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Stability of thin polymer films on a corrugated substrate
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Abstract. We study the wetting behaviour of thin polystyrene (PS) films on regularly corrugated silicon
substrates. Below a critical film thickness the PS films are unstable and dewet the substrates. The dewetting
process leads to the formation of nanoscopic PS channels filling the grooves of the corrugated substrates.
Films thicker than the critical thickness appear stable and follow the underlying corrugation pattern. The
critical thickness is found to scale with the radius of gyration of the unperturbed polymer chains.

PACS. 68.45.Gd Wetting — 68.15.4¢e Liquid thin films — 61.41.4e Polymers, elastomers, and plastics

1 Introduction

The stability of thin liquid films on solid substrates is an
area of great current interest [1-11]. Aside from its techno-
logical importance (coatings, lubricants, etc.) there remain
various basic issues related to the underlying mechanisms
and the relevant forces involved. Since any real surface
tends to exhibit both heterogeneities in chemical compo-
sition and a certain degree of roughness, recent studies
have focussed on the wetting behaviour of heterogeneous
model surfaces [5,12-14]. Such surfaces are typically char-
acterised by a well-defined lateral variation of the surface
energy and/or a regular corrugation of well-defined shape,
depth, and lateral width. In addition to their importance
for a sound understanding of the wetting behaviour of
real surfaces, such model experiments have demonstrated
routes to create liquid microstructures [4,12], which may
be of interest for the manipulation of the smallest amounts
of liquids in chemical or biochemical applications. In many
of the studies referred to above, high molecular weight
polymers have played an important role as model liquids.
Both the negligible vapour pressure and the high viscos-
ity of polymers facilitate experimental studies of wetting
and dewetting because the relevant time scales give easy
access to real-time observation of kinetic processes. Fur-
thermore, both the viscosity and the molecular size can
be easily controlled by changing the degree of polymeri-
sation, without significantly influencing the surface and
interfacial energies involved.

Patterned model substrates have been prepared follow-
ing different routes. In order to produce micron scale sur-
face energy patterns, different types of lithography have
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been applied [4,15,16]. As a rule, the overall lateral dimen-
sions of the patterned area created using such techniques
decrease with decreasing pattern size. Alternatively, self-
assembly processes can be utilised with the potential to
create patterns of nanoscopic characteristic lengths over
macroscopically large areas. As an example, Mayes and co-
workers [17] have used mis-oriented silicon single crystals
to produce large areas of saw-tooth like surface morpholo-
gies (Fig. 1). Here, a characteristic lateral spacing of order
100 nm can easily be achieved over cm?-sized surface ar-
eas. The authors studied the microdomain morphology of
symmetric diblock copolymer thin films of laterally vary-
ing film thickness induced by the surface morphology of
the substrate. Russell and co-workers [18] introduced the
idea of glancing angle metal evaporation on such silicon
surfaces, leading to a regular chemical heterogeneity by
shadowing effects. On such surfaces they studied the wet-
ting behaviour of thin films of homopolymers, polymer
blends, and block copolymers.

In the present paper, we have investigated in detail the
stability of thin polystyrene (PS) films of varying molec-
ular weight on regularly grooved silicon surfaces without
chemical heterogeneity. We find that the films become un-
stable below a certain critical thickness t¢.;, which in-
creases with increasing molecular weight. The data are
discussed in view of recent related experiments and theo-
retical concepts.

2 Experimental

For the preparation of the substrates we used polished sil-
icon wafers (5 x 12 x 0.5 mm?) with the surface normal
pointing 3 + 0.5° off the (113) crystal axis towards the
(001) axis (Crystec, Berlin). n-type (arsenic doped) mate-
rial (p < 20m$) cm) was used to enable resistive heating.
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Fig. 1. Sketch of the substrates used in the earlier [17,18] and
in the present work. Following the established annealing pro-
cedures [19-21], the initially flat surface of the miscut silicon
single crystal a) can be transformed into a regularly grooved
surface b). A layer of polystyrene is shown in both b) and ¢). In
¢) we introduce the respective lengths referred to in the text.

