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Photoembossing of Periodic Relief
Structures Using Polymerization-
Induced Diffusion: A Combinatorial
Study**

By Carlos Sánchez, Berend-Jan de Gans,
Dimitri Kozodaev, Alexander Alexeev,
Michael J. Escuti, Chris van Heesch, Thijs Bel,
Ulrich S. Schubert, Cees W. M. Bastiaansen,* and
Dirk J. Broer

Polymeric relief microstructures are extensively used in bio-
sensors, cell-growth arrays, and as microelectronic and micro-
optical elements in displays.[1–4] To generate these structures,
replication methods based on physical contact are used, like
embossing or cast-molding. In case of embossing, relief fea-
tures are transferred by pressing a polymer film against a mi-
crostructured rigid master.[5,6] Cast-molding uses a polymer

precursor that is poured onto a master, cured, and released to
obtain an inverse replica.[7] Relief microstructures can also be
made by lithography via a light-induced solubility change of
a polymeric photoresist.[8] A wet-etching step develops the
final relief structure. Recently, a new solvent-free photolitho-
graphic technique was proposed to prepare surface-relief
structures.[9–11] The process that we will refer to as “photo-
embossing” is schematically shown in Figure 1. A photopoly-
mer blend comprising a polymeric binder, a multireactive ac-

rylate, and a photoinitiator is processed as a solid thin film
onto a substrate. An irradiation step through a lithographic
mask at room temperature (RT) generates radicals in the ex-
posed areas. The photopolymer blend is glassy at RT, which
allows the use of contact masks. Monomer diffusion and poly-
merization are inhibited at this stage, and a free-radical latent
image of the mask is formed. A subsequent heating step en-
hances monomer mobility and polymerization in the irra-
diated areas. Consumption of monomer in these regions leads
to a net flux of unreacted monomer from the unexposed to
the exposed areas, resulting in a surface deformation whose
final shape is determined by diffusion and surface tension.
Photoembossing does not involve any wet developing step,
and the mask can directly contact the photopolymer. There-
fore, photoembossing is also very attractive from an industrial
standpoint.[11]

A large variety of processing parameters influence the
height and shape of the final relief structure, which determine
its performance in specific applications. In this paper, we re-
port on a combinatorial study on the influence of the structure
period, energy dose, development temperature, film thickness,
and photopolymer blend composition. Automated atomic
force microscopy (AFM) is used to characterize the topogra-
phy of the relief structures with high reproducibility and com-
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Figure 1. Schematic representation of the photoembossing process. RT,
room temperature.



parability. Besides the basic insight provided by our combina-
torial methodology, we show its technological impact for the
rapid identification of the conditions for which a certain struc-
ture is obtained.

A typical photopolymer blend comprises a 1:1 ratio of
poly(benzyl methacrylate) as binder and multifunctional acry-
late (dipentaerythritol penta-/hexa-acrylate), plus a small per-
centage of radical photoinitiator. We first generated a two-di-
mensional library in which the period of the grating structure
(K) and the energy dose (E) were systematically varied over
its two axes. To introduce a variation of the period over one
axis, we used a lithographic line mask with four different grat-
ing periods. The energy dose was varied with a linear variable
neutral density filter with the optical density (OD) ranging
from 0.04 (no absorption) to 2 in eleven steps. The filter was
put on top of the mask with the OD steps varying perpendicu-
lar to the variation of the period of the lithographic mask.
We then irradiated the photopolymer film for 10 min using a
lithographic exposure system. Filter and mask were then re-
moved, and the film was heated on a heating stage at 80 °C for
an additional 10 min. This creates a library of 44 different
samples (4 different rows of different periods and 11 columns
of different energy doses, as shown in Fig. 2a). Flood-exposing
(10 min) and subsequent heating at 80 °C (10 min) fixes the
sample. The relief height (taken as the difference in vertical
distance between the central part of the irradiated and non-
irradiated area) was measured by automated AFM.

Figure 2b shows the results as a function of energy dose and
period. The optimum energy dose is reached at lower doses
for larger periods. The optimum is not reached for the 5 lm
pitch (or period) in the range of energies we studied. Fig-
ure 2c shows relief profiles corresponding to the 40 lm period
gratings obtained with increasing energy doses. For small en-
ergy doses, the relief profile is a sinusoid with small ampli-
tude. As the energy dose increases, an optimum height of
450 nm is obtained while maintaining the sinusoidal shape
(AFM image in Fig. 2c, inset). For doses higher than the opti-
mum, the amplitude decreases again, and two peaks appear at
the edges of the exposed areas.

