
comprehensive review of all the applications to
which neutron reflectivity has been applied
would fill a book of its own, so this work limits
itself to polymers at interfaces. Although this
work is as up to date as the literature permits,
the study of polymers with neutron reflectivity is
never static and new work is continuously
appearing. This article concentrates on studies
which demonstrate particular aspects of neutron
reflectivity, which are answering some of the
fundamental questions of polymers interfaces.

7.1 Immiscible Polymer Interfaces

Use of blends containing immiscible polymers
are widespread. Despite this there are limited
numbers of experimental studies which examine
the microscopic interfacial properties. The
narrow  interfacial widths which are
characteristic of such blends are difficult to
measure experimentally using conventional
methods, and have lead to a wide scatter of



interfacial properties being reported in the
literature. NR however, is ideally suited to
looking at these interfacial problems with
resolution of the order 0.1 nm even for buried
interfaces. The parameters defining an interface
between two polymers (I and 2) used throughout
this article are illustrated schematically in Figure
10.
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Figure 10: Schematic representation of interface
defined by a hyperbolic tangent function [73] as
described in the text.

One of the most extensively studied immiscible
blend systems 1is polystyrene (PS) and
poly(methyl methacrylate) (PMMA). In many
ways this is a model system due to the similarity
in physical properties between the two polymers.
The glass transition temperatures, Ty, densities
and statistical segment lengths, a, for both
polymers are very similar [75]. Fernandez et al
[74] studied the system of PS and dPMMA
(where the d indicates deuterated) on highly
polished quartz substrates. Measurements of a
single PS layer and also a bilayer of PS and
dPMMA on quartz were made. In both instances
the samples were made by spin casting the PS
directly onto the quartz substrate from dilute
toluene solutions. The capping dPMMA was
spin coated onto a separate glass slide and
floated onto the dried PS film from the surface of

water. This method of solvent casting is a
standard approach for producing smooth, flat
thin polymer films. The air-film roughness, of
the single 800nm PS film was measured at
2.0nm. The interface between the PS and a 20
nm thick dAPMMA layer was analysed by fitting
both with a Gaussian roughness and an
exponential density gradient. The interfacial
roughness, o, was found to remain at 2 nm even
after annealing the system above the T, of both
polymers (see Figure 11). If interdiffusion
occurred it was on a length scale below the
instrumental resolution. This gives an upper
limit for the interdiffusion of the dAPMMA-PS
blend at 120C of less than 2 £ 0.5 nm. From the
change in the interfacial roughness the diffusion
coefficient for this polymer pair D

(-_- (Ax/z)2 /4t)was evaluated as < 3.62 x 10!

cm’s! at 120C. Anastasiadis ef al [16] have also
measured the d-PS-PMMA interfacial width, w,
using a bilayer of these polymers on a Si single
crystal substrate, where:

w=2l=(2n)"%c (23)
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Figure 11: The reflectivity as a function of neutron
wavelength for a 800 nm thick PS layer on Si
capped with a 20 nm thick dPMMA layer [74). The
sample data (solid circles) are shown with the
simulated fit using an interfacial roughness, G, of 2
nm.



Fitting the interfacial profile using a hyperbolic
tangent function for this system an interfacial
width of w = 5.0 £ 0.5 nm, was measured after
annealing at 170C, confirming the earlier
findings of Fernandez et al [74]. These findings
are notable since the molecular weights and
annealing temperatures used in both these
systems were markedly different. The theoretical
value of interfacial width, w., between
homopolymers of infinite molecular weight is
given by [76]:

(24)

where a’is an average statistical segment length
of two polymers, and y is the Flory-Huggins
interaction parameter. Using a value of y = 0.04
and a’=0.71 nm Shull et al [77] calculated w.. =
2.9 nm, which is significantly less than the value
obtained by NR measurements [16, 74]. The
discrepancy can be accounted for by
consideration of contributions associated with
fluctuations in the perpendicular position of the
interface. These fluctuations are shown
schematically in Figure 12. The measured
interfacial width, w, is a convolution of the true
interfacial width, w,, and a secondary width, wy
such that:

—(w? 4 w? V2
w-(wo-f-w,)y

By inclusion of an appropriate value of wy, the
value of w, obtained from the measured value of
w agrees well with the expected theoretical value
[77]). It must be noted that the theoretical width
i1s determined using experimentally derived
parameters, notably % and a, and perhaps some
of the discrepancy comes from errors in
evaluating these theoretical values.

(25)

Studies of the highly immiscible pair of PS and
poly(bromostyrene) (PBrS) have been made by
Zhao et al [26]. The degree of bromination of the
PBrS was varied between 84 and 97% a regime
which ensures that the PS-PBrS polymers are
highly immiscible. Below this degree of
bromination the miscibility can be controlled
with Br content. A systematic study of the

1A

change of the interfacial width with degree of
bromination has been performed by
Guckenbiehl er al [78]. For the highly
brominated incompatible PS-PBrS polymer pair
and using a deuterated PS Zhao et al found that
the interfacial width, w, was 4.1 £ 0.5 nm in
agreement with X-ray reflectivity
measurements. The XR measurements are
possible in this case due to the natural contrast
provided by the high Br content. There was also
a slight variation observed in the interfacial
width with molecular weight. Again comparison
of the dPS-PBrS interfacial width with
theoretical predictions of Helfand and Sapse
[76] show that w. = 1.6 nm is significantly
smaller than the measured width. This cannot be
accounted for by correcting for finite chain sizes
[79] and as seen before [77] invoking a
thermally  excited  statistical  roughness
convoluted with the theoretical width (Equation
25) gives a good comparison with the measured
width [26].

The temperature dependence of the interfacial
width has been investigated using the
immiscible polymers of dPS and poly(n-butyl
methacrylate) (PnBMA) [80]. Reflectivity
profiles of bilayers of these polymers were
obtained as a function of annealing temperature.
The interfacial profile was fitted assuming the
hyperbolic tangent concentration profile, d(z),
according to the relationship [73]:

¢ (z)= %[1 + tanh(-l‘lﬂ

The measured interfacial width, /, is found to
vary from 3.2 nm at 393K to 4.3 nm at 429K.
Here it was assumed that the intrinsic width /p
for this system is given by a constant value
equal to 1.2 nm. Determination of [, follows
directly by substitution of the appropriate values
of [ and [y in Equation 25.

(26)

The interfacial width is directly related to the
Flory-Huggins % interaction parameter. The
interface between incompatible polymers is
described by minimisation of the free energy
function, F, given by [81]:



Figure 12: Schematic representation of the interface between two polymers. The true interfacial width, [, (solid
line) together with longer range thermal fluctuations, /,, (dashed line) combine to give a measured interfacial width,
I, which is the quadrature sum of these two amplitudes as defined by Equation 25.

