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ABSTRACT: The propagation of roughness from a patterned silicon surface by polymer thin films was
measured as a function of film thickness, time, and surface interaction using atomic force microscopy
and synchrotron X-ray reflection. In the presence of an interacting surface, the decay length of the surface
modulation was much longer than that observed in simple liquids. By measuring the time dependence
of the surface corrugation amplitude, we were able to extract a surface diffusion coefficient by applying
a modified version of the Mullins theory for surface diffusion in crystalline solids. The measured diffusion
coefficients were an order of magnitude smaller than in the bulk, and scaled as 1/M3/2, in agreement with
previous SIMS results. The results are interpreted in terms of surface interactions confining polymer
chains over distances larger than the radii of gyration.

Introduction

Thin polymer films are of great importance in a large
body of technological applications, e.g., coatings on
optical surfaces, supermirrors, and waveguides.1 One
common problem in preparing uniform high quality
films is the propagation of the substrate roughness to
the topmost film surface. The surface roughness of a
simple liquid film was studied by Tidswell et al.2 They
showed that the correlation of surface roughnesses with
the substrate roughness was strongly damped, becoming
undetectable for films thicker than about 100 Å. This
result was shown to agree with the theory of Andel-
mann, Joanny, and Robbins3 (AJR) where the structure
factor for the surface roughness in a simple liquid is
calculated by balancing the van der Waals interaction
between the molecules and the corrugated surface with
smoothing tendency driven by surface tension.
Due to the complex nature of the individual molecules,

the behavior of polymeric liquids can be very different
from that of simple liquids. In the vicinity of an ideal
noninteracting surface, the chains are free to move along
the surface and Aussere,4 Grannick,5 and others6 have
shown that no additional force is required to compress
the chains. For an interacting surface, on the other
hand, the chains can be pinned and the entropic penalty
associated with specific configurations must be consid-
ered when discussing interfacial phenomena. Addi-
tional terms describing the entropic contribution to the
free energy have been shown previously to account for
anomalies in the wetting behavior of entangled polymer
films, such as surfaces possessing a film thickness
dependence of the spreading parameters7 and autopho-

bicity between layers of chemically identical materials.8
Recently several groups have reported anamolous glass
transition behavior9,10 or reduced chain mobility11 near
interacting surfaces.
In this paper we show that confinement effects can

also dominate the polymer liquid structure factor and
the surface spreading dynamics, which together strongly
impact on the propagation of substrate roughness in
thin homopolymer film coatings. Finally, we also show
how the dynamics of surface smoothing can be a simple
way to measure lateral surface diffusion on a polymer
thin film.
The model system we used was that of monodisperse

polystyrene (PS) and poly(methyl methacrylate) (PMMA)
thin films on laterally structured silicon (Si) substrates
(i.e., surface gratings). These gratings can be regarded
as surfaces possessing a particular type of roughness
with only a few enhanced Fourier components in the
wavenumber spectrum. The adsorbed polymer film can
then follow the periodic structure in a well-specified
manner. Hence, in contrast to previous experiments on
the thin liquid films, which were performed on randomly
rough surfaces, the conformal part is now clearly
separated from the statistical microscopic roughness. If
the equilibrium and kinetic properties are both probed,
a direct comparison with existing theories is now greatly
simplified since the small scale internal substructure
of the polymer films can introduce random roughness
unrelated to the substrate.
If ΓS(q) denotes the Fourier transform of the substrate

contour and ΓL(q) is the Fourier transform of the
surface, then a linear response theory yields the result
ΓL(q) ) ø(q,l)/ΓS(q). The response function ø(q,l), which
depends on the wave vector q and the film thickness l
connects both surfaces and describes how the substrate
roughness is replicated by the adsorbed film. The AJR
microscopic theory for ø(q,l) of simple liquids, in the
Deryagin approximation,9 yields the prediction3,10
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where a ) (Aeff/2πγ)1/2.
Aeff is the effective Hamaker constant of the whole

system and g is the surface tension of the liquid film.
For a discrete system the wave vector is qm ) 2mp/d (q
is used form ) 1) where d is the grating spacing andm
is an integer. The physics of the system is contained
in the healing length, a, which represents the relative
strength of the van der Waals and surface tension
interactions.

