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A B S T R A C T

Natural functional surfaces often rely on unique nano- and micropatterns. To mimic such surfaces successfully,
patterning techniques are required that enable the fabrication of three-dimensional structures at the nanoscale. It
has been reported that two-photon polymerization (TPP) is a suitable method for this. However, polymer
structures fabricated by TPP often tend to shrink and to collapse during the fabrication process. In particular,
delicate structures suffer from their insufficient mechanical stability against capillary forces which mainly arise
in the fabrication process during the evaporation of the developer and rinsing liquids. Here, we report a modified
development approach, which enables an additional UV-treatment to post cross-link created structures before
they are dried. We tested our approach on nanopillar arrays and microscopic pillar structures mimicking the
moth-eye and the gecko adhesives, respectively. Our results indicate a significant improvement of the me-
chanical stability of the polymer structures, resulting in fewer defects and reduced shrinkage of the structures.

1. Introduction

In the last decade, two-photon polymerization (TPP) has been es-
tablished as a versatile tool for the microfabrication of complex, three-
dimensional structures [1]. Applications include the fabrication of
photonic crystals [2], directly printed lens systems [3], microfluidic
devices [4], biological scaffolds [5], and templates for metamaterials
[6,7]. In general, TPP relies on similar principles as known for common
optical lithography, namely, exposure of an often negative photo-resist
and a wet development process followed by the drying of the structures.
In contrast to classic optical lithography, TPP uses a focused, femtose-
cond-pulsed, near-infrared (NIR) laser allowing highly controlled spa-
tial two-photon polymerization [8]. The size of the reaction volume, the
so-called voxel, determines the resolution of the system, which is ty-
pically in the range of a few hundreds of nanometers [9,10]. By stacking
voxels in all dimensions various three-dimensional (3d) structures can
be fabricated.

Despite the opportunity to generate high resolution 3d structures,
TPP bears several obstacles. One of the biggest challenges is the dis-
crepancy between the dimensions of the designed 3d model and the
final polymer structure [11–13]. The reasons for that are defects caused
by surface wrinkling, strong and anisotropic shrinkage of the polymer,
and the collapse of structural features due to insufficient mechanical
stability. In order to at least mitigate these failures, several approaches

have been discussed [14–16]. It has been proposed to modify the 3d
model to compensate for the expected shrinkage [14], or to add so
called shrinkage guides to the original design to achieve isotropic
shrinkage [15]. The cross-linking density of the resist, and therefore its
mechanical stability, can be improved by longer laser exposure times
[16]. This, though, leads inevitably to increased feature sizes. In addi-
tion to shrinkage driven effects, capillary forces can cause significant
defects, such as deformation or collapse of structures. Capillary forces
usually occur during drying, i.e. the evaporation of the rinsing solution
during the last process step. In order to reduce capillary forces liquids
with low surface tension [17,18], for example hexamethyldisilazane, or
critical point drying [19,20] are used. However, these approaches
contain several process steps and, therefore, are more time consuming.

In this paper, we report a modified development protocol for TPP to
produce nano- and microscopic structures with enhanced mechanical
stability, reduced material shrinkage and fewer defects. In the new
development procedure, the specimens were kept immersed in devel-
oper and rinsing liquids until the structures were mechanically stabi-
lized by an additional ultraviolet (UV) exposure. It is anticipated, that
the UV-exposure provides further cross-linking between the reactive
sites of the resist molecules, which remained unreacted after the initial
laser exposition. As a result, the stability of the structure enhances and
becomes more resistant against capillary forces. The new approach is
demonstrated on nanopillar arrays as well as microstructures, and is
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compared to the same motives developed by the conventional proce-
dure without the additional UV-treatment. Created nanopillar arrays
were inspired by structures found on the moth's eye [21–23], while the
micropillars with mushroom-shaped tips mimicked the adhesive gecko
toes [24,25]. The results obtained demonstrate that an additional cross-
linking step during the development enhances the stability of TPP-
structures and helps to reduce defects and material shrinkage. By this,
the proposed approach offers high potential for a reliable fabrication of
high-resolution structures and is easily integrated into existing process
schemes.

