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Abstract: The mid-infrared (mid-IR) wavelength range hosts unique vibrational and rotational
resonances of a broad variety of substances that can be used to unambiguously detect the
molecular composition in a non-intrusive way. Mid-IR photonic-integrated circuits (PICs) are
thus expected to have a major impact in many applications. Still, new challenges are posed by the
large spectral width required to simultaneously identify many substances using the same photonic
circuit. Ge-rich graded SiGe waveguides have been proposed as a broadband platform approach
for mid-IR PICs. In this work, ultra-broadband waveguides are experimentally demonstrated
within unprecedented wavelength range, efficiently guiding light from 5 to 11 pm. Interestingly,
losses from 0.5 to 1.2 dB/cm are obtained between 5.1 and 8 um wavelength, and values below
3 dB/cm are measured from 9.5 to 11.2 um wavelength. An increase of propagation losses is seen
between 8 and 9.5 um; however, values stay below 4.6 dB/cm in the entire wavelength range. A
detailed analysis of propagation losses is reported, supported by secondary ion mass spectrometry
measurement, and different contributions are analyzed: silicon substrate absorption, oxygen
impurities, free carrier absorption by residual doping, sidewall roughness and multiphonon
absorption. Finally, Mach-Zehnder interferometers are characterized, and wideband operation is
experimentally obtained from 5.5 to 10.5 um wavelength.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The mid-infrared (mid-IR) wavelength regime, spanning from 2 to 20 um, has recently gained a
great significance in the Photonic Integrated Circuit (PIC) community due to its vast number of
applications [1]. As this wavelength range hosts the vibrational and rotational resonances of a
large variety of molecules, this so called “fingerprint region” can be used to unambiguously detect
a broad number of substances such as carbon dioxide (CO,), carbon monoxide (CO), methane
(CHy), ammonia (NH3) or nitrous oxide (N>O) [2]. The strong and specific absorption of these
molecules in the mid-IR range can thus be used to detect small analyte concentrations, potentially
up to parts per billion (ppb), having a high impact in sensing and monitoring applications in
fields like environmental monitoring [3], hazard detection [4], industrial process control [5],
astronomy [6] or non-invasive medical diagnostics [7]. Moreover, the use of mid-IR PICs has
also been proposed as a powerful solution to overcome several major existing drawbacks in other
important areas such as thermal imaging [8] or optical communications [9,10].
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Among the different materials investigated to develop mid-IR photonic circuits [11-16],
germanium (Ge) based circuits benefit from both the compatibility with large scale and high-
performance fabrication tools and a wide transparency window, extending up to 15 um wavelength.
Ge-on-silicon (Si) or graded silicon-germanium (SiGe) waveguides have already been successfully
developed within the mid-IR spectrum [17-21]. However new challenges arise due to the wide
spectral range of mid-IR applications, such as the development of ultrawideband photonic circuits
to analyze simultaneously many substances using the same photonic circuit.

In this context, Ge-rich graded SiGe waveguides have been proposed as a broadband platform
approach for mid-IR PIC and propagation losses in the range of 2-3 dB/cm, from 5.5 to 8.5 um
have been previously reported [22]. In this work, we demonstrate that these waveguides can be
used in an unprecedented wavelength range, from 5 to 11 um wavelength, providing an analysis
of the main sources of propagation losses in an unprecedented wavelength range. Furthermore,
the experimental characterization of asymmetric Mach-Zehnder interferometers (MZIs) has been
carried out, showing clear interference patterns from 5.5 to 10.5 um wavelength. These results
confirm the wide bandwidth operation of integrated devices based on the Ge-rich SiGe platform.

2. Propagation losses measurement and analysis

2.1. Fabrication and characterization

The Ge-rich graded SiGe platform under study has been previously reported in [22]. It relies on
an 11 um-thick graded SiGe layer epitaxially grown on Si substrate, in which the Ge concentration
linearly increases from O up to 79%, followed by a 2 um-thick Sip,Gegg layer (Fig. 1(a)).
Low-energy plasma-enhanced chemical vapor deposition is used to grow the Sij_xGex material.
The structures are patterned using laser lithography, followed by an inductively coupled plasma,
reactive ion etching (ICP-RIE) step. Then, an oxygen-plasma cleaning process, followed by a
piranha (H,O, + sulfuric acid) bath are carried out in order to remove any residue from the
etching step (Fig. 1(b)). The resulting waveguide etching depth is 6.1 um and the width is 6.2 um.
50 um-wide input/output waveguides are used to butt couple the laser beam in and out of the
sample, followed by tapers leading to the 6.2 um-wide waveguides. It is worth noticing that this
design ensures operation over the broad wavelength range investigated in this work.

