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Abstract: Smooth sidewall silicon micro-ring molds have been fabricated
using resist reflow and thermal oxidation method. High Q factor polymer
micro-ring resonators have been fabricated using these molds. Quality
factors as high as 10° have been measured at telecommunication wavelength
range. By carefully examining the different loss mechanisms in polymer
micro-ring, we find that the surface scattering loss can be as low as
0.23 dB/cm, much smaller than the absorption loss of the polystyrene
polymer used in our devices. When used as an ultrasound detector such a
high Q polymer micro-ring device can achieve an acoustic sensitivity
around 36.3 mV/kPa with 240 uW operating power. A noise equivalent
pressure (NEP) is around 88 Pa over a bandwidth range of 1-75 MHz. We
have improved the NEP by a factor of 3 compared to our previous best
result.
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1. Introduction

Ultrasound-related imaging has been widely used in biomedical applications. For example,
high-frequency pulsed-echo can non-invasively image mice in very early embryonic stages [1].
Photo-acoustic (PA) microscopy is able to provide the information of total hemoglobin
concentration in humans [2]. In these studies, a detector with low noise and wide bandwidth
plays an important role in obtaining good imaging quality, especially for in vivo PA imaging
where a low laser energy is required for safety reasons [2].

Recently, an optical cavity based ultrasound detection platform has attracted increasing
interest [3—6,17]. Compared with conventional piezoelectric transducers, the new detection
platform provides several advantages, such as preserving high sensitivity with reduced
element sizes, high-frequency and wideband response with simple fabrication. In this new
optical cavity based detection platform, optically transparent polymer material was used
because of its high optical elastic coefficient and high deformability, which can provide a
sensitive response under acoustic pressure. A polymer based fiber tip Fabry-Perot (F-P) cavity
ultrasonic hydrophone has been demonstrated with comparable sensitivity and noise
equivalent pressure (NEP) to current piezoelectric PVDF ultrasonic sensing devices [5]. An
improved sensitivity has been realized in a polymer based plane F-P device by increasing the
device’s Q factor, which results from an increased reflection of the multi-layer stacks based 1-
dimension photonic crystal mirror based on multi-layer stacks [6]. Additional improvement of
the sensitivity can be achieved by further increasing the reflectivity of the 1-D photonic
crystal mirror, but this requires a sophisticated system to precisely control the thickness and
uniformity of the deposited multilayer film. Except for the photonic crystal based light
confining mechanism, the total internal reflection (TIR) mechanism has been widely used to
confine the light in the cavity to achieve a much higher Q factor. High Q resonators using the
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TIR mechanism include micro-spheres [7,8], micro-disks [9,10], micro-rings [11-14] and
micro-tubes [15,16]. By combining a polymer material’s high optical elastic coefficient and
high deformability with the TIR-based high Q factor micro-resonators, we have previously
demonstrated wideband ultrasound detection with a NEP 20 times better than the best
piezoelectric transducer of similar size and bandwidth by using polymer micro-ring devices
with a Q of around 6000 [17].

Ultrasound detectors with improved sensitivity can directly benefit ultrasound and PA
imaging by allowing imaging at increased depth. Smaller micro-rings have larger angular
sensitivity, enabling higher spatial resolution in imaging applications such as beam-forming
and PA tomography. Higher sensitivity can be obtained by using the micro-ring resonator with
a higher Q factor, which normally requires a ring waveguide with smooth sidewalls to
minimize the surface roughness induced scattering loss. Smooth sidewalls are even more
important for small size micro-ring devices due to increased scattering loss as compared to
large size micro-ring devices. To achieve a smooth sidewall in waveguides, several methods
have been used. A thermal reflow method has been used to fabricate ultra-high Q micro-
toroids [18], but the cavity size can shrink by tens of microns during the reflow process which
makes it very difficult to fabricate the on chip integrated waveguides coupled to such high Q
micro-cavities. A smooth buffer layer modified stamp [19] has been used to fabricate an
embedded polymer race-track micro-ring with a Q factor as high as 10°; however, it would be
challenging to apply this to micro-rings with small diameters because a very narrow gap from
the bus waveguide of few hundred nanometers is required for efficient coupling.

