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Silicon photonics for optical
absorption spectroscopy

Sicon photonics was rst developed with the promise to boost datacom
speed and volumes. Now it is clear that other elds can benet from
these developments as well. In this chapter an overview is given of the
Silicon-on-Insulator technology, speci cally for (mid-infrared) sensing ap-
plications. Some basic sensing concepts are reviewed along the way, to-
gether with a discussion on the implications of limited optical interaction
path length.
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2.1 Optical Spectroscopy

Many chemical species exhibit strong absorption in the UV/visible (UV/VIS:
200-700 nm), near infrared (NIR: 700 nm-2.5um) or mid infrared regions
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(MIR: 2.5-14 um) of the electromagnetic spectrum. The exact boundaries
for the designation of the regions is loosely de ned in literature. The ab-
sorption lines or bands are speci c to each species and this forms the basis
for their detection and measurement. Absorption spectra in the di erent
spectral regions have dierent origins: UV/VIS energies probe the elec-
tronic transitions of the molecules, MIR energies correspond to molecular
rotational and vibrational states and NIR are the rst harmonic overtones of
the same rovibrational states. In the so-called ngerprint region of the infra-
red (MIR), gas phase absorption spectra exhibit narrow lines as a result of
molecular vibrations at discrete energy levels. These can be measured at
high resolution, resolving the individual lines, or at lower resolution, mea-
suring the absorption band envelope. Near IR spectra are typically over-
tones of fundamental vibrations in the mid IR and hence can be signi cantly
weaker (e.g. up to three orders of magnitude). However, the availability of
low-cost high quality sources and detectors in the NIR, enabled by research
for telecommunication applications, still makes NIR systems attractive [1].
Additionally, due to spectral broadening at higher pressure and tempera-
tures, the overtone bands in the NIR can overlap signi cantly such that the
apparent net absorption coe cient can be of comparable value to individ-
ual, spectrally separated MIR absorption lines. An example is the detection
of gaseous NH at 1512 nm compared to the stronger MIR band at 3um,
the apparent absorption coe cient at Standard Temperature and Pressure
(STP) conditions? in the MIR is 'only' ve times stronger than the over-
lapping NIR transition. In this case, the added complexity for the instru-
mentation at MIR wavelengths does not outweigh the stronger absorption
cross-section.

Instrumentation in the mid-infrared region is often sub-categorized into
three smaller windows, which is dominated by a di erent photodetector ma-
terial technology?. Short-Wave InfraRed (SWIR) covers 1-2.5um. This is
the wavelength range which can be covered by (extended) InGaAs photode-
tectors. Mid-Wave Infrared (MWIR), 3-5 um is covered by (cryogenically)
cooled InSb or InAsSb photodiodes. The Long-Wave Infrared (LWIR) 8-12
pm requires cooled HgCdTe- or Mercury-Cadmium-Telluride (MCT) detec-
tors. Cryogenically cooled bolometers are also a popular choice [2]. Histori-
cally, the MIR range was used for thermal imaging and defense applications
such as heat-seeking missiles, requiring free space transmission through the
atmosphere. For this reason, the MIR windows that feature water absorp-
tion (e.g. 5-8 um) are left out of this classi cation.

ltemperature = 273.15 K and absolute pressure = 101.325 kPa
2exceptions in each range are possible, the given classi cation only relates to the most
often used photodiode material
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Conventional absorption spectroscopy is based on the application of the
exponential Beer-Lambert law

I()=1lee O* (2.1)
where | is the light intensity transmitted through the gas path, I is the
incident light intensity, is the gas absorption coe cient at wavelength

and L is the optical path length [1]. The absorption coe cient is
the product of the gas concentration (for example as the partial pressure in
atmospheres) and the speci ¢ absorptivity of the gas (for example incm !
atm 1). The optical transmittance T is de ned as the ratio I=l ¢. It is often
required to compare the absorption strength between di erent molecules in
di erent phase states (e.g. liquid versus gas). For this reason, the absorption
cross-section 5 in units (cm?/molecule) is a better quantity that relates the
absorption strength to a single molecule at any given temperature, pressure
and state.
a= = (2.2)

