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Abstract. Structured surfaces composed of subwave-
length-sized features offer multifunctional properties
including antireflective characteristics that are increasingly
important for the development of micro-optical compo-
nents. Here, three-dimensional (3-D) direct laser writing,
via two-photon polymerization, is used to fabricate plano-
convex spherical microlenses with antireflective structured
surfaces. The surfaces are composed of subwavelength-
sized conicoid structures, which are arranged fully con-
formal to the convex surface of the microlenses. The
dimensions of the conicoid structures are optimized to
effectively reduce Fresnel reflection loss over a wide
band in the near-infrared spectral range from 1.4 to
2.2 μm, with a maximum reduction at 1.55 μm. Infrared
reflection and transmission measurements are used, in
combination with 3-D finite element calculations, to inves-
tigate the performance of the microlenses. The experimen-
tal results reveal that in the spectral range from 1.4 to
2.2 μm an effective suppression of the Fresnel reflection
loss at the convex surface of spherical microlenses can
be achieved. The transmittance enhancement is ranging
from 1% to 3% for spherical microlenses with antireflective
structured surfaces, in comparison to an uncoated refer-
ence. © 2019 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.OE.58.1.010501]
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1 Introduction
Microlenses are ubiquitous optical components with numer-
ous applications ranging from imaging1 and sensing,2 to

optical interconnects,3 and even photovoltaics.4,5 The optical
performance of microlenses is impaired by Fresnel reflection
losses, which are traditionally suppressed by the use of
multilayered, thin-film antireflective (AR) coatings.6–8

Fabrication requirements and properties of these multilay-
ered, thin-film AR coatings have several inherent drawbacks,
such as susceptibility to thermal deformation and stresses,
limited range of suitable materials, and incident angle
sensitivity, for instance.9 These can substantially hinder
the applicability of multilayered, thin-film AR coatings
for microlenses, which often have a very short radius of
curvature.10,11 Single-layered AR surfaces composed of
subwavelength-sized structures have been introduced more
recently.12,13 These antireflective structured surfaces (ARSSs)
address some of the critical shortcomings of multilayered,
thin-film AR coatings. In addition, ARSSs allow the tailoring
of the index profile14 and enable frequency-independent
Fresnel reflection reduction if randomized ARSSs are
used.15 Furthermore, ARSSs can be designed to exhibit
multifunctional properties, such as hydro- and oleophobic
characteristics.16,17 Moreover, ARSSs are commonly fabri-
cated using a single material component and can be directly
fabricated on lens substrate material, which can significantly
simplify the fabrication process.

It is well known that the optical properties of ARSSs
depend critically on its constituents’ structural parameters,
such as shape, height, periodic distance (pitch), volume den-
sity, and arrangement.18 The dependence on the constituents’
geometry and arrangement has been studied in detail and was
optimized for planar surfaces.19–22 Information on conformal
ARSSs optimized for microlenses, however, is sparse. This is
due to a lack of flexible fabrication approaches for conformal
ARSSs. So far, notable works applied nanoimprint,13,23,24

interference lithography,12,25 or plasma etching26–28 for the
fabrication of conformal ARSSs. While providing efficient
access to large-scale manufacturing, these fabrication strat-
egies have limited capabilities for rapid prototyping and
simultaneous optimization of the optical performance of
the microlenses and the ARSS. In addition, ARSSs fabri-
cated with these techniques often suffer from density varia-
tions within the ARSS across curved surfaces, rendering the
ARSSs not fully conformal, thus adversely impacting their
optical performance.

Three-dimensional direct laser writing (3-D DLW) might
provide an attractive avenue for the fabrication of ARSSs and
has been recently demonstrated by Kowalczyk et al.21 for the
first time. However, 3-D DLW-based fabrication of micro-
lenses with conformal ARSSs has not been reported yet
despite the recent success in the fabrication of bare micro-
lenses using this technique.29,30

In this paper, we demonstrate a 3-D DLW-based, rapid
prototyping approach for the fabrication of planoconvex
spherical microlenses, with fully conformal broadband
ARSSs for the near-infrared spectral range. The dimensions
of the ARSS constituents are optimized for achieving maxi-
mum AR performance in the vicinity of the telecommunica-
tion wavelength of 1.55 μm. Our observations show that 3-D
DLW allows for rapid fabrication and cost-effective optimi-
zation of fully conformal ARSSs, in combination with
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microlenses designed for the infrared spectral range, when
compared to previously demonstrated methods.

