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Abstract

Over the last few years reflectivity methods have emerged as key tools for the investigation of polymer surfaces and
interfaces. The high spatial resolution of these techniques, of the order of 5 A, has provided a means of probing density
gradients in polymers on a submolecular level. This resolution, coupled with selective labeling of all or parts of polymer chains
has permitted the examination of polymers at surface and interfaces with unsurpassed detail. Herein, a brief review is given
on the basic principles of reflectivity, a discussion of some of the areas where reflectivity has made an impact in polymers and
a review of a systematic series of studies on block copolymers which serve as an ideal example to emphasize the strengths of
reflectivity and how reflectivity can be used to extract detailed information on a specific problem.

1. Introduction

Over the past few years neutron and X-ray reflectivity
have emerged as powerful tools for the investigation of the
interfacial behavior of polymers. As testament to this, over
the past eight years the number of publications per year
where neutron reflectivity has been used has increased by
an order of magnitude. In the case of X-rays, this number
has quadrupled. Neither technique is new. X-ray reflec-
tivity has been used for quite some time to investigate
the surface roughness of materials and neutron reflectiv-
ity was used, initially, to determine the scattering length
density of materials by the location of the critical an-
gle. However, nearly a decade had past since the pi-
oneering studies of Hayter and coworkers [1-3] using
neutron reflectivity and Segmiiller and coworkers [4, 5]
using X-ray reflectivity to investigate the structure of
Langmuir-Blodgett films in the early eighties before the
true power of these techniques for the investigation of
polymeric materials was realized. This delay, particularly
in the case of neutrons, can be attributed to two principal
factors. The first is the availability of sources and instru-
mentation where such measurements could be made. The
second was the realization that polymeric films could be
prepared smooth enough to utilize the high spatial res-
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olution of the techniques. However, once these barriers
were overcome, the use of these techniques has expanded
enormously. In the United States alone there are currently
nine neutron reflectometers available with several more
under construction. In the case of X-rays, standard sealed
sources can be used to this end, so that the number of
X-ray reflectometers is, more than likely, in the hundreds.
Since this surge in the use of reflectivity techniques, sev-
eral comprehensive reviews have appeared on the subject
[6-10].

This article is not meant to be a comprehensive review
on the use of X-ray and neutron reflectivity for the investi-
gation of polymers. Rather, some of the basic principles of
reflectivity will be discussed, emphasizing some of the ad-
vantages and disadvantages of X-rays and neutrons. A brief
overview of some of the areas in polymer science where
reflectivity has been used decisively will be given . Then,
one area in polymers will be discussed in detail where the
power of X-ray and neutron reflectivity has been brought
to bear. In particular, the behavior of thin films of diblock
copolymers will be discussed where a series of studies have
been undertaken to elucidate the morphology, ordering and
transition behavior of these molecules in the vicinity of a
surface. These studies serve as excellent examples showing
the detail that one can extract from reflectivity, as well as,
its limitations.
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2. Reflectivity

In any scattering or reflectivity measurement it is neces-
sary to have contrast between the species of interest and the
surrounding medium. One can think of this as a variation in
the refractive index n, where, for X-rays and neutrons, we
can [11] write

n=1-=4§+ip, (1)

where J is the real part of the refractive index and f is the
imaginary component which accounts for absorption. In the
case of X-rays,

ox = A’ paro/2n (2)
and
ﬂX = [,1/1/47I, (3)

where / is the X-ray wavelength, p the electron density,
ro the classical electron radius (2.82 x 107> cm) and u the
linear absorption coefficient. In the case of neutrons, for
nonmagnetic materials, fy = 0 and
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where p is the mass density and Mpen the molecular weight
of a monomer unit having a scattering length of by, Which
is a sum over all nuclei in the monomer. One point needs to
be made concerning the f for both X-rays and neutrons. The
absorption depends, in the case of X-rays, on the interaction
of the incident photons with the electrons in the sample,
whereas for neutron, it is the interaction of the neutrons
with the nucleus. The absorption cross-section for X-rays is
much greater than that for neutrons. However, one should
realize that, experimentally, it is the total absorption cross-
section that is of importance. Therefore, a strongly scattering
sample or a sample with a large incoherent scattering cross-
section will effectively attenuate the radiation as well. In the
calculation of the reflectivity, this would have to be taken
into account in f.

For both X-rays and neutrons, contrast, or differences in
the refractive index, can arise from variations in the mass
density. In general, the range in mass density for polymers is
small and the contrast, strictly from mass density variations,
is not large. For X-rays the contrast is provided by the pres-
ence of higher atomic number elements where the number
of electrons per unit volume can be large. With neutrons,
on the other hand, the scattering length does not vary in a
systematic manner with atomic number [12]. In fact, one of
the largest differences in scattering lengths is that between
two isotopes, the proton and the deuteron. The scattering
lengths for deuterium and hydrogen are —0.374 x 10~ "2 ¢m
and 0.667x 10~ "2 cm, respectively. This large difference in

the scattering lengths provides a unique means of labeling
polymer molecules with minimal perturbation to the ther-
modynamics. For completeness it should be noted that, for
magnetic materials, the nuclear spin can provide contrast
when a polarized neutron beam is used. In general, though,
this is not of great importance for polymers.

The complex part of the refractive index highlights an
important difference between X-ray and neutron reflectivity.
Here one is concerned with the absorption of the radiation
by the sample. Consider two specific elements, namely car-
bon and silicon. The linear absorption coefficients of car-
bon are 0.0005 cm™! and 15.2 cm ™", for peutrons (4 ~ 3 A)
and X-rays (A ~ 1.5A), respectively, whereas in the case
of silicon, the respective linear absorption coefficients are
0.004 and 141 cm™'. Thus, it is evident that neutrons are
much more penetrating than X-rays. As a result, using neu-
tron reflectivity one can easily examine interfaces that are
buried well within a sample, the structure of a polymer that
is confined between two solid surfaces or the absorption of
a polymer from solution onto a substrate. The fact that neu-
trons can pass through centimeters of a material without a
substantial loss in flux is of tremendous value in the design
of sample cells where in situ measurements are desired.

In vacuum, the component of the wave vector normal to
the surface is given by

koo = 2—” sin 6, (3)

where 6 is the grazing incidence angle. The subscript z de-
notes the direction normal to the surface of the film and the
subscript O denotes vacuum. If the reflected X-rays or neu-
trons are measured at an angle equal to the incidence angle,
the diffraction vector is oriented normal to the surface, i.c.
in the z direction. In a medium with a neutron scattering
length density p° (in the case of X-rays p° is the product of
o times the electron density), the scattering vector in the
medium is modified such that
2,172

kei = (koo — 4np*) 7 = (k2o — &) (6)

where k. is the critical scattering vector which is given by
ke = (26)'"2.