This phenomenology can be explained by the diffusion-po-
lymerization model proposed for this process by Leewis et
al.[12,13] According to this model, the polymerization-induced
monomer-concentration gradient together with diffusivity dif-
ferences, crosslinking properties, interaction between the dif-
ferent components, and the surface free energy determine the
migration of monomer and therefore the final relief structure.
In our case, irradiation generates radicals that are immobile at
RT, just like the monomer, due to the glassy nature of the
photopolymer blend. Heating enhances mobility. Polymeriza-
tion then occurs selectively in the irradiated areas, generating
a composition gradient that triggers the diffusion process. In
addition, local shrinkage in the bright areas due to network
formation could favor the generation of free volume in these
areas, enhancing diffusion.[10] At sub-optimal energy doses,
only a small fraction of photoinitiator is activated, resulting in

low conversion and therefore low structure heights. Higher
doses enhance the swelling of the exposed areas and therefore
increase the relief height, while surface tension determines
the final features. An optimum between the diffusion and the
polymerization processes is found in these conditions. For
overexposed samples (above the optimum), monomer cannot
reach the central part of the irradiated area as diffusion is
strongly hindered by the high crosslinking density that is the
result of the high radical concentration. Instead, the diffusing
monomer reacts mainly at the edges of the exposed area, re-
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Figure 2. a) Schematic representation of a two-dimensional library of
photoembossed samples. b) Relief height as a function of energy dose
for different periods (lines are drawn to guide the eye). c) Surface-relief
topographies of the 40 lm period samples for different energy doses,
and typical AFM image of a photoembossed sample (inset).



sulting in the observed peaks. In this case, the balance be-
tween the diffusion and polymerization kinetics is in favor of
polymerization. The same shape trend is observed as the peri-
od decreases. However, as mentioned previously, the opti-
mum height is observed at higher energy doses for these
smaller periods. Since the lateral dimensions are smaller, the
appearance of the side shoulders requires higher degrees of
crosslinking to hinder monomer diffusion to the central part
of the exposed area and to produce accumulation of material
in the lateral side of the exposed area. This shows that the typ-
ical diffusion length of monomer is within the range of the
period of the structures and can be accurately controlled by
the degree of curing. Note also the lower relief heights (at the
optimum dose) obtained for smaller pitches. The energetic
cost derived from the generation of new surface area[10] could
explain this, since a decrease of the pitch keeping the same
height would lead to the generation of more surface, which is
expensive in terms of energy.

We also generated combinatorial libraries by varying the
period K and the temperature (T) during baking. The same
mask was used for lithographic exposure (10 min), keeping
the light intensity constant. A temperature-gradient stage was
used to heat the sample (10 min). Figure 3 shows the relief
height obtained from two different libraries that cover pro-

cessing temperatures from 50 to 135 °C. Relief height in-
creases with temperature for the 40 lm and 20 lm periods.
For smaller periods, an optimum temperature is obtained that
decreases with period. We expected larger diffusivities of the
monomer at high temperature, favoring the net flux of materi-
al. However, a too-high mobility could also result in (un-
wanted) migration of radicals to the non-irradiated areas, di-
minishing the driving force for monomer diffusion and thus
relief height. This effect is more noticeable for the smaller
periods. Topographic analysis shows the peaks at the edges of
the irradiated areas (of the 40 lm pitch samples) disappearing
at higher temperatures and possessing a more rounded shape.
Again, enhanced monomer diffusion at higher temperatures

explains this shape trend that is also observed for the 20 lm
pitch samples.

We created libraries with discrete variations in period and
thickness, consisting of arrays of cast films of different
amounts of photopolymer blend. We used a chemically pat-
terned substrate, consisting of an array of hydrophilic rectan-
gles of 8.5 mm × 4.3 mm each, arranged in 11 columns and
4 rows, and surrounded by hydrophobic barriers.[14] When dis-
pensing a sample, the liquid wets the hydrophilic area up to
the hydrophobic barriers. The dried films have thicknesses
ranging from 7 to 17 lm. Each column has similar thickness
(±1 lm). To induce different periods, we exposed (10 min)
through the lithographic mask and subsequently heated the
array at 80 °C (10 min). Figure 4 shows the height of the re-
sulting structures as a function of thickness. It is shown that

higher-relief heights are obtained in thicker films for the large
pitches since more monomer is able to participate in the pro-
cess. Analysis of the shape did not show a distinct correlation
with thickness. No significant influence was observed in both
height and shape for the smaller pitches. This shows that, in
this regime, material throughout the thickness of the photo-
polymer is not contributing to the relief formation to the same
extent. The lower layers of the photopolymer have a minor
influence on the relief generation when the lateral dimensions
are similar to the thickness of the film.

