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Soft Lithography of Ceramic Patterns**
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1. Introduction

Soft lithography is an increasingly important technology for
low-cost pattern replication with implications for a wide variety
of applications.[1] Making use of rubber stamps, soft-lithograph-
ic methods involve the transfer of the relief pattern of a stamp
into a self-assembled monolayer (microcontact printing), or
into a thin film that typically consists of an organic material
(micromolding). These techniques developed by Whitesides
and co-workers in the 1990s have spawned a large number of
related methods.[1] The common denominator of nearly all
soft-lithographic methods is that they are typically best suited
for patterning “soft” materials, such as polymers, short end-
functionalized organic chains, and biological macromolecules.

Less well studied are the liquid-deposition methods used to
manufacture thin patterned layers and their combination with
soft lithography. Micromolding in capillaries has been used to
pattern ionic salts and glasses employing low-temperature sol–
gel reactions.[2] Using a combination of micromolding and self-

assembly, micropatterned silica films have been obtained with
a high degree of orientational order.[3] Using high-temperature
pyrolysis, a number of different ceramic materials have been
patterned at micrometer and sub-micrometer length scales.[4]

Over the last decade, this work has been extended to a number
of different systems.[5–13] The resulting patterned ceramics are
typically amorphous or polycrystalline.

In addition to ceramic films that have no orientation with
respect to the substrate, the growth of epitaxial films using liq-
uid-deposition techniques is also possible.[14–17] An epitaxially
aligned ceramic material has been patterned by a molding
technique to create 50 lm wide lines;[18] however, epitaxially
aligned structures with sub-micrometer resolution have not yet
been demonstrated by using soft lithography. Such an exten-
sion of soft lithography is attractive because thin films with
properties that rely on or benefit from epitaxial order (e.g.,
piezoelectric and high-TC (Curie temperature) superconduct-
ing properties) can possibly be patterned with sub-micrometer-
scale precision. In contrast to more-established deposition
methods, liquid deposition is attractive, because, from the prac-
tical point of view, it is considerably simpler than the compet-
ing methods.

We show here that by using polymer-based precursors it is
possible to pattern ceramic materials using soft lithography. It
is not only possible to epitaxially grow thin ceramic films from
organic solutions,[15–18] but also to pattern these films by a sim-
ple micromolding method. The application of soft lithography
to epitaxially grown ceramic films is attractive, because it
extends this technique towards functionalities that cannot be
achieved by using amorphous or polycrystalline materials. The
possibility of obtaining epitaxially aligned materials that are
patterned with sub-micrometer-scale precision offers many
interesting opportunities. We demonstrate here the fabrication
of an array of epitaxial material with a sub-micrometer lateral
pattern size. The generic nature of this experimental technique
allows the extension of this method to a large class of ceramic
materials.
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Polymer-based precursor solutions are patterned using a soft-lithographic patterning technique to yield sub-micrometer-sized
ceramic patterns. By using a polymer–metal-nitrate solution as a lithographic resist, we demonstrate a micromolding procedure
using a simple rubber stamp that yields a patterned precursor layer. A subsequent high-temperature annealing step degrades
the polymer giving rise to a patterned metal oxide film. This procedure is demonstrated for three different ceramic materials:
Al2O3, ZnO, and PbTiO3. Al2O3 initially forms an amorphous phase that is subsequently converted into a polycrystalline mate-
rial upon electron irradiation. The formed ZnO and PbTiO3 are polycrystalline. PbTiO3 exhibits epitaxial alignment when cast
onto a SrTiO3(001) surface that matches its lattice periodicity. This epitaxial alignment is maintained when the PbTiO3 phase is
patterned by micromolding, giving rise to epitaxially grown PbTiO3 patterns with feature sizes down to 300 nm.
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2. Results and Discussion

In the first set of experiments, polycrystalline films of simple
oxides have been prepared. To demonstrate the versatility of
our approach, two experimental systems were selected: Al2O3

and ZnO. Aluminium oxides are often used as dielectric insula-
tors (they have dielectric constants as high as 7.7 and their
resistivities can range up to 1016 X cm), and are also of interest
because of their hardness. ZnO is a wide-bandgap semiconduc-
tor that can be doped to yield a transparent, highly conductive
material.

