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Abstract: In this paper, we present a new fabrication method for large-area hybrid poly-
mer microring resonators using a rib waveguide configuration with a minimum residual
layer down to 40 nm by ultraviolet (UV) nanoimprint lithography. In a first step, a nega-
tive photoresist (SU8-2) patterned by photolithography on an SiO,/silicon wafer was
used as a master mold. Flexible soft molds using perfluoropolyether (PFPE)-based elas-
tomers for high-resolution replica molding are explored in the imprinting process flow.
High-quality devices with Q-factors up to 39000 and finesses up to F ~ 14 were demon-
strated for very-near infrared wavelengths (around 900 nm). Finally, we report that the
resonances can be thermooptically tuned by 0.05 nm/°C at 896 nm, thus demonstrating
that, at shorter wavelengths, the fabricated microring resonators are less sensitive to
temperature change, compared with longer wavelengths. The results of this paper dem-
onstrate the capability of our method to fabricate optical devices with high performance
for operation in a single mode at wavelengths where cheap light sources are available
and water absorption is much lower than at far-infrared wavelengths. Because of this, it
is expected that the fabricated structures have high potential for biosensing applications.

Index Terms: Hybrid polymer photonic device, ultraviolet (UV) nanoimprint, optical wave-
guides, racetrack microring resonator.

1. Introduction

Polymer materials have garnered significant interest over the past few years among both acade-
mia and industry since they may open new avenues toward fabrication of discrete photonics
components and integrated optical devices. Obviously, this is because of their extraordinary
properties, with, most importantly, high optical transmittance, but an easier fabrication process,
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flexibility, and their potential for low-cost production as well [1], [2]. Regarding the fabrication of
polymer devices, different methods have been described in the literature so far, e.g., photoli-
thography, electron beam lithography, excimer laser micromachining [3], [4]. Among them, na-
noimprint lithography (NIL) has become increasingly popular during the last decade [5], [6]. It
has been developed as a cost-effective alternative patterning technology and to overcome the
resolution limitations of standard photolithography. It has been reported that NIL with low-cost
equipment can fabricate high-resolution nanopatterns down to sub-25 nm resolution on a large
scale with a high repeatability [7]. NIL, unlike traditional lithographic processes, is based on the
mechanical deformation of the polymer layer using a mold to define the structures [8]-[10]. This
replication technology is either thermal or UV-based and can be used on various types of sub-
strates. After the imprinting and the demolding steps, the patterns of the mold are copied in the
desired polymer. A crucial requirement in the imprinting process is the mold choice which can
be either “hard” or “soft,” and this choice depends on the polymer’s physical properties, chemi-
cal composition and moreover on the desired imprinted pattern. Additionally, for imprinting with
hard molds (e.g. silicon, fused silica), several issues such as the need for imprinting under vac-
uum using large force, have to be considered in order to overcome a non-uniform imprint and
avoid the damage and deformation of the generated pattern. To overcome this issue, replica
molding utilizing soft molds has gained increasing interest recently and it is the chosen method
for this study. With this technique, new device architectures become feasible with a limited num-
ber of process steps, and moreover with a high accuracy, repeatability and low cost [11]. So far,
a wide variety of materials have been developed to improve soft mold performance. The primary
and the most popular elastomer for nanofabrication is polydimethylsiloxane (PDMS). Although
PDMS generally emerged as a material of choice for soft lithography, there are several draw-
backs that limit the feature size and aspect ratio that can be replicated. In order to overcome
the drawbacks associated with the use of PDMS, research efforts have resulted in the discovery
of new polymeric stamps with increased resolution and material compatibility. Among them, the
use of fluorinated elastomers opens an attractive route for nanoimprint lithography [12]. The De-
Simone laboratory pioneered the use of photocurable perfluoropolyether-based (PFPE) mate-
rials as an alternative to PDMS for soft lithography applications [13]. It is well know that the
Young’s modulus, surface free energy and the surface tension of the mold material will affect
the resolution of the imprinted pattern. In choosing a material for the soft molds, we have to con-
sider that its Young modulus should be sufficiently high and the surface free energy should stay
as low as possible.

