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Abstract: Two-dimensional photonic structures such as nanostructured pillar gratings are useful for
various applications including wave coupling, diffractive optics, and security features. Two-photon
lithography facilitates the generation of such nanostructured surfaces with high precision and
reproducibility. In this work, we report on nanopillar diffraction gratings fabricated by two-photon
lithography with various laser powers close to the polymerization threshold of the photoresist.
As a result, defect-free arrays of pillars with diameters down to 184 nm were fabricated. The structure
sizes were analyzed by scanning electron microscopy and compared to theoretical predictions obtained
from Monte Carlo simulations. The optical reflectivities of the nanopillar gratings were analyzed by
optical microscopy and verified by rigorous coupled-wave simulations.

Keywords: nanostructures; optical pillar gratings; photonic crystals; two-photon lithography; direct
laser writing

1. Introduction

Two-dimensional photonic structures such as periodical pillar gratings are applicable for light
coupling devices [1], solar devices [2], sensors [3], encoders [4], holographic structures [5], or security
features [6]. The optical characteristics of such gratings are very sensitive to the shape, diameter,
and height of the nanostructures, as well as the pitch and periodicity of the array [7–11]. Therefore,
these features require strict tolerances to ensure uniformity with virtually no defects within the
grating. Simultaneously, there is a desire to enable flexible manufacturing of optical elements, as each
application has its own requirements regarding design and feature size. In this context, two-photon
lithography (TPL) is a promising candidate for the fabrication of nanostructured gratings with tunable
optical properties.

In recent years, TPL has been established as a suitable technique for the fabrication of complex
three-dimensional structures with submicron resolution [12–15]. Its versatility has been demonstrated
by various applications ranging from microfluidic devices [16], micropatterned adhesives [17,18],
biological and mechano-sensitive scaffolds [19–22], and optical devices, such as lenses [23] and
photonic crystals [24,25]. In a typical TPL process, a focused, femtosecond-pulsed, near-infrared
laser (λ = 780 nm) exposes a photoresist, that is composed of reactive oligomers and a photoinitiator.
However, the photoreaction is only initiated when two photons excite the initiator concertedly. As a
result, the initiator molecule decomposes into radicals, which induce a cross-linking reaction of the
oligomers. Such a two-photon event is very rare, so that the probability of a two-photon excitation,
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and thus the start of polymerization, is only given in the focal region where the photon density
is highest [15]. The polymerization reaction is in most cases terminated by oxygen quenching of
radicals [26]. The size of the voxel, i.e., the volume element at which the polymerization occurs,
is a function of the beam [15,27,28], the exposure parameters [29,30], and the chemical and physical
properties of the photoresist [26,29,31,32]. In order to estimate the lateral voxel size S, Sun et al. [33]
empirically derived an equation based on the diffraction limit ldi f f , a material constant α, the applied
laser power Ere, and the threshold laser power Eth required for the cross-linking reaction:

S = ldi f fα

√
ln(Ere/Eth)

4k ln 2
(1)

where k equals 1 or 2 for a single or two-photon excitation, respectively. According to Equation (1),
S decreases with Ere and reaches 0 for Ere = Eth. From this it can be concluded that the smallest lateral
feature sizes are achieved for laser powers close to the polymerization threshold of the photoresist.
Small feature sizes, however, are highly susceptible to deformations and collapse due to their low
mechanical resistance [34–36]. In particular, nanostructures with high aspect ratios and low mechanical
stiffness are prone to such defects [37,38].

In the present study, we report on the fabrication of nanopillar diffraction gratings. These
are fabricated via TPL and laser energies close to the polymerization threshold of the photoresist
(10–23 mW) combined with a recently reported, improved development routine [36]. The obtained
structures are analyzed by scanning electron microscopy. To enable a prediction of the size of the
nanopillars for further investigations, numerical simulations based on a Monte Carlo algorithm were
performed. The optical properties of the gratings with pillar diameters between 120 and 430 nm
and heights ranging from 330 to 1315 nm were corroborated by rigorous coupled-wave analysis
(RCWA) simulations.

