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Abstract— In this paper, we exploit high refractive index
silicon oxycarbide (SiOC) thin films. SiOC thin films deposited
by RF sputtering were used to simulate, design, and fabricate
photonic devices such as channel waveguides and Mach-
Zehnder interferometers (MZIs). The fabricated micro-
photonic structures were tested on a controlled optical setup to
estimate the thermo optic coefficient (TOC) at the standard
telecommunication wavelength 1550 nm. With refractive index
of 2.2 the thermo-optic coefficient of silicon oxycarbide using
Mach-Zehnder interferometer was measured as 2.6 x 10 RIU/
°C that is highest among the dielectric platforms. Our research
presents silicon oxycarbide as potential platform for the
realization of highly efficient reconfigurable integrated
photonic systems.

Keywords- Integrated photonics; coupler; SiOC; photonics;
Mach Zehnder Interferometer.

l. INTRODUCTION

Optical communication has played a vital role in today’s
era due to its fast speed, reliability and low losses compared
to electronic communication platform. These have laid
grounds for the emerging science of Integrated Photonics
which has enhanced significantly over a few decades. It is
realized to be an important technology for future
generation’s data centers, optical switching and computing,
and communication systems due to its compactness,
compatibility, and scalability. Few conventional material
platforms have been a focus for this field such as, indium
phosphide (InP), silicon (Si), silicon dioxide (SiOy), silicon
nitride (SiN) but these material platforms have a constrained
refractive index tuning property. The refractive index of a
material describes how fast light will travel through that
material and is denoted by n. Its formula is n=c/v where ¢ is
the speed of light in vacuum and v is the phase velocity of
light. The phenomena of the change in refractive index by
altering the temperature and at constant pressure is known as
thermo optic effect (TOE) and the thermo optic coefficient
(TOC) is denoted by dn/dT which is usually used to
characterize a material platform. Such material platform like
silicon oxynitrate (SiON), a compound of silicon nitride and
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a dielectric material platform, has been observed to have a
flexible tuning of its refractive index that lies between silicon
dioxide and silicon carbide [1], [2] where it still shows an
absorption peak around 1.5 um wavelength along with the
cracks that tend to appear in its geometry when n is greater
than 1.5 resulting in higher losses which actually limits its
use to low refractive index supporting devices and hence is
not suitable to be used for large scale integration. In
photonics, for denser integration on a small chip we need a
dielectric material with high refractive index or one which
supports tunability of its refractive index. One such dielectric
material, silicon oxycarbide (SiOC), is suggested in this
paper which under varying conditions and a small change in
its composition can have a flexible refractive index lying
between 1.45 (glass) and 3.2 (silicon carbide) [3], [4].
Generally, Chemical Vapor Deposition (CVD) [5] and sol-
gel pyrolysis [6] methods have used to deposit SIOC which
contain amounts of hydrogen causing intrinsic losses in
material. Whereas, recent studies show that SiOC material
waveguides can be deposited using rf sputtering where it
responds with low losses [7]. Comprehensive details on
structural and chemical properties of SiOC can be found in
literature [7]-[9]. As SiOC is found to be a versatile material,
it is suggested to have many applications as such Li-ion
batteries [10], and interlayer dielectric [11],
photoluminescence [12]-[14] and others [15], [16].
Therefore, in this paper, SiOC is used as a dielectric material
platform to design such a photonic passive device, a Mach-
Zehnder Interferometer (MZI), based on a multimode
interference (MMI) coupler as one of its applications. Many
devices based on a MMI approach can be present on
photonic integrated circuits (PICs) like tunable coupler [17],
[18], modulator, optical filter [19]-[24],switch [25], add-
drop multiplexer [26], ring lasers [27], and so on.

MZI is one of a complex micro-photonic structure for
PICs which can be used as a basic cell to procure the devices
stated above. MZI can be constructed using 2 x 2 two 3 dB
directional couplers (DCs) or 2 x 2 two 3 dB MMI couplers
which can be linked together by a straight and an imbalance
waveguide. The power coupled in both the waveguides can
be controlled by changing the gap between them or by
adjusting the length of directional coupler where as in MMI
based MZI it can be controlled by varying the width of the
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center multimode section where MMI occur. Practically, it is
hard to control the fabrication error that can occur while
fabricating a directional coupler as the process require a
strict control and DCs are very sensitive towards it. Whereas,
most of the devices based on MMI effect have small device
dimensions and have better fabrication tolerances.

In this paper, we have analyzed and reported the
simulated and experimental results such as effective
refractive index and TOC, which is higher by an order of
magnitude than that of silicon nitride and 30 x greater than
that of silica, of a 2 x 2 SiOC dielectric material based MZI
using a directional coupler and using MMI approach. This
paper is divided in three sections. After a brief introduction
of this paper the section describing the methodology of
constructing a MZI is defined. Later, the results obtained by
implementing the methodology are discussed and compared.
Furthermore, the last section ends with the conclusion
defining which of the approach is more feasible to realize a
MZI for integration with other photonic devices on a small
chip.