The wafers were repeatedly heated at increasing tempera-
tures up to a maximum of 1250 °C under ultrahigh vacuum
conditions. Heating was interrupted whenever the pres-
sure in the vacuum system increased to above 10~8 mbar.
25-50 steps were typically needed to remove the native ox-
ide layer under sufficiently high-vacuum conditions. After
the last heating step the sample was slowly cooled to tem-
peratures around 800 °C and kept there for various times
to produce the grooved surface morphology [19-21]. Fi-
nally the wafers were quenched to room temperature and
exposed to ambient conditions. The entire heating proce-
dure was computer-controlled. The resulting surface struc-
ture was investigated by scanning force microscopy (SFM)
operated in TappingMode™. In Figure 2a we show a typ-
ical SFM image taken after a heat treatment at 835°C for
7h. The surface exhibits triangularly shaped grooves with
a mean width of some 250 nm and a mean peak-to-valley
depth dg; of 5nm. The angle between successive facets
is determined by the angle between the (113) and (114)
crystallographic planes, respectively (5.8°), resulting in a
very shallow grating (Figs. 1b and 2a). We note that the
height scale and the lateral scales of the SFM image in
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Fig. 2. a) SFM Tapping Mode™ topography image of a cor-
rugated silicon surface used for the wetting experiments. The
scale bar is 4 um. In the inset we show a three-dimensional
image of a 2 um x 2 pm area of the scan. Note that the height
scale (dsi = 5nm) and the lateral scales are different, strongly
exaggerating the aspect ratio of the surface structure. b) The
mean groove width of the corrugated substrates as a function
of the annealing time at 800 °C under ultrahigh vacuum. The
errors in time correspond to sample cooling and are approxi-
mately 5s. The uncertainty in the mean groove width is of the
same size as the symbols. The dashed line is a guide to the eye.

the inset to Figure 2a are significantly different, strongly
exaggerating the aspect ratio of the grating. The absolute
values of the mean groove width and the peak-to-valley
depth can be varied over a wide range by suitable choice
of annealing time (Fig. 2b) [19-21]. The pattern extends
over the entire wafer and the orientation of the grooves is
the same over the entire area since it is determined by the
macroscopic miscut of the silicon single crystal.
Monodisperse batches of polystyrene of different
molecular weights were purchased from Polymer Stan-
dards Service, Mainz. The relevant molecular parameters
are listed in Table 1. Thin films of PS were prepared by
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Table 1. Molecular weights, polydispersities and polymerisa-
tion indices of the polystyrenes used in the present work.

M, (Da) My /M, N
5610 1.06 54
18800 1.02 181
51500 1.03 495
100000 1.03 962
376000 1.04 3615
1000000 1.04 9615

spin casting from toluene solution. Different film thick-
nesses were realised by variation of both PS concentration
and spinning speed. Each film was prepared under iden-
tical conditions on both a grooved silicon surface and on
a flat silicon surface. The latter was used to determine
the film thickness. To this end, scratches were applied to
the polymer films on the flat silicon wafers and the thick-
ness of the film was determined by SFM relative to the
underlying substrate.

The films prepared on the grooved substrates were in-
vestigated by SFM after spin casting to check that the film
completely wetted the substrate. Furthermore, the average
peak-to-valley depth dpg of the PS film was determined
and compared to the respective silicon surface in order
to check for systematic variations of the PS film thick-
ness on the grating. The same region (to within +10 gm)
of the substrate was imaged before and after PS deposi-
tion in order to avoid possible errors due to small lateral
differences in PS film thickness. To check the stability of
the films against dewetting, the samples were heated to
150°C at ambient conditions for various annealing times.
(A small number of samples were annealed at 180 °C and
these gave the same results as those annealed at 150 °C.)
After each annealing step, the samples were investigated
by SFM. Care was taken to image the same spot on the
sample (+£10 pm) in order to minimise potential errors due
to small lateral variations in the surface structure of the
substrates.