Layers of both materials have been prepared in an analogous
manner. The nitrate of the metal was dissolved in N,N-dimeth-
ylformamide (DMF), and poly(acrylic acid) (PAA) was added
to the solution. The solution was then deposited onto an oxide-
covered silicon wafer or a glass slide by spin-coating or micro-
molding, and the resulting film was subsequently dried. This
caused the metal ions to be complexed by the polymer, leading
to a homogeneous distribution of the metal ions in the polymer
matrix. The films were then heated in two stages: first to 500 °C
to degrade the polymer and to remove the degradation prod-
ucts, followed by an annealing step at a temperature of
ca. 600 °C during which the oxide phase was formed. Figure 1a
shows a spin-cast Al2O3 film after annealing. The film was very
smooth with a surface roughness of less than 3 nm (Fig. 1b).

To investigate the thermodynamic phase of the film, electron
diffraction patterns were acquired for films that were spin-cast
onto microscope cover slips. Interestingly, after preparation,
the Al2O3 was observed to be amorphous. The electron diffrac-
tion pattern shown in Figure 1c is characterized by a halo.
Crystallization of the oxide phase can be induced through elec-
tron irradiation. Figure 1d shows the electron diffraction pat-
tern after prolonged irradiation with 200 kV electrons. From
the diffraction pattern, the Al2O3 phase was identified as either
c- or g-Al2O3. In contrast, ZnO formed a crystalline phase
(zinkite) after annealing, as shown in Figure 2a. The relative
peak heights of the X-ray diffraction pattern are indicative of
the polycrystalline nature of the film.

The advantage of using polymer-containing precursor solu-
tions is that their viscosity can be controlled by adjusting the
polymer concentration and molecular weight. This enables the
use of a number of soft-lithography methods. In this study, a
micromolding process was used: a poly(dimethylsiloxane)
(PDMS) rubber mold with micrometer-sized lateral surface to-
pography was pressed into a few drops of the precursor solu-
tion and the assembly was heated to 80 °C for ca. 50 min to dry
the film. After the removal of the mold, the samples were sub-
jected to the heating protocol described above. Figure 2b and c
shows an array of ZnO lines (ca. 180 nm in width) and Al2O3

columns (ca. 265 nm in diameter). The molds for both patterns
had a lateral feature dimension of 800 nm. The 100 nm dimen-
sions were therefore a consequence of the volume reduction
during annealing. The lateral contraction of the columns by
ca. 89 % was much larger compared to the stripes, whose width
contracts by ca. 78 %. Assuming that the relief of the mold was
fully filled by the precursor solution during micromolding, the

stripes exhibit a higher degree of vertical shrinkage (ca. 93 %),
compared to the columns (ca. 79 %). The apparent volume
contraction of 98–99 % is larger than the predicted volume re-
duction of ca. 95 % calculated from the stoichiometry of the
precursor solution. This discrepancy is probably due to incom-
plete filling of the mold during micromolding. These patterns
were highly reproducible and nearly defect free over almost
the entire sample area of 1 cm × 1 cm.

The second experimental series consisted of PbTiO3 thin
films grown on SrTiO3(001) single crystals and silicon wafers.
PbTiO3 is one end member of the solid solution series
PbZrO3–PbTiO3 (PZT). Patterned PZT materials are of inter-
est as micromechanical actuators and for ferroelectric data
storage. As both the spontaneous and stress-induced polariza-
tion are parallel to the c

→
-axis, a preferential orientation of the

c
→

-axis perpendicular to the plane of the film is desirable. The
strongest effect can be obtained by epitaxial growth of the
ferroelectric on a suitable substrate. The experimental system
used is similar to the ones described above: nitrates of Pb and
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Figure 1. Al2O3 films on a microscope cover slip. a) The scanning electron
microscopy image shows a fragment of the film. b) Cross section of the
corresponding atomic force microscopy scan shows a root-mean-square
roughness of 3 nm. The as-prepared Al2O3 films are amorphous. c) The
transmission electron microscopy diffraction image shows a diffuse halo.
Upon prolonged electron irradiation the diffraction image shown in (d) ap-
pears. The indexed diffraction rings can be ascribed to either c- or g-Al2O3.
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Ti are dissolved in a 1:1 molar ratio in DMF and PAA is added.
Films are prepared by spin-coating or micromolding and a two-
step high-temperature heating protocol is used with a maxi-
mum temperature of 700 °C. In contrast to the amorphous film
shown in Figure 1a, the surface of spin-cast and annealed
PbTiO3 films on SrTiO3(001) is not smooth, and is instead
characterized by surface corrugation with height variations of
several tens of nanometers (Fig. 3a). Careful examination of

