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ABSTRACT: The long-range interface correlation in thin polymer films (polystyrene and fully brominated
polystyrene) prepared by spin-coating is examined. Using diffuse X-ray scattering at small angles of
incidence, the roughness correlation which dominates the surface morphology of the polymer film is probed
from mesoscopic down to molecular in-plane distances. At the smallest replicable in-plane length scale,
the crossover from a conformal to a statistically independent roughness spectrum is determined. The
influences of molecular weight and film thickness are discussed. Compared to annealed samples, the
as-prepared ones show a different scaling behavior, which is explained with simple models taking surface-
bending rigidity into account. With a real-time annealing investigation, the decay of interface correlation
after the onset of annealing has been followed. At annealing even below the glass-transition temperature,
the roughness correlation is changing and disappears during sufficiently long annealing in the melt.
Monitoring the changes with time probes the mobility of the polymer molecules at the polymer-vacuum
interface. In thin films, the time constant is increased. The determined surface diffusion coefficient shows
a slowing down as compared to the bulk behavior which may be attributed to the attractive, long-range
substrate-interface interaction.

Introduction
Spin-coating is a widely used technique for the

preparation of thin polymer films on top of solid
substrates. Depending on the used polymer/solvent
combination, films with a very uniform thickness and
small surface roughness can be obtained. Controlled by
the preparation parameters, film thicknesses in a wide
range from the submonolayer regime up to several
microns may be prepared. Due to the importance of
technical applications such as protective coatings in
microelectronics and optics, previous publications de-
termine approximations which enable the calculation
of the resulting film thickness as a function of polymer
concentration, viscosity, molecular weight, and spinning
parameters.1-3 However, due to the complex nature of
the spin-coating process major simplifying assumptions
have been used, and thus, the successful modeling is
restricted to a few homopolymer systems. Less attention
was paid to the resulting surface morphology of the thin
polymer films directly after preparation. In a recent
publication,4 a roughness correlation between the sub-
strate and the polymer surface was observed. In a wide
film thickness range above the entanglement molecular
weight, the polymer surface is determined by the sub-
strate morphology. Only after annealing well above the
glass-transition temperature is this long-range correla-
tion imposed by the spin-coating lost. Consequently, the
smallest achievable surface roughness is determined by
the substrate roughness in systems where annealing is
not possible.

While in the previous experiments4 the influence of
several preparation and polymer parameters on the
installation of correlated roughness was determined, in
the present investigation, the range of the replicated
roughness spectrum as well as the time-dependent
decay of the long-range correlation is addressed. We

examine several film thicknesses of polystyrene (PS)
and fully brominated polystyrene (PBrS) at fixed mo-
lecular weight and examine for PS additionally the
influence of molecular weight. With diffuse X-ray scat-
tering, the surface morphology, the correlation between
interfaces, and the decay of long-range correlation were
measured. The experimentally determined film thick-
ness dependence of the short-wavelength cutoff of the
replicated roughness is discussed within two simple
models, which explain the different scaling behavior
between untreated and annealed samples. During an-
nealing studies, the decay of long-range correlation is
followed in situ. These measurements probe the mobility
of the polymer chains at the polymer-vacuum interface.
The determined surface diffusion constant shows the
slowing down of diffusion near an attractive wall.

In this paper, the Introduction is followed by the
Experimental Section describing the sample prepara-
tion. The next section shortly introduces some aspects
of diffuse scattering, and X-ray measurements are
reported. The results and discussion conclude the paper.

Experimental Section

Sample Preparation. Si(100) surfaces covered with a
native oxide layer were treated in several cleaning cycles,
always by four different baths (deionized water, 2-propanol,
acetone, and toluene), before being used as substrates. Im-
mediately before coating, the dry wafers were flushed with
fresh toluene once again. Next, the thin films were prepared
by spin-coating (1950 rpm for 30 s) by depositing a toluene
solution of the polymer onto the wafer. We used polystyrene
(PS) with molecular weights (Mw) of 28, 31, 67, 106, and 672
kg/mol and brominated polystyrene (PBrS) with Mw ) 144.7
kg/mol (before bromination) and a degree of bromination of x
) 1.07. All used polymers have a narrow molecular weight
distribution Mw/Mn e 1.05. The film thickness was varied by
changing the concentration of the solution following an empiri-
cal relation.3

