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Ultra-compact hybrid silicon:chalcogenide
waveguide temperature sensor

BAHAREH BADAMCHI,1 WEI-CHE HSU,2 AL-AMIN AHMED
SIMON,1 ZONG YIN CHI,1 JACOB MANZI,1 MARIA MITKOVA,1 ALAN
X. WANG,2 AND HARISH SUBBARAMAN1,*

1Department of Electrical and Computer Engineering, Boise State University, Boise, ID 83725, USA
2School of Electrical Engineering and Computer Science, Oregon State University, Corvallis, OR 97331,
USA
*harishsubbaraman@boisestate.edu

Abstract: We demonstrate a real-time, reusable, and reversible integrated optical sensor for
temperature monitoring within harsh environments. The sensor architecture combines the phase
change property of chalcogenide glasses (ChG) with the high-density integration advantages of
high index silicon waveguides. To demonstrate sensor feasibility, ChG composition Ge40S60,
which is characterized by a sharp phase transition from amorphous to crystalline phase around 415
°C, is deposited over a 50 µm section of a single mode optical waveguide. The phase transition
changes the behavior of Ge40S60 from a low loss to high loss material, thus significantly affecting
the hybrid waveguide loss around the phase transition temperature. A transmission power
drop of over 40dB in the crystalline phase compared to the amorphous phase is experimentally
measured. Moreover, we recover the amorphous phase through the application of an electrical
pulse, thus showing the reversible nature of our compact temperature sensor. Through integrating
multiple compositions of ChG with well-defined phases transition temperatures over a silicon
waveguide array, it is possible to determine, in real-time, the temperature evolution within a
harsh environment, such as within a nuclear reactor cladding.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In extreme environments, such as within a nuclear reactor, one of the most frequently measured
physical parameters is temperature. Often, temperature change can be an indicator of physical
changes occurring in other parameters of interest. To observe material performance (microstruc-
ture, chemistry, mechanical, and other property changes with the changing conditions) while
exposed to the reactor environment and to prevent disasters caused by structural failure due to
high temperature, real-time and accurate sensing devices are required [1–3]. Precise temperature
monitoring of the cladding of each nuclear reactor is critical for its safety, stability, proper
functionality, and efficient operation over the long term operational lifetime [4–6]. The desire to
reduce sensor ownership cost and overcome the limitation of traditional (electrical) temperature
sensors led to considerable interest in deploying photonic temperature sensors within nuclear
power plants as well as within high energy physics experiments [7–12].

Chalcogenide glasses (ChGs) are inorganic amorphous compounds containing one or more of
the chalcogen elements (group 6a of the periodic table), such as Sulphur, Selenium, and Tellurium
but excluding Oxygen, covalently bonded to other elements such as As, Ge, Sb, Ga, Si, or P. The
chalcogen elements with other metal or nonmetal elements exhibit unique optical nonlinear and
mid-infrared properties such as wide infrared 0.8-1.6 µm wavelength transparency windows.
ChGs, owing to the lack of order in their structure and the presence of lone pair p-shell electrons,
contain a high number of defects [13,14]. These defects combined with the defects occurring
as a result of irradiation [15] become populated in very close proximity due to which their
recombination occurs rapidly, leading to radiation hardness behavior of the material. ChGs are
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easy to synthesize in bulk and thin film forms and their compositional flexibility allows tuning of
optical properties, such as refractive index, making them good candidates for infrared photonics.
These glasses demonstrate ultra-fast crystallization rates and large optical contrast between
their amorphous (disordered) and crystalline (ordered) phase’s properties, making them good
candidates for infrared phase change photonic applications [16–21]. ChGs undergo a reversible
solid-solid phase transition and become crystalline at a certain well-documented temperature
which is called crystallization temperature (Tc). There are three significant temperatures in
ChGs: (1) glass transition temperature (Tg), (2) crystallization onset temperature (To), and (3)
glass peak crystallization temperature (Tc). The glass transition temperature (Tg) is the main
characteristic of a glass. It is related to the onset of fluidity. The ChG can be re-converted to its
initial amorphous condition through thermodynamic conditions by applying short optical [22]
or electrical pulses with relatively low energies as low as femtojoules [20,21]. Assuming ideal
behavior from ChGs: below the crystallization temperature, ChGs demonstrate good dielectric
behavior. When the temperature of the ambient is above the crystallization transition temperature
of ChG, the material crystallizes and exhibits excellent conductive characteristics.

