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We experimentally demonstrate an all-pass microring resonator (MRR) based on a Y,03; BOX germanium-on-
insulator (GeOl) platform operating in the mid-IR region. The ring resonator was numerically designed to have
a high quality (Q) factor in the 4.18 pm to 4.22 pm wavelength range in the fundamental TE mode. According
to our design, the GeOl ring resonator was fabricated by the direct wafer-bonding technology with an yttria
(Y,03) buried oxide layer, which is transparent at the mid-IR region, for the bonding interface and the electron
beam lithography. The experimental resonant characteristic was obtained using our fiber-based mid-IR mea-
surement setup. The GeOl single MRR exhibited an extinction ratio (ER) of 15.28 dB and an insertion loss (IL)
of 1.204 dB, and the racetrack showed an ER of 22.77 dB and an IL of 0.627 dB. Furthermore, the free spectral
range of the device was 5.29 nm, and the loaded Q factor of 94,528 (176,158 of intrinsic Q factor) was extracted
by the nonlinear least squares method. We believe this demonstration of our GeOI MRR offers a valuable
opportunity to implement multipurpose devices such as optical sensors, switches, and filters in the mid-IR

range. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.495076

1. INTRODUCTION

In photonic integrated circuits (PICs), a microring resonator
(MRR) is an essential element to implement versatile function-
alities with compactness such as optical switching, filtering, mul-
tiplexing, and modulation [1-4]. These functionalities can
support numerous applications such as biosensing [5], spectros-
copy [6], and electro-optical modulators [7]. Therefore, MRR
optical switching and filtering are highly needed with a high ex-
tinction ratio (ER) and a quality (Q) factor. Also, the insertion
loss (IL) of the ring resonator is an important parameter to realize
the cascaded system in the PICs for on-chip integration.
Recognizing these aspects, MRRs with a highly recorded Q factor
(~10%) [8,9] and enhanced ER (55 dB) [10] in silicon photonics
in the near-IR range have been emerging to achieve narrow
bandwidth filtering and high modulation depth for high-resolu-
tion spectrometers and optical switching with a high on/off ratio.
Despite the fact that a high-Q resonator is of great interest, a high
ER resonator can be a powerful tool for an optical switch [11]
with a high modulation depth to logically distinguish the signal
on/off state and an optical sensor to detect the analyte with a
high SNR for high sensitivity [12,13].

Meanwhile, the development of the PIC is extending to the
mid-IR spectral range due to the promising potential opening
new opportunities to explore unprecedented on-chip applica-
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tions such as biochemical sensing, medical diagnosis, industrial
processes, and thermal imaging [14—17]. These technologies
are conceivable because of the superior molecular fingerprint
in mid-IR spectroscopy by exploiting a tunable diode laser ab-
sorption spectroscopy [18]. Mid-IR spectroscopy measures op-
tical absorption in the mid-IR range to analyze distinctive
rovibrational dynamics in the intermolecular band of the ana-
lyte. In this regard, significant effort is presently being made to
fabricate the mid-IR resonators for refractive index sensing to
detect the analyte [19] or demultiplex the mid-IR wavelength
to reach the next photonic elements [20]. Here, arrayed wave-
guide gratings (AWGs) [21] and tunable filters [22] have been
generally proposed for the on-chip integrated demultiplexing
spectrometer. In particular, filters such as microring and disk
structures show an advantage in terms of tailoring the spectral
response with high resolution and bandwidth by finely design-
ing these photonic circuits. Although it is inevitable that the Q
factor in the mid-IR band will be lower compared to the near-
IR band due to the Q being inversely proportional to the wave-
length, there is a distinct advantage: a reduced scattering loss
caused by sidewall roughness. In addition, thanks to the
wavelength scaling effect, the size of mid-IR devices is larger
compared to the devices operating near-IR region. As a result,
the fabrication process to accurately set the optical filtering


https://orcid.org/0000-0001-8110-2241
https://orcid.org/0000-0001-8110-2241
https://orcid.org/0000-0001-8110-2241
https://orcid.org/0000-0003-4321-8870
https://orcid.org/0000-0003-4321-8870
https://orcid.org/0000-0003-4321-8870
https://orcid.org/0000-0002-2517-4408
https://orcid.org/0000-0002-2517-4408
https://orcid.org/0000-0002-2517-4408
mailto:shkim.ee@kaist.ac.kr
mailto:shkim.ee@kaist.ac.kr
mailto:shkim.ee@kaist.ac.kr
mailto:shkim.ee@kaist.ac.kr
https://doi.org/10.1364/PRJ.495076

Research Article - “ - @ Vol. 11, No. 11 / November 2023 / Photonics Research ~ A81
| — -

wavelength range becomes more manageable. This offers an ad-
ditional advantage in the implementation of mid-IR devices.

