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ABSTRACT

We report the design, nanofabrication, and characterization of high-quality polymer-based micromirror structures employing the 3D two-
photon polymerization lithography technique. Compared to conventional microcavity approaches, our innovative concept provides micro-
structures, which allow fast prototyping. Moreover, our polymer-based mirrors are cost effective and environmentally sensitive, as well as
compatible with a wide range of wavelengths from near-infrared to the telecom C-band. We demonstrate polymer/air distributed Bragg
reflectors and full microcavity structures with up to 14 mirror pairs with a target wavelength of 1550 nm and a reflectivity close to 99%.
Additionally, our 3D printed micromirrors are reproducible and mechanically stable, and enable hybrid nanophotonic devices based on
quantum dots, molecules, or 2D quantum materials as the active medium.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0170963

INTRODUCTION

Light confinement, reflection, and transmission are typically at
the heart of many photonic experiments and nanophotonic device
functionalities. Typically, high-quality mirrors with design-
wavelength reflectivity beyond those of element metals such as gold,
silver, or aluminum are obtained using concepts from wave physics
for tailored interference effects.1,2 Commonly, 1D or 2D photonic
crystals, i.e., vertical Bragg gratings or in-plane periodic hole
arrangements,3 respectively, are used to obtain photonic stop bands
and light-field control with the desired directionality, e.g., for light–
matter interaction (LMI) scenarios4,5 in emitter-cavity systems.

Various types of photonic microcavities can provide high-quality
resonator modes and strongly confined light fields, which can be
used in nonlinear optics6,7 or nanolaser development.8,9 They are also
interesting for quantum nanophotonics10 and fundamental cavity
quantum electrodynamics (cQED) experiments.11,12–15 Modern
concepts such as efficient quantum light sources and quantum mem-
ories,16,17 exciton–polariton condensate devices,4,18 polariton chemis-
try,19 photonic quantum simulators,20 and topological photonics21–23

are hardly achievable without suitable microcavities.

Typically, the desired optical properties of microcavities are
obtained using dielectric and semiconductor distributed Bragg
reflectors (DBRs), which can be controllably grown in the vertical
direction by established layer-deposition techniques and crystal
epitaxy, respectively, leading to high-reflectivity photonic stop
bands and resonators with high Q-factors. More recently, highly
versatile, spectrally tunable, and relatively simple open-cavity con-
figurations have been used in a large spectrum of applications
ranging from cQED to (fiber-coupled) optoelectronical or optome-
chanical devices24–26 as well as sensors.27–29

Here, we develop 3D printed polymer/air-Bragg micromirrors
and microcavities to complement the pool of structure options at
the disposal of photonic experiments and light-field engineers.
These flexible structures—in terms of both design and mechanically
induced property modifications—consist of alternating layers of
air/vacuum and the photoresist polymer (resin), and are compatible
with various substrates and different photonic materials to enhance
the light–matter interaction.30 In addition, by employing an inex-
pensive polymer structure, which might be used in a disposable
fashion, one-time-use sensing devices or cavity-enhanced optical
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probes could be obtained for diagnostics based on polymer/air
reflectors and polymer photonics. According to the interferometric
working principle of the DBR, the achievable stopband reflectance
depends on the refractive index contrast of the used materials. By
employing polymer/air layer pairs in the DBR, one can obtain a rel-
atively high refractive index modulation despite the rather low
refractive index (∼1.5) of the polymer itself. Using 3D two-photon
polymerization lithography (TPL) nanoprinting, we fabricate stable
polymer-based DBRs featuring a high-reflectivity stopband in the
near-infrared (NIR) with both bridge- and coaxial-type structure
designs on quartz substrates.