In this paper, through combining the unique temperature-dependent material properties
of Ge40S60 glass with compact silicon waveguides, we demonstrate a reversible, real-time
temperature sensor capable of operating at temperatures up to 415 ◦C, although with specific
adjustment of the composition of the ChG material, these sensors can become useful for metallic
or ceramic Sodium-cooled Fast Reactors (SFRs) where the cladding temperature can reach 590
◦C.

Ge-Se and Ge-S glasses are two compositions which have glass temperature (Tg , To, and Tc)
in this range [23]. Using an array of ChG coated waveguides [24], wherein each waveguide is
coated with a different ChG composition, will allow for the real-time monitoring of temperature
inside extreme environments, thus mapping out the temperature profile.

2. Sensor design

The device architecture of the sensor, proposed in this work is presented in Fig. 1. Although we
used commercially available silicon-on-insulator (SOI) wafer with a 0.22 µm thick device layer
and a 3 µm buried oxide layer, in order to save computation time, all of the simulations were
performed assuming a 2 µm BOX. No notable differences in device performance were observed in
using the 2 µm versus 3 µm BOX in our simulations. The refractive indices of SiO2 and Si used
in simulations are nSiO2= 1.45 and nSi= 3.47, respectively at an operating wavelength of 1550
nm [25]. A short section, L, of the Si waveguide is covered by Ge40S60 glass. A thin SiO2 over
the ChG acts as a passivation layer. For the device simulations, previously reported measured
values of Ge40S60 refractive index and extinction coefficient characteristic for the amorphous and
crystalline phases are used (namor=2.6768+i0 and ncrys= 2.72309+i0.17664) [24]. The modal
properties of the Si:ChG waveguide in the amorphous and crystalline phases of Ge40S60 glass are
investigated using Eigenmode Expansion Method software from PhotonDesign, which utilizes
fully vectorial finite-difference mode solver and beam propagation method. Through performing
a systematic scan of ChG layer width (WChG) and ChG layer height (hChG) parameters, we
determined the optimum design parameters for minimum WChG and hChG , while maximizing
the extinction ratio in the transmitted power between the amorphous and crystalline phases of
ChG, as shown in Table 1.

Through these simulations, we also studied the behavior of the fundamental transverse electric
(TE) modes propagating along the single mode silicon waveguide in amorphous and crystalline
ChG phases. In the amorphous state, when the ambient temperature is below the phase transition
temperature of Ge40S60 (T<Tc), the glass behaves like a dielectric material with a negligible
extinction coefficient (k∽0). Figure 2(a) shows the cross-sectional intensity distribution (mode
profile) of the TE mode in the waveguide. Figure 2(b) illustrates the intensity distribution along
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Fig. 1. (left) Cross section of proposed design consisting of a ChG glass covering a single
mode silicon waveguide. W: silicon waveguide width; hSi: silicon waveguide height; hChG:
ChG film thickness; hbox: buried oxide layer thickness; (right) isometric view of the proposed
structure. Active device length is denoted as L.

Table 1. Optimum design parameters obtained for our
proposed design.

Parameter Value (µm) Parameter Value (µm)

W 0.45 hOx 0.5

WChG 0.1 L 5

hSi 0.22

hChG 0.3

the waveguide and the normalized output power over a compact (length up to 5 µm) waveguide,
respectively. From Fig. 2(b), it can be seen that in the amorphous phase of Ge40Se60 , the TE
mode propagates along the waveguide with minimum loss.

Fig. 2. Amorphous Ge40S60 case: a) Intensity profile of TE mode, b) Intensity distribution
along the waveguide.