with  the molecular density in (molecules/cn?) along a given path of length
L. Furthermore, in the case of gases it is possible to convert the concentra-
tion to typical units of ppm by volume, the ideal gas equationPV = Nkg T
can be used, whereV is the volume of a closed cellkg is the Boltzmann
constant and N is the number of molecules in the cell.
For low L , the absorbanceA =1 T is readily approximated as follows

lo |

A= L 2.3)
lo

The quantity A is unitless but is often stated in 'absorbance units' (AU).
Limits of detection can be quanti ed as the noise equivalent absorbance
(NEA), in AU or the minimum detectable absorption coe cient min » IN
cm 1. This allows dierent sensing methods to be compared, indepen-
dent of the speci ed gas. Typical absorption spectrd@ of some common gas
molecules in the mid-infrared are shown in Figure 2.1, for a series of gases
in the mid-infrared.

Absorption features have a nite spectral width, typically expressed as Full
Width at Half Maximum (FWHM) or as Half Width at Half Maximum
(HWHM) and are typically on the order of tens of picometer for most envi-
ronmental gas sensing applications. At low pressures, the rovibrational tran-
sition is dominated by Doppler-broadening e ects, the gas velocities have a
nite temperature dependant distribution, and the line has a Gaussian pro-
le. At atmospheric pressure, the line is predominantly pressure-broadened

30.01 cm ! spectral resolution used in the HITRAN calculation
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Figure 2.1: IR absorption spectra for common gases in the mid-infrared
wavelength range. The absorption values are for pure gases (100%vol) at STP
(273 K, 1 atm) [1].

or collision-broadened and the line has a Lorentzian pro le [3]. For arbitrary
cases, the spectral lines are best modeled with a Voigt-pro le, a convolution
of Gaussian and Lorentzian line combining both e ects. The collision broad-
ening further takes into account collisions between molecules of the same
kind (self-broadening) and collision with the matrix (air-broadening). The
latter is typically important for low concentration measurements. These
broadening mechanisms are important to consider. For example methane
has multiple transitions near 3.3um which all start to overlap and contribute
to one very strong and broad absorption line at STP conditions due to pres-
sure broadening. A dispersive mid-infrared methane measurement system
with a coarse spectral resolution designed to identify this broad transition
at STP conditions, might not function at all when sensing low pressure and
low temperature gas volumes containing methang see also Figure 2.2.
More in-depth analysis and discussion on the physics behind molecu-
lar absorption spectroscopy and benchtop instrumentation can be found
here [3, 5, 6].

2.2 Silicon-on-Insulator technology

Silicon photonics is emerging as an important platform for photonic inte-
gration [7]. A photonic integrated circuit (PIC) comprises multiple optical
functionalities necessary for optical spectroscopy on a single chip such as
wavelength (de)multiplexing, ltering, light generation, modulation and de-
tection. The PIC is typically comprised of a stack of high-index material,
e.g. silicon or InP, sandwiched between lower-index ones such as glass to

40.01 cm ! spectral resolution used in the HITRAN calculation
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Figure 2.2: Simulation of methane absorption in the 3.3 m wavelength range at
STP conditions and 100% vol concentration, based on HITRAN [4]. The
absorption peak at 3.3 m is an overlap of many neighbouring transitions,

resulting in a spectrally broad peak which can potentially be resolved using an
integrated high-resolution dispersive spectrometer.

con ne the light. The layers can be deposited or grown chemically on top
of a semiconductor wafer and the typical thicknesses are on the order of
microns or less. Structures are patterned in the top device layer that sup-
port single-mode optical guiding modes. Many di erent material platforms
have been explored over the years, each having their own (dis)-advantages.
The Silicon-on-Insulator (SOI) platform has emerged as one of the most
popular platforms and consists of a silicon substrate (300 mm wafer diame-
ter), athermally grown silicon oxide (SiO,) layer (thickness 1 to 3 pm) and

a silicon device layer (typical thickness 220 nm or 400 nm). The high in-
dex contrast between silicon and SiQ ( n  2) enables very high optical
con nement, resulting in tight bend radii of merely a few microns. High per-
formance passive and active devices have been realized with an ultra small
footprint. Essential components have been shown and include: tightly con-
ned low loss waveguides [9, 10], grating couplers to couple light in and out
of the chip [11], high-Q microring resonators [12] and AWGs wavelength
(de)multiplexers [13] have been successfully demonstrated on SOI in the
1550 nm wavelength range. An example of a silicon photonic integrated
circuit wire-bonded on a printed circuit board is shown in Figure 2.3.