We also generated libraries varying the photopolymer com-
position and period. To this end, we used the same chemically
patterned substrates on which we had cast films of different
blends. The dried films had a thickness of about 7 lm
(±1 lm). Each column had the same composition. The differ-
ent periods were induced by exposing (10 min) the sample
through the lithographic mask and subsequently heating it at
80 °C (10 min). Figure 5a shows the relief height of a sample
in which the ratio of monomer to polymer is varied in discrete
steps over one axis of the sample (5 wt.-% photoinitiator).
Higher amounts of monomer give rise to higher relief heights.
Prior to polymerization, samples with lower binder content
were slightly tacky and appeared turbid, which indicates (par-
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Figure 3. Relief height as a function of baking temperature for different
periods.

Figure 4. Relief height as a function of film thickness for different periods.



tial) phase separation. Also, the relief structures were already
partially developed just after irradiation prior to thermal
development. A high monomer content decreases the glass-
transition temperature and increases monomer mobility at
RT. For applications this is undesirable, as the system be-
comes unsuitable for contact masking and for the generation
of complex structures through multiple exposure steps.[11] The
observed trend can also be understood within the framework
of the previously mentioned diffusion-polymerization mod-
el.[12,13] As the monomer content decreases, the amount of
material able to participate in the polymerization-diffusion
process decreases as well. Together with a decreasing diffusiv-
ity due to a less-plasticized matrix, this inhibits the formation
of higher-relief structures in the high-binder-content samples.

Figure 5b shows the relief height as a function of photoiniti-
ator concentration (ranging from 0 to 10 % by weight, poly-
mer/monomer mass ratio 1:1). For the 40 lm pitch, an opti-
mum relief height is obtained at low photoinitiator
concentration (1 %).[15] At higher concentrations, the relief
height decreases again. Analysis of the relief shape shows that
a nearly sinusoidal profile is obtained for these optimum con-
ditions, whereas at higher concentrations shoulders begin to
appear. For smaller pitches, the relief height increases with in-
creasing photoinitiator content, although this trend is less
marked for smaller pitches. Shape analysis of the 20 lm pitch
samples reveals shoulders appearing at the highest photoiniti-

ator content, while these are absent for smaller periods. These
results are qualitatively identical to those found for the ener-
gy-dose pitch library. In both cases, we have a library with a
gradient in radical concentration. In both cases, we find an
optimum radical concentration that gives rise to a nearly sinu-
soidal profile with optimum height. Above this optimum con-
centration, the high crosslinking density hinders the diffusion
of monomer to the central part of the exposed areas, resulting
in lower heights and the appearance of shoulders in the edges
of the exposed areas.

In conclusion, we developed a combinatorial methodology
to create and evaluate libraries of photoembossed structures
with systematic variations of the period of the structure, the
energy dose, developing temperature, layer thickness, and
composition of the photopolymer blend. The libraries are
characterized using automated AFM, providing direct insight
into the topography of the surface-relief structure. Optimum
conditions to generate specific structures were easily identi-
fied. This combinatorial approach improves our understand-
ing of surface-relief formation in these systems. In addition,
we have a versatile tool to optimize the shape and height of
polymeric structures of great interest in technological applica-
tions. This combinatorial methodology can easily be adapted
to other, equally important systems, such as photoresists for
microelectronic and photonic applications.

Experimental

To generate a variation of the period over one axis of a library we
used a rectangular lithographic mask (101 mm × 20 mm) divided in
four different sectors (101 mm × 5 mm), each of them consisting of
transparent and dark lines with a periodicity of 40, 20, 10, and 5 lm.
To induce an energy dose variation, we used a linear variable neutral-
density filter (rectangular shape: 101 mm × 25 mm) increasing from
optical density (OD) 0.04 (no absorption) to 2 in eleven steps
(9 mm × 25 mm) of 0.2. A temperature-gradient heating stage (Leica
VM HB) was employed to generate the temperature–period libraries.
The stage has a gradient of T ranging from 50 to 260 °C over a distance
of 30 cm. The length of our exposed area was about 10 cm; therefore,
a range of about 60–70 °C could be covered with a single library. To
generate libraries with composition and thickness variations, we em-
ployed a substrate that was chemically patterned with an array of rec-
tangles (8.5 mm × 4.3 mm) arranged in 11 columns and 4 rows (same
dimensions as the sectors obtained in the energy–period libraries).
Rectangles were hydrophilic while the outer part was hydrophobic.
To create these substrates, clean glass plates were coated with a nega-
tive photoresist that was subsequently exposed through a stainless-
steel mask with rectangular holes corresponding to the sectors. After
development, the substrate was coated with a fluorinated silane ((tri-
decafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane) [16]. Finally, the
resist was stripped, leaving the sectors hydrophilic while the surround-
ing area was fluorinated.

