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Methods for Characterizing
Polymer
Surfaces and Interfaces

Abstract. The behavior of polymer molecules at surfaces and interfaces has been receiving
a considerable amount of attention over the past few years. Numerous developments
have been made theoretically using simulations and analytic approaches. Experimentally,
advances have been made in the development of new techniques and the use of old
techniques not commonly used in the investigation of polymers to probe the interfacial
and near surface behavior of polymers. In this article, some of the experimental develop-
ments that have been made recently will be discussed. The approach will be to focus on
the behavior of thin films of diblock copolymers and diblock copolymers at the interface
between immiscible polymers, describing the different techniques used to study these
problems.

In the bulk, the product of the number
of segments in a symmetric diblock copoly-
mer, N, and the Flory-Huggins segmental
interaction parameter, X, determine the
morphology [2]. In the absence of concen-
tration fluctuations, if XN < 10.5, the co-
polymers are phase mixed, whereas if
XN ~ 10.5, the copolymer microphase sep-
arates into a lamellar morphology with a
characteristic period L. At or near an inter-
face, which could be the copolymer/air
or copolymer/substrate interfaces, the
specific interactions of the segments of the
block copolymer at the interface can
markedly alter the behavior of the copoly-
mer. Recently, Fredrickson [3] developed a
mean field theory to describe the surface
ordering of diblock copolymers near the
microphase separation transition tempera-
ture (MST). At temperatures above the
MST an exponentially damped, oscillatory
segment density profile is predicted normal
to the film surface. The extent to which this
surface effect propagates into the bulk will
depend upon the relative proximity of the
system to the MST. The closer one is to the
MST, the further is the effect of the surface
felt. Consequently, while the bulk of the
specimen is phase mixed, the copolymers
begin to exhibit microphase separation
near the surface.

To illustrate this point consider the sym-
metric, diblock copolymer of P(d-S-b-
MMA), i. e. a copolymer of PS and
PMMA where the PS block is labeled with
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depth that is on the order of several thou-
sand A and yield the concentration profiles
with a resolution of '" 10 A. The actual
penetration depth is limited by the resolu-
tion of the spectrometer. Unfortunately,
the information that one obtains by reflec-
tivity techniques is the optical transform of
the density variation in the specimen. This
means that one is faced with the inverse
problem, and modeling of the concentra-
tion profile is necessary to calculate the
observed reflectivity. This leads to the
question of uniqueness in that more than
one concentration profile may yield the
same reflectivity profile. Thus, it is clear
that each technique has its own strengths
and weaknesses, and that several tech-
niques need to be combined to define the
concentration profile in a specimen. In
fact, the more techniques that one uses, the
more confident one can be in defining the
composition profile.

In this article, the ordering of diblock
copolymers at surfaces and the behavior of
diblock copolymers at the interface be-
tween immiscible homopolymers will be
treated. The two subjects will be used to
illustrate the manner in which these differ-
ent techniques can be used to compliment
each other. We shall focus on symmetric
diblock copolymers of poly(styrene) (PS)
and poly(methylmethacrylate), (PMMA)
denoted P(S-b-MMA), as a model system.

There are several techniques that have
been used to obtain the concentration vari-
ation in polymers. X-Ray photoelectron
spectroscopy (XPS) provides information
on the composition profile in a specimen
with a resolution that approaches 1A.
However, the penetration depth of XPS is
only 75 A limiting the techniques to the
air/polymer interface. Forward recoil spec-
trometry (FRES) has a much greater pene-
tration depth (several microns) but only
has a spatial resolution of 800 A. While
one obtains absolute information on the
concentration of components, it is most
difficult to examine behavior on the molec-
ular level. Dynamic secondary-ion mass
spectrometry (DSIMS) on the other hand,
has a penetration depth of several thou-
sand A with a spatial resolution of ,...,125
A. While the resolution is much improved
over that obtained by FRES, the informa-
tion that one receives is only relative. Back-
ground signals contribute significantly to
the observed depth profiles hampering an
absolute determination of the concentra-
tion profile. Transmission electron mi-
croscopy (TEM) has an unlimited penetra-
tion depth owing to the manner in which
the specimen is microtomed and has a spa-
tial resolution of lOA. However, the micro-
toming process and the staining that is nec-
essary to examine the different compo-
nents is always a source of concern and, in
fact, limits the utility of the technique to
those systems with a natural electron den-
sity contrast or to those that can be readily
stained. It is, also, difficult to place the
concentration on an absolute level due to
the uncertainties mentioned above. Neu-
tron and X-ray reflectivity techniques, on
the other hand, provide a penetration