the surface morphology reveals the nature of this corrugation
as arising from surface reconstruction that locally mirrors the
symmetry of the underlying SrTiO3 substrate. The epitaxial
orientation of PbTiO3 on SrTiO3 is better shown by an x–2h
X-ray scan. Figure 3b and d compares PbTiO3 deposited on a
silicon wafer (with a native oxide layer) and on a SrTiO3(001)
single crystal. In the latter case only the (00l) peaks of SrTiO3

and the (00l) peaks of PbTiO3 are discernible, indicating the
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Figure 2. ZnO and Al2O3 films on a) a silicon wafer and b–e) microscope cover slips. All peaks in the x–2h scan of ZnO in (a) can be indexed to either
ZnO or Si (for this and all other X-ray scans, cubic substrate lattices have been chosen such that the c

→
-axis of the substrate is parallel to the film normal).

The scanning electron microscopy image of ZnO in (b) shows a film patterned by micromolding using a mold with a line width of 800 nm and a periodic-
ity of 1.8 lm (the lines in (b) and (d) are doped with ca. 2 % Al). The Al2O3 dot array in (c) has been made with a mold that has 800 nm wide holes with
a 1 lm periodicity. The corresponding atomic force microscopy images and cross sections are shown in (d) and (e). The lateral pattern sizes determined
from (b) and (c) are ca. 180 and 265 nm, respectively. The pattern heights determined from (d) and (e) are ca. 65 and 200 nm, respectively.
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c
→

-axis orientation of PbTiO3 on SrTiO3. In addition, the pole
figure of the {101} reflections of PbTiO3 in Figure 3c provides
further proof of the in-plane orientation of PbTiO3 and the
epitaxial relationship between PbTiO3 and SrTiO3. We have
recently presented similar results for the epitaxial growth of
Bi2Sr2CaCu2Ox and YBa2Cu3O7–d high-TC superconductors.
The mechanism for the formation of epitaxial layers by a sim-
ple liquid deposition process has been explained by Seiffert
et al.[14]

Analogous to the results presented in Figure 2, it is possible
to generate thin patterned PbTiO3 films on silicon wafers and
SrTiO3 surfaces by micromolding. The atomic force micros-
copy (AFM) images in Figure 4a and b show a similar quality
of replication and similar lateral structure sizes—lines with a
width of ca. 700 nm and columns with a width of ca. 1 lm on
silicon wafers. The heights of the structures are 90 and 115 nm,
respectively. As compared to the lateral pattern dimensions of
the mold (1.2 lm (lines) and 1.4 lm (dots)), lateral shrinkages
of 42 and 49 % are observed in Figure 4a and b, respectively.
The vertical shrinkage in Figure 4a and b is 90 and 88 %,
respectively, and the overall volume contraction is ca. 94 %,

which is in good agreement with the predicted volume contrac-
tion of ca. 95 %.

In addition to the polycrystalline patterns shown in Figure 4a
and b, the scanning electron microscopy (SEM) images in Fig-
ure 4c and d show the epitaxial alignment of a PbTiO3 pattern
on SrTiO3(001). The quality of pattern replication can be more
clearly observed in the corresponding AFM image in Figure 5.
Due to the low overall surface coverage of the columns in the
patterned films, the analysis of these features by X-ray diffrac-
tion is difficult. Instead, the morphological details of a single
column are shown. Figure 4c shows the SEM image of a single
column. In this sample, a thin, incomplete layer of PbTiO3 sur-
rounds the column. The holes in the layer have colinear
straight edges parallel to the [100] and [010] edges of the
SrTiO3 substrate, indicating the epitaxial nature of this layer.
Whereas the morphology of the PbTiO3(001) columns is some-
what rounded, it is possible to identify faceted aspects of the
columns. The faces of the column are also parallel to the edges
of the substrate. A similar, somewhat larger column is shown in
Figure 4d. The lines indicate the direction of the edges of the
single-crystal SrTiO3 substrate. While definitive evidence of
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Figure 3. PbTiO3 deposited on two different substrates. While PbTiO3 forms a smooth film on Si wafers (not shown), on SrTiO3(001) substrates, PbTiO3

films show a characteristic terraced appearance. The x–2h scans in (b) and (d) show a comparison of PbTiO3 on an oxide-covered Si(001) wafer and a
SrTiO3(001) surface, respectively. Whereas the scan in (b) resembles a PbTiO3 powder diffractogram, only the (00l) peaks of PbTiO3 and SrTiO3 are
visible in (d). Since the (00l) peaks of SrTiO3 and the (h00) peaks of PbTiO3 nearly coincide, no information about the amount of a