Experimental Description
In our case the substrates are symmetric trapezoidal shaped

gratings of spacing d ) l and 0.5 µm and height h0 ) 170 Å.
They were prepared from native oxide-covered silicon using
standard lithographic methods, and the precise dimensions
were measured with atomic force microscopy and X-ray
reflectivity.11-13 The grating structures were found to be very
uniform (less than 5% variation) over the entire sample, which
was approximately 1 cm2. The bare gratings were cleaned by
sonicating in toluene, immersion in chromic acid for 24 h,
followed by immersion at 80 °C in 25% H2O2 ammonium
hydroxide solution for 10 min, and finally stripping with 15%
HF water solution. Between each step the substrates were
rinsed thoroughly with distilled water and dried in vacuum
at 150 °C for 1 h.
PS films of different molecular weights (Mw ) 600K-2000K;

polydispersity 1.06) and thickness ranging between l ) 179 Å
and l ) 1100 Å were spun cast onto glass substrates from
toluene solution. The films were then floated onto cleaned
gratings from the water surface and annealed under vacuum
of 10-4 Torr at 170 °C for various times. Test films were also
spun cast onto flat Si wafers so their thickness following
annealing could be accurately measured by ellipsometry.
The conformality of the polymer films was investigated with

atomic force microscopy (AFM) using a di nanoscope III in the
contact mode. A minimized contact force of ca. 300 nN was
used in order to confirm that no distortion was introduced by
the AFM tips. The amplitude of the surface modulation was
averaged within 15 × 15 µm2 images taken from at least five
different locations on a sample surface. The same samples
were also studied with synchrotron X-ray reflection for two
reasons: (a) One can compare directly with the AFM measure-
ments and determine if any artifacts are produced due to finite
tip size. (b) The X-ray beam can average over a large sampling
area (beam width is approximately 1 mm) compared to the
grating spacing. The scattered X-ray intensity was measured
in reciprocal space for fixed qx ) qm (m ) 0-4) in the qz
direction, i.e., along the rods corresponding to various diffrac-
tion orders. These scans are sensitive to the periodic structure
of the substrate and the modulation of the adsorbed PS films.
Furthermore, the intensity along the rods between the dif-
fraction orders was monitored to obtain the diffusely scattered
intensity. The diffuse contribution was subtracted from the
data for qx ) qm to obtain the true specular reflectivity and
true intensity of the diffraction orders, respectively. In this
manner, the intensities from the periodic conformal part of
the interfaces were clearly separated from the signal of the
random roughness. The X-ray measurements were in good
agreement with the AFM, and therefore, we hereafter will
mainly discuss the results of AFM. A detailed description of
the X-ray scattering theory and experiments can be found in
refs 16 and 17.

Roughness Conformality

Parts a and b of Figure 1 show AFM images obtained
from a bare grating and a PMMA (Mw ) 330K), 750 Å
thick film floated and annealed for 72 h on top of a
grating 170 Å high. From the figure one can see that

the trapezoidal conformation on the grating is reduced
to a sinusoidal modulation with an amplitude of 115 Å
on the polymer film surface. This result is in good
agreement with eq 1 and the X-ray rod scans,14 which
show that the higher harmonics are rapidly attenuated
on the outermost surface of the film. Therefore the
amplitude of the quasi-sinusoidal modulation approxi-
mately represents the first moment of the Fourier
transform and can be compared directly with the AJR
theory.
The ratio of the surface modulation amplitude of PS

and PMMA thin films to the grating height, h/h0, is
plotted as a function of film thickness in Figure 2 (open
circles). In all cases the PS and PMMA films were
annealed at 170 °C for 150 and 500 h, respectively.
Further annealing for up to 2 weeks produced no
significant changes, and hence these modulations were

ø(q,l) ) a2

a2 + q2l4
(1)

Figure 1. AFM images obtained from (a) the bare trapezoidal
grating with ho ) 170 Å and (b) the same grating covered with
a PMMA (Mw ) 330K) film, 750 Å thick, which was annealed
for 72 h.