It is the change in the refractive index or scattering vector
from one medium to another that gives rise to reflectivity.
This may occur at an interface between two dissimilar ma-
terials or from a continuous change in the scattering length
density. In either case, a gradient in the scattering length
density is required to reflect the radiation. The reflection co-
efficient at an interface between two media, 7 and i+1 is
given [13, 14] by

kZ.l - k:,iJrl

_ 7
kz.1+kz‘i+l ( )

Fiivl =
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The reflectivity R is then given by
R=rr", (8)

where #* is the complex conjugate of r.

Consider a film on a substrate having a thickness ¢ and
uniform scattering length density. Here, there are two step
changes in the reflection coefficients, at the air/film and
film/substrate interfaces, separated by a distance d. The re-
flection coefficient of the sample, in terms of the reflection
coefficients at the substrate/sample interface, 71 2, and at the
sample/air interface, rg 1, can be written as

_roa +roexpik.d)

= . 9
T T roir2 exp(Rikd) ®
The reflectivity can be shown to be

2 2
2 +2 2k 1d
Rk o) = oy T ria ro.171.2 €08(2k- 1d) (10)
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From Eq. (10) it is seen that, for a single film, the reflectivity
profile as a function of &; ¢ will contain oscillations that are
characteristic of the total film thickness. In fact, since the
refractive indices for X-rays and neutron are only slightly
less than unity, the film thickness is given by n/Ak; | . This
represents a great advantage in comparison to techniques like
ellipsometry where a precise value of the refractive index is
needed to determine the film thickness.

The case of a homogeneous film on a substrate is one
where the reflectivity can be solved analytically. In most
situations one is dealing with a sample which has a contin-
uous variation in the scattering length density and a simple
analytic solution of the reflectivity does not exist. In addi-
tion, due to the loss of phase information, it is not possible
to invert a reflectivity profile to determine the concentration
gradients in the sample. Recently, there have been some ad-
vances made in the attempt to directly invert reflectivity data
[15-20], though they have not, as of yet, been used exten-
sively. Generally, one assumes a model concentration profile
to calculate the reflectivity profile and compares this with
the measured reflectivity profile. This represents one of the
major disadvantages of reflectivity. The final model that one
develops may or may not describe the actual concentration
profile in the sample. In fact, many different models may
be able to describe the same reflectivity profile! This under-
scores the need to couple reflectivity with other techniques,
like X-ray photoelectron spectroscopy, dynamic secondary
ion mass spectrometry or forward recoil spectrometry, to
arrive at the proper concentration profile.

If it is assumed that one has a reasonable model of the con-
centration profile as a function of depth, then one calculates
the reflectivity profile by converting the continuous function
into a histogram where the step size in the histogram is ar-
bitrary but sufficiently small to give a good approximation
to the continuous function. Then, using Eq. (10) a recursion

relation can be used to calculate the reflection coefficient of
the n-layered histogram {21, 22]. For the first layer between
the n and n—1 interface the reflection coefficient is

rr,lfl.n + rrlz,n+1 exp(2id k)
Fa—ln = yE— - , (1)
L7l exp(2idak,)

ton' non+

where the prime denotes the reflectances at the respective
interfaces given by Eq. (7). Using this reflection coeflicient,
the reflection coefficient of the next layer is given by

4

rn—Z,n-l + Faelin exp(zidnvlkn,])
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(12)

Pn—2,n—1 =

Using this recursion relation one proceeds stepwise through
the histogram calculating the reflection coefficient for each
layer, finally ending with the reflection coefficient at the
0,1 or air/sample interface. Since the reflection coefficient
of each layer is dependent upon the reflection coefficients
of the underlying layers, the reflection coefficient at the 0, 1
interface is that of the entire sample. Then, using Eq. (8), the
reflectivity is calculated. Deviations between the calculated
and measured reflectivity is minimized by systematically
varying the scattering length densities and widths of the
layers in the histogram.

An alternate means of describing the reflectivity that has
been pioneered by Als-Nielsen [23] and coworkers is to
write the reflectivity as

4 2
R(k-0) = :TC /p’(z)exp(Zik;oz)dz s (13)
2.0

where k. is the critical scattering vector and p’(z) the nor-
malized density gradient in the sample. The prefactor for the
integral in Eq. (13) is the Fresnel reflectivity, This is the re-
flectivity that would be found if all the interfaces were sharp.
At large k.o, the reflectivity varies by the inverse fourth
power of k. ¢ which is analogous to Porod’s law in small
angle scattering. If the interface is rough, then one will get
deviations from this behavior. For a Gaussian roughness at
the air surface, Eq. (13) simplifies to

R(k-00) = Re(k-0) exp(—4kZc7), (14)

where Re(k..0) is the Fresnel reflectivity and o is the standard
deviation of the Gaussian function describing the roughness.
From this equation it is obvious that reflectivity is very sen-
sitive to the roughness of the sample. Even small rough-
nesses will cause a substantial deviation of the reflectivity
from the Fresnel case.

One point that must be emphasized is that the concentra-
tion gradient that is determined from a reflectivity measure-
ment represents a gradient that is averaged over the coher-
ence length of the neutrons or X-rays. In general, this is on
the order of microns. Consequently, from a simple specular
reflectivity measurement, i.e. where the diffraction vector is
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oriented normal to the surface of the film, it is not possi-
ble to distinguish between waviness at an interface or ac-
tual mixing of components at the interface. To do this, one
needs to perform measurements where the diffraction vec-
tor is tilted away from the interface, i.e. where there is a
component of the diffraction vector in the plane of the film.
In this way, using a variety of theoretical arguments to de-
scribe the off-specular scattering [24-31], the height-height
correlation function can be determined and, hence, provides
a means of separating these two. Of course, if only mixing at
the interface occurred, then there would be no off-specular
scattering.

Finally, it is worthwhile to examine some of the advan-
tages and disadvantages of using neutrons and X-rays. In
the case of neutrons, isotopic labeling and deep penetra-
tion of the neutrons are advantageous. The deep penetra-
tion makes neutrons ideal for the investigation of interfaces
buried within a sample. Neutrons used for scattering exper-
iments have thermal energies, of order kg T, and, hence, are
“kind and gentle” [32]. This is of critical importance if one
wants to observe changes in a sample as a function of time.
One sample can be used repeatedly for kinetic studies. In
addition, neutrons can be polarized which, for magnetic ma-
terials, is of considerable importance. Some of the disadvan-
tages of neutrons are that the flux incident on the sample is
low and for hydrogenous materials there is a considerable
contribution to the background from incoherent scattering.
These limit the measurement of neutron reflectivity to ~
107°. After this, the background becomes comparable to or
greater than the reflectivity. Thus, very thin films, ~ 20 A
or less, are difficult to measure with neutron reflectivity. In
the case of X-rays, the major advantage is the high flux that
one can deliver onto the sample. This comes, of course, with
mixed blessings. While the high flux permits the measure-
ment of the reflectivity down to 10~° or less, radiation dam-
age to the sample can be significant. One source of damage
is by the generation of ozone by the X-ray beam near the sur-
face in the presence of trace amounts of oxygen. Ozone ag-
gressively oxidizes polymers. Damage can also come from
the absorption of secondary electrons emitted when the sub-
strate absorbs X-rays. Electrons are more strongly absorbed
by the polymer and, hence, will cause more damage. There
is an interesting twist here in that absorption of X-rays by the
substrate strongly depends upon the atomic number of the
substrate. Thus, the degradation of a sample by secondary
electrons will depend upon the substrate and, for example,
a sample may be destroyed on a Si substrate but not on a
water surface. A second advantage of X-rays is that quite
reasonable fluxes can be obtained from laboratory sources.
Thus, a tremendous amount of information can be obtained
without leaving the laboratory. The enhanced flux of X-ray
sources and the low incoherent scattering of X-rays, make
the measurement of off-specular scattering possible by X-
rays but difficult by neutrons.

