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Abstract: We present a systematic study of micro-trench resonators for heterogeneous integra-
tion with silicon waveguides. We experimentally and numerically demonstrate that the approach
is compatible with a large variety of thin film materials and that it does not require specific etching
recipe development, thus making it virtually universal. The microresonators are fabricated
through in-foundry silicon-on-insulator processing and in-house backend processing. We also
report ultra-compact chalcogenide microresonators with radius as small as Sy and quality factors
up to 1.8 x 103. We finally show a proof-of-concept of a novel multilayer waveguide using the
micro-trench technique.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The use of silicon-on-insulator (SOI) has rapidly increased in the last decade or so, both for
research and industrial applications. The platform now enables all optical functionalities on
compact chips operating at telecommunication wavelengths. The strong index contrast between
silicon (ns; = 3.47) and its oxide (ns;0, = 1.44) allows for densely integrated structures with
over a thousand miniaturized optical components on a single chip [1]. The integration density
and compatibility with state-of-the-art microfabrication technologies make SOI relevant even
in the face of emerging platforms that offers improved performances like lithium niobate for
electro-optic modulation [2] or silicon nitride for nonlinear photonics [3]. The maturity of SOI
was reached through intensive research efforts that were mainly driven by telecommunications
[4]. Foundries worldwide now offer streamlined access to their process with well-developed
design kits [5]. Emerging platforms will have to go through similar developmental steps to reach
a comparable level of maturity. An attractive approach to accelerate the use of new materials
while retaining the advantages of SOI is to combine them using an heterogeneous integration
scheme. There is then a need to devise innovative methods to integrate advanced materials on
SOI without compromising the in-foundry fabrication or the high integration density.

Here the term heterogeneous integration is used to describe the combination of non-silicon
materials directly on SOI chips in a monolithic fashion, in contrast with hybrid integration
that could use external components. An optimal heterogeneous integration method should
accommodate various materials without requiring significant modification of the process flow.
Also, the limited list of CMOS-compatible materials justify the development of methods that
can be done in external dedicated foundries as a back-end process. It’s also important for
an integration method to retain the advantages of SOI as much as possible; mainly the high
integration density and CMOS compatibility. A solution combining these requirements is
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micro-trench filling, where waveguides are defined by etching micro-trenches in the SOI silica
top cladding [6,7]. These molds are then filled with a thin film of amorphous material. The
process is depicted in Fig. 1(a). The restrictions on the material that can be used with this
method are relaxed; the lower boundary on the refractive index is set by the guiding condition
with the silica cladding (n>1.44) while there is practically no upper bound. These structures
can be interfaced with silicon waveguides by evanescent coupling on the same layer [6] or on
vertically stacked layers [8]. This approach was first demonstrated by Bradley et al. in 2014 to
integrate rare-earth doped aluminium oxide (Al,O3) films with silicon nitride waveguides to
create low-threshold microlasers [9]. The versatility of the method was later outlined through
the use of various rare-earth ions to achieve microlasers operating at different wavelengths [10].
Since then, Su et al. have reported in-depth simulations and characterization of Al,O3/SizNy
microcavities with quality factors of Q>1 x 10°. Frankis et al. have used the method with the
higher index tellurium oxide (TeO,) glass and silicon waveguides [7,11]. In Ref. [6], our group
used the micro-trench technique with chalcogenide glasses to demonstrate a proof-of-concept for
the fabrication of microresonators using solid-state dewetting. The microresonator reported in
Ref. [6] had a quality factor of 6 x 10°. Recently, we used the micro-trench method with tantalum
pentoxide to achieve microresonators with broadband thermal stability [12]. The microresonators
in Ref. [12] exhibit a low temperature dependent wavelength shift (TDWS) of 10 pm/K or less
over a bandwidth of 120 nm. An overview of the literature is presented in Table 1 to highlight
the different materials that have been demonstrated.