We prepared blends of poly(benzyl methacrylate) (Scientific Poly-
mer Products, weight-average molecular weight (Mw) 70 000 g mol–1)
and dipentaerythritol penta-/hexa-acrylate (Aldrich) in a mass ratio
1:1, plus 5 wt.-%of Irgacure 369 photoinitiator (Ciba), for the energy
dose–period and temperature–period libraries. We obtained films
(2.6 lm thick) by spin-coating solutions in propylene glycol mono-
methyl ether acetate on square glass substrates (150 mm × 150 mm,
D263 grade). A polymer/monomer mixture (1:1 w/w) with 5 % of
photoinitiator by weight was dissolved in a mixture of isopropyl ace-
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Figure 5. Relief height as a function of a) binder content and b) photoini-
tiator content for different periods.



tate and methyl benzoate (90:10 w/w) and used for the thickness–peri-
od library. Different amounts of this mixture were dispensed using a
micropipette (Brand Transferpette) in the different columns. Solvent
was evaporated under ambient conditions. Thicknesses were charac-
terized using a stylus profilometer (Dektak 3M). The same mixture of
solvents was used for the composition–period libraries.

The exposure was performed using an USHIO lithographic system
(filter at 365 nm, intensity 5 mW cm–2). After exposure and heating,
all the samples were fully polymerized by flood exposure for 10 min
and heating at 80 °C for an additional 10 min to fix the relief structure.
We checked that this step had a minor influence on the final relief
structure. The topography was measured using an automated atomic
force microscope (NT-MDT Solver P7 LS, Moscow, Russia) with a
motorized Yh-stage. The stage moves automatically to the 44 pro-
grammed coordinates on the sample surface corresponding to differ-
ent processing conditions (e.g., energy–period, temperature–period).
In case of the temperature–period library, the sample was virtually di-
vided into 44 samples (11 × 4) and temperatures were estimated using
a contact thermometer. All samples were prepared in a clean room
(class 100).
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Bioassisted Room-Temperature
Immobilization and Mineralization of
Zinc Oxide—The Structural Ordering
of ZnO Nanoparticles into a
Flower-Type Morphology**

By Mitsuo Umetsu, Masamichi Mizuta,
Kouhei Tsumoto, Satoshi Ohara, Seiichi Takami,
Hideki Watanabe, Izumi Kumagai, and
Tadafumi Adschiri*

Recent advances in biotechnology enable us to identify
peptides with an affinity for non-biological materials and, in
particular, those that mediate the mineralization of inorganic
matter. The use of functional peptides is attracting immense
interest in the development of bottom–up fabrication proce-
dures of nanometer-scale devices. In biological systems, pro-
teins such as silicatein,[1] silaffins,[2,3] and ferritin[4,5] cause the
deposition of inorganic matter inside or around the cell where
the nucleation and growth of these materials is controlled.
These proteins are being utilized in vitro for the creation of
nanostructured materials.[6–8] Recently, artificial peptides with
an affinity for non-biological inorganic materials have been
discovered by means of a combinatorial library approach,[9,10]

and these peptides are known to have the potential for miner-
alization. For example, peptides with an affinity for metals
and semiconductors, such as gold, silver, silica, zinc sulfide,
and cadmium selenide, can be used to synthesize crystalline
nano- to micrometer-sized metal particles.[11–15]

Zinc oxide, a semiconductor with a large direct bandgap,
possesses unique optical, acoustic, and electronic properties.
ZnO is one of the most widely studied metal oxides for use in
solar cells,[16] sensors,[17] ultraviolet nanolasers,[18] and blue-
light-emitting diodes (LEDs).[19] This wide variety of applica-
tions requires the fabrication of morphologically and func-
tionally distinct ZnO nanostructures. Among the various
methods of ZnO synthesis, wet-chemical approaches carried
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