F= I 751- ln¢ +~—---ln(1 ¢ )+x0 (1-9)

a’ 36 Y
249 (1-0 )[8z) “

For the case of infinite molecular weight,
N, — o the hyperbolic tangent function profile

described by Equation 26 is an exact solution of
Equation 27 and leads to the condition w, =w_.

When the degrees of polymerisation, N;, of the
polymers are finite, then the form of w, which
minimises the free energy of Equation 27 is
given by [80, 82]:

(27)

2 %
w, =2l =%( -%—(N,"+N{')] (28)

The values of /; obtained by Schubert et al [80]
allowed y as a function of temperature to be
evaluated using NR and can be shown to follow
the relationship ¥ = A + B/T, where A and B are
constants. Due to the disparity in the value of a
for dPS and PnBMA of 0.64 and 0.84 nm this
leads to values of A equal to -0.0357 and -0.0626
and B of 17.7 and 30.5 respectively for the two
extreme values of a. Choosing [y to be constant
even as a function of temperature may be a little
simplistic. It is generally believed that I
represents thermally excited capillary waves, and
as such must be temperature dependent [26, 77,
83]. However the exact functional form of these
capillary  fluctuations are at  present
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unsatisfactory for describing all general systems
[83, 84]. The value of Iy chosen by Schubert et
al however does lead to results that are entirely
consistent with their small angle neutron
scattering (SANS) results [80].

Many industrially important polymers are either
crystalline or semi-crystalline. At temperatures
well below the crystalline melt temperature, T,
the crystallinity causes the surface of films of
such polymers to be molecularly rough. This
presents problems in the investigation of such
interfaces, because thin polymer films on such
layers become as rough as the crystalline
polymer surface. Traditional neutron reflectivity
measurements of such polymer thin film systems
at room temperature (T<<T,) therefore suffer
from drastic loss of specular reflectivity
associated with this surface roughness. At best
the measurements are extremely difficult, but in
most cases are more likely to lead to reflectivity
profiles which are uninterpretable. Merely
heating a thin crystalline polymer film, of for
example polyethylene (PE) supported on a
polished Si substrate, into the melt regime
(T>Ty) is insufficient to produce meaningful
reflectivity profiles [85]. This failure derives
from the remnant long range waviness which
remains even after the local molecular roughness
is removed. One solution to overcome these
problems is use of a sample cell [84] based on
the design of solid-liquid cells which are
routinely used in neutron reflectivity
measurements [86]. The cell consists of a brass
trough into which a thick layer of one of the
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Figure 13: Schematic diagram of the heated cell
used to measure NR reflectivity profiles from
polymers in the melt
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Figure 14: (a)Rq* versus q reflectivity plot of the
dPS - PE system described in the text measured at
150C. The data (solid circles) are over-plotted with
the best fit using the model described by the
scattering length density profile shown in (b) [84].

polymers is held. On top a Si block is placed
after coating with the secondary and/or tertiary
polymers and held in place with a retaining plate
(see Figure 13). The cell is heated via heating
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cartridges in the brass base and the whole cell
held within an inert gas atmosphere to prevent
any polymer degradation during the
measurements. Si is essentially transparent to
neutrons with a transmission efficiency of
approximately 90%, enabling the neutrons to
pass through the Si to the polymer layers
beneath. This method of measuring the
interfacial width between polymer pairs is a
potentially very powerful technique for
determining the ) parameter.

NR measurements using such a cell were used to
study the melt interface between d-PS and PE
[84]. In these experiments the PE constituted the
bulk base layer with a 70 nm thick dPS film spin
cast from a toluene solution directly onto the Si.
Using this approach reflectivity profiles of the d-
PS / PE system were measured at a temperature
of 150C, well above the melt temperature of PE
and significantly greater than the glass transition
temperature of PS. The data collected from this
cell are shown in Figure 14(a). The lack of
damping of the interference fringes even at high
q values shows that by including the molecularly
smooth and flat silicon surface to which the
polymers are moulded, both molecular
roughness and long range waviness are
successfully removed in the melt regime. Bilayer
fits to the data using the model described in
Figure 14(b) are shown in Figure 14(a) as the
solid line on the data. The interfacial shape
between the dPS and PE is adequately described
by a simple Debye-Waller Gaussian roughness.
However, the interface width is small enough
that differences between a Gaussian and the
theoretically predicted hyperbolic tangent
gradient (Equation 26) are not distinguishable
from these data. The measured interfacial
roughness, o, between these polymers of 1.18 +
0.33 nm gives w = 296 + 0.84 nm. The
theoretical prediction for this interfacial width
by Helfand and Sapse at 140C is 1.5nm [76]
which again indicates that the measured value of
the interfacial width is a convolution of the true
(w,) and intrinsic (wy) interfacial widths. Hermes
et al [84] have used various forms of wy to try
and evaluate w, from the measured values of w.
Following the method of Schubert et al [80] a
constant value intrinsic width can only be
estimated by comparison to other systems since



at room temperature the interface between the
dPS and PE is not measurable for the reasons
given above. Using Equations 25 and 28 the
Flory-Huggins parameter, ¥, in the range 0.0116-
0.043 are obtained. An alternative approach for
determining wp is by considering the effect of
thermally excited  statistical fluctuations
(capillary waves) as a y dependent parameter
defined by: [26, 77]

w2 =(apo(x/6)") (Ana/Ama)  (@9)

Where py is the segment density and A, and
Amax are the minimum and maximum
wavelengths of the capillary fluctuations.
Defining wy for the d-PS / PE system, using
Equation 29 gives a  value of the order 0.141 at
150C. The apparent discrepancy between the
values of y derived from the different values of
wy is clearly evident. Recently Xiao et al [87]
have shown that wy between two polymer films is
dependent on the film thickness of the top film:
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where Gy is the interfacial tension, d is the layer
thickness, and A is the effective Hamaker
constant. This approach has been found to
accurately describe the apparent discrepancy
between the ‘theoretical’ and measured width of
the dPS-PMMA interface. More recently it has
been applied successfully to the dPS-PE and also
dPP-PE systems [88].

7.2 Polymer-Polymer Interdiffusion

Interdiffusion of miscible or partially miscible
polymers across an initially sharp interface is an
area of considerable theoretical as well as
practical relevance. This is the model for mixing
and welding operations. In practical systems
relatively slow polymer molecular relaxation
processes can result in interfaces which are
metastable or non-equilibrium. As a consequence
in these cases it is not enough just to know the
morphology and concentration profiles of the
resulting interfaces, but also to be able to
understand the dynamics of the interdiffusion
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processes. Interdiffusion over long distances is
described by classical (Fickian) diffusion laws,
however, polymer chain entanglements make a
description of the short-range behaviour
complex. Polymers move by reptation, that is
motion within and along a tube defined by
entanglements of other polymer molecules [89-
91). The observation of the dynamics of the
interdiffusion processes is ideally suited to
investigation by NR, where it is possible to
resolve the early stages where only chain
segments move across the initially sharp
interface [78, 80, 92-103).