3. Reflectivity studies of polymers: An overview

The strength of reflectivity techniques lies in the ability to
determine concentration gradients in materials with remark-
able precision. As mentioned, the depth resolution of both
X-ray and neutron reflectivity is ~ 5 A. Recalling that the
volume pervaded by a single polymer chain is on the order of
hundreds of angstroms, reflectivity has provided the means
of measuring changes in the concentration on the submolec-
ular level. This unprecedented depth resolution has held the
key to many different problems.

Consider first the simplest interface, i.e. between a poly-
mer and air or vacuum. The angular dependence of the re-
flectivity provides a measurement of the surface roughness
with extreme accuracy. The reflectivity is damped by an ex-
ponential square of the roughness and, consequently, mea-
surement of the reflectivity at large angles provides a very
accurate measurement of the surface roughness. One key
feature that emerged from studies on the surface roughness
is that amorphous polymers have a roughness comparable
to their small molecule analogues [33-35]. While this fea-
ture seems obvious now, there was a considerable amount
of controversy as to whether the large size of the polymer
chains would give rise to an increased roughness. This is
not the case and, within a monomer unit from the surface,
the bulk density of the polymer is attained. As with small
molecules, studies of the off-specular scattering, i.e. where
there is a component of the diffraction vector in the plane
of the film, have permitted the measurement of the ampli-
tude and wavelength distribution of capillary waves on the
surface. In the case of a glassy polymer, studies of this type
have shown that capillary waves are frozen in at the glass
transition temperature of the polymer [34-40].

Consider, now a little more complex problem, that is
a mixture of two homopolymers or the solution of a ho-
mopolymer in a solvent. In general, the chemical difference
between the two components is sufficient to cause a differ-
ence in the surface energies. This gives rise to a preferential
affinity of one component to the free surface. Reflectivity
has provided a unique means of quantitatively addressing,
not only the surface excess of one of the components, but
also the decay of the concentration to the bulk or solution
concentration [41-55]. It should be noted that even in the
case of a mixture of two polymers that are chemically iden-
tical but differ only in their labeling, one protonated and one
deuterated, the labeling is sufficient to produce a slight dif-
ference in the surface energies and give rise to a preferential
segregation of the deuterated component to the free surface
[56, S57]. This slightly lower surface energy of the deuter-
ated species has, in fact, hampered efforts to determine the
spatial configuration of polymer chains near a free surface.
If one considers a polymer chain where only the chain ends
or chain centers are labeled with deuterium, neutron reflec-
tivity would provide an ideal means of examining the dis-
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tribution of different portions of the polymer chain in rela-
tion to the free surface. However, this slight biasing of the
deuterated component to the surface can make isolation of
strictly configurational effects difficult.

Consider now a mixture that is undergoing phase separa-
tion, i.e. the temperature of the mixture has been changed
to bring the mixture into the envelope defined by the bin-
odal in the phase diagram. Studies using neutron reflectivity,
coupled with forward recoil spectroscopy, have beautifully
shown that the phase separation is directed by the preferen-
tial segregation of one of the components to the free surface
[58]. The surface excess pins fluctuations at the surface and
tends to damp concentration fluctuations parallel to the sur-
face [59]. Consequently, a layered structure emerges during
the initial stages of the phase separation process. If, now,
the sample is thin enough and the phase separation is al-
lowed to proceed, then the phase separation can induce a
roughening at the free surface due to a coarsening of the
phases [60]. Whether or not roughening is evident will de-
pend upon a balance between the interfacial tension between
the phases and the difference in the surface energy of the
components. Both X-ray and neutron reflectivity have been
used, together with atomic force microscopy, to critically
analyze this problem.

An even more subtle issue has emerged from reflectivity
studies on polymer mixtures. If we consider that the prefer-
ential affinity of one component to the surface and, also, to
the substrate interface, then the concentration of the poly-
mer in the center of the film has changed. The magnitude of
the change in the concentration will depend upon the sam-
ple thickness. The thinner the sample, the larger will be the
change. Consequently, now the bulk of the sample is at a
concentration that is different from the initial concentration,
and, hence, the temperature at which phase separation occurs
will be changed. Depending upon the initial concentration,
this depletion of material could either promote or retard the
phase separation of the mixture. In fact, recent reflectivity
studies have borne this out [61, 62]. Finally, a problem that
has not received much attention but is integrally related to
the above is the effect of sample thickness on phase sepa-
ration. In general, polymers phase separate via a spinodal
phase separation process where, due to a balance between
the thermodynamics and dynamics, the critical wavelength
of the fluctuations is on the order of a tenth of a micron or
more. Thus, if the sample thickness of a mixture is less than
this, then there will be a suppression of the long wavelength
fluctuation normal to the sample surface. This, should alter
the characteristics of the phase separation and give a beau-
tiful means of probing finite size scaling effects.

The behavior of polymer chains at the interface between
a solid substrate and a solution or a polymer mixture has
received a considerable amount of attention recently. In the
case of bulk polymers, this interest has stemmed from gain-
ing an understanding of the manner in which the adhesion

between a polymer and a solid can be enhanced. Obviously,
this has direct implications in filled polymer systems where
mechanical properties of a composite is directly associated
with cavitation at the interface between the polymer and the
solid. In general, studies addressing this issue have focused
on the segregation of one component in a mixture to the
interface or to the segregation of a block copolymer to the
interface where one of the blocks adheres to the substrate
and the other block entangles with the matrix polymer [63,
64]. Using predominantly neutron reflectivity, coupled with
ion beam scattering techniques, it has been possible to elu-
cidate the amount of excess material at the interface and the
amount of mixing of the absorbed component with the ma-
trix material. In fact, if a diblock copolymer is used where
the matrix material and the nonabsorbing block undergo a
phase separation, then it has been shown that the extent of
intermixing can be varied by a simple change in the temper-
ature [65]. Thus, one can, conceivably, tailor the extent of
entanglements between the absorbed block and the matrix
and, therefore, tailor the mechanical properties to a specific
need.

