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Abstract: Mid-infrared (mid-IR) silicon photonics is expected to lead key advances in
different areas including spectroscopy, remote sensing, nonlinear optics or free-space
communications, among others. Still, the inherent limitations of the silicon-on-insulator (SOI)
technology, namely the early mid-IR absorption of silicon oxide and silicon at 1~3.6 pm and
at A ~8.5 pum respectively, remain the main stumbling blocks that prevent this platform to
fully exploit the mid-IR spectrum (4 ~2-20 um). Here, we propose using a compact Ge-rich
graded-index SiixGeyx platform to overcome this constraint. A flat propagation loss
characteristic as low as 2-3 dB/cm over a wavelength span from A = 5.5 uym to 8.5 pm is
demonstrated in Ge-rich Si;xGex waveguides of only 6 um thick. The comparison of three
different waveguides design with different vertical index profiles demonstrates the benefit of
reducing the fraction of the guided mode that overlaps with the Si substrate to obtain such flat
low loss behavior. Such Ge-rich Si;xGex platforms may open the route towards the
implementation of mid-IR photonic integrated circuits with low-loss beyond the Si multi-
phonon absorption band onset, hence truly exploiting the full Ge transparency window up to A
~15 pm.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (130.0130) Integrated optics; (230.0230) Optical devices; (230.7370) Waveguides.
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1. Introduction

Research activities on silicon photonics have strongly increased over the last few years,
giving birth to a dynamic technological network connecting research hubs, academics and
new startup companies, all of them leveraging from the available mature industrial resources
of the microelectronics industry. As a result, a large pool of outstanding works on novel
silicon photonics assets has been reported so far, with especial attention to telecom
applications working around of 1.31 um and 1.55 um [1-3]. In that regard, the possibility to
link the long-haul optical communication fibers with high density data centers entirely driven
by silicon photonics technology is conducting most of the efforts for this platform by now [4].
Lately however, silicon photonics has also been proposed as a compelling solution to address
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several technical challenges in current biological and chemical sensing systems, taking
advantage from the unique mid infrared (mid-IR) molecular absorption peaks of several
relevant chemical compounds [5, 6]. Thus, scaling up silicon photonics to larger wavelengths
in the mid-IR would lay the foundations of new integrated optical mid-IR lab-on-a-chip
sensors with unprecedented sensitivity [7, 8]. A vast range of applications is foreseen,
including real-time environmental monitoring of pollutants, food safety control or early
medical diagnosis, among others. In pursuit of that goal, and in view of the good performance
displayed in the near infrared range, the silicon-on-insulator platform has often been adopted
as a natural choice to extend the wavelength of operation [9-11]. Nevertheless, the early mid-
IR absorption onset of the buried oxide (BOX) at 2 ~3.6 um provides a strong inherent
constraint that hinders the potentiality of this technology for mid-IR spectroscopy. In spite of
that, various strategies have been proposed to overcome such limitation through waveguide
design engineering to minimize the mode overlap with the BOX underneath [12, 13].
However no experimental demonstration beyond 4 = 4 um has been realized so far.
Meanwhile, other Si-based platforms with extended spectral transparency in the mid-IR have
been reported, such as Si-on-sapphire [14], suspended membranes schemes [15, 16], Ge-on-Si
platforms [17] or the use of Si;xGex alloys on Si substrates [18]. Approaches using Ge are
particularly interesting due to its large transparency window up to a wavelength of ~15 pum,
hence broadening the range of substances that could potentially be analyzed. Still, most of the
current demonstrations of Ge-based mid-IR devices reported in the literature are confined to
relatively narrow operation bandwidths, hence squandering the potential of the platform [19-
22]. Noticeably, recent work on Ge-on-Si waveguides reported the propagation loss
characteristic from 7.5 to 8.5 pm wavelength, with a minimum value of 2.5 dB/cm at A ~7.5
pm. However losses rapidly increased for longer wavelengths up to 20 dB/cm [23].
Alternatively, suspended Si waveguides have shown low-loss propagation up to 7.7 um [24].
On the other hand, we have recently proposed Ge-rich Sii—xGey alloys on graded SiixGex
layers as an alternative approach for mid-IR integrated photonics. Propagation losses between
1.5 and 2 dB/cm have been obtained at 1 ~4.6 um [25], while broadband Mach-Zehnder
interferometers have been demonstrated, working in both quasi-TE and TM polarizations
[26]. Interestingly, these structures also allow to fine tune the refractive index profile,
permitting an efficient tailoring of the waveguide properties such as mode confinement and
dispersion. An optimal design was investigated and a graded 6 pum-thick Si1.xGeyx stack was
defined as an attractive platform to develop mid-IR nonlinear approaches requiring broadband
dispersion engineering [27]. One of the relevant features of such Ge-rich Si;—xGex waveguides
is their expected wide transparency window, which could potentially extend up to A = 15 pm,
as the refractive index gradient allows to push the optical mode far from the Si substrate
where absorption begins to be prohibitive beyond 1 ~8.5 pm [5].