EXPERIMENT AND METHODOLOGY

Remarkably, the TPL method has evolved into a reliable versa-
tile platform for the creation of various (3D) micro-optical compo-
nents, even in the shape of conical microlenses,31 diffractive Fresnel
lenses,32 or achromatic meta-fiber facets.33

In the proposed microresonator fabrication process, alternat-
ing layers are directly produced by 3D lithographically with the aid
of a commercial TPL system (Nanoscribe), which provides high
precision laser writing with feature resolution of the order of
100 nm and 3D voxel sizes as small as half a micrometer. For the
design and fabrication of high-reflectivity polymer/air-DBRs in the
spectral region of 900–950 nm and in the telecom C-band region of

1500–1550 nm, the refractive indices n = 1.51 and 1.56,34 respec-
tively, are considered for the polymer. Stacked air–polymer layer
sequences are based on thickness calculations according to
dair/poly ¼ i λ0/(4 nair/poly), where λ0 is the wavelength in vacuum,
nair/poly is the layer’s refractive index, and i ¼ 1, 3, 5, . . .. In the fol-
lowing, (λ0/ npoly) is denoted as λ (for the high-index layers),
whereas nair ¼ 1 is assumed (λ0) (for the low-index layers).

Figure 1 shows the schematic drawings of the considered
polymer/air-Bragg mirror designs, from which the (a) bridge-type
model provides a rectangular reflector area, whereas the (b) coaxial-
type model features a circular geometry. Below the pseudo-three-
dimensional model images, three corresponding example
scanning-electron-microscopy (SEM) images are displayed in (c)
and (e) for the two design types. On the left, a doublet Bragg
bridge structure (like in a linear photonic molecule) is depicted (c),
whereas two different side views of a coaxial polymer/air-Bragg
tower are shown on the right [(d) and (e)].

The bridge design features two rectangular support bars on
both sides of the Bragg region with the “free-standing” polymer
layers arranged in between them to form the optically refractive
region. On the other hand, in the coaxial design, co-centric disks of
polymer (and “air”) are inscribed into the resin on top of each
other alongside the main center post and side support structures,
which are intended to provide mechanical stability and rigidity.
The support elements also act as polymer spacers, keeping the

FIG. 1. Schematic drawings of a (a) bridge- and (b) coaxial-type polymer/air-Bragg mirror and representative pseudo-color scanning-electron micrographs in (c)–(e). A two-
photon lithography process defined the 3D microstructures with alternating multi-quarter-wavelength layers made of polymer and air/vacuum on the quartz substrate.
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polymer layers apart from each other with certain air-gap thick-
nesses in accordance with our design parameters. Noteworthy, in
the future, the coaxial resonator design is intended to be also
printed on fiber end facets, as the center pillar diameter can be
scaled to match the fiber core diameter for the implementation of
compact, plug-and-play optical devices, such as fiber-coupled
single-photon sources.35

For practical reasons, thin support structures are circularly
arranged at the side of the coaxial polymer/air-Bragg towers as pre-
sented in Fig. 1(b) to prevent layer collapse and bunching, and to
keep the air spacer intact. Their arrangement includes gaps to facil-
itate appropriate liquid exchange/extraction during the process of
resin development and sample cleaning. Both aforementioned
designs are fabricated to demonstrate the feasibility of polymer/
air-Bragg mirrors as part of our efforts to achieve good structural
and optical performance, compatibility with different samples, and
reproducibility in terms of printing output. The linear bridge
design was mainly used for reflectors with design wavelengths of
∼900 nm, while the coax design was chosen for polymer/air-DBRs
addressing fiber-based telecommunication applications.

We obtained the design parameters and reflection spectra for
the examined structures using the transfer matrix method
(TMM).27 For the calculation of theoretical reflection spectra along
with the standing wave patterns at the Bragg wavelength, polymer/
air-Bragg reflectors were modeled as the one-dimensional stack of
alternating layers of characteristic thickness.

