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Abstract: Silicon oxycarbide deposited by plasma enhanced chemical vapor deposition is
investigated regarding its application as a material for optical waveguides. The dependence of
the infrared absorption, the refractive index, and the surface roughness on the precursor gas
flow ratios is studied by Fourier transform infrared spectroscopy, ellipsometry, and atomic force
microscopy, respectively. Results show that the refractive index can be tuned over a significant
wider range compared to silicon oxynitride. Fabricated waveguides with a refractive index
contrast of 0.05 show waveguide attenuation from about 0.3 dB/cm to 0.4 dB/cm for wavelengths
between 1480 nm and 1570 nm. These low values were achieved without using a high temperature
annealing process.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Silicon based low-loss optical waveguide technologies enable a cost efficient wafer scale
production of photonic integrated circuits for a wide range of applications. Besides multiplexers
[1] and filter components [2] for optical communication systems, they find application as laser
resonators [3], filters for spectroscopy [4] and imaging [5], and optical signal processors [6].
They can also be used for frequency comb [7] and supercontinuum generation [8] due to their
nonlinear properties.

Chemical vapor deposition is the preferred process technology to realize low-loss waveguides
with a high index contrast. Silicon nitride (SiN) [9] and silica waveguides [2,10,11] have been
studied intensively. However, the use of typical precursor gases like SiH4, SiH2Cl2 or NH3
leads to hydrogenated films. The overtones of the vibrational modes of hydrogen bonds in
these films can cause strong absorption in important wavelength bands like the optical C band.
Especially the first overtone of the stretching N-H vibrational mode absorbing around 1510 nm
is problematic [12]. Different methods have been proposed to circumvent this problem. On
the one hand, hydrogen containing precursors can be replaced by halogenated or deuterated
counterparts [13,14]. On the other hand, an annealing process at temperatures over 1100 °C can
be used to drive out the hydrogen [12]. However, the latter approach is problematic, because the
differences in the thermal expansion coefficients cause high mechanical stress which can induce
birefringence and can lead to cracks [12]. The possible refractive index profiles are limited, since
this issue gets more serious with higher refractive indices and film thicknesses.
Compared to hydrogenated SiN or silicon oxynitride (SiON) the hydrogen bonds in hydro-

genated silicon oxycarbide (SiOC) are more favorable regarding the absorption in the optical C
band [15]. The only absorption feature in the optical C band is caused by the second overtone
of the stretching vibrational mode of the Si-H bond. Since the N-H bond has a first overtone
close to the C Band, the impact of the Si-H bond is expected to be much lower. This opens the
possibility to circumvent the high temperature annealing process. Another advantage of SiOC
is the greater tuneability of the refractive index, since silicon carbide (SiC) has a significantly
higher refractive index than SiN. At 630 nm the values are 2.55 for SiC and 2.0 for SiN. Besides
these benefits, SiOC has been proposed as a convenient material for optical amplifiers when it is
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doped with erbium ions. A photoluminescence up to 20 times higher compared to a SiO2 host
has been demonstrated [16].
In contrast to SiOC waveguides fabricated with magnetron sputtering exhibiting waveguide

attenuations around 4 dB/cm [17] this study focuses on waveguides fabricated with a plasma-
enhanced chemical vapor deposition (PECVD) process. Although, the idea to realize optical
waveguides with PECVD SiOC is described in [15], to the best of our knowledge, we are the
first who present results from an experimental investigation on the waveguide attenuation. There
are several studies on PECVD SiOC deposited with organosilicon precursors especially for the
application as as low-k dielectric [18]. However, while organosilicon precursors lead to porous
films, small hydrocarbons like CH4 as carbon source enable dense films suitable for low loss
optical waveguides [15].
In section two of this article, the dependence of the infrared absorption, the refractive index,

and the surface roughness on the precursor gas flow ratios is presented. The fabrication process
and measured properties of SiOC waveguides are described and discussed in section three.

2. Optical properties and deposition parameters

An ideal material for optical waveguide application has few or no chemical bonds leading to
absorption in the considered wavelength band. When these bonds cannot be prevented, their
impact has to be minimized by properly chosen fabrication parameters. Especially the gas flow
ratios of the PECVD process are crucial for the material composition. Therefore, their influence
was investigated with attenuated total reflection (ATR) Fourier transform infrared spectroscopy
(FTIR).

