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Abstract: Mid-infrared (mid-IR) integrated photonics are expected to provide key advances
for the demonstration of chip-scale spectroscopic systems. It has been recently reported that
Ge-rich SiGe alloy-based photonic structures can provide broadband operation for a
wavelength range spanning from 5.5 to 8.5 um, thus holding great potential for mid-IR
applications. In this paper, the Ge-rich SiGe platform is considered for a mid-IR photonic
chip-scale sensor, based on the use of the evanescent component of the guided optical mode
to probe specific molecular absorption features of the surrounding cladding environment. As
a proof of concept, we monitored the absorption spectral patterns of a standalone photoresist
spin-coated onto spiral Ge-rich SiGe waveguides. A significant increase of the waveguide
optical loss at the spectral window of 5.8-6.2 um is identified and correlated with the inherent
photoresist absorption. The ability of this platform to sense small concentrations of methane
gas is also discussed. These results pave the way towards the demonstration of compact,
portable, label-free and highly sensitive photonic integrated sensors based on Ge-rich SiGe
circuits.
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1. Introduction

In the recent years, key advances towards the development of on-chip photonic platforms
exploiting the mid-Infrared (mid-IR) wavelength range have been made [1-5]. On-chip
sensing systems able to trace specific mid-IR molecular absorption patterns efficiently are
nowadays driving most of the efforts, providing new routes towards the implementation of
novel sensor technologies with several killer applications such as real-time accurate
monitoring of greenhouse gases. So far, most of the proposed integrated sensors rely on the
monitoring of the absorption perturbations of the evanescent propagating waves of guided
optical modes [6-9], although other sensing mechanisms have also been proposed based on
surface plasmon polariton waveguides [10].
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Besides photonic platforms as chalcogenide glasses or III-V materials, silicon (Si)
photonics is also meant to have high impact in the mid-IR technology. Indeed, silicon
photonics solutions have already been successfully implemented at near-IR wavelengths,
providing a reliable and high volume platform that leverages from a standalone and mature
technology that has been largely employed by now to develop microelectronic integrated
circuits [3]. However, the extension of the operation wavelength range of conventional
silicon-on-insulator (SOI) waveguides towards the mid-IR is limited by the buried SiO, layer,
which shows a strong and continuous optical absorption for wavelengths beyond A = 3.6 pm.
In order to circumvent this situation, alternative approaches to extend the operating
wavelength of Si-based photonics integrated circuits towards the mid-IR have been proposed,
including the implementation of waveguide engineering strategies to minimize the mode
overlap with the surrounding cladding [11], the use of pedestal under-cladding geometry [12]
or the development of suspended membranes [13,14]. In any case, the use of silicon as a
waveguide core limits the largest available wavelength for low-loss operation at values below
8 pm, in accordance with the Si mid-IR transparency window. This fact prevents Si photonic
platforms from accessing to an important family of biological and chemical substances that
present absorption patterns within the A = 8-13 um spectral window. Then, alternatives able to
exploit larger wavelengths in an efficient manner have to be developed. Among the materials
compatible with large-scale silicon photonic integration, Germanium (Ge) is particularly
compelling. Indeed, Ge has the largest transparency window in the group IV materials, from
1.5 to 14.7 um [15]. Different solutions have thus been explored including Ge on Si [5, 16],
Ge on insulator (GeOI) [17], SiGe on Si [18], or graded SiGe/Si waveguides [19].

Ge-rich SiGe waveguides have been recently identified as a promising solution to take
benefit from such large transparency window of Ge. Wideband operation of spiral
waveguides and Mach Zehnder interferometers from 5.5 to 8.5um has been recently reported
[20, 21]. Interestingly, a strong increase of the third-order nonlinear optical properties with
the Ge concentration larger than 80% was theoretically predicted [22] and confirmed
experimentally [23], demonstrating the huge potential of such platform for active devices
based on non-linear effects such as a broadband supercontinuum sources [24].

In this paper we report the first proof of concept of an integrated mid-IR evanescent
sensor based on Ge-rich SiGe waveguides. For the purpose of this demonstration, we
recorded the specific mid-IR absorption feature of a photoresist spin-coated onto the
waveguides. Finally, sensing capabilities of methane gas based on such Ge-rich SiGe
platform are discussed.