Three-dimensional laser printing based on TPL allows one to
laser-print the optical and photonic structures with nanoscale pre-
cision.36 We employ Nanoscribe’s “IP-DIP” resin, the optical prop-
erties of which are discussed in comparison with other similar
resins in the literature,37 for 3D TPL, in which a 63× microscope
objective is immersed (NA = 1.4). The focus spot of the fs-laser
scans the target region to inscribe user-defined geometries.
Following TPL, the resin is developed with the commercially avail-
able MR DEV 600 developer liquid (immersion bath) for 10–
12 min and then rinsed (in ambient air) with isopropanol for
∼2 min. Gold sputtering by a plasma in vacuum is used to coat
structures with an approximately 10 nm gold film for SEM studies,
which allows resolving the printed features with sub-100 nm
resolution.

Figure 1(c) shows a corresponding SEM image of a printed
bridge-type Bragg reflector, which has two similar neighboring
Bragg regions—a doublet of reflectors for direct print-result com-
parison between two similar optical regions. In this example, side
support constructs are laterally stepwise extended toward the sub-
strate to improve the robustness of the structure in scenarios with
mechanical pressure applied.

RESULTS AND DISCUSSION

To analyze the fabricated structures and to model the expected
reflectivity spectra using a TMM model, we extracted the thickness
of the individual layers for a specific reflector design from SEM
images. Comparing the experimental measured spectral response of
the structures with the theoretically predicted one allows us to
deduce a generalized picture of the achievable structural and
optical properties—for these configurations with remarkably high

dielectric contrast between Bragg layers, which is typically hard to
obtain for polymer structures.38

An ideal stack of alternating multi-quarter-wavelength air and
polymer layers can result in the theoretically predicted spectral
response displayed in Fig. 2(a) along with the corresponding
standing-wave pattern plotted in Fig. 2(b) for a five-mirror-pair
structure with a design wavelength of 935 nm.

Through numerical modeling, we compare polymer/air-DBRs
at this near-infrared design wavelength featuring four different
layer thicknesses. Figure 2(a) shows the expected reduction in the
calculated stopband width from ∼100 to 30 nm with increasing
layer thickness from one to seven times ʎ/4, respectively. The mod-
ulation profile of the refractive index is indicated in Fig. 2(b) (right
axis) together with the corresponding TMM-simulated resonant
electric field distributions for the four thickness configurations.
The electric field strength decreases exponentially when penetrating
the Bragg region from the free-space side [2, 6, 10, and 14 μm in
Fig. 2(b) from top to bottom] to below 1/e strength (indicated by
the star symbol) inside the third layer pair in all four cases. While
the field amplitude has almost completely vanished after five pairs
at position 0 (substrate interface), the absolute length of the mode-
penetration depth increases with increasing thickness parameter.

We chose the design parameters for our experimental reflec-
tors considering the writing resolution of the used TPL system.
Hence, the practical polymer/air-Bragg structures were printed with
air and polymer thicknesses being of 7ʎ/4 type, for both design
wavelengths investigated below. As presented in Figs. 2(c) and 3(c),
the calculated stopband width is ∼25 and 50 nm at ∼900 and
1550 nm, respectively.

Next, we compare the optical performance of a printed
polymer/air-Bragg reflector with the modeled reflectivity spectrum
(shaded area curves) based on SEM-extracted thickness values of a
nominally identical sibling sample. The experimental response of
each reflector structure is obtained under white-light illumination in
a micro-spectroscopy setup, employing a microscope objective with
an NA of 0.42. All reflectivity graphs are plotted after normalization
with the help of a gold mirror at our sample position acting as the
reference (R905 nm = 0.977, R1510 nm = 0.966). Figure 2(c) compares
the measured reflection spectrum with its calculated counterpart.
Remarkably, the measured spectrum (blue solid line) exhibits
similar features as in the calculated spectrum (red dashed line) for
our bridge-type DBR example with five polymer/air pairs.
Deviations from the model can be understood as a consequence of
fabrication imperfections that typically lead to layer-to-layer fluctua-
tions of up to ∼150 nm (≈10%–15%) around the targeted polymer
thickness of ∼1.1 μm within the DBR structure, as well as
sample-to-sample fluctuations concerning achieved layer thicknesses
in the same order of magnitude. Here, a maximum reflectivity of
approximately 80% and a stopband width of ∼35 nm are obtained
at a wavelength ∼40 nm shorter than the targeted 935 nm. This
shift is attributed to possible and expected shrinkage of the IP-DIP
material regions in the whole construct after development, with
resin contractions specified to be approximately 10%–20% according
to the product manual. In future studies, the shrinkage can be con-
sidered in the design to more accurately meet the target wavelength.

