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fabrication of sub-100 nm features, [ 2 ]  
but is limited by inherent drawbacks 
including deterioration of the generated 
surfaces and issues related to the serial 
nature of such top-down approaches. [ 3 ]  
When it comes to patterning of complete 
fi lms on the scale of substrates or wafers, 
parallel patterning methods are required 
to overcome the time-consuming char-
acter and low throughputs that are inextri-
cably bound to serial techniques. 

 Only a handful of methods are currently 
available that allow parallel patterning 
of thin fi lms while keeping the crystallo-
graphic orientation in control. All of these 
techniques rely on the use of top-down 
fabricated stencil masks to shield parts of 
the substrate and enable bottom-up for-
mation of epitaxial structures during their 
depositions. Efforts were made to apply 
reusable silicon nitride membranes during 
PLD, [ 4 ]  but issues like the need to deviate 
from optimal deposition conditions, limi-

tations in shapes, and rapid degradation of the masks, led to 
the development of sacrifi cial stencil masks. Particular interest 
has been given to anodic aluminum oxide (AAO) membranes, 
with which nm-sized epitaxial arrays of oxide nanodots were 
made, but owing to the self-organized formation of these mem-
branes, patterns were poorly ordered and limited to a single 
shape of restricted sizes. [ 5 ]  Photolithography was recently used 
to pattern sacrifi cial metal oxide stencil masks and fabricate 
epitaxial microstructures in arbitrary shapes, however, with 
lateral dimensions of several micrometers and with limited 
throughputs due to the vapor deposition step used to deposit 
the sacrifi cial metal oxide. [ 6 ]  

 In spite of all progress made in parallel patterning of metal 
oxide thin fi lms, a facile method with which epitaxial micro- 
and nanostructures can be made in arbitrary shapes and with 
high fi delity is still lacking. Originally introduced by the group 
of Whitesides, [ 7,8 ]  a family of bottom-up methods that uses pat-
terned elastomeric masks, stamps, or molds, known collectively 
as ‘soft lithography’, has evolved to one of the most common 
approaches to pattern a wide range of different materials on 
micro- and nanometer length scales. [ 9 ]  Inspired by the multi-
tude of examples of structures made by soft lithography, we 
explored the potential of combining this technology with PLD, 
and show that we can profi t from the distinct advantages of soft 
lithography while maintaining good control over nucleation 
and growth of technologically relevant perovskite oxides. Our 
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  1.     Introduction 

 Physical vapor deposition techniques like pulsed laser deposi-
tion (PLD) have evolved to a level in which atomic scale control 
is achieved in the direction of fi lm growth. The high degree of 
control has facilitated preparation of artifi cial oxide materials 
with properties that strongly diverge from those of the indi-
vidual building blocks, and has made the exploration of a wealth 
of interesting phenomena possible. [ 1 ]  The ability to control the 
lateral position of materials on substrates is also required to 
allow future device integration. Patterning of oxide fi lms can be 
accomplished via collisions with highly energetic particles that 
selectively remove the undesired parts. An example is focused 
ion beam (FIB) milling, which is well developed and allows 
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approach consists of two bottom-up fabrication steps: the fi rst 
step is the molding of the sacrifi cial metal oxide stencil masks 
on single crystalline substrates ( Figure    1  ), followed by the 
second step of PLD to form negative and fully-oriented replicas 
of perovskite-type oxide materials.  

 We used two types of soft lithography, namely micro 
molding in capillaries (MiMiC) and nano transfer molding. 
The transfer molding route was developed to fabricate stencil 
masks containing features with lateral sizes well below 1 μm, 
while MiMiC was employed to generate larger features. Com-
paring these two molding approaches, transfer molding 
requires optimized spin coating parameters to guarantee for-
mation of structures that are suffi ciently high but free from 
residues, while MiMiC does not require such optimization. 
MiMiC, on the other hand, is limited to open channels with 
dimensions in the micrometer range, [ 8 ]  while no such funda-
mental limits apply to transfer molding. For this reason, both 
MiMiC and nano transfer molding were considered for the 

preparation of stencil masks with micrometer and nanometer 
dimensions, respectively. The stencil masks were made from 
ZnO, that was selected because of its excellent thermal sta-
bility and amphoterism. The fi rst property is required to pre-
vent any form of decomposition during high temperature PLD, 
and the latter property allows removal of these masks after use 
in either (weakly) acidic or basic environments, thus creating 
opportunities to use solutions in wide pH ranges in order to 
prevent degradation of the PLD grown epitaxial structures. Epi-
taxial patterns of La 0.67 Sr 0.33 MnO 3  and SrRuO 3  were formed at 
750 °C and 700 °C, respectively, of which the crystallographic 
structure and properties closely resembled those of unpat-
terned thin fi lms while additional functionality was added from 
the patterns. Both perovskite oxide materials were selected 
because of their potential use as electrode in all oxide epitaxial 
heterostructures, [ 10 ]  for example, for ferroelectric capacitors, [ 11 ]  
micro-electromechanical systems (MEMS), [ 12 ]  and fi eld- effect 
transistors. [ 13 ]  The half-metallic character [ 14,15 ]  and high Curie 
temperature [ 16 ]  of La 0.67 Sr 0.33 MnO 3 , extend the possible fi eld of 
application of this material into spintronic devices such as mag-
netic tunnel junctions. [ 15,17 ]  

