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Abstract: We demonstrate a tunable band-stop optical filter on a germanium-on-insulator
photonic platform operating at 1.95 μm wavelength. The band-stop filter is implemented
using parallel-coupled microring resonators with the number of microring resonators varied
from one to. three. Through the use of a heating stage, the thermo-optic coefficient of germa-
nium is measured to be +3.55 × 10−4/°C. The high thermo-optic coefficient of germanium
is exploited by including metal heating lines to provide localized on-chip tuning. As predicted
by theoretical analysis, our experimental results show that when the number of microring
resonators increases, the −3 dB bandwidth and extinction ratio of the optical filter increases.
With the number of microring resonators increases from one to three, the −3 dB bandwidth
of the filter increases from 0.283 to 0.661 nm and the extinction ratio from 9.56 to 22.10 dB.

Index Terms: Tunable filter, optical resonators, thermal effects.

1. Introduction
As the desire for more global data traffic and communication bandwidth increase exponentially in
recent years, much interest has been directed towards photonics as the platform for the realization
of “More than Moore” micro/nano-systems [1], [2]. In particular, in order to extend beyond the
telecommunication wavelengths, recent research interests have been concentrated around mid-
infrared (MIR) photonics. Germanium (Ge) has recently emerged as an ideal optical material for
MIR photonics due to its large transparency window in the MIR wavelengths as well as the possibility
of integration with lasing and light detection devices based on strained Ge and germanium tin (GeSn)
material constellation [3]–[5]. Ge also has higher refractive index of around 4.1 and around ten times
larger Kerr coefficient than Si [6]. For tuning of the photonic performance through thermo-optic effect,
Ge also proves to be a more superior material choice for its higher thermo-optic coefficient than
Si [6], [7].

An optical filter, in the form of a band-stop filter, is an essential component for any photonic
communication network in order to remove an unwanted channel from multiplexed channel outputs.
One of the more promising design architectures for such band-stop filter is the use of parallel-
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Fig. 1. (a) Schematic of the tunable GeOI band-stop filter with heater lines and (b)–(e) fabrication
process of GeOI band-stop filter.

coupled microring resonators where the −3 dB bandwidth and the extinction ratio is dependent on
the number of cascaded microring resonators [8]–[10]. However, in view of fabrication variations,
it is often difficult to achieve identical microring resonators [11]. In order to overcome this, the
usage of an overlaying heater to induce thermo-optic tuning is often deployed [12]–[14]. Due to
the much higher thermo-optic coefficient of Ge, such tuning proves to be more efficient and hence
power-saving. In order to fully harness the optical advantages of Ge, we have previously realized
high quality germanium-on-insulator (GeOI) photonic platform [6]. Compared to other Ge photonic
platforms such as Ge-on-silicon (GOS) and Ge-on-silicon-on-insulator (SOI), GeOI offers better
optical confinement due to higher refractive index contrast [15]. More importantly, thermo-optic
tuning on both GOS and Ge-on-SOI photonic platforms face the problem of heat retention and
hence higher power consumption. As the thermal conductivity of silicon (Si) is relatively high at
130 Wm−1K−1 [16], the underlying Si layer effectively acts as a heat sink, hence preventing any
efficient heating on the Ge photonic patterns. In order to prevent such heat loss, undercutting the Si
for GOS or silicon dioxide (SiO2) for Ge-on-SOI is utilized which vastly complicates the fabrication
process [17], [18].

In this study, a tunable band-stop filter is implemented on a GeOI photonic platform. By using
various numbers of parallel-coupled microring resonators, the −3 dB bandwidth and extinction
ratio can be controlled. As mentioned above, when the number of microring resonators increases,
fabrication variations cause the resonance wavelengths of the various microring resonators to
differ slightly. To overcome this, Ni metal lines are used to induce thermo-optic effect through joule
heating. As the thermo-optic coefficient of Ge is much higher than Si, it is expected that lower power
is required [19]. At the same time, such thermo-optical tuning is typically able to provide a tuning
speed in the range of 0.1 ms [20]–[24]. When the number of microring resonators increases from
one to three, it is observed that the −3 dB bandwidth increases from 0.377 nm to 0.661 nm and the
extinction ratio increases from 12.249 dB to 22.098 dB.