Sip2Geos ]z i N b)

11 pm

AccV SpotMagn  Det WD —————| PXOITOY
150kV30 1500x SE 64

Depth

Fig. 1. (a) Graded-index platform scheme and representation of the refractive index (n)
linear-increase, as a function of the platform depth. (b) SEM pictures of the sample facet in
where the 50-um-wide input (output) waveguide is shown. (c) Optical microscope picture of
spirals fabricated in the sample.

A set of spirals of different lengths have been fabricated, as shown in Fig. 1(c), to extract
propagation losses by means of the cutback method. The on-chip propagation length varies up
to 14 cm. The free-space characterization setup is based on a tunable Quantum Cascade Laser
(QCL). ZnSe aspherical lenses are used to couple the light in and out of the photonic circuit.
Waveguide transmission is then measured using a Mercury Cadmium Telluride (MCT) detector.
To reduce spectrum oscillations, a Savitzky-Golay filter is applied on the measurement, with 3¢
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polynomial order and scanning over 0.1 um wavelength range. Finally, the results are plotted in

Fig. 2.
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Fig. 2. Propagation losses as a function of the wavelength for TM and TE polarizations.
The error bars at different wavelengths have been calculated with the r-squared coefficient of
the linear fitting of the cutback method

As it can be seen in Fig. 2, low propagation losses between 0.5 and 1.2 dB/cm are obtained
from 5.1 to 8 um and below 3 dB/cm from 9.5 to 11.2 uym wavelength, for both TE and TM
polarization. An increase of propagation losses around 9.2 pm wavelength, reaching 4 dB/cm in
TM polarization and 4.6 dB/cm in TE polarization is observed. Interestingly these values are still
moderate, and do not prevent the use of these waveguides for many on chip application in the
entire range from 5 to 11 pum.

2.2. Analysis

Even if propagation losses from 0.5 to 4.6 dB/cm are appropriate for many on-chip applications,
it is interesting to evaluate the origin of these losses for the different wavelength ranges and to
investigate possible routes of improvement. Different contributions are analyzed in the following:
substrate absorption, oxygen impurities, free carrier absorption by residual doping, sidewall
roughness and multiphonon absorption.

Substrate absorption: As Si is known to provide absorption beyond 7 um wavelength [23],
the influence of Si substrate as a possible contribution of optical losses is investigated by
mode calculations. Mode profiles are reported in Fig. 3 for TE and TM polarization and
for different wavelengths from 5 to 11 um. In all cases the graded SiGe layer allows to
confine the light in the top part of the epitaxial layer, far from the Si substrate. Mode
overlap between the guided modes and the substrate is always below 0.01%, making this
contribution totally negligible in the measured propagation losses.

Si-O-Si absorption peak (1=9.2um): The increase of propagation losses around 9.2 pm
wavelength, reaching 4 dB/cm in TM polarization and 4.6 dB/cm in TE polarization is due
to optical absorption from the Si-O-Si vibration of interstitial oxygen (Si:O;) [24]. As
commonly seen in SiGe alloys, the wavelength of this absorption peak is slightly shifted
in comparison with the 1106 cm™' (1=9.04 um) absorption peak of Si-O-Si vibration
mode in pure Si layers, possibly due to the expansion of Si-Si bonds [25,26] in the SiGe
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matrix. Secondary ion mass spectrometry (SIMS) characterization has been performed
to corroborate the analysis. As it can be seen in Fig. 4, the oxygen concentration varies
within the epitaxial growth. A constant concentration of 1.5x10'7cm™ is measured in the
2 um-thick Sig»Geg g top layer. Then a peak up to 2.5x10'7cm™ is seen at the interface
with the graded layer and finally the oxygen concentration decreases when going deeper in
the graded SiGe layer. Interestingly, this evolution is compatible with the different values
of propagation losses measured between TE and TM polarization. Indeed, the optical
mode in TE polarization is more concentrated in the constant composition layer of the
waveguide (see Fig. 3), resulting in higher propagation losses.