Figure 2. ø(q,l) (q ) 2π/d) as a function of film thickness on
Si gratings d ) 1 µm and h0 ) 170 Å. AFM measurements:
(O) PS (1030K); (9) for PMMA (330K); (b) for a PS film on a
PMMA (235 Å) covered grating. The dashed, solid, and dashed-
dot lines are AJR predictions for a ) 5 (corresponding for a
simple liquid), 75, and 136 Å, respectively.
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assumed to be the equilibrium conformations. [It should
be noted that the surface states may actually be
metastable. As we will discuss later, the amplitude of
the modulation is dependent on having chains bound
to the surface. The nature of the interaction between
PS and silicon oxides is not known, and the PS may
eventually desorb from the Si with a time constant
longer than the experimental observation time.] From
the figure it can be seen that the thinner films follow
the substrate or ø(q,l) ) 1, whereas with increasing film
thickness, ø(q,l) goes to zero gradually. The amplitudes
measured with X-ray reflection14 on PS films were in
good agreement with the present results, which directly
prove that the modulation amplitudes can be accurately
determined on the polymer surface with the AFM in the
contact mode.
The dashed line in Figure 2 corresponds to the AJR

model for a simple liquid with a ≈ 5 Å in eq 1. This
value of a was obtained by substituting the Hamaker
constant, Aeff ≈ 5 × 10-13 erg (∼8.4 kBT for the
annealing temperature used) calculated for the system
Si/SiO/PS and the surface tension of PS(and PMMA) at
170 °C,4 γ ) 30 erg/cm2. From the figure one can see
that, as intuitively expected, in the case of a simple
liquid the surface roughness is almost completely at-
tenuated for a film whose thickness is only slightly
larger than the grating height. The roughness at the
surface of the polymer films, on the other hand, is
largely attenuated only after a film thickness more than
four times the height of the grating. For PS this
thickness corresponds to approximately 2Rg,the polymer
radius of gyration, given by Rg ) 6.7 Å(N/6)1/2 where N
is the polymerization index and Rg ) 274 Å for PS for
molecular weight 1.03M. The dashed line through the
data points of the PS film is a fit to eq 1 with a ) 75 Å
as the only free parameter. Hence the attenuation
function for the PS films has the same functional form
as that for a simple liquid, but with an effective
interaction distance that is approximately 25 times
greater.
We can introduce a surface confinement term into the

AJR expression due to pinning of the polymer chains
via interactions with the Si surface.7,11 The free energy
per unit area for a polymer film confined on the grating
into a thickness, l < R0, where R0 ) 6.7 Å is the end to
end distance of the polymer chain, or in this case 671
Å, is then given by

where n is the number of chains/unit area. For the
general case of adsorbed chains, the functional form of
eq 1 remains the same, except that the term a can now
be replaced by

In a thin film of entangled chains near a moderately
attractive surface, a psuedo-Gaussian chain near a wall
will have N1/2 contacts with the surface.19 If these
contacts are irreversible on the scale of the experiment,
then the layer is essentially a cross-linked membrane
whose elastic energy can be approximated by7 (π2/6)-
kBTn(R0

2/l2 - 1). Substituting R0 for PS ofMw ) 1030K
and l ) 300 Å leads to a ) 100 Å, which is in good
agreement with our observation of a ) 75 Å.

