VOLUME 83, NUMBER 3

PHYSICAL REVIEW LETTERS

19 JuLy 1999

Surfaces of Strongly Confined Polymer Thin Films Studied by X-Ray Scattering
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The surfaces of thermally annealed thin polystyrene films on silicon were investigated by specular and
diffuse x-ray scattering. The data cannot be interpreted satisfactorily with capillary wave calculations
assuming attractive van der Waals substrate film interactions. The analysis shows that polystyrene
films coated on silicon substrates are in a strongly confined state even for film thicknesses much larger
than the radius of gyration, possibly due to strong confinement that arises from the interaction at the
polymer/substrate interface and the viscoelastic behavior of the thin films.

PACS numbers: 61.41.+¢, 61.10—i, 68.55.Jk

The field of confined liquids and, in particular, that
of confined polymers have developed rapidly in the
last ten years. Confinement complicates the physics of
such films and may alter their properties drasticaly (see,
eg. [1-3]). X-ray scattering has proven to be one
of the well-suited techniques for obtaining quantitative
information about such interfaces. Whereas bulk liquids
have been investigated rather extensively (see, eg., [4—
8]), there are only a handful of quantitative investigations
on fluid thin films [9-15], mainly due to difficulties
in preparing samples with well-controlled thickness and
interfacial environment. In this Letter, we present a
systematic study, by x-ray specular and diffuse scattering
measurements, of the surfaces of thermally annealed
thin polymer films. To our surprise, we found that
these thermally annealed polymer films are in a strongly
confined state. They do not exhibit a liguidlike behavior.

We consider a thermally annealed and quenched thin
polymer film on a solid substrate. As a generalization
of results by Fredrickson et al. (see the Appendix of
Ref. [16]), the excess free energy per oscillation mode
Af of adistorted elastic film in lowest order perturbation
theory is given by

Af = (1/2)yere(q + q0) + pogq + (3/2)pod g2,

1)
where q is a lateral wave vector, d denotes the thickness
and uo the bulk shear modulus of the viscoelastic
polymer, and the cutoff ¢¢ was introduced due to long-
range subtrate/film interactions. The quantity y.e is
an effective surface tension, which corresponds to the
usual surface tension y in the case of a free liquid or
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polymer without confinement. In the case of van der
Waals interactions with the substrate, the cutoff gg is
given by gy = a/d2 with a length a = \/Aeff/277"yeff,
where the effective Hamaker constant A.;s accounts for
the interaction [10,17]. Equation (1) may be discussed in
certain limits: Inthe case uo = 0 and vy = 7y, EQ. (1)
describes a free liquid surface exhibiting capillary waves
without viscoelasticity and confinement. The propagation
of such capillary waves is hindered only by the attractive
van der Waals interaction and by gravitation. The last
two terms on the right-hand side of Eq. (1) consider the
viscoelastic response of a thin film [16]. Here, wo is
only a parameter accounting for elasticity which cannot
be calculated within the framework of Ref. [16], since
our system is not a thin film of molten polymer brushes.
We note that, for large wave numbers q and small w,
the quadratic term dominates in Eq. (1). This term leads
to particular power-law signatures in the x-ray scattering
data (see below).

To investigate liquid film surfaces, polystyrene (PS)
with a molecular weight My = 90 X 10° and a radius
of gyration Rz ~ 80 A was used. The films were spun
cast onto polished silicon wafers on which the native
oxide was removed by dilute hydrofluoric acid solution.
The film thickness ranges from 35 to 1676 A measured
by elipsometry and x-ray reflectivity. The samples were
annealed for approximately 12 h at 150 °C (well above
the glass transition temperature ~100 °C) in high vacuum
to reach thermal equilibrium conditions (p ~ 10~% mbar,
for preventing film dewetting). Upon removal from the
vacuum oven, they were quenched to room temperature to
a state of a “frozen liquid.” Note that the thickest film
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is much thicker than Rg, hence the surface of this film
is expected to behave like that of a free liquid. Atomic
force microscopy images of the thin film surfaces were
made twice on each sample to confirm that no dewetting
has occurred during either the annealing process or the
X-ray measurements. The x-ray scattering experiments
were performed at beam lines X10A and B of the Na
tional Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. With the scattering geometry shown
in the inset of Fig. 1 [scattering vector ¢ = ky — k; =
(g+,0, g.)], @ monochromatic beam (wavelength of A =

S(qx.q:) =

exp( 20?) f explq?C(X)} exp(— 52 X?) cos(g, X) dX .

1.19 A) was used. To access in-plane scattering vectors,
g, the detector remained fixed while the incident angle
was varied [18]. For each sample, the reflectivity and dif-
fuse scattering at ¢. = 0.15, 0.20, 0.30, and 0.35 A~!
were measured. The samples were translated perpendicu-
lar to the beam by 2 to 3 mm every 20 min to avoid radia-
tion damage to the polymer films.