With X-ray reflectivity, the initial film thicknesses of the
polymer films were determined. All diffuse X-ray scattering
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experiments were performed in a vacuum sample cell. Its
thermoelectric heating and the horizontally placed sample
enable an in situ annealing of the samples during X-ray scans.
Thus, real-time experiments were possible. The annealing
studies were restricted to the PBrS films, because the PS films
exhibit dewetting.4 The annealing of PBrS was performed at
three different temperatures, T1 ) 122.8 °C (below the glass-
transition temperature Tg ) 134 °C as determined by DSC),
T2 ) 161.3 °C (above Tg), and T3 ) 191.2 °C (significantly above
Tg). Only at T3 was an equilibrium state reached within typical
time scales that can be reached in synchrotron in situ
experiments (beam time is limited to a few days only).
Annealing was stopped after no changes in the X-ray scans
were visible over a sufficiently large time (typically twice the
previous annealing time), e.g., after 8 h. Next, the sample was
quenched down to room temperature and remeasured.

Diffuse X-ray Scattering. Diffuse X-ray scattering probes
the in-plane wave vector dependence of the long-wavelength
fluctuations.5 This enables the determination of the displace-
ment-displacement correlation function without assumptions
about the local layer structure. Correlations between the
interfaces yield a coupling of the correlation functions of the
individual interfaces. These interfaces are, in our case, the
air-polymer and polymer-substrate interfaces. With off-
specular scans, direct information about such an interface
correlation is obtained.6 In the case of uncorrelated interfaces,
all interfaces scatter independently and the diffuse intensities
of all individual interfaces superpose. Partially or fully cor-
related roughness gives rise to scattering with partial coher-
ence, and resonant diffuse scattering (RDS) is observed. The
partial phase coherence of the waves diffusely scattered from
different interfaces concentrates the intensity in narrow
sheets. These sheets of resonant diffuse scattering are oriented
parallel to the qx axis with the center fulfilling the one-
dimensional Bragg condition7 ∆qz ) 2π/dcorr. The modulations
of the resonant diffuse scattering are in-phase with the fringes
of the reflectivity and display the distance (dcorr) of the
correlated interfaces. Due to the angle-dependent refraction
of the X-rays in a qxqz map, the sheets are curved, forming
the so-called “RDS bananas”.7

The sample surface defines the xy plane, and the scattering
vector is denoted by qb ) (qx, qy, qz). Within a m-layer system,
the z component of the momentum transfer in each layer is
given by q0,j ) k(z,i),j + k(z,f),j, q1,j ) k(z,i),j - k(z,f),j, q2,j ) -q1,j, and
q3,j ) -q0,j, introducing the z components k(z,i),j and k(z,f),j of the
incident and diffracted wave vectors in medium j, respectively.
The jth layer is described by the refractive index (nj), the rms
roughness (σj), and the displacement-displacement autocor-
relation function (Cj,j(X)). Within the distorted-wave Born
approximation (DWBA), the diffuse scattering cross section7

is given by

with

The prefactors Gk,j are defined as G0,j ) Ti,jTf,j,G1,j ) Ti,jRf,j,G2,j

) Ri,jTf,j, and G3,j ) Ri,jRf,j, with the amplitudes of the
transmitted waves Ti,j and Tf,j and the reflected waves Ri,j and
Rf,j within the jth layer. These amplitudes can easily be
calculated using standard recurrence relations.8-10 The il-
luminated area of the sample is denoted by F. As it can be
seen from eq 2, the phases of the scattering contributions of
the different interfaces j and k differ. Therefore, the summand
(j,k) of the double sum includes a phase factor. In the case of
correlated roughness, these summands (j,k) and the symmetric
counterparts (k,j) contribute to the diffuse scattering. Due to

the constructive interference of the diffusely scattered beams,
sheets of enhanced intensity are created at a distance of 2π/
(zj - zk).

Due to the different angular dependence of the maxima in
a “detector scan” in systems consisting of one single layer on
top of a semiinfinite substrate, an easy separation of maxima
which are caused by the roughness correlation from maxima
that are caused by dynamical effects is possible. Thus, one
single detector scan is sufficient to give evidence of vertical
replication of roughness.

