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Abstract: Currently, most widely tunable lasers rely on an external diffraction grating to tune the
laser wavelength. In this paper we present the realization of a chip-scale Vernier tunable racetrack
resonator filter on the Ge-on-SOI waveguide platform that allows for wide tuning (108 nm free
spectral range) in the 5 um wavelength range without any moving parts. The fabricated racetrack
resonators have a loaded Q-factor of 20000, resulting in a side-peak suppression of more than 20
dB, which is more than sufficient for wavelength selection in an external cavity laser.
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1. Introduction

Besides the traditional telecom and datacom applications, silicon photonics is considered a
promising technology for a much wider range of applications. One of these applications is
spectroscopic sensing, which plays an important role in environmental monitoring, chemical
process control, security and medical applications [1,2]. The sensitivity of a spectroscopic sensor
can be significantly improved by operating in the mid-infrared wavelength region (3-12 ym
wavelength) due to the orders of magnitude higher optical absorption cross-section in this range
as compared to the telecom and visible wavelength range [3—6]. Due to high absorption of SiO,
layer in mid-infrared [7], the SOI platform is limited to operation up to 3.8 um [8]. Hence,
multiple silicon-based platforms have been explored for the implementation of midIR photonic
integrated circuits (PICs) beyond 3.8 um, some of which rely on a suspended Si membrane [9],
a silicon-on-sapphire layer stack [10] or graded index GeSi waveguides [11]. While bulk Si
is considered transparent only up to a wavelength of 8 um, Ge has low losses in the 2-14 ym
wavelength range [7], which - together with its compatibility with standard CMOS/MEMS
processes - makes it suitable for the implementation of midIR PICs. Recently, Ge-on-Si and
Ge-on-silicon-on-insulator (Ge-on-SOI) have emerged as platforms for sensing applications
beyond a wavelength of 4 um [12—-15]. The Ge-on-Si platform benefits from a simple fabrication
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Fig. 1. A widely tunable external cavity QCL/ICL without any moving parts: the rotating
grating is replaced by a tunable reflector on a chip. The tunable filter consists of a beam
combiner/splitter and a Vernier ring resonator filter in a loop configuration (a), a tunable
Vernier filter based on racetrack resonators that was used in the experiment (b).
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process and should provide a wider transparency window compared to the other silicon-based
mid-IR platforms. Unlike the Ge-on-Si platform, the Ge-on-SOI stack has an additional SiO,
layer, which allows for more efficient integrated thermo-optic phase shifters [16]. The Si device
layer in the SOI substrate of the Ge-on-SOI platform is thick enough to prevent overlap of the
Ge waveguide mode with the underlaying oxide, hence the mode does not incur losses from the
highly absorptive oxide at 5 um wavelength. The fabrication of devices on this platform can also
take advantage of the additional SiO; layer to under-etch parts of the PIC, such as to further
improve the efficiency of thermo-optic phase shifters and diffractive grating couplers [17].

An interesting implementation of widely tunable mid-IR lasers on this Ge-on-SOI platform is
to butt couple a midIR III-V gain chip to the silicon photonic IC that comprises a widely tunable
filter for the laser wavelength selection. Gain materials of interest in the mid-infrared are quantum
cascade (QC) structures [18] and interband cascade (IBC) structures [19]. Broadband gain
quantum cascade lasers (QCLs) have been demonstrated with watt-level output power operating
at room temperature in the mid-infrared region [20], while lower-power-consumption interband
cascade laser (ICL) structures are emerging as well [21]. Wavelength tuning however currently
relies mostly on incorporating an external grating which provides feedback to the laser and defines
its emission wavelength. Tuning by rotating the external gratings depends on a highly precise
rotation mechanism that is prone to instabilities. The implementation of a MEMS-based tunable
diffraction grating partly overcomes these issues [22], however the assembly process remains
cumbersome. To avoid these issues we can implement the external cavity on a chip aiming to
replace the external rotating grating. One of the gain chip/PIC designs that can be used for this
purpose is shown in Fig. 1(a). The QC or IBC gain chip has an outcoupling facet on the far end of
the cavity, while the other reflector consists of a thermally tunable Ge-on-SOI integrated reflector
for wavelength selection. The integrated reflector consists of a beam splitter/combiner such as a
1x2 multimode interferometer [16] and a Vernier racetrack resonator filter in a loop configuration.
In this paper we demonstrate the operation of a tunable Vernier racetrack resonator circuit
implemented on the Ge-on-SOI platform. We focus our work on the 5.25-5.4 um wavelength
range. In this wavelength region we can find absorption lines of acetylene, formic acid, ammonia
and many other compounds of interest [23].