The motivation of our work was to fabricate large areas of microring resonators (MRRs) with a
minimum number of process steps operating in the very-near infrared region (around 900 nm).
Our optimized fabrication method results in generation of patterns with a minimum residual layer
of 40 nm without an etching step. The bend loss decreases significantly with decreasing thick-
ness of the residual layer and consequently this increases the Q-factor. Considerable work on
polymer optical devices at infrared wavelengths has been reported [14]. However, there is an ur-
gent challenge and demand for the development of polymer photonic based device closer to/ or
at visible wavelengths where the absorption of water is about 2000 times lower than in near in-
frared regions and lower cost light sources are available in this range [15]. In this work, we are
exploring two PFPE materials, i.e., Fluorolink MD 700 (Solvay Solexis) and Fomblin MD 40 (Sol-
vay Solexis) for the fabrication of a soft mold on a flexible polystyrene substrate. We compare
the devices fabricated with these materials, and we optically characterized their performance.
The devices fabricated with MD 700 demonstrate higher Q-factors due to the lower bend losses.
Finally, we thermo-optically tuned the MRR resonances, demonstrating that at shorter wave-
lengths, the MRRs are less sensitive to temperature changes compared to longer wavelengths.

2. Device Fabrication: Method and Results

In order to estimate the resonator parameters for good performance at the wavelength
A =890 nm, in a first step prior to the design and physical fabrication of the resonators,
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Fig. 1. Schematic of the fabrication process of microring resonators. (a) SU8 master mould has
been prepared by photolithography. (b) Formation of the soft mold: PFPE casting on the top of
master mold and UV curing. (c) Soft mold is peeled off from the master mold. (d) Generation of
the Ormocore WGs by UV-NPL.

simulations with the commercial Fimmwave software [16] have been performed and were re-
ported in previous work [17]. As a core material we used the hybrid polymer Ormocore [18] with
a high refractive index of neore = 1.543. Silicon wafers are used as substrates with a 3 um ther-
mal oxide on the top which act as cladding (Ngjadding = 1.453). As the number of guided modes
depends of the waveguide geometry, initially it has been determined that for single-mode opera-
tion at 890 nm, the waveguide width and height, within a range of dimension tolerances, can be
fixed to 1 um. Thanks to the racetrack configuration of the add-drop microrings used in this study,
we maintain the optical performance of the structure while extending the tolerance range of the
fabrication process by increasing the values of the gap to around 900 nm. The coupling length is
190 pm. Microrings with high Q-factors are desired for many applications, including biosensing.
Low losses will lead to higher Q-factors; therefore, in the fabrication process, any kind of loss
should be minimized. As already mentioned, the MRR structures were prepared in our cleanroom
using a nanoimprint technique. This etch-free process flow is schematically depicted in Fig. 1.

In a first step, a negative photoresist (SU8-2 from MicroChemicals) was patterned by photoli-
thography (see Fig. 1(a)). Due to its unique physical, chemical and mechanical properties,
SU8-2 has been explored for the fabrication of the master mold. First, promotion of adhesion
of SU8-2 on fused silica was done by spin-coating of Ti-primer (MicroChemicals) at 3000 rpm
for 40 seconds. After SU8-2 was spun on fused silica at 5600 rpm for 40 seconds and baking
steps were performed, it was exposed using the contact mask aligner Stiss MA6 to UV light
through a chromium mask. The SU-8 film thickness was about 960 nm. After the development
of the resist, in which the unexposed part of SU8-2 was removed, the substrates were hard-
baked at 180 °C for 3 minutes in order to decrease the surface roughness. In the past, it has
been demonstrated that the thermal reflow method gives efficiently smooth sidewall wave-
guides [19]. The exposure, the development time, as well as the baking and the flood exposure
time have been optimized in order to generate structures with a very good quality. This quality
of the master mold, including its surface roughness, is essential in the replication process
where all the patterns are imprinted in the desired polymer, including the defects. After the
master mold fabrication, the PFPE acrylate composite molds were prepared by thoroughly
mixing 3% Irgacure 2022 photoinitiator (BASF) to Fomblin MD 40 (Solvay Solexis) and Fluoro-
link MD 700 (Solvay Solexis), respectively. Afterwards, these mixtures were cast on top of the
SU8 master mold [see Fig. 1(b)] Polystyrene foils were placed on the top for mechanical sta-
bility of the soft mold. UV-light was used to cure the PFPE material for 1 min with an intensity
of 30 mW/cm?. As depicted in Fig. 1(c) peeling off the composite PFPE mold from the SU8-2
master mold completed the soft mold formation. One of the advantages of the proposed
method is that there is no need to treat the master mold with an antiadhesive coating. Both
molds prepared using MD 40 and MD 700 were used for the imprinting in the Ormocore mate-
rial. The final imprinting processes started with the preparation of thin Ormocore films on a
SiO; insulator on Si substrate preliminary cleaned and dehydrated. The 3 um thermal oxide
layer is thick enough in order to avoid light leakage towards the Si substrate. Initially, an ad-
hesion layer (Ormoprime) was spun at 4000 rpm for 1 min and baked at 150 °C for 5 minutes.
Afterwards, diluted Ormocore (Ormocore: thinner maT, 1:2) was spin-coated at 3000 rpm for
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Fig. 2. SEM images of the SU8-2 master mold. (a) Top view. (b) FIB cross section. (c) SEM im-
age of the MRR nanopatterned on PFPE soft mold and (d) its magnification in the gap region.
(e) and (f) FIB cross section in the gap region of the imprinted Ormocore microring resonator
using MD 40 material and MD 700, respectively.