X-ray Measurements. One typical path through the
reciprocal space is called a detector scan: The sample is held
fixed at one angle of incidence (Ri), and the detector position
is varied around the specular peak. According to ∆qx ∼ ((2π/
λ)R∆R and ∆qz ∼ (2π/λ)∆R, the changes in the exit angle (∆R)
will mainly result in a change of qz and only very small changes
in qx. In a qxqz map, a detector scan is a parabolic path through
the reciprocal space, which cuts the Yoneda11 as well as the
specular streak. In a scan, both are visible as peaks. The
intensity depends on the roughness of the sample and the
chosen incident angle (Ri). In the case of correlated roughness,
one observes intensity streaks of resonant diffuse scattering
that are oriented parallel to the qx axis. This yields a
modulation of the intensity in a detector scan as pointed out
in the previous section,12 and from the spacing of the fringes
∆qz ) 2π/dcorr, the distance between the correlated interfaces
(dcorr) can be estimated. Performing several detector scans at
different angles of incidence yields a mapping of a part of the
reciprocal space. This is shown in real space in a contour line
picture with a logarithmic spacing of the contour lines in
Figure 1. The specular streak is pictured by the thick solid
line fulfilling the condition Φ ) 2Ri (reflectivity). The resonant
diffuse scattering is visible as the black-shaded areas oriented
parallel to the Ri axis and the Yoneda streak by the increased
intensity, fulfilling Φ ) Ri + Rc.

X-ray reflectivity measurements and a mapping consisting
of several detector scans of the homogeneous films directly
after preparation without any further treatment were per-
formed at a laboratory X-ray source (λ ) 1.54 Å). The Θ-Θ
reflectometer (Seifert XRD 3003TT) enables a large dynamic
range of 8 orders of magnitude in intensity and is therefore
well suited for diffuse measurements. As the monochromator,
a Ge(110) channel cut crystal is used. The sample is placed
on a specially designed vacuum chuck and is measured under
air. The reflectivity curves of the homogeneous PS films exhibit
well-pronounced fringes due to the small surface roughness
of typically 5 Å. From a fit of the reflectivity data, the film
thicknesses of the as-prepared samples (ltot) were obtained. The
mapping (see Figure 1) shows sheets of enhanced intensity
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Figure 1. Contour plot of the scattered intensity distribution
with a logarithmic contour line spacing. The incident angle is
denoted with Ri and the detector angle with φ ) Ri + Rf. Due
to the inaccessible area (behind the sample) and the fixed scan
range of each detector scan, the contour area becomes a
trapezoidal shape. The thick solid line fulfilling Φ ) 2Ri
represents the specular streak (reflectivity). Narrowed contour
lines show an increased intensity.
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oriented parallel to the Ri axis which are in-phase with the
fringes of the reflectivity (seen in the diagonal) due to resonant
diffuse scattering. Consequently, we detect a roughness cor-
relation between the substrate surface and the polymer
surface. To obtain information about the range of the rough-
ness spectrum which is replicated by the thin polymer film,
additional diffuse scans are necessary.

These diffuse X-ray measurements were performed at the
BW4 USAX beamline of the DORIS III storage ring at
HASYLAB/DESY in Hamburg. The selected wavelength was
λ ) 1.38 Å. We employed a reflection geometry13 to realize the
diffuse X-ray scattering under the conditions of small-angle
scattering with a setup of high-quality entrance slits and a
completely evacuated pathway. Details concerning the beam-
line, which is normally used for ultra-small-angle scattering
in transmission geometry, are reported in ref 14. To picture
the geometry used in this experiment, a schematical drawing
of the setup is shown in Figure 2. The beam divergence in and
out of the plane of reflection was set by two entrance cross-
slits. At an incident angle of Ri ) 0.98°, the coherently
illuminated length on the sample surface is êsurf = 500 µm,
and perpendicular to the surface, the coherence length is êhor

= 8 µm.15 At a sample-detector distance of 2903 mm, a
resolution of approximately 6.1 × 10-4 Å-1 was achieved. A
beam stop in front of the detector was installed at the position
of the primary beam. The nonspecular as well as the specular
intensity was recorded with a two-dimensional gas detector
consisting of a 512 × 512 pixel array.16 At one fixed angle of
incidence, the two-dimensional intensity distribution consists
of several vertical and horizontal slices. A vertical slice at qy

