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ABSTRACT: In this work, we have demonstrated a hybrid TiO,—Si;N, ring resonator with a
high-Q_and a temperature-insensitive resonance. The waveguide consists of a thermo-optic
positive Si;N, slab and a negative TiO, overcladding. The TiO, layer has a shallow ridge
structure, which has been designed to realize an athermal operation and maintain a low
scattering loss. During the fabrication of this waveguide, there was no need to utilize the dry-
etching process. The method affords a straightforward fabrication and a precise control over the
waveguide dimensions. As a result, the ring resonator exhibits a high Q value of 1.55 X 10°, a
low propagation loss of 0.4 dB/cm, and a small temperature-dependent wavelength shift of 0.14

pm/°C between 25 and 60 °C.
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H igh-Q ring resonators are a crucial component in various
optical devices, such as fre%uency combs, sensors,
electro-optic modulators and so on.'® Of the various materials
available for fabricating a resonator-on-a-chip, Si;N, has been
recently utilized in integrated optical devices because of its wide
transparent window ranging from the visible to infrared
wavelengths as well as its high refractive index of ~2.0 enabling
a strong confinement of the optical mode. Additionally, Si;N,
has a high Kerr nonlinearity but a low two photon and free
carrier absorption at 1550 nm, which is preferred for the
parametric oscillation application."”” However, one problem of
high-Q ring resonators in practical applications is a remarkable
temperature sensitivity due to the materials’ thermo-optic
coefficient (TOC). Actually, Si;N, has a TOC of 4 X 107%/°C,
which means that the temperature drift results in a variation of
the Si;N, refractive index® This refractive index variation
induces a change in the effective index and propagation
constant of the waveguide, and thus significantly disrupts the
designed phase relation in a ring resonator. In fact, Si;N, ring
resonators with a Q-factor of 3 X 10* tunes out of its resonance
(transmission change > 3 dB) with only 1 °C change in
temperature. Clearly, it is desirable to realize an athermal
operation for the optimized application of Si;N, ring
resonators.””

Several approaches have been proposed for the athermaliza-
tion of ring resonators, such as active temperature control,
temperature drift compensation by on-chip referencing, and the
adjustment of TOC in the waveguide.'°~"* Among them, TOC
adjustment is an effective and simple method.'”'® In this
waveguide, a cladding material having a negative TOC is coated
onto the core having a positive TOC. When the optical mode is
correctly distributed in the cladding and the core, the thermo-
optic effect is counterbalanced in the waveguide and thus a

-4 ACS Publications  © 2015 American Chemical Society

405

TiO,

SigN,

Si0,/8i

Transmission (dB)

1850 1851 1552
Wavelength (nm)

1849

. 1 13-15
temperature-independent resonator can be realized.

Among the negative TOC materials, titanium dioxide (TiO,)
has been recently investifgated and applied in the athermal Si or
Si;N, ring resonators.”’®'” In these rings, the temperature-
dependent wavelength shift (TDWS) can be reduced to ~0.07
pm/°C.>"7 However, such athermal ring resonators showed a
relatively high propagation loss 3—10 dB/cm, as a consequence
the Q value reported is relatively small, in the order of 10°. Such
measured Q values are much lower than the original Si or Si;N,,
rings.'®'” Due to the refractive index contrast between TiO,
and the core (Si or Si;N,), the waveguide core in all the
previous athermal ring publications must be etched to form a
channel structure to obtain an adequate modal confinement in
the TiO, cladding. In such a structure, etched-sidewall
scattering becomes the primary contributor to the loss.'”*’

In this work, we have fabricated a shallow ridge TiO,—Si;N,
waveguide to realize an athermal, ultralow loss, and high-Q ring
resonator. We used the Si;N, as the slab layer, TiO, as the over
cladding layer, and SiO,/Si as the substrate. Throughout the
fabrication procedures dry-etching is not necessary to obtain
the designed ring structure. The dimensions of the waveguide
such as the slab thickness, width, and ridge height are optimized
by using the light propagation calculation method for the best
optical mode confinement and the athermalization. As a result,
the obtained ring resonator showed a TDWS of 0.14 pm/°C
within the temperature range of 25—60 °C, a propagation loss
of 04 dB/cm, and a Q value of 1.55 X 10° around the
telecommunication wavelength.

Figure la shows the designed cross-section of the hybrid
TiO,—Si;N, waveguide for TE mode athermal operation at
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Figure 1. (a) Designed cross-section of the athermal hybrid TiO,—
Si;N, waveguide, and (b) the simulated TE, mode distribution.

