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Dispersion Engineered High-Quality Ge—Sb—S
Reflowed Wedge Resonator

Bo Xu

Abstract—Dispersion engineering in chalcogenide integrated
photonics is crucial for nonlinear optical applications. We have
developed a thermal-reflow-assisted fabrication method that cre-
ates Ge23Sb7S7( reflowed wedge resonators with supreme surface
roughness and quality factors exceeding 10°. Our simulations show
the ability to engineer the dispersion of their whispering-gallery
modes to overcome large material dispersion in near-infrared wave-
length and achieve anomalous dispersion. We have successfully
fabricated the designed tightly confined reflow bump geometry
and experimentally demonstrate an engineered flat anomalous
dispersion of the supported TMg, optical mode.

Index Terms—Chalcogenide integrated photonics, dispersion
engineering, nonlinear optics, thermal reflow fabrication,
whispering-gallery mode resonators.

1. INTRODUCTION

HERE is a great need for compact, broadband, high ef-

ficiency infrared light sources for applications ranging
from telecommunications and spectroscopy to quantum and
biomedical technologies [1], [2], [3], [4], [5]. Integrated non-
linear photonics based on chalcogenide glass microresonators
offers a potential solution to these needs. Chalcogenide glasses
are known for their high nonlinearities, long wavelength trans-
parency, and excellent figure of merit (ratio of nonlinearity
to two-photon absorption) [6], [7], [8], [9]. Recent advances
in the integrated photonic devices based on Ge23Sb7S7¢ and
GeogSbioSeqo glasses hold high promises for applications such
as Kerr frequency comb generation in the near- and mid-infrared
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region [10], [11]. Additionally, chalcogenides can be directly
deposited onto other optical materials such as ITII-V semiconduc-
tors, lithium niobate, silicon nitride, and other chalcogenides,
enabling heterogeneously integrated devices that harness optical
properties of multiple materials [12], [13], [14].

Whispering gallery mode (WGM) microresonators have been
a popular platform for numerous fundamental investigations
due to their micro-scale confinement of light and abundance of
structural parameters for optical engineering [15], [16]. Wedge
resonators are especially attractive due to their simple fabrica-
tion process, easily engineerable structural parameters: radius,
thickness, and wedge angle and potential for full monolithic
integration with on-chip waveguide devices [17], [18]. Although
silica wedge resonators with varying wedge angles from edge to
center have been used to achieve broadband dispersion engineer-
ing, they require a complicated fabrication process [19]. Thanks
to the low glass transition temperature, Geo3Sb7S7o (GeSbS)
glass lends itself to a simple thermal reflow process which can
create a continuously varying wedge angles from edge to center
in a GeSbS wedge resonator [20], [21]. While dry-etched GeSbS
waveguides have shown low-loss of 0.2 dB/cm [22], reflowed
wedge resonators offer a better potential for achieving ultra-high
Q factors compared to dry-etched ring resonators made of the
same material, as the thermal reflow significantly reduces the
surface roughness to be the level comparable to microspheres
and microtoroids [10], [23], [24].

In our previous research, we demonstrated that reflow could
significantly reduce the propagation loss of dry-etched chalco-
genide rings by 0.79 dB/cm [10]. We also explored dispersion
engineering through simulations in reflowed wedge resonators
targeting high-order modes [20]. These results motivate us to
further investigate reflowed wedge structures and extend disper-
sion engineering to fundamental modes in wedge resonators,
which offer easier access, clearer spectral identification, and
greater potential for broadband nonlinear applications such as
four-wave mixing, microcomb generation and on-chip quan-
tum light sources [4], [24], [25]. While other materials have
been used for microcomb generation [26], [27], GeSbS de-
vices offer distinct advantages such as low temperature depo-
sition compatible with a wide range of substrates, low glass
transition temperature, high nonlinearity and low phonon en-
ergies. In particular, GeSbS exhibits broad mid- and long-
wave infrared transparency window of 0.6 — 22 um [7], and
reflowed wedge resonator can be a promising platform for
miniaturized, infrared sensing and spectroscopy applications
(2], [11].
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Fig. 1. Fabrication workflow of reflowed wedge resonators. Negative photore-
sist NR9-1000PY is used as the etch mask. Potassium borate (BK303) water
solution and buffered oxide etch (BOE) are used for Geo3Sb7S7g and SiOo
wet etching. The reflow of photoresist etch mask at 125 °C greatly reduces the
line-edge roughness of the etched GeazSb7S7¢ disk, and the reflow of undercut
Gea3Sb7S7 disk at 465 °C significantly improves the surface roughness of the
wedge through a rapid melt-quenching.