Spectroscopy in the mid-infrared is attractive due to the much larger absorp-

tion cross-section with increasing wavelength of operation as compared to
the telecommunication wavelength band at 1550 nm, exceptions notwith-

standing. This is due to the fact that most fundamental (ro)-vibrational
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Figure 2.3: Optical microscope image of a SOI photonic integrated circuit,
wire-bonded to a printed circuit board. Image taken from [8].

energy transitions are addressed in the mid-infrared wavelength region,
whereas only overtones are addressed in the near-infrared. The SOI plat-
form can still be used with minor adaptations up to 4 um wavelength, after
which the buried oxide absorption and substrate leakage increase exponen-
tially, rendering waveguide propagation impractical [14]. This wavelength
range is still relevant for many practical applications and mid-infrared com-
ponents and devices have been demonstrated on the SOI platform such as
Iters, modulators, sources and detectors [15 20]. It is in this context that
this work advances the eld through novel device integration strategies and
sensing schemes. Integration of silicon photonics for spectroscopy is being
considered on other substrate platforms such as Caf[21] as well as the use
of chalcogenide glass waveguides [22 24].

2.3 On-chip mid-infrared spectroscopy

In most applications, a spectroscopic sensing system should have a light
source, a probe component and a spectrometer or single pixel detector.
For a compact sensor system, both the light source and detector should
be integrated together with the waveguide circuit, which interacts with the
environment through evanescent coupling of the light. Figure 2.4 shows two
typical con gurations of fully integrated mid-infrared on-chip spectroscopic
sensors [25]. In both con gurations, light is coupled from the integrated
light source to the waveguide and then split into two arms. The probe com-
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ponent in one arm interacts with the analyte while the other one provides
the reference information. Di erent probe components have been proposed
to realize e cient interaction between the environment and light in the
waveguide, e.g., slot waveguides [26], spiral waveguides [27], and microring
resonators (MRRSs) [28]. In the case of liquid sensing, a low-cost broadband
light source such as a light emitting diode (LED) can be used since liquid
samples typically have broad absorption features. In this con guration, a
spectrometer with integrated photodetectors should be implemented to an-
alyze the absorption spectra. For gas sensing, typically a tunable single
mode laser is required to probe the absorption lines of gases, as used in the
popular tunable diode laser absorption spectroscopy (TDLAS) technique.
Integrating a widely tunable laser or a broadband wavelength coverage laser
array on the waveguide circuit enables to simultaneously detect several gases
or even broad absorption features of liquids using the con guration shown
in Figure 2.4(b). At 2 um wavelength, a propagation loss of 0.6 dB/cm was

Figure 2.4: Schematic of two silicon photonic con gurations to realize a fully
integrated on-chip mid-infrared absorption spectroscopy sensor. Broadband source
and spectrometer, best suited for liquid and solid analytes (a). Tunable single
mode laser source for trace gas detection (b) [25].

achieved for SOI strip waveguides (TE-polarization) [29]. As the wavelength
increases to 3.8um, a low propagation loss of 1.5 dB/cm for 400 nm rib
SOl waveguides with 220 nm etch depth was reported [30].



32 Integrated Photonics

2.4 Breaking the sub-ppm limit

Down-sizing traditional sensing methods such as NDIR, FTIR or TDLAS
to integrated on-chip solutions presents a challenge as sensors based on
evanescent eld interaction are limited to an optical interaction length much
shorter than for bulk instruments where for instance a multi-pass free space
Herriott cell can be used. The evanescent tail of the con ned waveguide
mode interacts only partially with the analyte. The optical mode overlap

of the waveguide with the analyte, often called the con nement factor

is less than unity and typically scales inversely proportional with propa-
gation loss due to increased scattering losses at the interfaces [31]. Ad-
ditionally, spurious on-chip re ections create unwanted interference e ects
which will deteriorate the Signal-to-Noise Ratio (SNR) associated with the
absorption feature [32]. The small physical size of the PIC together with
the on-chip propagation losses, re ections and limit the ultimate attain-
able optical interaction length. It is interesting to consider what limit of
detection current state-of-the-art integrated waveguide platforms could po-
tentially achieve using such a system. It will be shown that sub-ppm de-
tection is not possible with this approach and therefore other innovative
methods such as photothermal- and photoacoustic spectroscopy methods
are required to boost the matter-light interaction. Additionally, the use of
pre-concentrating gas adsorbing coatings is discussed to boost the signal for
practical miniaturized on-chip spectroscopic gas sensors.