Germanium (Ge) has been widely used in many mid-IR ap-
plications because of Ge’s broadband transparency (up to
15 pm) and high refractive index (ng. ~ 4) for good optical
confinement in the mid-IR region. Similar to silicon (Si) as
a group IV semiconductor, Ge provides high-volume manufac-
turing and high compatibility with CMOS technology. In ad-
dition, Ge has a strong nonlinear effect among the mid-IR
photonic platforms due to the Kerr nonlinear index 7, of
the Ge at the 4.2 pm wavelength being 25.5 nm? /W [23];
on the other hand, the 7, of Si is 3.29 nm?/W. Thus,
mid-IR photonic platforms based on Ge that can efficiently
provide these advantages have been studied to further achieve
a low optical loss [24-27]. In this regard, a Ge-based high Q
(~10°) microresonator [28] was reported. Recently, a Ge-on-
insulator (GeOl) with yttria (Y,O3; ny,0, ~ 1.85) as a buried
oxide (BOX) layer was demonstrated in our previous work
[29]. The Y,0j5 is optically transparent in the broadband of
the mid-IR range [30], as well as excellent interfacial material
for wafer bonding of homogeneous/heterogeneous integration
[31]. Accordingly, GeOl could be the promising platform for
the implementation of mid-IR PICs.

In this work, we experimentally demonstrate what we believe,
to the best of our knowledge, is the first all-pass MRR based on
GeOl with the Y,03; BOX at the mid-IR wavelength (4). For
the high ER and Q of the MRR, we designed the resonator with
the narrow width of the bus waveguide to guide a strong evan-
escent field outer cladding region. The Y,O3-based GeOl wafer
was manufactured by direct wafer-bonding (DWB) technology,
electron-beam (EB) lithography, and ICP-based etching. Then,
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we measured the resonant characteristic of the GeOI MRR with
our mid-IR optical fiber setup with an external cavity quantum
cascade laser (EC-QCL) operating around 1 of 4.2 pm.
Furthermore, we analyzed the resonant characteristics of the
GeOI MRR, including a racetrack-type MRR with the ER,
IL, and free spectral range (FSR). Finally, the loaded Q factor
(Qy) of the GeOI MRR was extracted by high-resolution mea-
surement followed by Lorentzian curve fitting with a nonlinear
least square (NLSQ) method, and a benchmark of the Q; for the
mid-IR photonic platforms is delivered.

Figure 1(a) illustrates the schematic of the GeOI MRR with
grating couplers, which were designed for around 4.2 pm 4 in
the TE polarization, and the indium fluoride (InF;) single-
mode fibers. The MRR was implemented on our GeOl wafer,
which was obtained by the DWB with the 3 pm thick Y,0j3 as
a bonding interface as well as low-loss material in the broad
mid-IR range [30,31]. The thickness of the Ge (H) was
500 nm, and the ring radius (R) was 63.5 pm to satisfy the
resonant wavelength being 4.2 pm with an effective refractive
index (n.¢) [Fig. 1(c)]. The width of the bus waveguide (W),
the width of the ring waveguide (W y,), and the bus-to-ring
gap (G) of the MRR were optimized by the optical simulation,
which is shown in Fig. 1(b). For the high ER, which needs the
strong light coupling between the bus and ring waveguide, the
Whus and Wy, were designed to be 1.2 pm considering the
high evanescent field, where the confinement factor in the ex-
ternal region was 9.08% [30]. At A of 4.2 pm, n.g of 2.76 for
the 1.2 pm width GeOI waveguide was obtained by the finite
difference eigenmode solver (Ansys Lumerical), as shown in
Fig. 1(c). Inevitable resonance splitting caused by the backscat-
tering could occur due to the sidewall roughness [32] of the
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Fig. 1. (a) Schematic of the GeOI MRR for mid-IR range. (b) Magnified images of the ring part. (c) Electric field distribution and 7.g of the bus

waveguide when W, was 1.2 pm.
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waveguide. However, the roughness-induced dependency of
the backscattering in the mid-IR range is relatively weaker than
the near-IR band. Thus, the small sidewall roughness of our
GeOI waveguides might not affect the resonance splitting at
around the 4.2 pm band.