In this paper, we present dispersion engineering with a unique
reflowed wedge geometry. We use the geometric dispersion
to overcome the material dispersion and achieve a flat and
close-to-zero total dispersion in certain optical modes which
is a common requirement for many nonlinear operations such
as frequency combs, pulse sources, and soliton generation [19],
[28], [29], [30]. The in-house fabrication process of GeSbS re-
flowed wedge resonators will be presented along with the quality
factor and dispersion characteristics of the fabricated devices.
We report quality factors exceeding 10° and demonstrate the
ability to engineer the dispersion of WGMs over tens of terahertz
bandwidth in the near-infrared region.

II. DISPERSION ENGINEERING OF REFLOWED WEDGE
RESONATORS

A. Reflowed Wedge Geometry

We design reflowed wedge resonators as a surface-roughness-
improved version of conventional wedge resonators utilizing
the low melting temperature of GeSbS glass [20], [21]. A
UV-lithography based fabrication process has been developed
as shown in Fig. 1. The fabrication starts with the thermal
evaporation of the GeSbS thin film on a thermally grown silicon
oxide substrate. During the evaporation, the base pressure is
5 x 106 Torr and the evaporation rate is 0.2 ~ 1 nm/s. Then,
negative photoresist NR9-1000PY is spin-coated and soft-baked
to create a 1-pum-thick resist layer. NR9-1000PY is chosen be-
cause its developer (RD6) and stripper (acetone) are compatible
with GeSbS glass. A photoresist microdisk is defined by the
contact lithography using 365 nm light. It is then reflowed at
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Fig. 2. (a) Scanning electron micrograph of the edge cross-section of a
Geo3Sb7S7o microdisk with thickness ¢ = 0.8 pum on an undercut SiOg
pedestal with height zyndercut = 0.9 pm. (b) Scanning electron micrograph
of the intermediate stage of Ge23Sb7S7o reflow. The GeazSb7S7o overhang
curls upwards after being melted and reshapes on top of the SiO2 pedestal.
(c) Scanning electron micrograph of the edge cross-section of a Gea3Sb7S7¢
resonator with reflow bump height zpump = 1.42 pm and reflow bump width
L = 6 pm. (d) Atomic force micrograph of the reflowed bump top surface
shows a surface roughness of 0.3 nm. The micrometer-scale bump curvature
background is removed for roughness analysis.

125 °C to reduce the line-edge roughness. Next, the GeSbS film
is chemically etched by 0.2% (w./w.) potassium borate (BK303)
solution which acts as a buffered potassium hydroxide solution.
Then, the 2-pm-thick SiO, layer underneath the GeSbS film
is undercut by buffered oxide etch (BOE 6:1), which acts as
a buffered hydrogen fluoride solution, to create a short silica
pedestal. Lastly, the GeSbS microdisk on SiOs pedestal is
rapidly melted at 465 °C in a tube furnace for 1 ~ 3 min, and
then quenched in air. During this process, the top surface of the
wedge becomes extremely smooth and forms a gradually varying
slope whose precise shape is controlled by the reflow condition.
The reflowed wedge resonator combines the engineerability of
microdisks with the excellent surface quality of microtoroids,
thanks to the unique properties of GeSbS glass.