By varying the degree of bromination, x, of the
incompatible polymer pair of PS and PBr,S, the
equilibrium interfacial width caused by
interdiffusion is seen to depend strongly on x
[78]. This is in contrast to the highly immiscible
PS-PBrS system described above, where the
very high degree of bromination leads to sharp
interfaces. Theory predicts that for these
partially miscible polymers, intermixing across
the interface will continue only until a
characteristic interfacial width is reached. For
the equilibrium situation the mean-field theory
predicts this characteristic width to be [104]:
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Figure 15: Equilibrium interface width, [, (solid
circles), and Flory-Huggins interaction parameter, X,
(open circles) as a function of degree of bromination
x for the system dPS/PBr,S. (Data taken from Ref.
[105])



Figure 16: Schematic plot of the interfacial width
time behaviour, showing the four time dependencies,
characterised by 7., Tz and 7, as described in the text.

)

Where %, is the critical interaction parameter
defined by x. = 2/N, N is the degree of
polymerisation and other symbols are defined in
the text above. The kinetics of the interdiffusion,
and also the equilibrium interfacial width of dPS-
PBrS bilayers have been studied as a function of
degree of bromination, x [105]. The interfacial
width was determined from the reflectivity data
using a hyperbolic tangent function as predicted
by theory [73] for incompatible polymers. The
observed time dependence of interdiffusion
before reaching equilibrium was shown to follow
a growth law with exponent ~0.23 in close
agreement to the expected value of 0.25 [106].
The equilibrium interfacial width has a
hyperbolic tangent profile and is strongly
dependent on the degree of bromination. Indeed
if x is reduced below ~0.08 the polymers become
completely miscible and interdiffusion will
continue until a homogeneous single layer is
formed. The interfacial width as function of x is
shown in Figure 15, together with values of %
obtained from Equation 31 [105].

(1)

The study of interdiffusion between like
polymers is possible by use of the isotopic
contrast between hydrogenous and deuterated
polymers. The resolution of the interfacial
profile by NR makes possible the study of
diffusion at short annealing times. Of particular
interest has been the time dependence of
interdiffusion below the reptation time, t,. This
represents the time required for a polymer chain
to move its entire length along the tube produced
by the surrounding chains. In practice, at T, the
interdiffusion process is seen to become Fickian
so that w o< t'? (see Figure 16). However, in this
regime the interfacial width is typically of the
order of 20 nm and greater, where NR becomes
insensitive and other techniques are required,
such as nuclear reaction analysis (NRA) [67] or
dynamic secondary 1on mass spectrometry
(DSIMS) [107, 108] Between T, and the Rouse
time, Tz, movement of the chain segments are
correlated and w o t'/*. At 1.< r <tg, where T, is
the entanglement time, movement is restricted
by entanglements and gives a t'”® dependence.
Below T, the segments of the chain no longer
experience entanglements and a t'’* dependence
is observed.

The effect of molecular weight, My, on
interdiffusion between h and d-PS has been
studied [93]. Lower molecular weight polymer
bilayers (Mw = 23300) annealed at 135C for up
to 53 minutes produced an interfacial width of
20 nm. The NR profiles were analysed using an
error function profile defined by:

o (z,t)= 05(1 - erf(z jb?)) (32)

where D is the diffusion coefficient. However,
this interfacial profile is Fickian and may not be
applicable to short annealing time profiles.
Using My, = 10° the NR profiles of the h/d-PS
bilayers could not be fitted using an error
function described by Equation 32. Indeed fits
were only possible using a more complex
reptation model of an error function convoluted
with a sharper discontinuous gradient as
suggested by theory (see Figure 17). The
discrepancy derives from polymer chain
fluctuation effects seen for low M, polymers,




which smears the expected sharp interface into
something much more closely representing a
broader single error function.

The complex interfacial profile of polymers
annealed for short times has been confirmed by
the NR measurements of Reiter and Steiner [95]
also using very high molecular weight h/d-PS
bilayers. They suggested the form of the
refractive index profile, n(z), (where n is defined
in Equations 1 and 2) to be a superposition of
Rouse type motion described by a single
continuous  function together with a
discontinuous profile corresponding to reptation
of molecules over distances larger than their tube
diameter (see Figure 18):

n(z)= An [(1 _ p)(Z —erfc(—z-\]

Gc)

oe-ee(3)

1.00 | (@) 3

Rk‘ x10° (49

0.01 bt

®

Volume Fraction

Figure 17: Reflectivity Rk* versus k for a bilayered
sample of h and d-PS after annealing at 15 minutes
for at 155C. The open circles are the experimental
data and the solid line is a fit assuming an interfacial
profile shape shown in inset. (After Ref. [93])
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where An is the difference in refractive index
between h and d-PS, o, and o, are characteristic
interfacial width parameters and p determines
the percentage contribution of each of the error
functions. For annealing times greater than the
Rouse time, Tz, a t'"* dependence with interfacial
width is observed as predicted by theory. At the
reptation time, 1,, the time dependence became
Fickian and followed the t'? dependence
expected. For this latter process it is necessary to
follow the interface using other techniques such
as NRA or DSIMS since the interfacial width
becomes too large for the resolution of NR.

The early time interface profiles have also been
observed for h- and d-PMMA interdiffusion
[103]. Once again a complex interfacial profile
is invoked in order to fit the NR satisfactorily.
The interfacial widths obtained from the NR
profiles show three different time regimes. The
first jump in interfacial width corresponding to
the initial annealing, followed by an almost
constant interfacial width. At t~tg the interfacial
width increases with time with an approximate
*3 behaviour. These three phases of diffusion
mimic quite closely the theoretical predictions
shown in Figure 16.

Figure 18: Refractive index profile (solid line) used
to analyse the reflectivity data high molecular
weight hd-PS bilayers after short annealing
processes, following Equation 33. The two different
contributions of the interfacial profile are shown as
the dashed and dotted lines (After Ref (95]).
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Figure 19: Reflectivity profile of a dPMMA layer
on SCPE. The solid line represents the fit assuming
the interfacial profile described in (b). The interface
consists of a linear region on the dPMMA side and a
Gaussian tail stretching into the SCPE bulk.