2. DESIGN AND FABRICATION

We predicted the resonant characteristic of the GeOI MRR by
using a 3D finite-difference time-domain (3D FDTD) simula-
tion (Ansys Lumerical). The material loss of the Ge caused by the
free-carrier absorption effect was considered in the simulation
owing to the phosphorus-doped n-type Ge (4 x 1071¢ cm™3)
[29]. Figure 2(a) shows the transmission in the log scale at
the output port of the GeOI MRR with R, W, and W,
of 63.5 pm, 1.2 pm, and 1.2 pm, respectively, for various
gap G. For G values smaller than 0.5 pm, the resonator is over-
coupled. Conversely, an undercoupling behavior was observed
for G values exceeding 0.5 pm. Here, the highest ER of 16.2 dB
corresponding to 162,513 of the Q factor in this simulation was
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Fig. 2. (a) 3D FDTD simulation for the transmission of the GeOl
MRR by varying the G at 4 = 4.2 pm. (b) Extracted Q factor and ER
for the result of (a). (c) Electric field distribution of the GeOI MRR
with the indicated dimension in the graph at 1 = 4.2 pm.
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exhibited when G of the GeOI MRR was 0.5 pm, which is
the condition of the critical coupling in our case, as shown in
Fig. 2(b). Figure 2(c) shows the magnitude of the electric field
|E| distribution of the GeOI MRR with an R of 63.5 pm, where
G is 0.5 pm at 4.2 pm A. The TE mode in the bus waveguide is
well coupled to the ring waveguide and the resonance occurs
within the ring, leading to a strong field distribution confined
to the ring structure.

From the optical design, we fabricated our GeOI MRR for a
high Q factor. To manufacture the GeOI wafer, as we described
in detail in Ref. [29], a chemically cleaned Si (100) substrate
and Ge epitaxial wafer grown on a Si substrate in the order of
Ge strained relaxed buffer (SRB) (900 nm), Si 5Gej s (10 nm),
and Ge (500 nm), were prepared. After the removal of native
oxide on the surface, the 1.5 pm thick Y, O3 was deposited on
both substrates using an RF sputter. Then the surface of the
thick Y,05 layer as a bonding interface on these substrates
was chemically polished to achieve submicron surface rough-
ness by the CMP machine with silica colloidal slurry. DWB
with the Si and Ge epitaxial wafers was carried out while heat-
ing and pressing for a long time in the vacuum after the surface
cleaning procedure and O, plasma treatment for both sub-
strates. To selectively remove the unnecessary layers at the side
of the Ge epitaxial wafer, these three steps were taken. First,
mechanical grinding made the thick Si substrate thin, then

Fig. 3. (a) OM image of the GeOI MRR. (b) SEM image of the
GeOI MRR with R of 50 pm. (c) Magnified image of the gap between
the bus and ring waveguides.
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the thinned Si and Siy 5Geg 5 were chemically etched with tet-
ramethyl ammonium hydroxide (TMAH) with diluted deion-
ized water, and finally the Ge SRB was removed with an
ammonia—peroxide mixture. This procedure describes the
Y, O;-insulator-based GeOl for the mid-IR photonic platform.
In the MRR manufacturing step, the GeOl was patterned by
the EB lithography with negative EB resist followed by an in-
ductively coupled plasma reactive ion etch in C4Fg and SFg
environment. Finally, the EB resist was removed by the acetone
and plasma treatment. Figure 3(a) shows the optical microscope
image of the fabricated GeOI MRR, including the grating cou-
plers (coupling efficiency; 9.9 dB at 4.2 pm A) that were the
same dimension in the previously reported GeOl devices
[29]. The polarization of the mode relied on this grating cou-
pler to couple 4.2 pm 4 in the TE mode. The radius of the ring

R was 63.5 pm, as shown in Fig. 3(b). According to the opti-
mized EB lithography process, Wiy, Wiing, and G were suc-
cessfully fabricated to satisfy the conditions of our optical
design with 1.2 pm, 1.2 pm, and 0.5 pm, respectively, as shown
in Fig. 3(c).