2. Experimental

2.1. Two-Photon Lithography (TPL)

Diffraction gratings were fabricated from a negative tone photoresist IP-Dip (Nanoscribe,
Eggenstein-Leopoldshafen, Germany) on fused silica substrates using the Professional GT two-photon
lithography system (Nanoscribe, Eggenstein-Leopoldshafen, Germany). The system consisted of
a 63× objective (NA = 1.4, Carl Zeiss, Oberkochen, Germany) and a femtosecond pulsed IR-laser
(λ = 780 nm, 80 MHz laser repetition rate, and 100–200 fs pulse length, TOPTICA Photonics AG,
Graefelfing, Germany). The system was operated in ‘dip-in’ mode, where the objective is immersed
into the photoresist. The nanopillars were arranged with a center-to-center distance of 1 µm in a square
lattice of 50 × 50 µm. Each pillar consisted of four vertically stacked voxels, whose focal points were
separated by 300 nm, whereby the lowest voxel was placed 200 nm below the substrate-resist interface
to ensure appropriate attachment to the fused silica substrate. The exposure and settling times were set
to 0.1 and 2 ms, respectively. All diffraction gratings were fabricated on the same substrate with altered
laser powers ranging from 10 to 23 mW for different gratings. To improve the mechanical stability
of the nanopillars, the development was performed according to Purtov et al. [36]. Structures were
developed for 20 min in PGMEA (Sigma-Aldrich, Steinheim, Germany), after which 70% of the solution
was carefully replaced with isopropanol (Sigma-Aldrich, Steinheim, Germany) without exposing the
structures to air. Such a solvent exchange was repeated three times, separated by a residence time
of 10 min. Subsequently, a UV-post-crosslinking was applied (t = 300 s, λUV = 365 nm, 350 mW,
OmniCure S1500A, igb-tech, Friedelsheim, Germany) before structures were removed from the liquid
and air-dried.
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2.2. Scanning Electron Microscopy (SEM)

Samples were fixed on a metallic sample holder and investigated at tilt angles of 0◦ and 40◦ using
a Quanta 250 FEG (FEI, Eindhoven, The Netherlands) equipped with an Everhart-Thornley-Detector
(ETD) in high-vacuum mode. Copper tape was placed close to the nanostructures to avoid charging,
as no conductive coating was applied to preserve the optical properties of the arrays. The spot size
and the acceleration voltage were set to 2.0 and 2 kV, respectively. The measured pillar heights in
micrographs were corrected for the sample tilt.

2.3. Optical Microscopy

The optical reflection characteristics of the pillar arrays were investigated using an optical
microscope (Eclipse LV100ND, Nikon, Tokyo, Japan) equipped with a 20× color-corrected objective
(NA = 0.45). The microscope was operated in bright field mode with a fully opened illumination
aperture upon a white balance using a white sheet of paper.

3. Numerical Simulations

3.1. Voxel Sizes

In order to gain a better understanding of the size- and shape-changing effects during the
TPL-process, the obtained nanostructures were analyzed and compared to theoretical pillar sizes
derived from simulations considering the different laser powers applied. Since the Gaussian beam
formalism based on the paraxial approximation is not appropriate to describe the tightly focused beam
used in the experiment, the electric field distribution around the focal spot had to be determined by
numerical integration. This integration was performed using the Huygens’ principle, i.e., by assuming
the field distribution to be the result of superimposing fields originating from an ensemble of emitting
elementary sources. This approach was implemented in a self-written software executing a Monte
Carlo algorithm.

The coordinate system of the simulation was defined with the light incident from the +z-direction.
The origin of the coordinate system was set to the focal spot of the focussed beam. The elementary
emitters were assumed to be dipole oscillators distributed in a planar arrangement parallel to the x-y
focal plane with a normal distance z0. The plane of the dipole oscillators can be regarded as the exit
pupil of the focusing objective with z0 being the working distance. The phase of the dipoles ϕ(r) as
a function of distance r from the z-axis was adjusted to result in a constant phase at the origin of the
coordinate system (i.e., the center of the focal spot), which gives focusing:

ϕ = −
2π
λ
·

√
z2

0 + r2 (2)

The amplitude of the dipole strength per unit area
→

P followed a Gaussian radial profile, while the
polarization was assumed to be circular in order to result in a rotationally symmetric field distribution
around the focal spot. By arbitrarily setting all constant factors to 1, the full description of the radial
distribution of the dipole strength is given by:

→

P(r) = e−(r/w)2
·


1
i
0

·eiϕ(r) (3)

The width w of the Gaussian function was calculated from the half divergence angle α,
(experimentally determined to be 31.4 degrees by analyzing the beam profile as a function of the
z-coordinate) and the working distance z0, as

w = z0·tan(α) (4)
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The distribution described above was then cut-off at a finite maximum radius rmax representing
the finite opening of the focusing lens, which is defined by

arctan(rmax/z0) = arcsin
(NA

n

)
(5)

where NA is the numerical aperture of the lens and n the refractive index of the medium.
The field distribution near the focal spot was calculated as the superposition of elementary

waves emerging from the emitter distribution (Equation (3)). To do this, the field in the volume
surrounding the focal spot was mapped to a two-dimensional array of pixels addressed by axial
and radial coordinates in the x-z-plane, taking advantage of the deliberately introduced rotational
symmetry of the source. The resolution of this field map was chosen to be λ/50, where λ was set
to 780/1.52 = 513 nm (the wavelength of the laser divided by the refractive index of the photoresist).
The Monte Carlo algorithm repeatedly picked a randomly selected pair of a pixel

