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Abstract: Polymeric materials for photonic integrated circuits have attracted much interest over
the past decades due to their unique properties, including a simple and low-cost fabrication process,
low absorption, a broad wavelength range, and a large selection of materials. Polymer-based
microring resonators (MRRs) have been widely designed for many applications, from optical
communication to medical diagnostics. In medical diagnostics, polymer waveguide MRRs
excel as compact and highly sensitive ultrasonic detectors in photoacoustic imaging. In this
work, we address the relation of the fabrication parameters to the optical properties of MRRs
exhibiting a high quality factor (Q-factor). We use nanoimprint lithography and the UV-curable
organic-inorganic material OrmoCore as the waveguide layer. We report our results on loss and
coupling characteristics related to structural parameters such as the ring diameter and the residual
layer thickness. We achieve low waveguide propagation losses of <0.38 dB/cm and Q-factors of
>106.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
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1. Introduction

Optoelectronic and photonic systems are key components in our modern society, ranging from
passive systems for light confinement, filtering, transport, and coupling, as well as active
systems for light generation and active control [1]. Polymeric materials for photonic integrated
circuits (PICs) have attracted much interest in recent years for chemical, biological, and medical
applications due to their unique properties, including low absorption, a broad wavelength range,
and a simple and low-cost fabrication process [1–3]. Moreover, compared to semiconductor
materials, the refractive index of the polymer-based materials can be fine-tuned by mixing
different polymer components [1]. Polymeric materials can also incorporate active dopants, such
as dyes providing optical gain, to realize devices with enhanced functionality [1].

Advanced structures are required to realize a high integration density of the photonic systems.
Some of the most important building blocks are based on microring resonators (MRRs) [1].
Many other structures, such as photonic crystals [4,5], Mach–Zehnder interferometers [6],
plasmonic structures [7,8] and Young interferometers [9] have also been demonstrated. MRRs
are promising components for sensing applications because they allow high-Q resonances, which
is a pre-requisite to achieve high sensitivity [10,11].

In this article, we report on the fabrication of MRRs for ultrasonic detectors using UV
nanoimprint lithography (UV-NIL) [2,3,11]. NIL is known for its high resolution, accuracy, and
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cost-effectiveness in patterning structures on various substrates [1,2]. We discuss several aspects
relevant to achieving improvements in performance compared with previous demonstrations of
optical MRR detectors. These include tight confinement of the mode to the waveguide core, low
scattering and bending losses, and small ring radii.

Our target application is in photoacoustic imaging (PI), where MRRs are employed as sensitive
detectors of ultrasound signals emanating from biological specimens. PI combines the strengths
of optical and acoustic methods to visualize subsurface structures. The fundamental principle of
this technique lies in the photoacoustic effect, wherein the absorption of laser-induced optical
energy results in the generation of acoustic waves in biological tissues. The principle of detecting
the ultrasonic waves with an MRR detector is shown in Fig. 1(a). Polymer waveguides are
useful for this application due to their opto-elastic characteristics and low cost mass fabrication
techniques. In terms of instrumentation, PI relies on various laser systems, including nanosecond
pulsed lasers to induce acoustic signals and continuous-wave lasers to interrogate the MRR
detector. The narrow resonance dip of the MRR is sensitive to pressure-induced variations of the
effective refractive index.

Fig. 1. a) Ultrasonic detection principle using an MRR detector. Changes in the effective
index caused by ultrasonic waves lead to a shift of the resonance wavelengths λm. If the
wavelength λitt of the interrogation laser is tuned to a steep slope of the resonance, the shift
of the resonance is converted to an intensity variation proportional to the pressure of the
ultrasonic signal. b) Top view of a microring resonator with radius R (60 µm-90 µm) and a
gap width g (450 nm - 850 nm) between the microring and the bus waveguide. Self coupling
of the coupler is represented by a and the round-trip transmission by τ. c) Cross section of
the waveguide in the coupling region. The waveguide width is w1=1 µm, the waveguide
height is h1=1.1 µm, the target thickness for the residual layer at bottom of the trench is
h2<100 nm, and the width of the trenches around the waveguide are w2=2.75 µm.
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2. Design of waveguides and microring resonators

Our objective is to realize MRRs with small diameters [12–15] to obtain a large separation of the
resonance dips, i.e., a large free spectral range (FSR), and a wide field of view for high ultrasonic
frequencies [15]. Figures 1(b) and (c) show the top view of an MRR and the cross-section of the
waveguide structure in the coupling region. The waveguides and ring resonators are designed to
operate around a wavelength of 790 nm, which allows realization of small diameters due to tight
confinement of the mode in the waveguide core. The component is designed for the fundamental
transverse-magnetic (TM) mode, since scattering from the top and bottom interfaces is expected
to be lower than the sidewall scattering typically associated with TE-polarized modes.