In this work we demonstrate a highly compact 6 pm thick Ge-rich graded-index Sii.xGex
platform with low-loss from 5.5 to 8.5 um wavelength, only limited by the experimental set-
up. In addition, we provide solid experimental evidences that support the importance of
reducing the mode overlap with the Si substrate to obtain this low-loss mid-IR integrated
waveguide. These new platforms may pose the foundations for a new generation of mid-IR
integrated devices with unprecedented operation bandwidths.

2. Experiments and methods

Three different Ge-rich graded-index epilayers have been deposited over commercial Si (001)
substrates by means of Low Energy Plasma Enhanced Chemical Vapor Deposition
(LEPECVD) at a rate of 5-10 nm/s. Different Ge concentration profiles have been defined
along the growth direction. Figure 1 provides a cross-section view of each epilayer ((a), (b)
and (c)) together with its refractive index profile ((d), (e) and (f)). Waveguides with a width
of W = 4 um and an etching depth of ED = 4 um have been defined. The simulated
fundamental TE mode at A = 7.5 um is also shown for comparison. As seen in Fig. 1, epilayer
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() (named Ge-rich + buffer) is composed by a graded buffer layer 11 pm thick with a linear
increase of the Ge concentration up to a value of 79%, with a 2 um thick Ge-rich Sig2Geos
guiding layer deposited on top (total thickness of t = 13 um). Such configuration provides a
small refractive index step at the guiding layer-graded buffer interface (see Fig. 1(d)) that has
proven to be very useful to guide the optical mode while providing low-loss propagation at
near infrared wavelengths [28]. Benchmarking results were also obtained in the mid-IR with
this platform, demonstrating ultra-wideband Mach-Zehnder interferometers operating over a
wavelength range from 4 = 5.5 um to 8.5 um [25, 26].

Likewise, a graded buffer layer from pure Si to pure Ge (100%) was used to grow the
second guiding platform under study (epilayer (b) in Fig. 1, named graded buffer). This time
the mode directly propagates into the graded buffer, with no constant composition layer on
top. Also, in order to improve the vertical confinement of the guided mode, a steeper Ge
content increase was used as the total graded buffer thickness was t = 6 um and the refractive
index profile varied from n ~3.48 (Si) to n ~4.1 (Ge) (see Fig. 1(e)). This approach yields
higher optical confinement by taking advantage of a steeper vertical refractive index profile
compared to platform (), at the expense of a potentially higher losses due to larger overlap
between the guided mode and the Si substrate (further discussion is provided later on). In
addition, this platform with the current waveguide design (i.e W = ED = 4 um) shows
interesting features that could potentially be exploited for ¥® nonlinear phenomena, such as a
good overlap between the propagating mode and the Ge-rich area and a flat anomalous
dispersion over a broadband wavelength range from 4 = 3 um to 8 um [27].