So far only interdiffusion between polymers of
similar molecular weight have been discussed. If
the molecular weights are very different then as
may be expected this has a great effect on the
processes of interdiffusion. Fernandez et al [97-
99, 109] studied the partially miscible polymers
of dPMMA and solution chlorinated
polyethylene (SCPE), where the molecular
weight of the dPMMA was 5 times less than that
of the SCPE. Best fits to the data are obtained
when using a scattering length density profile of
a discontinuity on the dPMMA side of the
interface was coupled with a diffuse tail on the
SCPE side, see Figure 19. The fits to the data
show that after an initial broadening, the width of
the interface remains constant with annealing

time, but its position is seen to shift towards the
dPMMA side. This also corresponds to an
increase in the SCPE scattering length density
consistent with the idea of dAPMMA diffusing
into it. Further annealing shows that the
interfacial shift towards the dPMMA is much
slower. Three time regimes in interfacial
broadening are clearly observed, see Figure 20.
The behaviour of the polymers are dominated by
the differences in their mobility. In general, the
more mobile dPMMA swells the less mobile
SCPE causing the interface to shift towards the
dPMMA without an apparent large increase in
width. The changes in time dependence of the
interfacial width are consistent with the 1, of the
two polymers. Brochard et al [110] have
developed a theory for the shape and evolution
of the interface between two polymers of
differing mobilities. The theoretical and
experimental shapes are extremely close and
demonstrate once again the detailed structure
which can be obtained by NR.

Although much of the experimental work on
interfacial interdiffusion has validated many of
the proposed theories, little work has
concentrated on the effect of confinement on
thin film diffusional processes. The effect of
frustrated chain confinements near an initially
sharp interface are expected to lead to an extra
entropic driving force for polymer chain
interdiffusion especially for the early annealing
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Figure 20: Magnitude of the interfacial shift, Az, as
a function of square root of the annealing time. The
reptation times for dPMMA and SCPE are shown as
T and T, respectively (taken from Ref [99] ).
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Figure 21: Neutron reflectivity profiles (a) and
corresponding volume fraction profiles (b) obtained
from the fits to the data for a multilayer stack of
alternating layers d-PS and h-PS. The data
represents the sample as made (open circles), after 5
mins annealing at 185 C (closed circles), 55 mins
annelaing (open squares) and 135 annealing (closed
squares). Plots in both cases have been scaled for
clarity (from Ref. [112] ).

times [111, 112]. This added driving force is
conveniently expressed in terms of a
compositional wave vector, v (= 21/y, where y
is the wavelength of the compositional
fluctuations). In a isotopic multilayer polymer
system having an average degree of
polymerisation, N, and segment length, a, this
gives an enhanced diffusion coefficient [111}:

Na*v?
18

D, = D[l + )A(V) (34)

where D is the bulk diffusion coefficient and
A(v) is the Onsager coefficient. The equation is
valid in the regime where the compositional
wavelengths, y, are of the order of the radius of
gyration of the polymer. The benefit of using
multilayer stacked layers of isotopic polymers is
clear, since this enhanced entropic driving force
would be difficult to measure from a single
interface between a bilayer sample.

This approach has been applied to multilayer
thin film samples of isotopic PS by Jones et al
[111, 112]. By preparing multilayer samples of
alternating hPS and dPS of varying repeat
periods, the decay of the composition
fluctuations caused by interdiffusion between
layers can clearly be seen by the loss of Bragg
peak intensity in the NR profiles. By measuring
the Bragg peak intensity, for a specific
wavevector as a function of annealing time,
Ig(v,1), the effective diffusion coefficient, D.g,
can be obtained [112]:

I,(v.t) t
1,v,0) ”°XP['vsz] (33)

Using a sample of repeat period of 18 nm Jones
et al [111] observed a diffusion enhancement of
a factor of 10, in general agreement with
Equation 35. Figure 21 shows a typical NR
annealing series for a multilayer sample with
fundamental wavelength of 18.7 nm [112]. The
higher order Bragg peaks disappear at very short
annealing times, within t = Tz, and this is
thought to correspond to the entanglement
length of PS. Fits to the NR profiles using the
MaxEnt approach (see description above) are
shown in Figure 21. Ideal Bragg peak intensities
are calculated from Fourier transforms of the
d¢(z) profiles of Figure 21. Applying Equation 35
gives the values of D as shown in Figure 22.
Clearly, there is more than one diffusional
process occurring as indicated by the change in
gradient of D.(r) plot. This can be further
verified by measuring the interfacial width
between layers as a function of time. It is seen
(112] that the width varies as a power law
dependence, such that, w = '. For a sample with
fundamental wavelength of 18.7 nm annealed




for times much less than 1,, v changes from
0.065 to 0.18 for short and long annealing times,
respectively. The point of cross-over between
these two time regimes is also seen to be
dependent on the wavelength, Wy, with slow
diffusional behaviour persisting over longer
annealing times for smaller wavelengths. These
effects are in general agreement with the
theoretical contributions to interfacial broadening
arising from distribution of chain ends at an
interface [73]. Using such multilayer sample
geometries these NR results have added further
to the understanding of the diffusional processes
at short annealing times that would not be easily
seen using conventional bilayer samples. Much
more work in this area still remains especially
with samples of different length scales and using
annealing times approaching 7,.
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Figure 22: Effective diffusion coefficient, Dy, as a
function of time, ¢, obtained from applying Equation
35 to the data of Figure 21 (from Ref. [112] ).

7.3 Segregation Behaviour

It has already been shown that in isotopic blends
(a mixture of the deuterated and hydrogenous
polymer) the surface composition can be quite
different from that of the bulk. Multicomponent
polymer systems, in general can produce

radically different surface and interfacial
properties from those of the bulk and may be
dominated by even small amounts of
preferentially  absorbing  species.  These
segregation properties are of fundamental
interest, but perhaps of more practical
importance to applications where quantitative
control of the surface properties is vital. Surface
segregation phenomena are almost universally
observed in all multicomponent systems [19-23,
25, 27, 28, 30, 40, 113-128]. The fundamental
driving force for these effects is the difference in
surface energy. This is controlled by a balance
between the gain in surface energy due to
segregation and the loss of chemical potential
energy as a result of the demixing required to
form the surface composition gradient [27, 129-
146].

The effect of blending deuterated and
hydrogenous polymers has been well studied
[19-23, 25-28, 30] as mentioned in Section S.
The effect on symmetric blends, where both
polymers have a similar degree of
polymerisation, is that the lower surface energy
component in this case the deuterated species
segregates to the vacuum surface. In contrast,
however, to small molecules mixtures of for
example fluids or metals, where the effect is
confined to a few monolayers below the surface,
ie, roughly 1 nm, in polymer blends the length
scale of decay from the surface to the bulk
composition is determined by the size of the
polymer molecules, ie tens of nanometers.
Several depth profiling techniques such as
FRES, NRA, DSIMS and NR have been applied
to studying these segregation effects. However,
although all of the techniques can measure the
surface excess of the deuterated component only
NR has the resolution to discern the shape of the
near surface depth profile with which to test the
theoretical predictions.