 Summarizing, in the work presented here, we demon-
strate that the combination of two powerful techniques, soft 
lithographic molding and PLD, leads to an unprecedented con-
trol of shape and crystallographic orientation. Soft lithographic 
molding is currently the only parallel patterning approach 
with which stencil masks can be made in arbitrary shapes, 
and sizes down to nanometer length scales. In addition, the 
methods presented here are fast, inexpensive, and practicable 
in any lab, as no dedicated equipment, nor clean room condi-
tions are required. When used during PLD, the polycrystalline 
masks allow patterning of epitaxial oxides of which the crystal-
lographic orientations are fully dictated by the underlying sub-
strates. Keeping in mind the unrivaled properties found in epi-
taxial thin fi lms and the challenges associated with patterning 
such materials, the approach presented in this work may be 
broadly utilized for future fundamental studies as well as for 
realizing (all oxide) devices.  

  2.     Results and Discussion 

  2.1.     Epitaxial Lines of La 0.67 Sr 0.33 MnO 3  Obtained with Nano 
Transfer Molded Stencil Masks 

 The nano transfer molding process to create stencil masks of 
ZnO is schematically illustrated in Figure  1  and is explained 
in more detail in the experimental section. In brief, complexes 
of Zn 2+  with poly(acrylic acid) (PAA) were spin-cast on top of 
a polydimethylsiloxane (PDMS) mold, then transferred onto a 
substrate that was pre-coated with a thin layer of poly(methyl 
methacrylate) (PMMA), and decomposed into ZnO during sub-
sequent thermal annealing. Numerous patterns were made on 
both Si and SrTiO 3 , all with high fi delity and reproducibility. 
 Figure    2   shows one of the samples at different stages in the 
patterning process.  

 After molding, the samples were analyzed by optical 
microscopy and by observation of the interference colors from 
refl ected light (Figure  2 a). Generally, nearly the entire sample 
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 Figure 1.    Schematic representations of the transfer molding and MiMiC 
processes to make ZnO stencil masks on single crystalline substrates for 
patterning of epitaxial oxides by PLD. In a fi rst step, a) the substrate is 
coated with a thin layer of PMMA. In the case of transfer molding, b) the 
solution is spin coated on the mold, c) the mold is then placed on the 
substrate coated with the PMMA fi lm, and the assembly is transferred to 
a hot stage at 80 °C to allow the pattern to cure. In the case of MiMiC, b) a 
PDMS mold is placed on the coated substrate and the precursor solution 
is added in front of the channels that are fi lled spontaneously by capillary 
action. After complete fi lling of the channels, c) the sample is heated to 
60 °C and a pressure of ≈1 bar is applied to allow further curing. After 
curing the pattern (either made by MiMiC or transfer molding), d) the 
mold is removed and e) the sample is thermally annealed to convert the 
polymeric precursor into ZnO.
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was covered with the pattern, even though the experiments 
were performed without specialized equipment in a lab without 
conditioning of environmental pollutants or humidity. The as-
deposited organometallic lines were typically around 200 nm 
high, as is shown by the AFM height image in Figure  2 b. 
During annealing the polymer degraded and ZnO formed, 
leading to signifi cant shrinkage of the patterns in both vertical 
and horizontal directions. After annealing, the atomic steps on 
the substrates were well visible in between the lines of ZnO, 
indicating the absence of a residual layer in these regions. The 
lines of ZnO had relatively broad bases and to reduce the width 
of these bases, a pre-etching step was introduced in which the 
samples were exposed to a highly diluted solution of hydro-
chloric acid, leaving a pattern of ZnO as shown in Figure  2 c. 
These patterns were used as stencil masks during subsequent 
high-temperature depositions of La 0.67 Sr 0.33 MnO 3 . Refl ection 
high energy electron diffraction (RHEED) was used during 
these depositions to control the fi nal layer thickness to 10.0 nm 
(supporting information). Figure  2 d shows isolated lines of 
La 0.67 Sr 0.33 MnO 3  (having a width of 620 nm and a spacing of 
80 nm) that were obtained after PLD and etching of the ZnO 
mask. 

 All substrates were covered with a thin layer of PMMA before 
patterning, so that the process could be optimized independent 
of the underlying substrate. This step led to a more universal 
process that could be carried out on arbitrary substrates, and 
allowed us to optimize patterning on Si substrates, after which 
we could repeat the procedure on SrTiO 3 . The polymeric fi lms 
were removed during thermal annealing, and results discussed 
below showed no indications for an infl uence of this way of 
removal on subsequent growth of epitaxial fi lms. The pres-
ence of trace amounts of organic contaminations can not be 
excluded though, but may be avoided either by dissolving the 
polymer directly after molding or by not using the coating at all. 
Regarding the fi rst option, PMMA can be dissolved in a solvent 
like acetone (without affecting the organometallic patterns), 
followed by submerging the samples in ethanol and drying in 
N 2 . Note that this sequence is also used after single termina-
tion treatments, [ 18 ]  and may thus be useful when the uncovered 
parts of substrates should be perfectly free from organic resi-
dues. Patterning was also possible when the use of a coating 
was omitted, but led to a reduced reproducibility of the molding 
step on SrTiO 3 . 