→
x f in this map and

a point
→
x s in the source distribution in order to calculate the contribution of the source emitter to the

selected pixel. The latter was taken to be the field of an elementary dipole equivalent to the emitter

strength
→

P =
→

P
(
→
x s

)
. Omitting constant factors, the elementary dipole field is given by:

→

E
(
→
x f

)
=


(
→
n ×

→

P
)
×
→
n

R
+

[
3·
→
n ·

(
→
n ·
→

P
)
−
→

P
]
·

(
R−3 + i·R−2

)·eiR (6)

where R = 2π
λ

∣∣∣∣→x f −
→
x s

∣∣∣∣ is the distance between the source and the pixel in the field map scaled by the

wavelength, and
→
n =

→
x f−

→
x s∣∣∣∣→x f−
→
x s

∣∣∣∣ is the normalized vector pointing from the source point to the pixel. All

contributions to one pixel originating from different source points (typically 105 contributions per pixel)
were averaged into one field vector approximating the electrical field with full phase information at the

center of each pixel. The square of the above field vector, I =
→

E
2
, is a relative intensity proportional to

the physical intensity; the factor of proportionality arising from all the constants explicitly or implicitly
omitted above. To calculate voxel sizes as a function of the laser power, this intensity distribution needs
to be correlated to the laser power. We start by expressing the latter as a factor f times the threshold
laser power (determined to be 9.3 mW by the analysis of the observed pillar diameters according to
Equation (1); see Figure 1b). On the other hand, the above intensity distribution has a maximum Imax at
the focal spot. At the threshold laser power ( f = 1), this maximum is equivalent to the polymerization
threshold Ith, Imax = Ith. At a higher laser power, the whole intensity distribution is multiplied by f , and
polymerization is initiated wherever the scaled intensity exceeds the threshold. The theoretical height
of a voxel is thus determined as the size of the interval in a longitudinal section through the intensity
map where f ·I > Ith. To derive the width of the voxel, the same analysis is applied to the cross-section.

The resulting theoretical voxel sizes were used to calculate the theoretical height h of the pillars
as follows:

h = (a− 1)b + c + d/2 (7)

where a = 4 is the number of stacked voxels, b = 300 nm is the vertical center-to-center distance
between voxels, c = −200 nm is the centre distance of the first voxel from the substrate interface, and d
is the height of an individual voxel obtained from the numerical simulations. The resulting theoretical
pillar heights and diameters were further used to calculate the initial aspect ratios of pillars and to
estimate the shrinkage by comparing the theoretical with the experimental values (see Table S1 in the
Supplementary Materials).
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Figure 1. Sizes of nanopillars as a function of the applied laser power. (a) Scanning electron micrographs
of nanopillars fabricated with different laser powers. The scale bar is 500 nm. (b) Diameters (black
symbols) and heights (red symbols) of the nanopillars obtained from two-photon lithography (open
circles) compared to numerical simulations (filled stars). The dashed line shows the fit of the pillar
diameters using Equation (1) to estimate the threshold laser power of the photo resist. (c) Defect rates
of optical gratings expressed as fractions of upright pillars in dependence on the applied laser power.
The values were obtained from Scanning Electron Microscopy (SEM)-images as shown for 15 mW in
the insert. The scale bar is 10 µm.

3.2. Optical Spectra

Although no reflection spectra were recorded due to instrumental limitations, an attempt was
made to correlate the observed colors with simulated optical spectra. These were calculated from
simulated diffraction efficiencies taking into account the different diffraction orders and the finite
aperture angle of the microscope objective used. Diffraction was simulated by rigorous coupled-wave
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analysis (RCWA) using the electromagnetic solver, S4, developed at the Stanford University [39,40].
In these simulations, the pillar shape was approximated as a cylinder with an ellipsoidal tip. The radii
of the cylinders rc were set to the experimentally determined radii of pillars fabricated at different laser
powers. The cylinder heights hc were calculated with hc = hp − he, where hp was the measured pillar
height. The height of the ellipsoidal tip he was assigned to half the voxel height evaluated by Monte
Carlo simulations described above, as this parameter was hard to determine experimentally. Using
this set of parameters, the pillar envelope function can be described as follows:

y(z) =

rc for z ≤ hc

rc

√
1−

(
z−hc

he

)
for hc < z ≤ hp

(8)

where the z-axis is assumed to be normal to the substrate surface, and thus corresponds to the structure
expansion in the vertical direction. The pillars were discretized in slices of 10 nm. A periodic boundary
condition was applied with a box size of 1 × 1 µm (in accordance with the pillar center-to-center
distance) as well as an incidence angle of 0◦. The refractive index and extinction coefficient of the cured
photoresist and the fused silica substrate were taken from ellipsometry measurements (see Figure S1 in
the Supplementary Materials).