Mean-field theories for surface segregation [129,
131] predict that the concentration depth profile
can be described in terms of the Flory-Huggins
free energy of mixing, G(¢), and the exchange
chemical potential, Ay, such that:
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where a is the statistical Kuhn segment length,
“and ¢, and ¢_ are the surface and bulk volume
fractions of the deuterated polymer, respectively.
Fits to the reflectivity data for a d/h-PS blend can
be described adequately using Equation 36.
However as shown in Figure 23, there are small
but significant discrepancies between the
theoretical prediction and measured data [114].
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Figure 23: (a) Rk* as a function of k for a 15% d-PS
blend after 7 days annealing at 184C. The dashed
line is the best fit to a mean field theory as shown in
(b). The solid line is best fit assuming the trial
function of Equation 37. The difference in the
volume fraction profiles are shown in (b) (from Ref
[114]).

The reflectivity is very sensitive near the critical
edge to the shape of the near-surface dPS
concentration profile, due to the increased
scattering length density profile causing an
effective potential barrier through which
neutrons tunnel leading to frustrated total

reflection [114). Better fits to the data in Figure
23 are found when trial functions are used of the
form [114, 128):

]
o=, 0o {£) |re. @

where A is the characteristic decay length and P
is a constant. From fits to the data using
Equation 37, a decay length of 23.7 nm is
obtained [114). The fact that there are
discrepancies between theory and data indicates
the power of NR to test theoretical predictions.
By making the films thinner the influence of the
substrate on segregation effects in addition to the
surface can also be studied using NR.
Segregation of the dPS to Si substrates is
controlled by the presence or absence of the
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Figure 24: (a) Neutron reflectivity data (squares)
for a blend of PB and d-PS containing 53.7% by
volume of d-PS. The solid line is the fit to the data.
(b) Volume fraction-depth profile obtained from
NRA (circles) over-plotted with the fit to the neutron
reflectivity profile after convolution with the
resolution of the NRA instrument (from Ref. [122] ).



native oxide layer present on Si surface. When
the oxide is present segregation of dPS from an
isotopic PS blend to both the vacuum and Si
substrate interfaces is observed by DSIMS [28].
A greater excess of dPS is observed at the Si
substrate than the vacuum surface. By removing
the native oxide using a HF etch no segregation
to the Si is observed. The mechanism controlling
this segregation behaviour is not fully understood
at present.

The effect of the presence of a surface on
miscible blend phase separation behaviour is
dramatic. Spinodal decomposition of blends in
such systems no longer follows bulk behaviour
where the spinodal composition waves have
randomly oriented wave vectors. Instead the
surface provides the front from which the
composition waves propagate with wave vectors
normal to the surface [25]. This surface directed
spinodal decomposition effect has been studied
most widely using isotopic blends of
poly(ethylene-co-propylene) (PEP) [25, 147,
148]. A critical film thickness is apparent below
which the early time spinodal wavelength
changes to adapt to the film thickness [147].
Surface directed spinodal decomposition has also
been observed for blends of miscible or partially
miscible polymer pairs [125, 149-151], as well as
highly immiscible blends {122, 152], where the
spinodal decomposition is triggered by the
solvent evaporation in the casting process rather
than a temperature quench.

Geoghegan et al [122] showed that for a blend of
dPS-PB the substrate and vacuum interfaces are
rich in dPS. Depth profiling was measured using
both NRA and NR. Fits to the NR data
convoluted with an instrumental resolution
function can be over-plotted onto the NRA data
and show a high degree of correlation (see Figure
24). The interfacial profile between the
immiscible dPS and PB polymers was fitted
using an error function with a characteristic
width of 1 nm compared to a theoretical value of
1.3 nm [76, 79] using:
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Figure 25: Experimentally determined relative
enhancements ,R. =¢, ~¢_/0_., of d-PS at the

air-polymer surface as a function of the degree of
polymerisation of h-PS (from Ref [27] ).

which is the modification of Equation 24 [76] to
account for finite molecular weights and
polydispersity [79]. Even without inclusion of
capillary wave effects the experimental profiles
determined by NR are in excellent agreement
with theory.

This study was based on an asymmetric polymer
pair, where the effects on surface segregation
can be dramatic. The surface energy, E;, is
molecular weight dependent such that [122],

E =c +c, /M}f , where c; and c; are constants.

For asymmetric polymer pairs the lower
molecular weight species will therefore have the
lower surface energy and segregate preferentially
to the air surface. The effect has been observed
for chemically distinct polymer pairs [122] and
isotopic PS blends [27]. In the latter study the
normalised volume fraction of dPS at the surface
obtained from fits to NR profiles, shows both
surface excess and depletion as a function of the
molecular weight of the hPS (see Figure 25).

The addition of an end group onto a polymer
chain is sufficient to drive substantial adsorption
of these end functionalised (EF) polymers from
a blend of conventionally terminated polymer to
both the Si interface [119, 153-156] and/or



1.0'vﬁ'*1"**1—*"'1“*‘1*"*7" '*
08
% 06
§
20.4
-
o
>
0.2
O.OPA...l.A,Ll..L‘l..A.l.A_‘Al.ALA
0 100 200 300 400 500 600
Distance from Interface (4)
Figure 26: A comparison of the reflectivity

measured profile (solid line) for a blend of end-
functionalised d-PS and h-PS with the self-consistent
field theory for polymer melts, as described in the
text ( from Ref [153]).

vacuum surface [124, 156]. The functionality of
the end group plays the dominant role in this
segregation process. In the same manner as
isotopic substitution creating segregated layers,
the surface excess amounts of these segregated
EF polymers create extended layers from the
interface. Indeed, the composition profiles of
films of purely EF polymers is oscillatory in
nature due to the connectivity between end
groups and the polymer chain. Since the
integrated composition of end groups over the
polymer chain length must equal the bulk end
group composition then the adsorption layer must
be followed by a depletion layer [124]. This
behaviour is easily observed by attachment of
deutero-styrene monomers adjacent to the EF
group. Using such an isotopic substitution
scheme for PS, high surface energy carboxylic
acid end groups are seen by NR to give a surface
depleted in dPS, but enriched at the Si, with the
oscillatory composition behaviour resulting from
it [124]. If the end group is a low surface energy
fluorosilane then the vacuum surface is enriched
with this EF group while the Si surface is
depleted of them. Again an oscillatory
composition behaviour is observed from the fits
to the NR data. The oscillatory composition

27

profile is damped, so that the composition of the
bulk film is homogenous. The periodicity of the
oscillations from the Si substrate are consistent
with the R; of the PS used and independent of
end group. However, the periodicity at the
vacuum surface is end-group dependent. The
fluorosilane terminated PS has a half-layer
thickness of 3.9-4.2 nm, and 3.3 nm for the
carboxy-terminated PS, compared to the Rg of
these polymers of 2.9 nm [124]. The difference
can be explained in terms of chain extension and
packing. The fact that the end-groups are
deuterated does not in this case affect the
segregation behaviour since this effect is small
in comparison to the influence of the end groups.