2 Materials and Methods
The structural features of the ARSS was optimized and then
integrated into the convex surface of a simple planoconvex
microlens, with a base diameter of 100 μm and a curvature of
0.01 μm−1. The effective focal length of the microlens was
189 μm resulting in an f-number of 1.89 for operation at
a wavelength of 1.55 μm. The microlenses and ARSSs were
fabricated in a single fabrication step using 3-D DLW with
one photopolymer (IP-Dip). The fabricated microlenses are
investigated using FTIR reflection and transmission mea-
surements. The absorption loss of the fabricated optical com-
ponents is very small since the extinction coefficient κ of
IP-Dip is vanishing (<3 × 10−5) in the investigated spectral
range.31,32 We observe an increase of 1% to 3% in transmit-
tance for the microlenses investigated here. Complementary
SEM and optical microscopy were used to confirm the geom-
etry of the microlenses, and the integrity of the conformal
ARSS. 3-D finite-element method (3-D FEM) reflection
calculations using COMSOL were employed to evaluate
and optimize the optical performance of the ARSS prior to
the 3-D DLW fabrication.

The ARSS employed here is composed of conicoid sub-
wavelength-sized structures that are arranged in hexagonal
closed-packed fashion conformal to the convex surface of
the microlens. The ARSS was optimized for the spectral
range from 1.4 to 2.2 μm using Bruggemann effective
medium homogenization by varying the parameters of the
ARSS constituents (base diameter D and height H of the
conicoids and their lateral separation P, see inset of Fig. 1)
as described in detail in our previous work.19 Note that the
dielectric function of IP-Dip used for these calculations was
obtained by variable angle IR ellipsometry and is reported
elsewhere.31

For an ARSS composed of IP-Dip conicoid subwave-
length-sized structures, the lowest reflectance for the spectral

range from 1.4 to 2.2 μm is obtained at λ ¼ 1.55 μm for
P ¼ 0.9 μm, D ¼ 0.8 μm, and H ¼ 0.83 μm, compared
the reflectance of a planar IP-Dip surface that is 5.1%.
Note that the fully conformal arrangement of the ARSSs
designed and fabricated here results in conicoid structures
normal to the convex surface of the microlens while preserv-
ing a constant lateral separation. Thus, simple planar surface
models are suitable for the analytical and numerical evalu-
ation of the optimal performance of the ARSS-coated
microlenses.

3 Results and Discussion
Figure 1 depicts 3-D FEM-calculated relative reflectance
data for an IP-Dip ARSS, which were obtained using the
reflection spectra ratio of the IP-Dip ARSS to a planar IP-
Dip substrate, over a spectral range from 1.4 to 2.2 μm as
a function of the angle of incidence. The range of the incident
angle from 0 deg to 30 deg is determined by considering the
optical configuration of the Cassegrain objective used for the
reflectance measurements and the variation of surface normal
across the measured area of the microlens. A decrease in
relative reflection of at least 30% is observed over the entire
spectral and angle of incidence range of interest. In the
vicinity of the telecommunication wavelength λ ¼ 1.55 μm,
the ARSS is most effective as expected based on the
optimization described in Ref. 19. A minimum in the relative
reflectance occurs for incidence angles >20 deg, where the
calculated relative reflectance is as low as 0.2%.

3-D renderings of the microlenses with and without the
ARSS coating are shown in Figs. 2(a) and 2(b), respectively.
The inset of Fig. 2(b) shows a closeup of the 3-D rendering
of ARSS-coated microlens to provide structural details of the
AR constituents, which are homogeneously and conformally

Fig. 1 Contour plot of relative specular reflectance obtained using
3-D FEM calculations, as a function of angle of incidence ranging
from 0 deg to 30 deg, for the spectral range from 1.4 to 2.2 μm.
The geometry of the ARSS is shown in the inset. A lateral spacing
P ¼ 0.9 μm, cone diameter D ¼ 0.8 μm, and cone height H ¼
0.83 μm was used for the calculations. The complex dielectric prop-
erties for IP-Dip were obtained from variable angle spectroscopic
ellipsometry measurements.31 Note that the reflectance of IP-Dip over
the corresponding incident angles was used as a reference.

(a) (b)

(c) (d)

Fig. 2 3-D rendering of the nominal design of a bare planoconvex
spherical microlens and a corresponding microlens with an ARSS
is shown in (a) and (b), respectively. Both microlenses have a
base diameter 100 μm. The inset in panel (b) depicts a closeup of
the 3-D rendering of the ARSS showing the hexagonal lattice pattern
of the conicoid ARSS constituents. Corresponding SEM micrographs
of the fabricated bare microlens and the microlens with the conformal
ARSS on the convex side are depicted in (c) and (d), respectively.
The inset in panel (d) shows a closeup of the ARSS on the microlens.
3-D renderings and micrographs were obtained with a 45-deg tilt
with respect to the surface normal.
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distributed in a hexagonal lattice pattern across the convex
lens surface.