The cross-section of the edge area of a GeSbS microdisk
before and after the GeSbS reflow step are shown in Fig. 2.
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As shown in Fig. 2(a), the BOE not only underetches the silica
substrate with a 5 nm/s etch rate, but also mildly attacks the
GeSbS at interface with an 8 nm/s horizontal etch rate and
2.5 nm/s vertical etch rate, creating an overhang whose shape
depends on the etch time. During the rapid GeSbS melt-quench,
the GeSbS overhang first curls upwards and climbs onto the SiO,
pedestal driven by surface tension, as shown in Fig. 2(b). Then,
the GeSbS overhang is melted into a bump shape along the cir-
cular edge of the SiO5 pedestal as shown in Fig. 2(c). According
to the thermogravimetric analysis (TGA) of our GeSbS material,
there’s only negligible vaporization at the reflow temperature.
Therefore, as the reflow time increases, gravity and surface
tension will shorten and widen the reflow bump, while the radius
of the reflowed GeSbS wedge is determined by the underlying
SiO, pedestal, whose size is well controlled by the BOE etch
time. The top surface of the GeSbS reflow bump is characterized
by atomic force microscopy (AFM), as shown in Fig. 2(d),
and found to have a surface roughness of ¢ = 0.3 nm. The
bottom surface of the GeSbS reflow bump is the unetched SiO2
substrate surface, which has a surface roughness measured to
be 0 = 0.1 nm. Given the GeSbS thickness ¢, and the height
Zundercwt @nd radius R of the silica pedestal, we can control
the deformation range during the reflow, L, and determine the
expected reflowed wedge profile including the wedge angle at
the edge and reflow bump height zyymp. To avoid confusion, all
these parameters are indicated in Fig. 2(a) and (c). Among these
parameters, ¢ is determined by the evaporation rate and time;
Zundercut 18 determined by the BOE etch time; R is determined
by the lithography and wet etch time; and L is determined by
the reflow condition. To simplify the calculation of the expected
reflowed wedge profile, we can set the reflowed disk to have
the original evaporation thickness in the radius range from 0O to
R — L. The reflow bump profile curve z(r) in the radius range
from R — L to R can be approximated by a 4" order polynomial:
2 (r) =ag +a1r + agr? + azr® + ayrt.

To find the five parameters of the polynomial, we use the

three boundary conditions, z (r = R—L) = t,z(r = R) =
0, % re R_L = 0, in addition to the two requirements that

the total chalcogenide volume is conserved and the total energy
is minimized. That is, we require the deformed volume of the
reflowed GeSbS to have the minimum total energy from gravity
and surface tension:

’ 2(r)? dz\?
FEiotal = / 2mr | pg - 5 + o)1+ . dr, (1)
R-L

where p is the density of GeSbS known to be 3.15 g/cm?, g is the
gravitational acceleration, z(r) is the reflowed profile function,
and o is the surface tension of melt GeSbS which is determined
to be 0.1 N/m from the experimentally measured reflowed
wedge profile. Among all available geometry parameters, the
deformation range, L, is the hardest to finely tune and radius 12 is
usually set by application requirements for the microresonator’s
free spectral range (FSR). Thus, ¢ and 2ypdercur are the best tuning
parameters to achieve the desired reflow bump height zyymp.
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Fig. 3. (a) Refractive index of a 1.1-pum-thick thermally evaporated
Gea3Sb7S7o sulfide glass thin film measured by ellipsometry. The refractive
index of the film is shown by the black solid line while the extinction coefficient
isrepresented by the red dash line. (b) Material dispersion parameter D spectrum
of Gea3Sb7S70 and SiOg in near-infrared wavelength range.

B. Dispersion Engineering

For most WGM resonators, material dispersion is the dom-
inant part of their total dispersion due to the lack of sub-
wavelength geometric confinement. To determine the material
dispersion of our GeSbS glass, we measured the refractive
index of the thermally evaporated thin films by spectroscopic
ellipsometry as shown in Fig. 3(a). We fit the averaged index
spectrum with Sellmeier equation [31] and obtained