Based on the same underlying print parameters but with an
improved (mechanically more rigid, stabilizing) side-pad structure,
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similar samples containing five mirror pairs were additionally fabri-
cated and optically characterized. Again, the experimental data
were compared with the numerically calculated spectrum, which
predicts higher reflectivity and a wider stopband (red-dashed
curve) than observed in the experiment due to the considered ideal
scenario of a homogeneous Bragg structure without thickness
variations. Here, the experimental reflection spectra of two such

five-pair polymer/air-Bragg reflectors, shown in Fig. 2(d), demon-
strate higher peak reflectivity (due to better-achieved structure
quality) than in Fig. 2(c) with a value close to 88% for the 935 nm
design, although centered at 905 nm. Furthermore, the very similar
spectra of the two printed similar reflectors indicate a reasonably
good matching and reproducibility with respect to the achieved
layer thicknesses in each stack and compare well enough with a

FIG. 2. Theoretical reflectivity spectrum (a) and electric-field distribution (b) of five-layer-pair Bragg mirror configurations with four different layer thicknesses, for a design
wavelength of 935 nm. A blue solid line indicates the field’s exponential decay for the λ/4 polymer/air reflector, its drop below 1/e is marked by a star. (c) Comparison
between measured, calculated, and modeled reflection spectra, using printed Bragg layer thicknesses extracted from an SEM image of a sibling sample with the same
layer design. The experimental reflectance data were obtained from nanoprinted polymer/air-Bragg structures on the quartz substrate under white light illumination. Inset:
Close-up SEM image of five-pair bridge polymer/air-DBR with indicated structure size. (d) Reflectivity spectra measured for two print-improved neighboring Bragg struc-
tures, together with a modeled spectrum (shaded) and the theoretically predicted curve for an ideal five layer-pair structure (dashed line).
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thickness-variation-based model (shaded). However, due to fabrica-
tion imperfections leading, for instance, to aforementioned experi-
enced thickness fluctuations of typically 150 nm, and possible layer
bending/remaining stability issues, there is a discrepancy between
the theory and experiment.

To showcase the versatile nature of the fabrication process, we
have also produced 7ʎ/4 Bragg mirrors utilizing the aforementioned
coaxial design, here with target wavelength 1550 nm [see SEM
images in Figs. 1(d) and 1(e)]. The fabricated polymer structures

have between 8 and 14 DBR pairs, with one center post and ten
side pillars as support structures. The diameter of the center pillar
is set to scale one-to-five with the polymer disk diameter (54 μm
here).

To evaluate the performance of printed coaxial polymer/
air-DBRs in the C-band wavelength range, similar diagrams as in
Fig. 2 are shown in Fig. 3. TMM calculations indicate the
configuration-dependent stopband and field distribution in (a) and
(b), respectively, while the experimental results with particularly