→
-oriented material can

be obtained from (d). The four {101} peaks in (c) provide evidence for the epitaxial orientation of PbTiO3 on SrTiO3, which is either purely c
→

- or mixed c
→

-
and a

→
-oriented. This diffraction image has been obtained by adjusting the diffraction set-up so that the PbTiO3(101) peak is detected. Upon rotation of

the sample around its normal, the detection of the {101} peaks at mutually orthogonal angles is evidence for the in-plane alignment of the PbTiO3 film
with respect to the underlying SrTiO3 substrate. The radial coordinate in the polar plot corresponds to the variation of the tilt angle w during the scan.
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the epitaxial growth of the micromolded pattern requires dif-
fraction from individual columns (such as in a transmission
electron microscope), the symmetry observed in Figure 4c is
strongly indicative of the epitaxial nature of this feature. Note
that the perforated layer between the columns arises from
incomplete micromolding. This can be significantly reduced by
optimizing the micromolding process.

An interesting aspect of this experiment is the shrinkage ob-
served during the pyrolysis of the films. For laterally continu-
ous films, crack formation is not often observed (the film
shown in Fig. 1a is an exception, and has been chosen for the
contrast in the image). This implies that the continuous films
shrink only normal to the surface. On the other hand, pat-
terned films exhibit lateral shrinkage. This effect seems to be
dependent on the material of the substrate and/or the depos-
ited layer. It is more pronounced for Al2O3 and ZnO on glass,
which have a lateral contraction that depends on the pattern
geometry (ca. 80–90 %). PbTiO3 on silicon wafers exhibits a
much smaller lateral shrinkage of ca. 40–50 %. Evidently, the

film material is more strongly pinned to the substrate through-
out the processing of the film, thus suppressing the lateral
shrinkage. As the overall volume contraction is ca. 95 % for
the three systems, the maximum achievable aspect ratio
(height-to-width ratio) of the oxide patterns depends on the
amount of lateral shrinkage and the aspect ratio (feature-
depth-to-width) of the mold.

3. Conclusions

This article describes an extension of well-established soft-li-
thography techniques. By using a metal nitrate-containing pre-
cursor solution as a lithography resist, it is possible to create
patterns of simple and complex oxide ceramics with lateral di-
mensions down to several hundreds of nanometers. Depending
on the nature of the substrate, the obtained ceramic layers are
amorphous, polycrystalline, or epitaxially oriented with respect
to the underlying substrate. The recipe used is rather generic
and we expect that a large number of different ceramics can be
patterned by using this process. Together with the possibility of
epitaxial alignment, this constitutes a promising strategy for
the creation of functional nanostructures that were hitherto
primarily accessible only through more complex and expensive
experimental techniques. Using a simple rubber stamp, it
should be possible to pattern ferromagnetic, ferroelectric,
piezoelectric, and superconducting materials over large areas
with high spatial definition.

While conceptually promising, our results also show the lim-
itations of this specific soft-lithography method. The high-mag-
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Figure 4. SEM images of line and columnar patterns of PbTiO3 on a,b) si-
licon wafers and c,d) SrTiO3(001) obtained by micromolding a PbTiO3

precursor solution. The width of the lines in (a) is ca. 700 nm, the diame-
ter of the columns in (b) is ca. 1 lm, and their heights are 90 and
115 nm, respectively. The periodicities in (a) and (b) are 2.2 and 2 lm, re-
spectively. The high-resolution SEM image in (c) shows a single column
fabricated on SrTiO3. Despite the somewhat rounded morphology of the
PbTiO3 crystal faces, the faceted nature of the column is clear with faces
that are colinear with the holes in the thin, epitaxially grown film next to
the column. The SEM image in (d) shows a somewhat larger column with
faces that are collinear with the [100] and [010] edges of the underlying
SrTiO3 crystal, as indicated by the lines. The diameters of the columns are
ca. 300 and 400 nm in (c) and (d), respectively. The images in (c) and (d)
have been taken at the edge of the molded area, where the reproduction of
the mold pattern has a somewhat lower fidelity, resulting in relatively
smaller column diameters and an increased film thickness between the
columns.
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Figure 5. The AFM scan is a magnification of the sample shown in Fig. 4c
and d. The ca. 600 nm wide and ca. 200 nm high columns, which are im-
aged close to the edge of the sample, are less-well formed than the 1 lm
columns in the center of the sample. The lateral scale of the topography
image is given by the cross section.
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nification images in Figure 4 clearly show that residual materi-
al remains between the lithographically replicated structures,
potentially limiting the utility of this method. While in princi-
ple this could be remedied by post-processing the sample (such
as by an etching step), the application of other soft-lithography
methods will likely lead to better results. Very recent results
indicate that electro-hydrodynamic lithography[19] and solvent-
assisted embossing[20] do not suffer from these deleterious
effects.