As the temperature increases beyond the phase transition temperature of Ge40S60 (T>Tc), the
material transforms into its crystalline phase and exhibits a very high extinction coefficient (k=
0.17664) [24], which leads to a very strong absorption within ChG layer as light propagates
through the waveguide, as shown in Fig. 3(b). Such an abrupt change in the transmitted power
occurring around the phase transition temperature forms the basis for the operation of the studied
temperature sensor. Additionally, through integrating an array of the designed waveguide with
different chalcogenide glass compositions having different specific crystallization temperatures,
accurate real-time temperature profile can be determined by monitoring the output powers from
the array.
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Fig. 3. Crystalline Ge40S60 case: a) Intensity profile of TE mode, b) Intensity distribution
along the waveguide.

3. Sensor fabrication

The process flow for fabricating the hybrid silicon:ChG waveguide sensors is shown in Fig. 4. The
process starts with a SOI substrate (0.22 µm silicon device layer; 3 µm buried oxide layer (BOX);
725 µm silicon handle substrate). After cleaning the SOI substrate using acetone and Isopropyl
Alcohol (IPA), a positive e-beam resist (ZEP520A) is spin coated and e-beam lithography (EBL)
is used to define the waveguide structure in the e-beam resist. Next, the defined pattern is
transferred to the Si device layer using reactive ion etching (RIE). Finally, the remaining resist is
removed using stripper and oxygen plasma. This completes the silicon waveguide fabrication
process. As the final step, As the final step, our in-house synthesized ChG is thermally evaporated
through a shadow mask over a 50 µm section of the fabricated silicon waveguide. The measured
thickness of the film is ∼300 nm."

Fig. 4. Process flow for fabricating Silicon: ChG based hybrid waveguide temperature
sensors.

The evaporation conditions were as follows: 10−6 mbar vacuum and evaporation rate of 0.35
Å/s. A scanning electron microscope image of a waveguide covered with Ge40S60 is displayed in
Fig. 5. To demonstrate reversible operation of the sensor devices, aluminum electrodes were
additionally deposited on some sample devices to facilitate electrical pulse application.
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Fig. 5. Scanning electron microscope image of the fabricated device showing thermally
evaporated chalcogenide glass covering section of the Si waveguide.

4. Sensor characterization

The experimental setup to characterize the temperature performance of the fabricated device is
shown in Fig. 6(a). The fabricated sensor chip is mounted on top of a programmable heating
stage (INSTEC, HCS621G). Light is coupled into and out of the device using a grating coupler
setup shown in Fig. 6(b). The input/output fibers are tilted at 10◦ with respect to normal to
achieve the highest coupling efficiency. Initially, a red laser is coupled into the input/output
fibers to aid with the alignment of the fibers with the grating couplers. Following this, 1550nm
light from an external cavity laser (Santec ESL100) is coupled into the input grating coupler.
The temperature of the heat stage is increased from room temperature (25 ◦C) to 600 ◦C in
10 ◦C/min increments and the transmitted power obtained from the fiber coupled to the output
grating coupler is monitored using an optical spectrum analyzer (Anritsu-MS9740A).

Fig. 6. a) Waveguide characterization setup to test the temperature response of the fabricated
sensor device. The setup consists of the fabricated chip mounted on top of the heat stage
within a grating coupler setup, b) close view of grating coupling region on the fabricated
device.

5. Results and discussion

The measured normalized transmitted power for Ge40S60 as a function of temperature is presented
in Fig. 7. It can be seen from the figure that the measured data indicates a sudden transition
in power at 415 ◦C, which is very close to the phase transition temperature we measured from
thin films (413 ◦C ) [24]. Since the fabricated waveguides are not protected by a passivation
layer, ChG layer deterioration and onset of sublimation at high temperature led to material loss,
hence leading to a transmission power increase at higher temperatures (>500 ◦C). For future
devices, coating these chalcogenide films with a passivation layer will increase their oxidation
and chemical resistance [26], thus enabling reliable and repeatable operation of these sensors.
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Fig. 7. Measured normalized transmitted power as a function of temperature with Ge40S60
covered silicon waveguide-based temperature sensor.