SiOC thin films with a thickness of 3 µm were deposited on silicon substrates in an Oxford
Plasma System 100. The gases CH4, CO2, and SiH4 diluted 5% in Ar were used. The considered
gas flow ratios of SiH4 and CH4 are 2.5 sccm/100 sccm, 5 sccm/100 sccm, and 10 sccm/100
sccm. The refractive index was set to 1.67 at 633 nm for each sample by adjusting the CO2 gas
flow to ensure comparable reflective properties. The corresponding CO2 gas flows were 160
sccm, 300 sccm, and 650 sccm, respectively. The rule that an increased CO2 gas flow leads to
a decreased refractive index and vice versa is valid for all SiH4/CH4 ratios, which enables the
realization of the same refractive index for all three ratios. A power of 100 W was applied to the
top electrode for all deposition processes. The substrate electrode has a diameter of 205 mm.
The pressure of all processes was 1000 mTorr and the temperature 390 °C.

The results of the ATR FTIR measurements are depicted in Fig. 1. The absorptions by the
stretching vibrational modes of the hydrogen bonds lie in the wavenumber range between 3800
cm−1 and 2000 cm−1. The absorption bands around 3630 cm−1, 2920 cm−1, and 2166 cm−1

can be attributed to the Si-O-H, C-H, and Si-H bonds, respectively [19]. The obvious trend
is that with an increasing SiH4/CH4 ratio the absorption by the Si-H bond increases while the
absorption by the C-H bond decreases. The change of the gas flow ratio shows no significant
effect on the absorption by the Si-O-H bond.

The wavenumber range between 1500-600 cm−1 contains two main absorption bands around
960 cm−1 and 740 cm−1 which can be attributed to the Si-O and Si-C stretching vibrational
modes [19]. While the shape of the absorption spectra is similar for the gas flow ratios 2.5/100
and 5/100, the absorption spectrum for the ratio 10/100 shows a higher absorption by the Si-O
bond. In general, an increased oxygen content results in a reduction of the refractive index. But
since the SiOC films on all samples have the same refractive index, this is a sign for excess silicon
in form of Si-Si bonds. The similarity of the other two spectra implies no excess silicon. Silicon
atoms are foremost bond to carbon or oxygen.

The composition of PECVD SiOC can be finely tuned by the gas flow ratios over a wide range.
When we do not consider silicon rich SiOC, the refractive index can be set to values between the
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Fig. 1. ATR FTIR Spectrum of SiOC with an refractive index of 1.67 for different gas flow
ratios of SiH4 and CH4.

measured by ellipsometry at 633 nm. Thin films with thicknesses between 70 and 100 nm were
deposited on silicon substrates. For each deposition the SiH4 and CH4 gas flows were 5 sccm
and 100 sccm, respectively. The power was 100 W, the pressure 1000 mTorr, and the temperature
390 ◦C.

The ellipsometer measurement results are shown in Fig. 2. The relationship between the CO2
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Fig. 2. Refractive index at 633 nm in dependence of the CO2 gas flow with a SiH4 gas flow
of 5 sccm and a CH4 gas flow of 100 sccm.

gas flow and the refractive index is nearly exponential. The values range from 1.5 to 2.33. The
highest value corresponds to hydrogenated SiC and is lower than stoichiometric SiC which has a
refractive index of 2.55. This is explained by excess carbon and the hydrogen content. Especially
the absence of oxygen in the plasma can lead to an excess of carbon.

Refractive indices higher than 2.33 can be achieved by increasing the SiH4/CH4 ratio. Though
the transition to SiC with excess silicon is smooth. A reduction of the SiH4/CH4 leads to values
below 1.5. When solely SiH4 and CO2 are used the refractive can be as low as 1.47.

Fig. 1. ATR FTIR Spectrum of SiOC with an refractive index of 1.67 for different gas flow
ratios of SiH4 and CH4.

refractive indices of SiO2 and SiC. This feature enables application tailored waveguide designs
which is especially important in hybrid technologies [20].

The refractive indices of SiOC thin films produced with different gas flows of CO2 were
measured by ellipsometry at 633 nm. Thin films with thicknesses between 70 and 100 nm were
deposited on silicon substrates. For each deposition the SiH4 and CH4 gas flows were 5 sccm
and 100 sccm, respectively. The power was 100 W, the pressure 1000 mTorr, and the temperature
390 °C.