Our research demonstrates an approach for patterning inor-
ganic materials using a soft-lithography method. Starting from
a liquid precursor material, epitaxially grown sub-micrometer-
scale patterns have been obtained.

4. Experimental

The nitrates used, Al(NO3)3·9 H2O, Zn(NO3)2·6 H2O, Pb(NO3)2,
and Ti(NO3)4, were obtained from Aldrich. The solvent used was
DMF, and the polymer used was PAA with a weight-average molecular
weight (Mw) of 2 kg mol–1 (Aldrich). Similar results were also obtained
using 2-methoxyethanol as the solvent or poly(methacrylic acid) as the
polymer. The metal nitrates were first dissolved in DMF. In the case of
PbTiO3, Pb(NO3)2, and Ti(NO3)4 were dissolved in a 1:1 molar ratio.
After dissolution of the nitrates, PAA was added. The weight ratio of
metal nitrates to PAA was 1:1 for the Al2O3 and ZnO films and 1:1.5
for PbTiO3. This resulted in clear, viscous solutions that were stable for
many months.

The substrates used were microscope cover slips (SiO2:B), polished
wafers from Si(001) single crystals (covered by an amorphous oxide
layer), and polished SrTiO3(001) single-crystal plates (TBL-Kelpin,
Germany). The substrate surfaces were cleaned in a jet of CO2
crystals (“snow-jet” [21]), followed by plasma etching in an air plasma
(5 × 10–4 Pa). For the silicon wafer, this resulted in a water contact
angle of less than 2°.

Homogeneous films were made by spin-coating and patterned pre-
cursor films were made by micromolding. Relief-patterned molds of
PDMS were obtained by using the Sylgard 184 kit (Dow Corning).
After mixing and degassing the two-component mixture, it was cast
onto a relief-patterned master (X’lith, Germany) consisting of a pat-
tern that was etched into a silicon wafer (etching depth of ca. 950 nm).
After curing overnight at 40 °C, the PDMS mold was removed from the
master. Mold release was facilitated by coating the silicon master with
a self-assembled monolayer of octadecyltrichlorosilane prior to PDMS
casting. A drop of the precursor solution was placed onto the substrate
and the PDMS mold was pressed into it. The sample and mold were
placed on a hot stage set at 80 °C for 50 min to allow the solvent to dif-
fuse into the mold. In one case (Fig. 2c and e), the precursor was spin-
cast onto the substrate and the mold was pressed into the resulting vis-
cous film.

After film fabrication, the sample was subjected to a high-tempera-
ture treatment to degrade the polymer (at ca. 500 °C), and to oxidize
and crystallize the ceramic phase. The following heating protocol was
used: from 80 to 200 °C at 10 °C min–1, from 200 to 500 °C at 5 °C min–1,

from 500 °C to Tmax at 10 °C min–1, constant temperature Tmax for
90 min, cooling from Tmax to room temperature at ca. 10 °C min–1. Tmax
was 630 °C for Al2O3 and ZnO and 700 °C for PbTiO3. The heating was
carried out in air. The appearance of the films depended on the details
of this heating protocol. All films were imaged by using optical micros-
copy, AFM (Veeco Dimension 3100), and SEM (JEOL 6320F operated
at 1.5 kV). The phase composition and out-of-plane alignment was
determined by using X-ray x–2h scans taken on a two-circle diffrac-
tometer (Philips PW 1820, Cu Ka radiation). The in-plane epitaxial
alignment was investigated by a !–w scan (pole-figure) on a four-circle
diffractometer (Philips X’pert MRD, Cu Ka radiation). Al2O3 films
were also examined by using transmission electron microscopy (TEM,
JEOL 2010F, operating at 200 kV) in diffraction mode. Al2O3-coated
microscope cover slips were ground locally to zero thickness, yielding a
large region with a sample thickness suitable for TEM analysis. The
electron diffraction pattern was obtained as a function of the irradia-
tion time.
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