We have previously developed a nano-imprint based technique to fabricate the polymer
micro-ring resonators [20]. To significantly improve the resonator’s Q factor, we show a new
fabrication process in this paper that includes two important steps to reduce the sidewall
roughness of the silicon mold for imprinting the micro-ring devices: resist thermal reflow
process and thermal oxidation followed with buffered hydrofluoric acid etching process [21].
High Q and smooth sidewall polymer micro-rings can be mass duplicated with such molds by
straightforward nano-imprint process. Resonant mode quality factors as high as 10° were
measured in a polymer micro-ring with a 45 pum radius (R), which corresponds to an optical
loss of 1.8 dB/cm. Surface scattering loss, which is normally the dominating term in total loss,
was found to be as low as 0.23 dB/cm. Owing to this high Q polymer micro-ring, we have
achieved ultrasound detection sensitivity of 36.3 mV/kPa at 240 pW operating power. The
device’s NEP, which represents the minimum detectable pressures, is 51, 74, and 88 Pa for 1—
25, 1-50 and 1-75 MHz bandwidth range, respectively. This is nearly 3 fold lower as
compared to our previous best result, making it the most sensitive ultrasound detector of a
similar size.

2. Device fabrication and measurement technique

In order to fabricate high Q factor polymer micro-rings using nano-imprint technique, a mold
with smooth sidewalls is needed. Many materials such as glass, polymer, metal, and silicon
have been examined for mold applications. Among these materials, silicon is the most
attractive material candidate due to the excellent processibility of silicon and a wide range of
fabrication processes developed by the integrated circuit (IC) industry. In particular dry
etching of silicon has been shown to achieve smooth and vertical sidewalls [22], which is
ideal for our application. Our silicon mold is fabricated using electron beam lithography
followed by reactive ion etch (RIE). Two important modifications are used to further smooth
the silicon mold sidewalls. The process starts with a silicon wafer with an initial 400 nm
thermal oxide layer. Electron beam lithography is used to create a pattern with a micro-ring
and a straight bus waveguide on an 800 nm thick positive electron-beam resist (950k PMMA).
The patterns are then transferred to the silicon oxide layer using RIE with PMMA as the etch
mask. After this step the PMMA mask is removed in hot acetone. The micro-ring pattern is
further transferred onto the silicon wafer by deep silicon etching with the silicon oxide layer
as etch mask. After deep silicon etching, the silicon oxide masking layer is removed by
buffered hydrofluoric acid (BHF), which completes the master mold fabrication. Two
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important steps have been added to this silicon mold fabrication process to achieve smooth
sidewalls.

The first important step is the PMMA resist reflow, which is applied before the silicon
oxide etch step. By choosing a suitable temperature and time duration, this reflow process can
greatly reduce imperfections in the PMMA resist patterns and harden the edge of the PMMA
resist. Too low of a temperature will not cause the resist to reflow, while too high of a
temperature will cause deformation in the coupling gap region, which could significantly
increase the optical loss. After a number of experiments, the appropriate PMMA resist
reflowing temperature and time duration was determined to be 115°C for 90 seconds. Figure 1
show the SEM pictures of the imprinted polystyrene micro-ring waveguide sidewalls by using
the silicon molds with (1b) and without (1a) the PMMA resist reflow process. We can clearly
see from Fig. 1(a) that there is a great amount of roughness on the sidewall of the polymer
micro-ring, which is thought to be due to the damage caused by RIE on the edge of the
PMMA pattern during etching of SiO2, which eventually gets transferred onto the silicon
mold. However, in Fig. 1(b), the sidewall of the polymer micro-ring fabricated from the mold
with the PMMA reflowing process has relatively small vertical roughness, which means that
the edges of the PMMA are well protected during the RIE process. The spectrum
characterization of these two devices will be shown in Section 3.

