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Abstract: We demonstrate the high quality (Q) factor microdisk resonators in high index-
contrast chalcogenide glass (ChG) film GeSbSe using electron-beam lithography followed by
plasma dry etching. High confinement, low-loss, and single-point-coupled microdisk resonators
with a loaded Q factor of 5x10° are measured. We also present pulley-coupled microdisk
resonators for relaxing the requirements on the coupling gap. While adjusting the wrap-around
coupling waveguides to be phase-matched to the resonator mode, a single specific microdisk
radial mode can be excited. Moreover, the thermal characterization of microdisk resonators is
carried out to estimate the thermo-optic coefficient of 6.7x107%/K for bulk ChG.

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

1. Introduction

High quality (Q) factor optical resonators, with the capability of trapping light in a tiny volume for
long periods [1], are in high demand for many applications, such as optical sensing [2,3], cavity
optomechanics [4], optical data processing [5], ultralow threshold lasers [6—8], optical modulators
[9], and nonlinear optics [10]. Two different resonator structures, namely photonic crystal cavities
[11,12] and whispering gallery mode (WGM) resonators (microrings [13], microdisks [14,15]),
are used extensively used in the planar, integrated photonic circuits, among which microdisk
resonators demonstrate higher quality factors due to less scattering because of only one etched
sidewall [14]. To further promote the potential of the microdisk resonators, significant interest
has been focused on developing microdisks on various material platforms, such as silicon dioxide
[16], silicon carbide [17], lithium niobate [18,19], and even polymers [20].

As one of the important infrared optical material, chalcogenide glasses (ChGs) exhibit very
attractive material properties [21]. They have very low linear absorption loss over a wide
wavelength range (from the visible around 0.5 pm, to mid-infrared wavelengths, up to 20 um)
with a relatively high refractive index (n=2~3), enabling a small optical mode volume without
excessive radiative loss. Besides, ChGs exhibit exceptionally high optical nonlinearity (Kerr,
Raman, and Brillouin coefficients) which is two or three orders of magnitude greater than
silica and comparable or superior to silicon [22,23]. Moreover, ChGs have excellent scalability
that could be easily deposited on any substrates using low-cost, large-area techniques such as
evaporation and sputtering [24,25]. Benefiting from these excellent properties, ChGs has been
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promising in infrared optical resonators for cavity-enhanced chemical and biological sensors
due to the fact that most of the molecules have characteristic absorption bands in the infrared
[26-28]. Microdisk resonators in thermally evaporated As;S3 and Gey3Sb7S79 ChGs film have
been developed successfully with a high Q factor and medium index-contrast [29,30]. However,
the fabrication technologies in a relatively high index-contrast ChGs platform (7cay/npg~2) are
still in the infancy, resulting in the difficulty in achieving high Q factor. High index-contrast
microresonators yield smaller mode volume, thus much stronger linear and nonlinear interaction
and more flexible dispersion tailoring ability. Considering the rich potential on linear and
nonlinear applications, it is of great interest to develop versatile high index-contrast ChGs
microresonators.

In this work, utilizing a high index-contrast and nontoxic Ge,gSb2Sego (GeSbSe) film [12],
we report the fabrication of high Q factor microdisk resonators using electron-beam lithography
following by plasma dry etching. We demonstrated planar microdisk resonators with a loaded Q
factor of ~5x10° when the access waveguide is side-coupled to the resonator at a single point.
In this case, the critical coupling is experimentally achieved for the 3rd order radial mode. To
release the requirements on the coupling gap, we also demonstrate the pulley-coupled microdisk
resonators [29]. While adjusting the pulley waveguide width to be phase-matched to the mode of
resonator, single-mode operation of specific mode of the microdisk can be conveniently achieved.
Finally, the thermal characterization of microdisk resonators is carried out to estimate the thermal
drift of the device.