Table 1. Review of micro-trench resonator demonstrations

Material Platform Application Refractive index Ref.
Er/Yb:Al,O3 SNOI“ Laser n=1.65 [9]
Tm:Al,O3 SNOI Laser n=1.65 [10]

TeO, sor’ Sensor n =205 [1n

AL O3 SNOI Passive MR n=1.65 [13]

TeO, SOI Passive MR n=2.05 [7]

TayOs SOI Passive MR n=207 [12] and this work
As>0Sgo SOI Passive MR n=219 [6] and this work
AsyS3 SOI Passive MR n=242 [14] and this work
AsypSego SOI Passive MR n=257 This work
Ge3Sb7S79 SOI Passive MR n=217 This work

4SNOTI: Silicon nitride-on-insulator,
bSQI: Silicon-on-insulator

In this work, we propose and demonstrate that micro-trench resonators can be used as a
universal integration method for amorphous thin films. Our methodology combines numerical
simulations of the optical properties of realistic structures and experimental demonstrations
that outlines the versatility of the method. Simulations are first used to explore the achievable
range of material combination that is compatible with standard 220 nm silicon waveguides. The
integration density limit is also considered numerically through the bending leakage limited
quality factors. We experimentally demonstrate a variety of materials as well as novel ultra-
compact microresonators (MR) with a radius of only 5 pm that exhibit large quality factors over
1.8 x 10°. Finally, we present a proof-of-concept multilayer waveguide combining tantalum
pentoxide with chalcogenide films to form a composite cross-section.



Research Article Vol. 11, No. 9/1 September 2021/ Optical Materials Express 2755 |

Quile) Maiarkils 24395 )

L2 2 N AR

mmPR  ==S5i0) ==Sj =mMat

b

Fig. 1. (a) Schematic of the process flow for the fabrication of micro-trench waveguides
co-integrated with silicon waveguides. The steps are as follows: (1) Lithography and etching
of the silicon structures, (2) deposition of the top silica cladding, (3) lithography and etching
of the micro-trench, (4) thin film deposition, (5) optional process to remove the top layer
and leave a rectangular waveguide as shown in (6). In this work, when there is a step (5),
it consists of thermal dewetting. (b,c) type I/II waveguide schematic (left) and top view
micrograph of a fabricated device (right). The silicon waveguide (Si wg) on the micrographs
is faintly visible through the chalcogenide cladding. The materials are identified using
different colors: brown for photoresist (PR), light blue for silicon dioxide (SiO,), grey for
silicon (Si) and red for the material to co-integrate (Mat).

2. Methods

In this section, we describe the experimental methods that were used throughout this study. Mainly,
we explain how the devices were fabricated, both the bare silicon chips and the micro-trench
resonators. To demonstrate versatility, a range of materials with different refractive index and
interesting optical properties were chosen. Among them, we opted for multiple chalcogenide
glasses as they provide interesting optical properties [15] and their composition is extremely
flexible [16,17]. We also explore the use of tantalum pentoxide (Ta;Os) for its exceptional
nonlinear properties and potential use for lasers and amplifiers [18,19].

2.1.  Thin film deposition

In order to deposit chalcogenide thin films, bulk glasses were prepared via the melt-quenching
technique using high purity starting materials. Thin films were then deposited using an
electron-beam evaporator and a deposition rate of 10 Aring; was chosen for its optimal results.
TayOs thin films, on the other hand, were prepared using dual magnetron mid-frequency AC
reactive sputtering: a pure metallic Ta target, an O, flow of 29 cm, and a deposition rate of 4.5
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Aring; were used in the process. As20Sso, As10S60, AsaoSego, and Ge3Sb7S7g chalcogenide
glass compositions were selected because they present a large thermal stability AT = T, — T,
(where T, and T, represents the first crystallization temperature and glass transition temperature,
respectively) or a non-existent crystallization temperature, and/or a low viscosity when heated
above T,. When those conditions are met, thin films have a high tendency to reflow under heat
and dewet from the surface. It is especially the case for chalcogenide glasses [20-22]. For the
chalcogenide devices, a 50 nm thick SiO, film was deposited by electron-beam evaporation as
the last step to prevent surface oxidation.