Finally, we have devised a third Ge-based platform (epilayer (c)) comprising two different
vertical Ge profiles for a total thickness of 4 um to provide an even more compact stack while
maintaining a good mode confinement (hamed as double graded buffer). In this case, a first
graded-index layer 3 um thick has been grown with an increasing Ge concentration in the
growth direction from pure Si up to 50% of Ge (SiosGeos). Then, a second graded-index
buffer, 1 um thick, is deposited on top, with a starting Ge concentration of 50% up to pure Ge
(100%). Thus, the latter approach stands as the most compact among the three platforms here
presented (only 4 um thick in total), with the steepest refractive index profile which would
potentially lead to stronger mode confinement over a large bandwidth (as seen in Fig. 1(f)).

;'g (d)
Si;.,Ge, (2) e 36 Ge-rich + buffer

x=05>1

Si,..Ge, (1 =Ty (e)
x=0> E)i); = §2§_/ Graded buffer
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<1012 3 45 6 7.8 910111213
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Fig. 1. Simulated fundamental TE mode at 2 = 7.5 um for the three studied waveguide
approaches (panels (a), (b), (c)) with their corresponding refractive index profiles along the
vertical direction (figures (d), (e), (f)). The x- and y-axis represent the simulation cross-section
plane, with the y-axis origin marked by a horizontal dotted line.
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The propagation loss of each platform was inspected by fabricating a set of spiral
waveguides with different lengths (0.6 cm/4.2 cm/6.1 cm/8.3 cm and 10.4 cm) to allow for
non-destructive transmission measurements using the cut-back method (see Fig. 2(a)). A
minimum bend radius of 600 um was designed in each spiral to discard any source of
radiative loss due to bending, especially for the longest wavelengths. Similarly, adjacent
concentric rings have been spaced by 50 um to avoid cross-talk effects (see Fig. 2(b)).
Adiabatic tapers 50 um wide and 2 mm long have also been designed to minimize coupling
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losses between the free-space laser beam and the spiral waveguides. Waveguide spirals were
patterned by optical lithography using a DUV photoresist. Then, Inductively Coupled Plasma
(ICP) etching was performed to define the waveguides, followed by a wet processing using
hydrogen peroxide (H20,) to smooth the sidewall roughness. Waveguides facets were defined
by mechanical dicing, obtaining a smooth facet upon which reproducible coupling conditions
have been obtained.

Measurements were performed using an ad hoc free-space mid-IR setup. This
configuration allows controlling precisely the injected polarization, contrarily to currently
available fiber-based mid-IR approaches. The set-up was placed inside an isolation box and
equipped with a dry air filling system, to reduce the impact of the multiple atmospheric
absorption peaks that arise within this wavelength range. Transmission measurements were
performed using a mid-IR tunable external cavity quantum cascade laser (MIRCAT)
operating in pulsed regime with a duty cycle of 5% and a repetition rate of 100 kHz. The laser
provides an attainable wavelength range from 2 = 5.5 um to 4 = 8.5 pum, with a maximum
peak power of 300 mW (at A = 6.5 um) and a wavelength accuracy lower than 1 cm™. The
wavelength scan has been performed in steps of 4 nm per second. Since the laser emission is
TM polarized, a broadband mid-IR polarization rotator was placed at the laser output to rotate
the laser beam polarization at will. Input/output chip butt-coupling was carried out by means
of aspheric ZnSe lenses. The collected signal was directed towards a polarization filter to
discard any polarization rotation throughout the spiral waveguides, and finally sent to either
an MCT detector or a mid-IR camera by means of a movable mid-IR mirror. Observing the
mode profile allows us to ensure that light is coupled on the fundamental mode of the
waveguide. Figure 2(c) shows a representative example of a far-field optical mode at the
spiral waveguide output recorded by the mid-IR camera. Finally, a lock-in amplifier was used
to synchronize the laser with the signal from the MCT detector.