) 0 Å-1 correspond to a detector scan, and horizontal slices
correspond to so-called out-of plane scans.17 Vertical slices at
qy * 0 Å-1 are called “off-detector scans”. These scans are paths
through the reciprocal space shifted parallel to the parabolic
path of a detector scan due to the additional qy component.
Figure 3 illustrates this. In the qxqz plane, the inaccessible
areas (dark gray planes) and a detector scan (solid line in the
qxqz plane) are shown. The light gray plane with a parabolic
curvature shows the part of qxqyqz mapping that is accessible
with off-detector scans. The disappearance of the interference
fringes in the off-detector scans with increasing qy value
indicates that the top and bottom interfaces of the polymer
film are no longer correlated. Thus, the smallest replicated
in-plane length scale (Rc) can be estimated by successively
measuring off-detector scans with increasing qy. In our setup,
this is equivalent to several vertical cuts of the two-dimen-
sional intensity with increasing qy.

Results and Discussion

The replication of a part of the roughness spectrum
from one interface by another interface yields a correla-
tion between both. The resulting in-plane morphology
of the upper layer then strongly depends on the under-

lying one. The case of a one-layer system can be pictured
by a thin layer of snow on a hilly ground. The snow layer
follows the curvature of the ground. In two-layer or
multilayer systems, the degree of freedom concerning
the number of replicated interfaces and the transferred
roughness spectrum is enlarged. In the literature,
interface correlation was observed not only for thin
polymer films but also for thin solid films,18-22 Lang-
muir-Blodgett films,23,24 and smectic films.25,26

Static Measurements. The diffuse scattering mea-
surements were performed at an angle of incidence
Ri > Rc, i.e., above the critical angle of total reflection
of the polymer film. Therefore, typical characteristics
(Yoneda peak, specular peak, modulations due to reso-
nant diffuse scattering) can be easily separated on the
two-dimensional detector array. Cuts along the direction
of a detector scan are shown in Figure 4 as an example
of thin films of brominated polystyrene. Φ ) Ri + Rf
denotes the detector angle. In the horizontal direction,
the intensity was integrated over ∆qy ) (9.1 × 10-4

Å-1. The Yoneda peak is observed at Φ ) 1.17° and the
specular peak at Φ ) 1.99°. Additional modulations of
the intensity originate from resonant diffuse scattering.
In Figure 4, the thickness of the PBrS film is varied
between ltot ) 292 and 659 Å at a constant molecular
weight. The bare Si substrate (denoted “without”) is
shown for comparison. All samples exhibit correlated
roughness.

As discussed above, to probe the range of correlated
in-plane length scales, cuts with an increasing qy
component have to be performed.26 Figure 5 shows these
off-detector scans for PBrS and a film thickness of ltot
) 292 Å. From the bottom to the top, qy increases in
steps of ∆qy ) 6.1 × 10-4 Å-1. The curves are shifted
against each other for clarity. The decreasing amplitude
of the fringes resulting from resonant diffuse scattering
with increasing qy indicates the loss of correlation at
smaller in-plane length scales. At long in-plane length
scales, the substrate and the polymer-vacuum interface
are highly correlated. The conformality between the
bottom and the top of the polymer layer vanishes at
decreasing in-plane length scales. Taking the roughness
spectrum of the underlying substrate as a distortion of
the polymer surface, one can define a characteristic
decay length of this distortion, yielding a cutoff in-plane
length scale (Rc). Thus, the substrate morphology is
replicated by the thin polymer film for in-plane length
scales R > Rc. Figure 6 pictures this (for clarity, the

Figure 2. Schematic drawing of the experimental setup used
in the scattering experiment utilizing the 2D detector. The
sample surface is horizontally placed. The angle of incidence
is denoted with Ri, the exit angle with Rf, and the out-of plane
angle with Ψ. For data evaluation, several vertical slices are
taken. The xy plane denotes the sample surface.

Figure 3. Schematic drawing of the reciprocal space. In the
frequently plotted qxqz plane, only the inaccessible range (dark
gray planes) and the parabolic path of a detector scan (solid
line) are shown. A reflectivity scan will follow the qz axis with
qx ) qy ) 0. The light gray parabolic curved plane pictures
off-detector scans with increasing qy component.
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roughness amplitude is strongly enlarged against the
film thickness ltot).