A low propagation loss αMRR in the waveguide of the MRR is important to achieve high
Q-factor resonances [13,14,16–18]. The propagation loss is caused by absorption and scattering
by the waveguide core and cladding materials, scattering from the surfaces of the waveguide
core, and bending loss. The bending loss becomes a dominating factor when the radius of the
microring falls below a certain value. This value depends on the strength of confinement of the
guided mode in the waveguide core and, thus, is interrelated with the waveguide geometry and
the refractive index contrast. In the context of NIL-fabricated MRRs, the residual layer thickness
has a strong influence on the bending loss.

Polymer waveguides can be imprinted on various substrates including silica on silicon, fused
silica, and polymers [19–22]. To fabricate the necessary waveguide building blocks, such as 1 × 2
splitters and 2 × 2 couplers, we use the UV-curable hybrid organic-inorganic material OrmoCore
as waveguide core material and polydimethyl siloxane (PDMS) as top cladding [1,3,23]. The
refractive indices of OrmoCore and PDMS are n=1.55 and n=1.40, respectively. Magnetic field
of the fundamental mode is shown in Fig. 2.

Fig. 2. Fundamental mode of the waveguide is TM-polarized and the figure shows
x-component of the magnetic field.

The transmittance function T(ϕ) of a microring resonator can be written as

T(ϕ) =
Iout

Iin
=

a2 + τ2 − 2aτ cos(ϕ)
1 + a2τ2 − 2aτ cos(ϕ)

. (1)
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Here, a represents the self coupling of the 2 × 2 directional coupler from the input port to
the output port, and τ is the round-trip transmission of the ring waveguide. In case of lossless
propagation τ = 1, the optical phase ϕ(λ) accumulated in one round trip in the microring can be
expressed as

ϕ(λ) = 2πRβ(λ) = 4π2R
neff(λ)

λ
, (2)

where β is the propagation constant of the mode, neff is the effective index of the mode and R is
the radius of the ring. The accumulated phase at the resonance wavelength λm is

ϕm = 4π2R
neff(λm)

λm
= 2πm. (3)

The phase change ∆ϕ(λ) = ϕ(λ)−ϕm close to the resonance wavelength λm can be approximated
as

∆ϕ(λ) ≈ 4π2R
d

dλ

(︃
neff(λ)

λ

)︃ |︁|︁|︁|︁|︁
λm

(︂
λ − λm

)︂
(4)
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4π2R
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m
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dneff(λ)
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)︂
(5)

=
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m
ng
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λm − λ

)︂
=

2π
FSR
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λm − λ

)︂
, (6)

where

FSR =
λ2

m
2πRng

(7)

is the free spectral range and ng = neff(λm) − λmdneff/dλ
|︁|︁
λm

is the group index of the waveguide
mode. Close to the resonance wavelength the transmittance described by Eq. (1) can now be
written as

T(∆ϕ) ≈
(a − τ)2 + aτ∆ϕ2

(1 − aτ)2 + aτ∆ϕ2 . (8)

One important parameter is the extinction ratio of the resonance, which is defined as the ratio
between the depth of the resonance dip at ∆ϕ=0 and the maximum transmittance Tmax. Under
the assumption Tmax ≈ 1 the extinction ratio can be written as

re = −10 · log10

(︃
T(0)
Tmax

)︃
≈ −20 · log10

|︁|︁|︁
a − τ
1 − aτ

|︁|︁|︁ [dB]. (9)

For critical coupling, the transmittance at ∆ϕ=0 is zero and re → ∞. To achieve this, the
self-coupling strength has to match the transmission of a single round trip (i.e. τ = a). This can
be tuned by properly selecting the gap width between the bus and the ring. The loaded Q-factor
of the resonance can be written as

Q ≈
π

FSR

√
aτ

1 − aτ
λm. (10)

In this approximation, the Q-factor is given by the full-width-at-half-maximum of the resonance
when the extinction ratio is high. The intrinsic Q-factor represents the quality of a microring
resonator limited by the propagation losses within the waveguide, excluding any losses due to
coupling to external waveguides.
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The propagation loss coefficient αMRR in the microring resonator can be extracted from the
single round-trip transmission by