2.96640122 0.8449989).2
A% —0.1579334% A2 —0.36196817

0.806202412
A2 — 26.045632’

where the wavelength A is given in microns. From the index spec-
trum, the material dispersion parameter is calculated as shown
in Fig. 3(b). In comparison, the material dispersion of SiOs is
also included based on its Sellmeier equation reported in [32].
GeSbS has a large normal dispersion of D =-250.9 ps/(nm-km)
around 1.55 pm. To achieve broadband phase matching for
frequency comb generation, a close-to-zero anomalous disper-
sion is favorable [19], [28], [29], [30]. This requires geometric
dispersion engineering. In a single-wedge-angle disk resonator,
as the wavelength increases, the optical mode moves inward
(towards the symmetric axis) and the effective mode index
decreases, which contributes to normal dispersion [28]. In the
reflowed wedge resonator case, we can design the reflow bump
to trap the optical mode within the bump, stopping the mode
from migrating inward and maintaining tight confinement. This
way, we can engineer the effective index nes by tuning the

N&eshs (M) = 1+

@)
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width and height of the reflow bump similarly to tuning the
width and height of a strip waveguide. Experimentally, we can
repeatably create reflow bump widths L from 3 to 20 um with
4 0.5 pm accuracy by controlling the reflow time at 465 °C
[33]. The overall yield of the fabrication process is 40-50%
due to the cracks sometimes developing after the BOE etching
step. In terms of mode selection, TM modes, with polarization
perpendicular to substrate plane, are affected more strongly
by the geometry. Thus, we choose TM(yy mode, as shown in
Fig. 4(a), as the target mode for dispersion engineering.

Experimentally, the dispersion of a microresonator is usually
expressed as a function of the relative mode number 1 centered
at the reference resonance frequency, wg. The neighboring res-
onance frequencies can then be written as a Taylor expansion
around the reference resonance frequency as

1 1 1
Wy, = Wo + Dly, + §D2M2 + 6D3u3 + ﬂD4,u4 —+ ...

=wo + D1t + Dipy, 3)

where D, /2 is exactly the FSR around the reference resonance,
and the sum of all higher order terms is defined as the integral dis-
persion D;,,; [28]. To simulate the dispersion of reflowed wedge
resonators, iterative eigenmode simulations are performed using
COMSOL Multiphysics. First, the resonance wavelength of the
m"™ azimuthal mode is guessed t0 be Aguess = 2.2 - 27 R/m.
Using the refractive index at Aguess given by (2), COMSOL finite
element method (FEM) simulation calculates the eigenmode
to obtain the new resonance wavelength, A..s , and update the
refractive index accordingly. This process is repeated until con-
vergence, which is typically achieved after around 5 iterations.
We fix the radius to be 300 xsm and the disk thickness 1 ;zm which
are easily achievable by our fabrication process, and then sweep
the reflow bump width L and height zpump to find a reflowed
geometry that provides near-zero anomalous dispersion around
the wavelength of 1575 nm, which is the center wavelength
of our tunable NIR laser. As shown in Fig. 4(b) and (c), the
resonator with large bump width L or bump height 2y, tends
to exhibit anomalous dispersion at frequencies lower than the
center resonance frequency of 190 THz and normal dispersion
at higher frequencies. For fixed radius R and device thickness ¢,
we can engineer the high frequency dispersion into anomalous
region as well by decreasing L or zpump or both, which promotes
anomalous geometric dispersion due to a tighter mode confine-
ment. Fabrication wise, we can tune the volume of the GeSbS
overhang before reflow [Fig. 2(a)] by controlled BOE etch to
achieve the desired combination of L and zyymp. The overhang
volume is also affected by the radius and thickness of the GeSbS
disk which are minor factors for dispersion engineering.

III. RESULTS AND DISCUSSION

High index AsyS3 tapered fiber is used to couple light into the
dispersion engineered TMyy mode of our reflowed wedge res-
onators and characterize their loss and dispersion. An automated
fiber tapering setup, composed of a heater and synchronized
translation stage, creates As,S3 tapered fibers with tapered
waists of 0.6 ~ 2 um (corresponding to effective index of 1.8 ~
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Fig. 4. (a)Illustration of TMgo mode profile in a reflowed wedge from finite-
element method simulation. The E-field polarization is perpendicular to substrate
plane. (b) Simulated TMpo mode integrated dispersion D;,,+ spectra of various
reflowed bump width L, with the same radius of 300 pm, disk thickness of 1 pzm
and reflow bump height zpymp of 1.4 zm. A smaller L leads to a larger anomalous
geometric dispersion. (c¢) Simulated TMgo mode integrated dispersion D+
spectra of various reflowed bump height zpump show that a smaller zyymp also
leads to a larger anomalous geometric dispersion.