When adsorption on a surface from a blend
occurs in the melt via an end group, the end
tethered chains can be described to have formed
a brush. The nature of these brushes is an ideal
situation for study using NR. The extent or
height of the brush is controlled by the degree of
polymerisation of the adsorbing and matrix
polymers and the density of adsorbing ends per
unit area of interface (the areal density). Two
extreme cases of brush are recognised. A ‘wet’
brush occurs when the matrix polymer molecular
weight is considerably less than the adsorbed
polymer, and consequently there is a high
concentration of matrix polymer in the brush
[157]. If however, the matrix chain molecular
weight is increased considerably little
penetration of the matrix into the brush occurs
giving a ‘dry’ brush. Using a deuterated end
functionalised PS (EF-dPS) in a blend of normal
PS, the EF-dPS segregates to the Si substrate
interface [153]. NR fits to the data are fitted
using a functional form for the dPS profile given
by [153]:
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Figure 27: Volume fraction profile of PS and
PMMA homopolymers (thin line), the PS and
PMMA segments of the copolymer (dashed line) and
the total PS and PMMA segments summed over all
the homopolymer and respective blocks of the
copolymer (thick line). The shaded region is the
uncertainty in the homopolymer volume fraction
profiles. (From Ref. [175] ).

where ¢, is the value of ¢ at A, ¢o and ¢; are
interfacial volume fractions, Ay is the error
function offset, A is the error function width and
Amax is the position of the maximum. These
profiles for the brush shape obtained from fits to
the NR data are similar to predictions by self-
consistent field (SCF) theories (see Figure 26).
The SCF theories take into account both the
adsorption energy of the adsorbing chain and also
the interfacial interaction parameter [153].

A characteristic feature of the profile is a peak
displaced a few nanometers from the surface. No
such maximum in the ¢4ps near surface depth
profile is observed for fluoro end-functionalised
dPS, where the segregation creates end-tethered
chains at the vacuum surface. The driving force
is the lower surface energy of the fluorinated end
groups. Fits to the NR data used both free-form
maximum entropy and also functional form
fitting of the form [156]:

¢(z)=¢-+(ﬁ§1=11+M(2(";‘m (40)

where z, and w are the brush height and width
parameters respectively. The brush heights
obtained from fits to the NR data are 1.5 times
greater than the dry brush predictions of SCF
theory, although the variation in surface excess,
surface volume fraction and near surface depth
profile are consistent between experiment and
theory.

7.4 Copolymers At Immiscible Homopolymer
Interfaces

Technological interest in polymer blends derives
from the potential combination of the properties
of individual homopolymers. However, most
pairs of polymers form immiscible blends due to
the low entropy of mixing of the high molecular
weight molecules. The interface between phases
of such polymer blends as described above are
sharp with only a small extent of
interpenetration of molecules. Such interfaces
are therefore weak, ultimately leading to a
failure in the mechanical properties of the
polymer blend due to poor adhesion between
phases. It is however, widely known that
presence of block or graft copolymers can to
some degree alleviate these problems [158-170].
The copolymers segregate to the interface where
each block penetrates into 1its respective
homopolymer, forming entanglements with
polymer chains from both phases. Due to the
covalent bond between the copolymer blocks the
effective increase of entanglement density across
the interface improves the adhesion. As a result
the interfacial tension is reduced [81, 135, 167,
171, 172] leading to a reduction in phase
dimension [160, 163, 168, 169, 173]. Therefore
knowledge about the distribution of the
copolymer at the interface is vital in
understanding how copolymers compatibilise
immiscible homopolymer blends. NR has shown
that with its excellent depth resolution it is an
ideal technique for revealing in detail the
segment distribution at the interface [109, 170,
174-176). For diblock copolymers segregated at
highly incompatible polymer blend interface, the
junction point between the copolymer segments



are expected to be found [135, 172, 177-179]) in a
thin interfacial layer with extension of the block
into the respective bulk phases creating two
‘brushes’. As mentioned above, depending on the
ratio of copolymer to homopolymer molecular
weights two extreme cases of ‘wet’ and ‘dry’
brushes could exist.

Using an extensive selective deuteration labelling
scheme Russell and co-workers [175] were able
to show the distribution of a P(S-b-MMA)
copolymers at an interface between PS and
PMMA homopolymers, in addition to its
individual block segment distributions. The
samples were prepared by sandwiching thin
layers of copolymer between the PS and PMMA
homopolymers and annealing for greater than 5
days at 170 C, before the NR measurements were
made. Four different deuterated samples were
measured keeping everything else such as layer
thicknesses and molecular weights the same. The
NR data were fitted assuming the copolymer was
segregated only at the interface and has Gaussian
interfacial profiles. The interfacial profile of the
total PS and PMMA segment distributions were
fitted assuming a hyperbolic tangent function as
expected from theoretical predictions for the
interface without copolymer. By fitting all these
four sets of data the composite volume fraction
profiles in Figure 27 are obtained.

The exceptional spatial resolution which the
distribution of the copolymer and homopolymers
are obtained from the NR data is clear. From
these data it was seen that the width of the PS-
PMMA polymer interface including the
copolymer segments is 7.5 nm. This is 25%
larger than the interfacial width obtained in the
absence of copolymer which was 5.0 nm [16, 74]
(see above). This broadening is consistent with
the observation that there is seen to be significant
overlap of the homopolymers in the interfacial
region and is responsible for the reduction in
interfacial tension [164].

The area per copolymer chain at the interface can
be calculated from the copolymer interfacial
distribution [175]:

Mp ' +M, Pr
N, | o.dz

= (41)

where M; is the molecular weight of block i with
mass density p; and the integral is the integrated
copolymer concentration at the interface. For the
degrees of polymerisation of copolymer block
(M) and homopolymer (P;) in this study it is
seen that N, = PY¥*and Z/a’ <N)?, where a
is the average statistical segment length. This
means that the system should conform to the dry
brush case (177}, which is clearly in
contradiction to the observations above which
found extensive homopolymer interpenetration.