By dewetting from the SiO, substrate, thin films will not only greatly reduce their surface
roughness [21,22], but will also better fill the trenches in which they are deposited and reduce
small defects or gaps present on the surface [6,23]. In order to obtain such material reflow, one
needs to anneal thin films well above the glass transition temperature (7). In one of our previous
work, thin films of AsypSgyo were thermally treated at 240° C for 120 s which corresponds to
T, +140° C [6]. Colmenares et al. described the dewetting of AsyoSego thin films for temperatures
ranging from 7, + 80° C to T, + 150° C [21]. For As4Seo, thermal reflow has already been
reported in the literature and is quite well-known [22]. Ge,3Sb7S70, on the other hand, does
not seem to have been studied extensively regarding thermal reflow/dewetting. The choice of
studying this composition relied on its high chalcogen content (Sulfur: 70 at.%), and its relatively
low T, (311° C) and absence of crystallization peak [24]. The dewetting — or thermal reflow —
step is realised in a rapid thermal annealing (RTA) oven, at a heating rate of 100° C in an inert
atmosphere (Ar/N»).

2.2. Fabrication

The base SOI chips were processed using photolithography by Advanced MicroFoundry (AMF)
through a CMC Microsystems supported multiproject wafer (MPW) run. For all devices, the
silicon thickness is 220 nm and the buried oxide layer (BOx) is 2 um thick. The fabrication
process flow is presented in Fig. 1(a). Steps 1 to 4 inclusively can be done in standard CMOS
photonic foundries (AMF in this case). In its simplest form, the method requires a single back-end
step (5) of thin film deposition. In this case, the material will completely cover the chip, forming
the geometry shown in Fig. 1(b). A major drawback of this geometry, as will be shown in the
next section, is the additional bending loss in curved waveguides. An approach to solve this
issue is to use materials that can undergo dewetting (see sect. 2.1) such as chalcogenides. This
process breaks the thin films and results in a conformal waveguide in the micro-trench with no
sidewall to allow leakage. The issue could also be solved by a chemical-mechanical polishing step
following the thin film deposition or a lift-off technique [25,26]. The resulting ideal waveguide
is shown in Fig. 1(c) where the retraction of the film following dewetting and the difference
with the as-deposited device is obvious from the top view micrographs. For the sake of clarity,
the structures shown in Fig. 1(b) and (c) will be referred to as type I and type II waveguides,
respectively.

Before the post-process deposition and in the interest of achieving high quality thin films,
silicon chips must undergo two pre-processes: (1) a slight wet etching of the SiO, cladding to
smooth the surface, and (2) a cleaning of any residual material. The first step consists in dipping
samples in buffered oxide etchant (BOE: HF/NH4F) for 5s. Then, a quenching step in ultrapure
water (UPW) is necessary to stop any further etching from the BOE. After that, each sample is set
on a spin-coating device and thoroughly cleaned using three solvents: (1) ultrapure water (UPW),
(2) acetone, and (3) isopropanol. Any residual humidity is then dried in the oven for ~ 30 min.

2.3. Optical characterization

All the fabricated chips were characterized using a laser swept method. The light was coupled to
and from the chips using 100 um long inverse nanotapers edge couplers with tips width of 180
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nm. On-chip routing is done with rib waveguides to mitigate loss and backscattering. Near the
coupling region of the MRs, the rib waveguides are converted into strip waveguides for coupling
using 40 pum long linear tapers. A polarization paddle was used to control the polarization state
at the chip input. Unless stated otherwise, all the measurements were realized with transverse
electric (TE) polarized light. The chip stage used a Peltier module and a temperature controller
(TEC) to keep the chip temperature fixed at 20° C. The temperature dependence was investigated
for certain devices (see sect. 4.3) by varying the temperature of the TEC.

3. Design

In this section, we present simulations of the basic guiding properties of the micro-trench
geometries. All the simulations are done using a commercial finite difference eigenmode solver
(FDE) and for operation at 2 = 1550 nm, unless stated otherwise. The dimensions of the
geometry are summarized in Fig. 1(b) and (c). The sidewall angle is fixed at 6 = 7°, according to
the angle measured in fabricated devices. The thickness of the sidewall materials #y,, is fixed to
half the deposited thickness. The thickness of the top cladding is 3 um.