1550 nm. The height of the Si;N, and TiO, slab are 300 and 80
nm, respectively. The TiO, rib has a width of 3.5 ym and a
height of 60 nm. In our simulations, the waveguide supports
three TE modes: TE;, TE, and TE,. However, the TE, and TE,
are expected to be excited weakly in the waveguide and
diminished in the microring. The optical power will be
dominantly confined in the TE; mode, which enables a deep-
resonance in the microring. Figure 1b shows the simulated TE,
mode of the waveguide obtained by using the optical mode
calculation of Rsoft, indicating a modal confinement of ~78%
existing in the hybrid TiO,—Si;N, core. For comparison, we
also considered an athermal single-mode TiO,—Si;N, wave-
guide having a rib width of 1 m. According to the simulations,
the waveguide designed in Figure 1 has a light confinement of
~10% higher than that obtained in the single mode. Such an
elevated confinement property will be highly beneficial to afford
a low bending loss ring, thus, providing a high-Q ring resonator.
In addition, Figure 1b shows a mode diameter of 5.0 and 1.0
pum in the horizontal and vertical directions, respectively. Since
this mode size is comparable to the beam size from a
conventional single-mode fiber, an effective light coupling
between the waveguide and the optical fiber is possible.

Generally, TDWS in a ring resonator can be expressed by
using the following equation:

dﬂm dneff ) ﬂ.m
dT dT

= (neff “Asub +

Mg (1)
where dA,,/dT is the TDWS, 4, is the resonant wavelength, n.g
is the effective refractive index of the waveguide, ag,, is the
substrate exgansion coefficient, and n, is the group index of the
waveguide.1 1% We used the measured refractive index and
TOC of 2.30 and —1 X 107*/°C for TiO,, 1.98 and 4 X 107°/
°C for Si;N,, and 1.45 and 1 X 107°/°C for SiO,. The SiO,
substrate has an ag, of 2.6 X 107°/°C."* Since the Si;N, and

TiO, thin films can be deposited precisely with the desired
thicknesses, we estimated the optimal TiO, rib structure for the
athermal condition. Figure 2a shows the calculated TDWS at
different TiO, rib thicknesses by using eq 1. It can be observed
that the TDWS is adjusted dA,,/dT = 0O position when the
thickness of the TiO, rib is 60 nm. We also considered the
accuracy of the calculation in terms of the deviation of the
materials refractive index. In our experiment, by using the
prism-coupling technique, the deviation of the TiO, refractive
index was shown to be =+0.0005. Therefore, we plotted a
potential TDWS against the change of refractive index between
+0.001 and —0.001. The calculation shows that the wavelength
shift is only ~0.02 pm by a change in the refractive index of just
0.000S. Our estimation suggests that the true refractive index
and TOC deviations should affect the TDWS, but the athermal
ring resonator can be fabricated with a minimum TDWS
property.

The fabrication of the hybrid TiO,—Si;N, waveguide is
illustrated in Figure 3. A SizN, film with a thickness of 0.3 ym
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Figure 3. Fabrication process flow: (a) sputtering of a TiO, film (80
nm) onto a Si;N,/SiO,/Si wafer; (b) patterning of the microring in
the EB resist; (c) sputtering of a TiO, film (60 nm); (d) lifting-off the
EB resist.

was deposited onto a SiO, (2 #m)/Si (500 pm) substrate using
a plasma chemical vapor deposition (SAMCO PD-220) of a
mixture of SiH,, NH;, and N, O at 300 °C. Subsequently, an 80
nm thick TiO, film was RF sputtered with a deposition rate of 2
nm/min (Figure 3a). The TiO, film prepared under controlled
temperature below 80 °C is amorphous, and it is thermally
stable when the device works lower than 300 °C. Then, the
microring pattern was exposed in an electron beam (EB) resist
on the TiO, film using a S0 keV EB lithography system
(ELIONIX ELS7500, Figure 3b). ZEP-520A (ZEON) was used
as the resist with a thickness of 350 nm after spin coating. A 60
nm thick TiO, film was deposited onto the patterned resist
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Figure 2. (a) Calculated TDWS of the waveguide at different TiO, rib thicknesses. (b) Change of TDWS with the possible deviation in TiO,

refractive index.
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(Figure 3c). Finally, the EB resist was removed by lifting-off
using N,N-dimethylacetamide as the remover and the microring
structure was transformed to the 60 nm thick TiO, film (Figure
3d).

Figure 4a,b shows the SEM images of the hybrid TiO,—Si;N,
ring resonator. The ring has a radius of 200 #m and a bus-ring
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Figure 4. SEM images of the ring resonator: (a) top view, (b) bus-ring
gap, (c) cross-section, and (d) zoom-in corner.

gap of 400 nm. In Figure 4c,d, the cross-section indicates that
the fabricated waveguide has the identical dimension to the
designed one. The waveguide width of 3.50 ym and thickness
of 142 nm can be clearly measured by using SEM. In the highly
magnified image the slab thickness and rib height are observed
to be 81 and 61 nm, respectively. The measured dimension is
only 1 nm thicker than the designed structure. Such a highly
precise fabrication can be attributed to (1) the controllable RF
deposition of the TiO, film with a minimum rate of 2 nm/min;
(2) EB lithography with a 10—50 nm resolution; and (3) lift-off
to make a 60 nm height shallow ridge. This precise control of
the waveguide dimension is preferred to achieve an optimal
athermalization, which is relatively difficult to be achieve when
using the dry-etching technique.