R

AccV SpotMagn WD F——— 500nm

15.0KkY 3.0 40000x 9.9

Fig. 1. Sidewall SEM image of the polymer micro-ring fabricated from the mold: (a) without
resist reflow process, (b) with resist reflow process, (c) with resist reflow and thermal oxidation
process.

The second important step is the thermal oxidation followed by the BHF etching step,
which was used to smooth out the roughness after deep silicon etching. The oxidation step is
performed in a high temperature furnace that grows around 100 nm of thermal oxide on the
silicon surface. During the oxidation process the amount of Si consumed is 44% of final oxide
thickness, the rough Si surface layer is converted to SiO2 in this step and removed by BHF
etching after the oxidation step. Figure 1(c) shows the sidewall of the imprinted polymer
micro-ring using the silicon mold after the thermal oxidation and BHF etching step. We see a
major improvement in the sidewall roughness compared to Fig. 1(b). Most of the sharp ripple-
like roughness and small holes on the sidewall seen in Fig. 1b have disappeared in Fig. 1(c).

After fabrication, the polymer micro-ring transmission spectra were characterized using a
tunable laser (Santec TSL-220) with a wavelength range of 1530-1610nm. The laser’s line-
width is much smaller than the resonance peak line-width of the polymer micro-ring. The
input light polarization was controlled by a fiber based optical polarization controller. In order
to make our measurements consistent, we fixed the input light as TE polarization.
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3. Polymer micro-ring’s loss characterization

The Q factors of waveguide-coupled micro-rings can be classified as two components: Qjinsic
and Ocoupre, Where the former is the Q of an isolated resonator and the latter takes into account
of the coupling loss to the bus waveguide. Qi insic 1S primarily limited by the optical losses in
an isolated resonator, and can be attributed to these loss mechanisms: radiation loss, surface
scattering loss, material absorption loss. Therefore the micro-resonator’s overall Q factor can
be expressed as:

1 1 1 1 1 1 1
= + = + + + , 1)
Qtotal Qim rinsic Qcmtple Qrad Qscatt Qabs Qcouple

where O,44, Oscans and O,y are radiation loss-related Q, surface scattering loss-related Q, and
absorption loss-related Q, respectively. The total loss-related Q and coupling related Q can be
extracted from the fitted transmission spectrum [23], the radiation related Q can be obtained
from the simulation, the absorption loss-related Q can be measured from a thermal bi-stability
effect (will be described in more detail below), and finally the scattering related Q can be
extracted from Eq. (1).
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Fig. 2. Transmission spectrum of polymer micro-ring fabricated from the mold (a) without
resist reflow process, (b) with resist reflow process, (¢) with resist reflow and thermal oxidation
process. All the black dot curves are experimental data and red line curves are Lorentz fitting
curves

Figure 2(a) and 2(b) show the transmission spectrum of a polymer micro-ring imprinted
using the silicon mold without and with resist reflow process, respectively. Figure 2(a) shows
the total Q of around 1 x 10, and Fig. 2(b) shows the total Q of around 3 x 10*. The
amplitude attenuation factor can be obtained from the micro-ring transmission equation,
which can be expressed as:

7’ +a’* —2arcosg

T= 2 2 >
1+7°a” —2arcos @

@
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where 7 is the field coupling coefficient between the input and output port, a is the amplitude
attenuation factor, and ¢ is the round trip phase. The amplitude attenuation is due to the
various optical losses in the micro-ring, and therefore can be used to obtain the O;,yinsic- The
amplitude attenuation factor a is related to the intrinsic Q by the following equation [24]:

2
47°Rn o

Qinl rinsic W
0

3

where R is the radius of the micro-ring, n. is the effective refractive index of the resonance
mode and 2, is the resonance wavelength. By fitting with Eq. (2), we can get the field
coupling coefficient between the input and output port z = 0.990 and the amplitude attenuation
factor @ = 0.925 for the micro-ring device fabricated using the mold without the resist reflow
process. The calculated intrinsic Q according to Eq. (3) is around 1.2 x 10*, corresponding to a
propagation loss of 22.7 dB/cm. For the device created from the mold with the resist reflow
process, we find that the field coupling coefficient between the input and output port 7= 0.996
and the amplitude attenuation factor a = 0.975. The calculated intrinsic Q is around 3.5 x 10,
corresponding to the propagation loss of 7.7 dB/cm. Therefore the resist reflow process can
reduce the optical propagation loss by a factor of 3. Figure 2(c) shows the transmission
spectrum of the waveguide coupled micro-ring devices fabricated from the mold made with
the process including the resist reflow and thermal oxidation steps. The total Q is fitted to be
around 1.1 x 10°, and the field coupling coefficient between the input and output port is found
to be 7 = 0.99946 while the amplitude attenuation factor is @ = 0.994. The intrinsic Q is
calculated to be~1.5 x 10°, which represents propagation loss of 1.8 dB/cm. The thermal
oxidation step further helps with reducing surface roughness leading to a total reduction of
propagation loss by more than one order of magnitude.

COMSOL multi-physics software was used to simulate the radiation loss of the polymer
micro-ring devices [25]. By taking the advantage of the axial-symmetry of the resonance
modes in the micro-ring, the 3-dimensional eigenvalue problem can be transformed to an
equivalent 2-dimensional problem. The exact dimensions of the micro-rings which are used in
the simulation were obtained from scanning electron microscope (SEM) while the refractive
index of polymer was found using spectroscopic ellipsometry. By solving the eigenvalue
problem in COMSOL, we obtained the eigen frequency for the transverse electrical mode’s in
the micro-ring with real part equal to 1.930625 x 10'* and imagery part equal to 1.00754 x 10°
Hz. Therefore the radiation loss-related Q = Re(w)/2Im(wm) [26] is 9.6 x 10°.

To determine the absorption loss-related Q factor in the polymer micro-ring, we adopted a
method based on the thermal-instability phenomenon of polymer resonators. We measured the
transmission spectrum for different input powers, and the results are shown in Fig. 3. When
increasing the input power, we found that the transmission spectra exhibit two notable
changes: (1) the resonance peak shifts to a shorter wavelength, which is mainly due to the
negative value of the opto-thermal coefficient of the polymer, and (2) distortion of resonance
line shape, which is due to the material absorption induced thermal bi-stability effect [27]. The
absorption loss-related Q can be extracted from the linear relation between the internal cavity
energy and absorbed power by following the method described in Reference 28. Assuming
steady-state condition, the absorbed power in the cavity can be expressed P, = AT/Ry,, where
AT is the temperature change in the cavity, and Ry, is the effective thermal resistance, which
includes the thermal resistance of the heat sink from the polymer cavity to ambient and
thermal resistance of cavity itself. This was modeled using COMSOL multi-physics and found
to be 9.5 x 10° W/K. The absorbed power then can be expressed as:

p-— L )

abs
l(a + ldnj R,
ndTl
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where 7 is the refractive index of the polymer, 4 is the resonance wavelength, dn/dT is the
thermo-optical coefficient,a is the thermal expansion coefficient and A4 is the resonance
wavelength shift. Figure 4 shows the power dependence of the absorption effect from of the
polymer micro-ring. The intra-cavity energy (U,) is calculated according to the Reference 28.
The linear absorption related coefficient yj, = Povy/U. was extracted and found to be 5.6 x 10°
Hz, which can be used to calculate the absorption loss-related Q = w/y;, = 2.1 x 10° [28]. This
corresponds to a material absorption loss of 1.3dB/cm for the polystyrene used in our devices,
which is consistent with the published data [29].
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Fig. 3. Transmission spectra of polymer micro-rings with different input power.
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Fig. 4. Relationship between intra-cavity energy and absorbed power.

