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Abstract: Chalcogenide glasses, with high nonlinearity and low loss, have captured research 
interest as an integrated device platform for near- and mid-infrared nonlinear optical devices. 
Compared to silicon-based microfabrication technologies, chalcogenide fabrication processes 
are less mature and a major challenge is obtaining high quality devices. In this paper, we 
report a hybrid resonator design leveraging a high quality silica resonator to achieve high Q 
factors with chalcogenide. The device is composed of a thin chalcogenide layer deposited on 
a silica wedge resonator. The hybrid resonators exhibit loaded Q factors up to 1.5 x 105 in the 
near-infrared region. We also measured the effective thermo-optic coefficient of the device to 
be 5.5x10−5/K, which agreed well with the bulk value. Thermal drift of the device can be 
significantly reduced by introducing a titanium dioxide cladding layer with a negative 
thermo-optic coefficient. 
© 2017 Optical Society of America 

OCIS codes: (140.3948) Microcavity devices; (160.2750) Glass and other amorphous materials; (160.4330) 
Nonlinear optical materials; (160.6840) Thermo-optical materials; (280.6780) Temperature. 
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1. Introduction 

High-Q optical microresonators, with the ability to confine optical fields inside a small 
volume for a long period of time, are essential building blocks for a wide variety of 
applications. These include label-free biosensors [1], integrated photonic devices [2], and 
freqeuncy combs [3, 4]. Devices have been demonstrated in a variety of materials including 
silicon [5], silica [6], lithium niobate [7], and silicon carbide [8]. The focus of our work is to 
develop high-Q microresonators with an attractive materials system, chalcogenide glass 
(ChG). 

ChGs contain one or more chalcogen elements, and have many favorable optical 
properties including high refractive index, strong optical nonlinearity, wide infrared 
transparency (up to ~20um), and low nonlinear loss [4, 9–11]. ChGs can also be deposited at 
low temperature on a wide variety of substrates. For these reasons, ChGs are considered an 
excellent material family for near and mid-infrared nonlinear optical devices and photonic 
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crystal cavities and ring resonators based on ChGs have been reported [12–15]. Potential 
applications include high resolution spectroscopy for chemical and biological sensing, optical 
switching, and new infrared light sources. We focus on a particular chalcogenide material 
Ge28Sb12Se60, which is attractive due to the As-free composition and high glass transition 
temperature [16]. 

While ChGs exhibit promising material properties, the fabrication technologies, 
particularly etching recipes, are not mature. This results in rough surfaces, which in turn limit 
the achievable Q factors in microresonators. Thermal reflow of chalcogenide itself may 
significantly reduce roughness [17, 18], but thermal shrinkage and deformation of the 
material composition during the reflow process present challenges for precise control of the 
fabricated device geometry. 

In this letter, we present a hybrid resonator design that takes advantage of the well-
developed silica wedge resonator geometry, demonstrated with extremely high Q factor [19]. 
By simply depositing a ChG layer on silica wedge resonator, this enables chalcogenide 
resonators with high quality factors. Here, we report ChG-silica hybrid resonators with loaded 
Q’s of 105. 

2. Methods 

2.1 Device fabrication 

Figure 1 shows the geometry and fabrication process for the chalcogenide-silica hybrid 
resonators. This fabrication process, up to the chalcogenide deposition, has been used to 
demonstrate Q factors as high as 875 million [19]. First, disk-shaped photoresist patterns are 
defined by photolithography onto the silicon wafer with 2 μm-thick thermal oxide. Then, the 
sample is immersed in buffered oxide etchant (BOE) to produce circular silica wedges. This 
wet etch step makes silica the surface extremely smooth and has been used to demonstrate Q 
factors as high as 875 million [19]. After removing the photoresist using organic solvent, the 
silicon substrate is dry etched by xenon difluoride (XeF2) to create air-suspended wedge 
structures. Finally, a 125 nm-thick chalcogenide glass film is thermally evaporated onto the 
silica wedge at a base pressure of 3 x 10−7 Torr. 