As described in the previous section, there are two conventional absorp-
tion spectroscopy strategies to retrieve information about an analyte. In
a laser-scanning system, a tunable narrow linewidth laser is coupled into a
waveguide evanescent based PIC. The attenuated signal is then recorded by
a single-element photodetector as the laser is swept over the target wave-
length range, see also Figure 2.4. The other strategy is to use a broadband
source and resolve the spectral components with a spectrometer. The per-
formance of both approaches su ers greatly from down-scaling directly to
PIC designs. This is independent of spectral range and is determined by
the optimal optical interaction path length on-chip which is governed by the
lowest propagation loss and spurious re ections that will ultimately make
the signal indistinguishable from noise.

Using a simple example it is demonstrated that current state-of-the-art
waveguide platforms such as low-loss $N, [33] with a record low loss of
0.045dB/m are not su cient for sub-ppm detection using conventional TD-
LAS schemes for the near-infrared (NIR) wavelength range. The case holds
true even in the mid-IR wavelength range (MIR) above 3um where the ab-
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sorption cross-section is a few orders of magnitude higher. Record low-losses
of 0.1dB/cm were reported on an SOI platform in the 3:5m wavelength
range [9].

One can derive the sensitivity S of a TDLAS system using the exponen-
tial Lambert-Beer relation for optical transmission T through an optical
waveguide medium exposed to an absorbing medium

T=e (o Cr 0t (2.4)

a N
Sipolas = @C: g Le (g C+ L)L (2.5)

with 4 the absorption coe cient of the pure analyte (cm '), the con ne-
ment factor of the optical mode in the analyte, C the analyte concentration

and | the e ective waveguide propagation loss including scattering losses
and material loss of the platform. Assume now that one has an on-chip

Figure 2.5: Projected limit of detection for toluene gas as a function of optical
pathlength for an on-chip TDLAS spectroscopic sensor in the NIR (1.7 m and
MIR (3.3 m wavelength ranges. The calculations assume a hypothetical
best-case scenario using the lowest reported waveguide loss for the NIR range

(0.045dB/m Si 3N, [34]) and MIR (0.1dB/cm SOI [9]), a minimum detectable
transmission change of Tmin =10 * and a con nement factor of unity.
Projected results for lossless waveguides are denoted with a dashed line. It is
clear that sub-ppm trace gas detection is not possible by simply down-scaling
TDLAS sensors.

TDLAS system that can detect a minimum transmission change Tmi, as
low as 10 4 = 0:01% at a given sampling bandwidth, which corresponds
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to the e ective detector noise oor. This value is a reasonable assump-
tion for average lock-in type measurement systems with negligible spurious
re ection interference considering that state-of-the-art lock-in systems can
achieve 10 © [35]. Consider toluene gas as the analyte with an absorption
cross-section ,=1.5 10 °cm?=molecule which translates to an absorp-
tion coe cient of 5 c¢cm ! at 3.3 pym wavelength in STP conditions. This
represents a typical value one could expect in the mid-infrared wavelength
range for most trace gases [1]. The absorption coe cient in the near-infrared
wavelength range at 1.67um is 0.12cm . Assuming that the detection
limit corresponds to a SNR of unity, the limit of detection (LOD) is simply
calculated with S ' Tmin . The projected, hypothetical best-case scenario
results for toluene using record low-loss waveguide platforms are plotted in
Figure 2.5 together with the lossless limit | ! 0 (dashed line). The mini-
mum is achieved when the interaction path length equals 1/e length of the
total propagation loss. Even in this hypothetical best-case scenario, it is
clear that it is not possible to reach sub-ppm sensitivities by simply down-
sizing the TDLAS system. Interesting to note that using resonant cavities
will not improve the LOD as the e ective optical pathlength in resonators is
equally bound by optical propagation losses. The limited path length is the
main reason for the performance di erence between on-chip spectroscopic
systems and bulky free-space absorption cells (e.g. Herriott cells), which
can reach optical path lengths more than hundred meter with low loss and
re ections and hence are suited for ppb-level detection