Finally, the surface scattering loss-related Q can be calculated from the Eq. (1) and is ~1.2
x 10° and the surface scattering loss can be shown as low as 0.23 dB/cm. From this analysis,
we know that the dominating loss in polymer micro-rings at 1.55 pm wavelength range is the
material absorption loss (~1.3dB/cm), which is attributed to the carbon-hydrogen bonds
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harmonic absorption in the near-IR range. Such absorption loss can be minimized by replacing
H with F atoms. Fortunately, in the visible wavelength range, polymer materials can have an
absorption loss as low as 0.004dB/cm [30]. Therefore, we believe that our polymer micro-
ring’s total Q can be greatly increased by moving the working wavelength from the NIR to the
visible range.

4. Acoustic sensitivity characterization

A 20 MHz unfocused transducer (V316, Panametrics NDT, Waltham, MA) was used to
characterize the ultrasonic sensitivity of the high Q polymer micro-ring. During the
experiment, the micro-ring device was immerged in de-ionized (DI) water which was used as
a coupling medium for the acoustic wave. The device’s transmission spectrum (Fig. 5(a)) were
measured in DI water and found to have a Q factor of 2 x 10* and 93% of the optical power
has been coupled into micro-ring resonators at the resonance wavelength. The intrinsic Q of
the polymer micro-ring in water is fitted to be 4 x 10*, which is nearly 4 times lower than that
in air. This reduction of Q is mainly due to the increase in bending loss due to a reduced
refractive index contrast between the waveguide core and the water cladding and absorption
loss by the surrounding DI water. The transducer is driven by a 10 V peak-to-peak one cycle
20 MHz sinusoidal wave, outputting a peak pressure of 30 kPa, which was calibrated by a
commercial hydrophone. The laser input was set at 1555.975 nm wavelength and the power at
5 mW. When the acoustic pressure pulse is incident on the polymer micro-ring, it modulates
the resonance wavelength and therefore the output power at a fixed probing wavelength.
Figure 5(b) shows the recorded signal trace from a single-shot acoustic wave. The device
produces an output of 1089 mV with an input of 30 kPa acoustic pressure, which means the
device’s acoustic sensitivity is around 36.3 mV/kPa. This is 3.3 times larger than what we
recorded previously using a device with Q of ~6000 and the same measurement system [17],
including the laser, photodetecor, and oscilloscope. The root-mean-square noise levels were
1.8, 2.7, and 3.2 mV for 1-25, 1-50, and 1-75 MHz bandwidths, respectively. Thus, the
corresponding NEPs are 51, 74, and 88 Pa for 1-25, 1-50, 1-75 MHz bandwidths,
respectively. Therefore we have improved the NEPs nearly three times as compared with our
previous best result of 230 Pa, which represents the highest sensitivity ultrasound transducer
of similar physical size.
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Fig. 5. (a) Transmission spectrum of polymer micro-ring immerged in DI water. (b) Single shot
of acoustic waveform measured by high Q polymer micro-ring.

5. Summary

By using a new fabrication process including resist reflow and thermal oxidation processes,
we have successfully fabricated a silicon mold with smooth sidewalls. The imprinted devices
can achieve an intrinsic Q factor as high as 1.5 x 10°, which corresponds to an optical
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propagation loss of 1.8 dB/cm. Different optical loss mechanisms have been studied to obtain
the two important loss parameters: absorption loss of 1.3 dB/cm and surface scattering loss of
0.23 dB/cm, respectively. By using our high Q polymer micro-rings as ultrasonic sensors, we
have achieved ultrasound detection sensitivity of 36.3 mV/kPa at 240 uW operating power.
Due to the increased Q factor of the polymer resonator, we have obtained 3 times lower NEP
as compared with our previous work. Further reduction of the NEP is possible by making
higher Q micro-rings. This can be achieved, based on our analysis, by designing the micro-
rings to operate at visible optical wavelength where the absorption loss of polymer and water
(used as a coupling media in ultrasound experiment) is much lower.
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