2. Experimental

2.1. Two-photon patterning

Nanopillar structures were defined using the DeScribe-software of
the two-photon polymerization (TPP) system (Professional GT,
Nanoscribe, Germany). These pillars were arranged in 50×50 μm ar-
rays with pitch distances ranging from 280 nm up to 1700 nm. In
contrast, the 3d-design for gecko-inspired microstructures was created
using a computer assisted design (CAD) software (Inventor, Autodesk,
USA). All structures were fabricated from a negative photo resist (IP-
Dip, Nanoscribe, Germany) on fused silica substrates. For the micro-
structures, (3-methacryloyloxypropyl) trichlorosilane (Abcr, Germany)
was immobilized on the substrates via vapor deposition to enhance the
adhesion of the acryl-based resist to the substrate [26]. The structures
were generated using the so-called “dip-in mode” where the objective of
the TPP-System (63× with NA=1.4, Zeiss, Germany) is dipped di-
rectly into the resist. Exposure parameters were 25mW and 50.000 μm/
s for laser power and scan speed, respectively.

2.2. Development procedures

Following the conventional development process (see black route in
Fig. 1), the structures were developed by immersion into propylene
glycol monomethyl ether acetate (PGMEA, Sigma Aldrich, Germany)
for 20min at room temperature to remove unbound monomeric ma-
terial. After that, the structures were carefully rinsed using isopropanol
(IPA, Sigma Aldrich, Germany) and subsequently dried in air by eva-
poration.

Following the development proposed in this study (see red route in
Fig. 1), after the 20min of development 70% of the PGMEA were
carefully replaced with isopropanol without exposing the structures to
air. This solvent exchange was repeated three times, separated by a
residence time of 10min. In contrast to the conventional method, the
specimens were additionally cross-linked using UV-exposure for 300 s
(200W, OmniCure S1500A, igb-tech, Germany), while the samples
were still immersed in isopropanol. The UV source had a maximum
peak at 365 nm (see Fig. S1 in the Supporting information) and an in-
tensity of 51mW/cm2. Finally, the samples were removed from the li-
quid, rinsed with fresh isopropanol, and dried in air.

2.3. Scanning electron microscopy

Scanning electron micrographs of generated TPP-structures were
examined at tilt angles of 0°, 40° and 50° in high-vacuum mode using a
Quanta 250 FEG (FEI, The Netherlands) equipped with an Everhart-
Thornley-detector (ETD). The spot size and the accelerating voltage
were set to 2.0 and 2 kV, respectively. Samples were fixed with clamps
on a metallic sample holder. A copper tape was placed close to the
samples to minimize charging effects. The specimens were not coated
with conductive material to maintain their optical properties. The ratios
between upright and collapsed pillars were determined by analyzing
scanning electron micrographs at lower magnification showing whole
nanopillar arrays at 0° incident angle. Shrinkage of TPP-structures was
evaluated on micropillars by measuring the pillar heights, pillar

diameters, the diameter of the disc, and the diameter at the pillar-
substrate-interface.

2.4. Optical properties

The optical characteristics of the nanopillar arrays were extracted
from optical microscopy images recorded with an Eclipse LV100ND
(Nikon, Japan) equipped with a 20× color-corrected objective. The
microscope was operated in the bright field mode with a fully opened
aperture. Prior to examination, white balance was set using a white
sheet of paper.

3. Results

The main idea of the new development procedure, as described in
Section 2.2 and as illustrated in Fig. 1, is to provide additional stabi-
lization to the structural features before exposing them to capillary
forces. This was exemplified on nanoscopic and microscopic pillar ar-
rays, respectively.