Much more attention has been paid to the absorption of
a polymer chain onto the substrate from solution and on
the concentration profile of a polymer chain anchored onto
the solid surface. The polymer brush problem has now been
studied by numerous groups using neutron reflectivity. Only
recently, however, has a quantitative evaluation of the con-
centration profile been made with excellent agreement being
obtained with simple mean field arguments [66-71]. More
recently, efforts have been focusing on the effect of a flow
field in altering the density profile. In particular, neutron re-
flectivity studies have been performed where the incident
neutron beam is passed through a quartz or silicon substrate
which constitutes one wall of the flow cell [72-75]. Prob-
ably the most striking result from such flow studies have
been performed on micellar solutions [76]. Here, reflectiv-
ity studies have clearly shown that, in the flow field, the
micelles order with respect to the surface and off-specular
scattering studies performed in parallel show the ordering
to be hexagonal.

Miscibility between two homopolymers is the exception
as opposed to the rule. The small entropic gains on mixing
such large molecules are easily off-set by slight nonfavorable
interactions. The size of the domains formed during phase
separation range from the micron scale to larger, depending
upon the kinetics of the process. However, in many multi-
component applications, it is highly desirable to have one
polymer dispersed in another where the size of the domains
are small and where there is good adhesion between the dis-
persed phase and the matrix. Related to this is the issue of ad-
hesion promotion between multilayered polymer structures.
Here, due to the immiscibility of the homopolymers, adhe-
sion between successive homopolymer layers is generally
weak which can cause failures in applications. Copolymers,
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however, can and have been used successfully to compati-
bilize homopolymers and to enhance adhesion [77-79]. Re-
flectivity studies have contributed significantly to the basic
understanding of the behavior of copolymers at homopoly-
mer interfaces [80, 81]. From reflectivity studies it has been
possible to determine quantitatively the amount of copoly-
mer segregated to the interface and the distribution of the
copolymer segments at the interface. In addition, since the
copolymer reduces the interfacial tension, the broadening
of the interface, i.e. the enhanced mixing at the interface,
has been examined in great detail. Current studies are now
focusing on the effect of copolymer architecture on the ef-
fectiveness of the copolymer [82-86]. For example, rather
than using diblock copolymers, triblock, random and grafted
copolymers are being examined for this purpose.

One area that has received little attention but is quite wor-
thy of investigation is a systematic investigation of the in-
terfacial width in order to evaluate the segmental interaction
parameter [87]. The interfacial width is directly proportional
to the statistical segment length of the polymer and inversely
proportional to the square root of the segmental interaction
parameter. The stiffer the chain, i.e. the larger the statistical
segment length, the broader will be the interface. Whereas
the smaller the segmental interaction parameter, i.e. the more
miscible are the two polymers, the broader will be the in-
terfacial width. In general, the statistical segment lengths of
polymers are known or can be measured easily by small an-
gle scattering measurements. Consequently, a measurement
of the interfacial width provides a direct measure of the seg-
mental interaction parameter. Since the interfacial width can
be measured with high precision, simple reflectivity studies
provide an easy means of measuring y. Thus, studies on a
series of different polymer pairs or on one pair as a function
of temperature provide access to information not accessible
by other techniques. There is no question that the interfa-
cial width can be determined from small angle scattering
measurements. One simply needs to analyze the scattering
at high scattering vectors and determine the deviation of the
scattering from Porod’s Law [88, 89], i.e. the asymptotic
limit of the scattering at high scattering vectors for a system
with infinitely sharp phase boundaries. However, extraction
of the coherent scattering, requires subtraction of two small
numbers. Thus, errors in the interfacial width determined by
scattering are large. This, however, is not the case for re-
flectivity. One potential drawback to reflectivity is that con-
centration gradient determined by fitting the profile repre-
sents that variation in the scattering lengthens averaged over
the coherence length of the neutron or X-ray. Therefore,
capillary waves will contribute to the measured interfacial
roughness. From specular scattering measurements alone,
it is not possible to differentiate between intermixing and
capillary waves. By measurements of the off specular scat-
tering, though, it should be possible to distinguish between
the two. Nonetheless, this simple measurement can provide

a wealth of information on the temperature and molecular

weight dependence of the segmental interaction parameter.
It is not possible to discuss exhaustively, all the different

areas where reflectivity has had significant impact. How-

ever, some of the other areas where reflectivity has played

a key role are

o Langmuir-Blodgett films [4, 90-93]

e Seclf-assembled monolayers [94-102]

e Surface induced ordering in diblock copolymers

[103-109]

Ordering of liquid crystals at surfaces [110-115]

Confinement effects on polymers [116-119]

Polymer/polymer interdiffusion [120-129]

Surface mobility of polymers [130]

Thermal expansion of homopolymers and multilayers

[131, 132]

e Surface wetting [133-135]

In each of these cases either the high resolution of the
technique, the ability to label a part of or an entire molecule,
or the ability to probe a buried interface has been used. Con-
sequently, reflectivity has provided a unique piece of infor-
mation that was not accessible by other means.

Reflectivity has emerged as a premiere tool in the char-
acterization of the surface and interfacial behavior of poly-
mers. There are, however, some topics that are prime candi-
dates for future study by specular reflectivity and off spec-
ular scattering where the impact of the results could be sig-
nificant. These include
Polyelectrolytes
Ion containing polymers
Polymers in well defined geometries
Polymers at liquid/liquid interfaces
Ion migration in polymer gels
Nanofoam polymers
Ordering of thin films under high electric fields
Biopolymer membranes
Selective absorption of biopolymers at surfaces
Biocompatibilization of surfaces
Lateral homogeneity of absorption processes
Absorption onto heterogeneous surfaces

&

. Diblock copolymers

The ordering of thin films of symmetric diblock copoly-
mers on surfaces provides an ideal example to demonstrate
some of the detail that can be obtained by reflectvity studies
and has been a most interesting area of research. The specific
copolymer that will be discussed here is that of polystyrene,
PS, and poly (methyl methacrylate), PMMA. The copoly-
mer will be designated as P(S-b-MMA). In cases where one
of the blocks is perdeuterated, a “d” prior to the block will
be used. For example, if the PS block is deuterated, the
copolymer will be designated as P(d-S-b-MMA). This is an
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ideal copolymer since the two components are quite simi-
lar. The glass transition temperature of PS and PMMA are
100° C and 115° C, respectively. The mass densities and sta-
tistical segment lengths of the two polymers are 1.05 g/cm®
and 6.85A and 1.10g/cm’ and 7.1 A, for PS and PMMA,
respectively. The segmental interaction parameter is 0.029
and is only weakly dependent upon temperature and there
is only a slight difference in the surface tension of the two.
Despite these similarities, the behavior of the copolymer in
thin films is markedly influenced by the presence of the sub-
strate and air interfaces.