 The organometallic lines obtained after patterning were 
uniform in dimensions and shape, but they were generally 
not perfectly symmetrical as can be seen from the profi le in 
the inset of Figure  2 b. The observed slight asymmetry may be 
due to cohesive rupturing of the organometallic lines during 
removal of the mold, as discussed further on in this section. 
The samples were annealed by rapid thermal annealing, and 
resulting decomposition and densifi cation led to signifi cant 
shrinkage, about a factor of four in height and more than a 
factor of three in width. Also the shape of the patterns changed 
during thermal treatment, leading to narrow lines (FWHM 
≈ 85 nm) that widened near their valleys, indicating that 
motion of material at the bottom of the lines was impeded by 
clamping with the substrates. To obtain a more square-shaped 
form, samples were shortly immersed in a weakly acidic solu-
tion of hydrochloric acid (pH = 4.1), during which the width at 
the bottom of the lines reduced signifi cantly while the FWHM 
was barely affected. We note that shrinkage may be controlled 
by various means, for instance by changing the concentra-
tion or contents of the solution, or by using a different mold 
design. 

 When the precursor solution was added to the PDMS mold, 
its channels fi lled and the concentration of Zn 2+  increased as 
a consequence of solvent evaporation and diffusion into the 
mold. Using the area  A  of a single channel of arbitrary length 
 l , the initial number of zinc cations in volume  Al  can be calcu-
lated from the concentration of the parent solution. Provided 
that only fully densifi ed ZnO was left after thermal treatment, 
the fi nal number of zinc cations in a typical patterned line of 
length  l  was determined by integrating the AFM height pro-
fi le as displayed in the inset of Figure  2 c. Comparing the two 
values, almost 15 times the amount of Zn was present in the 
annealed structures than directly after infi ltrating the mold. 
These calculations strongly indicate that fi lling of the channels 
by solution from the outside continued even at an advanced 
stage of drying, a process that is essential for obtaining struc-
tures that are suffi ciently high to be used as stencil masks. 

 Patterns could be made without residual layers between the 
patterned ZnO features, even though no pressure was applied 
on the mold during curing and also when the washing step 
before annealing was skipped (this conclusion was made from 
the visibility of atomic steps after the annealing process). In 
contrast, we note that soft lithographic patterning is generally 
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 Figure 2.    a) Optical microscopy image made directly after transfer molding, together with a photograph of the entire sample (upper inset) and 
microscopy image made at lower magnifi cation (lower inset). b–d) Tapping-mode AFM height image of the same sample during subsequent steps 
in the patterning process, where the scanning direction was aligned to the principal crystal axis of the substrate. The AFM images were obtained 
b) before and c) after thermal treatment of the patterned complex of PAA and Zn 2+  (in both cases after cleaning). Image (d) was obtained after PLD of 
La 0.67 Sr 0.33 MnO 3  and removal of the ZnO mask. The insets in (b–d) show height profi les as measured along the lines in the corresponding AFM images.
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associated with residuals, either by transfer of oligomers from 
the mold [ 19 ]  or by incomplete expulsion of the fl uid. [ 20 ]  In related 
work describing an edge printing process, absence of residual 
layers was observed and explained by a relative large adhesive 
strength between PDMS and PAA. [ 21 ]  The complex of PAA and 
Zn 2+  is expected to cover the entire sample during patterning, 
forming a thin layer that protects the sample from interactions 
with oligomers on the PDMS mold. When the mold is removed 
this protective layer is removed as well due to a larger adhe-
sive strength with PDMS than with the PMMA fi lm on the sub-
strate. The precursor that is present in the grooves of the mold 
is more prone to cohesive failure, leading to successful transfer 
in these regions. 

 After deposition, the original atomic terraces on the sur-
face of the substrate were replicated on the patterns of 
La 0.67 Sr 0.33 MnO 3  and the fi lms were uniform up to the edges of 
the structures (Figure  2 d). The root mean square (RMS) rough-
ness of a typical line (0.32 nm) confi rmed smooth growth and 
was only slightly higher than the roughness measured on an 
unpatterned fi lm that was deposited under the same condi-
tions (0.20 nm). Epitaxy was confi rmed by electron backscatter 
diffraction (EBSD), which indicated a single orientation of the 
patterns even at their edges (supporting information). No det-
rimental effects of etching the stencil masks were found in 
the structures of La 0.67 Sr 0.33 MnO 3 , as no signifi cant changes 
in fi lm topography (roughness) were observed before and after 
removal of the stencil masks, and characterization discussed 
below indicated ferromagnetic properties of a well-oriented fi lm 
of La 0.67 Sr 0.33 MnO 3 . The polycrystalline ZnO stencil masks dis-
integrates both under acidic and basic conditions, and for this 
work only highly diluted solutions of hydrochloric acid were 
used for etching. In the case of using a solution of pH = 4.1, 
etch rates were found already to be suffi ciently fast, in the order 
of ≈0.5 nm s −1 .  