Free carrier absorption: Residual doping, even at relatively low concentrations, can be
responsible of optical losses by free carrier absorption. Residual boron and phosphorous
concentration profiles measured by SIMS are reported in Fig. 4. To quantify the effect
on the propagation losses, a mean values of 5x10'* cm™ for boron and 2x10'3 cm™
for phosphorous are considered in the following, corresponding to the average values
in the 6 um-thick top layer, where most of the guided mode is confined (See Fig. 3).
By compensation, the residual electron concentration is estimated to be 1.5x10'> cm™.
Based on this value, the absorption coefficient has been calculated as a function of the
wavelength, using the model reported in [27] and later experimentally confirmed in [28].
The corresponding contribution to propagation losses is reported in green in Fig. 5. It
varies from 0.2 dB/cm at 5 um to 1.2 dB/cm at 11.5 um wavelength.

Lateral sidewall roughness: Sidewall roughness can be responsible for light diffusion and thus
propagation losses, especially when using deeply etched waveguides. To evaluate the effect
of roughness as a function of the wavelength, the model reported in [29] is used, whose
parameters are obtained by fitting the experimental measurement. Indeed, from the different
contributions, only free carrier absorption and sidewall roughness influence propagation
losses between 5 and 7.5 um wavelength. Since free carrier absorption contribution is
known thanks to the previously reported SIMS characterization, the sidewall roughness
parameters (correlation length and roughness standard deviation) can be obtained by
fitting the experimentally measured propagation losses. A correlation length of 100 nm is
obtained, with a roughness standard deviation of 9 nm. Finally, the sidewalls roughness
contribution to propagation losses is reported in violet in Fig. 5.

Multiphoton absorption: Multiphonon absorption is responsible for absorption above 8 um
(resp. 14 um) wavelength in Si (resp. Ge) [23,30]. Even though infrared absorption spectra
of crystalline SiGe alloys have been reported with different Si content [25], a detailed
study of multiphonon absorption for Ge-rich SiGe alloys in the 8-11 um wavelength range
is missing in the literature. However, from Fig. 5, it is possible to evaluate the contribution
of multiphonon absorption as the difference between the experimental measurement and
the sum of the contributions from the lateral sidewall roughness and free carrier absorption
(except at the 9.2 um absorption peak). Using this method, it can be estimated that the
multiphonon processes in the top Sip>Geg g and in the graded SiGe layers are responsible
for around 1.5 dB/cm increase of the propagation loss beyond 8§ pm wavelength

As a conclusion, it can be deduced that the main contributions of the waveguide propagation
losses strongly depend on the wavelength. At wavelengths lower than 8 um, a combination of
sidewall roughness and free carrier absorption is the responsible for propagation losses, with
values lower than 1.2 dB/cm obtained for both polarizations. On the other hand, for wavelengths
larger than 8 um, both multiphonon and free carrier absorption contribute to the propagation
losses. Nevertheless, propagation losses below 3 dB/cm is obtained from 9.5 to 11 pm wavelength.
Finally, around 9.2 pm wavelength, interstitial oxygen absorption is responsible for an increase of
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Fig. 3. Optical power distribution in the waveguide for TE and TM polarization at different
wavelengths: 5,7, 9, and 11 um reported on top of each mode calculation. In dark green
shading is shown the Si substrate.
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Fig. 4. Oxygen (blue), Boron (green) and Phosphorous (yellow) concentration as a function
of the z-axis direction calculated by SIMS characterization of the sample.