FIG. 3. Numerically calculated reflectivity (a) and electric-field distribution (b) of 10-layer-pair Bragg configurations for a central wavelength of 1550 nm. (c) Comparison of
measured spectra exceeding peak reflectivity of 90% for two coaxial eight-pair polymer/air-DBRs on the quartz substrate with their theoretical (dashed) as well as modeled
(shaded curve) counterpart; the latter taking into account statistical thickness variations. (d) Measured reflectivity for a printed Bragg mirror with 14 pairs and nearly 99%
peak reflectivity, compared to the calculation for an ideal and a model structure. Inset: Close-up white-light microscopy image for the 14-pair structure.
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FIG. 4. (a) SEM of a polymer–air-Bragg reflector-based coaxial microcavity with central polymer full-wavelength cavity design, 3D nanoprinted on the quartz substrate for
a target wavelength of 1550 nm from two similar 10-pair Bragg reflectors. (b) Top-facet-measured microcavity spectrum (solid dark curve) featuring a peak reflectivity of
99% and a small central cavity dip compared with the theoretical counterpart (dashed, ideal structure), as well as a modeled DBR-based Fabry–Pérot cavity (shaded
curve, statistical thickness variations) and mere bottom DBR (solid light curve).

FIG. 5. (a) The experimental spectra (Figs. 2 and 3) for both cases showed central wavelengths at about 905 and 1510 nm, respectively. The histogram reveals the
spread in obtained thicknesses for both polymer and spacer layers for both design wavelength cases. Due to the manual readout from SEM images with a cursor-
resolution of about 50 nm, the thickness estimates for the configuration with about 1.1 μm polymer thickness exhibit the strongest clustering of values, with the majority of
counts at 1.1 μm and relative fluctuations as high as 14%, to lower and higher values. In contrast, for larger layers, the extracted values reveal a larger and more random
distribution of thickness values per layer configuration, while the relative fluctuations around the center value go down to as low as ∼7%. (b) SEM of two similarly printed
coaxial polymer/air-Bragg cavities (∼90 μm tall) with central 2λ cavity spacer next to each other. (c) Disk-size depending stability indication (via SEM) in coax fiber-tip
designs for the 1 μm wavelength region toward the bending of layers at ∼20 μm Bragg disk diameter, when carried by one central few-micron waveguide post, without
printed side supports. (b) and (c) Brightness variations due to different conductivity levels among object regions under SEM.
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remarkable peak reflectivity of up to 99% for an all-polymer reflec-
tor are shown in Figs. 3(c) and 3(d). The inset in Fig. 3(d) displays
an optical microscopy image of a printed coaxial Bragg mirror, in
which the support pillars can be seen as dull areas, whereas the
structure’s NIR-wavelength DBR region appears highly reflective
even for the visible light.

For reflectors with eight pairs, the measured reflectivity of the
printed Bragg design reaches values in excess of 90% at a central
wavelength of ∼1510 nm [Fig. 3(c)]. Here, aforementioned
sample-to-sample fluctuations in the achieved polymer and air
thicknesses lead to small performance deviations between experi-
mental structures of the same type. The 40 nm wavelength blueshift
away from the design wavelength is attributed predominantly to
the aforementioned resin shrinkage within the development
process. The comparison with the numerically calculated reflectiv-
ity spectrum of the polymer/air reflector with central wavelength
1510 nm strongly indicates that layer-to-layer thickness fluctuations
cause the observed mismatch of measured data with the theoretical
stopband behavior—here with up to 400 nm spread between the
lowest and highest extracted value for air thicknesses as well as
polymer thicknesses ∼2.8 and 1.8 μm, respectively. The statistical
data discussed further below not only displays the typical spread in
thickness results but also leads to the conclusion that the more
random these thickness variations occur across the stack, the stron-
ger the deviation from an ideal DBR stopband spectrum. Alongside
the variability in layers’ thicknesses, the surface roughness of the
printed structures further hinders the overall performance due to
possible scattering of light. Moreover, limitations and (spatial) aver-
aging effects in the micro-reflectance measurements can lead to
deviations from an ideal focal-spot-independent acquisition of
sample back-reflected light.