1 e
=204 “.
-30] S TS
A, T ‘2
1W Gerich + buffer .
1@ Graded buffer *
{4 Double graded buffer A
1 2z 3 &+ 8§ & 7 & 9 10 11
Length (cm)

Fig. 2. (a) Top view of the fabricated Si;<Gex spiral waveguides. (b) Magnified region of a
single spiral waveguide corresponding to the red square area depicted in (a). (c) Typical far-
field optical mode recorded at the waveguide output facet by the mid-IR camera. (d) Output
signal transmittance of the quasi-TE propagating polarization as a function of the spiral
waveguide length for a wavelength of 4 = 7.5 um. Dashed colored lines are linear fits of the
data.

3. Results

Figure 2(d) shows a representative cut-back measurement of the three different platforms
performed at 1 = 7.5 pm (quasi-TE polarization) in which the output transmittance of each
spiral waveguide has been plotted as a function of its total length. As can be observed, the
measured transmittance linearly decreases with the spiral waveguide length, whose slope can
be directly correlated with the propagation loss in each platform. As seen, whereas the two
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first graded-index platforms show a rather similar propagation loss at 4 = 7.5 um, a
remarkably higher value is found in the double graded buffer. Thus, performing the same
fitting for each wavelength over the studied range (from A = 5.5 um to 8.5 um in steps of 4
nm) allows obtaining the propagation loss spectral characteristic (see Fig. 3) of the three
studied platforms for both input polarizations (black lines corresponding to quasi-TE
polarization and red lines to quasi-TM polarization).

. —— TE-polarization TM-polarization
J (a) Ge-rich buffer S (b) Graded buffer 20 Double graded buffer
4 16

dB/cm
Ll Pl
dB/cm

55 6.0 65 7.0 7.5 80 85 55 60 65 7.0 7.5 8.0 85
Wavelength (um) Wavelength (pum) Wavelength (um)

3 El12
¥

24 - =8
=

1 4

0

0 )

Fig. 3. Propagation loss measured over a wavelength span from 2 = 5.5 ym to A = 8.5 um for
the three studied platforms.

As seen, designs showing thicker waveguides cores (the Ge-rich + buffer with t = 13 um,
and the Graded buffer with t = 6 um) present broadband low-loss propagation with values of
2-3 dB/cm in both polarizations and a nearly negligible wavelength dependency. Importantly,
the measured propagation loss remains consistently low for wavelengths up to the longest
available wavelength at 2 = 8.5 pm. On the contrary, the propagation loss characteristic of the
most compact approach (Fig. 3(c)) shows a consistent increase as a function of the operating
wavelength with notable different values depending on the transmitted polarization. At 1 =
5.5 um, the propagation loss of both polarizations departs from a similar value than the ones
measured for the two other platforms, i.e. 2-3 dB/cm. However, as the operating wavelength
is increased, the propagation loss monotonically increases accordingly, reaching values of
~10 dB/cm for the quasi-TE mode and up to ~18 dB/cm for the quasi-TM polarization for the
longest measured wavelength, at 4 = 8.5 um. Noteworthy, the propagation loss difference
among transmitted polarizations becomes more evident at longer wavelengths beyond 1 ~7
pum, with substantially higher values for the quasi-TM polarization. Such difference is
unlikely to be caused by an enhanced scattering loss condition between one of the
propagating modes and the waveguide sidewall roughness, as if that were the case, higher
propagation losses would be expected for the quasi-TE mode since this polarization is known
to be more sensitive to sidewall imperfections. Similarly, free carrier absorption which is
expected to be greater in Ge than in Si and that increases strongly with wavelength cannot be
the origin for the high losses in the double graded buffer waveguide as it would affect also the
two other platforms. To explain the polarization-selective loss characteristic of the double
graded buffer waveguide at long wavelengths, a modal analysis using the finite-element-
method (FEM) has been performed in the double graded buffer platform (t = 4 pum) for a
wavelength span from A = 5.5 um to 8.5 pum. For the sake of comparison, a similar study has
also been conducted for the graded buffer approach (t = 6 um).
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Fig. 4. (a) Evolution of the optical mode overlap with the Si substrate as a function of the
operating wavelength for the double graded-index platform 4 um thick (black straight line for
quasi-TE and red dashed line for quasi-TM) and the graded-index layer 6 um thick (green
dotted line for quasi-TE and blue dashed-dotted line for quasi-TM). FEM simulations of the
optical mode confinement in the double graded buffer platform are shown in (b) and (c) for the
quasi-TE and quasi-TM polarizations, respectively. Simulations were conducted at a
wavelength of A = 7.5 pm.