In experiments, the observed colors originate from reflected light that is diffracted by the grating.
Reflection occurred at two different interfaces, i.e., the pillar-substrate interface and the backside
of the 1 mm fused silica substrate. Due to the opening angle of the objective with NA = 0.45, only
diffraction angles of equal to or below 27◦ were collected. To quantify the contribution of different
diffraction orders to the coloration, an overlap factor OF between the incident light and the light cones
of different diffraction orders were numerically calculated using the given geometrical parameters of
the fabricated nanostructures and the imaging system (angle of incidence, collection angle). In the
case of the 1st diffraction order, OF was found to range from 0.45 at a wavelength of 400 nm to 0.045
at 800 nm. Overlap factors for higher diffraction orders were zero except for negligible values at the
shortest wavelengths and, therefore, were not considered in further calculations. The reflection at the
pillar-substrate interface was calculated by summing 100% of the reflectivity values obtained for the
0th diffraction order and the values of the 1st diffraction order multiplied by 4OFλ, where 4 is the
number of contributing 1st order diffraction cones, and OFλ the overlap for the respective wavelength.
The reflection at the backside of the substrate was calculated in the same way but using transmissive
diffraction efficiencies. For each grating, both contributions were added to a final reflection spectrum.

4. Results and Discussion

4.1. Nanopillar Sizes

Sizes of the nanopillars fabricated with laser powers varying from 10 to 23 mW were obtained
from SEM-micrographs (Figure 1a). The pillar diameters ranged from 120 nm to 430 nm (measured at
the bottom of the pillars). The heights of the pillars extended from 330 to 1315 nm. The structures
exhibited an almost constant aspect ratio (height over diameter) of about 3 (Figure 1b). Evaluation
of the defect rate revealed high quality of the obtained optical gratings with 100% upright standing
pillars for all gratings with pillar diameters down to 184 nm (Figure 1c). Gratings fabricated with
the lowest laser power of 10 mW and thus, closest to the polymerization threshold, exhibited 30%
freestanding pillars and 70% collapsed structures. With a diameter of 120 nm, these pillars were the
smallest high aspect ratio pillars fabricated with TPL to our best knowledge so far. The collapse of the
pillars is most likely induced by capillary forces during drying upon development and post-curing.
These collapses occur when the capillary forces exceed the elastic restoring forces of the pillars [36].
As the latter decrease with pillar diameter, smaller structures tend to collapse more easily. For the sake
of completeness and to demonstrate the importance of using a UV-post-curing during development,
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similar pillar structures were fabricated without the additional UV-exposure, exhibiting much more
defects even for larger structures (see Figure S2 in the Supplementary Materials).

Theoretical voxel sizes obtained from numerical simulations ranged from 144 to 503 nm in
diameter and from 531 to 1873 nm in height with a mean aspect ratio of 3.6 ± 0.1. As a result, the
theoretical height of the nanopillars (i.e., four vertically stacked voxels in accordance to Equation (7))
ranges from 965 to 1637 nm as shown in Figure 1b. All values are summarized in Table S1 in the
Supplementary Materials. For the diameter, the numerical simulations overestimate the experimental
data by 18 ± 3% for all applied laser powers. For the heights, the numerical values overestimate the
experimental data by 65% for 10 mW, but only 20% for 23 mW. These discrepancies are most likely
related to the shrinkage of the nanopillars, their adhesion to the substrate, and surface tension [36,41].
The degree of shrinkage is mostly related to the removal of unreacted molecules during development.
With the reduction of the laser power, the amount of unreacted and not covalently bound oligomers
and fragments increased, which in turn did not contribute to the formation of the nanostructures.
Furthermore, the distance of the stacked voxels was kept constant for all laser powers, so that voxels
overlapped less at lower laser powers, which amplified the effect of an incomplete cross-linking
reaction. These unreacted and non-crosslinked fragments were removed during development, which
explains higher shrinkage with lower laser power. Upon development, the nanostructures remained in
isopropanol and were exposed to UV again. This post-curing led to an additional crosslinking reaction
providing enhanced mechanical stability and higher resistance against a capillary forces during drying
as is evident from the comparison with structures developed without the additional cross-linking
(Figure S2 in the Supplementary Materials). Furthermore, the shrinkage close to the substrate is limited
by the adhesion of the nanopillars to the rigid substrate, which led to low shrinkage of the nanopillar
diameters. The shrinkage of the pillars heights, in contrast, is not constrained and thus much stronger.
This anisotropic shrinkage as well as surface tension effects are assumed to lead to the conical shape of
the nanopillars.

4.2. Optical Properties

Figure 2 shows optical micrographs of the nanopillar gratings. The divergence angle of the
illuminating light as well as the collection angle of the microscope were both 27◦. The optical
micrographs revealed a colored reflection of the gratings, which is based mainly on diffraction and
interference effects. Absorption can be neglected due to the low extinction coefficients of all materials
involved (Figure S1 in the Supplementary Materials). The color of the gratings changed with the laser
power from slight brownish (11 mW) to blue-green (23 mW). For 10 mW, the surface appeared colorless
(Figure 2a). To quantify the optical appearance of the gratings, the optical micrographs were compared
with numerical simulations that provide expected optical spectra for the experimental set-up used
(Figure 3). The simulations were performed for six gratings corresponding to 10 mW (colorless), 11 mW
(slightly yellow), 14 mw (brown), 17 mW (blue-brown), 20 mW (blue), and 23 mW (blue-green).