3 Results

After spin casting, the PS surfaces (Fig. 3b) exhibit qual-
itatively the same corrugation pattern as the bare Si sur-
faces (Fig. 3a). This finding shows that homogeneous PS
films are formed which follow the underlying grating. For
a quantitative analysis of the peak-to-valley depths dg;
and dpg, we have averaged the horizontal SFM line scans
along the direction parallel to the grooves. The result of
this procedure is shown in Figure 3 for a grooved Si sur-
face prior to and after deposition of a 4.5 nm thick layer
of PS (M,, = 100kDa). From Figure 3b it is obvious that
the peak-to-valley depth of the polymer surface is some-
what smaller than the respective value of the underly-
ing substrate, i.e. dps < dgj. This effect is due to the
interplay between surface tension and van der Waals in-
teractions, which typically flattens the surface of a poly-
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Fig. 3. SFM TappingMode™ topography image of a corru-
gated silicon substrate before a) and after b) casting a thin
PS film (M, = 100kDa, ¢,y = 4.5nm) from toluene solution.
The images have been taken at about the same lateral posi-
tion of the sample (10 pm). Under each image we show a line
scan, averaged along the horizontal direction. The mean square
roughness og; and opg were calculated from the averaged line
scans. The dashed lines indicate the respective roughness val-
ues.

mer film on a rough substrate surface [5,22,23]. Conse-
quently, the film thickness above the peaks, t,ca Will be
somewhat smaller than the thickness in the valleys, tvalley-
For a quantitative analysis, we determine the root-mean-
square roughness o; (i = Si, PS) of the respective surfaces,
which, for a perfect triangular grating, is related to the
peak-to-valley depths as d; = 2v/30;. Based on this as-
sumption, we calculate dg; and dpg from the respective
roughness data. If the average film thickness is denoted by
tav, we can determine tpeax = tay — (1/2)(dsi — dps) and
tvalley = tav+(1/2)(dsi —dpg), respectively. For the partic-
ular sample shown in Figure 3, we find t,, = 4.5+ 0.4nm
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Fig. 4. a) SFM TappingMode™ topography images (the scale
bar is 2 um) of a thin PS film (My = 100kDa, ¢ty = 5nm) on
a corrugated silicon substrate after annealing at 150 °C for 3 h.
The film has broken into linear channels following the grooves
of the substrate. The area shown in b) is a 1.5 x 1.5 ym? scan.
c) Average line scan along the horizontal taken from image
b). The solid line is the experimental result. The dashed line
depicts the position of the substrate surface.

(as determined on a flat substrate), dgi = 6.9 £ 0.4nm
and dps = 3.4+ 0.4nm. From these numbers we calculate
tpeak = 2.84+0.5nm and tyajley = 6.3+0.5 nm, respectively.

After annealing, the morphology of the PS film changes
markedly. Figure 4 shows the surface morphology of the
PS sample discussed above after heat treatment at 150 °C
for 3h. The originally homogeneous film has broken up
into thin channels filling the grooves in the underlying Si
grating. The channels extend over rather large distances.
Further annealing does not alter the film morphology. Fig-
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Fig. 5. Summary of the experimental results. Squares indicate
stable PS films, while triangles refer to films, where the forma-
tion of nano-channels was observed. The dashed line indicates
tpeak = 0.55R,. The solid symbols indicate data taken from
substrates with no corrugation.

ure 4c shows an average line scan similar to the ones dis-
played in Figure 3. One can clearly see the sharp peaks
of the Si grating in between neighbouring PS channels.
While the solid line is the experimental result, the dot-
ted line has been added by extrapolation to indicate the
position of the PS/Si interface for clarity.

Aiming towards a deeper understanding of the mech-
anisms responsible for the observed effect, we repeated
the above experiment for different film thicknesses t,,
and different PS polymerisation index N. We find that
the PS films break up into a regular array of channels
only if the average film thickness is smaller than a criti-
cal value, t.i. Films thicker than t..;; remain stable even
after several days of annealing. The critical film thick-
ness below which the instability is observed increases sys-
tematically with increasing chain length. This leads us to
infer that the confinement of the chains into films thin-
ner than their radius of gyration (Ry = 0.67,/N/6nm)
may be responsible for the observed phenomenon. As the
films are thinnest above the peaks of the silicon grating,
we present the quantitative results of our study in a dou-
ble logarithmic plot of ¢,eax against N (Fig. 5). Squares
indicate stable PS films, while triangles refer to films
which after annealing broke up into channels filling the
grooves. The most systematic experiment was performed
with N = 962 (M,, = 100kDa), where a clear transition
between stable films and PS channels appears at around
tpeak = 0.55R,. The data for N = 3615 (M, = 376kDa)
also agree with this relation. For N = 54 (M, = 5610 Da)
and N = 495 (M, = 51.5kDa) stable films were observed
for thear larger but close to 0.55R,, while for N = 181
(M, = 18.8kDa), PS channels appeared at tpcax smaller
but close to 0.55R,. All data presented in Figure 5 there-
fore agree with the notion that films with tpcax > 0.55R,
remain stable while those with tpcax < 0.55Rg break up
into channels filling the grooves. We have included the
boundary tpeax = 1.50 & 0.15N0-5%0:05 (= 0.55R,) into
Figure 5 as a dashed line dividing the diagram into a stable
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Fig. 6. SFM TappingMode™ topography image of a thin PS
film (M, = 100kDa, ta, = 4.5nm) after annealing for 3 min
at 120 °C. The scale bar is 2 ym.

