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Abstract: Silicon Oxycarbide (SiIOC) has emerged as an intriguing material platform in integrated
photonics due to its large adjustable refractive index window and low absorption coefficient.
Changes in composition can tailor its physical, optical, and chemical properties over a wide range
of parameters. The building-block method to circuit simulation is a useful framework for
extensively exploiting photonics potential in vast implementation of complex circuits. Due to the
large thermo-optic coefficient of the silicon-on-insulator (SOI) platform's core material,
temperature dependency is one of the SiOC platform's key problems. In this paper, we designed
and tested a temperature insensitive optical sensor using SiOC on insulator in available simulator,
which only propagates single mode through the waveguide. We were able to find the first mode
propagation at 600 nm to 1200 nm waveguide widths with the constant height of 220 nm. The
significance of MZI based simulated sensor is that it is completely temperature insensitive at 1550
nm wavelength. We also realized from our simulated device that above 1200 nm waveguide
width, the device has multimode propagation capability.
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1. Introduction

With its fascinating optical, physical, and chemical properties, SiOC has appeared as an intriguing
material framework that can be customized by adjustments in structure over a wide window. In many
fields it has been adopted and implemented, i.e., anode material for Li-ion cells, very low dielectric
material for internal dielectrics, electroluminescence, photoluminescence and doped optical
amplifiers for rare earth elements. One of the most developed and popular technologies for supporting
big scale photonics integrated circuits (PICs) is silicon photonics [1-3]. To utilize the 2D material
within PICs, we require to follow step by step process, and their exfoliated 2D ultrathin membranes
or chemical vapor deposition grown are integrated on the dielectric substrates such as silica or silicon
wafers [4, 5]. While using multiple deposition techniques throughout different pre- and post-
deposition settings, SiOC thin films were prepared. SiOC technology for integrated photonics has
been developed by different researchers. The transfer approaches used in this process are complex
even though they are widespread nowadays [6]. Integrated photonics is the discipline in which by the
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utilization of dielectric waveguides, the passive optical devices (i.e., interferometers, couplers, and
so on) can be fabricated into a chip. The advancement of technology in integrated photonics has
assisted in the deployment of complex photonic circuitry that incorporate multiple single-chip
features, significant production quantities, and decreased manufacturing costs. Complex and
lightweight materials have contributed to new applications and market prospects in recent years.

The PICs are anticipated to be rapidly implemented in the areas of optical communication.
Breakthroughs in photonic integration allow complex photonic circuitry to be integrated, combining
different features and functionality on a single chip, theoretically producing substantial production
volumes and cheap production costs. The photonic community has utilized the benefits of
incorporating optical circuits for biological use, narrow band filtering, optical signal processing,
sensing, microwave photonic system etc., hence becoming mostly dominated in the telecom industry.
One of the main limitations of the photonic integrated devices is its temperature dependency, which
have opened the door for researchers to design an athermal devices [7, 8]. The functional components
like high-speed modulators and broadband switches are demonstrated while using resonated cavities
[9-12] or Mach-Zehnder Interferometer [13-17], but all these devices suffer from noteworthy
performance degradation with the temperature variation because of high thermo-optic coefficient of
the most used platforms, such as SOI, SiOC on insulator, and related materials [18, 19]. Even small
temperature variations can cause a production of significant phase errors [20]. An all passive athermal
SOl MZI which was based on standard silicon material common platform was introduced [21],
whereas we used SiOC instead of silicon to design a temperature insensitive device. Our device
solved the problem of temperature sensitivity using SiOC on insulator platform as discussed above.
As silicon is compatible to CMQOS, likewise SiOC is also compatible to CMOS. That is why we did
research on SiOC on insulator for temperature. As for this paper [22], the thermos-optic coefficient
of SiOC is very high, therefore a temperature insensitive device is required.