  2.2.     High Quality Epitaxial Patterns Indicated by Magnetic 
Characterization 

 Merely considering growth dynamics and topography is not 
suffi cient to conclude about the quality of a fi lm (as defi ned 
by Boschker et al. [ 22 ] , since properties also strongly depend 
on other factors like oxygen stoichiometry [ 23 ]  and epitaxial 
strain. [ 24 ]  For this reason the effect of patterning was further 
studied by comparing the ferromagnetic properties of lines of 
La 0.67 Sr 0.33 MnO 3  with those measured in a thin fi lm deposited 
under the same conditions. Magnetic properties were meas-
ured primarily to study the infl uence of patterning on the 
quality of the epitaxial fi lms, and to illustrate control over ani-
sotropy resulting from the patterns. An external magnetic fi eld 
was applied in the plane of the fi lm in different directions and 
for each case magnetization was measured in the same direc-
tion as the external fi eld. Magnetic hysteresis loops of the pat-
terned sample at 10 K and 300 K are shown in  Figure    3  , and the 
temperature dependencies of saturation magnetization ( M  s ), 
remnant magnetization ( M  r ) and coercive fi eld ( H  c ) are also 
displayed in this fi gure (similar characterization of the unpat-
terned thin fi lm is included in the supporting information).  

 When the fi eld was applied perpendicular to the lines, more 
slanted curves with lower coercive fi eld and remnant magneti-
zation were obtained as compared to the curves obtained with 
parallel magnetization. The patterns of La 0.67 Sr 0.33 MnO 3  had 
an absolute saturation magnetization of  M  0,s  = 3.1  µ  B /Mn and 
a Curie temperature around  T  C  = 331 K. Note that the calcu-
lated value of magnetization per Mn is not as accurate as that 
for unpatterned fi lms, since calculations are based on topo-
graphical information (Figure  2 d) to determine the coverage of 
the lines of La 0.67 Sr 0.33 MnO 3  (alternatively, the coverage of the 
lines of ZnO can be determined from Figure  2 c to estimate the 
amount of La 0.67 Sr 0.33 MnO 3 , yielding  M  0,s  = 3.5  µ  B /Mn). 
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 Figure 3.    Magnetic characterization of the line pattern of Figure  2 d measured by VSM. Magnetic hysteresis curves are given at a) 10 K and b) 300 K, 
where the fi eld was applied parallel ([100]), perpendicular ([010]) and at 45° ([110]) to the lines. The insets in these fi gures show the dependence of 
magnetization over a larger range of magnetic fi elds for the parallel and perpendicular case. The temperature dependence of saturation magnetization 
is plotted in (c), together with fi ts to a Brillouin functional dependency for different total angular momentum quantum numbers ( J  = 1, 2, 4, ∞ and 
increases in the direction of the arrow). In image (d), remnant magnetization (closed symbols) and coercive fi eld (open symbols) are plotted versus 
temperature.
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 For the patterns of La 0.67 Sr 0.33 MnO 3  various sources of mag-
netic anisotropy are expected, in particular magnetostatic ani-
sotropy from the line shapes, magnetocrystalline anisotropy 
from crystal fi eld interaction and spin orbit coupling, and ani-
sotropy induced by the step edges. [ 25 ]  The contributions from 
these sources to the total anisotropy can be found in the sup-
porting information, where different routes are described to 
calculate the demagnetizing factor, theoretically from the geom-
etry of the patterns and experimentally from fi tting hysteresis 
curves. From our experiments we obtained a demagnetization 
factor of  N  ⊥ – N  �  = 0.015, and conclude that the line patterns 
can be described by elliptic cylinders with thickness  a  = 10 nm, 
length  b  = 5 mm ≈ ∞ (yielding  N  �  = 0) and width  c  = 600 nm, 
as this approximation yields  N  ⊥  = 0.016. [ 26 ]  Note that the hyster-
esis curves were obtained from bulk measurements, meaning 
that the shapes of these curves refl ect the uniformity of the pat-
terns over the complete areas of the samples. The linearity of 
shearing that was observed in the case of magnetization per-
pendicular to the lines at 300 K, leads to the conclusion that 
transfer molded stencil masks allow fabrication of uniform pat-
terns over areas of at least 5 mm × 5 mm. 

 Despite the clear effects of patterning on ferromagnetic hys-
teresis, magnetic characterization indicated only a minor infl u-
ence of patterning on the quality of the fi lms. That is, the abso-
lute saturation magnetization and Curie temperature measured 
for the epitaxial lines strongly resembled those measured on 
an unpatterned fi lm (for the thin fi lm  M  0,s  = 3.5  µ  B /Mn and 
 T  C  = 334 K were obtained). These similarities confi rm the 

ability to maintain a high degree of control during fi lm growth 
while using stencil masks made by nano transfer molding.  

  2.3.     Epitaxial Patterns of SrRuO 3  Obtained with Stencil Masks 
Made by MiMiC 

 To illustrate fl exibility in terms of size ranges, shapes, and 
deposited material, soft lithographic molding was used to make 
stencil masks of various shapes for fabrication of epitaxial 
micropatterns of SrRuO 3 . As noted in the introduction, micro 
molding in capillaries (MiMiC) was used, which is preferable 
to transfer molding because it requires fewer experimental 
parameters to be optimized. The process of making the stencil 
masks is essentially similar to the transfer molding process, 
except that the channels are fi lled by capillary action while the 
mold is attached to the substrate, as schematically shown in 
Figure  1 . Note that alternatively, a photolithographic approach 
can be used to pattern stencil masks of arbitrary shapes with 
micrometer dimensions, [ 6 ]  but MiMiC offers distinct advan-
tages in that it requires less experimental operations and is 
far less time consuming than a photolithographic approach. 
 Figure    4   show results from fabricating and characterizing the 
microstructures of SrRuO 3  (having lateral dimensions around 
4–7 µm, separated by 0.5–7 µm) that were patterned into lines 
(Figure  4 a–d) and triangles (Figure  4 e–h).  