2. Photolithography

Si

Photoresist

1. Spin coat PR

3. Wet etch
(buffered HF)

4. Remove PR &
Dry etch (XeF2)

SiO2

Ge28Sb12Se60

5. Evaporate ChG

 

Fig. 1. The process flow for fabricating chalcogenide glass-silica hybrid microdisk resonators. 
A SiO2/Si substrate is spin-coated with photoresist and overlaid with a photomask. Then, the 
photoresist is exposed to UV light and developed, leaving a disk-shaped pattern. Precisely 
controlled wet etching conditions are used to fabricate the silica wedge with an ultra-smooth 
surface. The underlying silicon is then partially etched with XeF2 to create pillar structure. 
Finally, a Ge28Sb12Se60 film is thermally evaporated onto the silica wedge. 

Figure 2(b) shows a scanning electron micrograph (SEM) of a fabricated chalcogenide-
silica hybrid resonator, with a diameter of 46.5 um and a chalcogenide glass thickness of 125 

                                                                                    Vol. 25, No. 13 | 26 Jun 2017 | OPTICS EXPRESS 15583 



nm. The chalcogenide glass thin film (Ge28Sb12Se60) evaporated on top of the silica wedge is 
clearly visible in the cross-sectional SEM image [Fig. 2(b)]. 

(a) (b)

ChG

SiO2
ChG

Si

SiO2

 

Fig. 2. (a) Tilted scanning electron micrographs (SEMs) of chalcogenide glass-silica hybrid 
resonators [inset of (a) shows schematic cross section of hybrid resonators and white box 
indicates the imaged position of resonator in (b)]. (b) SEM image of cleaved cross-section of 
the hybrid resonator composed of thin Ge28Sb12Se60 film and SiO2 wedge. The inset shows a 
magnified false color SEM image of the disk edge. 

2.2 Measurement setup 

To characterize the microdisk resonators, a tunable laser with sub-MHz linewidth (Yenista 
TUNICS, 1500 nm ~1630 nm) is launched into a tapered silica fiber. The fiber is placed very 
close to the microdisk, with a coupling gap of several hundred nanometers. The transmission 
is monitored as a function of wavelength using a swept-wavelength interferometer system 
(Yenista CT400). The polarization of the input light is controlled using polarization control 
paddles. Both the fiber and microdisk are mounted on 3-axis piezo-actuated stages with 20 
nm resolution, and imaged from above, using a microscope. 

3. Results and discussion 

3.1 Measure transmission spectrum and identify the resonance 

Figure 3(a) shows a transmission spectrum of the resonators with two different diameters of 
13.5 μm and 46.5 μm. A Lorentzian fit to the transmission spectrum shows that the 13.5 μm 
diameter resonator has a resonance at 1560 nm with a linewidth of 0.33 nm, while the 46.5 
μm diameter resonator has a resonance at 1510 nm with a linewidth of 0.01 nm. The loaded Q 
factor of the 13.5 μm diameter resonator is 4.8 x 103 and the free spectral range (FSR) 29.9 
nm. The loaded Q factor of the 46.5 μm diameter is 1.5 x 105 and the FSR, 9.5 nm. The 
measured Q factors are the loaded Q factors which include the coupling effect. To calculate 
intrinsic Q, we must exclude the coupling effect. For the 13.5 μm resonator, we achieved 
critical coupling and can calculate the intrinsic Q, since it is simply twice the measured 
loaded Q. For the 46.5 μm resonator, we were under-coupled. We fit the data using the 
procedure in [20] and obtained the loss within the resonator, self-coupling coefficient and 
effective index. By setting the self-coupling coefficient to unity, we could extract the intrinsic 
Q. The calculate intrinsic Q factor for the 13.5 μm resonator is 9.6 x 103 and for the 46.5 μm 
resonator, 1.6 x 105. 