2.5 Conclusions

Silicon-on-Insulator technology is a mature technology which has enabled
complex devices in the near-infrared. There has been signi cant progress
to expand the operating wavelength range beyond the telecommunication
band at 1550 nm towards Short-Wave Infrared 2-4um applications. In what
follows, di erent spectrometer sensing schemes are proposed based on ANGs
to address the performance issue of current integrated SWIR spectroscopic
devices. For the most demanding application goals set forth in this work of
reaching sub-ppm detection, simply down scaling the spectroscopic TDLAS
system is not su cient. Gas pre-concentration enhancement and/or highly
sensitive methods, such as photothermal spectroscopy are therefore explored
further in Chapter 5.



Chapter 2 35

References

[1] Jane Hodgkinson and Ralph P Tatam. Optical gas sensing: a review
Measurement Science and Technology, 24(1):012004, 2012.

[2] Antonio Rogalski. Infrared detectors. CRC press, 2010.

[3] Colin N Banwell, Elaine M McCash, et al. Fundamentals of molecular
spectroscopy volume 851. McGraw-Hill New York, 1994.

[4] Laurence S Rothman, louli E Gordon, Alain Barbe, D Chris Benner,
Peter F Bernath, Manfred Birk, Vincent Boudon, Linda R Brown,
Alain Campargue, J-P Champion, et al. The HITRAN 2008 molecu-
lar spectroscopic database Journal of Quantitative Spectroscopy and
Radiative Transfer, 110(9-10):533 572, 2009.

[5] Barbara Stuart. Infrared spectroscopy Kirk-Othmer Encyclopedia of
Chemical Technology, pages 1 18, 2000.

[6] James D Ingle Jr and Stanley R Crouch. Spectrochemical analysis
1988.

[7] R. Soref. The Past, Present, and Future of Silicon Photonics IEEE J.
Sel. Top. Quantum Electron., 12(6):1678 1687, Nov 2006.

[8] Silicon photonics integration at imec. https://www.imec-int.com/
en/integrated-silicon-photonics . Accessed: 2019-12-11.

[9] Steven A Miller, Mengjie Yu, Xingchen Ji, Austin G Gri th, Jaime
Cardenas, Alexander L Gaeta, and Michal Lipson. Low-loss silicon
platform for broadband mid-infrared photonics Optica, 4(7):707 712,
2017.

[10] Wim Bogaerts and Shankar Kumar Selvaraja. Compact single-mode
silicon hybrid rib/strip waveguide with adiabatic bends IEEE Photonics
Journal, 3(3):422 432, 2011.

[11] Dirk Taillaert, Frederik Van Laere, Melanie Ayre, Wim Bogaerts, Dries
Van Thourhout, Peter Bienstman, and Roel Baets. Grating couplers for
coupling between optical bers and nanophotonic waveguidedapanese
Journal of Applied Physics, 45(8R):6071, 2006.

[12] Jan Niehusmann, Andreas Vorckel, Peter Haring Bolivar, Thorsten
Wahlbrink, Wolfgang Henschel, and Heinrich Kurz.  Ultrahigh-
quality-factor silicon-on-insulator microring resonator . Optics letters,
29(24):2861 2863, 2004.



36 Integrated Photonics

[13] Tatsuhiko Fukazawa, Fumiaki Ohno, and Toshihiko Baba. Very com-
pact arrayed-waveguide-grating demultiplexer using Si photonic wire
waveguides Japanese journal of applied physics, 43(5B):L673, 2004.

[14] Richard Soref. Mid-infrared photonics in silicon and germanium. Nat.
Photonics, 4(8):495 497, 2010.