 After MiMiC, both samples were completely covered with the 
desired patterns as was observed by optical microscopy and by 
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 Figure 4.    Fabrication and characterization of patterns of a–d) lines and e–h) triangles on SrTiO 3  made by MiMiC and followed by deposition of epitaxial 
SrRuO 3 . Tapping mode AFM height images show a sample a) before and b,c) after PLD and subsequent dissolution of the ZnO mask. The tunneling 
AFM (TUNA) image in (d) was recorded with a sample bias of 1.5 V DC for which every two lines only one was connected to a back electrode (ground). 
On the left side of the image the corresponding height image is overlayed and the inset shows the current profi le measured along the vertical line in the 
main image. Image (e,f) show AFM height images of a different pattern of SrRuO 3  after removal of the ZnO mask. Magnetic hysteresis loops of this 
sample and an unpatterned fi lm of SrRuO 3  are plotted in (g); the VSM measurement was conducted at 10 K and the fi eld was applied perpendicular 
to the surface of the sample. The map scan in image (h) shows the Kerr signal of the patterned sample as obtained by optical magnetometry at 78 K 
after cooling the sample in a fi eld of 2 KG. The insets in image (a–c,e,f) are height profi les measured along the lines in the corresponding images.
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eye looking at the color from interference of refl ected light. The 
lines were designed such that at one side of the sample twice 
as many lines were present as compared to the opposite side 
of the sample. Figure  4 a shows the ZnO mask at the transition 
region, where clear differences are seen between the shape of 
the narrow and broad lines. The broad lines were on average 
lower than the narrow lines and were clearly highest at the 
edges. This edge effect was previously observed and explained 
by preferential wetting and drying at the corners of the PDMS 
mold. [ 27 ]  Although the height of the ZnO structures did depend 
on the exact shape of the mold, no signifi cant variations were 
measured at different locations on the samples as long as the 
geometry was the same. Similarly as for the patterns made by 
transfer molding, we calculated that the narrow (broad) lines 
contained 17 (14) times more material than could be expected 
from complete fi lling of the channels with the original solution. 
Although the patterns will not have reached the bulk density 
of ZnO, the signifi cant numbers prove that fi lling and drying 
occurred simultaneously. 

 For the line patterns, the deposition of SrRuO 3  was followed 
with RHEED (supporting information). The observed oscilla-
tions were typical for growth of SrRuO 3  on SrTiO 3  terminated 
on the TiO 2  plane, [ 28 ]  as was concluded from a nearly doubled 
width of the fi rst oscillation as compared to subsequent ones. A 
coherently grown pattern with in-plane lattice constants equal 
to that of the substrate was confi rmed by reciprocal space map-
ping (supporting information), indicating that epitaxial strain 
was preserved after removal of the mask. Most clearly illus-
trated by the AFM image of Figure  4 f, surface steps bended 
away from the direction of the steps of the substrate: a process 
that resulted from step fl ow growth in confi ned areas, as fur-
ther explained in the supporting information. The patterns of 
SrRuO 3  were mostly atomically fl at up to the edges, but con-
tained pits that were mainly situated at the atomic step ledges. 
The pits were concentrated at the edges of the line pattern 
(Figure  4 c), while for the triangles pits were predominantly 
observed near their centers (Figure  4 f; in both images, three 
blue arrows are used to indicate three such pits). Growth of 
SrRuO 3  is highly sensitive to the chemistry of the underlying 
substrate, and for a purely TiO 2  terminated substrate, smooth 
fi lms are expected to grow in a step fl ow growth mode. [ 28,29 ]  Pits 
were observed even in a fi lm made for reference, which was 
deposited under the same conditions on a SrTiO 3  substrate that 
was treated to obtain a single TiO 2  termination. The presence 
of pits even without patterning indicates that the pits were not 
solely the result of the patterning process, although the uneven 
distribution indicates that there was at least some effect from 
patterning. 

 The line patterns were characterized by tunneling AFM 
(TUNA), imaging height and tunneling current simultane-
ously. The tunneling current map is shown in Figure  4 d and 
the corresponding height image is overlayed on the left side of 
the image. The special design of the line pattern was used to 
connect only half of the lines, which is why for every two lines 
only one showed conductivity. This result proves that the lines 
were electrically isolated from each other, though it should be 
noted that this was only the case after post-annealing (the result 
before post-annealing can be found in the supporting informa-
tion). Possibly oxygen vacancies were formed near the surface 

of the substrate during formation of the ZnO stencil mask, ren-
dering the surface of SrTiO 3  conductive. By post-annealing the 
sample in oxygen for 4 h at 600 °C after removal of the stencil 
mask, vacancies were fi lled and leakage was prevented. 