30 seconds and baked at 120 °C for 10 minutes. The imprinting was done manually by carefully
bringing the PFPE composite molds in contact with the Ormocore films at room temperature.
Then, 2 minutes of UV illumination with intensity of 30 mW/cm? in a nitrogen atmosphere was
applied to UV-cure the Ormocore layer through the mold. Finally, the mold was manually de-
tached and the resulting replicated Ormocore-based microrings were hardened by post-baking
for 3 hours at 150 °C. In this regard, Fig. 1(d) shows the final generated Ormocore MRRs after
peeling off the PFPE molds.

As already mentioned high Q-factor microrings are desired for many applications. Therefore,
there is a particular need to minimize losses in the fabrication process, a.o. by reducing the sur-
face roughness that induced the scattering loss and also the dimensions of the residual layer
that influence the bend loss. Fig. 2(a) shows the SEM (scanning electron microscope) images
of the fabricated SU8-2 master mold (top image). From the FIB (focused ion beam) cross sec-
tion in Fig. 2(b), one sees that the SU8 generated pattern has vertical and smooth sidewalls.
We have used the Nova 600 Nanolab SEM/FIB device, a dual beam instrument that combines a
focused ion beam with an SEM therefore simultaneous imaging of the sample. lon beam in-
duced material deposition of platinum was used for FIB cross section. The transferred pattern to
PFPE composite molds can be seen in Fig. 2(c). It can be observed in the SEM picture with a
larger magnification in the gap region (see Fig. 2(d)), that the waveguides dimensions are
slightly larger compared to the initial SU8 waveguides therefore resulting in a smaller gap. The
final replicated structures in Ormocore [see Fig. 2(e) and (f)], demonstrate that imprinting with
MD 40 and MD 700 results in patterns with different dimensions because of different material
and physical properties, including Young’s modulus, surface tension and surface energy. There-
fore the generated patterns have different dimensions in height, width and gap but most impor-
tantly there is a huge difference in the resulting residual layer; it is almost seven times smaller
for the imprint with MD 700 without applying any further etching process. A residual layer thick-
ness of only 40 nm was obtained at room temperature, without using any extra force in the
embossing process and with the Ormocore waveguide being patterned only by the capillary
forces. These results clearly demonstrate the importance of choosing the right mold for the right
compatible material in the imprinting process flow. We have fabricated centimetre-large areas of
microrings with tailored dimensions around 1 pum width and height, and controlled residual layer
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Fig. 3. (a) SEM image of the cleaved Ormocore waveguides. We utilized the “minimum polymer
squeezing” method for the reduction of the residual layer on the sides of the ridge shaped wave-
guide. (b) Sidewall SEM image of the polymer microring imprinted using the MD 40 material.
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Fig. 4. Schematic of the measurement setup used to characterize the devices. Light from tunable
laser sources is coupled into the chip using lensed fiber. The optical microscope pictures show cou-
pling light from a lensed fiber to the waveguide captured with a visible camera, as well as the cou-
pling light in the gap region of the MRR and, moreover, the signal at the pass and drop port.

thickness down to 40 nm. Fig. 3(a) depicts a SEM image of cleaved Ormocore waveguides. In or-
der to minimize the residual layer thickness we adopt the “minimum polymer squeezing” method
[20]. The rib-shaped waveguide is generated by imprinting two trenches on both sides of the
waveguide, instead of using the single-trench pattern on the mold. As indicated by the arrows in
Fig. 3(a), for an almost 1 um width waveguide, we have 20 um large trenches. Smooth-sidewall
Ormocore waveguides have been fabricated using MD 40 and MD 700. Fig. 3(b) shows a SEM
picture of an Ormocore waveguide with good sidewall roughness prepared with MD 40. The
transmission spectrum characterization of these devices will be discussed in Section 3.