3.1. Modal analysis

Fig. 2(a) shows the simulated effective index of the supported modes in a 2 yum wide and 1 um
thick straight type II waveguide for both polarizations (quasi-TE and quasi-TM), the refractive
index of the core is varied from n = 1.65 to n = 2.45. An important takeaway from this data is
that micro-trench waveguides are almost always multimodes. In fact, the dimensions applied
here represent well the physical limitations of the fabrication. The top silica cladding of SOI
chips is usually between 2 ym and 3 pm thick. In order for modes to be well guided in type
I waveguides, the thickness of the core must be significantly smaller than the thickness of the
cladding. Although this requirement is relaxed for type II waveguides, the core thickness is still
limited to being lower than the cladding. The deep trenches that need to be etched to reach the
level of the silicon device (2-3 um) are challenging and results in significantly slanted sidewalls
because of the angle. This in turn puts a limitation on the width of the micro-trench. In fact,
using the AMF fabrication process, the design rules prohibit w,<2.0 um. This justifies our choice
of the width for most of this work. Therefore, most relevant materials will result in multimode
operation when used for the core of micro-trench waveguides. From Fig. 2(a), the single mode
cutoff is around n = 1.65. Fig. 2(b) presents the effective index of the modes supported in a
waveguide with n = 2.05 and #y = 1.0 um when varying the width well below the foundry design
limit. Even narrower waveguides with a moderate index still supports multiple modes. The
single-mode cutoff for the waveguide in Fig. 2(b) is below 1.0 um. We conclude that micro-trench
waveguides are limited to multimode operation. While these restrictions might appear difficult, it
is important to keep in mind the simplicity of using streamlined, commercially available CMOS
foundries. Furthermore, we note the possibility to engineer the coupling section to selectively
excites a target mode [27].

3.2.  Microring resonators

In this section, we are interested in the properties of micro-trench waveguides used to form
microring resonators. Most demonstrations of micro-trench integration were based on MRs like
those shown in the right panels of Fig. 1(b) and (c). MRs are fully described by their quality factors
0, describing the circulating time of photons in the cavity, and their free-spectral range (FSR),
corresponding to the inverse of the round-trip time of photons in the cavity. The static properties
of all-pass microring resonators are well established and can be found in various Refs. [28,29].
The total quality factor can be experimentally measured as the ratio of the resonant wavelength A,
to the full width at half maximum of the resonance FWHM such that Q = A,/ FWHM. Increasing
the quality factor of MRs and, correspondingly, decreasing the propagation loss of waveguides is
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Fig. 2. (a) Effective index of the guided modes in a waveguide with w; = 2.0 um and
ty = 1.0 um with varying refractive index n. (b) Effective index of the guided modes in a
waveguide with a fixed refractive index n = 2.05 and 7y = 1.0 um. Both figures consider
type II waveguides.

still one of the most important endeavors of integrated photonics [30-33]. From a theoretical
perspective, multiple physical mechanism contribute to loss and reduce the value of Q, including
coupling to the bus waveguide Q., loss from scattering Q;, material absorption Q,, loss from
bending leakage Q) and, specific to integrated optics, loss from substrate leakage Q;. The total Q
is then given as

o'=0"+0;'+ 0.+ 0, + o (1

While Q-' can be inferred from the coupling condition and the phase response of the MR,
differentiating the contribution of scattering, absorption and leakage in experiments can be
challenging. Their contributions are often agglomerated into a single intrinsic quality factor
O;'=0;'+0."+ 0, + 07!, Experimentally, the intrinsic quality-factor can be obtained from
the transmittance in the undercoupled regime as [29,34]

=20
0=

where T is the transmittance at the resonant wavelength. Assuming low round-trip loss and
weak coupling, Q; is directly related to the waveguide propagation loss a as [29]

@)

N 2mng

i~ ,
ad,

3)

with n, the group index at the resonant wavelength. Therefore, the intrinsic quality factor can be
used to infer the propagation loss in the waveguide and compare different devices.

3.3. Mode leakage

Here, we numerically consider the leakage loss in micro-trench waveguides. As stated in sect. 1,
an ideal heterogeneous integration method should not compromise the high integration density
of SOI. The footprint of an MR is dictated by its bending radius, to which the lower bound is
fixed by the acceptable bending leakage loss. As the radius is reduced, optical power will radiate
out of the core and be lost. The other source of leakage is coupling to the high-index silicon
substrate mode that is separated from the waveguide by the BOx layer. A thin BOx or a weakly
confined mode will result in additional loss. This puts another limit on the material refractive
index and waveguide dimensions. Here the bending loss limited quality factor Qj and substrate
leakage quality factor Q; are estimated for a variety of materials as the radius and thickness of the
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BOx layer are varied. To isolate the bending loss, the BOx thickness is set to co while to isolate
the substrate leakage, we simulate a straight waveguide with a finite BOx and a large simulation
window width of 25 um. All the simulations are done with waveguide dimensions w; = 2.5 um
and #; = 1.0 pum.