The obtained spectra did not fully agree with the colors recorded by optical microscopy. Minor
deviations can be expected from using diffraction efficiencies for normal incidence to approximate the
whole cone of incident light. Moreover, considerable differences could be attributed to variations of
the pillar shape. In the fabricated gratings, the shape of the pillars varied between cylinders and cones
(compare Figure 1a), whereas cylindrical pillars with elliptical tips were assumed in the simulations.
The shape, though, is important for the choice of an appropriate pillar diameter for simulations. This
argument was confirmed by simulations with 20% smaller pillar diameters, which led to a significant
blue-shift of the spectra (dashed lines in Figure 3) and a better correspondence with the colors observed.
From this, it can be concluded that even small variations in the shape of the pillars dramatically affect
the optical appearance of the gratings, and that it is therefore not sufficient to evaluate diameters at
the pillars’ bases only. This outcome supports our arguments that good understanding of occurring
effects, such a shrinkage, surface tension, and related mechanisms, as well as their influence on the
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feature shape and sizes are important for a precise prediction of the optical properties of pillar gratings
fabricated via TPL.
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The total reflectivities shown in Figure 3 comprise the reflected diffraction at the pillar-substrate
interface as well as the transmissive diffraction of light reflected at the backside of the substrate.
As these two are expected to differ strongly in their minima due to variation in the optical path, minima
as low as 1% predicted by simulation were surprising. Nevertheless, their presence is confirmed
by the intense colors of the gratings. We assume that this could be caused by Mie resonances [42].
This assumption is supported by the strong dependence of the spectra on the pillar diameter. Small
pillars obtained at low laser powers interact predominantly with ultraviolet to blue light, leading to
a brownish hue. As the pillar size increases with increasing laser power, the resonance shifts towards
red wavelengths, resulting in a blueish hue. This variability in color due to the size and shape of
nanopillars gratings allows for efficient diffractive color filters.

5. Conclusions

Optical pillar gratings were successfully fabricated via TPL at different laser powers close to the
polymerization threshold of the photoresist and investigated with respect to their sizes and optical
properties using imaging techniques and numerical simulations. The following conclusions can
be drawn:

(1) Defect-free nanopillar gratings were fabricated down to pillar diameters of 184 nm and aspect
ratios about 3. The smallest pillar diameters achieved were 120 nm, but on imperfect arrays, and
therefore would require further optimization in fabrication.

(2) Simulations of the voxel sizes overestimated experimental pillar sizes by 20% in lateral and up
to 65% in the vertical direction. This effect can be rationalized by shrinkage that differs due to varying
amounts of unreacted oligomers, different overlaps between adjacent voxels, substrate adhesion, and
probably surface tension effects.

(3) The nanopillar gratings interfered with visible wavelengths and varied in their optical properties
depending on the pillar sizes tuned by TPL. The simulation of the optical spectra confirmed that the
coloration originates indeed from the diffraction of reflected light, but also prompts the notion that the
size and shape of the nanopillars strongly influence the optical appearance.

In summary, optical gratings based on different pillar sizes can be manufactured by varying the
laser power in TPL in a single process step on one surface. However, the fabrication of precise optical
gratings close to the polymerization threshold of the photoresist requires a deep understanding of the
involved processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1495/s1,
Table S1: Summary of pillar dimensions as a function of the laser power. Figure S1: Optical properties of the
cured photoresist and the fused silica substrate obtained by ellipsometry. Figure S2: Optical pillar gratings when
fabricated without UV-post-curing.

Author Contributions: Conceptualization, J.P. and R.H.; methodology, J.P. and P.R.; validation, A.V., P.R., R.H.;
formal analysis, J.P., P.R., A.V., V.E.J.; investigation, J.P.; resources, R.H.; data curation, J.P. and P.R.; writing, J.P.,
P.R., A.V., and R.H.; visualization, J.P. and R.H.; project administration, J.P. and R.H.; funding acquisition, V.E.J.
and R.H.

Funding: This research was funded by the European Commission (Marie Curie Fellowship Looking Through
Disorder (LODIS), 701455) as well as the European Research Council under the European Union’s Seventh
Framework Program (FP/2007-2013)/ERC Advanced Grant no. 340929.