2. Design and simulations

In Fig. 1(b) we show the device structure under study used to validate the functionality of the
tunable Vernier filter on the Ge-on-SOI platform in the 5 ym wavelength range. Two racetrack
resonators are implemented on the Ge-on-SOI waveguide platform with a 2 ym thick germanium
waveguide layer on a 3.2 um silicon bottom cladding and a 2 um thick SiO; layer. Heaters are
implemented on the side of the Ge waveguide. Fiber-to-chip grating couplers are used to interface
to the photonic integrated circuit.

The racetrack resonators have a transmission to the through port 7}, and the drop port Ty given
by [24]:
t?a* = 2t*acos ¢ + 12

1 —2t2acos ¢ + t*a?

T, - (1)

(1-1>)3a
T, = 2
47 1 22acos ¢+ t4a? @

where ¢ is the self-coupling coefficient. It is related to the cross-coupling coefficient « by
k*> + 1> = 1. a is the single-pass amplitude transmission of the racetrack resonator defined by
a = Ve~@@nr+2L) where r and L are the racetrack radius and the coupler length and « is the
power attenuation coefficient. ¢ = B(2nr + 2L) is the single-pass phase shift, with 8 being the
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Fig. 2. The simulated transmission spectra T,; of individual racetrack resonators (a) and the
transmission of the Vernier filter built with these racetracks (b). Simulation of a larger FSRy
Vernier filter (c).

propagation constant of the circulating mode. The racetrack resonator free spectral range (FSR)

. . 2

is determined by FSR = m,
FSRy, the FSR of the Vernier filter, realized by cascading the individual resonators, depends

on the individual FSRs of the racetrack resonators:

with ng the group index.

FSRFSR,

PSRy = Fsr —Fsks ®)

The simulated 7,; spectrum of individual rings with a radius of 100 um and 110 gm are shown
in Fig. 2(a), assuming a coupler length L = 30 um, while in Fig. 2(b) the combined transmission
of the Vernier filter is plotted. Here we assumed a group index ny = 4.2,¢ = 0.96 and a = 0.98.
In this design, FSR; and FSR; are 9.7 nm and 8.9 nm respectively in the 5 um wavelength
range, leading to a combined F'SRy of 108 nm and the side-peak suppression is >15 dB. The
transmission of the Vernier filter reaches a maximum where the resonant peaks of the individual
racetrack resonators overlap, which determines the lasing wavelength of the external cavity laser.
By thermally adjusting the position of the overlapping transmission peaks the lasing wavelength
can be tuned. The tuning range is limited by F'SRy . This free spectral range can be extended by
reducing the difference in FSRs of the individual racetrack resonators. Using ring resonators
with the same loaded Q-factor (~20.000 in the example above), but with a radius of 100 gm and
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Fig. 3. Coupling to the racetrack resonator as a function of the coupler length (a) and the
radiative losses per 90° bend (b).

102.5 um respectively, a combined free spectral range F SRy of 425 nm can be obtained at the
expense of a reduced side-peak suppression of 4 dB (Fig. 2(c)).

For the experiment discussed below, we have chosen to realize a Vernier racetrack resonator
tunable filter based on resonators with a radius r#; and r#, of 100 um and 110 um, respectively,
while the length of the coupler L was chosen to be 30 um in both resonators. This leads to an
FSR of the individual resonators of 9.7 nm and 8.9 nm respectively, similar to the numerical
example above. In this case the tunable filter could be characterized over an entire F'SRy of 108
nm with the available continuous wave QCL operating in the 5.25-5.4 um wavelength range.