Figure 3(a) and (b) summarizes the substrate leakage limited quality factor Q; for type I and
type II waveguides, respectively. The BOx thickness is set to common SOI values: 1 um, 2
um and 3 um. Substrate leakage is only problematic for 1 um as this loss mechanism becomes
dominant even for moderate refractive index. For thicker BOx, only the lowest n will experience
significant leakage. For the type I waveguide, the maximum Q; are limited by leakage in the top
sections of the waveguides even for straight geometries (R — o).

a om0

Sidewall leakage

108
S 108
10*
102
n
c 100 d 1010
—— n=1.65 —— n=195
—— =175 —e— n=205
10°F —o— n=185 —o— n=215 __ eeereeee] 108
S 108 S 108
10* 10*
102 102
20 40 60 80 100 20 40 60 80 100

Radius [um] Radius [um]

Fig. 3. Simulated quality factor limited by (a,b) substrate leakage Q; and (c,d) bending
leakage Qp,. Type I waveguides are shown in (a) and (c) while type 1I waveguides are shown
in (b) and (d). The waveguide dimensions are constant at wy = 2.5 ym and #; = 1.0 um.

Figure 3(c) and (d) summarizes the bending loss limited quality factor Q; for the fundamental
TE-mode of type I and type II waveguides, respectively, using various materials with index
ranging from n = 1.65 to n = 2.15. The quality factors of type I waveguides saturate at around
0y, = 108, which in itself is only problematic for ultra-high Q MRs. For comparison, the record
Q; in a planar integration MR is Q = 4.22 x 10® [35]. However, the leakage loss in type I
waveguides becomes problematic for compact structures or low-index materials as Qp, rapidly
falls below 107, a moderate value in contrast with the state-of-the-art. The scattering limited
quality factor Qy is usually the limiting factor in integrated optics, as Q) can be designed such
that Q;>>Q;. The advantage of using type II waveguides is obvious from comparing Fig. 3(c)
and (d), as they offer extremely high Q) even for moderate index (n<2) and ultra-compact MRs
with R<10 um. This drastically different behavior is understood from the absence of a leakage
channel in the waveguide sidewalls (see Fig. 1(b) and (c)). These results suggest that the method
does not compromise the integration density of SOI unless low index materials n<1.85 are used
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in conjunction with a small radius. We note that high-Q MRs (Q;>1 x 10°) with low-index
(Al,O3, n= 1.65) type I waveguides were achieved with thicker SiO, cladding (5 um) and an
additional silicon nitride waveguide next to the micro-trench to increase the guiding strength [13].

3.4. Phase matching

Power transfer between the highly dissimilar silicon bus waveguide and the micro-trench
waveguide is non-trivial. The approach used for the experimental demonstration in this work is
based on point coupling, where the bus waveguide is kept straight and brought in close proximity
to the microresonator. We consider the phase mismatch Ag = 2T’I(nefﬂrmg — Neffbus) in the context
of using materials with various refractive index. A large phase mismatch will limit the maximum
power transfer between the waveguides [36]. For high-Q MR, it is possible to achieve critical
coupling even with significant phase mismatch. However, achieving strong overcoupling can
be limited by a non-zero phase mismatch. We focus on the range of materials that could be
integrated considering the silicon waveguide effective index. Extended design and optimization
are left for future work.

Fig. 4 compares the effective index of the silicon bus waveguide with a variety of type Il
waveguides. The index are chosen to sample interesting materials (see. Table 1). The first thing
to notice is that by varying the width of the silicon waveguide, it is possible to achieve phase
matching (AS = 0) with a large variety of materials and waveguide dimensions. This speaks of
the flexibility of the integration approach. The silicon/silica core/cladding system offers a larger
freedom for phase matching in contrast with other possibilities, such as the silicon nitride/silica
combination. This is because the achievable effective index is bounded as n¢jqq>n05>ncore. The
effective index is controlled by varying the transerval dimensions of the waveguide. Because of
the large difference between ns;0, and ng;, the range of material index that can be phase-matched
is broad.

n=2.45

241

221

N e=A7

181

Neff
N
o

n=1.65

............ e
14000 ) ) : : ) : : : : ) ) : : 1
200 300 400 1500 2500 3500 1500 2500 3500 1500 2500 3500 1500 2500 3500
Width [nm] Width [nm] Width [nm] Width [nm] Width [nm]

Fig. 4. Effective index of (left panel) the fundamental quasi-TE mode in a 220 nm thick
silicon waveguide with varying width and of (right panels) the guided (up to 20) quasi-TE
modes in type I waveguides with #r = 1 pm, varying width and different refractive index:
from left to right, n = 1.65, n = 2.05, n = 2.25, n = 2.45.