In the bulk a symmetric diblock copolymers will be ei-
ther phase mixed or microphase separated into lamellar mi-
crodomains. When the product of the number of segments
in the entire copolymer, N, and the segmental interaction
parameter, , is less than 10.5, the copolymer will be phase
mixed [136]. When yN > 10.5, the copolymer microphase
separates. In the bulk, the transition from the disordered to
ordered state has been shown to be a fluctuation induced
first order phase transition [137, 138]. In most cases y de-
pends inversely on temperature; consequently, by cooling
the copolymer in the bulk it can be driven from the disor-
dered to the ordered state.

Shown in Fig. 1 is the neutron reflectivity of a P(d-S-
b-MMA) film spin coated onto a thick silicon wafer, as a
function of the neutron momentum normal to the surface,
k- 0. At small k¢ there is a region of total external reflec-
tion where all the neutrons incident upon the surface are
reflected. Deviations from unity are related to geometric ef-
fects where the sample does not intercept the incident beam
completely. At the critical angle, the neutrons penetrate into
the sample and the reflectivity drops rapidly. However, there
are distinct oscillations in the data, termed Kiessig fringes,
which arise from interferences of neutrons reflected at the
top surface of the film and the interface between the sam-
ple and substrate. From the separation distance between two
successive fringes the sample thickness ¢ can be determined
directly from

T

In this case, the sample thickness is calculated to be 1150 A
which compares well with the value of 1140 A measured
using optical ellipsometry. The solid line in the figure was
calculated using the scattering length density profile shown
in the inset which is essentially that of a film of a given
thickness with no variation in the scattering length density
as a function of depth. It is important to realize that the re-
flectivity results give no information on the phase state of
the copolymer. The copolymer can be either phase mixed or
microphase separated. If the latter is true, then, over the co-
herence length of the neutrons, the lamellar microdomains
must be randomly oriented. The results do show that, for
this copolymer, after spin coating, there is no preferential
absorption of either component to the interfaces. The value
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Fig. 1. Neutron reflectivity profile of a P(d-S-b-MMA)) symmetric
diblock copolymer spin coated onto a silicon substrate as a function
of the neutron momentum normal to the surface. The sample was
simply dried to remove residual solvent.

of the scattering length density used to calculate the reflec-
tivity profiles is the weighted sum of the scattering length
densities of the components, as would be expected. The
roughness of the air/polymer interface, as determined from
the damping of the reflectivity at large k.o, is 6 A which is
comparable to that seen for small molecule samples.
Shown in Fig. 2 is the reflectivity of a thin film, ~ 1500 A,
of P(S-b-d-MMA) having a molecular weight of ~ 3 x 10*
after it has been heated to 176°C which is above the glass
transition temperatures of the blocks and above the ordering
transition temperature of the copolymer in the bulk. Near
ko ~ 0.02 A" a first-order reflection is evident with indi-
cations of a very weak second order reflection. Thus, unlike
the bulk copolymer, in the thin films there is clear evident
of ordering. The scattering length density profile shown in
the inset was used to calculate the reflectivity profile shown
as the solid line in the figure. In terms of ¢ps(z), the volume
fraction of PS segments a distance z from the surface, this
scattering length density profile is given [117, 139] by

¢ps(z) = max {(ﬁAeiEiCOS (%) )
(1e)

4’567“7”’5 cos (——WLA Z))} + (ips

where ¢ is the sample thickness, L the period, ¢4 and ¢s the
excess concentrations of PS at the air and substrate inter-
faces, ¢ the decay length and qi;PS the average volume frac-
tion of PS in the copolymer. From this model calculation,
it is seen that PMMA, the more polar block, has absorbed
more strongly onto the silicon oxide and PS, which has the
lower surface energy, is preferentially located at the air sur-
face. Thus, these preferential interactions of the blocks with
the interfaces have induced an ordering of the thin films far
above that seen in the bulk. The concentration fluctuations
in the copolymer parallel to the interfaces have been sup-
pressed, whereas those normal to the interface have been
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Fig. 2. Neutron reflectivity profile of a P(S-b-d-MMA) symmetric
diblock copolymer as a function of the neutron momentum. The
molecular weight of the copolymer is ~ 3 x 10* and the sample
was annealed at 176°C. The inset shows the scattering length
density profile that yielded the best fit to the data, indicated by the
solid line.

enhanced. The most critical parameter that is derived from
these studies is the decay length. The closer one is to the
ordering transition, the greater will be the decay length. By
decreasing the annealing temperature of the film to 140°C,
i.e. below the bulk order to disorder transition temperature,
the reflectivity profile, as shown in Fig. 3, changes markedly.
In these data the first-order reflection has intensified and
sharpened significantly and the higher order reflections are
much more pronounced. The scattering length density profile
shown in the inset, characteristic of a fully ordered diblock
copolymer, was used to calculate the reflectivity profile. By
performing a series of studies as a function of the temper-
ature, the temperature dependence of the decay length can
be determined. The temperature at which the decay length
become infinite, can be taken as the ordering transition tem-
perature of the copolymer. Studies performed as a function
of the film thickness will then provide a measurement of the
effect of sample thickness or finite sample size on the order-
ing transition temperature. It has been shown that the order-
ing transition temperature scales with the 77°, a result that
is in accord with finite size scaling arguments developed for
small molecules [140-142].

An interesting question that arises is the phase of the con-
centration waves propagating into the bulk from the surface.
In the case where each component of the block is located
preferentially at one of the interfaces, if the sample thick-
ness is (n + %)L, where 7 is an integer, then the two waves
will be in phase with one another. However, if the sample
thickness deviates from this, then the waves will be out of
phase and tend to destructively interfere with one another
in the center. This should, in principle, cause a suppression
of the ordering in the films and, hence, a suppression of the
ordering transition temperature. Therefore, as the film thick-
ness decreases, one would expect that the ordering transition

100 T T

sl gl s ab sl ol i

-
2
w

T T T T IT T Y T vy 1.1

o
8

0.00 0.02 0.04 0.06
kolA™)

Fig. 3. Neutron reflectivity profile of the same copolymer as in
Fig. 2 but the sample was annealed at 140°C. The inset shows
the scattering length density profile that yielded the best fit to the
reflectivity profile, the solid line in the figure.

temperature of the copolymers should exhibit an oscillatory
behavior. This is currently under study [143].

An alternate means of driving the copolymer into the
ordered state is to increase the molecular weight. Shown
in Fig. 4 is the reflectivity profile of P(d-S-b-MMA) film
(~ 1500 A in thickness) with a molecular weight of 10° af-
ter the film was heated to 175°C. The multiple Bragg reflec-
tions seen in the reflectivity profile are a direct consequence
of the self assembly of the diblock copolymer into a multi-
layered structure. By increasing the molecular weight of the
copolymer, the period has increased which shifts all the re-
flections into smaller 4. o, and the copolymer is strongly mi-
crophase separated which increases the purity of the phases.
This enhances the contrast of the domains which causes the
peaks to be more intense. In fact, the first-order peak has a
reflectivity close to unity.