3. RESULT AND DISCUSSION
We characterized the GeOI MRR using our mid-IR optical fi-

ber-based waveguide measurement setup. The setup was com-
posed of the EC-QCL (MIRcat-QT, Daylight Solutions), an
MCT detector (PVI-4TE-5, VIGO Photonics), and an
InF;-based optical fiber (Thorlabs). To avoid mid-IR optical
absorption of carbon dioxide around A = 4.2 pm, the part
of the linear stages for the sample and fibers was encapsulated
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(a) Propagation loss measurement of the GeOI waveguides at 4.2 pm 4 using the cutback method. (b) Transmission spectrum of the GeOl

straight-line waveguide. Inset: simulation of propagation loss with radiation and FCA loss for the GeOl waveguide at a 4.2 pm wavelength.
(c) Transmission spectra of the GeOI MRRs with 0.2 pm, 0.5 pm, and 1.0 pm G at 4.18 pm to 4.22 pm A with 63.5 pm of R for evaluation
of the resonant characteristic. (d) Normalized transmission of the MRR (G = 0.5 pm) by the transmission of the straight-line waveguide in (b).
(e) At 4.2 pm A, the measurement for high-resolution resonance to estimate the Q; of the MRR with an R of 63.5 pm.
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by an acrylic chamber for N, gas injection by fully purging the
gas inside the chamber. The mid-IR light from the EC-QCL is
coupled to the input fiber by focusing the light with the mid-IR
aspheric lens. Then, the mid-IR beam is coupled to the GeOI
input grating coupler after the light-coupling out of the cleaved
fiber facet. In our experimental setup, the optical power at the
input fiber measured 70 mW after passing through various op-
tical components and fibers. Considering the coupling effi-
ciency of the grating coupler, thereafter, the coupled power
through the GeOI MRR was approximately 7 mW, which
is considered relatively low to induce significant nonlinear ef-
fects. Eventually, the mid-IR light propagating through the
GeOI MRR is coupled out from the output grating coupler
and recouples to the output fiber.

o Research Article
—

First, we measured the propagation loss (@) of the 1.2-pum-
width GeOl waveguides by using the cutback method, as
shown in Fig. 4(a). @ was measured as 0.92 dB/cm. The dom-
inant loss factor among the representative factors [radiation,
free-carrier absorption (FCA), scattering, and BOX loss]
[29] is the free-carrier absorption (0.775 dB/cm) in our
GeOlI waveguide, as shown in the inset of Fig. 4(a). It is attrib-
uted to the n-type doping of our Ge with a concentration of
4 x 10'° ¢cm™3. Therefore, a narrow width condition (1.2 pm of
the Ge width) to effectively manage the impact of FCA loss was
adopted, while simultaneously enhancing the external evanes-
cent field through strong light coupling. Although further re-
duction of the waveguide width could potentially decrease FCA
loss, it would also result in an abrupt increase in radiative loss,
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leading to a degradation in the Q performance despite achieving
stronger light coupling. Over the 0.9 pm width of the Ge, the
influence of FCA loss reached saturation, and no additional loss
reduction was possible. However, beyond this point, the inten-
sity of light coupling gradually decreased, raising concerns
about the potential deterioration in the resonator’s perfor-
mance. In Fig. 4(c), using our experimental setup we measured
the transmission of the GeOI MRRs with three sizes of G with
different coupling conditions: over coupling, critical coupling,
and undercoupling resonances with 0.2, 0.5, and 1.0 pm, re-
spectively, in the mid-IR band. The depth of the intensity
trough is less significant in both the undercoupling and over-
coupling conditions, compared to the critical coupling point.
To extract IL, the obtained resonance curves were normalized
by the straight-line waveguide, as shown in Fig. 4(b). When G
was 0.5 pm, the IL and FSR were 1.204 dB and 5.29 nm, re-
spectively. Additionally, the high-resolution measurement to
evaluate the Q; in the MRR was conducted at 4 = 4.2 pm,
as shown in Fig. 4(e). The dots in the graph are the measure-
ment points for the resonant curve and the dash lines are
Lorentzian fitting curves using the NLSQ method. As a result,
the FWHM was 592.5 pm, corresponding to the loaded Q fac-
tor being 70,893 at 4 = 4.2 pm. Here, the intrinsic Q factor
(Q;) was 120,973, which was obtained by using the expression
in [33]. The high Q factor of the GeOI MRR is attributed to its
very low propagation loss of 0.92 dB/cm.