We also note that the simulations in Fig. 4 are limited to n.y = 2.45 since this is about the limit
where the silicon waveguide is single-mode. Operating the silicon waveguide in the multimode
regime is possible but requires careful design to excite only the target mode in the bus waveguide,
for example by using adiabatic tapers. Nevertheless, having a multimode bus waveguide is
generally not optimal as it can reduce the coupling ideality, an important figure of merit for
microresonators used in nonlinear optics and quantum optics applications [37]. We also note
that it is possible to couple light from a silicon waveguide with a lower effective index than the
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fundamental mode of the ring waveguide. In this case, higher order modes will be excited in the
ring. The coupling section can be designed such that a given mode is selectively excited [27].

4. Experimental results
4.1. Material diversity

In this section, we present selected experimental results of micro-trench MRs with various
materials. Multiple hybrid MRs were fabricated and tested using the methods highlighted in sect.
2.3 to experimentally confirm the versatility of the technique. The intrinsic quality factors and
waveguide propagation loss were calculated using the methods presented in sect. 3.2.

Scanning electron microscope (SEM) images of MRs are shown in Fig. 5. The leftmost panels
show cross-sections that were obtained by focused ion beam (FIB) milling in (a) and by cleaving
the chip in (d). Fig. 5(a) is an example of a type I waveguide, where the deposited material on
the sidewalls and on the cladding top can act as leakage channels (see sect. 3). On the other
hand, Fig. 5(d) shows a type Il waveguide that was achieved using a dewetting step which left no
visible material on the sidewalls. We note that FIB was not used on the chalcogenide structures
to prevent evaporating the glass. Fig. 5(b), (c), (¢) and (f) show perspective SEM images of
various materials microresonators with type I waveguides in (b,c) and type II waveguides in (e,f).
Fig. 5(e) is a good example of very aggressive dewetting that was obtained using a well-optimized
process (240° C for 120 s.). The dewetting of AsyoSgy was studied in more details in Ref. [6].
On the other hand, Fig. 5(f) shows an AsypSegy MR with very soft dewetting and barely any
rim retraction. While the dewetting of AsyoSegp is well studied [21,38], its use in templated
structures such as those presented here is new. The parameters for the dewetting of AsyoSegg
(180° C for 120 s) were chosen heuristically. The chip with Ge;3Sb7S7¢ underwent annealing at
400° C for 300 s in an effort to reduce the surface roughness of the film.

a b C
Ta205 (n=2.07) GepSb;S (N=2.17)

Sibus
waveguide

Type Il (Asy0Sgo)

Fig. 5. Cross-section SEM images of a (a) type I waveguide and (d) type II waveguide.
(b,c.e,f) Perspective SEM images of MRs with R = 100 um using different thin film materials
with refractive index: (b) TayOs, n = 2.07 (c) Gep3Sb7S79 n = 2.17, (e) AspgSgg n = 2.19
and (f) AsppSegg = 2.57. (b) and (c) are examples of type I waveguides while (e) and (f) are
examples of type II waveguides.

Finally, the transmittance of selected MRs with R = 100 um are presented in Fig. 6. The
corresponding FSRs are shown directly on the figure and varies between 1.47 nm for As40Seo
and 1.77 nm for Ge;3Sb7S7¢. The small differences between the FSRs are due to effective index
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and dispersion difference between the waveguides. The group index are n, = 2.28 for TayOs,
ng = 2.32 for Ge,3Sb7 S, ng = 2.58 for As40S¢o and ng = 2.32 for AsypSgo. The intrinsic quality
factors also vary between the different materials from below 5 x 10* for Ta,Os to roughly 1 x 10°
for Asy0Sgo. The intrinsic quality factor of the MRs with Ge,3Sb7S709 and As40Seo are about
6 x 10* and 2.3 x 10°, respectively.
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Fig. 6. Measured transmittance of micro-trench resonators with R = 100 um and various
materials (a) Type I and Ta,Os, (b) Type I and Gey3Sb7S70, (c) Type Il and As4oSeo and (d)
Type I and Asy(Sgp.