Since the proposed temperature sensor works on principle of phase change of ChG material,
which is highly temperature dependent, sudden changes in the transmitted power are observed, as
expected. The slope as a function of temperature is plotted to extract the sudden change in the
transmitted power as presented in Fig. 8.
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Fig. 8. Absolute slope of transmitted power as a function of temperature in temperature
response of Ge40S60 covered silicon waveguide based temperature sensor.

The sudden increase in the absolute slope of the transmitted power between To and Tc is due
to large changes in structural reorganization occurring during the transition from the amorphous
phase to the crystalline phases. The first crystallization peak is at To= 400 ◦C and complete
crystallization occurs at Tc= 415 ◦C, which are experimentally recorded at 408 ◦C and 413 ◦C,
respectively through monitoring the temperature of the heating stage [24]. The second highest
peak is expected to be the second crystallization temperature of Ge40S60 with To2= 480 ◦C and
Tc2= 489 ◦C as shown in Table 1 in [24]. The second peak was not experimentally observed in
our measurement. We believe that this is due to the specific structure which has developed in
the thin films. Usually, DSC is measured on bulk materials in which the relaxation processes
occur during heating. However, stress could be built into the films during the deposition process,
thus preventing the relaxation-induced structure development for the second peak. Thus, this
experiment confirms the functionality of the compact Si:ChG waveguide based temperature
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sensor proposed in this work which help us with detection of real-time temperature inside a high
temperature environment.

6. Reversibility

Reversibility is one of the most important properties of the device proposed in this work since
this assures its application for multiple measurements. This was demonstrated on devices with
electrodes in which electrical current can be applied after the device is cooled to room temperature.
Application of current leads to Joule heating, which causes the crystalline chalcogenide material
to melt. Next, a fast cooling step is performed to maintain equilibrium, characteristic for the
liquid phase in the solidified product, i.e. to lock in the disorder within the material. This is
indeed easy to achieve since the mass/volume of the melted film is neglible compared to the
surrounding silicon substrate at room temperature, which assures fast cooling of the melted
material.

Devices for reversibility demonstration were prepared by depositing aluminum electrodes on
top of the chalcogenide glass layer, as shown in Fig. 9. After crystallization (SET), the devices
were pulsed with a pulse generating unit (PGU) for 2 min with a square wave amplitude of 15V,
a period of 7 µs and an ON duration time of 50 ns. After pulsing, the transmitted power was
measured again. It can be seen from Fig. 9 (green curve) that the transmitted power increases
again. The RESET process enabled recovery of ∼70% of the device’s initial transmitted power.
We believe that the material degradation and partial sublimation during the crystallization process
played a role in preventing 100% recovery of the power levels. Nevertheless, we successfully
demonstrated reversible operation of the sensor.

(a)

(b)

Fig. 9. (a) Cross section of a schematic of the waveguide device. (b) Transmitted power of
the device is three states, Blue: Amorphous/As prepared, Red: Crystallized/SET and Green:
Amorphized/ RESET.
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7. Conclusions

A novel Si:ChG integrated waveguide sensor is demonstrated to be applicable for monitoring
of temperature in extreme environments. The working principle of the sensor depends on the
transformation of the glass from amorphous to crystalline phase at a specific crystallization
temperature. According to the high loss of the ChG material in the crystalline phase compared to
that in its amorphous phase, the Si:ChG waveguide exhibits a high extinction coefficient in the
transmitted power. Therefore, by monitoring the output power from the waveguide as a function
of temperature, the exact determination of the instant at which the reactor crosses the phase
transition temperature can be achieved. The proposed Si:ChG based hybrid waveguide sensors
for sensing cladding temperature of nuclear reactor are simulated using PhotonDesign software.
The simulation data proved the optimum device dimensions which have been produced in this
research on a SOI wafer. The Si waveguide design was patterned on an SOI wafer using EBL.
We used the thermal evaporation method to cover the waveguide with a ChG synthesized by us.
The measured temperature response of the fabricated sensor was in good agreement with the
simulation results. The measured onset and crystalline temperatures are close to the values that
we expected from studying the crystallization effects in the thin films. This remarkable property,
together with CMOS-compatible fabrication of the silicon device and optical fibers promises a
very reliable, low-cost, and reusable sensor network.
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