2.4). The transmitted light from a mode-hop-free tunable CW
laser (Toptica DLC Pro) through the tapered fiber is captured
by an InGaAs detector (Thorlabs DET10C). To calibrate the
laser scan over 90 nm wavelength range, a portion of the laser
output was also monitored after transmission through a fiber
Mach-Zehnder interferometer (MZI) with a 20.8 MHz FSR.
Based on the simulation results, we choose resonators with
a bump width L = 6 pm and height zpymp = 1.4 pm and
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characterized their dispersion. The radius of the resonators is set
to be 200 — 400 m to have abundant resonances within our laser
scanning range. To selectively couple with the TE polarization
modes, we move the resonator along the tapered fiber from the
thicker part towards the thinner part, while continuously rotating
the fiber polarization controller to change the input polarization
between TE and TM. The TE(y mode with the largest effective
index can be identified as the first set of observed resonance
dips. It also has the largest FSR among all TE and TM modes.
By fine-tuning the fiber polarization controller, we can optimize
the coupling with the TEqy mode. For coupling with TM modes,
we adjust the fiber polarization controller until all TE coupling
is eliminated. We then begin to observe transmission dips due
to TM modes. For both polarizations, moving the resonator
further towards the thinner part of the tapered fiber will reveal
additional higher order modes which can distinguished from
the fundamental modes by the smaller FSRs. By fine-tuning
the coupling condition between the tapered fiber and the res-
onators, broadband coupling with the TM and TEyg mode can
be achieved as shown in their broadband transmission spectra
Fig. 5(a) and (b). The TEyp mode has the largest FSR of 89.1
GHz among the resonator’s WGMs and an intrinsic Q factor of
1.5 x 10°. The TMyo mode has a slightly smaller FSR of 87.8
GHz and a higher intrinsic Q factor of 1.9 x 10°. The resonance
frequencies are then determined by fitting each transmission
peak from the spectra to calculate the integral dispersion D;,,;
using (3) around center wavelength of 1575 nm, as shown in
Fig. 5(c). The dispersion engineered TMy mode clearly shows a
flattened anomalous dispersion compared to the TEyy mode that
has large normal dispersion similar to the material dispersion.
This result showcases our capabilities of dispersion engineering
in the reflowed wedge resonator platform that is very promising
for four-wave-mixing and micro comb generation.

For nonlinear photonic devices, high quality factor and low
propagation loss are as crucial as dispersion engineering. The
optical transmission of a few reflowed wedge resonators with
different geometries are analyzed for loss characterization. For
each resonance, the transmission dip is fitted with a Lorentzian
line-shape to obtain the loaded quality factor Qioaq = x f;;HM
where A is the resonance wavelength and AApwyy is the full
width at half maximum of the resonance. The intrinsic quality
factor Q is calculated as ) = 123% , where T is the coupling
depth normalized to 1. As shown in Fig. 6(a), the highest Q from
the GeSbS reflowed wedge resonators is 1.2 x 10° for the TEq
mode of a 80 um-radius, 3.6 um-thick reflowed wedge resonator
coated with poly(methyl methacrylate) cladding. The polymer
coating can protect the smooth reflowed surface from dust and
other chemical contamination, leading to high Q. However, the
dip-coating process used in this work is not very reliable and may
produce substantial variations in thickness, which in turn could
complicate dispersion engineering. Without polymer coating, a
5.5 um-thick reflowed wedge has a quality factor of 5.3 x 10°
for its TMp mode [Fig. 6(b)], but the reflow bump is still too
thick to effectively confine the mode migration for dispersion
control. On the thinner dispersion engineered reflowed wedge
with 1 pum disk thickness, the TMgy mode with anomalous
dispersion around 1550 nm has a quality factor of 1.9 x 10°

)
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Fig.5. (a) The TM polarization and (b) TE polarization transmission spectrum
of a250 pm-radius reflowed wedge resonator over 90 nm wavelength bandwidth.
(c) The measured integral dispersion D;,,+ of both the TEgg and TMo modes of
the 250 pm-radius reflowed wedge resonator. The dispersion engineered TMqg
mode clearly shows a flatter anomalous dispersion compared to the TEgg mode’s
large normal dispersion.