 In order to obtain a better understanding of the effects of 
the used patterning route on the quality of the heteroepitaxial 
features of SrRuO 3 , magnetic characterization was performed 
on the triangular pattern and compared to the case of an unpat-
terned thin fi lm. Measurements were performed by using a 
vibrating sample magnetometer (VSM) and a scanning optical 
magnetometer using the polar magneto-optic Kerr effect 
(MOKE). [ 30 ]  The typical shape of the patterns is refl ected by the 
magnetic map in Figure  4 h, in which the gradual change of 
the Kerr signal was due to the probe size of the experimental 
method (≈2 µm). The Curie temperature of the sample was 
determined as  T  C  ≈ 150 K, which (in line with the diffraction 
results) points to preservation of epitaxial strain inside the 
structures. [ 31 ]  The hysteresis curve that resulted from VSM 
analysis is shown in Figure  4 g and was obtained at 10 K with 
the fi eld applied out of the surface plane. A hysteresis curve of 
the unpatterned fi lm is shown as well, for which similar satu-
ration magnetization and coercivity were measured. The most 
prominent difference between the two curves is the reduction 
of squareness that is observed for the patterned sample, indi-
cating that extra energy was needed to rotate the magnetiza-
tion vector out of the surface plane in the case of the patterned 
sample. The rounding is possibly the result of a local change 
of the magnetocrystalline anisotropy due to partial relaxation 
of the stress, either at the imperfections (as indicated by the 
higher number of pits in the AFM images) or near the edges 
of the patterns. Additional proof for partial stress relaxation was 
obtained from X-ray diffraction (supporting information), since 
broader and more asymmetric fi lm peaks were observed for 
the patterns than for the unpatterned thin fi lm. The minor dif-
ferences between the ferromagnetic behavior of the two fi lms, 
once again points to near complete preservation of control of 
thin fi lm growth after using the MiMiC route.   

  3.     Conclusions 

 Soft lithographic molding techniques were used to make 
stencil masks of ZnO directly on single crystalline substrates, 
with which isolated features of epitaxial perovskite oxides were 
obtained after pulsed laser deposition and lift-off. The bottom-
up approach presented in this work is more than a supplement 
to currently available alternatives, as functional structures of 
La 0.67 Sr 0.33 MnO 3  and SrRuO 3  were made that can neither be 
fabricated by state-of-the-art shadow masking nor by using 
self-organized AAO membranes. Micro molding in capillaries 
(MiMiC) and transfer molding were used complementary to 
cover both the micrometer and nanometer lateral size range, 
for which we note that both methods allowed fabrication of res-
idue-free patterns of ZnO with high fi delity over the entire area 
of the substrate. Both molding approaches did not compromise 
in the control over growth that is generally achieved for unpat-
terned fi lms, as surface morphology, RHEED patterns, crystal 
structure and magnetic properties of patterned and unpatterned 
fi lms were comparable. Besides, new functionality was added 
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as e.g. magnetic anisotropy of the lines of La 0.67 Sr 0.33 MnO 3  
was mainly dictated by the patterns, and electrical isolation of 
the structures was demonstrated for the lines of SrRuO 3 . Next 
to these effects acting on the entire structures, signatures of 
local effects were measured in both materials that may be the 
result of relaxation and ensuing strain gradients at the surfaces, 
offering unique opportunities to locally engineer strain in epi-
taxial thin fi lms. 

 As a fi nal note we would like to point out that ZnO structures 
made by transfer molding and MiMiC in itself may fi nd uses 
other than as thermally stable sacrifi cial stencil mask. All ZnO 
structures presented in this work were well organized over the 
complete sample areas and were free from residues. ZnO is a 
wide bandgap semiconductor (with a bandgap of 3.37 eV) with 
an exciton binding energy (60 meV) signifi cantly larger than 
the thermal energy at room temperature (26 meV). Interest in 
this material has mainly been focused on its optical properties, 
in particular its sharp emission in the near-UV wavelengths for 
laser applications. [ 32 ]  The conductivity of ZnO is highly sensi-
tive to dopants, adsorbates, interstitials and oxygen vacancies, 
making it an interesting candidate for transparent conducting 
and gas sensing applications. [ 33 ]  At least some of the aforemen-
tioned applications may be realized with the methods presented 
in this work.  

  4.     Experimental Methods 
  Chemicals and Materials : Zinc nitrate hexahydrate (Zn(NO 3 ) 2 ·6H 2 O, 

reagent grade, 98%) and poly(acrylic acid) (Mw ≈ 1800 g mol −1 ) were 
purchased from Sigma-Aldrich. A commercial solution of 2% w/w 
poly(methyl methacrylate) (Mw ≈ 950 000 g mol −1 ) in anisole was 
obtained from MicroChem. Anisole (99%) and ethanol (99.8%) were 
acquired from Merck and Assink Chemie, respectively. An ammonium 
fl uoride etching mixture (AF 875–125, puranal) from Honeywell was 
used in a fume hood inside a lab with an emergency Hexafl uorine 
washing station while wearing protective gloves, protective clothes 
and eye protection. Ultrapure water with a resistivity of 18.2 MΩ cm 
was used. All chemicals were used as received, without additional 
purifi cation. Two different solutions were prepared: an aqueous one 
for the transfer molding process and one in ethanol for MiMiC. For the 
aqueous solution 0.18 g PAA was completely dissolved in 6 mL water 
and then 0.36 g Zn(NO 3 ) 2 ·6H 2 O was added. The other solution was 
prepared by dissolving 0.36 g PAA in 5 mL ethanol and subsequent 
addition of 0.3 g Zn(NO 3 ) 2 ·6H 2 O. Both solutions were stirred for at 
least 48 h after which they were stored and used within three months. 
Nanopatterned silicon masters (part number SNS-C14.3–0808–350-
D45-P) were purchased from LightSmyth Technologies (Eugene, 
United States) and micropatterned silicon wafers with a 1 µm oxide 
layer were obtained from LioniX B.V (Enschede, the Netherlands). 
The nanopatterned masters were left in the straw (as received) and 
placed vertically in a desiccator together with a beaker containing 
2 µL 1H,1H,2H,2H-perfl uorooctyltrichlorosilane (Fischer Scientifi c, 
97%). The glass desiccator was then pumped down to 10 mbar with a 
chemistry pumping unit (PC 3001 Vario Pro, Vacuubrand), closed off, 
and left for 13 to 14 h. The micropatterned masters were silanized with 
a comparable procedure. A Sylgard 184 silicone elastomer kit from Dow 
Corning was used to prepare polydimethylsiloxane (PDMS). The base 
agent and curing agent were properly mixed in a 10 to 1 weight ratio by 
mechanical stirring. Air bubbles were subsequently removed in a glass 
desiccator that was pumped down for at least 10 min with a standard 
diaphragm vacuum pump (Vacuubrand). The desired silanized master 
was placed on a piece of weighing paper on a cold heating plate and 
was surrounded by a ring of Tefl on. The PDMS was then poured on 