αMRR = −
20 · log10τ

2πR[m] · 100
[dB/cm]. (11)

For the design of the waveguides, an eigenmode solver (Lumerical MODE) was used to ensure
single-mode behavior. The nominal radiation losses of the MRRs were simulated for different
ring radii assuming a residual layer thickness of 100 nm. Simulations revealed that negligible
radiation losses can be achieved with radii of ≥ 60µm. The theoretical coupling strength as a
function of gap width was determined by analytical overlap calculations based on the electric and
magnetic fields obtained from eigenmode simulations for a single waveguide. As the starting
value for a suitable gap width, we used experimental results from a previous fabrication run,
which comprised MRRs with a ring radius of 60 µm. At a gap width of 660 nm, we achieved an
extinction ratio of approximately 10 dB, suggesting proximity to the critical coupling point. In
our revised design, we chose three radii R = 60, 80, and 90 µm and varied the MRR gap width to
cover the optimum gap width. We selected the gap widths to match critical coupling for eleven
loss values between 0.3-6.3 dB/cm for each ring diameter.

3. Fabrication process

The fabrication process comprises the following steps: 1) fabricating the silicon master mold
by electron beam lithography and reactive ion etching, 2) preparing a flexible imprint stamp by
pattern transfer from the master, 3) substrate preparation, 4) spin-coating of the waveguide layer,
5) nanoimprinting, and 6) coating with PDMS as top cladding.

3.1. Preparation of flexible stamps

The cushion frame for the soft stamps was prepared on a thick microscope glass of dimensions
76×52×1 mm3, a soft, 2-3 mm thick, PDMS cushion and a thin glass slide of dimensions
35×35×0.145 mm3. These materials were carefully washed with DI water and dried with
nitrogen. Oxygen activation of PDMS and the thin glass was accomplished with a low-power
plasma process using 10 sccm of O2 for 10 minutes. The oxygen-activated surfaces were attached
without any air bubbles to prepare the flexible stamps. After this step, OrmoStamp was drop cast
on the master, and the frame with the oxygen-activated thin-glass surface was placed on it. After
letting it rest for 10 minutes the stamp was cured in a UV oven for 5 minutes and separated from
the master. To avoid the adhesion of the stamps onto the substrates an anti-adhesion layer was
prepared by Optool, which was spin-coated on the stamp and cured in an oven at 60°C. Finally,
the stamp was rinsed with tetradecafluorohexane to remove the residues of the anti-adhesion
material.

3.2. Nanoimprinting process

Silicon substrates of dimensions 25×25 mm2 with ∼2 µm of thermal oxide were cut with a
Dynatex 100 Scriber machine and ultrasonicated in acetone and isopropanol for 10 minutes,
respectively, rinsed with DI-water and dried with N2.

OrmoCore was diluted with the thinner ma-T 1050 v/v to a concentration of 1:2.5 and
spin-coated on a substrate at 1500 rpm for 60 seconds. The resulting 1250 nm thick layer was
then soft-baked at 80 °C for 3 minutes.

The UV-nanoimprinting employed an EVG 620 nanoimprint tool. The nanoimprinting process
was used to imprint the waveguide structures from the flexible molds. During the imprint process,
the stamp was pressed for 3 minutes at 600-700 mBar onto the sample to yield full contact over
the sample area. The resist was cured for 180 seconds at a UV intensity of about 8 mW/cm2.
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The resultant imprint structure was then coated with PDMS of approximately 4 µm, which acted
as top cladding of the waveguide structure.

One of the main issues of the process is the control of the residual layer thickness of the
waveguide. If the residual layer is thicker than the targeted value, the higher bending loss will
occur in microrings with small radii and prevent high Q-factor resonances [19,20,24]. Therefore,
the goal is to make the residual layer as thin as possible without compromising the imprint quality.
When the thickness of the imprint resist is thinner than the height of the waveguide, some voids
(bubbles) can emerge on the sample. Thus, the selection of the resist thickness is a trade-off
between a thin residual layer and potentially harmful bubble formation. With our NIL process,
we achieve a residual layer thickness of 80-300 nm.

3.3. Imprint results and replication issues

Figure 3 shows a microscope image of one of the resonators. In general, the replication quality is
good. Some bubbles occur, but typically they are not harmful to the operation of the MRRs if the
waveguides are intact (see Fig. 3(a)). An example of a defective MRR, where the ring waveguide
is interrupted, is shown in Fig. 3(b).