A study of the influence of the thickness of a
P(S-b-MMA) copolymer layer on the interface
between PS and PMMA has been performed
using NR [176]. The interfacial widths obtained
from fits to the NR data assuming a bilayer
model and an error function interfacial profile
are shown in Figure 28. In the absence of
copolymer the width has been measured to be
50 nm [16, 74]). As seen previously the
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Figure 28: Interfacial width, w, between the PS and
dPMMA segments as a function of the thickness of
the P(S-b-d-MMA) layer placed between the two
homopolymers. The vertical dashed line corresponds
to the thickness of the half period of the lamellar
microdomain morphology of the diblock copolymer
in the bulk (from Ref. [176] ).



interfacial width broadens in the presence of
copolymer, increasing slightly with increasing
thickness of copolymer layer, f.. However, there
is a discontinuity observed in the behaviour at the
copolymer layer thickness of = 25 nm, where the
apparent interfacial width becomes very large, >
25 nm. At the discontinuity, the thickness, ¢, =
L2, where L is the period of copolymer
microdomain lamellar in the bulk. When the
copolymer layer thickness exceeds = L/2 then the
interface becomes saturated with copolymer and
additional copolymer microstructures are formed
either side of the interface [135, 180, 181] and
care must be taken in the interpretation of the
results [174, 176, 180]. Using the NR data
measured these additional microstructures can
not be distinguished from the possible interfacial
curvature resulting from the vanishing interfacial
tension caused by the copolymer [167, 176].
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Figure 29: (a) Neutron reflectivity profiles of a d-
PS-b-PVP diblock copolymer at the PS-PVP
homopolymer interface together with the bet fit to the
data (solid lines). The best fit is shown as a scattering
length density profile shown in (b) (from Ref.erence
[174]).

By mixing the copolymer with the
homopolymers before bringing the
homopolymer layers together a more realistic
equilibrium picture of copolymer interfacial
segregation can be achieved [174, 180, 182].
Using this sample preparation approach a
number of studies of the PS and poly(vinyl
pyridine) (PVP) and P(S-b-VP) copolymer
system has been made using both forward recoil
spectroscopy [182] and NR [174]). Dai et al
[174] showed that from hyperbolic tangent
interfacial profiles fits to the NR data the bare
PS-PVP homopolymer interface has an
interfacial width, w = 3.4 nm. This compares to
a theoretical values of 1.66 nm determined using
the Broseta modification [79] of the Helfand and
Sapse theoretical width [76] (Equation 38).
However, the difference can be reconciled by
inclusion of capillary waves following as seen
above {26, 77] using Equations 25 and 29. At
equilibrium the copolymer is found to segregate
to the PS-PVP interface [135, 174] and the exact
distribution of the deuterated block of the
copolymer has been obtained using NR as a
function of the bulk volume fraction of
copolymer in the homopolymer, ¢.., see Figure
29.

The segregation isotherm, a plot of copolymer
interfacial excess, z;, as a function of
copolymer volume fraction in the bulk
homopolymer, ¢.., is obtained by evaluation of
z; , from:

(42)

N
== (s @~ Gurs () )iz
dPs

The segregation isotherm obtained from the
evaluation of fits to the NR data using Equation
42 can be adequately described by theory [135,
179]. The interfacial copolymer volume fraction
profile shows a slight discrepancy between the
self consistent mean field (SCMF) calculations
[135] and NR evaluated data, since the SCMF
theory predicts slightly sharper interfacial
widths. By convolution with a Gaussian
resolution function the SCMF prediction falls



exactly on the measured profile. As the amount
of interfacial copolymer increases the interfacial
tension between the homopolymer phases
decreases, such that [182]:

P M .
Y=Y - zidu (43)

where L is the calculated chemical potential from
SCMF theory, Yp is the interfacial tension in
absence of copolymer, and p and N, are the
segment density and degree of polymerisation of
the copolymer. From Equation 29 it is seen
therefore that as the interfacial tension decreases
with increasing amount of copolymer at the
interface, this leads to an increase in capillary
wave amplitude. These measurements which test
the relevant theories are only possible with the
excellent resolution that NR provides.

7.5 Diblock Copolymers

The microdomain morphologies of diblock
copolymers in the bulk has been studied
extensively using both scattering and optical
techniques (see for example Reference [183]). In
thin film geometry the ordering is strongly
influenced by the interactions with the surfaces.
An oscillatory concentration depth profile is
expected perpendicular to the surface due to the
segregation of the chemically distinct but
molecularly connected segments of the
copolymer [184, 185]. Diblock copolymer
ordering has been studied on pure copolymer
films on silicon [16, 186-190] or confined
between solid walls [191-193] and also in the
presence of solvent [194] or homopolymer [195,
196] and reviewed recently in Reference 75.
Only with the use of NR measurements has the
full detail of such diblock copolymer ordering
phenomena in thin films been possible to
evaluate experimentally.

In the bulk, symmetric diblock copolymers
undergo a weak ordered to disordered phase
transition from ordered lamellar morphology to a
phase-mixed morphology [197,198] at a
temperature Topr. This occurs when the
relationship, YN = 10.5 is satisfied [199].
However, near an interface the preferential
segregation of one of the copolymer blocks to an
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interface induces an ordering of the phase-mixed
copolymer far from Topr [187, 188]. Since  is
in most cases inversely proportional to
temperature, then by heating a sample the
copolymer is forced from an ordered to
disordered state. By selective deuteration of one
of the blocks of the copolymer this temperature
dependent ordering of symmetric diblock
copolymers of P(S-b-MMA) has been studied
using NR measurements by Menelle er al [188].
In the fully ordered state the copolymer is seen
to form lamellae parallel to the Si surface with a
lamellar period of Ly. The PMMA segments
segregate preferentially to the Si surface and the
PS segments to the air surface. The PMMA layer
at the Si surface is only half the thickness of the
lamellar repeat period, ie Ly/2 [16, 87-189, 190].
A typical NR profile obtained from these well
ordered films is shown in Figure 30. Several
orders of Bragg reflections are observed which
indicate that lamellae are formed parallel to the
Si and air surfaces. The Bragg peaks have
narrow widths indicating that the lamellar layer
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Figure 30: (a) Neutron reflectivity profile of an
annealed thin film of P(d-S-b-MMA) diblock
copolymer. The solid line is the fit to the data shown
in (b) (from Ref. [16] ).



thicknesses are very uniform. The lamellar
thickness can be calculated from the position of
the first Bragg peak using the Bragg Law [200]:

) (9p -4 A

L,) | 4
where g, and g, are the positions of the first
Bragg peak and the critical edge, respectively.
Fits to such NR profiles indicate that indeed the
lamellar are very uniform in thickness with
interfacial widths between PS and PMMA

segments of 5.0nm for all the copolymer
molecular weights measured [16].