Introduction

The behavior of diblock copolymers in
the bulk is a relatively well understood
field [1]. For example, knowing the compo-
sition of the block copolymer, the molecu-
lar weight and the Flory-Huggins interac-
tion parameter, X, the morphology of co-
polymer in the microphase separated state
and the temperature at which the order-
disorder transition occurs can be predicted
with reasonable accuracy. However, an
equally important question to ask concern-
ing diblock copolymers is their behavior at
surfaces and interfaces. The more impor-
tant applications of block copolymers
come from their ability to modify the sur-
face characteristics of a material, to act as a
surfactant or compatibilizing agent, or to
promote adhesion between two immiscible
polymers. Due to these characteristics,
block copolymers have found many uses in
areas ranging from biomedical applica-
tions to microelectronics. However, it is
precisely the behavior of copolymer at in-
terfaces where the least is known. This lack
of knowledge stems from the unavailabil-
ity of techniques capable of probing poly-
mers with sufficient spatial resolution. It
must be kept in mind that questions on the
interface between polymers requires a spa-
tial resolution that approaches or is less
than the size of an individual molecule and
have sufficient penetration depth to probe
an interface that is buried within a polymer
film.
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Fig. 1. Neutron reflectivity profile for a P( d-S-b-MMA) diblock copolymer annealed at
1700 for 24 h. The open circles are the experimental points and the solid lines are
calculated reflectivity profiles assuming (1) a homogeneous film (2) an exponentially
damped cosine function from the air interface, (3) an exponentially damped cosine
function from the Si interface, and (4) exponentially damped cosine functions from both
interfaces. The scattering length density profile shown in the inset was found to best
describe the reflectivity profile [7].

D. The molecular weight of the copolymer
is 29,780 with a total of 263 monomer seg-
ments. Recent small angle neutron scatter-
ing studies [4] on this copolymer in the
bulk have shown that X is given by

where ~ is the correlation length, L is the
copolymer period, ¢is the average concen-
tration in the bulk, ¢. is the excess surface
concentration, and z is the distance from
the surface. Assuming such a profile from
the air surface only yielded the results in
Curve 2 of Fig. 1. While this describes the
results at the high values of ko, marked
disagreement is seen at the lower values of
ko. Curve 3 shows the reflectivity profile
calculated assuming that the oscillatory
variation in the concentration occurs only
at the Si substrate. Here, good agreement is
found at low ko only. Thus, it was manda-
tory to assume a damped oscillatory pro-
file from both the air and Si surfaces to
describe the reflectivity results. In both
cases, L = 150 ± 10 A and ~ = 95 ± 7 A
with the only difference being ¢. at the tWQ
interfaces. At the air surface, the concen-
tration of S segments was 0.65, in agree-
ment with the XPS measurements, whereas
at the Si interface at the concentration of
MMA segments was 1. From the argu-
ments of Fredrickson, ~ = 104 A and
L = 150 A which is in precise agreement
with the experimental observation.

Now consider the case of P(S-b-MMA)
where the molecular weight of each block
is ,..",5 X 104• By increasing the molecular
weight XN > 10.5 and, hence, the diblock
copolymer will rnicrophase separate.
DSIMS revealed a most interesting re-
sponse of the copolymer to the presence of
the air and substrate interfaces [8] [9]. In
DSIMS, an ion beam is rastered across a
surface ejecting charged particles from the
surface with a masses that are characteris-
tic of the components at the surface. These
particles are then fed into a mass spectrom-
eter where the number of particles of a
given mass can be recorded as a function of
time. Since the ion beam removes the mate-
rial at the surface, then time or cycles cor-
responds to depth from the surface. Label-
ing one of the components with D affords
an easy means of differentiating between
the components, since one needs only
monitor the particle of mass 1 and 2 corre-
sponding-to Hand D, respectively.