The Q factor of whispering gallery mode is determined by several sources of loss, such as 
radiation, material absorption and scattering. The calculated radiative Q, Qrad, of a 13.5 μm 
diameter resonator is ~107 (COMSOL finite element simulations). As the diameter is 
increased from 13.5 μm to 46.5 μm, Q increases to ~1017. 

The Q factor determined by material absorption is 
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where n is the refractive index of material, α is the absorption coefficient, and λ is the 
wavelength [21]. The linear attenuation of bulk Ge28Sb12Se60 and silica are 0.3 dB/cm and 2 
dB/km, respectively, at 1550 nm [11,22,23], which corresponds to an absorption limited Q 
factor, Qmat, of 1.89 x 106. Our measured Q factors are much smaller than both Qrad and Qmat, 
meaning that the Q factor is limited by the scattering loss from surface and edge of the 
resonators. It is noted that the two different resonators exhibit similar level of RMS edge 
roughness, 1.6 nm for the 13.5 μm diameter and 2.2 nm for the 46.5 μm diameter, which is 
measured by high resolution SEM [Fig. 3(b)]. However, the Q factor of the 46.5 μm diameter 
resonator (Qloaded = 1.5 x 105) is an order of magnitude higher than that of the 13.5 μm 
diameter resonator (Qloaded = 4.8 x 103). 

D = 13.5 μm

D = 46.5 μm

(a) (b)

Q = 4.8 x 103

Q = 1.5 x 105

330 pm

10 pm

100 nm

100 nm

* RMS roughness  : 1.6 nm

* RMS roughness  : 2.2 nm
(c) (d)

 

Fig. 3. Transmission (black dot) spectrum using a tunable laser and silica tapered fiber. A 
Lorentzian fit (red curve) of a fundamental mode observed in the hybrid microdisk resonators 
with diameters of (a) 13.5 μm and (c) 46.5 μm. The full width at half maximum (FWHM) of 
the 13.5 μm diameter resonator is 330 pm and the 46.5 μm diameter resonator is 10 pm. SEM 
images present edges of the resonators with diameters of (b) 13.5 μm and (d) 46.5 μm. 

3.2 Simulation results 

To investigate the effect of diameter on quality factor, the optical mode profile and 
confinement factor is computed by 2D axisymmetric eigenmode analysis using COMSOL. 
The confinement factor is defined by the fraction of intensity (|E|2) inside the ChG layer. 
Figure 4 shows the field profile for the fundamental TE mode, while the resonator structure is 
indicated by the white lines. Most of the field is confined in the ChG layer, as Ge28Sb12Se60 
has a high refractive index compared to the silica. The calculated confinement factor of ChG 
for 13.5 μm diameter resonators is 0.67 and that of the 46.5 μm diameter is 0.66. In 
comparison with small resonator, the mode of the large resonator has less field overlap with 
the surrounding air. This leads to reduced surface scattering at the air-ChG interface. 
Moreover, as the size is increased, the optical field is shifted away from the rough edges 
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defined by the lithography, wet etching and ChG deposition. Since both resonators were 
fabricated by the same process, they are expected to exhibit similar roughness at the interface 
and edges. Thus, the main reason for the difference in Q is attributed to the mode shift that 
results in significantly reduced edge scattering loss in the 46.5 μm resonator compared to the 
13.5 μm resonator. By increasing the size of the resonator, we can increase Q further. 
Optimization of fabrication process to reduce roughness with thermal annealing can provide 
additional enhancement. 

D = 13.5 μm

5.5 6.0 6.5 7.0
Radius (μm)

D = 46.5 μm

22.0 22.5 23.0 23.5
Radius (μm)

SiO2

SiO2

 

Fig. 4. Simulated fundamental mode profile in the resonator with 13.5 μm (top) and 46.5 μm 
diameter (bottom), showing field confinement in chalcogenide glass. The white solid outline 
indicates the silica wedge and ChG film. The white dash lines represent the center of modes. 
As the diameter of resonator increases, the mode moves to the inside of the disk which leads to 
isolation of the mode from rough boundary. 