Acknowledgments: The authors thank Reza Hosseinabadi for his help with the TPL-fabrication and the optical
imaging as well as Bruno Schäfer for his support during the ellipsometry measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Catchpole, K.R.; Green, M.A. A conceptual model of light coupling by pillar diffraction gratings. J. Appl.
Phys. 2007, 101, 063105. [CrossRef]

2. Chong, T.K.; Wilson, J.; Mokkapati, S.; Catchpole, K.R. Optimal wavelength scale diffraction gratings for
light trapping in solar cells. J. Opt. 2012, 14, 024012. [CrossRef]

http://www.mdpi.com/2079-4991/9/10/1495/s1
http://dx.doi.org/10.1063/1.2710765
http://dx.doi.org/10.1088/2040-8978/14/2/024012


Nanomaterials 2019, 9, 1495 10 of 11

3. Yan, H.; Huang, L.; Xu, X.; Chakravarty, S.; Tang, N.; Tian, H.; Chen, R.T. Unique surface sensing property
and enhanced sensitivity in microring resonator biosensors based on subwavelength grating waveguides.
Opt. Express 2016, 24, 29724–29733. [CrossRef] [PubMed]

4. Mao, X.; Zeng, L. Design and fabrication of crossed gratings with multiple zero-reference marks for planar
encoders. Meas. Sci. Technol. 2018, 29, 025204. [CrossRef]

5. Kim, D.Y.; Tripathy, S.K.; Li, L.; Kumar, J. Laser-induced holographic surface relief gratings on nonlinear
optical polymer films. Appl. Phys. Lett. 1995, 66, 1166–1168. [CrossRef]

6. Gale, M.T.; Knop, K.; Morf, R.H. Zero-Order Diffractive Microstructures for Security Applications; SPIE:
Bellingham, WA, USA, 1990; Volume 1210.

7. Wang, Y.; Lu, N.; Xu, H.; Shi, G.; Xu, M.; Lin, X.; Li, H.; Wang, W.; Qi, D.; Lu, Y.; et al. Biomimetic corrugated
silicon nanocone arrays for self-cleaning antireflection coatings. Nano Res. 2010, 3, 520–527. [CrossRef]

8. Dewan, R.; Fischer, S.; Meyer-Rochow, V.B.; Özdemir, Y.; Hamraz, S.; Knipp, D. Studying nanostructured
nipple arrays of moth eye facets helps to design better thin film solar cells. Bioinspiration Biomim. 2011, 7,
016003. [CrossRef]

9. Ji, S.; Park, J.; Lim, H. Improved antireflection properties of moth eye mimicking nanopillars on transparent
glass: Flat antireflection and color tuning. Nanoscale 2012, 4, 4603–4610. [CrossRef]

10. Lora Gonzalez, F.; Chan, L.; Berry, A.; Morse, D.E.; Gordon, M.J. Simple colloidal lithography method to
fabricate large-area moth-eye antireflective structures on Si, Ge, and GaAs for IR applications. J. Vac. Sci.
Technol. B 2014, 32, 051213. [CrossRef]

11. Chigrin, D.N.; Lavrinenko, A.V. Nanopillar Coupled Periodic Waveguides: From Basic Properties to Applications;
SPIE: Bellingham, WA, USA, 2006; Volume 6393.

12. Farsari, M.; Chichkov, B.N. Materials processing: Two-photon fabrication. Nat. Photonics 2009, 3, 450–452.
[CrossRef]

13. Gissibl, T.; Thiele, S.; Herkommer, A.; Giessen, H. Two-photon direct laser writing of ultracompact multi-lens
objectives. Nat. Photonics 2016, 10, 554–560. [CrossRef]

14. Hohmann, J.K.; Renner, M.; Waller, E.H.; von Freymann, G. Three-Dimensional µ-Printing: An Enabling
Technology. Adv. Opt. Mater. 2015, 3, 1488–1507. [CrossRef]

15. Kawata, S.; Sun, H.B.; Tanaka, T.; Takada, K. Finer features for functional microdevices. Nature 2001, 412, 697.
[CrossRef] [PubMed]

16. Waheed, S.; Cabot, J.M.; Macdonald, N.P.; Lewis, T.; Guijt, R.M.; Paull, B.; Breadmore, M.C. 3D printed
microfluidic devices: Enablers and barriers. Lab Chip 2016, 16, 1993–2013. [CrossRef] [PubMed]

17. Fischer, S.C.L.; Groß, K.; Torrents Abad, O.; Becker, M.M.; Park, E.; Hensel, R.; Arzt, E. Funnel-Shaped
Microstructures for Strong Reversible Adhesion. Adv. Mater. Interfaces 2017, 4, 1700292. [CrossRef]

18. Hensel, R.; Moh, K.; Arzt, E. Engineering Micropatterned Dry Adhesives: From Contact Theory to Handling
Applications. Adv. Funct. Mater. 2018, 28, 1800865. [CrossRef]

19. Marino, A.; Filippeschi, C.; Mattoli, V.; Mazzolai, B.; Ciofani, G. Biomimicry at the nanoscale: Current
research and perspectives of two-photon polymerization. Nanoscale 2015, 7, 2841–2850. [CrossRef]