One of the true strengths of reflectivity is that the tech-
nique is most sensitive to gradients in the scattering length
density or concentration. The scattering length density pro-
file shown in the inset was used to calculate the solid line
in the figure. As can be seen, agreement between the calcu-
lated and measured reflectivity profiles is quite good over
the entire 4. range. To produce a good fit to the data an
interfacial width a;, of 50 A was required. The interfacial
width is given by

a = (2n)"e, (17)

where sigma is the rms roughness of the interface defined
in Eq. (14). Variation of @ by more than +£2 A caused
the calculated reflectivity to deviate substantially from the
measured profile. The precision to which the interfacial
width can be measured is extremely important. Usually, the
interfacial width between domains was determined from ei-
ther small angle X-ray or neutron scattering measurements
where the broadening of the interface causes a suppres-
sion of the scattering at large scattering vectors. However,
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Fig. 4. Neutron reflectivity profile of a P(d-S-b-MMA) diblock
copolymer as a function of the neutron momentum where the
copolymer molecular weight is ~ 10% and the copolymer was an-
nealed at 175°C. The solid line in the figure is the best fit to the
reflectivity profile using the scattering length density profile shown
in the inset.

obtaining a precise value by this means is difficult since
the scattering is inherently weak and the subtraction of the
background is problematic. The precision that reflectivity
offers is unsurpassed which, in the case of polymers, is im-
portant since the interfacial width is related to fundamental
quantities of the segmental interaction parameter and the
statistical segment length.

Coupling the resolution capabilities of reflectivity with
the multilayering of the copolymer microdomains, and the
ability to synthesize molecules with specific labeling, al-
lows one to obtain even more detailed information on the
conformation of the copolymer chains. For example, con-
sider the schematic diagrams shown in Figs. 5(a) and (b).
In these examples there is a diblock copolymer multilayer
where most of the copolymer is protonated but specific
portions of the chain are labeled with deuterium. In Fig.
5(a) only the junction points of the copolymer are labeled
and in Fig. 5(b) only the chain ends of one of the blocks
are labeled with deuterium. To the right of each profile is
a schematic representation of the variation in the concen-
tration of the deuterated segments in the copolymer. Even
though the concentration of the deuterated segments is less
than 2%, the multilayering of the structure will enhance the
ability to discern the distribution of the chain segments by
producing interferences. As a result, the spatial distribution
of the different portions of the chains can be determined by
reflectivity in a fairly direct manner [144].

Shown in Fig. 6 is the reflectivity profile of an ordered
copolymer multilayer where only a few segments of PS at
the junction points were labeled with deuterium. In the raw
data one can see interferences arising from the multilayered

z

_ _

Substrate

Fig. 5. (a) Schematic diagram of a diblock copolymer that is or-
dered into a multilayer but only the junction points of the copoly-
mer are labeled with deuterium.

Substrate

(b)

Fig. 5. (b) Schematic diagram of a diblock copolymer that is
ordered into a multilayered structure where the ends of one of the
blocks have been labeled with deuterium.

structure even though only a small fraction of the segments
are labeled. The scattering length density profile shown in
the inset was used to calculate the solid line in the figure.
From the scattering length density profile it is immediately
seen that the junction points are highly localized at the
interfaces between the PS and PMMA microdomains. By
combining this scattering length density profile with that
obtained from the case where all the PS segments are la-
beled with deuterium, the concentration and distribution of
all of the components in the copolymer are defined. This is
shown in Fig. 7 where the concentration of the PS segments
in the copolymer is shown as the dotted line, the junction
points as the dashed line and the PMMA segments as the
solid line. Mean field calculations were performed on this
copolymer using the known statistical segment lengths and y
and the agreement between the two was exceptionally good
[145].
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Fig. 6. Neutron reflectivity profile of a P(S-b-MMA) diblock
copolymer having a molecular weight of ~ 10° where ~ 2% of the
styrene units adjacent to the junction points have been labeled with
deuterium. The scattering length density profile shown in the inset
yielded the best fit to the reflectivity profile shown as the solid line.
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Fig. 7. The variation in the concentration of the styrene segments
of the copolymer, the methylmethacrylate segments of the copoly-
mer and the copolymer junction points as a function of depth in
the sample. These concentration profiles were obtained from the
scattering length density profile shown in Fig. 6 along with the
scattering length density profile obtained from the case where the
entire PS block of the copolymer was labeled with deuterium.

The ability to label chains with deuterium has opened
a large number of possible studies. For example, stud-
ies on mixtures of copolymers having different molecular
weights were performed where one of the blocks, say the
PS block of the lower molecular weight copolymer, was
labeled with deuterium. This permitted the examination of
the spatial distribution of the lower molecular copolymer
in the high molecular weight host [146]. It was quantita-
tively shown that the lower molecular weight copolymer
was segregated to the interfacial region, whereas the higher
molecular weight copolymer occupied the central region of
the lamellar microdomain preferentially. Studies on mix-
tures of homopolymers with diblock copolymers [147, 148]
have shown that the homopolymer is incorporated into the
multilayered structure provided the molecular weight of

the homopolymer does not substantially exceed the block
copolymer molecular weight. With increasing homopoly-
mer molecular weight, the localization of the homopolymer
to the central portions of the lamellar microdomain in-
creases. In cases where the homopolymer molecular weight
is much greater than the copolymer molecular weight, then
the homopolymer is excluded from the multilayered struc-
ture and macrophase separation occurs. One can also make
a bilayer of copolymers having the same molecular weight
where one of the copolymers is perdeuterated. By examin-
ing the change in the scattering length density with time,
one can measure the interdiffusion of chains through the
lamellar microdomains normal to the interface [149]. These
are a few examples of the many different studies that can
be performed on these multilayers to examine fundamental
aspects of symmetric diblock copolymers using reflectivity
methods.