In case of a noninteracting surface, the chains are free
to move along the surface. Aussere,4 Granick, and de
Gennes6 have shown that no additional force is required
to compress the chains and hence ø(q,l), for polymer
melts should reduce to that for simple liquids as
predicted by the AJR theory.
To simulate a weakly interacting surface, a PS film

(360 Å thick, Mw ) 1030M) was floated on top of a
grating covered with a thin (235 Å) film of polymethyl
methacrylate (PMMA,Mw ) 262K). PMMA and PS are
highly immiscible,5,23 and hence no interdiffusion be-
tween the two films occurs. Mass transport to smooth
out the surface is only possible by motion of the PS
molecules within the PS film and along the PS/PMMA
interface. The PMMA layer remains pinned at the
silicon interface and screens out the interaction from
the Si surface in the PS overlayer. AFM microscopy
shows that the bilayer covered surface has a modulation
of only 6 Å. after annealing for only 15 h or 1/10 of the
time as films of PS or PMMA of equivalent total
thickness. From Figure 2 (filled circle), we see that in
the absence of pinning by surface interaction, the
experimental data now approach the AJR prediction for
a small molecular liquid with the correct Hamaker
constant for pure van der Waals interactions.
PMMA is more polar than PS and hence is known to

interact more strongly with silicon surfaces.15 The
attenuation of the surface roughness, as a function of
film thickness, is plotted in Figure 2 (squares). From
the figure we can see that the grating height is attenu-
ated far less with film thickness than that the case of
PS. In addition, the attenuation length is much larger
than 2Rg, where Rg of the PMMA used is 157 Å. In this
case, the roughness is somehow propagated through
chains that are not in direct contact with the surface.
Confinement effects on polymer chains at distances
larger than 2Rg (where only a few chains still have
surface contacts) were previously reported by Zheng et
al.11 where he observed a large decrease in the tracer
diffusion coefficient near the silicon interface. The same
decrease was observed for the PMMA diffusion coef-
ficient on the grating and will be discussed in the next
section.22 Except for the first point, which is not
included in the fit,6 the dashed line is a fit to the PMMA
data with eq 1. In this case as well, the functional form
is similar to the AJR model but with an even higher
value of a. The value obtained, a ) 136 Å, indicates
that the surface confinement energy of PMMA is
roughly four times larger than that of PS.

Lateral Surface Diffusion

When the polymer films are initially floated onto the
grating surface, the corrugation at the surface of the
films is almost identical to that of the original grating.
The attenuation of the original roughness to its equi-
librium value occurs over a period of time through
center of mass motion of the polymer chains along the
grating surface (Figure 3). It has previously been shown
by Zheng et al.11 that even a moderately weak surface
interaction, such as the one between PS and Si or even
the van der Waals interaction between PS and another
polymer, can dramatically decrease the diffusion coef-
ficient of polymer chains near the surface. This effect
should also be observable in the polymer dynamics
leading to the equilibrium surface corrugation of the
films on the gratings. Consequently, this may provide
a convenient method for measuring the surface diffusion

F ) γ +
Aeff

12πl2
+ π2

6
nkBT

R0
2

l2
(2)

a ) [(Aeff + 12πnkBTR0
2)/γ]1/2 (3)
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coefficients of polymers without the need for deutera-
tion, floating, or a scattering analysis facility.
In Figure 3 we show AFM cross sectional scans of a

PS film of Mw ) 1450K and l ) 750 Å floated on a
grating with d ) 10 560 Å and annealed for various
times. Note that the film follows the trapezoidal form
of the grating prior to annealing. In Figure 4a we plot
ln(h/h0) vs annealing time for the PS film. The decrease
in amplitude observed in the figure seems to occur in
two stages. The first stage, (0-4 h) is too rapid for us
to observe in detail experimentally and may be driven
by release of elastic strains incurred when the film,
initially spun on a flat surface, is stretched across the
grating. The second stage is much slower and may be
analyzed according to the surface smoothing theory
developed by Mullins which is commonly used to study
the mechanism of surface diffusion in crystalline
solids.17-19 In the following we show that this technique
is applicable for viscoelastic complex liquids as well.
The amplitude of a sinusoidal wave, h(t), on a surface