Two planoconvex microlenses were fabricated by polym-
erizing IP-dip monomer on glass substrates using a commer-
cially available 3-D DLW system (Photonic Professional GT,
Nanoscribe, GmbH). One microlens was fabricated with
an ARSS conformal to the convex surface while the other
microlens was fabricated with a bare convex surface to
serve as a reference. Both microlenses were fabricated in
a single 3-D DLW fabrication step using identical exposure
doses, which were optimized prior to the synthesis. After
fabrication, the unpolymerized monomer is removed by
immersion in propylene glycol monomethyl ether acetate
(PGMEA, Baker 220), and subsequently in 99.99% iso-
propyl alcohol for 20 and 2 min, respectively. Finally, the
remaining isopropyl alcohol is evaporated by blow-drying
with dry nitrogen.

The AR performance was evaluated using FTIR reflection
and transmission measurements. In addition, scanning elec-
tron microscopy (SEM) was used to determine the confor-
mality and structural quality of the fabricated ARSS on top
of the microlenses, and complementary optical microscopy
was employed to evaluate the curvature of the fabricated
microlenses.

Figures 2(c) and 2(d) show SEM micrographs of the fab-
ricated bare and the ARSS-coated microlens, respectively.
It can be clearly seen that the ARSS conformally follows
the convex surface of the microlens. Comparing the insets of
Figs. 2(b) and 2(d), a true-to-form geometry and hexagonal
surface arrangement of the fabricated conicoid constituents
of the ARSS can be observed.

With optical microscopy, the evaluation of the fabricated
microlenses’ curvature was carried out via an experimental
verification of the corresponding effective focal length under
white light illumination. The experimentally determined
effective focal length is 175� 5 μm for both microlenses,
consistent with the nominal effective focal length of
180 μm given by the lens curvature (0.01 μm−1) and the
refractive index of IP-dip (n ¼ 1.55) for visible light
illumination.33

The optical performance of the microlenses was investi-
gated by reflection and transmission IR microscopy mea-
surements in spectral range from 1.4 to 2.2 μm using an
FTIR spectrometer in conjunction with an IR microscope
(VERTEX 70 and HYPERION 3000, Bruker, Inc.). A
15× Cassegrain objective is used for the reflection measure-
ments, whereas the transmission measurements used a
complementary 15× Cassegrain condensor. The Cassegrain
illumination configuration results in a range of angles of inci-
dence from 10.8 deg to 23.5 deg defined by the numerical
aperture of the Cassegrain objectives and the diameter of
their central mirrors.34

Figure 3 depicts the experimental data for the relative
reflectance (blue-solid line) and transmittance (red-solid
line) spectra of the microlens with the conformal ARSS.
Note that the absolute reflectance and transmittance of the
bare microlens was used as a reference. On average, a 2%
increase in relative transmission is observed across the inves-
tigated spectral range due to the conformal ARSS treatment
of the convex microlens surface. This is in good agreement
with the observed 40% reduction in relative reflectance
indicating negligible absorption and scattering losses.

4 Conclusions
We demonstrated that 3-D DLW is an effective method for
the fabrication of microlenses including conformal func-
tional coatings for the near-infrared spectral range. Here,
an ARSS composed of subwavelength-sized conicoid struc-
tures was optimized for the near-infrared spectral range and
effectively used to reduce the Fresnel reflection loss at
the convex surface of planoconvex spherical microlenses.
A structural comparison between the nominal and as-fabri-
cated microlenses shows a good agreement on both micron-
and submicron-sized structural features and illustrates the
effectiveness of 3-D DLW as a rapid prototyping tool for
fabricating optical components including functional coatings
with multiscale features in a single fabrication step.

Our experimental reflectance and transmittance spectra
obtained using FTIR microscopy found a 2% improvement
in transmission and a 40% reduction in reflection over
the spectral range from 1.4 to 2.2 μm. These results are in
good agreement with 3-D FEM calculations, which corrobo-
rated the experimentally observed reflectance minimum at
1.55 μm. Optical imaging was used to demonstrate the func-
tionality of the microlenses with and without ARSS coating
and verify the focal length of the microlenses. We find that
3-D DLW could offer an elegant avenue for the rapid pro-
totyping of optical components including conformal func-
tional coatings for the infrared spectral range.
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