Up to now we have focused on the use of neutron reflec-
tivity to study the multilayering of the copolymers. How-
ever, X-ray reflectivity on these systems can also be used
to provide unique information. Shown in Fig. 8 is the X-ray
reflectivity profile as a function of ;¢ obtained for a P(S-
b-MMA) copolymer after it has been annealed at 170°C.
At low values of k. ¢ the data gradually increases and near
0.01 A~" a drop in the data is seen. With increasing . o, the
data increase slightly, then drop markedly. At higher values
of k; ¢ cusps are seen in the data. Superposed on the entire
reflectivity profile is a low amplitude, high frequency oscil-
lation. At low values of &: o, the gradual increase in the data
is due to the incomplete interception of the incident beam
by the substrate. As the incidence angle increases, more of
the beam is subtended and, consequently, the reflectivity
increases. The first drop in the reflectivity is due to the
critical angle of the copolymer, k.. Slightly above this,
the X-rays penetrate into the sample and are absorbed by
the polymer, but there is total reflection at the Si interface.
At the critical angle of the Si, ks, the reflectivity begins
to decrease rapidly. The low amplitude, high frequency
oscillations in the data arise from the total film thickness,
whereas the cusps are constructive interferences originating
from the slight electron density differences between the PS
and PMMA layers in the multilayer. These interferences
can be seen more clearly in Fig. 9 where the region around
the third- and fifth-order reflections have been magnified.
From these data alone, without a detailed analysis of the
reflectivity profile, the total thickness of the sample can be
determined from Ak; o between two successive minima. In
this case, the total thickness is 5560 A, From the position
of the multilayer reflections, the period of the copolymer is
found to be 445 A. Consequently, this film is a multilayer
containing exactly 12.5 layers. Using only these parameters
two different investigations have been performed. In the
first, the thermal expansion of the multilayers was measured
[132]. If one thinks about this problem, one is faced with a
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Fig. 8. X-ray reflectivity profile of a P(S-b-MMA} diblock copoly-
mer that has self-assembled into a multilayered structure as a func-
tion of the ; o. The critical angles of the copolymer, kc,p, and the
silicon substrate, . g;, are indicated.

dilemma. First, since the copolymer is confined to the sub-
strate, then as the sample is heated all the thermal expansion
must occur in a direction normal to the surface. Thus, rather
than the thickness increasing according to the linear thermal
expansion coefficient, it expands by three times that quan-
tity. For a simple homopolymer layer, this does not create
any severe problems. However, for a multilayered structure,
where the junction points of the copolymers are confined
to the interfaces between the microdomains, this causes a
stretching of the copolymer chains at the interface. If the
expansion was only by the linear thermal expansion coef-
ficient, then the stretching of the chains would be identical
to that seen in the bulk. However, since the expansion is by
three times that amount, the copolymer chains, for any tem-
perature above the glass transition temperature are stretched
three times too much. This excess stretching causes a stor-
age of elastic energy in the chain which must be relieved for
the copolymer to be at equilibrium. The manner in which the
copolymer responds is by forcing chains through the mul-
tilayered structure, onto the free surface. This creates more
space at the interfaces for the copolymer chains, whereupon
the chains can relax to an equilibrium state. This relaxation
process requires that there is a balance between the elastic
retractive force of the chain and the energy required to mix
the incompatible blocks. Evidence is seen for this mech-
anism when one observes the period of the copolymer as
a function of temperature and time. In this case, the pe-
riod is seen to increase according to the volume expansion
coefficient. However, holding the sample at a specific tem-
perature results in a gradual decrease in the period. Cooling
the sample results in a decrease in the period according to
the volume expansion coefficient, but holding the sample
at a specific temperature after cooling results in a gradual
increase in the period as chains are pulled back into the
multilayer.

A second study where X-ray reflectivity has proven to be
valuable utilizes the same features in the reflectivity profile.
Consider now the situation where the copolymer film devi-
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Fig. 9. Expansion of the X-ray reflectivity profile of a P(S-b-MMA)
diblock copolymer in the vicinity of the third- and fifth-order re-
flections.

ates slightly from the (x + § )L condition. This essentially
places a small amount of frustration on the multilayered
structure in that each chain must stretch or compress a to
compensate for the imposed thickness constraint [150]. If
the initial thickness is much different from the (n + %)L
constraint, then islands or holes will form on the surface, as
mentioned previously. In fact, if the period of the copoly-
mer is examined where there is a slight frustration, then one
observes a deviation in the pertod and the free surface of
the film is truly acting as a confining wall. The amount of
frustration or change in the period that is observed will, of
course, depend upon the number of layers in the multilayer.
The greater the number of layers, the less each copolymer
chain will have to expand or contract to compensate for the
frustration. This effect is clearly seen in the X-ray reflectivity
profiles. However, it is found to be only a quasi-equlibrium
condition for, with time, the period is found to gradually
return to its equilibrium structure. To give a feeling of the
time scales involved, usually with a P(S-b-MMA) copoly-
mer having a weight average molecular weight of 10°, the
self assembly into a multilayered structure occurs within a
matter of hours. However, when the film thickness deviates
only slightly from the ideal condition, the relaxation back
to the equilibrium structure occurs over a time scale of
weeks. Consequently, one can consider the free surface as
an effective solid wall, initially (see Fig. 10).

In all of the studies up to now the free surface has pro-
vided a route to relieve frustration, imposed by sample
thickness. If, however, the sample is confined between two
impenetrable surfaces, then the copolymer must modify its
morphology in some manner to relieve the frustration. For
example, the orientation of the lamellar microdomains may
change or the fundamental repeat of the copolymer may
change to relieve the imposed frustration. Confinement of
any polymer can be accomplished in a fairly simple manner
[116, 118, 119, 151]. Spin coating a polymer onto a solid
substrate results in a film of uniform thickness over very
large areas with negligible roughness at the free surface. If
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Fig. 10. Schematic diagrams of a copolymer confined between two
solid barriers. In the first case, the copolymer is disordered and
in the second case the copolymer is ordered into a multilayered
structure between the barriers.

a thick layer of SiO, is evaporated onto the surface of the
film, such that the SiO, layer is mechanically strong, then
the copolymer is effectively confined between two parallel,
oxide layers. Variation in the separation distance between
the layers can be done by preparing a separate sample with
a different thickness. While such a procedure is work in-
tensive, it accomplishes the desired end very effectively. It
has, in general, been found that during the evaporation the
silicon oxide can chemically react with the polymer. Con-
sequently, we have used a very thin (~ 50 A) layer of high
molecular weight PMMA on top of the copolymer to protect
the underlying copolymer while maintaining a strong pre-
ferential attraction for the PMMA block of the copolymer.

It is worth noting that neutron reflectivity offers the only
means, at present, of investigating the variation in the con-
centrations of components as a function of the distance
between two confining surfaces. While one can use syn-
chrotron radiation to probe the structure of confined mate-
rials, the attenuation of the X-rays is substantial in a reflec-
tion experiment when the path length of the X-rays is con-
sidered. Neutrons, on the other hand, can penetrate through
either the SiO, overlayer or through the Si substrate without
a substantial loss in the flux.

The effectiveness of the confinement is manifest in the
reflectivity data shown in Fig. 11. Shown are the profiles
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Fig. 1. Neutron reflectivity profiles of a P(d-S-b-MMA) diblock
copolymer confined between two surfaces where the separation
distance has been changed. The separation distance is indicated by
the reduced separation distance, /L, where ¢ is the thickness and
Ly is the equilibrium period of the copolymer.

for P(S-b-d-MMA) where the film thickness, indicated on
the right as t/L, was gradually increased [116, 119]. The
appearance of distinct Bragg reflections in the data demon-
strate convincingly that the orientation of the lamellar mi-
crodomains has not changed and remains parallel to the
confining interfaces. Focusing on the third order Bragg re-
flection, as the separation distance between the walls in-
creases, the maximum shifts into smaller 4: o, i.e. the period
increases, with increasing separation distance. This means
that the copolymer chains contract or stretch to compensate
for the imposed frustration. However, the increase in the pe-
riod does not continue indefinitely. Slightly above a reduced
thickness of 8.25, a second peak begins to emerge at higher
k-, i.e. a shorter period begins to appear. With increasing
separation distance, this shorter period dominates and then,
begins to increase with increasing separation distance. Con-
sequently, there is a cyclic expansion and compression of
the copolymer chains in response to the continued increase
in the separation distance.