Fig. 3. Optical microscope image of a) a functional and b) a defect ring waveguide.

4. Results

In this study, a total of ten samples were imprinted. Each of these samples comprised several
combinations of radii of the MRRs and gap widths of the coupler. A total of 227 working MRRs
were obtained and their optical transmittances were characterized. The MRR parameters were
analyzed by fitting the transmittance function of Eq. (8) to the measured data with a Matlab
script. The extracted values for a and, τ were used to evaluate the Q-factor using Eq. (10). It is
well known [25] that fitting of the transmittance spectrum does not directly allow distinguishing
between loss and coupling. This is evident from the fact that T is symmetric for these two
coefficients. By varying wavelength, gap width, and ring diameter in experimental samples it
can be possible to identify a and τ from the ensemble of measurements. We assume that the
transmission coefficient τ is independent of the gap width, whereas the self-coupling coefficient
increases towards a=1 as the gap width becomes wider.

4.1. Waveguide thickness

One of the samples was thoroughly characterized to measure the waveguide and residual
layer thicknesses. The residual resist layer beside the imprinted waveguide is an unavoidable
consequence of the UV-NIL process. It does not serve a functional purpose it is therefore purely
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an artifact of the fabrication process which we try to minimize through process optimization.
The SEM image of the cross-section in Fig. 4 shows the residual layer and waveguide thickness.
In addition, AFM measurements were conducted to measure the layer thicknesses. The PDMS
top cladding and the waveguide layer were removed by gently scratching the sample. The scratch
was made on several areas to evaluate the variation of these quantities. The sample was gently
blown with compressed air to remove any contaminants before the measurement. The sample
was mounted on the AFM stage, and the probe scanned the region of interest using the tapping
mode to minimize any potential damage to the surface. A typical AFM scan captures the 3D
surface profile of the waveguide, the trench bottom, and the substrate, allowing the residual layer
thickness to be measured from the height differences between the trench bottom and the substrate.
The AFM image of Fig. 5 has been annotated to indicate different regions. Measurements from
eight distinct positions from this sample indicate that the residual layer thickness varies from 205
nm to 253 nm.

Fig. 4. SEM image of the waveguide and its residual layer with a thickness of approximately
190 nm.

Fig. 5. AFM image including waveguide, residual layer, and substrate. In this image the
residual layer has a thickness of approximately 240 nm.

In addition to the AFM analysis, we performed optical reflectance measurements (with
Filmetrics F20-UVX) to assess the thickness of the waveguide layer. The waveguide thickness
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of each of the ten samples was evaluated by fitting the reflectance to a thin-film model. The
thicknesses varied from 1150 to 1290 nm.

4.2. Optical characterization of MRRs

The transmittance of the microrings was characterized using a tunable laser (Sacher Lasertechnik
TEC-500-0780-030) and a Agilent 81623B power meter with a second power head for referencing.
Light was coupled to the waveguide with a polarization maintaining optical fiber and collected
with a multi-mode fiber.

First, we plot the values of the coefficients a and τ for the rings having a radius of R=90 µm in
Fig. 6(a). For each gap width, the average value of the extracted coefficients is marked in the
same figure for reference. We can identify two groups that show the expected behavior between
the coefficients as the gap width is varied. One group of fitting values is almost independent of
the gap width. We associate these values with the single round trip transmission coefficient τ.
The other group of fitting values increases with the gap width. Therefore, we associate these
values with the self-coupling coefficient a.

Fig. 6. a) Coefficients a and τ for an MRR with R=90 µm as a function of the gap width.
The average value of τ corresponds to a loss of 0.38 dB/cm (τ=0.9975). The lowest loss was
∼0.06 dB/cm. b) Examples of transmittance dips of MRRs with a radius of R=90 µm with
different gap widths. The wavelength is plotted relative to the transmission minimum. The
center wavelengths λm of the measured resonances are, from the highest to lowest Q-values,
784.402 nm, 784.653 nm, 784.502 nm, and 784.481 nm, respectively.
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Four examples of transmittance spectra of MRRs with a radius of R=90 µm are shown in
Fig. 6(b). The depth of the transmission dip (extinction) depends on the coupling strength and
the loss in the MRR. High Q-factors are a sign of low waveguide loss and the highest Q-factor
achieved amounts to 1.15·106.