3. Device Optical Characterization in Transmission Measurements

After fabrication, the polymer MRR transmission spectra were characterized using a tunable la-
ser as a light source (Newport, with a wavelength range: 890-910 nm and 20 pm resolution)
and the output signal was measured with a power meter. Fig. 4 shows the horizontal experimen-
tal set-up used for the MRR characterization.

The polarization was adjusted by tuning the fiber-based polarization controller. The light is
launched into the waveguide through a lensed fiber and collected by another lensed fiber. The
coupling of the light into the input waveguide, the light coupled from the bus waveguide into the
racetrack microring and finally the output signal at the pass port and the drop port were cap-
tured with a visible camera, and shown in Fig. 4 (top view images). According to the simulation
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Fig. 5. Optical transmission spectra of the MRRs fabricated with the soft mold using MD 40 mea-
sured at (a) the pass port and (b) the drop port, respectively. (c) Lorentzian fit to the resonance
peak (solid red line) at the drop port reveals a linewidth of 45 pm corresponding to an optical Q of
20 000.

results, at 890 nm the fabricated waveguides carry both the fundamental TE and TM mode for
propagation. However both of the modes have approximately the same effective refractive index,
therefore the MRRs have almost the same FSR (free spectral range) for both polarizations. Man-
ually rotating the wheels of the polarization controller, we get a maximum or minimum transmitted
power. Therefore, this is a simple way to distinguish TE and TM polarization modes, when know-
ing which one of them has more loss. We use an add-drop racetrack ring resonator configuration,
and therefore, the ring is coupled to two waveguides and therefore the incident field is partly
transmitted to the drop port. The transmission to the pass port can be expressed as [21]

T . Ipass . (f23)2 —2nrnacos ¢ + I’.]2
pass = = 5 - (1)
fnput 1 —2rnacos ¢ + (rra)

However, for a symmetric design r = r» = r is the field coupling coefficient between the input
bus waveguide and the MRR. a, is the amplitude attenuation factor and ¢ is the round trip
phase. We can calculate the a and r values based on fitting Lorentzians to the resonances.
The amplitude attenuation factor is due to the various optical losses in the microring (including
propagation loss, bend loss) and can be used to obtain the Quinsic Of the ring with the formula
[22], [23]

antrinsic = %- (2)

Here, R is the ring radius, ng; is the effective refractive index, and X is the resonance wave-
length. Finally, from Qiinsic We can estimate the propagation loss of our devices using the ex-
pression a = 10logyqe - 2mny/QniA Where ng is the group index. Fimmwave software was used
to calculate the ne;; = 1.48, ng = 1.57, for the devices fabricated using MD 40. The ring radius is
220 pm, and the coupling length 190 um. The calculated FSR is 0.29 nm.

Fig. 5 depicts the optical transmission spectra of the MRRs fabricated using the soft mold
MD 40. One can see that the resonance peaks at the pass port [see Fig. 5(a)] correspond
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Fig. 6. Optical transmission spectrum of the MRRs fabricated with the soft mold using MD 700 mea-
sured at the (a) pass port and (b) the drop port, respectively. (c) Lorentzian fit to the resonance
peak (solid red line) at the drop port reveals a linewidth of 23 pm corresponding to an optical Q of
39400.

TABLE 1
Performance comparison of the devices fabricated with MD 40 and MD 700

Device fabricated with: ‘ Qtotal ‘ F ‘ a ‘ r ‘ Qintrinsec ‘ a(dB/cm) ‘
MD 40 20 000 ~7 0.902 | 0.827 87 500 5.40
MD 700 39400 | ~ 14 | 0.910 | 0.943 81 700 5.77

nicely to the resonances at the drop port [see Fig. 5(b)]. The estimated FSR is in good agree-
ment with the measurement. The best calculated Q-factor of 20 000 correspond to a linewidth
of 45 pm. We find out that the amplitude attenuation factor a = 0.902 and the field coupling co-
efficient r = 0.827. The calculated intrinsic factor Qinyinsic = 87 500 corresponds to the propa-
gation loss of 5.40 dB/cm. The non-uniform extinction ratio in the transmission spectra is due
to the large sweeping step of the laser (20 pm) during the measurement.

Fig. 6 shows the optical transmission spectra of the MRRs prepared using MD 700 soft molds
on the pass and drop port respectively. In this situation, the MRR has a radius of 180 um and
the same coupling length of 190 um. The calculated nes = 1.48 and ng = 1.58 lead to a FSR of
0.34 nm. A higher Q-factor of 39 000 corresponding to a linewidth of 23 pm was observed. We
find out that the amplitude attenuation factor a=0.910 and the field coupling coefficient
r = 0.943. The calculated intrinsic factor Qinrinsic = 81 700 corresponds to a propagation loss of
5.77 dB/cm.