Il.  SIMULATION DETAILS

A.  MZI with Directional Coupler

Directional coupler couples the power from one
waveguide to the other and vice versa and the coupling ratio
depends on the gap between the two waveguides along with
the length of the waveguides. It can have various power
splitting ratios such as 20%/80%, 90%/10%, 50%/50% (3db
coupling) [28]. In photonics, it can be used as a switch or a
multiplexer [29]. The DC used in this paper can be explained
by Fig. 1.

Core

Cladding

Figure 1. A 3-D Image of a Directional Coupler

The core material of the waveguides of the DC used in
this paper is based on SiOC material (Ncoe = 2.2) and the
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upper and lower cladding are of silicon dioxide (Ncladding =
1.45). The coupler consists of two waveguides which are
separated in the middle section (length of the coupler) by the
coupler gap Lgsp. The input and output sides have a much
larger gap so that the modes traveling in the waveguides do
not overlap each other and the coupling can break easily.

A beam propagation method software (BeamPROP) by
RSoft was used to simulate and extract the values of
effective refractive index (nes) of the modes propagating in
the middle section of a directional coupler. Here, by varying
the width and height of the waveguides we obtained optimal
values for a single mode operation as multiple modes
introduce much complexities. The parameters of waveguides
defined for this research were width, height, refractive index
of core and cladding, index difference, the designed model’s
dimensions and many more. Width and height of the
waveguides was selected to be 1.3 and 0.175 microns using
the refractive index of core and cladding described above
hence having the index difference to be 0.75 which is simply
the difference of refractive index of core and cladding and
index contrast to be 28.28%. The index contrast (An) can be
found using the formula:

An = (nzcore - nzclad)/znzcore (1)

To find the coupling power in the center section on DC
we need the values of nes for transverse electric TE
fundamental even and odd mode at different values of
coupler gap. These values were calculated by running the
simulations and are presented in which, we can observe that
at 0.9 microns of coupler gap ner even and ness odd are found
to be 1.5607 and 1.5566 respectively. Similarly, with various
values of coupler gap with the difference od 1.8 microns we
obtained even and odd effective refractive index values of
the fundamental mode.

The even nesr is always greater than the value of odd nes
and these values are used to find the propagation constant f8
value. The field coupling coefficient ‘k’ depends on the
difference between the values of propagation constants of
effective indices of the odd and even mode. The propagation
constant can be calculated using, B = (2n/A) neirand the field
coupling coefficient is calculated using k = (Beven - Podd)/2.

B. MZI with Multimode Interference Approach

A multimode interference coupler works on self-imaging
principle by which the input field is reproduced as mirrored
or direct single images, or two-fold images after certain
intervals along the direction of length/propagation of the
coupler [30]. This principle works in the central multimode
waveguided section as there are multiple modes introduced
in it. Along with central structure, there are access
waveguides to induce and recover light from both of its
ends. Generally, these photonic devices are referred as M x
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N MMI couplers, where M states the number of input and N
states the number of output waveguides. These access
waveguides are quite often single-mode waveguides to get a
high performance MMI.

. MM Bar Port
Input
N Luw= 100um  Cross Port

Figure 2. A 2 x 2 MMI Coupler

There are two types of modal excitations in a MMI
coupler, one in which no particular modes are excited in the
input field (General Interference) and another where certain
modes are excited and few modes are blocked using specific
excitation inputs (Restricted Interference) [31]. A 3dB
coupler based on the latter phenomenon using paired
interference pattern is simulated in this paper to construct an
MZlI.

Multimode
Waveguide

n

W

Figure 3. A 2-D image of multimode waveguide with effective index
profile and top view

In RSoft’s BeamPROP software [32], the SiOC based
MMI parameter values defined for a multimode section are
set according to the calculated values in which the length of
the multimode section can be defined using:

Lx = (40 * We2) / (3%o) 2

Here, n, represents the (effective) refractive index of the
core material that is based on SiOC and W is the effective
width corresponding to the fundamental mode, and for high
index contrast waveguides, the mode penetration depth is
quite small so that it can also be approximated as Wu so
that, We = W which here is 12 um. A, here represents the
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free space wavelength here which is the telecom wavelength
1550 nm. Therefore, the length calculated for 3dB coupling
in the multimode section is 100 microns. The field
propagation at optimal length is shown in the figures below.
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Figure 4. A BeamPROP result showing 3 dB coupling at 100 ums of length
of SiOC based MMI
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Figure 5. A Fimmwave software image result showing 3 dB coupling at
100 ums of length of SiOC based MMI

Figure 6. An image of fabricated SiOC based MMI with 100 ums of length

The position of access waveguides to attain the selective
excitation of modes is by launching an even symmetric
input field at y = W,/ 6. In this case, y is £ 2 um. The
width of access waveguides is set to be 1.3 um so that the
edge to edge gap between two waveguides is 2.7 microns.
Bar port refers to a state where output is taken from same
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input waveguide and in cross port the output is taken from
different waveguide.