the silanized master and cured at 60 °C for at least 24 h. Single crystal 
(001) oriented SrTiO 3  substrates (5 mm × 5 mm) were purchased from 
CrysTec GmbH. These substrates were treated to obtain a single TiO 2  
termination according to the procedure of Koster et al. [ 18 ]  The substrates 
where then protected with a thin layer of PMMA by spin coating 30 µL 
of a 1% w/w solution of PMMA in anisole yielding a layer thickness 
of approximately 20 nm. The liquid was added to the spin coater 
(WS-400B- 6NPP, Laurell Technologies Corporation) during a spin on 
stage at 500 revolutions min −1 . After 5 s, the spinner accelerated to 
6000 revolutions min −1  and decelerated 60 s later until it came to a 
halt. The acceleration or deceleration between every step was fi xed at 
27.5 revolutions s −2 . The substrate was subsequently transferred to a hot 
plate at 160 °C and covered with a Petri dish. After 2 min, the substrate 
coated with the ≈20 nm thick PMMA fi lm was stored. 

  Nano Transfer Molding : Prior to transfer molding, the mold was 
released from the master and cut to 8 mm × 8 mm. Both mold and 
substrate were cleaned by oxygen plasma (Harrick plasma) at 30 W for 
2 min. The thickness of the PMMA fi lm on the SrTiO 3  substrate had 
reduced to ≈6 nm after this step. The mold was then placed on a fl at 
puck that was placed inside the spin coater and held by vacuum. Prior 
to actual spin coating, the mold was exposed to a pulse of N 2  gas, 30 µL 
of the precursor solution was added to the mold, and complete wetting 
of the mold was confi rmed. Spin coating was then initiated according to 
the program of  Table    1   where the acceleration was 27.5 revolutions s −2  
between each step. After spin coating, the mold was observed by optical 
microscopy to confi rm formation of a smooth fi lm without signifi cant 
contamination. Directly after this step the mold was placed onto the 
substrate and carefully pressed to ensure complete adhesion. The 
assembly was then transferred to a pre-heated hot stage at 80 °C and left 
there for 45 min to allow the pattern to cure. The mold was released from 
the substrate and proper transfer was confi rmed by optical microscopy 
and AFM.    Prior to annealing the patterns, the samples were cleaned by 
repeated dipping in a water bath for 10 s, followed by dipping in ethanol 
and drying in a stream of N 2 . This step was introduced to rinse away all 
species that were not part of the (cross-linked) PAA-Zn complex. The 
adhesive strength between the patterns and the substrates was found 
to depend on the humidity of the environment during patterning, where 
a high humidity was favorable for stronger adhesion. The patterns 
were then annealed in a pre-heated microwave furnace (Microsynth, 
Milestone Srl) at 750 °C for 15 min. 

  Micro Molding in Capillaries : Just before patterning by micro molding 
in capillaries (MiMiC), the desired micropatterned mold was cut into 
sizes of 10 mm × 10 mm and cleaned by ultrasonication in ethanol 
for 5 min. The mold was then dried in a stream of N 2  and stored in 
a Petri dish. A microscope slide (Thermo Scientifi c) was cleaned on 
a hot plate at 250 °C with a jet of supercritical CO 2 . Together with the 
substrate, the glass plate was subsequently cleaned by oxygen plasma 
at 30 W for 2 min. The mold was placed on the microscope slide, 
carefully pressed to ensure full adhesion and directly pulled off. The 
substrate was then placed on the other side of the microscope slide 
and the mold was placed on the substrate and carefully pressed. Using 
a pipette, 30 µL of the precursor solution was placed just in front of 
the mold, after which initial fi lling of the channels was confi rmed by 
optical microscopy. MiMiC was continued in the middle of a closed Petri 
dish containing a few droplets of ethanol at the sides. After 60 min, the 
microscopy slide was transferred to a homemade molding machine and 
a pressure of ≈1 bar was applied on the mold and substrate to guarantee 
proper contact between the two. Maintaining the pressure, the sample 
was heated from room temperature to 60 °C, without allowing the 
temperature to overshoot. The assembly was released from the molding 
machine after 2 h, the mold was removed from the substrate and proper 
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  Table 1.    Program used for spin coating a solution on a mold during 
transfer molding.  

 t  [s] 15 5 180 15

 ν  [revolutions min −1 ] 500 1000 5000 500
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transfer of the pattern was confi rmed by optical microscopy. The sample 
was then annealed in the microwave furnace under the conditions given 
in  Table    2  .  