3.3 Thermal characterization 

The thermal characteristics of the hybrid wedge resonators were also characterized. Since it is 
difficult to heat the resonator itself, the resonator fabricated on a silicon substrate was 
attached to a thermoelectric heater to control the temperature of substrate and a thermistor 
was used to monitor the temperature. To predict temperature distribution on the hybrid wedge 
resonator, we built a 3D heat transfer model using COMSOL Multiphysics. In this model, a 
ChG-Silica wedge resonator is supported by silicon pillar and 550 µm-thick silicon substrate 
was embedded in air and the boundary condition for air was set as a constant room 
temperature. We calculated the equilibrium temperature at the edge of the ChG by setting the 
bottom side of the silicon substrate as a heater temperature. The simulation results show that 
the temperature difference between the ChG layer and the silicon substrate is negligible over 
the range of temperatures studied, from room temperature up to 40.5 °C. 

Light was coupled to a 46.5 μm diameter wedge resonator, using a silica tapered fiber, and 
transmission spectra were recorded as a function of the substrate (or ChG layer) temperature. 
Figure 5 shows the temperature dependence of resonant wavelength. The resonant wavelength 
increases as the temperature is increased, as shown in Fig. 5(a). A plot of the corresponding 
shift in resonant wavelength as a function of temperature reveals a thermal resonant shift of 
60.5 pm/°C, as shown in Fig. 5(b). In general, both the thermo-optic coefficient and thermal 
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expansion can give rise to a shift in resonant wavelength from heating. The resonant 
wavelength is given by 

 
2 Rn

m

πλ =  (2) 

where λ is the resonant wavelength, R is the resonator radius, n is the effective refractive 
index and m is the mode number. The temperature-dependent wavelength shift is then 
expressed by following equation, 

 
2d dn dR

R n
dT m dT dT

λ π  = + 
 

 (3) 

(a) (b)

 

Fig. 5. (a) Transmission vs. wavelength for a resonant mode in the hybrid resonator with 
diameter of 46.5 μm, taken at various temperatures. (b) Red shift in resonant wavelength of 
optical mode as a function of temperature. A linear fit to the data yields dλ/dT of 60.5 pm/°C. 

However, given the low thermal expansion coefficient of silica and the small thickness of 
chalcogenide layer in our resonator geometry, the contributions from thermal expansion of 
these materials are found to be negligible [24, 25]. Therefore, the temperature dependence of 
refractive index can be approximated as 

 
2

dn m d

dT R dT

λ
π

 (4) 

Using this equation and the results of the temperature-dependent measurements, we 
obtained a thermo-optic coefficient of the resonator, of (5.5 ± 0.35) x 10−5 /K. The thermo-
optic coefficient of bulk Ge28Sb12Se60 is 7.44 x 10−5 /K and that of fused silica is ~1 x 10−5 /K 
[24,25]. To compare experiments with theory, we calculate the mode confinement in the 
resonator and effective thermo-optic coefficient, using COMSOL. The calculated thermo-
optic coefficient is 5.8 x 10−5 /K, which is in excellent agreement with the measured value. 

3.4 Athermal microresonator design 

A potential problem of this hybrid wedge resonator is the temperature-dependent wavelength 
shift due to relatively large thermo-optic coefficient of Ge28Sb12Se60. Therefore, an athermal 
resonator design is beneficial and allows compensation of thermal fluctuations from the 
environment and laser power. Since both Ge28Sb12Se60 and fused silica have a positive 
thermo-optic coefficient, materials with a negative thermo-optic coefficient must be used to 
compensate. Some polymers such as PDMS, PMMA, and polystyrene have been used as a 
cladding layer to eliminate thermal effects [26, 27]. However, polymers have low thermal 
stability and suffer from poor thickness control. In contrast, inorganic titanium dioxide 
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(TiO2), which has a negative thermo-optic coefficient [28], is very stable at high temperatures 
and precision thickness control can be obtained with CMOS compatible technologies. 
Moreover, TiO2 has a relatively high refractive index of 2.45, which can pull the optical mode 
from ChG layer towards the TiO2 cladding layer, reducing the thermal shift significantly [29]. 