2. Device fabrication and measurement

We fabricated planar integrated microdisk resonators with an access waveguide. First, 300 nm
thick GeSbSe films were thermally evaporated from GeSbSe glass powder (prepared by melt
quenching in a quartz ampoule) onto 4” silicon wafers with 3-um thermal oxide layer as a bottom
cladding. The refractive index of the ChG film was determined to be ~2.8 at a wavelength
of 1550 nm using ellipsometry, enabling high index-contrast devices. Then a 30 nm thick of
SiO; film was directly deposited on GeSbSe by magnetron sputtering at room temperature.
The SiO, film was used to protect chalcogenide films from damages during the development
and reduce the sidewall roughness during the etching. The device pattern was defined by
direct-writing 30 keV electron-beam lithography (Raith eLINE Plus) using a positive tone AR-P
6200 resist. To remove residues during the development process which leads to micro-masking
formation in fluorine-based etching, the exposed structures underwent a plasma treatment step
with O,/Ar/CHF; gases (see parameters in “Before etching” column in Table 1). The pattern
was then transferred onto the underlying ChGs layer by an anisotropic etching via an inductively
coupled plasma (ICP) process utilizing a gas mixture of CHF3; and CF,4. The etching recipes,
including gas flow rate, chamber pressure, radiofrequency (RF) power, and etching gas ratio (for
the fluorine chemistry), were investigated to determine the best performance (see parameters
in “Etching” column in Table 1). Following etching, another optimized plasma treatment was
performed on the sample to remove the fluorocarbon polymer deposited on the waveguide
sidewalls (see parameters in “Removing” in Table 1). Finally, the remaining photoresists were
stripped by soaking the sample in N-methyl-2-pyrrolidone (NMP) for 2 hours.

Figure 1(a) shows a scanning electron microscopy (SEM) image of the fabricated microdisk
resonator with a radius of 45 pm. The resonators are coupled to an access waveguide to
allow the optical characterization in transmission measurements. The zoomed-in view of the
coupling region in the yellow frame in Fig. 1(a) is shown in Fig. 1(b). Compared with the taper
fiber coupling configuration, access waveguide coupling is preferred in the on-chip photonic
integrated circuits, and this can improve the stability and durability of our device. Fully etched
fiber-waveguide grating couplers are also fabricated to facilitate coupling light to the waveguide
from an external fiber, as shown in Fig. 1(c). The grating coupler has a fixed duty cycle of ~70%



Research Article Vol. 29, No. 12/7 June 2021/ Optics Express 17777

Optics EXPRESS

-

Table 1. Summary of optimized etching recipes for a ChGs microdisk

resonator.
Parameters Before etching Etching Removing
O, flow rate (sccm) 30 0 30
Ar flow rate (sccm) 2 0 2
CHFj3 flow rate (sccm) 3 20
CF,4 flow rate (sccm) 0 10 0
RF power (W) 10 100 30
ICP power (W) 200 300 300
Pressure (mTorr) 10 6 10

and a period of 0.92 pm, which is aligned to the single-mode fibers (SMFs) at an incident angle
of 12°. The peak coupling efficiency for the regular full-etched grating coupler is measured to be
~10%, which can be further improved using a sub-wavelength grating coupler [31].
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Fig. 1. (a) Scanning Electron Microscopy (SEM) image of a ChG microdisk resonator
coupled to an access waveguide. The disk diameter is 45 pm. (b) Zoomed-in view of the
structure at the waveguide-resonator coupling region. (c) SEM image of the TE mode grating
coupler.

In the experiments, light with sub-MHz linewidth from the tunable laser (Santac TSL-550) is
coupled to the waveguide via focusing grating couplers and collected on the other side of the
waveguides into a low-noise power meter (Santec MPM210) via SMFs. The power of the coupled
light was kept low enough (< 100 uW) to minimize the thermo-optic effects of the ChGs [32].
The polarization of the input light was controlled to match the fundamental quasi-TE mode of
the waveguide by a manual fiber polarization controller (Thorlabs FPC526). The experimental
temperature was fixed at 20°C using a thermoelectric controller to avoid any thermal shift of the
resonators.

3. Results and discussion
3.1. Performance of the single-point-coupled microdisk resonators

Figure 2(a) shows the representative output spectrum of the fabricated resonators with a radius of
45 pm. The waveguide width is 720nm, enabling a single mode operation, while the coupling gap
is 190 nm. The loaded Q factors at all resonances from 1520 nm to 1580 nm are extracted, and a
histogram of device performance from multiple resonances over our sample is shown in Fig. 2(b).
All the first few radial mode orders observed in the experiment exhibit a Q > 10°. In Fig. 2(c),
the full width at half maximum (FWHM), denoted as A4, was measured to be 3.15 pm by a
Lorentzian fitting. Based on the formula Q = A/AA, the loaded Q factor of ~ 5x10° is calculated
at 1559.657 nm. To understand the resonant mode, we calculate the transverse electric (TE)
polarized mode profile of the resonator in the axisymmetric ChG microdisk membrane using
the finite element method (FEM) as shown in the inset of Fig. 2(c) (COMSOL Multiphysics).
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According to the free spectral region (FSR) in different radial modes, the radial and azimuthal
order for the resonant mode is identified to be 1 and 412, respectively. One of the properties in
the traveling-wave resonators such as microdisk is resonance mode splitting due to the coupling
between the degenerate clockwise (CW) and counterclockwise (CCW) modes (usually comes
from the sidewall roughness scattering). In our case, we can also observe a typical resonance
spectrum with a mode splitting of 81 =2.9 pm (see Fig. 2(d)), which can be potentially used to

detect nanoparticles at a single-particle resolution [33].
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Fig. 2. (a) Transmission spectrum of a ChG microdisk resonator with a radius of 45 um.
(b) Histogram of extracted loaded Q factor at each resonant wavelength. (c) A high Q factor
of ~5x10° is observed at 1=1559.657 nm. Inset: the fundamental TE mode profile of ChG
resonator. (d) A zoomed view of one of the resonances in (a), wherein the resonance shows
mode splitting due to the coupling between the degenerate CW and CCW modes of the
resonator.