The ellipsometer measurement results are shown in Fig. 2. The relationship between the CO2
gas flow and the refractive index is nearly exponential. The values range from 1.5 to 2.33. The
highest value corresponds to hydrogenated SiC and is lower than stoichiometric SiC which has a
refractive index of 2.55. This is explained by excess carbon and the hydrogen content. Especially
the absence of oxygen in the plasma can lead to an excess of carbon.
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highest value corresponds to hydrogenated SiC and is lower than stoichiometric SiC which has a
refractive index of 2.55. This is explained by excess carbon and the hydrogen content. Especially
the absence of oxygen in the plasma can lead to an excess of carbon.

Refractive indices higher than 2.33 can be achieved by increasing the SiH4/CH4 ratio. Though
the transition to SiC with excess silicon is smooth. A reduction of the SiH4/CH4 leads to values
below 1.5. When solely SiH4 and CO2 are used the refractive can be as low as 1.47.
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Refractive indices higher than 2.33 can be achieved by increasing the SiH4/CH4 ratio. Though
the transition to SiC with excess silicon is smooth. A reduction of the SiH4/CH4 leads to values
below 1.5. When solely SiH4 and CO2 are used the refractive can be as low as 1.47.

Roughness at the interfaces between the waveguide core and cladding can be a major source of
attenuation. While sidewall roughness mainly depends on the individual lithography and etching
processes, surface roughness is caused by the deposition process. AFM was used to measure the
surface profile and to determine the RMS roughness denoted as RRMS.
Thin films with a thickness of 1 µm and five different refractive indices were deposited on

silicon substrates. The pressure, power, and temperature were 1000 mTorr, 100 W, and 390
°C, respectively. The SiH4 and CH4 gas flows were 5 sccm and 100 sccm, respectively. These
parameters were the same for all depositions. The values for the CO2 gas flow were 1200 sccm,
280 sccm, 90 sccm, 25 sccm and, 0 sccm which lead to films with refractive indices at 630 nm of
1.52, 1.68, 1.87, 2.06, and 2.32.

The results of the AFM measurements are depicted in Fig. 3. The lowest roughness has the
film with the refractive index 1.52 and the highest the one with 1.68. The roughness decreases
with an increasing refractive index for values over 1.68. This leads to the insight that SiOC films
with a more balanced composition of oxygen and carbon exhibit a higher roughness than films
closer to SiO2 and SiC. However, all measured roughness values are low enough to consider
surface roughness as a minor source of attenuation [21]. The complete refractive index range can
be considered for the realization of low-loss optical waveguides.

Fig. 3. AFM measurement results for films with a thickness of 1 µm and different refractive
indices.

3. Waveguide losses

The waveguide design is based on previous studies on PECVD SiON waveguides to allow a
direct comparison [2,12]. The refractive index profile is depicted in Fig. 4. The refractive indices
are given at 1550 nm. This waveguide design enables bending radii below 550 µm and fiber to
chip coupling losses below 0.5 dB per facet [2].

The first step of the fabrication process is the deposition of 2 µm SiOC on a thermally oxidized
4” silicon wafer. The gas flows for SiH4, CH4, and CO2 were 5 sccm, 100 sccm, and 1200
sccm, respectively. A pressure of 1200 mTorr, a power of 100 W, and a temperature of 390 °C
were used. The waveguides were formed by broadband UV contact lithography and reactive ion
etching with the gases CHF3, O2, and Ar. The top cladding was deposited by PECVD with the
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Fig. 4. Refractive index profile of the fabricated waveguides.

One of the insights of the ATR FTIR investigations presented in section two is that a low
SiH4/CH4 ratio is preferable, because Si-H bonds absorbing in the optical C band are less
pronounced in this case. However, the gas flow ratio 5 sccm/100 sccm was chosen over
2.5 sccm/100 sccm, because a minimum SiH4 gas flow is necessary to achieve a uniform film
thickness distribution on a 4" wafer. Increasing the CH4 was not an option, because 100 sccm
was the maximum flow of the available CH4 mass flow controller. The pressure values used for
the deposition of the waveguide core and cladding materials differ from the value used in section
two, because they were optimized regarding the film thickness uniformity on a 4" wafer.