The Ge-on-SOI single mode waveguide structures were chosen to be 2.2 um wide and fully
etched through the 2 um thick Ge waveguide layer, while the gap between the racetrack resonator
and bus waveguide was chosen to be 0.5 ym. The simulated power coupling efficiency as a

Coupling efficiency [%]

40 — Forward
coupling

Backward
coupling

[ l I y [ L I
5000 5200 5400 5600

Wavelength [nm]

Fig. 4. The simulations of forward and backward coupling to the waveguide by the grating
coupler.
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function of coupler length (TM-polarization), calculated using a full-vectorial FDE tool is shown
in Fig. 3(a). Due to etching process we used, Ge layer is not fully etched in the coupler region,
leaving a slab of 4,, = 450 nm. The simulated coupling efficiency for a coupler length of O um is <
0.1%, which indicates that the coupling in bends is negligible. This increases to 8% for a coupler
length of 30 um. The bend radiation loss per 90 degree bend of the fully etched waveguide at a
wavelength of 5.3 um is shown in Fig. 3(b) as a function of bending radius.

The grating coupler structures used to characterize the PIC by interfacing with a single mode
InF fiber [25] at 5.3 um wavelength, are etched 1 um deep, have a grating period of 1.45 um
and a grating duty cycle of 0.8 (duty cycle being the ratio of the width of the unetched part and
the period). 30 periods were implemented to have a good coupling efficiency to the InF fiber
with a mode field diameter of 18 um [17]. The fiber is tilted 5 degrees off-normal. The simulated
coupling spectrum in both forward and backward direction, when launching the fiber mode, is
shown in Fig. 4. The small fiber angle causes some coupling of light in the backward direction,
which in case of an abrupt termination of the waveguide causes back-reflections and interference.
Therefore, in order to reduce the reflections, the waveguide in the backward direction is tapered
down.

3. Device fabrication

A combination of electron-beam lithography and optical lithography is used to define the
Ge-on-SOI waveguide circuit, comprising a 1 um deep etch for the grating couplers and a 2 ym
deep etch for the waveguide structures and racetrack resonators (Fig. 5).

a) b) c)

N IO

d) e)

. metal mask resist - 2um Ge layer 1lum Ge layer

Fig. 5. Top view of the fabrication scheme for combining partially etched gratings and a
fully etched waveguide circuit, by combining electron beam and optical lithography.

In the first step we use a positive e-beam resist (AR-P 6200.09) to define a Ti/Cr (5 nm and
50 nm thick respectively) metal mask through a lift-off process, for the partial etching of the
gratings (Fig. 5(a)). Since we define only the gratings with positive e-beam resist, it is necessary
to protect the rest of the sample (Fig. 5(b)), for which we use a photoresist (AZ9260). CF4/H,
reactive ion etching is then used to do the 1 um deep partial etch (Fig. 5(c)). After etching, the
remaining photoresist is removed using acetone and isopropylalcohol, after which the metal mask
is removed using HF. A second e-beam lithography is then used to define the rest of the circuit,
including the fully etched racetrack resonators (Fig. 5(d)). We use the same positive resist as
in the first e-beam lithography to define a 5 nm Ti / 80 nm Cr hard mask through lift-off. The
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Fig. 6. The fabrication process for defining heaters for thermal tuning.

Fig. 7. The chip layout: the two racetrack resonators in a Vernier configuration with ports
that allow to measure the response of each individual resonator (a, b). The coupling section
of a racetrack with its cross-section in the straight part of the coupler (c). The cladding-like
structure on the cross-section image is platinum that was deposited to protect the waveguides
while making a focused ion beam cross-section of the waveguide.

coupler gap in the racetrack resonators is defined to be 450 nm wide, which broadens to 500 nm
after the dry etching. The thickness of the e-beam resist for the second e-beam lithography is 400
nm, which is not enough to efficiently cover the 1 ym partially etched gratings. Therefore we
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again use AZ9260 photoresist to protect the gratings (Fig. 5(e)).