Among the excited radial order modes in microdisk, the first-order mode, as show in Fig. 2(c),
is regarded as one of the most significant mode as they exhibit high Q factor and low mode
volume. Since microdisk is a traveling-wave-resonator, in the weak coupling regime, the all-pass
transmission and the loaded Q factor (Qr) at resonance are respectively given by [14],

_Pout 1'QO/QC2
Pin N I+ QO/QC ’ (1)
0'=0;'+0, )

where Qg and Q. are respectively the intrinsic and coupling quality factor, Qy is calculated to be
~5.6 % 107 at the resonance wavelength of 1559.657 nm when substituting the power transmission
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of ~0.62 into Eq. (2). The intrinsic Qy is limited by several loss mechanisms, namely absorption,
radiation, and scattering

0, =0:'+0,!' + 0/, A3)

where Q;, On and Qg denotes the intrinsic radiative loss, material absorption loss, scattering
loss due to surface inhomogeneities, respectively. Q,~!vanishes exponentially with increasing
size, so with R >15 um, Q; >10'3 (R is the microdisk radius), O, was calculated to be 1.89x10°,
which is derived from the reported linear attenuation of 0.3 dB/cm in bulk Ge,gSbi2Segq glass
[34]. Our measured loaded Q factors are smaller than both Q; and Q,, suggesting that the Q
factor is limited by the scattering loss from the surface and edge of the resonators. From the
measured spectrum of the microdisk resonator, we also find that the near-critical coupling occurs
near 1550 nm for several families of modes (quoted for resonant peaks with extinction ratios
>20 dB). The full width at half maximum (FWHM) of 5.83 pm and the measured high loaded Q
factor is ~ 2.7x10° at A=1551.693 nm (the resonances at the solid red circle in Fig. 2(a)). We
can calculate the intrinsic Q factor of 5.4x10° since it is simply twice the measured loaded Q
factor. The resonant mode in near-critical coupling is determined to be the 3rd order radial mode
of the microdisk, referring to our simulation results.

3.2.  Performance of the pulley-coupled microdisk resonators

When the waveguide is side-coupled to the resonator at a single point, the critical coupling
condition requires a very narrow coupling gap between the waveguide and the resonator [35]. In
contrast, the pulley geometry allows for relaxing the coupling gap requirements by increasing the
coupling length. Moreover, while adjusting the pulley waveguide width to be phase-matched to
the resonator mode, the single-mode operation of the microdisk can be expected. Figure 3(a)
shows the normalized transmission spectrum of a 32 um-radius ChG-microdisk side coupled to a
waveguide with the coupling in a single-point configuration. One can find that several radial
TE modes of the microdisk resonator are excited at the same time. The width of the access
waveguide width is 720 nm, and the coupling gap is 150 nm. We also examine the same microdisk
transmission spectrum when a pulley coupler is employed (see Fig. 3(b)), which features a series
of discrete, equally spaced resonant peaks. In this case, only one single mode of the resonator
is excited while the other radial modes are uncoupled from the waveguide field. The coupling
length is the half circumference of the ChG-microdisk, and the coupling gap is 290 nm, which is
almost twice that in a single-point coupling scheme. Compared to single point couplers, these
features are within the reach of current deep-UV lithography systems, and thus can be fabricated
using high throughput photo-lithography systems in a foundry. Figure 3(c) shows a typical
resonance with a high Q factor of 3.7x10 at the wavelength of 1537.467 nm by Lorentzian
fitting. According to the microdisk resonator simulations, this resonance corresponds to the 2nd
radial order mode with azimuthal number of 286 and an FSR of 4.5 nm. Such pulley-coupled
microdisk resonators possess advantages of a wider waveguide-resonator gap, and single-mode
operation, thus making them an excellent candidate for applications where a strong light-matter
interaction is required.

Figure 3(d) shows the pulley coupling configuration in this work. The first-order temporal
perturbation theory gives the coupling coefficient between a waveguide and an adjacent resonator
as [15] .