In addition to the photonic chip fabrication, the top cladding and the core material were each
deposited on silicon substrates with a film thickness of 3 µm for ATR FTIR measurements. As
seen in Fig. 5, SiOC deposited without CH4 with a refractive index of 1.46 does not exhibit an
absorption by C-H bonds, but has a more distinct absorption by Si-O-H bonds. The shape of the
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Fig. 5. ATR FTIR Spectrum of the waveguide core and cladding material.

absorption bands caused by hydrogen bonds in the waveguide core material is comparable to
the shapes seen in Fig. 1 where films with higher refractive indices were studied. As expected,
the absorption by Si-O bonds increases with decreasing refractive index and the absorption by

Fig. 4. Refractive index profile of the fabricated waveguides.

gas flows 5 sccm and 1500 sccm for SiH4 and CO2, respectively. The pressure was set to 1500
mTorr, the power to 100 W, and the temperature to 390 °C. Finally, the wafer was separated into
chips and the facets were polished.
One of the insights of the ATR FTIR investigations presented in section two is that a low

SiH4/CH4 ratio is preferable, because Si-H bonds absorbing in the optical C band are less
pronounced in this case. However, the gas flow ratio 5 sccm/100 sccm was chosen over 2.5
sccm/100 sccm, because a minimum SiH4 gas flow is necessary to achieve a uniform film
thickness distribution on a 4” wafer. Increasing the CH4 was not an option, because 100 sccm
was the maximum flow of the available CH4 mass flow controller. The pressure values used for
the deposition of the waveguide core and cladding materials differ from the value used in section
two, because they were optimized regarding the film thickness uniformity on a 4” wafer.

In addition to the photonic chip fabrication, the top cladding and the core material were each
deposited on silicon substrates with a film thickness of 3 µm for ATR FTIR measurements. As
seen in Fig. 5, SiOC deposited without CH4 with a refractive index of 1.46 does not exhibit an
absorption by C-H bonds, but has a more distinct absorption by Si-O-H bonds. The shape of the
absorption bands caused by hydrogen bonds in the waveguide core material is comparable to
the shapes seen in Fig. 1 where films with higher refractive indices were studied. As expected,
the absorption by Si-O bonds increases with decreasing refractive index and the absorption by
Si-C bonds decreases. The presence of Si-H bonds in the waveguide core and cladding materials
indicates that both materials contribute to the waveguide attenuation.

Waveguides with four different lengths were fabricated to determine the waveguide attenuation
and the coupling losses at each wavelength. The lengths were 2.5, 4.5, 5.9, and 7.1 cm. The
waveguide chips were placed on a vacuum holder and Nufern UHNA4 fibers were positioned in
front of the integrated waveguides by piezo actuators. No index matching gel was used between
the fibers and the chip facets. A laser with a tuning range from 1480-1570 nm and an optical
power meter were used to measure the losses. A photo of one of the chips is shown in Fig. 6.
Meander structures were used to enable different waveguide lengths on one chip. The losses by
the bendings with 500 µm radius can be neglected [2].

The waveguide attenuation was calculated from measured fiber to fiber transmission spectra of
waveguides with four different lengths. Transmission spectra of waveguides with the lengths 2.5
cm and 7.1 cm are shown in Fig. 7 to illustrate the data basis for the calculation of the attenuation.
A linear regression was applied to the data for each wavelength to determine the fiber to chip
coupling losses from the offset parameter. The transmission spectra were subtracted by the
average coupling loss and then divided by their corresponding length. For each wavelength the
attenuation is determined by averaging and the standard error is calculated.
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One of the insights of the ATR FTIR investigations presented in section two is that a low
SiH4/CH4 ratio is preferable, because Si-H bonds absorbing in the optical C band are less
pronounced in this case. However, the gas flow ratio 5 sccm/100 sccm was chosen over
2.5 sccm/100 sccm, because a minimum SiH4 gas flow is necessary to achieve a uniform film
thickness distribution on a 4" wafer. Increasing the CH4 was not an option, because 100 sccm
was the maximum flow of the available CH4 mass flow controller. The pressure values used for
the deposition of the waveguide core and cladding materials differ from the value used in section
two, because they were optimized regarding the film thickness uniformity on a 4" wafer.