3.1. Nanopillar arrays

Two identical specimens were created by TPP comprising a series of
50× 50 μm arrays of nanopillar structures with varying pitch dis-
tances, p, from 280 to 1700 nm. The pitch distance specifies the dis-
tance between adjacent pillars (see Fig. 6b). One specimen was devel-
oped according to the conventional, the other according to the
improved development strategy introduced in Fig. 1. The structures
obtained were investigated using SEM and fractions of upright standing
and collapsed pillars were determined. The optical properties of whole
arrays were analyzed using optical microscopy.

The resulting nanopillar arrays and the fractions of free standing
pillars are presented in Figs. 2 and 3. The conventionally developed
array with p=1700 nm exhibited 54% upright standing pillars,
whereas 46% of the pillars were collapsed or detached from the sub-
strate during the development (Fig. 3). The pillar heights and diameters
(Fig. 2a) were 1050 ± 31 nm and 326 ± 8 nm, respectively. Most free
ends of the pillar structures were slightly bent. Similar results were
obtained for pitch distances of 1560 nm, 1420 nm, and 1270 nm. For
smaller pitch distances, the bending of the free ends of the nanopillars
was more prominent. At a pitch distance of 1130 nm, structures con-
densed into aggregates. As a consequence, the fraction of upright pillars
drastically dropped to 15%. With further decreasing pitch, the number
of pillars forming aggregates increased. At a pitch distance of 710 nm,
all individual pillars were integrated into aggregates and no upright
standing pillars were observed. At the smallest pitch distance of
280 nm, the spacing between pillars was smaller than the diameter of
the voxels. Hence, the pillar structures laterally overlapped and formed
a rough quasi-film without any recognizable pillar structures.

For the nanopillar arrays developed by the improved development
procedure, scanning electron micrographs revealed the same pillar sizes
as reported for the conventional development above. However, most of
the pillars stayed upright and had straight tips (Fig. 2d). 100% upright
standing pillars without any tip bending were obtained for all pitch
distances down to 570 nm (Fig. 3). At a pitch distance of 420 nm, the
fraction of upright pillars was still almost 100%, but a slight bending of
the structures and pillar agglomeration occurred. Similar to the con-
ventionally created pillar arrays, the structures fused into a rough
quasi-film at the smallest pitch distance.

The optical analysis revealed a strong correlation between the
homogeneity in the optical appearance of arrays and the fraction of
upright pillars. The conventionally developed arrays appeared slightly
colored in regions with upright standing pillars and colorless in regions
where pillars were missing or had collapsed (Fig. 2b). In contrast, ar-
rays developed with the improved approach appeared more saturated
in color, particularly for pitch spacings in the range between 570 and
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990 nm (Fig. 2c). None of these arrays exhibited colorless areas due to
pillar collapses and therefore gave a homogeneous optical impression.

3.2. Microscopic structures

Microscopic mushroom-shaped pillars were created based on a CAD
model. The model used, and the resulting microscopic pillar arrays
developed by both, the conventional and the improved development
approach are displayed in Fig. 4. The model consisted of a cylindrical
pillar with straight side walls and a disc at the free end forming the so-
called mushroom tip (Fig. 4a). The conventionally developed structures
were strongly deformed and exhibited collapsed parts (Fig. 4b). In
contrast, the structures obtained upon the improved approach exhibited
straight sidewalls and a smooth top disc, close to the computer model.
Only a surface roughness at the sidewalls originating from the writing
process (i.e., the vertical stacking of slices) was observed. Fig. 5 shows
an analysis of the shrinkage by comparing the originally defined di-
mensions in the 3d CAD-model with the real dimensions determined for
fabricated structures. The pillars were designed with a diameter of
24 μm and a height of 39.5 μm. A disc with 30 μm diameter and 0.5 μm
thickness represented the mushroom tip. For the conventional devel-
opment, about 20% shrinkage in the pillar height and the disc diameter
were observed. The pillar diameter shrunk by 26%. Even at the pillar-
substrate interface, 8% shrinkage was found. For the structures devel-
oped with the improved method, an overall shrinkage of about 10% for

the pillar height, pillar diameter, as well as the disc diameter were
obtained. The shrinkage at the pillar-substrate interface was negligible.