As a function of the molecular weight of the PS films,
we do not observe changes of this short-wavelength
cutoff qc ) 2π/Rc in the examined molecular weight
range of 28-672 kg/mol (which are above the entangle-
ment molecular weight27). Thus, we discuss only the
dependence of Rc on ltot. To relate the results to typical
polymer dimensions, both lengths, ltot and Rc, are
normalized by the radius of gyration (Rg) of the unper-
turbed chains. In a double-logarithmic plot, these results
are presented in Figure 7. It shows a combined plot of
measurements from unannealed PBrS samples (open
circles) and PS samples of two different molecular
weights (28K, crosses, and 67K, stars) as well as
annealed PBrS samples (solid circles). The error bars
result from the resolution of our setup and the limited
statistics of off-detector scans. Both types of PS and
PBrS samples exhibit the same scaling behavior right
after preparation. The thickness of all samples was
above ltot/(2Rg) ) 1.9 to minimize the influence from
confinement effects.28-30 All observed Rc values of the
PBrS samples are smaller than the ones of the PS
samples, which means that brominated PS films repli-
cated smaller in-plane length scales of the substrate
roughness which may be caused by the reduced stiff-
ness. The solid lines are fits to the data yielding Rc ∼
ltot

0.5.

Figure 4. Detector scans measured at the angle of incidence
Ri ) 0.99° of the PBrS films as prepared for different film
thicknesses ltot. For clarity, the curves are shifted against each
other. For comparison, the data obtained from the bare silicon
wafer are shown, too (without).

Figure 5. Off-detector scans measured at the angle of
incidence Ri ) 0.98° for a PBrS film with a film thickness of
ltot ) 292 Å at different values of qy showing the disappearance
of interference fringes of the resonant diffuse scattering. The
increase in qy from the bottom to the top is shown with the
arrow. For clarity, the curves are shifted against each other.

Figure 6. Schematic drawing of two interfaces at a mean
distance ltot, corresponding to the film thickness as obtained
from reflectivity experiments (mean interface position marked
with the dashed lines). The roughness spectrum of the lower
interface is only transferred for in-plane length scales bigger
than Rc. The amplitude of the roughness is greatly exaggerated
for clarity.

Figure 7. Double-logarithmic plot of the smallest replicated
in-plane length scale Rc normalized by the radius of gyration
Rg as a function of the total film thickness after preparation
ltot. The data obtained from samples right after preparation
are shown with crosses (PS, 28K), stars (PS, 67K), and open
circles (PBrS). Data from the samples in the melt state are
shown with filled circles (PBrS). The solid and dashed lines
are fits to the data yielding a scaling behavior based on models
as explained in the text.
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A detailed modeling of the in-plane morphology
produced right after spin-coating is very difficult due
to the complex nature of the spinning process.31,32 The
process is frequently described in three consecutive
phases.1 The first phase incorporates all the initial
transient effects, the second phase includes most of the
mechanisms that control the resulting film thickness,
and the third phase is the transition to the final film.
In the second phase, the initial conditions installed at
the start have been forgotten and the fluid is assumed
to behave Newtonian. Viscous and centrifugal forces
balance the flow, which decreases the film thickness.
The viscosity depends strongly on the concentration. In
the third phase, the fluid viscosity rises rapidly and
further fluid loss is primarily due to solvent evaporation.
The process ends when the concentration is uniform
throughout the film and the viscosity is very large,
preventing further flow.1 Thus, one possible way to
describe the freezing-in surface morphology is the
assumption of a fluid with a strongly enhanced elastic
constant. Taking the excess surface free-energy density
(fex) of a liquid surface of area A that deviates from the
mean height ∆l(Fb) by hL(Fb) at an in-plane position Fb )
(x, y) including the bending rigidity (K)33

yields a short-wavelength cutoff.34 Without film thick-
ness contributions to the chemical potential difference
P(∆l(Fb)), the value of this cutoff is determined by the
surface tension (γLV) and the bending rigidity

Using the frequently applied assumption Ks ) K/ltot,
which introduces the surface elastic constant (Ks) as-
sociated with bending,35 gives the in-plane length