2. Device Design and Fabrication
Fig. 1(a) shows the schematic of the tunable GeOI band-stop filter. In order to ensure single mode
operation, the thickness of the Ge layer is controlled to be around 240 nm and the waveguide is
designed to be 500 nm. The radius of the microring resonator is 20 μm and the gap from the
waveguide is 100 nm. A nickel (Ni) metal line of 3 μm wide and 120 nm thick is implemented
on each microring resonator to provide localized tuning. The distance between adjacent microring
resonators is 50 μm so as to achieve optical and thermal isolation.

Fabrication of the device begins with previously demonstrated Smart-cut process to produce the
GeOI wafer as shown in Fig. 1(b) [6], [25], [26]. An electron beam lithography (EBL) and deep
reactive ion etching (DRIE) are first performed to define the grating couplers which includes a half-
etch of the Ge layer as depicted in (c). A subsequent EBL and DRIE are done to define the microring
resonators and waveguides, as shown in (d). The structures are then cladded using 1-μm-thick SiO2

using plasma-enhanced chemical vapor deposition (PECVD). Finally, as shown in (e), Ni metal lines
are sputtered and defined using lift-off process. The scanning electron microscope (SEM) image of
the fabricated single microring resonator structure is shown in Fig. 2(a). The microscope image of
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Fig. 2. (a) SEM image and (b) microscope image of the fabricated devices.

Fig. 3. Theoretical analysis of the band-stop filter with one to three microring resonators.

the fabricated devices with one to three microring resonators is shown in (b). A corrugated design
is used for the Ni heater lines to increase the resistance and better heat concentration above the
microring resonator designs.

3. Modelling and Experimental Results
A combination of finite-difference time-domain (FDTD) and theoretical analysis are used to simulate
the performance of the band-stop filter. A theoretical approach is adopted in order to avoid the
large computation resource needed for FDTD simulations when multiple ring resonators are used.
Using FDTD simulation, the performance of a single microring resonator is first simulated. The
simulated Q-factor is around 8000 and the extinction ratio is 12.44 dB. A calculative analysis is
then implemented to match the resonance. The loss coefficient of the ring, α, is 0.935. The output
power, Pt , of the microring resonator can be calculated using

Pt = |E t |2 = α2 + |t|2 − 2α |t| cos (θ + ϕ)

1 + α2|t|2 − 2α |t| cos (θ + ϕ)

where t = |t|exp(jϕ) and θ = βL is the single pass phase shift, with L the round-trip length and β the
propagation constant of the circulating mode. |t| and ϕ represent the coupling losses and phase
of the coupler between the microring resonator and waveguide and are set to 0.96 and 1.01 rad
respectively. The transmitted power is 0 on the critical coupling condition that |t| is equal to α [27].
Using these parameters, the performance of the band-stop filter using one to three rings are shown
in Fig. 3. As depicted, the bandwidth and extinction ratio of the band-stop filter increases from
0.35 nm to 0.70 nm and 12.25 dB to 36.74 dB when the number of microring resonators increases
from one to three.

The thermo-optic coefficient of Ge is first experimentally investigated by varying the temperature
of the sample stage from 20°C to 30°C. The resonance of a single microring resonator is found to
have redshift by 0.179 nm/°C, as shown in Fig. 4(a). The corresponding thermo-optic coefficient
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Fig. 4. Measurement of a single microring resonator by (a) changing the temperature of sample stage
and (b) using various power on the Ni metal line.

Fig. 5. Measurement of the band-stop filter with two microring resonators using various power on the
Ni metal line on R1.

of Ge can hence be calculated to be +3.55 × 10−4 /°C, which is more than twice of Si which is
+1.60 × 10−4 /°C. Similarly, by applying current through the Ni metal lines, localized joule heating of
the microring resonator can also be achieved. The resistance of the Ni metal line is measured to be
around 0.99 k�. The measurement of a single microring resonator using the Ni metal line heater is
shown in Fig. 4(b). As shown, the resonance wavelength of the microring resonator follows a redshift
as the power in the metal line increases. When the power through the metal line is 15.60 mW, the
resonance wavelength shifts by 3.159 nm. After removing the coupling efficiency of the grating
couplers used, the insertion loss of the filter is also estimated to be around 5 dB.

As the number of microring resonators increases, it was found that numerous resonances are
observed. This is due to fabrication and thickness variation across the device. Fig. 5 shows the
measurement result of the band-stop filter with two microring resonators. Due to the abovemen-
tioned variations, it is found that the resonance of R1 is at a slightly lower wavelength than the
resonance of R2. In order to overcome this, the Ni metal line on R1 is used to tune the resonances
to a single wavelength. As power is applied on R1, the resonance of R1 redshifts as expected
while the resonance due to R2 is remains stationary. When a power of 3.06 mW is applied on R1,
the resonances of the two microring resonators combine at 1962.267 nm, resulting in a boarder
band-stop bandwidth and higher extinction ratio.