2. Background and Literature Review

One of the approaches proposed includes the use of polymer overlay cladding having a negative
thermo-optic coefficient [23, 24]. One of the other approaches is the use of local heating to
dynamically stabilize the proposed device. This can be done in several ways which includes using
the direct silicon device heating by varying the bias current for an active device [25], using external
heaters [26], or by using the silicon as the direct means for heating while keeping it as resistive
material [27]. All the mentioned approaches are active and are required to have substantial power
consumption and space, which accounts most often for the highest share in power budget of the
silicon photonics which is state-of-art [28] and complex fabrication. Guha et.al. [29] proposed an
approach to eradicate the temperature sensitivity of MZIs and achieved this by altering the thermo-
optic effects through their length optimization and waveguide width of their interfering arms. They
also demonstrated that the thermal spectral shift can also be brought down to near zero over a wide
range of temperature and this was reported for the first time. Uenuma et.al. [30] projected a novel
design for temperature independent silicon waveguide by applying an amalgamation of narrow and
wide waveguides along with their lengths. Structure of waveguide was optimized to diminish the
spectral phase shift of the filter at central wavelength of 1550 nm which owed to the temperature
changes in environment. While using this design as a base, they also developed Mach—Zehnder
interferometer optical filters on the substrates of SOI. Ye et al. [31] in order to reduce temperature
shift proposed silicon waveguide filters by using negative thermo-optic coefficient polymer cladding
for compensating the silicon material positive thermo-optic coefficient. An experimental integrated
Mach-Zehnder interferometer is presented as a first example of PIC realized on high refractive index
SiOC platform [32], whereas we introduced MZI based temperature insensitive sensor using SiOC.
Abi et al. [33] proposed design and experimental authentication of the SiOC based devices i.e.,
waveguide and directional coupler for a waveguide dimension of 1300 x 200 nm? having gap of 1000
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nm, whereas our research was based on 220 nm height of waveguide, and we introduced MZI based
sensor using SiOC based waveguides. An ultra-sensitive temperature sensor is demonstrated [34] on
the silicon-on-insulator (SOI) platform using cascaded Mach—Zehnder interferometers (MZIs). The
measured sensitivity they found out about 21.9 times larger than available conventional silicon
temperature sensors. The measured sensitivity is 1753.7 pm/°C from 27°C to 67°C, that is greater
than any stated results on a silicon platform and is about 21.9 times greater than available
conventional silicon temperature sensors.

3. Research Methodology

In this work, we utilized extensive use of SiIOC on insulator using Lumerical Mode Solutions. The
group and effective refractive index are calculated in this tool for the waveguide width ranges
from 600 to 1200 nm for the constant height of 220 nm. The single mode operation is achieved
using the above width range with a constant height of 220 nm, as shown in Fig. 1. After
calculating the group and effective refractive indices of said waveguide width range, (1), (2),
and (3) are evaluated theoretically and calculated the temperature sensitivity. It can be
observed from the results section, discussed later, that appropriate selection of the length and
widths of waveguide for upper and lower arms of MZI leads to the athermal device.
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Fig. 1 - Single mode propagation of 900 nm width waveguide

Fig. 2 shows the flow chart of our work and how we obtained our data sets for MZI based device
design.

we used Ansys Lumerical software for collecting datasets in following
ways

Calculated the Effective index of SiOC at different waveguide widths
i.e. 500 nm to 1500 nm

Calculated the effective index at different temperatures, i.e., 0 degree
and 1 degree

Initially, all the above parameters were calculated at central
wavelength of 1550 nm. Later, the simulations were sweep from 1500
nm to 1600 nm wavelength range and obtained the effective refractive

imported to MATLAB and calculated the
y theoretically solving (1), (2), and (3).

Fig. 2 - Flow chart of Research Methodology
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3.1 Lumerical

Ansys Lumerical Mode Solution is a photonics simulation software that is used for precise evaluation
of mesh and newest materials simulations. Lumerical also provides a vast script editing environment
which enables for designers to do huge range simulations without manually adjusting values every
time. We also used Lumerical Mode Solution editor to perform our simulations on different widths
for huge number of points in wavelength range of 1500 nm to 1600 nm. Component-level and system-
level simulations are available in Ansys Lumerical's full suite of photonics simulation and analysis
tools to maximize performance, decrease physical prototype costs, and shorten time-to-market.
Designers can now create small models that are tuned to leading foundry techniques thanks to
improved design procedures. Fig. 3 shows the design of our SiOC based Waveguides.

Fig. 3 - Design of SiOC Based Waveguide

3.2 MATLAB

MathWorks created MATLAB, a commercial multi-paradigm scripting languages and quantitative
computing environment. The functions that MATLAB provides are plotting of data and functions,
interfacing with other programming languages, development of user interfaces, implementation of
algorithms, and matrix manipulations. In our research, we used MATLAB to develop an MZI based
on equations of MZI and used temperature shift equations to evaluate the best 20 nm bandwidth range
for our single mode waveguide widths datasets that we have developed through Lumerical Mode
Solution scripting simulations. MATLAB allowed for plotting and evaluating of temperature shift
values and effective index, as well as L and AL values of our equations in ease-of-use form for us to
evaluate our results.