20. Wolfenson, H.; Meacci, G.; Liu, S.; Stachowiak, M.R.; Iskratsch, T.; Ghassemi, S.; Roca-Cusachs, P.;
O’Shaughnessy, B.; Hone, J.; Sheetz, M.P. Tropomyosin controls sarcomere-like contractions for rigidity
sensing and suppressing growth on soft matrices. Nat. Cell Biol. 2015, 18, 33. [CrossRef]

21. Marino, A.; Ciofani, G.; Filippeschi, C.; Pellegrino, M.; Pellegrini, M.; Orsini, P.; Pasqualetti, M.;
Mattoli, V.; Mazzolai, B. Two-Photon Polymerization of Sub-micrometric Patterned Surfaces: Investigation
of Cell-Substrate Interactions and Improved Differentiation of Neuron-like Cells. ACS Appl. Mater. Interfaces
2013, 5, 13012–13021. [CrossRef]

22. Klein, F.; Striebel, T.; Fischer, J.; Jiang, Z.; Franz, C.M.; von Freymann, G.; Wegener, M.; Bastmeyer, M.
Elastic Fully Three-dimensional Microstructure Scaffolds for Cell Force Measurements. Adv. Mater. 2010, 22,
868–871. [CrossRef]

23. Thiele, S.; Arzenbacher, K.; Gissibl, T.; Giessen, H.; Herkommer, A.M. 3D-printed eagle eye: Compound
microlens system for foveated imaging. Sci. Adv. 2017, 3. [CrossRef] [PubMed]

24. von Freymann, G.; Ledermann, A.; Thiel, M.; Staude, I.; Essig, S.; Busch, K.; Wegener, M. Three-Dimensional
Nanostructures for Photonics. Adv. Funct. Mater. 2010, 20, 1038–1052. [CrossRef]

25. Nawrot, M.; Zinkiewicz, Ł.; Włodarczyk, B.; Wasylczyk, P. Transmission phase gratings fabricated with
direct laser writing as color filters in the visible. Opt. Express 2013, 21, 31919–31924. [CrossRef] [PubMed]

http://dx.doi.org/10.1364/OE.24.029724
http://www.ncbi.nlm.nih.gov/pubmed/28059356
http://dx.doi.org/10.1088/1361-6501/aa9d5e
http://dx.doi.org/10.1063/1.113845
http://dx.doi.org/10.1007/s12274-010-0012-x
http://dx.doi.org/10.1088/1748-3182/7/1/016003
http://dx.doi.org/10.1039/c2nr30787a
http://dx.doi.org/10.1116/1.4895966
http://dx.doi.org/10.1038/nphoton.2009.131
http://dx.doi.org/10.1038/nphoton.2016.121
http://dx.doi.org/10.1002/adom.201500328
http://dx.doi.org/10.1038/35089130
http://www.ncbi.nlm.nih.gov/pubmed/11507627
http://dx.doi.org/10.1039/C6LC00284F
http://www.ncbi.nlm.nih.gov/pubmed/27146365
http://dx.doi.org/10.1002/admi.201700292
http://dx.doi.org/10.1002/adfm.201800865
http://dx.doi.org/10.1039/C4NR06500J
http://dx.doi.org/10.1038/ncb3277
http://dx.doi.org/10.1021/am403895k
http://dx.doi.org/10.1002/adma.200902515
http://dx.doi.org/10.1126/sciadv.1602655
http://www.ncbi.nlm.nih.gov/pubmed/28246646
http://dx.doi.org/10.1002/adfm.200901838
http://dx.doi.org/10.1364/OE.21.031919
http://www.ncbi.nlm.nih.gov/pubmed/24514787


Nanomaterials 2019, 9, 1495 11 of 11

26. Mueller, J.B.; Fischer, J.; Mayer, F.; Kadic, M.; Wegener, M. Polymerization Kinetics in Three-Dimensional
Direct Laser Writing. Adv. Mater. 2014, 26, 6566–6571. [CrossRef] [PubMed]

27. Sun, H.B.; Maeda, M.; Takada, K.; Chon, J.W.M.; Gu, M.; Kawata, S. Experimental investigation of single
voxels for laser nanofabrication via two-photon photopolymerization. Appl. Phys. Lett. 2003, 83, 819–821.
[CrossRef]

28. Fischer, J.; Wegener, M. Three-dimensional optical laser lithography beyond the diffraction limit.
Laser Photonics Rev. 2013, 7, 22–44. [CrossRef]

29. Xing, J.F.; Dong, X.Z.; Chen, W.Q.; Duan, X.M.; Takeyasu, N.; Tanaka, T.; Kawata, S. Improving spatial
resolution of two-photon microfabrication by using photoinitiator with high initiating efficiency. Appl. Phys.
Lett. 2007, 90, 131106. [CrossRef]