When the number of microring resonator increases to three, similar phenomenon of numerous
resonances is also observed, as shown in Fig. 6(a). It is noted that R1 displays a slight resonance-
splitting which can be attributed to the rough sidewalls induced in the fabrication. This causes the
presence of propagating and counter-propagating modes in R1 which interact and result in a split
resonance [28], [29]. When R1 is tuned at a power of 9.05 mW, the resonance of R1 combines with
the resonance of R3. An identical approach is used to tune the resonance of R2 to combine with
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Fig. 6. Measurements of the band-stop filter with three microring resonators (a) using various power on
the Ni metal line on R1 and (b) R2.

Fig. 7. Measurement of the band-stop filter with three microring resonators when power is applied to
both R1 and R2.

Fig. 8. Summary of results of band-stop filter with different number of microring resonators.

the resonance of R3 as shown in (b). In this case, a power of 2.28 mW is required. As depicted in
Fig. 7, when the appropriate powers are applied to R1 and R2 simultaneously, the resonances of
the three microring resonators are tuned to a single wavelength of 1962.833 nm.

The measurement results of the band-stop filters are summarized in Fig. 8. Both the power density
and wavelengths are normalized for easier comparison across the different designs. As predicted
by theoretical analysis, when the number of microring resonators increases, the bandwidth of the
band-stop filter increases. When there is one microring resonator, the 3 dB bandwidth is 0.283 nm
and it increases to 0.378 nm and 0.661 nm when the number of microring resonators increases
to two and three respectively. The extinction ratio of the band-stop filter also displays similar trend
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Fig. 9. Comparison of the measured and theoretical (a) bandwidth and (b) extinction ratio with various
number of microring resonators.

when it increases from 9.560 dB in a single microring resonator design to 11.830 dB when there
are two microring resonators. When three microring resonators are utilized, the extinction ratio
is 22.098 dB. Higher extinction ratio is not obtained due to the measurement limit of the optical
spectrum analyzer that is used in the setup.

The measurement results of the band-stop filters are compared with theoretical analysis as
depicted in Fig. 9. As shown from the theoretical analysis in (a), when the number of microring
resonator increases, the bandwidth of the band-stop filter increases as well. This is also true for
the extinction ratio which escalates linearly with the number of microring resonator as presented
in (b). Although the measurement results deviate from the theoretical analysis due to significant
fabrication variations, the increasing trends are present in both cases. Based on the need and
requirement of the application, the proposed band-stop filter can be utilized with an appropriate
number of microring resonators [30]–[32]. As shown experimentally, the thermo-optic coefficient of
GeOI is around +3.55 × 10−4 /°C, which is more than twice of Si. By harnessing the enhanced
thermo-optic coefficient of the GeOI platform, a more efficient thermal tuning can be realized. As
thermo-optic coefficient is a material property, this indicates that GeOI is a good candidate to
overcome the limitations faced by SOI platform.

4. Conclusion
In conclusion, we have demonstrated a tunable band-stop filter which is implemented on a GeOI
photonic platform. By using various numbers of parallel-coupled microring resonators, the −3 dB
bandwidth and extinction ratio of the band-stop wavelengths can be controlled. When only one
microring resonator is used, the device displays a bandwidth of 0.283 nm and an extinction ratio of
9.560 dB. When increasing the number of microring resonators, numerous resonances are observed
due to fabrication and thickness variations. In order to overcome this, Ni metal lines are used to
induce thermo-optic effect through joule heating. Due to the high thermo-optic coefficient of Ge of
+3.55 × 10−4 /°C, it is expected that lower power is required. It is also noted that adjacent microring
resonators are thermally isolated and are not affected by the heating. By utilizing this scheme, the
resonances of various microring resonators are tuned at an efficiency of 0.203 nm/mW to a single
wavelength. When two microring resonators are used, the −3 dB and extinction ratio measured
are 0.377 nm and 12.249 dB. The −3 dB and extinction ratio increase to 0.661 nm and 22.098 dB
when three microring resonators are implemented. This shows the feasibility of using such tunable
GeOI band-stop filter for future realization in communication systems.
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