In addition to the photonic chip fabrication, the top cladding and the core material were each
deposited on silicon substrates with a film thickness of 3 µm for ATR FTIR measurements. As
seen in Fig. 5, SiOC deposited without CH4 with a refractive index of 1.46 does not exhibit an
absorption by C-H bonds, but has a more distinct absorption by Si-O-H bonds. The shape of the
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absorption bands caused by hydrogen bonds in the waveguide core material is comparable to
the shapes seen in Fig. 1 where films with higher refractive indices were studied. As expected,
the absorption by Si-O bonds increases with decreasing refractive index and the absorption by
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Fig. 6. Photo of the photonic chip lying on the vacuum holder with fibers positioned at the
chip facets.

Si-C bonds decreases. The presence of Si-H bonds in the waveguide core and cladding materials
indicates that both materials contribute to the waveguide attenuation.

Waveguides with four different lengths were fabricated to determine the waveguide attenuation
and the coupling losses at each wavelength. The lengths were 2.5, 4.5, 5.9, and 7.1 cm. The
waveguide chips were placed on a vacuum holder and Nufern UHNA4 fibers were positioned in
front of the integrated waveguides by piezo actuators. No index matching gel was used between
the fibers and the chip facets. A laser with a tuning range from 1480-1570 nm and an optical
power meter were used to measure the losses. A photo of one of the chips is shown in Fig. 6.
Meander structures were used to enable different waveguide lengths on one chip. The losses by

Fig. 6. Photo of the photonic chip lying on the vacuum holder with fibers positioned at the
chip facets.

the bendings with 500 µm radius can be neglected [2].
The waveguide attenuation was calculated from measured fiber to fiber transmission spectra of

waveguides with four different lengths. Transmission spectra of waveguides with the lengths
2.5 cm and 7.1 cm are shown in Fig. 7 to illustrate the data basis for the calculation of the
attenuation. A linear regression was applied to the data for each wavelength to determine the fiber
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to chip coupling losses from the offset parameter. The transmission spectra were subtracted by
the average coupling loss and then divided by their corresponding length. For each wavelength
the attenuation is determined by averaging and the standard error is calculated.
The coupling losses show no dependence on the wavelength and have an average value of

0.7 dB per facet. The results for the waveguide attenuation are depicted in Fig. 8. A fitting curve
is added to emphasize the shape. The fluctuations over the wavelength as seen in Fig. 7 and Fig. 8
cannot be explained by material absorption or waveguide scattering. Especially the periodicity of
the transmission spectrum of the waveguide with a length of 2.5 cm points to a superposition of
signals with different group delays. These other propagation modes can be explained by weakly

Fig. 7. Transmission spectra of waveguides with the lengths 2.5 cm and 7.1 cm.
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The coupling losses show no dependence on the wavelength and have an average value of 0.7
dB per facet. The results for the waveguide attenuation are depicted in Fig. 8. A fitting curve is
added to emphasize the shape. The fluctuations over the wavelength as seen in Fig. 7 and Fig. 8
cannot be explained by material absorption or waveguide scattering. Especially the periodicity of
the transmission spectrum of the waveguide with a length of 2.5 cm points to a superposition of
signals with different group delays. These other propagation modes can be explained by weakly
guided cladding modes excited at the fiber-to-chip interface and waveguide irregularities due
to fabrication tolerances. A Fabry-Perot effect due to a gap at the fiber-chip interface can be
excluded, because a gap of a few hundred µm would be necessary to produce a periodicity like in
the measured spectra. However, the average error is ±0.05 dB/cm which is sufficient to confirm
our claims.
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Fig. 8. Optical attenuation of SiOC waveguides with a refractive index contrast of 0.05.

guided cladding modes excited at the fiber-to-chip interface and waveguide irregularities due
to fabrication tolerances. A Fabry-Perot effect due to a gap at the fiber-chip interface can be
excluded, because a gap of a few hundred µm would be necessary to produce a periodicity like in
the measured spectra. However, the average error is ±0.05 dB/cm which is sufficient to confirm
our claims.
An attenuation maximum is observed at 1537 nm and can be attributed to the absorption by

the Si-H bond which is in agreement with the ATR FTIR data. The maximum absorption of the
stretching vibrational mode of the Si-H bond is at 2165 cm−1 =̂ 4620 nm as previously shown in
Fig. 1. This causes a second overtone at 1⁄3 · 4620 nm = 1540 nm. The impact of the Si-H bonds
on the waveguide attenuation is estimated to be below 0.1 dB/cm by comparing the maximum
attenuation to the attenuation around the distant wavelength of 1480 nm where an absorption by
Si-H bonds is not expected. This implies that about 0.3 db/cm of the attenuation can be attributed
to scattering losses due to fabrication tolerances and sidewall roughness.