decays exponentially with annealing time according to

where q ) 2π/d and the coefficients F, A, D, and B
describe the contributions of the following transport

mechanisms: viscous flow, evaporation and condensa-
tion, volume diffusion, and capillary surface diffusion,
respectively. Only high molecular weight polymers
were used in this study; thus, the evaporation/conden-
sation term can be neglected (A ) 0).
In order to distinguish between the remaining terms,

the dependence of the slope on the grating period, q,
was measured. The dashed line in Figure 3a corre-
sponds to the decrease in amplitude under identical
annealing conditions of a PS film, 750 Å thick, floated
on a grating having d ) 5,010 Å. Best fits to the data
yields a slope, S. which is approximately 15.5 times
greater than the one measured on the grating with d )
10 560 Å (solid line). This eliminates the first term,
which scales as q, and favors the last term, which scales
as q4. Since only two grating frequencies were available
in this study we can not conclusively eliminate the
volume term which scales as q3. For now we can only
assume that since the films are thin, (less than 2Ro), it
is reasonable that the surface term dominates or B .
D. This assumption will be probed in a later study for
which a grating with multiple frequencies is being
designed.22 Hence capillary flow rather than viscous
flow appears to be the predominant mechanism for
surface diffusion at long times This result is consistent

Figure 3. AFM cross sectional scans used to measure h for a
PS film of Mw ) 1450K, l ) 750 Å floated on a grating with d
) 10 560 Å and ho ) 170 Å annealed for various times.

h(t) ) h0 exp[-(-Fq - Aq2 - Dq3 - Bq4)t] (4)

Figure 4. (a) Log (h/h0) of the polystyrene film surface shown
in Figure 3 plotted as a function of annealing time. The solid
and dashed lines are linear fits for 1 and 0.5 µm spaced
gratings with slopes of -0.042 and -0.652 respectively. (b)
The ln(Ds) vs ln(Mw) for PS films (750 Å thick) on a d ) 1 µm
grating. The slope of the linear fit is -1.64.
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with the initial assumptions of the AJR theory that the
equilibrium surface structure is determined by the
balance between capillary, van der Waals, and surface-
confining forces.
We can now extract the surface diffusion coefficient

by measuring the time decay of the surface modulation
on the film using

Applying Mullins formalism for surface diffusion in
crystalline solids to the case of an entangled polymer
melt yields the coefficient

Here Ds is the self-diffusion coefficient near a surface
given in the modified reptation model11 by

where Ne is the average number of monomers between
entanglements, fo and f are the polymer friction coef-
ficients in the bulk and at the surface, and Ω is the scale
factor which determines the dimensions of the diffusion
process. In the case of crystalline solids Ω is defined
in terms of the free atomic volume which occurs when
a surface vacancy is formed. For an entangled polymer
we will make the assumption that the surface scaling
unit is the tube diameter, Le which yields

where a andNe are, respectively, the statistical segment
length and the number of monomers between entangle-
ments for a given polymer. The diffusion coefficient can
now be measured by fitting the slope of ln(h/h0) vs
annealing time and substituting the value into eqs 6
and 8. In order to test this procedure, we will compare
both the scaling and the absolute magnitude calculated
from eqs 6 and 8 with previous measurements of the
diffusion coeffficients using standard ion scattering
methods.
Figure 4b is a log-log plot of the surface diffusion