Figure 4(a) reports the fraction of the guided optical mode that overlaps with the Si
substrate. As can be observed, the graded buffer platform presents a very small mode overlap
with the Si substrate, with a fraction below 1% up to a wavelength of 2 ~7.5 um regardless of
the polarization, then showing a mild increase to a final value of ~1% (quasi-TE) and ~2%
(quasi-TM) for A ~8.5 um. On the contrary, remarkable mode overlap with the Si substrate
was obtained in the double graded buffer platform, especially for the quasi-TM polarization,
which provides a sequential increase of the overlap fraction from 3% (at A = 5.5 um) up to
18% (at A = 8.5 um). In contrast, the quasi-TE polarization departs from a moderate value of
1.5% (at 2 = 5.5 pum) up to a 7% (at A = 8.5 pm) evidencing significant differences between
each polarization. As a representative example, Fig. 4(b) and 4(c) compare the simulated
quasi-TE and quasi-TM fundamental optical modes for 4 = 7.5 um in the double graded
buffer platform, where it can be noticed at a first glance that the quasi-TE optical mode is
confined at a substantially higher position in the waveguide compared to the quasi-TM optical
mode.

Thus, since these results follow a similar trend than the measured propagation loss
characteristic of the double graded buffer observed at Fig. 3(c), we could conclude that the
wavelength-dependent propagation loss increase can be due to the partial overlap between the
optical mode with the Si substrate, which may affect propagation losses through mechanisms
such as Si multi-phonon absorption in the mid-IR range, whose onset is located around of A
~7 pum [29]. Nevertheless, it should be noted that although good agreement between the
spectral shape of the measured propagation loss characteristic and FEM simulations was
obtained, the reported increase of optical loss in the double graded buffer platform is much
higher than the one that could be expected from multi-phonon absorption in Si, according to
available data (see ref. 29). Thus, at the current stage, the conclusion is that even if the exact
origin of the propagation losses is not fully understood, the most compact platform (total
thickness of 4 um) may be strongly affected by the interaction of the optical mode with the Si
substrate.

4. Conclusions

In summary, we demonstrated the potential of Ge-rich graded-index SiixGey layers to be used
as versatile and compact low-loss mid-IR photonic integrated platforms on Si substrates with
an unprecedented transparency bandwidth. To this purpose, we exploited the vertical
refractive index variation in compact graded Si1.xGex buffer layers as an additional parameter
to engineer broadband low-loss waveguides with the optical mode confined in the uppermost
part of the structure, far away from the Si substrate interface. A compact graded-index
waveguide approach has been conceived, yielding high optical mode confinement by means
of a thorough design engineering of the vertical Ge concentration profile. Broadband low-loss
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propagation of 2-3 dB/cm over a wavelength span from 5.5 pm to 8.5 um is observed, being
such extreme values only limited by the available wavelength scan of the experimental setup.
Moreover, experimental evidences of the key role of the optical mode overlap with the Si
substrate on the waveguide propagation loss are provided using an ultra-compact waveguide
design with a total thickness of only 4 um. These results provide the first experimental
demonstration of the effect of the refractive index gradient to push the mode far away from
the Si substrate to achieve low propagation loss over a wide spectral band, hence paving the
road for future demonstration of passive and active devices for spectroscopy and telecom
applications up to 15 pum.
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