4. Discussion

In this work, we propose a novel development approach for two-
photon polymerization that, in particularly, facilitates the creation of
closely packed nanopillar arrays and complexly shaped microscopic
structures.

In fact, the collapse of densely packed nanostructures could be
prevented down to a pitch distance, p, of 420 nm, whereas con-
ventionally developed pillars collapsed already at the much larger pitch
distance of 1130 nm. In general, two different types of pillar collapse
can be distinguished: on the one hand the ground collapse, that is pil-
lars detach from the substrate when the spacing between adjacent pil-
lars is larger than the height of the pillars [12], on the other hand the
lateral collapse, that is pillars cluster or form agglomerates when the
spacing between pillars is smaller than their height [27]. For the
structures developed with the conventional method, we observed
ground collapse at p=1420 nm and three different degrees of lateral
collapse depending on the pitch distance (Fig. 6a): upright pillars with
bent tips (p=1130 nm), pairs of attached pillars (p=990 nm) and
clusters of more than two pillars (p < 850 nm).

The collapse of the nanopillar arrays is most likely induced by ca-
pillary forces. These forces act at each individual pillar tip at the three-

Fig. 1. Schematic illustration of the conventional and the improved wet development approach. Upon two-photon polymerization via near-infrared (NIR)-laser exposure, the structures
are developed to remove unexposed photo-resist (PR). The conventional development (black arrows) includes the development in the developer liquid followed by careful rinsing with
isopropanol (IPA) and drying of the specimen. The improved proposed procedure (red arrows) includes gentle replacement of the developer-monomer-mixture with isopropanol, while
structures are kept immersed during the whole procedure. Next, the structures are further cross-linked by additional ultra violet (UV) exposure. Finally, the structures are rinsed and dried
in air. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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phase contact line during the drying of the structures (Fig. 6b) [28,29].
The capillary force is given by FC=(2πγr2/(p− 2δ))cos2θ, where γ is
the surface tension of the liquid, here isopropanol, r is the radius of the
pillars, θ is the receding contact angle, and δ denotes the deflection of
the pillar [25]. The term (p− 2δ) reflects the actual spacing between
two pillar tips, which dynamically changes when the pillars bend [29].
In the undeformed state, when δ=0, the force is the higher the denser

the array is packed, because FC scales inversely proportional to p. The
capillary force increases with increasing δ and is highest just before two
adjacent pillars touch each other. At this point, δ equals approximately
p/2. An elastic restoring force, FE, is acting against the described
bending induced by the capillary forces and is given by FE=3πEr4 δ/
4h3, where E is Young's modulus and h the height of the pillars [25].
The elastic restoring force increases linearly with δ. If FE is larger than
FC, the pillars will resist capillary forces and the fraction of upright
pillars in the dried array will be high. In contrast, if FE is smaller than
FC, the pillars will most likely bend and collapse. After the liquid is
evaporated completely, mainly van der Waals forces, FvdW, act between
attached pillars. Hence, the stability of agglomerates formed by ca-
pillarity depends on the force balance between FE and FvdW [29]. For
FE > FvdW, the pillars most likely snap back to a vertical position, but a
slight bending of the tips can be maintained due to plastic deforma-
tions. For FE < FvdW, the pillars remain in contact at the tips. With
decreasing spacing between the pillars, the maximum deflection of the
pillars decreases, hence FE decreases and, therefore, the probability for
the formation of agglomerates increases. This is in line with our ob-
servations shown in Fig. 2. However, the smallest pitch allowing intact,
upright standing pillar arrays, varied with the development procedure.
Most likely, the additional UV-treatment during the improved proce-
dure facilitated an elevated cross-linking density, which is associated
with an increased Young's modulus. As the elastic restoring force scales
linearly with Young's modulus, the mechanical stability and resistance
against capillary forces were enhanced and allowed smaller pitch dis-
tances. This assumption is supported by the results obtained on the
microscopic structures. Here, an elevated cross-linking density is in line
with the reduced deformation and shrinkage found in structures de-
veloped by the improved procedure as shown in Fig. 4. Moreover, the
homogeneous shrinkage obtained in structures upon post-curing in-
dicates, that this method also reduces cross-linking inhomogeneities
initially formed by the sequential laser exposure within the TPP-struc-
tures. An increased homogeneity of the polymer network results in less