and an unstable regime. The errors of both the prefactor
and the exponent present a range of possible boundaries,
which are also compatible with the experimental results.

In order to shed some light on the early stages of the
dewetting process finally leading to the observed PS chan-
nels, we have performed some preliminary short-time an-
nealing experiments. As an example, Figure 6 shows an
SFM image of a 4.5nm thick PS (M,, = 100kDa) film
after 3min annealing at 120°C. The film breaks up by
formation of holes lining up above the peaks of the grat-
ing. While a systematic study of the time dependence of
the dewetting process is beyond the scope of the present
paper, the data corroborate the importance of the film
thickness tpeax for the dewetting behaviour of the films.

The experimental results can be summarised as fol-
lows: On chemically homogeneous, grooved silicon sub-
strates, thin PS films break up into channels filling the
grooves of the pattern as soon as the film thickness in
the thinnest regions above the peaks of the corrugation is
smaller than roughly 0.55R,. Break-up of the films begins
with the formation of holes along the peaks of the corru-
gation. The resulting PS channels appear stable on fur-
ther annealing. Thicker films appear to be stable against
break-up into channels.

4 Discussion

In general, the free energy of thin polymer films on
heterogeneous substrates will exhibit lateral variations.
On chemically homogeneous substrates only corrugations
need to be considered and the local film thickness is the
relevant parameter. As we observe dewetting whenever
the thinnest parts of the films are thinner than a criti-
cal value teiy =~ 0.55Rg, one is led to the issue of chain
confinement (the R, dependence precludes an explanation
due to long-range forces). In the following discussion, we

therefore consider the potential influence of polymer chain

conformation and confinement on the free energy of the
films.

To understand the role of chain conformation and con-
finement in ultrathin polymer films, we need to know
whether the chains retain a statistical random walk (Gaus-
sian) distribution near a hard boundary. Silberberg argued
that chain conformations remain Gaussian near the sur-
face by assuming that the part of the chain that statisti-
cally would want to cross a hard wall is reflected by that
wall [24]. This suggests that chains retain their statistical
distribution, which in turn means that there is no driving
force for a film thickness instability and dewetting. A fur-
ther development of this theme demonstrated that chain
ends induce a long-range repulsion from walls acting over
a distance of order R, leading to a possible (small) driv-
ing force for dewetting [25]. The Silberberg argument has
been further criticised in a discussion of computer simu-
lations of thin films confined between neutral walls [26].

We therefore propose that, in confined films, chains
will try to reduce distortions induced by the surfaces by
moving into thicker regions of the film, triggering dewet-
ting. In thicker films, an increasing number of chains will
not be distorted by the boundary surfaces. Since an ex-
change of undistorted chains between regions of different
film thickness does not change the total free energy of the
system, films thicker than some critical thickness are ex-
pected to remain stable against dewetting. This critical
thickness should have a length scale of order R,. Further
support for such a mechanism comes from simulations on
the shape of polymer chains in the melt [27]. The chain
ends are not located next to each other, and so the poly-
mer chain is actually longer on an axis connecting the
chain ends, leading to a cigar conformation for the poly-
mer chain. There is very little change in the polymer size
perpendicular to the line joining the chain ends. There-
fore, polymers close to hard walls will align themselves
such that their long axis is parallel to the wall, avoiding
confinement. However, for very thin films of the order of
the polymer radius of gyration or thinner, there will be
distortions in the chain conformation and dewetting will
proceed as described above.