All the calculated parameters are summarized in Table 1. The round trip loss a includes the
three loss contributors summarized: a[dB] = aL + 2acoupler + 4@vend [21]. The influence of the
waveguide surface roughness on the scattering loss depends on the waveguide geometry and
the refractive index contrast between the guiding layer and the surrounding environment. At
shorter wavelengths the increase in propagation loss is expected because the surface rough-
ness gives more significant Rayleigh scattering (~ 1/A%). One can see in Table 1 that the de-
vices prepared with MD 40 have smaller propagation loss compared with those prepared with

Vol. 8, No. 2, April 2016 6600409



IEEE Photonics Journal Hybrid Polymer Microring Resonators

(a)

-20 4

(b) 895,40

[ "w Data
| — Fitting of Data

=1

895,35
-25
895,30
-30

895,25

Intensity/dBm

-354

Resonant wavelength/nm

!
——Drop_23°C
——Drop_24°C
Drop_24.5°C
——Drop_25°C

Drop_25.5°C,
——Drop_26°C
Drop_26.5°C 89515 |»
Dro_27°C

895,20

-40 Valve  Standard Erro
Intercept 89655 007697 L ]

Siope. 005 000302

-45 T T T T T T T T T
895,0 895,2 8954 895,6 895,8 896,0 23 24 25 26 27 28
Wavelength/nm Temperature/°C

Fig. 7. (a) Temperature sensitivity measurement of the fabricated Ormocore MRR. (b) Linear fitting
of the resonant wavelengths at different temperatures.

MD 700. We can understand this, considering that the height of the waveguides prepared with
MD 40 is 200 nm smaller than of the waveguides prepared with MD 700 and therefore less ma-
terial in sidewalls contributes to surface scattering. However, the Q-factor of the devices pre-
pared with MD 700 is almost two times larger than of those prepared with MD 40. This is
because the bend losses decrease significantly for the devices prepared with MD 700, having
almost seven times smaller residual layer. Because of the racetrack configuration, instead of a
ring, additional bend losses appear due to mismatch losses at the straight-bend transition.
These losses are more pronounced for MRR with larger residual layers.

T. Ling et al. [24] have also reported about the fabrication of polymer MRRs with a high Q fac-
tor of 4 x 10% at 780 nm wavelength range. However, in their fabrication process of the master
mold, they have used electron beam lithography, which is an expensive technique.

Finally in this study we investigate the temperature-induced resonant wavelength shifts due to
the thermo-optic effect in hybrid MRRs. The temperature has been precisely controlled using a
temperature controller from 23 °C to 28 °C. Fig. 7(a) depicts the temperature sensitivity mea-
surement of the fabricated Ormocore MRR using the MD 700 mold. From the linear fit of the res-
onant wavelengths at different temperatures (see Fig. 7(b)) we determine a shift of the
resonances of about —0.05 nm/°C. This value is almost four times smaller than the reported
values in the literature measured at 1550 nm [25]. However from the expression

d)\m Am dneff

dT ~ ne dT
where agyp is the thermal expansion coefficient of the substrate, one can see that at shorter
wavelengths we have a smaller shift in wavelength by changing temperature. Moreover, the re-
fractive index of the material increases with decreasing wavelength.

Temperature is an important issue for biosensing applications. Photonic devices less sensi-
tive to changing in temperature are highly desired [26]. In this context we have demonstrated
that working at shorter wavelength is an interesting alternative to solve this inconvenience.

+ AmQsub (3)

4. Conclusion

In this work, by using a new fabrication process we have successfully produced large areas of
hybrid polymer MRRs with very good optical performance at around 890 nm wavelengths. In the
nanoimprint process flow we take the advantage of using PFPE composite molds. These molds
provide the benefits of both a hard rigid material for high resolution and a soft flexible material
for conformable contact without applying pressure. An optimized fabrication process results in
MRRs with only 40 nm residual layer and Q-factors of 39 000. Finally, we show that the reso-
nances can be thermo-optically tuned at 0.05 nm/°C at 896 nm, thus demonstrating that at
shorter wavelengths the fabricated MRRs are less sensitive to temperature change compared to
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at larger wavelengths. Considering that in this spectral range window, cheap light sources are
available, and water absorption is much lower than at far infrared wavelengths, we believe that
our devices have high potential for many applications including biosensing.
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