Table 1. Thermo-optic coefficient of bulk materials at 1550nm. 

Material dn/dT (x 10−5/K) Ref. 
ChG (Ge28Sb12Se60) 7.44 [24]
Fused Silica (SiO2) 1 [25]

TiO2 −10 [28] 

The Q factor and the optical mode profile of a 3-layer hybrid resonator with TiO2 cladding 
layer were simulated using COMSOL [Fig. 6(a)]. As the loss of TiO2 is slightly higher than 
silica [30], Qmat of the 3-layer resonator decreased slightly to 1.41 x 106. The fractional 
intensities, Γ , of air, ChG, TiO2, and SiO2 are defined by the fraction of intensity (|E|2) 
inside the respective layers. The effective thermo-optic coefficient and temperature dependent 
resonance shift of the device can be obtained from the confinement factors and Eq. (4), taking 
also into account the bulk thermo-optic properties listed in Table 1 [31]. 

2 2

2 2

eff
air ChG TiO SiO

air ChG TiO SiO

dn dn dn dn dn

dT dT dT dT dT
       = Γ + Γ + Γ + Γ       
       

 (5) 

Figure 6(b) shows the calculated thermal drift of the resonance wavelength for different 
TiO2 cladding thickness. The simulation results show that thermo-optic properties of the 
resonator can be effectively engineered by changing the thickness of TiO2 cladding layer. For 
the resonator without TiO2 cladding layer, thermal shift of the resonant wavelength is 5.4 x 
10−2 nm/K. As the TiO2 cladding layer thickness is increased, the thermal shift gradually 
decreases, reaching zero at the thickness of 135.06 nm. With a 135 nm TiO2 cladding layer, 
Γair, ΓChG, ΓTiO2, ΓSiO2 are 0.03, 0.5, 0.38, 0.09, respectively, and the thermal shift can be 
reduced to 1.7 x 10−4 nm/K. The result shows that with the addition of TiO2, the temperature 
insensitivity of the device can be improved by more than two orders of magnitude. 

(a) (b)

22.0 22.5 23.521.5 23.0
Radius (μm)

SiO2

Fig. 6. (a) Cross-sectional mode profile in the athermal 3-layer hybrid resonator, which shows 
the field is stretched out into the TiO2 cladding layer. (b) Thermal shift of the resonant 
wavelength for the device with different TiO2 thickness. As the TiO2 thickness is increased, 
thermal shift of the mode gradually decreases, reaching zero at TiO2 thickness of 135.06 nm as 
indicated by star point. 

4. Conclusion

With long-wavelength transparency, high nonlinearity and low nonlinear loss, ChGs are 
ideally suited for integrated nonlinear optical devices operating in the near and mid-infrared 
regions. Despite the attractive material properties, the lack of mature fabrication technology 
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presents challenges to obtaining high quality integrated optical devices based on ChGs. In this 
paper, we report a simple hybrid resonator design composed of a thin ChG layer deposited on 
a silica wedge resonator. The well-developed etch recipes for silica enable an extremely 
smooth surface of a silica wedge. The ChG overlayer deposited on it naturally forms a smooth 
surface. The hybrid resonators exhibit loaded Q factors as high as 1.5 x 105 in the near-
infrared region. Numerical simulations verified that increasing the resonator diameter can 
reduce both surface and edge scattering loss by isolating resonant mode from rough 
interfaces. Furthermore, we have characterized the thermal shift of the resonant mode in the 
ChG-silica hybrid microresonator. The measured thermo-optic coefficient of the resonator is 
consistent with the effective thermo-optic coefficient calculated with bulk thermo-optic 
properties and mode confinement factors. It is also possible to realize an athermal device by 
adding a titanium dioxide cladding layer. The new hybrid resonator provides an efficient 
platform to build high Q microresonators based on ChGs and will be important for near and 
mid-infrared nonlinear optical devices. 
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