Furthermore, we fabricated a racetrack-shaped MRR, as
shown in Fig. 5(a), to enhance the coupling strength in the
GeOI MRRs and carried out the measurements for the reso-
nance curves of two coupling lengths (Z,) of 107 pm and
207 pm, as shown in Fig. 5(c). It is well known that racetrack
resonators are one of the structures that can be used to achieve
high Q factors. The improvement of the ER and Q factor was
validated through 3D FDTD simulations of the transmission
in the GeOl racetrack MRRs, as shown in Fig. 5(b), where both
the ER and Q factor increased as L, was extended. Here, the
optical path of the racetrack resonator was maintained at the
same length as the single MRR, when the coupling length
was varied. Additionally, the racetrack resonator could be

) O Vol. 11, No. 11 / November 2023 / Photonics Research A85
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adopted to minimize bending losses, thereby contributing to
higher Q factors compared to a single-ring resonator. Due to
the long coupling length of the resonators, the ILs of the
two racetrack resonators (L, = 107z pm and 20z pm) showed
lower than the single MRR (L, = 0x). As shown in Fig. 5(c),
the IL and FSR were 0.627 dB and 5.65 nm, respectively.
Although it is difficult to obtain an extremely high resolution
due to the Q value being inversely proportional to the operating
A, a high Q; of 94,528 (around ~10°; Q; = 176,158) in the
20z pm L, GeOl racetrack resonator was achieved, as depicted
in Fig. 5(c). From the result of this Q factor, we can derive
theoretical absorption a with 1.017 dB/cm by using the rela-
tion Q; = 2zngs/(Aa). With only a minor discrepancy of ap-
proximately 0.09 dB/cm observed between the loss extracted
using the cutback method and the theoretically calculated loss
derived from the measured Q factor, it can be concluded that
our GeOI MRR is a well-designed and well-fabricated device.
Indeed, the Q factor of the GeOI MRR could achieve an even
higher value by modification of the ring structure (Euler bend
[34], pulley-type coupler [35], and cascaded ring structure
[36]). Moreover, using intrinsic Ge instead of the n-type doped
Ge can lead to improved Q factors by suppressing propagation
loss caused by the FCA effect. With intrinsic Ge, unwanted
absorption from free carriers is minimized, resulting in higher
Q factors in the waveguide and enhanced performance in pho-
tonic devices and applications.

Finally, we compared the Q; of our result with several ring
resonators in mid-IR platforms (Fig. 6) such as Ge [37-41],
SiGe [42,43], InGaAs [44], GaAs [45], chalcogenide (ChG)
[46], and Si on CaF, [47]. Among these platforms, the SiGe
platform [42] exhibits the highest Q factor, with 236,000 at a
4.18 um wavelength. Nonetheless, our result shows that our
mid-IR ring resonator achieved the highest Q; factor (94,528)
value compared to the Ge-based platforms, demonstrating
the effectiveness of our design approach to achieve high-
performance IR photonic devices. Furthermore, considering
the reduction of the FCA loss to 0.775 dB/cm through the
fabrication of intrinsic Ge, the propagation loss of the GeOI
waveguide could be decreased to 0.146 dB/cm. This would
ideally result in an intrinsic Q factor of 1.23 x 10° at a 4.2 pm
wavelength.

4. CONCLUSION

In conclusion, we presented what we believe, to the best of our
knowledge, is the first experimental demonstration of low-loss,
high-Q GeOI MRRs fabricated using the DWB of a Y,0;
lower cladding layer. By investigating the G dependency of
the MRRs for critical coupling, the dimension of the GeOI
MRR was determined with the narrow W (1.2 pm) and G
(0.5 pm) for the strong evanescent coupling. The MRRs with
the grating couplers, which operate at A = 4.2 pm in the
fundamental TE mode, were fabricated by EB lithography
on our GeOl wafer. At the mid-IR spectra (4.18-4.22 pum),
our GeOl MRR exhibited a high ER and low IL of
22.77 dB and 0.627 dB, respectively, and a Q; of 94,528 where
Q; was 176,158 obtained at 4 = 4.2 pm. We believe that the
MRR, which has a high Q factor, could be realized by intro-

ducing advanced structures to the MRR. Hence, we believe this
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is a major step toward the mid-IR PIC based on the new GeOl

using Y,0;.
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