Thus, in a first-order estimation, Rc for a liquid film can
be calculated, neglecting other nonequilibrium factors
such as internal stress, spin speed, or glassiness. Within
this approximation, a freezing liquid polymer solution
film is expected to behave conformally for R > Rc. A
distortion with an in-plane wavenumber q ) 2π/R
decays slowly due to the small compressibility of the
system in the z direction. The characteristic decay
length of the distortion is given by l(q) ) 1/(λq2) with
the material constant λ ) Ks/γLV. From the experiment,
we determine λ ) 7.3 nm for PBrS and λ ) 13.1 nm for
PS. Thus, both values are in a comparable range with
the value as determined for thin combined liquid-
crystalline polymer films on silicon, λ ) 10.09 nm.36

Assuming a surface tension of PS of γLV ) 28.3 mJ/m2 37

yields a surface elastic constant Ks ) 0.4 nN. As
expected, this value is more than 2 orders of magnitude
bigger than the one of ideal simple free liquids, where
Ks is negligible,34 and bigger compared to Ks ) 0.012
nN of free-standing smectic films.25

Annealing Experiments. The annealing was re-
stricted to the PBrS samples which do not dewet on the
substrates. PS samples show dewetting at long time
scales; thus, a homogeneous film with a reduced inter-

face correlation is not the equilibrium state.4 The
corresponding values of Rc for PBrS at T ) 191.8 °C
are shown as filled circles in Figure 7. The dashed line
is a fit to these data yielding Rc ∼ ltot

2.0. Thus, we
observed a crossover in the surface morphology of the
polymer. During annealing, which means that the
polymer is in the melt state and therefore has the
freedom to relax toward equilibrium, the short-wave-
length cutoff is dominated by the interaction between
the substrate and the polymer molecules.38 Assuming
van der Waals interaction with an effective Hamaker
constant (Aeff)39 yields a short-wavelength cutoff

For the investigated range of thin film thicknesses, the
gravitational part (∆Fg) can be neglected, and the result

is in accordance with the observations. The measured
values of Rc are larger after annealing compared with
the ones found right after preparation. Thus, only a
smaller part of the roughness spectrum of the substrate
is replicated in equilibrium.40 Figure 8 shows the
influence of the annealing temperature for PBrS for a
film thickness of ltot ) 360 Å. After preparation, different
samples were annealed at 122.8, 161.3, and 191.2 °C
for more than 9 h each. The (bulk) glass-transition
temperature of PBrS was determined with differential
scanning calorimetry (DSC) as Tg ) 134 °C; thermal
gravimetric analysis (TGA) yields a decomposition tem-
perature of Ts ) 415 °C. One may take the amplitudes
of the modulations of the resonant diffuse scattering as
indications of the strength of the interface correlation
in the annealing experiments, since the differences in
the electron density remain unchanged, despite small

fex(hL(Fb)) ≈ 1
A∫∫A[γLV|∇hL(Fb)|2 + K|∇hL(Fb)|4 +

P(∆l(Fb))] d2F (3)

qκ
2 )

γLV

K
(4)

Rc ) 2π
qκ

) 2πxKsltot/γLV ∼ ltot
0.5 (5)

Figure 8. Detector scans measured at the angle of incidence
Ri ) 0.98° of the PBrS films with a thickness of ltot ) 360 Å as
prepared and during annealing at different temperatures. For
clarity, the curves are shifted by 1 order of magnitude against
each other.

qc
2 ) 1

γLV(∆Fg +
Aeff

2πltot
4) (6)