(44)

As seen before this value is slightly larger than
the theoretical value of 4.0 nm calculated from
SCMF theory [77], but can be accounted for by
inclusion of capillary waves (see above). By
partial deuteration of small segments of either
one end of one copolymer chain or those adjacent
to the junction point, a very detailed study of
chain configuration in well ordered films is
possible using NR [189, 190]. The chain ends are
found to be well distributed within the
corresponding domains with a weak maximum in
distribution occurring at the domain centres. The
junction points are strongly segregated to the
interfacial region. The volume profiles from
results of these NR measurements fit exactly to
independent predictions from SCMF theory [77].
If such well ordered films are annealed at
increasingly higher temperatures the high order
Bragg reflections are gradually lost and the first-
order reflection broadens and diminishes [188],
which is consistent with a disordering of the
lamellae. However, as fits to the NR data show,
not all the ordering is lost even when well above
Topr [187, 188] and near the surfaces lamellae
still exist. This ordering is damped so that in the
bulk of the film a homogeneous scattering length
density is observed indicating a disordered
copolymer morphology [188]. Fits to the
reflectivity data (see Figure 31) can be described
using a volume fraction profile for the PS
segment as a combination of two exponential
decaying oscillatory functions:
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¢ps (2) =
45)

2 [2n(E-
.8 5 COS[ R(L Z)]] ¢rs

where ¢, and ¢, are the air and silicon excess
concentrations of PS,  is the decay length of the

damping, L is the average lamellar period, E is
the total copolymer film thickness and ¢, is

the average concentration of PS in the
copolymer. The fits to reflectivity are extremely
sensitive to these parameters. Except for the
highly ordered state, L is not constant within the
thickness of the film and varies with an

empirical form given by:
E-z
46
E )] “o

L(z)=L+AL sin[2n(
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Figure 31: Neutron reflectivity profile (a) and

scattering length density profile fit to the data (b) for
a symmetric thin film of a P(d-S-b-MMA)
symmetric diblock copolymer annealed at 185C
(from Ref. [188]).



where AL is found to be = 3.0 nm. In addition,
the first-order Bragg peak intensity is very
sensitive to the magnitude of &. The values of &
and L obtained from NR agree extremely well
with the values predicted from theory [184, 187].
As from Equation 45 for all temperatures there is
partial ordering of the copolymer. However, as
the temperature decreases & — o at which point
the copolymer becomes fully ordered [188). This
transition temperature, T_, is inversely
proportional to film thickness. For these P(S-b-
MMA) diblock copolymers as E— oo, T_ is seen
to asymptote to a value of T = 157.7C which
corresponds to the value of Topr for a bulk
copolymer specimen.

So far copolymer films have been described
where lamellae formation occurs with each
surface adsorbing a different component. These
films are called asymmetric films [108]. A
symmetric films results when the same block
segregates to  both surfaces [186].
Incommensuration of the copolymer layers
occurs for film thickness, E, and natural lamellar
period, Ly, if E # nLy for symmetric films or E #
(n+Y2)Ly for a asymmetric films. These effects
can be accommodated in films where E is large
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Figure 32: Schematic representation of a diblock
copolymer multilayer with preferential segregation of
one block to both the substrate and the air interfaces
(antisymmetric segregation). The frustration between
total thickness and number of lamellae results in step
formation at the air surface (from Reference [191] ).
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since the incommensurate thickness can be
distributed among the large numbers of lamellar.
However, for the case of asymmetric thin films
where E # (n+%)Lo the constraint is relieved by
formation of islands or holes on the free surface
with a height of Ly (see Figure 32). Fits to NR
profiles of such P(S-b-MMA) symmetric diblock
copolymer thin films show that the
experimentally determined lamellar period, L,
also varies about the expected bulk value Ly as a
function of the layer thickness, E [191). If such a
P(S-b-MMA) copolymer film is coated with a
thick Si oxide layer (buffered by a very thin high
molecular weight PMMA layer to prevent
damage to the copolymer during sputtering of
the oxide) the copolymer is then confined
between two solid walls. In this case the PMMA
preferentially adsorbs to the Si surfaces giving a
symmetric film. In such films terrace formation
is suppressed [192, 193, 201] and development
of the period Ly for parallel multilayer lamellar
formation is frustrated.

A perturbed period, ie L#Ly, is formed for
thicknesses E # nLy. As a function of E, L the
measured lamellar thickness determined from
NR measurements also oscillates about the value
of Ly as seen for the asymmetric films.
Examination of the NR profiles from these
symmetric films shows that the third-order
Bragg reflection shifts to lower g, as E/Ly, the
reduced film thickness increases [191-193]. As
can be seen from Equation 44, this indicates that
the copolymer period increases with increasing
film thickness. However, further increases in
E/Ly results in a pronounced growth in a
shoulder of the third-order Bragg reflection as
higher gq,’s, which eventually replaces the peak
at smaller ¢q,. A plot of the thickness divided by
the measured period (E/L) as a function of the
thickness divided by the equilibrium
period(E/Ly) is shown in Figure 33. Clearly the
number of measured layers, ie E/L, is always an
integer, whereas the number of periods, ie E/Ly,
goes through a transition at half integer values of
E/Ly. This corresponds to the point of maximum
frustration for the lamellar layers and the
number of layers abruptly changes by one. This
discretely changing step behaviour persists over
a large range of thickness, but diminishes with
increasing number of layers [75, 193]. Detailed



fits to the reflectivity data reveal that the
interdomain widths between the PS and PMMA
phases, w, varies as a function of L. When L/Ly <
1 the multilayers are compressed and w is seen to
be less than the calculated equilibrium
unperturbed value. Conversely, when the layers
are expanded (L/Lo > 1) the width is slightly
larger than the unperturbed value [75]. These
variations in L contradict SCMF theory [185,
202), which predicts a constant value. Russell
proposes that the capillary amplitude is
suppressed or increased in the compressed or
expanded layers, respectively, leading to changes
in capillary wave amplitude, wy, and hence w
(see above, Equation 25).
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Figure 33: Number of periods confined between two
solid surfaces, E/L, for a P(d-S-b-MMA) diblock
copolymer, as a function of the reduced film
thickness, E/L, (from Ref. [75]).

Work is currently focusing on controlling the
orientation of the copolymer microstructure.
Attempts have been made to produce
perpendicular alignment between solid Si
confining walls by coating these surfaces with
random P(S-r-MMA) copolymers. At the point of
maximum frustration a perpendicular orientation
is predicted since there is no preferential
adsorption [203]. From NR measurements the
total loss of the third-order Bragg reflection at a

reduced thickness E/Ly = 2.52 together with loss
of intensity in the first-order peak indicates some
copolymer is ordered in directions other than
parallel to the walls. SANS from this sample
confirms it is due to the presence of
perpendicular copolymer alignment [192].

8. CONCLUSIONS

This article has briefly reviewed the technique of
neutron reflectivity together with some
highlighted aspects which make it such a
powerful tool in the hands of polymer scientists.
A review of some areas to which reflectivity has
been applied has shown that the technique has
made and continues to make significant
contributions to the understanding of polymers
at surfaces and interfaces. The ability to
selectively label sections of molecules or whole
molecules in conjunction with the sensitivity of
neutron reflectivity has permitted investigations
of phenomena which are not possible by any
other technique.
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