Under the above experimenta conditions, the scattering
function S(q), which is proportional to the observed
intensity at point (g.,q;) in reciprocal space, can be
expressed as [5,18]

)

where C(X) is the diplacement-displacement correlation !
C(R), defined as (z(r)z(r + R)),, averaged in the y
direction, with z(r) being the displacement of the surface
contour relative to some arbitrary origin at the latera
position r. The Fourier transform of this correlation
function is essentially given by the inverse of the right-
hand side of Eq. (1) if the equipartition theorem is used
[6]. For this purpose, the expression given by Eq. (1) is
sufficient and the mode amplitudes are not necessary in
the further calculations. o in Eq. (2) isthe rms roughness
and Ap isthe electron density contrast at the polymer/air

interface. Wide-open dlits in the y direction lead to an

qgr ! power-law decay of the diffuse scattering instead of

the usual gx - decay for the nonintegrated case where the
quantity » will be specified below (for further details, see
Ref. [5]). The narrow dlits in the scattering plane were
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FIG. 1. Transverse scans along ¢, at different ¢, values for
a polystyrene film of thickness d = 109 A on silicon. The
vertical broken line indicates the location of the lower cutoff
q1.. and shows that this location is ¢, independent. The inset
shows the in-plane scattering geometry: The wave vectors
of the incident and scattered x rays are k; and k;, with
the incidence and exit angle «; and ay, respectwely The
momentum transfer is defined by q = k; — k; = (gx,q2).

taken into account by the real-space resolution function
exp(—87 R?). In the present study, diffuse scattering
from the substrate/polymer interface was neglected
because the substrate was very smooth (o < 3 A),
resulting in its diffuse scattering intensity being 2 orders
of magnitude lower than that of the PS films.

Figures 1 and 2 depict transverse diffuse scans for the
series of PS samples. The following form was used as
the correlation function in Eq. (2) for the fits. C(R) =
(B/2)Ko(q1./R* + r3) with the modified Bessel func-
tion Ky(X) and two adjustable parameters B and ¢; .. A
low-length cutoff ry was introduced, which is related to
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FIG. 2. Diffuse scattering from polystyrene films on silicon
substrates with film thicknesses d = 35,...,1676 A. Trans-
verse scans along ¢, for fixed g, = 0.2 A~! are shown. The
lines are fits with a lower cutoff ¢,. (arrows) as a parame-
ter (not shown for the d = 68 A film). For the thickest film,
the cutoff is hidden under the specular peak, i.e., in the region
gx < 107* A='. The inset depicts the mean-square roughness
o? vs d as measured by specular reflectivity (circles) and cal-
culated from the integrated diffuse scattering (squares).
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the finite size of the molecules and the bond lengths,
and which defines an upper wave-number cutoff ¢, . =
217 /ro. This cutoff [7,8] is on the order of 1-10 A~! in
our study [19]. We note that in the case of free capil-
lary waves, B = kgT /7y and g, . would be identical to
the van der Waals cutoff g9 = a/d? and the correlation
function above would be exact [5,6,10]. It turns out that
this correlation function may also be used in the limit of
small wo, which is relevant to our study [20].

The data for the series of polystyrene films show three
major signatures that can be associated with particular
terms of the free-energy expression given by Eq. (1):

(i) The mean-square roughness o2 (see inset of Fig. 2)
of the film surfaces, as obtained by fitting the specular
reflectivity data, increases logarithmically with increasing
film thickness (for clarity o2 is presented on a linear
scale). An independent method, namely calculating o>
from the diffuse scattering curves according to Eq. (2),
confirmed those values.

(ii) The “kink” in the curves of Figs. 1 and 2 indicates
the location of the cutoff ¢, . which was a fit parameter.
As shown in Fig. 3, ¢g;. may be approximated by the
relationship g; . = b/d™ with two parametersb and mthat
will be specified below. In the transverse diffuse scans,
this cutoff separates a power law from a rather flat region.

(iii) From the data shown in Figs. 1 and 2, we found
that the power law part, i.e., the scattering for ¢, > g,
may be approximated by I(g,) ~ g+ with = 0.