30. Tanaka, T.S.; Sun, H.B.; Kawata, S. Rapid sub-diffraction-limit laser micro/nanoprocessing in a threshold
material system. Appl. Phys. Lett. 2002, 80, 312–314. [CrossRef]

31. Fischer, J.; Mueller, J.B.; Quick, A.S.; Kaschke, J.; Barner-Kowollik, C.; Wegener, M. Exploring the Mechanisms
in STED-Enhanced Direct Laser Writing. Adv. Opt. Mater. 2015, 3, 221–232. [CrossRef]

32. Sun, H.B.; Takada, K.; Kim, M.S.; Lee, K.S.; Kawata, S. Scaling Laws of Voxels in Two-Photon
Photopolymerization Nanofabrication. Appl. Phys. Lett. 2003, 83, 1104–1106. [CrossRef]

33. Sun, H.B.; Suwa, T.; Takada, K.; Zaccaria, R.P.; Kim, M.S.; Lee, K.S.; Kawata, S. Shape precompensation in
two-photon laser nanowriting of photonic lattices. Appl. Phys. Lett. 2004, 85, 3708–3710. [CrossRef]

34. LaFratta, C.; Baldacchini, T. Two-Photon Polymerization Metrology: Characterization Methods of Mechanisms
and Microstructures. Micromachines 2017, 8, 101. [CrossRef]

35. Hu, Y.; Lao, Z.; Cumming, B.P.; Wu, D.; Li, J.; Liang, H.; Chu, J.; Huang, W.; Gu, M. Laser printing hierarchical
structures with the aid of controlled capillary-driven self-assembly. Proc. Natl. Acad. Sci. USA 2015, 112,
6876–6881. [CrossRef] [PubMed]

36. Purtov, J.; Verch, A.; Rogin, P.; Hensel, R. Improved development procedure to enhance the stability of
microstructures created by two-photon polymerization. Microelectron. Eng. 2018, 194, 45–50. [CrossRef]

37. Roca-Cusachs, P.; Rico, F.; Martínez, E.; Toset, J.; Farré, R.; Navajas, D. Stability of Microfabricated High
Aspect Ratio Structures in Poly(dimethylsiloxane). Langmuir 2005, 21, 5542–5548. [CrossRef] [PubMed]

38. Chandra, D.; Yang, S. Capillary-Force-Induced Clustering of Micropillar Arrays: Is It Caused by Isolated
Capillary Bridges or by the Lateral Capillary Meniscus Interaction Force? Langmuir 2009, 25, 10430–10434.
[CrossRef]

39. Liu, V.; Fan, S. S4: A free electromagnetic solver for layered periodic structures. Comput. Phys. Commun.
2012, 183, 2233–2244. [CrossRef]

40. Available online: https://web.stanford.edu/group/fan/S4/ (accessed on 24 Nov 2018).
41. Lim, T.W.; Son, Y.; Yang, D.Y.; Pham, T.A.; Kim, D.P.; Yang, B.I.; Lee, K.S.; Park, S.H. Net Shape Manufacturing

of Three-Dimensional SiCN Ceramic Microstructures Using an Isotropic Shrinkage Method by Introducing
Shrinkage Guiders. Int. J. Appl. Ceram. Technol. 2008, 5, 258–264. [CrossRef]

42. Kuznetsov, A.I.; Miroshnichenko, A.E.; Brongersma, M.L.; Kivshar, Y.S.; Luk’yanchuk, B. Optically resonant
dielectric nanostructures. Science 2016, 354, aag2472. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/adma.201402366
http://www.ncbi.nlm.nih.gov/pubmed/25146724
http://dx.doi.org/10.1063/1.1598293
http://dx.doi.org/10.1002/lpor.201100046
http://dx.doi.org/10.1063/1.2717532
http://dx.doi.org/10.1063/1.1432450
http://dx.doi.org/10.1002/adom.201400413
http://dx.doi.org/10.1063/1.1599968
http://dx.doi.org/10.1063/1.1807019
http://dx.doi.org/10.3390/mi8040101
http://dx.doi.org/10.1073/pnas.1503861112
http://www.ncbi.nlm.nih.gov/pubmed/26038541
http://dx.doi.org/10.1016/j.mee.2018.03.009
http://dx.doi.org/10.1021/la046931w
http://www.ncbi.nlm.nih.gov/pubmed/15924487
http://dx.doi.org/10.1021/la901722g
http://dx.doi.org/10.1016/j.cpc.2012.04.026
https://web.stanford.edu/group/fan/S4/
http://dx.doi.org/10.1111/j.1744-7402.2008.02234.x
http://dx.doi.org/10.1126/science.aag2472
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Two-Photon Lithography (TPL) 
	Scanning Electron Microscopy (SEM) 
	Optical Microscopy 

	Numerical Simulations 
	Voxel Sizes 
	Optical Spectra 

	Results and Discussion 
	Nanopillar Sizes 
	Optical Properties 

	Conclusions 
	References