The above argument is also expected to hold on flat
substrates. We have therefore performed some test ex-
periments on the stability of ultrathin PS films of dif-
ferent chain length and thickness on flat silicon substrates
(Fig. 5). The same substrates were used, with the same
preparation procedure. The only difference being that, af-
ter annealing at 1250 °C, the substrates were not heated
at ~ 800°C to induce the corrugations. Although a sys-
tematic study is beyond the scope of this work, both stable
and unstable films were observed. The results support our
conclusions for the corrugated substrate experiments.

We note that earlier experiments on the wetting be-
haviour of ultrathin polymer films [3] on flat substrates
showed that otherwise stable films become unstable for
thicknesses smaller than some critical value, which again
was found to scale as Ry. If films below a certain thick-
ness are indeed inherently unstable, local variations in film
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thickness (e.g. due to capillary waves) will be amplified,
leading to the observed behaviour on flat substrates as
well. In the earlier experiments [3] the films were sta-
ble at higher temperatures in agreement with the notion
of confinement (i.e. entropy-related) effects. It has been
demonstrated using self-consistent field theory that this
dewetting could proceed according to a spinodal mecha-
nism [28]. A systematic study of the role of the annealing
temperature in our films could shed light on the impor-
tance of such a mechanism.

Recent experiments have addressed the question as
to whether the in-plane characteristic dimension of poly-
mer chains changes in films of thickness comparable to
or smaller than R,. While it was generally assumed that
within the plane of the films the chains retain their unper-
turbed Gaussian conformation even in the thin-film limit
[24,29], recent experiments lead to contradictory conclu-
sions. Jones et al. supported the above assumption by
neutron scattering experiments on ultrathin PS films [30].
Other experiments on similar systems indicated a system-
atic increase of the in-plane dimensions of the chains [31]
in ultrathin films in qualitative agreement with simulation
results [27]. Experiments on polydimethylsiloxane films
coated on PS brushes [32] indicated that chain ordering
near a surface occurs. It is probably fair to say that this
issue is not yet satisfactorily settled.

In the above discussion we have assumed that the equi-
librium conformation of polymer chains in the ultrathin
films leads to chain distortion. We cannot, however, ex-
clude the possibility that the preparation of the film leads
to the dewetting structure that we observe. For example,
during the spin coating, the film can vitrify before all of
the solvent has evaporated, possibly leading to some inter-
nal tension in the film [33]. In this case one could suppose
that the holes formed at the start of the dewetting pro-
cess (Fig. 6) were nucleated by polymer chain distortions
frozen in during spin coating and not due to confinement.
Such an explanation is also consistent with the observed
effect; the dewetting would be expected to start at the
thinnest points on the film (the peaks of the corrugations),
and also the radius of gyration scaling of the critical thick-
ness cannot be ruled out under this nucleated mechanism.
We therefore only note that significant deformations of
the PS chains within the thinnest regions of the films may
influence the dependence of the free energy per unit area
on film thickness and may be of importance for the effects
observed here and in the related experiments [3,18].

The observation of a channel structure initiated by
polymer dewetting has been observed in other experi-
ments. Higgins and Jones [34] have shown that an interfa-
cial roughness (of the order of Angstroms) but with a dom-
inant direction (a kind of nematic roughness) was shown
to initiate a corrugated dewetting pattern at a polymer-
polymer interface. Such an anisotropic spinodal dewetting
at a polymer-polymer interface is probably initiated by
small changes in dispersion forces due to the very small
differences in film thickness (spinodal dewetting is a very
sensitive function of film thickness [2]). The lateral length
scale of the dewetting is selected by the polymer system
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Fig. 7. a) SFM TappingMode™ topography image of a thin
PS film (M,, = 100kDa, t», = 5nm) on a chemically pat-
terned, corrugated silicon substrate after annealing at 150°C
for 3h. The film has broken into linear anisotropic channels,
with the PS dewetting preferentially to the side of the facet
covered with gold. b) Average line scan along the horizontal
taken from the area inside the box indicated in image a). The
solid line is the experimental result. The dashed line depicts
the position of the substrate surface. The approximate location
of the gold is sketched on the figure (these SFM measurements
do not identify the exact position of the gold).