the propagation losses up to 4.6 dB/cm. As possible optimization, a modification of the epitaxial
growth deposition system is envisioned in the future to reduce the oxygen impurity concentration.
Furthermore, by decreasing the main residual doping concentration, or by a fine tuning of the
doping compensation effect, a reduction of free carrier absorption can be expected. An additional
reduction of propagation losses can be obtained by increasing the Ge content in the graded buffer
and constant composition layer. This should strongly reduce multiphonon absorption in the 8
to 11 pm region as well as the Si:O:S; peak. Thus, propagation losses around 2 dB/cm can be
expected from 8 to 11 um wavelength (1.5 dB/cm for multiphoton absorption plus 0.5 dB/cm
for dopants and roughness). To optimize propagation losses in the lowest wavelength range,
the influence of waveguide roughness must be decreased. For this, both an improvement of
waveguide definition and etching, or the use of wider waveguide to reduce the overlap of the
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Fig. 5. Waveguide propagation loss: contribution from free carrier absorption (green),
sidewall roughness (violet), the sum of these two contributions (black). Experimentally
measured TE (blue) and TM (red) propagation losses are also plotted.

guided mode with the sidewalls can be envisioned. When combined with a reduction of residual
doping, low loss below 0.5 dB/cm can be expected from 5 to 8 um wavelength.

3. Wideband Mach Zehnder interferometer

To date, the Ge-rich Sij_xGey graded platform is the only waveguide platform operating in
a wide wavelength range, from 5 to 11 um, using a single waveguide design. Even though
single mode condition is not fulfilled in such a wide wavelength range, we demonstrate below
the potential of this platform to develop wideband integrated devices. Indeed, while Mach
Zehnder interferometers, resonators and Fourier transform spectrometers operating between 5
and 8.5 um have been reported previously [31-33], we extend here the characterization of MZIs
to larger wavelengths. To this end, asymmetric MZIs with arm length unbalances of 47 and
84.6 um are used. The measurement is done in TM polarization and the MZIs transmission
measurements are normalized by the transmission of a straight waveguide on the chip, in order
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Fig. 6. Transmission of asymmetric Mach Zehnder interferometer normalized by straight
waveguide as a function of the wavenumber (bottom x-axis) or wavelength (top x-axis) of (a)
MZI with AL =47 ym and (b) MZI with AL = 84.6 um. The data has been smoothed by a
Savitzky-Golay filter, taking 20 samples (i.e. 0.1 um range) and a 4™ order filter.
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to obviate atmospheric absorption peaks, the wavelength response of the characterization laser
and coupling and propagation losses. As previously done, a 4" polynomial Savitzky-Golay
filter has been implemented with 0.1 pm wavelength span on the measurement. In Fig. 6 are
plotted the normalized transmission of both MZIs as a function of the wavenumber (bottom
x-axis) or wavelength (top x-axis). In both cases the resonances are clearly seen for a wavelength
range spanning from 5.5 to 10.5 pm. This measurement confirms the wideband operation of the
multi-mode interferometer (MMI) used as splitter and combiner with a very good matching with
MMI simulation reported previously [31]. Furthermore, this result also demonstrates that even if
multimode waveguides are used, the device does not suffer from light coupling to higher order
modes.

4. Conclusion

In summary, it is experimentally demonstrated that Ge-rich graded SiGe waveguides can be used
in an unprecedented wavelength range, from 5 to 11 um wavelength, which is a unique feature of
the graded index profile in the SiGe waveguide. Propagation losses from 0.5 to 1.2 dB/cm is
obtained between 5.1 and 8 pm wavelength, and values below 3 dB/cm are measured from 9.5 to
11.2 ym wavelength. Interestingly losses values stay below 4.6 dB/cm in the entire wavelength
range from 5 to 11 um, for both TE and TM polarizations. A detailed analysis of propagation
losses is reported, showing that: (i) the values are compatible with free carrier concentrations
below 10" cm™3, (ii) the losses of Si substrate are completely negligible due to the low overlap
of the guided mode with the substrate, (iii) the main contribution for sidewall roughness appear
in the low wavelength range, (iv) multiphoton absorption in the Si;_yGey alloy contribute to
the waveguide propagation losses beyond 8 um wavelength, (v) the absorption around 9.2 um
wavelength is attributed to oxygen impurities.

Moreover, the characterization of MZI is reported, showing that (i) MMI based splitter and
combiner are operating in a wide spectral range from 5.5 to 10.5 pm, which is a unique advantage
of the low dispersion within Ge-rich graded SiGe waveguide, (ii) even if the waveguides are not
single mode in the entire wavelength range, efficient interferometers are achieved, showing that
the devices do not suffer from light coupling to higher order modes. These results pave the way
towards the demonstration of efficient mid-IR PICs for a wide range of applications.
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