The protective structures defined in the AZ9260 photoresist have a tapered shape such that
there is a smooth transition from the grating to the fully etched waveguide. In order to reduce
the influence of fabrication imperfections on the circuit performance we make sure that the two
e-beam lithography patterns overlap on the slab section of the grating before tapering down to
the single-mode waveguide. The second etching step is done in the same CF4/H; plasma until
the Ge-Si interface is reached (Fig. 5(f)), after which the photoresist and the metal mask are
stripped resulting in the waveguide structure shown in Fig. 6(a). Next, Cr/Au heaters for the
thermal tuning of the individual rings are defined with an image reversal lithography using Ti35
resist and lift-off. The Cr/Au (100 nm and 10 nm respectively) heaters are deposited by electron
beam evaporation (Fig. 6(b)). The buried oxide layer in the SOI prevents efficient heat sinking
into the Si substrate, which enhances the efficiency of the heaters.To better thermally isolate the
heaters laterally and thereby improve their efficiency, we additionally etch through the top Si
layer to reach the SiO; in the vicinity of the heaters (Fig. 6(c)). For this AZ9260 photoresist and
a CHF3/SF¢/O; plasma is used.

The e-beam write field is 500 ym by 500 um, which allows accommodating the racetracks in
a single write field and hence avoid degradation of the Q-factor by stitching errors. On other
places where we cannot avoid stitching, we are expanding the waveguides to a width of 5 yum as
they incur less losses when stitching errors occur. SEM images of the final device are shown in
Fig. 7 starting with a general overview of the Vernier filter in 7(a), a zoom in on the racetrack
resonators in 7(b) and a detailed view of the coupler section of the individual resonator in 7(c).

4. Measurements

4.1. Measurement setup

The measurement setup is schematically shown in Fig. 8. Light from the free-space emitting
QCL operating in continuous wave is coupled to an InF single mode fiber. Between the laser and
the fiber coupler we have a CaF, beam splitter, a Babinet-Soleil polarization control element and

Wavemeter
block Parabolic |"F fiber Fiber |l
mirror coupler

|
|
|

Source block

Ianlber
iezo
QCL CaF2 el Chopper
G soleil coupler ”

" Fiber
Output InF fiber - connectors

InSb +
I ENES  InF fiber

Lock-in
——m' amplifier

Fig. 8. The measurement setup.
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a chopper. The chopper turns the CW light into 50% duty cycle pulses and hence allows us to
detect the signal using a pre-amplified InSb detector and a lock-in amplifier. With the polarization
control element the input polarization state is set to the TM polarization. The light reflected by
the CaF, beam splitter is sent to an FTIR for precisely monitoring the laser wavelength.

All of our measurement results are reported relative to a reference waveguide consisting of
two fiber-to-chip grating couplers. The single mode waveguide section on this reference structure
is 20 um long, which is short enough to neglect losses caused by the waveguiding.

4.2. Measurement results

The chip layout (Fig. 7(a)) allows us to test the racetrack resonators used to build the Vernier
filter individually - using the grating coupler ports marked in green in case of racetrack 1 (rt; =
100 um) and the grating coupler ports marked with orange squares for racetrack 2 (rt, = 110
um), as well as the complete Vernier filter.

The measured transmission of the through and drop ports of the individual racetrack resonators
are shown in Fig. 9(a), showing a loaded Q-factor of 18000 and 19000 respectively. The measured

a)

Transmission

a Through port
AL

Through port
4

1 - = M A A
AA‘AAAA a, .,
= 18000 @ = 19000
Q= IL=2dB

IL=19dB 1
ER =14dB

ER =13dB

Drop port Drop port
0 - [
——— . : . , ; |
5294 5295 5296 5297 5284 5285 5286
Wavelength [nm] Wavelength [nm]
b) Transmission
0.4 |
Vernier
output IL=39dB
04 v v

5302.0 5302.5
Wavelength [nm)]

Fig. 9. Measured and fitted transmission of through and drop port of the individual racetrack
resonators when not heated (a), and of the Vernier filter when aligned by heating one of the
racetracks (b).
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Fig. 10. The discrete tuning of the Vernier filter. By thermally tuning resonator 2, one can
tune the resonant wavelength of the filter in steps of the FSRs of the resonator1 that is not
tuned (a). The fine tuning of the Vernier filter by tuning both racetrack resonators together
such that we have maximum transmission at the wavelength of choice. Here we show the
fine tuning for a few wavelengths with a step of approximately 2FWH M over the FSR of the
individual racetrack (b).

extinction ratio (ER) is 14 dB and 13 dB, respectively, while the insertion loss (IL) is 1.9 dB
and 2 dB. The full width at half maximum (FWHM) of the Vernier filter for a case where the
resonance wavelengths of both racetrack resonators are aligned is 200 pm, while the IL is 3.9 dB.