I1l.  RESULTS

In DC, coupling power measurements will show us the
power transfer from one waveguide to other. Therefore, to
calculate the coupling power of a DC we ran few
calculations using the formula, P = sin (k*Lc)%. Here, as
defined earlier in text, k is the field coupling coefficient and
L. is the length of coupler under observation.
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Figure 7. A MATLAB plot showing Coupling Power Ratio between
coupling length in microns and coupling power

While increasing the gap between waveguides we can
observe that the length of coupling has also increased.
Similar results were observed when updating the value of
gap between waveguides from 0.18 microns to 1.8 microns.
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Figure 8. A MATLARB graph showing 3dB coupling at different waveguide
gap

Taking the values for 3dB coupling, 50% power transfer,
and plotting those against the gap of waveguides of coupler
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as shown in Fig. 7, we observed that even if the coupling gap
between the two waveguides is 1 micron, the length of 3dB
coupling section is in between 100 to 150 microns. While at
1.2 Lgap, the length of coupling section is approximately 200
microns whereas till 1.8 microns the exponential increase in
the 3dB coupling length can be observed. The magnitude of
these values of Lc is quite high for fabrication on a small
chip which in the end Kkills the purpose of large-scale
integration on a single photonic chip. Another reason for not
using DC to create MZI is that the fabricating machine for
photolithography, a process to transfer a simulated design or
pattern on a polymer substance that is later converted into a
hand held photonic chip, is unable to open wide enough to
fabricate patterns of less than 2 microns dimensions.
Therefore, moving on towards a Mach Zehnder
Interferometer based on MMI approach while simulating the
design using the above-mentioned parameters, we concluded
that the multimode interferometer provides us with 3 dB
coupling in a very reasonable length of only 100 ums. Also,
the edge to edge gap between two access waveguides is
greater than 2 microns i.e, 2.7 microns, which is easy to
fabricate and it is not prone to fabrication losses.

The free spectral range (FSR) of a MZI was found to be
4.6 um. The cross talk of experimental results was greater
than 30 dB and the extinction ratio was found out to be 10
dB. We can observe while comparing Fig. 9 and Fig. 10 that
both results are in agreement which means the simulated
results are verified by the experimental results.

FSR = 4.6um

Pbar, Tranemission [dB)
8

BAR PORT
140 Transfer Function

1542 1544 1.546 1548 1.55 1552 1554 1556 1558 1.58
Wavelength [um]

Figure 9. Simulated transfer function (TF) of MZI (Bar Port)
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Figure 10. Experimental TF of MZI (Bar and Cross Port)

Now, by varying a degree Celsius temperature of micro
fabricated SIOC based MZI we can observe the induced
temperature shift of 105 pm per degree Celsius. We can
visualize the shift by the change in five degrees per Celsius
in the transfer function (TF) of MZI in Fig. 11.
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Figure 11. Thermally induced phase shift in TF of SiOC based MZI
Ket= (Ng/ 1) * AVAT=132 x 10 'C  (4)
Here, K is the effective TOC of SiOC waveguide [26],
ng is the group index. The TOC of SiOC based MZI Ksioc
resulted in 3 x 10*. This is the largest among all dielectric
platforms. We can clearly see the comparative difference
between multiple dielectric material platforms in Table 1.

TABLE I. TOC OF VARIOUS DIELECTRIC MATERIALS
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Dielectric Optical Properties of Dielectrics
Materials Refractive Index ‘n’ TOC[T]
Silica (SiOy) 1.44 -1.46 9x10°
Silicon
oxynitrate 1.45-1.46 1.1x10°
(SiON)
Silicon  nitride 5
(SisNe) 1.99 25x10
Silicon
oxycarbide 145-3.2 3x10*
(SiOC)

IV. CONCLUSION

This paper appraises the use of SiOC, a novel dielectric
material, in PICs by the means of micro fabricated photonic
devices. A 2 x 2 SiOC based directional coupler was
simulated to construct a MZI but due to its photolithography
limitations its fabrication had to be halted, thus forcing us to
shift our focus to construct the MZI using MMI approach
which resulted in its smooth and improved fabrication. The
TOC of SiOC based MZI was calculated to be 3 x 10 which
is found to be 30 times higher than that of Silica (SiO,)[33]
and 10 times greater than that of Silicon Nitride (SisNa)
[34]proving an efficient platform for large scale integration.
Hence, regardless of its high absorption coefficient, making
SiOC an improved platform in the field of photonics which
can be explored further for future photonic applications.

V. FUTURE WORK

This work provides a futuristic approach in the domain of
integrated photonics, where using a high TOC dependent
novel material, SiOC, the thermal tuning of photonic
waveguides and other passive devices has been made
possible which leads to small fabrication sizes along with
reduction of large heater sizes and paves a way for further
enhancements.
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