2. Methods and materials

In this study, a Sip,Geg g waveguide on graded Si;_Ge, is considered as the building block of
the mid-IR photonic circuit. Low-energy plasma-enhanced chemical vapor deposition was
used for the material growth on Si substrate. The Ge concentration was increased linearly
from 0 to 0.79 along the growth direction over 11 um thickness with a growth rate of 5-10
nm/s. Then a 2 pum thick Sip,Geyg guiding layer was grown on top of the graded layer. The
structures were patterned using optical lithography, followed by inductively coupled plasma
etching. The etching depth was 4 pm and the waveguide width was 5 um, as illustrated in Fig.
1(a); the fundamental TE mode profile is reported in Fig. 1(b). The low dispersion of this
waveguide is illustrated by the mode calculation reported in Fig. 1(c) from where it can be
seen that the effective index variations of the fundamental TE and TM modes are lower than
0.1 for wavelengths varying from 5.5 to 8.5 um. Spiral waveguides (see Fig. 1(e)) have thus
been defined with lengths of 0.6 cm; 4.2 cm; 6.1 cm; and 8.3 cm, allowing precise
measurement of propagation loss using a non-destructive cut-back method. A minimum bend
radius of 600 um was set for the spiral to preclude unwanted radiative loss and mode
coupling in the bending. During the experiments, the optical mode profile of the waveguide
output is inspected using a mid-IR camera. Only fundamental modes are obtained at the
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waveguide output, indicating a proper optical coupling in the fundamental TE or TM modes
and negligible mode coupling to higher order modes within the photonic circuit. The
transmission properties of similar spirals, but without any cladding have been previously
studied in [20]. Flat transmission was reported between 5.5 and 8.5 pm wavelength for both
TE and TM polarizations, with propagation losses between 2 and 3 dB/cm in the full
wavelength range.

5 um
4 um 2 pm
11 pm (b) (d)
» 3.80 -+ 1st TE
Graded buffer from e --1st T™M
. o =
Sl to SIOZIGe079 ; 3.75 -=-2nd TE
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Fig. 1. (a) schematic cross-section of the waveguide under consideration: a 11um-thick graded
SiGe layer from Si to Sij21Geo 79 is followed by a 2 pm-thick Sip,Gegs layer. The waveguide
width is 5 pm and the etching depth is 4 pm (b) Simulated fundamental TE mode at 4 = 6 pm
(c) dispersion curve of the waveguide covered by photoresist (d) SEM view of the waveguide
covered by the S1818 photoresist (¢)Top view of the fabricated sample

The sensing capability of the Ge-rich SiGe platform has been assessed using a convenient
and easy-to-manipulate approach. For that, we covered the waveguide with S1818 photoresist
[25] (thickness of ~1.8 pm) and studied the transmission spectrum for different waveguide
lengths. The SEM view of the waveguide (Fig. 1(d)) confirms that the photoresist fully covers
the top surface and the side facets of the waveguide. The evanescent component of the guided
mode thus interacts with the photoresist cladding, resulting in wavelength-specific
transmission absorption bands. Hence, the comparison of waveguide transmission with and
without photoresist allows us to demonstrate the sensing concept in Ge-rich SiGe
waveguides.

Finally, in order to corroborate the results, the photoresist transmission properties have
been characterized in a non-guided-based experimental configuration. 78-um-thick
photoresist has been deposited on top of a Si sample by a repetition of 15 steps of spin-
coating/annealing process, and transmission has been measured by illuminating the sample
from top surface. The mid-IR experimental set-up used for both experiments was described
previously in Ref [20].

3. Results and discussion
3.1 Characterization of the photoresist

First, the mid-IR transmission characteristics of the photoresist have been measured using the
surface illumination configuration. For this purpose, the transmission of a Si sample covered
by 78-um-thick photoresist was normalized by the transmission of a Si wafer (without
photoresist). The absorption coefficient of the photoresist was then deduced, being the result
reported in Fig. 2. For the sake of comparison, the absorption coefficient of the Si wafer has
been measured separately and is reported in the same figure. It can be seen that the
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photoresist exhibits a clear wavelength-dependent transmission spectrum, showing strong
absorption features at 5.86 um and at 6.25 um wavelengths. These peaks correspond to
absorption coefficients of 950 and 613 cm™, respectively. Absorption coefficients in excess
of 1000 cm™" appear at different wavelengths beyond 6.6 pm.
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55 60 65 70 715 80
Wavelength (um)

Fig. 2. Absorption coefficient of the photoresist. Strong absorption peaks can be seen at 5.86
pum and 6.25 pm. Absorption coefficient larger than 1000 cm™ is even obtained for
wavelengths larger than 6.6 pm.