Rc ) 2π
qc

∼ ltot
2.0 (7)
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changes of the density due to thermal expansion. From
a comparison with the unannealed sample, it is obvious
that already below the glass-transition temperature a
relaxation of the strongly correlated interface happened.
With increasing annealing temperature, the amplitude
is increasingly damped. As Figure 9 shows for a film
thickness of ltot ) 292 Å at T ) 191 °C, the equilibrium
is already reached after 4.5 h. In terms of a Williams,
Landel, and Ferry (WLF) approach,41 the samples
annealed at T ) 122.8 and 161.3 °C are therefore still
far from equilibrium. This explains the measured
amplitudes in the detector scans shown in Figure 8,
which thus represent intermediate stages of annealing.
An equivalent behavior was found for other examined
film thicknesses. It should be noted that at 122.8 °C,
which is 11° below the bulk glass-transition temperature
of PBrS, a significant decrease of roughness correlation
is detected (see Figure 8). This quick relaxation was not
resolvable within the limited time resolution of a
synchrotron experiment, while the presented state of
reduced conformality is stable over 10 h (at 122.8 °C).
The changes of local heights during the relaxation are
only about 1 Å perpendicular to the surface, which is
very small compared to typical in-plane length scales
which are larger than Rc, and displays the sensitivity
of the used method. One may therefore conclude that
the quick relaxation is based on a different process than
chain movement like density relaxation.

In Situ Measurements. The time-dependent in-
crease of Rc was measured in situ. The typical time
resolution of the experiment was 20 min. This increased
time resolution was achievable due to the enhanced
scattering contrast resulting from the bromination. The
determined values, normalized by the radius of gyration
(Rg ) 77 Å), are presented in the insert of Figure 10.
The time t ) 0 is defined by the start of the annealing.

To extract the time constant of the observed process,
we analyze the data by a mathematical model, which
makes no assumptions concerning the physical origin
of the measured time dependence. The solid line shows
the best fit based on a Kolmogorov model (frequently
called the Johnson-Mehl-Avrami model).42-45 This
model describes the time dependence of a first-order
phase transformation from a metastable phase I into a
stable phase II and was, for example, successfully
applied to the growth of thin wetting films.46,47 The
decreasing range of Rc can be modeled if the correlated
part is taken as phase I and the uncorrelated part of
the roughness spectrum of the substrate as phase II,
yielding a time constant τ ) 1.8 h. Thus, the observed
relaxation is related to times well within the time
regime of free diffusion.48 The plot of the relaxed in-
plane length (∆Rc) as a function of t0.5, shown in Figure
10, underlines that diffusion of molecules at the free
surface yields the reduction of the smallest replicated
in-plane length scale. Without the roughness correlation
installed by the spin-coating process, both morphologies,
the one of the substrate and the one of the polymer
surface, would be statistically independent. The sub-
strate morphology results from the manufacturing
process of Si wafers, whereas the polymer surface in the
melt state is dominated by thermally excited capillary
waves. The surface tension of the polymer tries to
smooth the surface; consequently, additional roughness
contributions from the substrate are energetically un-
favorable. Thus, the installed replicated surface rough-
ness is a nonequilibrium state of polymer molecules, and
any movement of polymer chains will lead to a reduction
of roughness correlation, driven by a minimization of
the surface free-energy density. Because the typical in-
plane length scales are more than 2 orders of magnitude
larger as compared to the amplitude of the surface
roughness (σ ) 5 Å), the three-dimensional movement
can be reduced to a two-dimensional one. The measured
diffusion in the direction of decaying concentration is
described by the surface diffusion ∆Rc ∼ (4Dst)1/2 with
a surface diffusion coefficient Ds. From the slope of
Figure 10, we obtain Ds ) 9.3 × 10-16 cm2/s. By
correlating this diffusion coefficient to the movement
of molecules in the plane of the film, one can conclude
that the diffusion of chains parallel to the film surface
is slowed as compared to the bulk value of PS49 (D = 4

Figure 9. Detector scans measured at the angle of incidence
Ri ) 0.98° showing the time-dependent evolution of the
resonant diffuse scattering of a PBrS film with a film thickness
ltot ) 292 Å during annealing at T ) 191.8 °C. For comparison,
the data right after preparation (as prepared) and after a
quench down to room temperature (quenched) are shown.