Shown in Fig.2 is a series of DSIMS
profiles for a P(d-S-b-MMA) diblock co-
polymer after annealing the copolymer at
1700 for 0(1),5(2), 15(3),240(4), and 480(5)
min. These results show that the as cast
film is essentially homogeneous. Upon an-
nealing, oscillations in the concentration of
d-S and MMA segments develop from
both the air and substrate interfaces. These
two waves propagate into the bulk of the
specimen as a function of time, they meet
one another and merge together. Increas-
ing the annealing time further results in the
formation of a multilayered morphology

segments at the air surface and due to the
interconnected nature of the blocks in the
copolymer, it is reasonable to assume that
concentration profile could be described
by
¢(z) = ¢.e-:'~cos(2nz/L) + ¢ (3)

(2)

0.080.06

ko = (2n/A)sinB

tend the XPS studies over greater depths
[7]. While the densities of PS and PMMA
are quite similar, labeling the S block with
D provided sufficient contrast to deter-
mine the concentration profile. Specimens
for neutron reflectivity are typically pre-
pared on thick (5 mm) Si or glass sub-
strates by solvent-casting techniques. The
specimens are then annealed at a specific
temperature and quenched rapidly below
the glass transition temperature. After an-
nealing the P(d-S-b-MMA) at 170° for 24 h
the reflectivity profile shown in Fig. 1 was
obtained as a function of the neutron mo-
mentum in vacuum ko. This is

where A is the wavelength and B is the graz-
ing angle of incidence. The reflectivity pro-
file is characterized by total external re-
flection below the critical value of
ko :=:::: 5 x 10-3 A. At higher ko, the overall
reflectivity decreases rapidly. The most
noteworthy feature of the profile is the
high frequency oscillation characteristic of
the total sample thickness ( ,..",1400 A). The
absence of any sharp reflections clearly
demonstrates that there is no long range
ordering in the specimen. Calculations of
the reflectivity profile assuming that the
film was homogeneous do not describe the
measured reflectivity profile as shown by
uppermost curve in Fig. 1. Since the XPS
results showed that there was an excess ors
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where Tis the absolute temperature. From
X and Nan MST of 65° is calculated. Thus,
for all temperatures above the glass transi-
tion temperature, the copolymer is phase
mixed.

Angle-resolved XPS studies on films of
P(d-S-b-MMA), on the other hand, show
that there an excess of PS, the lower sur-
face energy component, at the air surface
[5]. Making use of the differences in the
binding energies of the carbon and oxygen
electrons, XPS can be used to obtain the
relative concentration of Sand MMA seg-
ments over a depth which depends upon
the electron take-off angle. The average
bulk fraction of S segments is 0.5. How-
ever, the XPS results revealed that the frac-
tion of S segments at the surface was 0.65.
Consequently, nearly a 30% excess of the S
segments was found at the surface. Subse-
quent XPS studies on P(S-b-MMA) co-
polymers as a function of temperature [6]
and copolymer molecular weight [5]
yielded quantitative agreement with the ar-
guments of Fredrickson [3].

Due to the limited penetration depth of
XPS, neutron reflectivity was used to ex-

x = 0.0284 + 3.902/T
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A

with MMA adjacent to the Si substrate
and PS at the air surface. Substitution of
the Si substrate with Au produces a similar
multilayered structure, but, in this case, S
segments are located at both interfaces.
The period of the multilayered morphol-
ogy is found to be identical to the period of
the diblock copolymer in the bulk.

In the case of a Si substrate, the multi-
layering forces the thickness of the speci-
men at anyone point to be given by
(n + Ij2)L where n is an integer. A speci-
men with an initial thickness different from
(n + Ij2)L (which is usually the case)
forms terraces or depressions on the sur-
face where the step change in the thickness
of the specimen corresponds to precisely L.
This is easily seen using white light as a
source in a reflection microscope and ob-
serving the interference colors [8] [10].
Coupling the multilayer formation with
the high spatial resolution of neutron re-
flectivity has permitted a quantitative ex-
amination of the morphology of diblock
copolymers and a critical comparison to
current theoretical treatments [I I].