  Pulsed Laser Deposition : Before PLD, the samples were cleaned by 
repeated dipping in a bath of 0.0004% w/w hydrochloric acid. Samples 
made by transfer molding were dipped into the solution for 5 s and 
samples made by MiMiC were cleaned for 30 s. Directly after this step, 
the samples were quickly immersed in a beaker containing water (to stop 
the slow dissolution of ZnO by the acid), then in a beaker containing 
ethanol and were then dried in a jet of N 2 . La 0.67 Sr 0.33 MnO 3  was 
deposited on the samples patterned by transfer molding. Depositions 
were carried out in an O 2  environment of 0.27 mbar. The temperature of 
the samples during depositions was controlled by a thermocouple inside 
the heater that was set at 750 °C. The laser beam was produced by a 
248 nm KrF excimer laser (LPXPro from Coherent, Inc.) with a typical 
pulse duration of 20 to 30 ns, operated at 21.5 kV. A square mask of 
99 mm 2  was used to select the most homogeneous part of the laser 
beam. The laser was then focused on the stoichiometric La 0.67 Sr 0.33 MnO 3  
target (Praxair electronics) with a spot size of 2.3 mm 2 . Laser fl uence was 
controlled with a variable attenuator at 2.0 J cm −2 . For all depositions, 
target and sample were directly facing each other at a distance of 5 cm. 
The target was pre-ablated at 5 Hz for 2 min to remove possible surface 
contaminations. Depositions were performed at 1 Hz and deposition 
times were varied to yield a layer thickness of 26 monolayers. Growth 
was monitored in situ by RHEED, allowing the determination of growth 
rate on a unit cell level and studying growth dynamics. After deposition, 
the PLD chamber was fi lled with O 2  to 100 mbar and the heater power 
was turned off to allow cooling to room temperature. SrRuO 3  was 
deposited on the samples patterned by MiMiC. Depositions were 
performed in an O 2  environment of 0.08 mbar at a heater temperature 
of 700 °C. An image of a square mask with rounded corners (56 mm 2 ) 
with a size of 1.8 mm 2  was produced on the stoichiometric SrRuO 3  
target (Praxair electronics). A variable attenuator was used to adjust the 
laser fl uence to 2.1 J cm −2  on the target. The target was pre-ablated at 
5 Hz for 6 min and depositions were carried out at 2 Hz for 30 min 
(corresponding to a fi nal layer thickness of ≈50 nm). After deposition, 
the samples were allowed to cool to room temperature at a maximum 
rate of 20 °C min −1  in an environment of 100 mbar O 2 .   The patterns of 
ZnO were removed by ultrasonication in an aqueous solution of 0.04% 
 w/w  hydrochloric acid for 5 min. Ultrasonication was repeated twice in 
water and once in ethanol, all for 2 min. The sample was then dipped in 
ethanol and dried on lens paper (LENSX 90 from Berkshire). 

  Analysis and Characterization : The topography of the samples was 
analyzed with a Dimension Icon atomic force microscope (Bruker AXS) 
using the standard tapping mode option. A selected sample was further 
studied using the tunneling AFM option. The data were processed using 
Gwyddion 2.30, and some images were additionally analyzed by ImageJ 
1.46r. The height images from the samples made by transfer molding 
were visualized with the adaptive nonlinear color mapping option, 
whereas the samples made by MiMiC were visualized with a linear color 
range. ImageJ was used to determine the relative coverage of the patterns, 
which was used as input for calculation of the magnetic moment per 
cation. Crystallographic information was obtained with an X’Pert PRO 
MRD (PANalytical) using the parallel beam mirror, monochromator 
and PIXcel 3D detector modules. The polar and in-plane miscut angles 
of the substrates were determined from the  ω -offsets of the (202) 
and (022) diffraction planes and corresponding optical planes (values 
for selected samples can be found in the supporting information). 
Further crystallographic information was obtained by EBSD performed 
on a Merlin fi eld emission microscope (Zeiss) equipped with an angle 

selective backscatter detector. Magnetization measurements were 
conducted on a vibrating sample magnetometer (Physical Properties 
Measurement System by Quantum Design). The magnetic moments 
were determined as a function of the magnetic fi eld and temperature, 
where the applied fi eld and measured magnetization were along the 
same direction. Most samples were cut with a wafering blade (Isomet, 
Buehler) in order to fi t into the pick-up coil for measurements in the 
out-of-plane and [110] directions. For selected samples, the temperature 
dependence of the saturation magnetization was determined and 
fi tted to the Brillouin functions from Weiss theory of ferromagnetism 
assuming no external fi eld and for different total angular momenta ( J ). 
Best fi ts were obtained by iteratively changing Curie temperature ( T  C ) 
and absolute saturation magnetization  M  S,abs  and determining least 
squares.  T  C  and  M  S,abs  were then chosen from the best fi t. Shifts of the 
hysteresis loops in  H  external  were corrected by measuring a Pd reference 
sample after every measurement at 300 K. Magnetization was also 
studied by a modifi ed Sagnac interferometer, which could map the out-
of-plane magnetization by making use of the polar magneto-optic Kerr 
effect (MOKE). [ 30 ]  The error bars and deviations used in the article all 
represent a confi dence of 95% (two times the standard deviation).  
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