Figure 10. In situ measurement of the relaxation of the
smallest replicable in-plane length scale ∆Rc as a function of
the annealing time t. The annealing at T ) 191.8 °C was
started at t ) 0. The film thickness of the PBrS sample is ltot
) 292 Å. The insert shows the time-dependent behavior of Rc
normalized by the radius of gyration Rg. The solid lines are
based on model calculations as explained in the text.
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× 10-14 cm2/s). A similar slowing down was observed
previously for thin PS films near an attractive interface
of oxide-covered silicon up to 10Rg film thickness.50,51

The values of D = 1.5 × 10-15 cm2/s for a film thickness
of about 300 Å determined for the vacuum side of the
PS films51 are in the same order of magnitude as
compared to Ds. The shape of an unperturbed polymer
chain in a melt or glass is well described by an
ellipsoid.52 In a bulk sample, due to the averaged
random orientation, a characterization with the mean
radius of gyration is possible. Computer simulations
show that the presence of a hard neutral wall essentially
orients the major axis of the ellipsoidal molecules
parallel to the wall.53,54 In the first approximation, the
free surface of a polymer film can be regarded as a hard
wall.55 From the reduction of configurations near this
wall, an enhancement of chain mobility parallel to the
wall is predicted.56,57 However, due to the strong inter-
action between PBrS and the substrate, the PBrS-
substrate system cannot be regarded as a polymer near
a neutral wall. The attractive interaction of the polymer
chains and the other boundary of the polymer film, the
substrate surface, decreases chain mobility by an in-
crease of the number of contacts between the chains and
the wall. Thus, on one hand, in the melt state, the in-
plane diffusion is slowed down, and on the other hand,
a quick relaxation is observed below the bulk glass-
transition temperature. This shows the complex nature
of the glass-transition phenomenon,58 which is by far
not completely understood.

To describe the decay of interface correlation, the
amplitude of the modulations in the resonant diffuse
scattering is examined. This yields only the relative
value Λ/Λ0 depending on the initial roughness correla-
tion right after preparation. Figure 11 compares the
time dependencies of the decaying long-range correla-
tion for two different film thicknesses. The solid lines
are fits using Λ/Λ0 ) exp(-(t/τ)1/3). For the larger film
thickness, the decay is faster as compared to the thinner
film, which is expressed as the time constant ratio
τ(292 Å)/τ(472 Å) = 4. This shows that thicker films
more likely lose conformality, may be due to the effect
of an attractive surface. Because the examined film
thicknesses (with ltot/(2Rg) > 1.9) are larger than the
typical ones showing confinement effects,58 we observe
no change in the scaling behavior and only a change in

the time constant. We may conclude that regardless of
the film thickness, there is an interphase region near
the solid substrate where the physical properties could
be very different from those in the bulk. This region
could be expected to have the same extension in both
examined film thicknesses, and thus, a different per-
centual part of the overall film thickness contributes to
the film properties.

In summary, we present measurements that probe
the replication of in-plane length scales from mesoscopic
down to molecular in-plane distances. Roughness cor-
relation was detected over a broad film thickness range.
Thus, we investigate a collective phenomenon of many
chains. At the short-wavelength cutoff, a crossover from
a conformal to a statistically independent roughness
spectrum is observed. For large wavelengths within the
limited experimental resolution, the substrate and the
polymer-vacuum interface are correlated. With spin-
coating, thin polymer films with strong roughness
correlation are prepared. This correlation decreases
during annealing. The relaxation from the metastable,
highly conformal state to the equilibrium, less conformal
one was measured in situ. It yields the decay of the long-
range correlation both in the strength of the correlation
and the range of correlated in-plane length scales. The
shorter the in-plane length scale and the thicker the
polymer film, the more likely is the loss of conformality.
We observe a crossover between two different types of
in-plane morphologies concerning the replicated rough-
ness. The morphology induced during the spin-coating
process is dominated by bending elasticity of the freez-
ing polymer solution, and the morphology after suf-
ficient annealing is controlled by the van der Waals
interaction between the substrate and the polymer
molecules. For equilibrium, the roughness correlation
of thin films is described in the framework of a linear
response theory.40 Long-wavelength fluctuations of the
solid surface are followed by the liquid interface, and
short-wavelength fluctuations are damped out by sur-
face tension. With increasing film thickness, the liquid
interface becomes smoother, and undulations of the solid
surface are followed more closely as the film thickness
decreases. With spin-coating, an unfavorable surface
state was imposed in the polymer surface which relaxes
Tg. The movement of the molecules at the polymer
surface in the melt state is diffusion-driven in the
experimentally accessible time range, yielding a surface
diffusion coefficient that is small compared to the bulk
diffusion coefficient. Thus, for the investigated small
film thickness, we detect a long-range effect from the
attractive substrate surface which slows down diffusion.
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