The conclusions that can be drawn from these three
basic properties will now be discussed: A logarithmic
increase of the rms roughness with the film thickness
would be expected for capillary waves on thin liquid
films. Recently, this has been confirmed for polymer/
polymer interfaces by neutron reflectivity measurements
[21]. However, the error bars of the data shown in the
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FIG. 3. Log-log plot of the low wave-number cutoff ¢;. as
a function of the film thickness for the series of PS samples
(solid circles) and a PVP series (open circles). The solid lines
are power-law fits according to ¢, = b/d"™ yielding m = 1.0
and m = 0.8 for PS and PVP, respectively. The dashed line
corr&spznds to the case of free capillary waves with m = 2 and
b=5A.
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inset of Fig. 2 are too large to confirm unambiguously
a logarithmic dependence of o> on d. Moreover, it can
be proven anaytically that this logarithmic increase is a
general feature caused only by the leading ¢> term of the
free-energy expression [see Eq. (1)]. The absolute values,
however, are also sensitive to the other terms of Eq. (1).
The second signature, the thickness-dependent location
of the cutoff, is highlighted in Fig. 3. Here pure van der
Waals interactions without viscoelasticity, i.e., assuming
mo = 0 in Eq. (1), would predict a relationship g;. =
a/d?, correspondingto m = 2 and b = a witha ~ 5 A
(see the dashed line in Fig. 3) in the above-mentioned
case (ii). However, Fig. 3 reveals that our data suggest
m = 1.0 £ 0.2 instead of m = 2. Included aso in this
figure are the results of a preliminary measurement of
a similar series of polyvinyl-pyridine (PVP) films where
we found m = 0.8, a value similar to the PS result and
aso far way from the capillary waves prediction. It
is known that PVP reacts more strongly with a silicon
surface, so that the viscoelastic nature of the thin films
becomes more pronounced. This may be understood in
a more quantitative manner if we assume a finite shear
modulus wo, i.e., a highly viscous liquid, in Eg. (2).
Neglecting van der Waals forces [¢o = 0 in Eg. (1)], it
is simple to show that the location of the cutoff scales
as q;. ~ 1/d*7>+1 [16,22]. The location of this cutoff
is determined by the second and third terms on the right-
hand side of Eq. (1). These terms are the high and low
g contributions of elastic distortions to the wave-number
spectrum (see the Appendix of Ref. [16]). Since we found
m = 1 for PSand m = 0.8 for PVP, our data favors the
model of viscoelasticity over that of free capillary waves.
The last issue, the low 7 value, is more subtle. It
can be shown that from a free-energy expression such as
Eq. (1), a power law follows for S(g.,q.) and g, > q;.
[5]. One gets S(gx,q;) ~ q;]ﬂ with n = Bg?/2 and
B = kgT /myer. The source for this particular power
law is again the leading quadratic g term on the right-
hand side of Eg. (1), which describes surface undulations
on lateral length scales smaller than Rg. While we found
a value very close to zero for al g, values and al film
thicknesses (even for the 1676 A thick film), one would
expect, eg., n = 0.15 for g, = 0.20 A~! as calculated
from a B value of 7.4 A2 obtained with the bulk-surface
tension of PS. The very low #n and thus high surface
tension may be caused by corrections to the ¢ term of
the free energy. For example, curvature corrections as
discussed by Napidrkowski and Dietrich [23,24] or modi-
fications of the simple 1/ pair potential [25], which are
very likely for polymers, would yield considerably smaller
7 values since they effectively can be described by an en-
hanced surface tension y.e. But the larger yer would
have yielded roughness smaller than that obtained from
the reflectivity and diffuse scattering measurements [5].
PS and PVP stick on Si surfaces. Thus one may sus-
pect that the unusua nonliquidlike behavior of the films
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is caused by the strong confinement, which is induced
by the substrate interaction. There are other arguments
in favor of this explanation. It was shown recently [15]
that polymers that do not interact with the substrate in-
deed show capillary waves on their surfaces. Further-
more, we monitored in situ with diffuse x-ray scattering
measurements that the cutoff appears only after anneal-
ing the films as explained above. Hence the interaction
with the substrate has to be thermally activated. Prelimi-
nary experiments have shown that the interaction may be
screened by a thin polymer layer underneath the PS film
or may be totally avoided in the case of free-standing
films. Thus, one may identify the strong interaction and
hence strong confinement at the S (or SIO,)/polymer
interface as the source for the viscoelastic behavior and
unusual high surface tension that we found for the thin PS
and PVP filmsin our study.

In summary, we have shown, for the first time, that long
wavel ength fluctuations are strongly suppressed due to the
interactions between the thin film and the substrate, which
transformsthefilminto avery viscous gel-type state. Such
suppression resultsin alow wave-number cutoff varying as
afunction of the film thickness, which can be clearly iden-
tified by x-ray diffuse scattering measurements. We found
that the substrate-induced confinement is present even for
films with thicknesses many times greater than the radius
of gyration. We also attempt to explain the experimen-
tal results quantitatively with atheory essentially based on
viscoelasticity. The experiments presented in this Letter,
as well as future studies, should shed light on a complete
understanding of the dynamics at the surfaces of thin liquid
and glassy films, interactions between polymer films and
substrates, and viscoelastic properties of polymeric mate-
rial under confinement.
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