It is important to comment on the significant difference between the quality factors of the
fabricated devices. According to simulations, the difference is unlikely to arise from bending
leakage (see Fig. 3(c) and (d)). Roughness scattering is also unlikely the determining factor,
mainly because the trend is the opposite of what would be expected, i.e., higher index contrast
should lead to increases loss, not the opposite [39]. We also emphasize that the sidewall roughness
comes from the silicon dioxide micro-trench etch, which is the same for all devices. Therefore,
the large loss discrepancy between the fabricated devices is attributed to the background loss of
the material thin films. We note that As;9Sgg and As49Seo depositions were optimized in previous
works [6,14]. We found that the dewetting helps achieve smooth and conformal waveguides,
which reduces the scattering loss from the thin film surface. SEM images of the Ge»3Sb7S79
film (not shown here) indicated high surface roughness, even after annealing, which partially
explains the low quality factors observed. Standard microring resonators using Ge-Sb-S glass
were previously demonstrated with Q>1 x 10° [40], suggesting that much higher Q could be
achieved with the micro-trench geometry and an optimized film deposition technique.

Higher-order modes only appear in the spectra of Fig. 6(c), indicating that a certain degree
of mode selectivity was achieved. The As4oS¢o MR in (c) was annealed at 300° C for 120 s. to
induce a moderate dewetting. The silicon waveguide widths for the MRs presented in Fig. 6
are (a) wg; = 315 nm, (b) wg; = 360 nm, (c) ws; = 400 nm and (d) wg; = 400 nm. Even if the
coupling for each material was not carefully optimized, satisfactory coupling with near critical
condition (extinction ratio >20 dB) was achieved.
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4.2. Ultra-compact chalcogenide microresonator

Here, we present the results of chalcognide MRs with bend radius comparable to silicon MRs to
demonstrate that the micro-trench filling approach can enable satisfactory integration density.
Two MRs with radius of R = 5 um were fabricated and characterized, one with AsyoSgo (7 = 2.19)
and one with AsypSesg (n = 2.57). MRs with large radius R>100 um were demonstrated in the
previous section and were used exclusively in previous work regarding micro-trench resonators
[6,7,9-11,13,14]. Yet, Fig. 3 shows that it should be possible to achieve very compact structures
when combining high-index materials with type II waveguides. Such structures are possible with
dewetted chalcogenide thin films. The results are summarized in Fig. 7, which shows micrographs
of the fabricated devices, the measured transmittances and the relatively high quality factors
achieved. The Asy)Sg and AsyoSegg MRs dimensions are w, = 2.5 um, #y = 1.0 yum and w, = 2.5
pm, tr = 0.65 um, respectively. The FSR is indicated on each plot and the corresponding group
index are ng = 2.57 and ng = 3.12.

a b

FSR=29.71 nm

|
w

Transmittance [dB]
b

-3{ ® Meas.
4 Fit Q;=117,000
1540 1550 1560 1570 -100 —ISO 0 Sb 100
Wavelength [nm] Detuning [pm]
e f

|
N

1
S
|

FSR=24.50 nm

I -2
T -
I Q; = 182,000

1530 1540 1550 1560 1570 1580 1590 _1‘00 _|50 6 50 1(I)0
Wavelength [nm] Detuning [pm]

|
[

Transmittance [dB]

Meas.
Fit

|
©

Fig. 7. (a,d) Top view micrograph of Asy(Sgo and Asy(Segg MR with R = 5 um, respectively.
(b,c) Measured transmittances with an inset showing the simulated electric field intensity
mode profile at 1550 nm. (c,f) Single resonance with a Lorentzian fit to extract Q.