As a direct consequence of the periodic change in the
period, the number of layers confined between the two sur-
faces must change. Shown in Fig. 12 is the total film thick-
ness divided by the measured period, #/L, as a function of
the film thickness divided by the equilibrium, #/Lo. Here it
is seen that ¢/L, i.e. the number of layers confined between
the two surfaces, is always an integer. As the film thickness
increascs, the number of periods goes through a first order
transition where at half integer values of t/Lg, i.e. at the
point of maximal frustration, the number of layers changes
discontinuously by one. This discrete change in the number
of steps persists over a very large range in the separation
distance. With an increase in the number of layers, the frus-
tration experienced by each layer decreases. Therefore, the
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Fig. 12. The number of periods confined between two solid sur-
faces, t/L, for a P(d-S-b-MMA), as a function of the reduced film
thickness, /L. The solid line is a simple step function which de-
scribes the variation in the number of periods quite well. Note that
the changes in #/L are essentially first-order with respect to /L

where changes occur at half-integer values of ¢/Ly. These thick-
nesses correspond to the points of maximal frustration.

expansion or compression of each layer decreases in pro-
portion to 1/# with increasing separation distance. Thus, the
copolymer responds to the imposed frustration by stretch-
ing or compressing the individual copolymer chains at the
interface. When the chain stretching become too large, i.e.
the stored elastic energy becomes greater than the energy
required to create two new copolymer interfaces, then an
additional layer is formed with the copolymer compressing.

A more detailed analysis of the reflectivity profiles of the
confined copolymers yields information on the interfacial
width between the successive layers. Shown in Fig. 13 are
the interfacial widths plotted as a function of the reduced
period. The intersection of the two dashed lines represents
the equilibrium interfacial width corresponding to the bulk
equilibrium structure. From these data it is seen that the in-
terfacial widths of compressed multilayers are less than the
unperturbed value, whereas those for the expanded layers
are greater than the unperturbed value. Also, to within ex-
perimental errors, the data reduce to one curve regardless
of the number of confined layers. The solid line in the fig-
ure represents the result obtained from self-consistent mean
field calculations [152, 153]. As can be seen, even under the
condition of zero frustration, there is a substantial deviation
between the calculated and measured result. One possible
explanation for this is capillary waves [154]. Recalling that
the scattering length density profile obtained is laterally av-
eraged over the coherence length of the neutrons, then the
amplitude of the capillary waves having wavelengths less
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Fig. 13. The variation in the interfacial width as a function of the
reduced period, L/Lg, for copolymer multilayers confined between
two solid surfaces. The numbers at the right correspond to values
of ¢/L, i.e. the number of period confined between the surfaces. The
solid line is the interfacial width determined from self-consistent
mean fleld calculations.

than the coherence length of the neutrons would contribute
to the measured width. If we assume that the contributions
from the two add in quadrature, [145] then

(@) e = [(a@har + 20{(A2))]"7, (18)

where ayr is the mean field interfacial width and (Az) is the
amplitude of the capillary waves. The average mean squared
amplitude of the capillary waves is given by

_ T m(’—) (19)
27yaB fmin

where 74p is the interfacial tension between the PS and
PMMA, /max and zmin are the maximum and minimum cut-
off wavelengths. An upper limit to Amsx can be taken as
the period of the copolymer. The minimum wavelength can
be taken as the neutron wavelength. Substitution into Eq.
(19) yields 2n{(Az)*) = 28 A. This, coupled with the mean
field result, a; = 40 A, yields a) = 49 A, which is in precise
agreement with the measured value at equilibrium. Thus, one
likely explanation for the variation in the interfacial width
with the separation distance is that when the period is com-
pressed, the capiliaries waves are suppressed in amplitude.
However, when the period is expanded, the amplitude of the
capillary waves is increased.

Currently, efforts in diblock copolymers are focusing on
the ability to control the orientation of the microstructure.
In fact, some success has been achieved by the use of a
random copolymer at the two interfaces where the concen-
tration of the random copolymer can be varied across the
entire composition range [155]. This effectively allows one
to change the potential that the surface is presenting to the

(Az)")
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copolymer. By balancing the interaction of the copolymer
segments, the interaction of the copolymer segments with
the two interfaces can, under certain conditions, cause the
orientation of the lamellae to be vertical [156-158]. In a
similar vein, electric fields are, also, being used to control
the orientation of the microstructure [159—161]. It should be
noted that in thick films, electric fields are not an effective
way to align diblock structures. However, in thin films, only
small voltages are required to generate massive fields and,
hence, more likely to align the copolymer structure. Having
the ability to make copolymers do what you wish, will in-
evitably, lead to significant advances in the use of diblock
and multiblock copolymers. Given the power of reflectiv-
ity, there is no question that it will continue to be used as a
decisive means of probing the copolymer morphology.

5. Conclusion

In this article a brief review of the basic principles of re-
flectivity has been presented highlighting some of the key
aspects of the technique. Some of the areas where reflec-
tivity methods have made and are continuing to make sig-
nificant contributions in the investigation of polymers were
outlined. Finally, a review of a systematic series of inves-
tigations on the surface ordering of block copolymers was
presented. In this case, the strengths of neutron and X-ray
reflectivity were brought to bear on the interesting behav-
ior of the self-assembly of symmetric diblock copolymers.
Reflectivity techniques, coupled with the ability to selec-
tively label either a part of or the entire block copolymer
molecule, have helped define the morphology and confor-
mation of diblock copolymer molecules with unprecedented
detail. In addition, reflectivity methods have permitted the
investigation of phenomena, as for example phase transi-
tions in confined geometries, which are not accessible by
other techniques. These studies, in turn, have opened the
door to many other aspects on the ordering behavior of di-
block copolymers.

As a closing remark it is imperative to reiterate that, while
reflectvity methods are powerful, they must be used in con-
junction with other techniques to fully realize their poten-
tial. Many models can be used to describe a single reflec-
tivity profile. Thus, it is always best to have some idea as
to the general behavior of a material first as would be pro-
vided by, for example, ion beam techniques. Then, refiec-
ttvity can be used quantitatively to describe the concentra-
tion profiles in a sample. Without such information, one can
easily be led astray in the evaluation of the reflectivity data.
In cases where such additional information is not available,
the proper design of an experiment, as, for example, label-
ing different parts of the molecules or by changing the con-
trast in the system, is necessary to define the concentration
profile quantitatively.
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