For r = 100um and L = 30um, the parameters we get from the fitting of the racetrack resonator



Research Article Vol. 8, No. 4 | 1 Apr 2018 | OPTICAL MATERIALS EXPRESS 834

ISEXPRESS

.

spectra are t = 0.96 and a = 0.98 corresponding to waveguide loss of 2.5 dB/cm. An FSRy of
108 nm is experimentally obtained.

By thermally tuning one of the racetrack resonators the position of the overlapping transmission
peak can be tuned in steps of the FSR of the other resonator. This way, discrete tuning of the
filter can be realized as shown in Fig. 10(a). Accessing wavelengths in between resonances of
the resonator that was not tuned, can be achieved by tuning both racetrack resonators at the
same time. This is illustrated in Fig. 10(b). To access any arbitrary wavelength within the F SRy
of the Vernier filter the total power dissipation of the filter is less than S00mW. The side-peak
suppression of the filter transmission is more than 20 dB.

In order to assess the temperature dependence of the filter, transmission spectra of racetrack 2
were characterized at different stage temperatures. The resonant wavelength shift as a function of
stage temperature, given by

dn A
A= 2 AT &)
dT ng
is shown in Fig. 11(a).
a) b)

Resonant wavelength Normalized power
shift [nm] transmission Iy

1
10

Fitted data

T=125ps

To = 501.3P™/
Measured data

T T T T T T T T T T
15 20 25 30 35 0 200

Temperature [oC] Time [us]

Fig. 11. The resonant wavelength shift as a function of ambient temperature (a). Measurement
data and fitting of the tuning speed of the resonator (b).

A thermo-optic coefficient of 501.3 + 12.5’% is measured, which is close to the calculated
value of 520%, using the Ge thermo-optic coefficient of 3—;5 =42x107%K"" at 5.2 ym
wavelength [26].

The racetrack resonator response time to a step in the heater voltage is shown in Fig. 11(b).
For this experiment the laser wavelength was aligned with a resonance of the ring resonator,
after which a step function in the heater current was applied which detunes the resonance from
the laser wavelength and results in a drop in transmission at the drop port. Assuming a first
order response of the resonator detuning and taking into account the Lorentzian line shape of the
resonance with a full width at half maximum FWHM, we have:

1

- 2+Adx(1—e1/7)
U+ (S )?

In

(&)

where I is the normalized power transmission, AA is the steady state change in the resonator
wavelength from an ON-resonance state to an OFF-resonance state and 7 is the time constant. A1
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is obtained by comparing the applied step in the heater power dissipation with the power needed
to tune over the F'SR of of the resonator. By fitting, we get the time constant of 125 us.

5. Conclusion

We have fabricated thermally tunable racetrack resonators with a Q-factor of ~20000 and a free
spectral range of ~9 nm on the Ge-on-SOI platform, operating in the 5 um wavelength range.
With these resonators we demonstrate a tunable Vernier filter with a free spectral range of 110 nm
and a side-peak suppression >20 dB. The power needed to continuously tune over the full FSR of
the Vernier filter is 500 mW combined power of the two heaters. Our simulations show that using
the racetrack resonators with a Q-factor of 20000 we can enlarge the free spectral range of the
Vernier filter up to 425 nm and still maintain a 4 dB side-peak suppression. The temperature
dependence of the filter characteristic was assessed, resulting in a resonant wavelength shift of
0.5 nm/K. The response time of the thermally tunable racetrack resonator was measured to be
125 us, allowing for kHz rate wavelength tuning.