For both MRs, the Q; is well over 1 x 103, suggesting moderate loss even with tight bends. The
corresponding propagation loss estimated using Eq. (3) are @ = 3.9 dB/cm and @ = 3.0 dB/cm for
the AsypSgo and AsyoSego MR, respectively. The small difference in loss could be attributed to the
tighter confinement in AspSego due to the higher index. We note that the wavelength difference
between the measurements could also affect the measured loss. The extracted propagation
loss are comparable with silicon microring resonators of the same radius [41]. In both cases,
increasing the radius resulted in improved quality factors (not shown), suggesting that bending
leakage is the dominant source of loss. Nevertheless, the high Qs indicates that even with bending
leakage, these MRs have satisfactory loss for certain applications and compares favorably with
other demonstrations of ultracompact MRs [42]. These results confirm that the heterogeneous
integration method proposed in this work comes at a very small or negligible density cost.
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4.3.  Multi-layer waveguides

The geometry and fabrication process of micro-trench waveguides are favorable to heterogeneous
multilayered cross-sections, where different materials are vertically stacked by subsequent
depositions. This type of waveguide could find applications in dispersion engineering or
athermal photonics [43,44]. Yet, the use of such waveguides has remained limited to theoretical
investigations, in part because of the fabrication complexity. In this section, we present a novel
multilayer MR based on the micro-trench geometry. We fabricated an MR with R = 100 um by
subsequently depositing an 800 nm Ta,Os base layer, a 200 nm Asy¢Sgo layer and a final 50 nm
SiO; passivation layer. The deposition methods are described in sect. 2.

The multilayer waveguide is schematically depicted in Fig. 8(a) and its optical properties are
summarized in (b) through (e). The intrinsic quality factors are slightly over Q;>6 x 10* for the
bandwidth considered. We observe anomalous dispersion with a disturbance near 1565 nm due
to higher-order modes. This disturbance is visible in Fig. 8(d) where the insets (i) and (ii) show a
disturbed resonance and a normal resonance, respectively. Finally, the temperature dependent
wavelength shift TDWS = dA/dT was measured and shown in Fig. 8(e). The negative TDWS
is due to the negative thermo-optic coefficient TOC of the chalcogenide [45] and suggest that
the weak TOC of Ta,Os is overcompensated by the thin film of chalcogenide [46]. While this
demonstration is meant as a proof-of-concept, it highlights well the versatility and the universality
of the micro-trench filling approach for heterogeneous integration with silicon waveguides.
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Fig. 8. (a) Schematic of the multilayer waveguide combining TayOs and AsySgp. (b)
Measured transmittance, (c¢) quality factor (d) group index and (e) temperature dependent
wavelength shift 7DWS of the multilayer with R = 100 um. The insets in (d) show a
perturbed resonance (i) and an unperturbed resonance (ii).

5. Discussion

At this point, comparison with similar methods of co-integration can be instructive. In fact,
the keen reader might ask what is the advantage of using a micro-trench filling method versus
defining the waveguides directly in the advanced material. It is true that such an approach has
been used to great success, for example with chalcogenides waveguides [47,48]. The main appeal
of micro-trench filling is its universality, as the fabrication method is readily compatible with
various materials that would require dedicated, sometimes tricky, etching recipes if developed
individually. Furthermore, materials like chalcogenides are not part of the standard CMOS
process, therefore, they should be restricted to a wafer-scale, backend process, as it is possible to
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do with micro-trench filling. We believed that these advantages make up for the design restrictions
inherent to the method.

Another aspect to emphasize about the method is its use with active materials. The addition of
rare-earth ions inside the thin film can result in difficulty to achieve a good quality waveguide
etch and increase background propagation loss [49]. By not requiring direct etch of the material,
micro-trench filling effectively bypass this problem. Moreover, for large-scale integration, it is
preferable to not have all circuits made from the active material as the pump wavelength would
be absorbed in the routing sections. Micro-trench filling then allows the seamless integration of
active components into otherwise passive circuitry. In fact, the first reports using this approach
were demonstrations of rare-earth doped microlasers on silicon nitride [9,10].

6. Conclusion

In summary, we presented in-depth simulations of micro-trench resonators coupled to silicon
waveguides and showed that the geometry that accommodate a large variety of materials, making
it an interesting candidate for universal heterogeneous integration. We fabricated and tested
microresonators with various thin film materials to further reinforce this point. We reported novel
structures using this method, including ultra-compact and high-Q microresonators as well as
multilayered waveguides that have potential for dispersion engineering and athermal photonics.
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