TABLE 1
CALCULATED PROPAGATION LOSSES OF VARIOUS REFLOWED WEDGE
RESONATORS
Thickness Mode Clad Intrinsic Q Loss a
1.0 um TM,, Air 1.9 X 105 |2.16 dB/ecm
5.5 um TM,, Air 5.3 x 105 |0.76 dB/cm
3.6 um TE,, PMMA | 1.2x10° |0.34 dB/cm

[Fig. 6(c)]. The propagation loss can be calculated by

2 Neff
a=— 0
where neg is calculated from the FSR. A summary of the
calculated losses from reflowed wedge resonators is shown in
Table L.

Using scanning electron microscopy (SEM), the line-edge
roughness of reflowed wedge resonators is found to be oyy,s =
5.0 nm, and the lateral correlation length L, = 250 nm, which

“
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Fig. 6. Resonance transmission dip and its Lorentzian fit for (a) the TEq
mode of a 80 pm-radius, 3.6 pm-thick reflowed wedge resonator coated
with poly(methyl methacrylate)) (PMMA) cladding, (b) the TMpo mode of a
100 pm-radius, 5.5 pm-thick, air-clad reflowed wedge resonator, (c) the TMgg
mode of the dispersion engineered, 250 pm-radius, 1.0 pm-thick, air-clad
reflowed wedge resonator, whose dispersion is characterized in Fig. 5.

are close to the resolution limit of the UV lithography [34]. For
the 1.0 um-thick reflowed wedge resonator, the optical mode is
tightly confined and can be approximately treated as a waveguide
for which one can use the Payne-Lacey model [35] to estimate
the scattering loss. In our devices, despite the ultrasmooth top
and bottom surfaces of the reflow bump, the loss caused by
a sidewall with 5 nm line-edge roughness is estimated to be
1.5 dB/cm for the TMgy mode. For the 5.5 pm-thick reflowed
wedge, the waveguide approximation of the Payne-Lacey model
is no longer applicable. Qualitatively, however, we can expect
the decreased mode overlap with the resonator surface should
reduce the loss, which agrees with the experimental observation.

While the reduced mode overlap with the resonator surface
is favorable for high Q factors, it diminishes the ability to
engineer dispersion. Therefore, an optimal trade-off must be
found between minimizing loss and maintaining strong disper-
sion engineering capabilities to fully leverage the potential of
chalcogenide wedge resonators for nonlinear optical applica-
tions. Still, the achieved quality factors in our chalcogenide
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resonators remain magnitudes lower than those reported for
ultra-high-Q reflowed silica microresonators, which can ex-
ceed 10® due to the exceptionally low material absorption and
near-atomically smooth surface [23]. While reflow-assisted fab-
rication significantly enhances the surface smoothness of our
chalcogenide resonators, their intrinsic material absorption still
presents a fundamental limitation compared to silica. Previous
studies on chalcogenide microresonators have reported the best
Q factors in the range of 10 — 107 [36], [37], [38], indicating
that further reduction in our devices’ loss will require addressing
both scattering and material absorption constraints.

IV. CONCLUSION

In conclusion, we present a thermal-reflow-assisted fabrica-
tion method that creates Geo3Sbry S+ reflowed wedge resonators
with excellent surface roughness and quality factors exceeding
106, Our simulations of thin reflowed wedges show the ability
to engineer the dispersion of WGMs to overcome large material
dispersion in near-infrared wavelength and achieve anomalous
dispersion. We have successfully fabricated the reflow bump
geometry prescribed by the simulations and experimentally
demonstrated an engineered flat anomalous dispersion of the
TMo mode. These results showcase that reflowed wedge geom-
etry offers a greater degree of freedom for dispersion engineering
than most WGM microresonators while maintaining high qual-
ity factor, promising a new path to high quality chalcogenide
resonators nonlinear optical applications.
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