The transmission spectra of the microring were measured
using an end-fire fiber coupling system. Light from a tunable
laser source (TLS-510, Santec) was coupled into the waveguide
in TE mode through a polarization-maintaining lensed fiber,
and the wavelength was scanned with a 10 pm step. The sample
was placed on a heater in order to test the TDWS between 25
and 60 °C. Finally, the output light from the waveguide was

collected using another fiber and connected to a photodetector
to obtain the transmission spectrum.

Figure 5a shows the transmission spectrum of the ring within
the wavelength range of 1548.5—1552.0 nm at 25 °C. Four
sharp resonance peaks were observed with a ~5.5 dB extinction
ratio and a relatively flat transmission spectrum between the
adjacent peaks. The measured spectrum indicates that most of
the optical power is in the TE, mode. This is consistent with
our expectation that only the TE;, mode excites in the
microring. Subsequently, we focused on one resonance peak
at 1549.8 nm and obtained a high resolution spectrum by
scanning the laser wavelength with a 1 pm step. Using a
Lorentz fit to the signals in Figure Sb, we determined that the
full width at half-maximum (FWHM) of the spectrum was 0.01
nm, giving a Q-factor of 1.55 X 10°. This is a record for high-Q
athermal ring resonators. Although fabrication of the ring with a
deeper extinction ratio is possible, we chose a high-Q operation
in this work to determine the detail of the athermal properties.
An enhanced resonant extinction can be obtained by improving
the coupling condition between the bus and ring.

The ring is under-coupled at 1549.8 nm, so the propagation
loss a in the ring, including bending loss, scattering loss and
material absorption loss, can be expressed by

AO
o= —-—
Q RFSR @

2Q
Q=T
1+ % 3)

where A, is the wavelength of one resonance peak, R is the
radius of a ring, FSR is the free spectral range, and T, is the
fraction of transmitted optical power at 4o Using our ring
having a radius of 200 ym, FSR of 0.9 nm, and T, of 0.27 at the
Ao = 1549.795 nm, the propagation loss of the fabricated ring
resonator was estimated to be 0.4 dB/cm. Since the modal
confinement of the light dominates in the waveguide core and
the sidewalls are relatively smooth, the scattering loss can be
expected to be smaller than 0.05 dB/cm. In addition, TiO, and
SizN, has a material absorption loss of ~0.4 and <0.03 dB/cm,
respectively.”>>* Since the confinement factor of the TiO, layer
in the waveguide is approximately 20% in Figure 1b, the
material loss contribution to the waveguide should be ~0.1 dB/
cm. According to these possible estimations, we obtain a ring
bending loss of 60% of the total ring propagation loss. The
improvement of the bending loss, for instance by using a larger
ring radius, enables the higher Q factors.

Figure 6(a) shows the fitted transmission spectra of the
hybrid TiO,—Si;N, ring resonator measured at 25 and 60 °C.
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Figure S. (a) Transmission spectrum of the ring measured at 25 °C and (b) high resolution spectrum of one resonant peak (outlined in red in (a)).
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Figure 6. (a) Transmission spectra of the microring resonator at 25 and 60 °C and (b) linear fitting of the resonant wavelengths at different

temperatures.

Between these two temperatures, the resonance peaks have
only a 49 pm shift and little change in the Q values and
extinctions. In Figure 6b, the linear fitting of resonance
wavelengths to the various temperatures was obtained,
indicating that the TDWS of the microring was 0.14 pm/°C
(blue-shift). Considering the ring resonator previously reported
in the SizN,/SiO,/Si waveguide with a TDWS of 10 pm/°C
(red-shift),” the hybrid TiO,—Si;N, ring resonator in this work
has achieved a significantly reduced TDWS. Measured nonzero
TDWS is presumably attributed to the deviations of materials,
which cannot be corrected in the calculations. Since the
resonance peak of the hybrid TiO,—Si;N, ring is blue-shifted at
elevated temperatures, the TDWS can be further reduced by a
more careful control of the TiO, and Si;N, thickness to result
in the correct optical mode balance between these two layers.
The TOC of TiO, is constant between 18 and 120 °C and its
material dispersion is small (0.001) between 1545 and 1SS
nm.>*** The TDWS will be relatively small with a 0.001
refractive index change as shown in Figure 2b, so our device can
have a small TDWS within a certain range.

In summary, an athermal hybrid TiO,—Si;N, ring resonator
has been designed and experimentally demonstrated. The dry
etching-free fabrication technique and the shallow ridge
structure enable the ring resonator to have a very small
scattering loss. The Q value of the ring resonator was 1.55 X
10° and its propagation loss was 0.4 dB/cm. A TDWS of 0.14
pm/°C was measured as the result of the adjusted TO property
between the Si;N, slab and TiO, cladding. Our method should
be also applicable to a range of other optical materials with a
positive TOC, such as SiO,, lithium niobate, and optical glass.
Furthermore, our athermalization technique can be exploited to
fabricate a range of temperature-sensitive waveguides, such as
Mach—Zehnder interferometers, filters, arrayed waveguide
gratings, and so on.
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