Fig. 2. Nanopillar arrays with different pitch distances developed (a,b) by the conventional and (c,d) by the improved strategy. (a,d) Scanning electron images of pillar arrays at 40° tilt;
the scale bar is 2 μm. (b,c) Bright field optical micrographs of 50× 50 μm nanopillar arrays on a fused silica substrate.

Fig. 3. Fraction of upright nanopillars as a function of the pitch distance. The fraction of
upright nanopillars is the number of upright standing pillars, i.e. pillars showing no
collapse or agglomeration, normalized to the total number of pillars per array. Red circles
represent the results of arrays developed by the improved development procedure in-
cluding post UV exposure. Black squares depict the results of arrays developed using the
conventional development approach. Dashed lines are intended to guide the eye. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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internal stresses within the structures, and therefore, higher agreement
with the original 3d model, as was observed.

The improved procedure can also be applied to accelerate the TPP
fabrication process. A promising example is the fabrication of so-called

core-shell structures. Here, only the shell (contour) of the structure and
a few internal features supporting the shape of the shell are exposed and
polymerized during the TPP, whereas a significant amount of the un-
reacted, liquid photo resist remains inside the structure. This approach
can enormously speed up the process time, but requires a post UV cross-
linking as presented in our paper; otherwise, the structures would suffer
even more from shrinkage and capillary forces.

5. Conclusions

A novel development strategy for structures created by two-photon
polymerization was introduced. The proposed approach enables a me-
chanical stabilization of created structures, before they are exposed to
capillary forces. The feasibility of the improved method was demon-
strated for densely packed nanopillar arrays and complex shaped mi-
crostructures, wherein the following conclusions can be drawn:

- The modified development procedure enables an additional UV-
exposure before drying and, therefore, before exposing to capillary
forces.

- A post UV-treatment of reactive groups, which remained unreacted
upon the two-photon polymerization, enhances the cross-linking
density, and therefore, the mechanical stability of structures and
their resistance against mechanical deformations. Thus, the number
of defects and collapsed structures in densely packed arrays can be
drastically reduced.

- UV cross-linking reduces the polymer shrinkage from 30 to 10%. In

Fig. 4. Microscopic mushroom-shaped pillars. (a) 3d CAD-model of the mushroom-shaped pillar used for TPP. (b,c) Scanning electron micrographs at 50° tilt of structures developed
either via (b) the conventional development or (c) the improved development strategy.

Fig. 5. Shrinkage of microscopic pillar structures. Pillar characteristics were extracted
from SEM-images (n=5) and compared to the original sizes used in the 3d CAD design.

Fig. 6. Collapse of structures by capillary forces. (a) Schematic illustration of forces acting on pillars during evaporation. The ratio between the capillary force (FC) and elastic restoring
force (FE) determines the type of collapse. The forces depend mainly on the pillar height, h, radius of the pillars, r, receding contact angle θ, deflection of the pillar, δ, and pitch distance, p.
(b) Different types of pillar collapse obtained for commonly developed structures as a function of pitch distance: ground collapse (p=1420 nm), upright pillars with bent tips (p=1270
nm), pairs of attached pillars (p=990 nm) and clusters of more than two pillars (p≤ 850 nm).
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addition, the shrinkage is almost isotropic compared to the aniso-
tropic shrinkage of not post-treated structures.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mee.2018.03.009.
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