SiONwaveguides fabricated with a high temperature annealing process with the same refractive
index profile have attenuations between 0.05 and 0.6 dB/cm in the same wavelength range [12].
While SiOC waveguides have a lower attenuation around 1510 nm where remaining N-H bonds
absorb in the SiON, SiON waveguides show better values in the C band. A waveguide attenuation
of 0.29 dB/cm over the complete C band was reported for deuterated SiON waveguides with
a comparable refractive index contrast [14]. This result is in agreement with the measured
waveguide attenuations at wavelengths with a sufficient distance to the Si-H absorption maximum.
In our case, the low losses were achieved without expensive deuterated precursor gases and
without a high temperature annealing process which can lead to stress induced cracks and other
issues.
Commercial silicon based low-loss waveguide technologies which rely on germanium doped

silica [22] and SiN [9] can enable significantly lower losses in comparison to the values determined
in this study. However, the SiOC technology provides the special feature of a wide refractive
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Fig. 8. Optical attenuation of SiOC waveguides with a refractive index contrast of 0.05.

An attenuation maximum is observed at 1537 nm and can be attributed to the absorption by
the Si-H bond which is in agreement with the ATR FTIR data. The maximum absorption of the
stretching vibrational mode of the Si-H bond is at 2165 cm−1 =̂ 4620 nm as previously shown in
Fig. 1. This causes a second overtone at 1/3 · 4620 nm = 1540 nm. The impact of the Si-H bonds
on the waveguide attenuation is estimated to be below 0.1 dB/cm by comparing the maximum
attenuation to the attenuation around the distant wavelength of 1480 nm where an absorption by
Si-H bonds is not expected. This implies that about 0.3 db/cm of the attenuation can be attributed
to scattering losses due to fabrication tolerances and sidewall roughness.

SiONwaveguides fabricated with a high temperature annealing process with the same refractive
index profile have attenuations between 0.05 and 0.6 dB/cm in the same wavelength range [12].
While SiOC waveguides have a lower attenuation around 1510 nm where remaining N-H bonds
absorb in the SiON, SiON waveguides show better values in the C band. A waveguide attenuation
of 0.29 dB/cm over the complete C band was reported for deuterated SiON waveguides with
a comparable refractive index contrast [14]. This result is in agreement with the measured
waveguide attenuations at wavelengths with a sufficient distance to the Si-H absorption maximum.
In our case, the low losses were achieved without expensive deuterated precursor gases and
without a high temperature annealing process which can lead to stress induced cracks and other
issues.
Commercial silicon based low-loss waveguide technologies which rely on germanium doped

silica [22] and SiN [9] can enable significantly lower losses in comparison to the values determined
in this study. However, the SiOC technology provides the special feature of a wide refractive
index tuneability and does not rely on high temperature processes.



Research Article Vol. 9, No. 7 / 1 July 2019 / Optical Materials Express 2804

4. Conclusions

We have shown by experimental investigations that low-loss SiOC waveguides can be realized
without a high temperature annealing process or deuterated precursor gases. A waveguide
attenuation from around 0.3 to 0.4 dB/cm for wavelengths between 1480 and 1570 nm was
measured. The quantity of Si-H bonds absorbing in the optical C band can be reduced by lowering
the gas flow ratio SiH4/CH4. The refractive index of SiOC can be adjusted over a significantly
greater range when compared to SiON. A low surface roughness over the complete refractive
index range was measured by AFM. These findings make PECVD SiOC an ideal material for
hybrid technologies [20] in which optical waveguides need to have a specific refractive index for
example to prevent reflections at interfaces or enable low coupling losses. This study created a
basis for future work which should focus on the realization of optical devices benefiting from this
versatile waveguide material.
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