itself, rather than by the (undefined) size of the rough-
ness. Shorter wavelengths are suppressed due to the energy
cost in having a large interface, whilst long wavelengths
grow too slowly in comparison with the observed dominant
wavelength. This is in contrast to our results, whereby the
dewetting has a length scale imposed by the size of the
corrugations. The existence of a dominant wavelength is
usually associated with a spinodal mechanism, and man-
ifests itself by a wavelength term in the free energy. In
order to assess such a possibility in our system, future
work should include a detailed analysis of the dewetting
of ultrathin polystyrene films on flat substrates.

We end our discussion by noting that the result-
ing structures observed on the chemically homogeneous,
grooved substrates are quite similar to the ones reported
by Rockford et al. [18], who studied the stability of thin PS
films on grooved and chemically patterned substrates. (In
these experiments, the mean groove width was 170 nm,
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which corresponds to ds; &~ 4nm. Since a 9nm thick
metal layer was evaporated on every other facet, the ef-
fective peak-to-valley depth amounted to some 13nm.)
The authors reported a single experiment (M,, = 100kDa,
tay = bnm) and showed that the PS film broke up into
channels aligned along the grating. They explained their
observation by different wetting properties of the SiO,, and
Au surfaces, respectively [35]. While the interfacial energy
between PS and SiO, may indeed be larger than for the
respective interface with Au [36], our experiments clearly
show that no such chemical heterogeneity is needed to in-
duce an instability which finally leads to the formation of
PS channels.

To relate our experimental work closer to the situation
described by Rockford et al. [18], we have in addition pre-
pared grooved silicon surfaces with Au evaporated on ev-
ery other facet. As an example, Figure 7a shows the mor-
phology of a 5nm thick PS film (M, = 100kDa) formed
on such a chemically heterogeneous substrate after an-
nealing. PS channels are formed, and these are similar to
those on the chemically homogeneous, grooved substrates
(Fig. 4), although the centre of gravity of the channels is
no longer located symmetrically within the grooves. As is
clearly visible in the average line scan (Fig. 7b), the PS
channels try to cover the facets covered by Au, in agree-
ment with the earlier work [18]. However, we also note
that polystyrene has dewetted the very top of the facets.
Since gold has also been evaporated onto this part of the
substrate, this is clear evidence that the substrate topog-
raphy must also play a role in such dewetting behaviour.

5 Conclusions

In conclusion, we have demonstrated that a rather small
surface corrugation has significant influence on the wet-
ting properties of thin polymer films. In particular, in
thin enough films, the spontaneous formation of an or-
dered array of polymeric nano-channels is observed. The
characteristic width of the channels is determined by the
corrugation period of the substrate, which can be varied
over a rather wide range. The PS films become unstable
only if the thickness in the thinnest regions of the films
falls beyond a critical value of about 0.55R. It was fur-
ther suggested that the films dewet by the formation of
holes nucleating along the peaks of the corrugation. Given
that the substrate corrugation extends over macroscopic
areas, this dewetting process leads to a large-scale, highly
anisotropic ordered structure.

Films thicker than the critical value of 0.55R, are seen
to be stable, probably due to an increasing number of
undistorted chains. Such chains do not seek to minimise
their free energy by diffusing to thicker areas of the film. In
comparison to earlier work on similar, but chemically pat-
terned substrates [18], our results indicate that the rough-
ness itself plays a crucial role in the stability of ultrathin
polymer films. Consequently, the potential role of surface
roughness should be considered whenever rough surfaces
are used to create chemically heterogeneous model sur-
faces.

The dramatic creation of a macroscopically large or-
dered array of sub-micron-sized polymer channels induced
by a small corrugation in the substrate may inspire further
work on the controlled creation of new liquid micro- and
nano-structures. We also hope that these results will lead
to further experiments aiming to a deeper understand-
ing of the processes involved in the coating of rough sur-
faces. Furthermore, the results point to the importance of
in-depth studies on the chain conformation in ultrathin
polymer films and its effect of thin film stability.
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turbildung an Grenzflichen, Contract No. Kr1369/9). The au-
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