3.2 Transmission measurements of the Ge-rich SiGe spiral waveguides with
photoresist cladding

The transmission spectra of the Ge-rich SiGe spiral waveguides with and without the cladding
have been measured for both TE and TM polarizations. The measurements, which have been
normalized by the set-up transmission, are reported in Fig. 3 for TE-polarized optical signals.
Interestingly, the absorption peaks of the photoresist at 5.86 um and 6.25 um wavelengths are
clearly observed in the transmitted spectra of the sample with cladding (Fig. 3.(b)), being
deeper for longer spiral lengths. These absorption features are not seen in the measurement
without cladding (Fig. 3(a)). These results prove the ability of Ge-rich SiGe waveguide to
probe mid-IR absorption features through evanescent-field-mediated light-matter interactions.
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Wavelength (um) Wavelength (um)

Fig. 3. Raw transmission measurement of the spiral waveguides of different lengths
(normalized by the set-up transmission with no sample) (a) without and (b) with photoresist
cladding, for a TE-polarized optical mode. Interestingly the absorption features of the
photoresist at 5.86 um and 6.25 um wavelength can be clearly seen in the transmitted spectra
of the spin-coated sample. For wavelengths larger than 6.6 pm, the transmission of the
waveguides covered by the photoresist is too low to be correctly measured, therefore being
limited by the strong photoresist absorption used as waveguide cladding. The minimum
detectable transmission of the experimental set-up (noise level) is around —65 dB.

The set of spiral waveguides with lengths from 0.6 to 8.3 cm can be used to deduce
propagation loss of the waveguides by a non-destructive cut-back method with a precision
better than + 0.5dB/cm. As an example, the transmittance at 5.6 pm wavelength is reported in
the inset of Fig. 4, showing a linear decrease with the spiral length whose slope can be used to
deduce the guided mode optical loss. The deduced optical loss spectrum is reported in Fig.
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4(a) for both TE and TM modes, obtaining a similar performance. For wavelengths lower
than 5.7 um, a propagation loss of 2 dB/cm is obtained, which is in line with previously
reported results on the same platform [20]. Optical losses then increase to reach 7 dB/cm at
5.86 pm and 6.2 dB/cm at about A = 6.25 um. For wavelengths larger than 6.6 um, the
transmission of the waveguides covered by the photoresist is too low to be correctly
measured, which is compatible with the high value (> 1000 cm™) of the absorption
coefficient of the photoresist used as waveguide cladding at these wavelengths (see Fig. 2).

The comparison of the waveguide loss and the photoresist’s absorption coefficient at 6.25
pum wavelength allows us to estimate the overlap factor of the optical mode with the
absorbing cladding, being 0.16% for the TE mode and 0.17% for the TM mode propagation.
Noticeably, these values are a bit lower than the theoretical value obtained from mode
simulations (0.29% and 0.30%, respectively). The slight difference between calculations and
experiments could be attributed to an over-estimation of the photoresist’s absorption
coefficient in the surface illumination experiment, which may result in an effective reduction
of the estimated overlap factor. However, in order to be conservative, we consider an overlap
value of 0.17% in the following discussion. This is indeed a pessimistic value to evaluate the
sensing capabilities of the Ge-rich SiGe waveguides. However, it is worth noting that besides
the exact value of the overlap factor, the comparison of the general shape of the waveguide
propagation loss and the photoresist’s absorption coefficient reported in Fig. 4(b) shows an
excellent correlation between both measurements, demonstrating the outstanding sensing
properties of the Ge-rich SiGe spiral waveguides.
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Fig. 4. (a) Propagation loss of the Ge-rich SiGe waveguide covered by photoresist, for TE-and
TM-polarized optical modes. The photoresist’s absorption features at 5.86 pm and 6.25 pm
wavelength can be clearly seen by an increase of the waveguide loss up to 7 and 6.2 dB/cm,
respectively. (Inset) illustration of the cut-back method to calculate the optical loss by
measuring the slope of the transmission as a function of waveguide length. (b) Comparison
between the losses of the waveguide (TE-polarization) covered by photoresist cladding and the
photoresist’s absorption coefficient. The curves have been shifted in the vertical axis and
normalized in amplitude for better comparison of the spectral features.

4. Discussion

To demonstrate the capability of Ge-rich SiGe waveguide for sensing applications, a
photoresist deposited on top of the waveguide has been used to investigate the evanescent
absorption of the propagating optical mode. The good correlation between photoresist’s
absorption spectra and waveguide loss enables to demonstrate optical sensing based on spiral
waveguides of cm-lengths. While this experiment allows to retrieve the absorption signature
of the photoresist between 5.2 and 6.6 pm, which already provides a sensing bandwidth larger
than 400 cm™, the previously demonstrated low dispersion of the propagation characteristics
of this platform up to 8.5 um wavelength [20, 21] indicates the strong potential of this
platform to sense and unambiguously identify different analytes over an even wider spectral
band [26]. To further investigate the sensing capability of this waveguide in terms of
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bandwidth, the overlap factor of the optical mode with the upper cladding has also been
calculated for both a waveguide spin-coated with a photoresist cladding (n~1.6) and an air-
cladded waveguide. The photoresist-cladded waveguide corresponds to the reported
experimental demonstration, while the air-cladded case corresponds to a gas-sensing scenario.
The results reported in Fig. 5 show that the overlap factor increases with the wavelength, up
to 0.61% (resp. 0.48%) in the case of photoresist-cladding (resp. air-cladding). Furthermore
TE-modes overlap factors are higher than TM modes overlap factors when A<5.6 um while it
is the opposite when 2>5.8 pm.