0
k=S / , e"e(KOnw"ngfm)dQ = 26psinc |(KohweRywg — m)% , )

—0o
where S is a parameter independent of 6, 6y is the angular range of the wrap-around coupling,
ko =2m/Ay is the wavenumber in the free space, and m is the azimuthal mode order of the
resonator. The effective radius of the curved waveguide (R,,) is larger than the radius of the disk
(Rwg=Ruisk+g+w/2). We note that the phase mismatching (kon,,,R,,, — m)0y between the two
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Fig. 3. (a) The normalized transmission spectrum of a 32-micron-radius ChG microdisk
side coupled to a waveguide with a single point coupling scheme. (b) The normalized
transmission of the waveguides coupled to the same microdisk in the pulley configuration. (c)
Measured spectrum and Lorentzian fitting around the resonant wavelength at 1537.467 nm,
the measured loaded Q-factor is ~ 3.7x10°. (d) The geometry of the pulley structure used in
this work.

structures can reduce the coupling coefficient considerably. If the phase-matching condition is
met (kon,ygR,,, = m), the coupling coeflicient is a linear function of the coupling length (which is
proportional to 8g). The phase-matching condition is highly dependent on the exciting radial
modes of the microdisk resonator. Since the effective index of each radial mode is defined as
(naisk = m/koRaisk), the phase-matching condition can be satisfied at n,,4R,; = nyiskRaisk.- When
the waveguide width is chosen to be 720 nm in our case, only the 2nd radial order mode of the
disk is excited. The strict phase-matching condition does not allow the other radial modes of the
microdisk to have significant coupling to the waveguide, verified by the achieved transmission
spectrum as shown in Fig. 3(b). To achieve fundamental mode excitation in the resonator,
waveguide width need to be enlarged given the increase of the n;g.

3.3. Thermal characteristics on the ChG microdisk

We finally investigate the thermal characteristics of the proposed ChG microdisk resonators.
In the experiment, a thermoelectric controller (TEC) is placed beneath the chip to control the
temperature of the substrate. Figure 4(a) shows the measured transmission spectrum of the
fabricated microdisk at the ambient temperature changing from 35°C to 55°C with a step of
5°C. From this figure, we can find a redshift of the resonant wavelength for the microdisk with
increasing ambient temperature. Figure 4(b) shows a linear correlation between the wavelength
drift and the temperature change, indicating a redshift of approximately 69 pm when the ambient
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temperature is increased by 1 K. Such a linear relationship origins from the thermo-optic effect
and thermal expansion, which can be calculated using the temperature dependence equation [17],

da 1 dngg 1dD Croc
Lo a(—=L )=
dT O(neﬁ ar Toar) =Y,

+ CcrE), Q)

where Ay is the resonant wavelength, n.g is the effective index of resonant mode, and D is the
principal diameter of the microdisk. As our proposed resonator provides a good confinement
of the optical mode in ChG layer (see the inset of Fig. 2(c)), the temperature dependence
of effective index of optical mode is primarily determined by the thermo-optic coefficient of
material, (1/n)(dno/dT)= (1/neg)(dneg/dT), where ny is the refractive index of bulk ChG. Using
the thermal expansion coefficient Ccrg of 1.4X% 107/K for GeSbSe glass at room temperature [32]
and our experimental results of dA/dT=69 pm/K, the thermo-optic coefficient Croc is estimated
from Eq. (5), being 6.7x107/K, which is in excellent agreement with those published results
[32]. One can also figure out from Eq. (5) and these parameters that, the thermal expansion
factor has a smaller contribution to the geometry change in the resonance shift compared with
the thermo-optic effect in GeSbSe glass.
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Fig. 4. (a) Transmission vs. wavelength for a resonant mode in the microdisk with a radius
of 45 um at various temperatures. (b) Redshift in resonant wavelength of optical mode as a
function of temperature. A linear fit to the data yields dA/dT of 69 pm/K.

4. Conclusion

In summary, we report high index-contrast ChG microdisk resonators in the near-infrared region.
Plasma treatment and optimized fluorine etching recipes are employed to produce low-loss
devices. Planar microdisk resonators with a loaded high Q factor of ~5x10° for the first-order
mode are demonstrated when the access waveguide is side-coupled to the resonator at a single
point. We also present pulley-coupled microdisk resonators with larger coupling gaps when
the waveguide wraps around the resonator. By choosing the proper width for the wrapped
waveguide and making the phase matching to the mode of resonator, single-mode operation of the
microdisk can be realized. The thermal responses are experimentally investigated under different
temperatures, and the demonstrated temperature drift in the device is 69 pm/K. The availability
of such high index-contrast ChGs microdisk resonators with high Q factor, easy fabrication,
and single-mode operation will find numerous applications for optical sensing, optical signal
processing, and nonlinear photonics.
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