Diblock Copolymers at Homopolymer
Interfaces
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Fig. 2. DSIMS profiles showing the 2H + counts as a function of the sputtering time for a
P( d-S-b-MMA) diblock copolymer after annealing for (I) 0, (2) 5, (3) 15, (4) 240, and (5)
480 min [8]

The interface formed between two im-
miscible polymers is, normally, narrow
with very little interpenetration of the two
polymers. However, in many applications
of polymers where multiple layers of simi-
lar and dissimilar polymers are placed on
top of one another, lack of interpenetra-
tion between the layers results in poor ad-
hesion between the layers. This poor adhe-
sion between the layers will give rise to a
delamination during subsequent process-
ing or while in use. Such behavior is fre-
quently met in the microelectronics indus-
try where multiple layers of electronic cir-
cuitry are placed on top of one another
with a thin film polymer dielectric separat-
ing the circuitry. In bulk applications of
multicomponent polymer, it is often neces-
sary to obtain a fine dispersion of one poly-
mer in another. Due to the inherent immis-
cibility of polymers, coarse phase separa-
tion results. In both these applications, the
linking of two incompatible polymers via a
chemical bond to form a block copolymer
plays an important role. In the first case, the
diblock copolymer can be used to promote
adhesion between successive layers, and in
the second, it can be used to limit the extent
of phase separation and serve a means by
which stresses can be transferred from one
domain to another. As a result of these and
other examples, the investigation of the be-
havior of diblock copolymers at homo-
polymer interfaces has received substantial
theoretical attention. However, only re-
cently have the experimental techniques
become available to probe this question.

As a model, consider the case of PS and
PMMA. In the bulk, these two homopoly-
mers are immiscible and will coarsely
phase separate. The interface formed be-

tween layers or domains of PS and PMMA
is 50 A [11] [12]. While this is broader than
the interfacial width seen for most immis-
cible polymer (typically 10-20 A), the ad-
hesion between PS and PMMA is poor
[13]. Placing P(S-b-MMA) diblock copoly-
mer at the interface between the homo-
polymers produces a dramatic increase in
the adhesion between PS and PMMA as a
result of the bridging of the copolymer
across the interface and the entanglement
of the copolymer blocks with the homo-
polymers [13]. The effect of the copolymer
on the interfacial toughness is very clear,
but in order to develop an understanding
of the behavior of the copolymers at the
interface, it is necessary to know, whether
the copolymer orders at the interface, the
concentration of copolymer retained at the
interface and the segment density distribu-
tions of the homopolymers and copoly-
mers at the interface. This information
would allow a quantitative comparison
with existing theories, give insight into the
mechanism of adhesion, and guide the way
to developing a general description of the
interfacial behavior of block copolymers.

The segregation of block copolymers to
the interface between immiscible was ini-
tially investigated by Jerome and cowork-
ers [14] using transmission electron mi-
croscopy. Using a block copolymer with a

unsaturated link between the two blocks,
they were able to stain the junction point
with OS04 and to show that the interface
between the homopolymer domains was
preferentially stained. These experiments,
while providing limited information, were
critical, since they showed unequivocally
that the copolymer segregated to the inter-
facial region and the junction points were
restricted in their position spatially. More
quantitative measurements have been
made since that time using FRES [15] [16],
DSIMS [17] and neutron reflectivity [18].

FRES relies on the recoiling of nuclei
during interactions with a stream of inci-
dent alpha particles. The number of parti-
cles detected as a function of energy will
depend upon the mass of the particle, the
energy of the incident alpha particles, the
stopping power of the specimen, and the
depth location of the nuclei. From the en-
ergy spectrum, the depth profile of the nu-
clei can be determined. With FRES, one
typically uses the mass difference between
Hand D to label the component of inter-
est. With a spatial resolution of 800 A,
FRES can not provide a detailed descrip-
tion of the segment density profiles of the
components at the interface, since this oc-
curs on a much shorter distance scale, but
does provide a means of determining the
total excess of the copolymer localized to
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the interfacial region. This is of critical im-
portance, since it provides a direct measure
of a calculable quantity and provides a ba-
sis on which other measurements can be
based. Indeed, it has been found that the
concentration of the copolymer at the in-
terface increases up to the critical micelle
concentration, at which point the incre-
mental increase in the copolymer excess at
the interface decreases.