= 0779 . ~resist clad. TE

g ~ 0.6 { ---resistclad. TM e

B> N ~e-air clad TE L

s ; 0.5 9 --airclad TM JPtat _

£z

St .'E O 4 T ”r o -

o

2% 03

2s 0

=2 02
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Fig. 5. Calculation of the modal power fraction in the upper cladding as a function of the
operating wavelength, for both the fundamental TE and TM modes for a photoresist-cladded
(n~1.6), and an air—cladded waveguide.

In order to retrieve the potential of this Ge-rich SiGe photonic integrated platform for real
gas trace sensing applications, we have also estimated the minimum detectable concentration
in a gas-sensing scenario. While the detection of liquid molecules is usually facilitated by
their broad absorption features, gas-sensors usually require more sensitive devices to reach
useful minimum detection. In the following we investigate the possibility to use the Ge-rich
SiGe platform to detect the presence of methane (CH,4), which is known to play a key role in
global warming [27]. CH, presents a strong absorption peak at 7.7 um [6]. Waveguide loss
has been previously measured around 2dB/cm at this wavelength [20]. From the simulation
reported in Fig. 5 it can be seen that the overlap factor 77 of the optical mode in air-cladded

waveguides at 7.7um is larger than the one at 6.25 um for photoresist-cladded waveguides.
We thus decided to use the experimentally-deduced value 7 of 0.17% for the gas sensing

i.e. the

evaluation, which is a conservative estimation. The optimal waveguide length L, ,
length providing the optimum sensitivity for this particular case, can be deduced from the
waveguide loss [3], obtaining a value of 2.17 cm. The minimum detectable concentration Cy,

is then given by the following expression [6, 3]:

—ll’l 1- APmm—detec
Fexp (—aLopt )
Cmin = ( 1)
enrL

opt

where AP

min—detec

is the minimum detectable variation of the optical power. This value
crucially depends on the detection system and operating conditions. As an example, in the set-
up used for the experiment, a DSS-MCT14 020L photodetector from Horiba was used, with a
NEP of 5.10"?W/Hz"?. By considering a signal to noise ratio of 10 and 0.1ms averaging
time, AP, is 3.5 nW. Then, considering that the molar absorption of methane ¢ is 174

min—detec

L mol'cm™ and an optical power at the waveguide input P, of 1 mW, it is possible to
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estimate the lowest detectable concentration of CH,, which is around of 1.5 x10™ mol.L™
(366 ppm). This value is already lower than the occupational exposure limit, of 1000 ppm,
recommended by the international environmental standards [28]. Therefore, from the
expected detection limit of spiral Ge-rich SiGe waveguide, such a platform has a strong
potential for gas trace detection in real-time environmental applications.

Further improvements of the minimal detectable concentration are still envisioned by (i)
decreasing the waveguide optical loss reducing sidewall roughness, in order to increase the
optimal waveguide length and (ii) engineering the waveguide mode confinement to increase
the overlap factor 7 of the mode with the cladding layer [20].

5. Conclusion

In summary, we demonstrated the potential of Ge-rich SiGe waveguides as a mid-IR photonic
chip-scale sensor. We investigated evanescent-field absorption of the optical mode using a
photoresist deposited on top of the waveguide. The absorption coefficient of the photoresist
was measured separately to corroborate the results. An increase of optical mode propagation
loss has been obtained at wavelengths of 5.8 and 6.2 um, which have been clearly correlated
to the absorption peaks of the photoresist. Interestingly, the sensing capability of the
waveguide at larger wavelengths is only limited by the strong absorption of the photoresist
from 6.6 um and not by the inherent loss of Ge-rich SiGe waveguides, since low-loss
propagation has previously been demonstrated in these waveguides up to at least a
wavelength of 8.5 pm.

Finally, the sensing capability of a methane gas sensor based on the Ge-rich SiGe
platform has then been discussed, showing the possibility to detect a few hundreds of ppm,
which is already below the standard exposure limit. Further improvements have been
proposed to boost the sensing capability up to a few tens of ppm. These results pave the way
towards the demonstration of compact and portable sensors on-a-chip based on Ge-rich SiGe
circuits by combining the sensing part with on-chip spectrometers and broadband nonlinear
optical sources.
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