4. Results and Discussion

As we know that when second order mode’s effective index of waveguide increases to value more
than neff > 1.45 then it becomes multimode waveguide. So, in our research we evaluated and
simulated only those waveguide widths which give single TE mode for SiOC on insulator platform.
From Fig. 4 we can observe our MZI based temperature insensitive device and the waveguide made
is of SIOC whereas the insulator platform is SiO2. The upper arm W1 is adjusted from 600 nm to
1200 nm for our research to obtain datasets for our research through Lumerical software and lower
arm W2 is always kept lower than upper arm due to 0-degrees and 1-degrees temperature shift and
according to equations as stated below. The response of our waveguide can be obtained from [21]:
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Here nefr1 IS the effective index of MZI wire waveguides; m is a parameter that indicates constructive
interference at Ao and if it is half integer than it will result in destructive interference. The interference
order (M) of the MZI can be written as [21]:

_ dn2ff1 dAneff
M—m—ALT—LT (2)
The athermal MZI overall temperature sensitivity at any specified wavelength 1o can be written as
[21]:

dnerry dAn,
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Because Silicon Oxycarbide has a positive thermo-optic coefficient, therefore the first term of (3) is
always positive, therefore the upper arm width is always kept higher than lower arm because
otherwise the thermo-optic coefficient values will end up as negative and cannot be measured in
MATLAB equation calculation and find command.
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Fig. 4 - Schematic Diagram of proposed MZI sensor

We simulated our waveguide designed from Silicon oxycarbide on insulator platform with SiO2 as
substrate at waveguide widths of 500 nm to 1500 nm, where the height h of waveguide was fixed at
220 nm, and the width W was varied from 500 nm to 1500 nm. After simulating modes of waveguide
from Lumerical Mode Solution, we were able to find out that as the width was increased by increment
of 100 nm, the effective index of waveguide modes kept increasing, until we reached the 1200 nm
waveguide width at which the first mode propagation of SiOC based waveguide has reached its limit.
After 1200nm, we were not able to obtain single mode propagation for our SiOC based waveguide
and hence our scope of research was focused on 500nm to 1200nm waveguide widths datasets that
contained values of ness and group index (ng) for the wavelength ranges from 1500 nm to 1600 nm.
Fig. 5 shows the perfect single mode propagation of SiOC based waveguide when its width w is kept
at 600 nm with fixed 220 nm height h.
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Fig. 5 - Single mode of 600 nm width waveguide

Fig. 6 shows the mode profile of the SiIOC waveguide with width as 1200 nm and height of 220 nm.
This mode profile is the 2nd order mode of the waveguide which is about to propagate. But as the
effective index of the 2nd order TE mode is less than the cutoff value, hence it will not be considered
as active mode and the waveguide is considered as single mode waveguide. Therefore, the waveguide
width until 1200 nm gives the first order operation and the datasets of ness is considered up until this
width with a constant height of 220 nm.
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Fig. 6 — Single mode of 1200 nm width Waveguide

From table 1 it can be observed that the effective index of 1200 nm in mode list has a value of
1.444604 and it still acts as a single mode waveguide for optical propagation. It was also observed
that if we increased the width more than 1200 nm, then 2nd order TE mode will start to propagate in
to waveguide and it will be considered as the multimode waveguide.
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Table 1 — Mode List of 1200 nm Width Waveguide

Mode list

mode # effective index wavelength (um) loss (dB/cm)  TE polarization fraction (By)  waveguide TE/TM fraction (%)
1 1.629191 15 0.00000 100 93527858

1.498005 1.5 0.00000 0 93.28 / 96.89

15 0.00000 95 88.09 /9202

\1.423[}53 15 0.00000 0 09.23 /9481

2
3
4

We created cases while fixing W1 upper arm value at 600 nm to 1200 nm and obtained temperature
shift of 20 nm bandwidth starting from 1540 nm to 1560 nm. We theoretically solved (1), (2), and
(3) to calculate temperature sensitivity in pm/k for our analysis and found the possible temperature
shift of at 1540 nm to 1560 nm wavelength for W1 = 1200 nm and W2 = 1100 nm widths of MZI
arms, under the required range of -1 to +1 pm/°k as shown in Fig. 7. Here, our MZI based device is
temperature insensitive at 1550 nm wavelength as we can observe from Fig. 7.

20

Temperature Sensitivity (pm/K)
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Fig. 7 - Temperature shift of w1=1200 nm, w2=1100 nm of MZI based device.

5. Conclusion

From the simulation, we came to found out that, from 600 nm to 1200 nm the effective index of mode
is less than 1.47 and hence they propagate single modes through them. The waveguide widths from
600 nm to 1200 nm can be utilized for single mode propagation through waveguide based on SiOC
on insulator platform. Through these waveguide dimensions we designed MZI SiOC based
temperature insensitive device on insulator platform which was temperature insensitive at 1550 nm
range when upper arm width is 1200 nm and lower arm width is kept at 1100 nm respectively. Our
proposed MZI based temperature insensitive device is based on SiOC technology as compared to
SOI technology of majority of existing devices. Our proposed design is the first temperature
insensitive device using SiOC on insulator platform as per our knowledge and research. From our
research it can be concluded that SiOC technology can be employed for temperature insensitive
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applications and can be further experimented for reaching better thermos optic coefficient demands
ranging from 10 nm to 100 nm bandwidths.
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