Second, transmission characteristics of rings with R=80 µm are shown in Fig. 7(a). Similar to
the results in Fig. 6(a) two distinct regions were identified for this ring radius. Again, we interpret
that the single round trip transmission is independent of the gap width and that self-coupling
increases with the gap width. Figure 7(b) shows four examples of transmittance spectra for R = 80
µm. The loss of the waveguide is slightly higher, and the highest Q-factor amounts to 4.65·105.

Fig. 7. a) Coefficients a and τ for an MRR with R=80 µm as a function of the gap width.
The average value of τ corresponds to a loss of 0.54 dB/cm (τ=0.9969). b) Examples
of transmittance dips of MRRs with a radius of R=80 µm and different gap widths. The
wavelength is plotted relative to the transmission minimum. The center wavelengths λm of
the measured resonances are, from the highest to lowest Q-values, are 784.431 nm, 784.524
nm, 784.588 nm, and 784.620 nm, respectively.

Finally, the transmission characteristics of rings having R=60 µm are shown in Fig. 8(a).
These results are more difficult to interpret than the previous measurements in Figs. 6(a) and 7(a).
We expect that loss increases significantly due to the tighter bending radius of the waveguides.
Therefore, in this case, we interpret the lower values as the single round trip transmission and the
higher values as coupling coefficients.
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Fig. 8. a) Coefficients a and τ for an MRR with R=60 µm as a function of gap width. The
average value of transmission has more variation and corresponds to a loss of 3.67 dB/cm
(τ=0.9842). b) Examples of transmittance dips of MRRs with a radius of R=60 µm and
different gap widths. The wavelength is plotted relative to the transmission minimum. The
center wavelengths λm of the measured resonances are, from the highest to lowest Q-values,
are 784.591 nm, 784.464 nm, 784.607 nm, and 784.759 nm, respectively.

Figure 8(b) displays four examples of transmittance spectra for R=60µm and various gap
widths. This sample has clearly the lowest Q-factors due to higher propagation loss in the
waveguide. The highest Q-factor is 2.87·105.

5. Discussion

5.1. Optical transmission characteristics

The transmission characteristics of the MRRs with different ring radii provide valuable insights
into coupling and transmission coefficients. The single round trip transmission is expected
to be independent of the gap width, which is in agreement with the fitting results shown in
Fig. 6(a). The average transmission of R=90 µm MRRs corresponds to a loss of 0.38 dB/cm and
the loss for the highest Q-factor is 0.06 dB/cm from the fit. For a ring radius of R=80 µm and
R=60 µm average loss values of 0.54 dB/cm and 3.67 dB/cm, respectively, are obtained. The
relationship between radiation loss and residual layer thickness was quantified by simulations
(see Fig. 9). For a ring radius of R=90 µm the radiation losses remain small (∼ 0.28 dB/cm) for
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residual layers of up to 300 nm. For a ring radius of R=80 µm radiation losses are low up to
a residual layer thickness of 250 nm. At around 300 nm a sharp increase in radiation loss (∼
2.6 dB/cm) can be observed. The ring with the smallest radius, R = 60 µm, exhibits the highest
sensitivity to the residual layer thickness. The losses start to increase when the residual layer
exceeds approximately 100 nm. By comparing the single round-trip transmission values shown
in Fig. 8(a), we can relate these values to a residual layer thickness of approximately 220 nm.

Fig. 9. The intricate relationship between radiation loss and residual layer thickness for
three different ring radii. The plot illustrates how radiation loss varies with the residual layer
thickness across different device geometries.

The analysis of quality factors also reveals a consistent trend across various ring diameters.
These findings underline the pivotal role of design parameters in optimizing the MRR performance
and its sensitivity to structural variations.

6. Summary and conclusions

We studied the characteristics of hybrid-polymer microring resonators fabricated by UV-NIL. We
achieved an ultra-high Q-factor of more than 106 for rings with a radius of 90 µm at wavelengths
around 790 nm. This Q-factor is amongst the highest values reported for such a structure and
fabrication process. The performance related parameters of the MRRs (Q factor, coupling
coefficient, losses in the ring) were studied for three different ring radii of 60, 80 and 90 µm.
Our analysis gives a strong indication that the reduced Q-factor for decreased ring radii can be
attributed to additional radiation losses due to an actually higher residual layer thickness than
assumed in the design process. The optical characterization results are well in line with the
measured residual layer thickness of approximately 200 nm instead of the assumed 100 nm. This
emphasizes the importance of the control of the fabrication parameters.
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