coefficient vs the molecular weight for PS thin films on
a d ) 10 560 Å grating, using a constant film thickness
of 750 Å. The slope, -1.6 ( 0.1, is in good agreement
with the molecular weight dependence of the diffusion
coefficient normal to a silica surface found by Zheng et
al.11 and predicted in eq 7 for polymer chains in contact
with a strongly interacting surface (f . fo). Substitut-
ing, for PS,24 Ne ) 173, a ) 6.7 Å, Le ) 88 Å, and γ(T )
170 °C) ) 30 erg/cm2 into eqs 6, 7, and 8 we obtain Ds
) 6.5 × 10-16 cm2/s for theMw ) 1030K PS film shown
in Figure 4b. This value is approximately 1 order of
magnitude smaller than the self-diffusion coefficient of
PS in the bulk23 and is consistent with the assumption
that strong interactions confine the polymer chains and
require additional terms in the equation for the free
energy (eq 2). The magnitude ofDs is in good agreement
with Zheng’s measurement using DSIMS11,20,21 indicat-
ing that no significant difference exists between diffu-
sion along (parallel) or away (normal) from an inter-
acting surface, or the effect of trapping on the dynamics
is isotropic.

In the case of the PMMA films we used the corruga-
tion decay method to measure the dependence of Ds on
film thickness, or distance from the interacting Si
grating surface. Figure 5 is a logarithmic plot of the
diffusion coefficients vs film thickness obtained from
PMMA films of Mw ) 112 000 (Mw/Mn ) 1.04). From
the figure we can see that the diffusion coefficients
decrease by almost 2 orders of magnitude as the Si
surface is approached. From the figure we can see that
one requires films whose thickness is greater than
approximately 6Rg, (where Rg ) 110 Å) before one
observes the bulk diffusion coefficient. A similar de-
pendence for D on the distance from the Si surface was
previously measured by Zheng et al. using DSIMS for
PS films.23 On the basis of experiments with PS films,
Zheng et al.23 have suggested that this phenomena may
be explained by a two-fluid model where the polymer
liquid layer adjacent to the reactive surface acts as an
effective cross-linked gel which can trap the adjacent
“bulk” liquid layer retarding its motion. Unfortunately,
no quantitative model explaining these phenomena has
yet been proposed.
The magnitude of the diffusion coefficients plotted in

Figure 5 was calculated by substituting the parameters
for atactic PMMA,24 Ne ) 57 and a ) 7.4 Å into eqs 6
and 8. The open square point corresponds to the
diffusion coefficient as measured by dynamic secondary
ion mass spectrometry (DSIMS) at a distance of 1600
Å from the Si interface.22 The value of Ds ) 26 × 10-16

cm2/s is in good agreement with that measured by the
amplitude attenuation method. This indicates that at
least for the two polymers studied that tube diameter
is indeed a reasonable scaling factor for entangled
polymer films.
In conclusion we have shown that the confinement of

polymer chains by strong surface interactions can
propagate the substrate roughness over distances much
larger than those observed in simple liquids. This
phenomenon can be explained by assuming that the
chains are confined to the surface by a strong interaction
and introducing an additional term in the free energy.
This term is inversely proportional to the square of the
film thickness and hence does not change the functional
form of the attenuation equation derived for a simple

h(t) ) h0e
-Bq4 (5)

B ) γΩ4/3Ds/kT (6)

Ds ) kTNe/N
3/2(f + f0N

1/2) (7)

Ω ) Le
3 (8a)

Le ) aNe
1/2 (8b)

Figure 5. Diffusion coefficients measured on the grating
shown in Figure la for PMMA (Mw ) 112 000) films plotted as
a function of film thickness. The open circle corresponds to
the tracer diffusion coefficient as measured by DSIMS in ref
23.
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liquid. Reducing the surface interaction by covering the
bare silicon surface restores the simple liquid behavior
even for polymer films.
By adapting the classic smoothing theory of Blakely

and Mullins17-19 to polymer dynamics, we show that we
can extract surface diffusion coefficients from polymer
melts from the time dependence of the roughness
amplitude. The results are in good agreement with
previous DSIMS measurements of diffusion normal to
the silicon surface.11 The measured diffusion coef-
ficients depend on the distance from the silica interface
and scale as Mw

3/2; confirming the existence of strong
surface interactions.
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