DSIMS, on the other hand, yields a
depth profile of the normal and D-labeled
components directly. One must be cau-
tioned, however, since the sputtering rate
of the ion beam in the different compo-
nents may vary which could hamper inter-
pretation. Nonetheless, on'e obtains the
concentration profiles smeared with the
spatial resolution of 130 A. In the case of
P(S-b-MMA) at the interface between PS
and PMMA, DSIMS has been used to
show that the copolymers segregate prefer-
entially to the interface and that there is
not a significant extension of the molecules
at the interface [17]. In addition, DSIMS
on thin layers of PS and PMMA homo-
polymers in the presence of P(S-b-MMA)
showed that, not only is there a segregation
of the copolymers to the homopolymer in-
terface, but there can, also, be a segrega-
tion of the copolymer to the air surface and
to the substrate interface [19]. This de-
pends upon the specific interactions of the
individual blocks of the copolymer with
the air and substrate surface in comparison
to those of the homopolymers. These stud-
ies clearly pointed to the complexity of
such systems and an unexpected behavior
of the copolymers.

Neutron reflectivity studies on the segre-
gation ofP(S-b-MMA) to the interface be-
tween PS and PMMA have been able to
quantify the segment density distributions
of the homopolymers and copolymers at
the interface [18]. Using a series of experi-
ments where the different components are
labeled with D, it has been possible, by the
solution of a set of simultaneous equations
to describe the system fully. There are sev-
eral interesting results which have
stemmed from these studies. First, it has
been shown that in the presence of a co-
polymer the interface between the Sand
MMA segments is substantially broad-
ened. In fact, an interfacial width of75 A is
found, whereas for the pure homopolymer

interface and for the interface between the
lamellar microdomains of the bulk diblock
copolymer a interface of only 50 A is ob-
served. Coupled to this is the observation
that the homopolymers penetrate deeply
into the interfacial region and overlap with
one another, even though theory would
predict that the extent of homopolymer
penetration should be small. Secondly, it is
directly evident that the copolymer orders
at the interface with the junction points
between the Sand MMA blocks being con-
fined to a narrow region at the interface.
Thirdly, it was quantitatively shown that
the copolymers are not substantially
stretched at the interface and are compara-
ble in dimension to that which is found in
the bulk lamellar morphology. Finally, the
area per copolymer molecule at the inter-
face is increased by nearly 30% due to the
penetration of the homopolymer into the
interfacial region.

Thus, by a combination of a variety of
techniques, an in depth picture of the state
of the copolymer molecules at the interface
is beginning to emerge. This problem is,
however, far from solved, since there are
numerous parameters that must be taken
into account. These include the molecular
weights of the copolymer and homopoly-
mers, the X parameter between the blocks
of the copolymers and the homopolymers,
the symmetry of the copolymer molecules,
and the correlation of these findings with
the mechanical properties and adhesion
between the homopolymers.

Conclusion

In this article, it has been shown that
there have been several important develop-
ments in the methods that can be used to
address the surface and interfacial behav-
ior of polymers. In particular, the subject
of diblock copolymers was used as an ex-
ample where significant progress has been
made over the past few years utilizing the
different techniques that have become
available. It was intended that this article
give the reader a flavor of the type of stud-
ies that are now possible by a combination
of techniques, and it has been stressed that
no one technique provides all the answers.
Each technique has its own strengths and
weaknesses. Only by using these tech-
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niques in a complementary manner can a
quantitative description of the behavior of
molecules be made.

The two areas selected are by no means
the only areas where advances have been
made. These happen to be areas in which
the author is directly involved. There are
many areas (far too many to enumerate
here) where similar type of advances have
been made. It is very clear that, experimen-
tally, the interfacial behavior of molecules
can now be addressed to obtain an abso-
lute measure of the concentration profiles
and critical comparisons can be made with
existing theories. As more experimental re-
sults emerge in the next few years, it is
inevitable that modifications and advances
will be made theoretically.
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