A striking feature of the coax polymer/air-Bragg reflectors
with 14 polymer/air pairs is the fact that they can reach very high
peak reflectivity close to 99%, as shown in Fig. 3(d) alongside a cal-
culated reflectivity profile with a Bragg wavelength of ∼1520 nm,
especially considering that such printed structures are made up
solely of air and polymer layers. A comparison of the theoretical
and measured stopbands shows reasonably overlap, suggesting a
favorable configuration of polymer and air thicknesses for
1520 nm.

With our coax design, also a microcavity is implemented with
similar top and bottom mirror design and print configuration
(Fig. 4): the SEM data demonstrate an outstanding fabrication
outcome [Fig. 4(a)] with reasonably good matching between
experimental (solid) and modeled (shaded) reflectivity features,
as well as visible similarities to the ideal case (dashed curve)
[Fig. 4(b)]. A strong repeatability is evidenced for similarly printed
towers, as Fig. 5 shows.

Our investigation revealed that for polymer/air-Bragg mirrors
with many layer pairs, the statistics in the practically obtained
thicknesses for both polymer and spacer layers causes a persisting
discrepancy between numerically calculated values and experimen-
tal results owing to fluctuating thickness mismatch distributed
across the vertical stack. This can be mainly attributed to imperfec-
tions in the print and development process, leading to quite similar
reflection performance as well as minor wavelength offsets for
achieved Bragg reflectors with layer pairs in excess of six pairs

[see Figs. 3(c) and 3(d)]. A statistical evaluation of thickness fluctu-
ations in manually SEM-extracted values is shown in Fig. 5(a). For
a given print parameter set, the thicker layers are found rather in
the lower region of the coaxial reflector tower, whereas thinner
layers accumulate at the top. Nonetheless, it cannot be excluded
that intermixed mismatch occurs.

A source of general thickness mismatch can also arise from
the choice of print parameters used to inscribe certain layer thick-
nesses into the resin. Furthermore, the shrinking effect for the
employed IP-DIP resin can lead to obtainable deviation from the
targeted thicknesses. With an improved design and parameter set
used for DBR printing for 1550 nm (cf. Fig. 3), fully polymer/air
microcavity structures exhibit the repeatability of high-quality print
results as shown by SEM [see Fig. 5(b)]. Additional discrepancy
between the theory and experiment can further occur due to a
structure’s possible layer bending/remaining stability issues for free-
standing regions, as, e.g., indicated for central-pillar supported
Bragg towers of extended disk size in the lower part of Fig. 5(c).

In this context, it is necessary to note that we have to realize
polymer-layer thicknesses on the level of one voxel line scan, air
spacers on the scale of two polymer-layer thicknesses. For 930 nm
samples, the first stable, ultrathin, printable sheet thickness closely
matched the 7λ/4 Bragg condition used here, and print speed varia-
tions typically allow to thicken and smoothen the hatched and
sliced polymer parts, to a certain extent, up to the limits set by the
employed TPL machine. To account for all kinds of fabrication
imperfections, further finetuning of print parameters is inevitable
and can mitigate some effects, while one can also inversely address
certain mismatch by design to counter effects introduced in the
production step.

CONCLUSION

In summary, we have demonstrated the development and nano-
fabrication of high-quality polymer-based mirror configurations
employing 3D TPL nanoprinting. We showed that single-material
DBRs consisting of multi-quarter-wavelength (7λ/4) alternating
layers of air/vacuum and the photoresist polymer printed on dielec-
tric substrates exhibit high reflectivity stopband features in the near-
infrared. Both bridge- and coaxial-type structures showed remarkable
peak reflectivity at the Bragg-design wavelength, up to ∼99% at
1525 nm and ∼85% at 905 nm. In addition, we fabricated a full
microresonator structure in the coaxial resonator design, with a peak
reflectivity of 99%. It is expected that such polymer mirrors promise
the design and realization of various flexible microcavity configura-
tions that could be engineered and employed for experiments with
different types of quantum emitters and sub-micrometer-scale active
media or for environmental-property or mechanical-pressure sensing.
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