[15] M. Muneeb, A. Vasiliev, A. Ruocco, A. Malik, H. Chen, M. Nedeljkovic,
J. S. Penades, L. Cerutti, J. B. Rodriguez, G. Z. Mashanovich, M. K.
Smit, E. Tourni, and G. Roelkens. IlI-V-on-silicon integrated micro -
spectrometer for the 3 m wavelength range Opt. Express, 24(9):9465
9472, May 2016.

[16] Sanja Zlatanovic, Jung S Park, Slaven Moro, Jose M Chavez Bog-
gio, lvan B Divliansky, Nikola Alic, Shayan Mookherjea, and Stojan
Radic. Mid-infrared wavelength conversion in silicon waveguides us-
ing ultracompact telecom-band-derived pump source Nat. Photonics,
4(8):561 564, 2010.

[17] Ruijun Wang, Muhammad Muneeb, Stephan Sprengel, Gerhard
Boehm, Aditya Malik, Roel Baets, Markus-Christian Amann, and Gun-
ther Roelkens. llI-V-on-silicon 2- m-wavelength-range wavelength de-
multiplexers with heterogeneously integrated InP-based type-Il photode-
tectors. Opt. Express, 24(8):8480 8490, 2016.

[18] Gunther Roelkens, Utsav Dave, Alban Gassenq, Nannicha Hattasan,
Chen Hu, Bart Kuyken, Francois Leo, Aditya Malik, Muhammad
Muneeb, Eva Ryckeboer, Sarah Uvin, Zeger Hens, Roel Baets, Yosuke
Shimura, Federica Gencarelli, Benjamin Vincent, Roger Loo, Joris Van
Campenhout, Laurent Cerutti, Jean-Baptiste Rodriguez, Eric Tournié,
Xia Chen, Milos Nedeljkovic, Goran Mashanovich, Li Shen, Noel Healy,
Anna C. Peacock, Xiaoping Liu, Richard Osgood, and William Green.
Silicon-based heterogeneous photonic integrated circuits for the mid-
infrared. Opt. Mater. Express, 3(9):1523 1536, Sep 2013.

[19

—_—

Alexander Spott, Jon Peters, Michael L. Davenport, Eric J. Stanton,
Charles D. Merritt, William W. Bewley, Igor Vurgaftman, Chul Soo

Kim, Jerry R. Meyer, Jeremy Kirch, Luke J. Mawst, Dan Botez, and
John E. Bowers. Quantum cascade laser on silicon Optica, 3(5):545

551, May 2016.

[20] G. Z. Mashanovich, G. T. Reed, M. Nedeljkovic, J. Soler Penades,
C. J. Mitchell, A. Z. Khokhar, C. J. Littlejohns, S. Stankovic, X. Chen,
L. Shen, N. Healy, A. C. Peacock, C. Alonso-Ramos, A. Ortega-Monux,



Chapter 2 37

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

G. Wanguemert-Perez, |. Molina-Fernandez, P. Cheben, J. J. Ackert,
A. P. Knights, F. Y. Gardes, and D. J. Thomson. Silicon and germa-
nium mid-infrared photonics. Proc. SPIE, 9755:97550W:1 97550W:6,
2016.

Yu Chen, Hongtao Lin, Juejun Hu, and Mo Li. Heterogeneously Inte-
grated Silicon Photonics for the Mid-Infrared and Spectroscopic Sens-
ing. ACS Nano, 8(7):6955 6961, 2014.

Hongtao Lin, Lan Li, Yi Zou, Sylvain Danto, J. David Musgraves,
Kathleen Richardson, Stephen Kozacik, Maciej Murakowski, Dennis
Prather, Pao T. Lin, Vivek Singh, Anu Agarwal, Lionel C. Kimerling,
and Juejun Hu. Demonstration of high-Q mid-infrared chalcogenide
glass-on-silicon resonators Opt. Lett., 38(9):1470 1472, May 2013.

Lan Li, Hongtao Lin, Shutao Qiao, Yi Zou, Sylvain Danto, Kathleen
Richardson, J David Musgraves, Nanshu Lu, and Juejun Hu.ntegrated
exible chalcogenide glass photonic devicesNat. Photonics, 8(8):643
649, 2014.

Z. Han, P. Lin, V. Singh, L. Kimerling, J. Hu, K. Richardson, A. Agar-
wal, and D. T. H. Tan. On-chip mid-infrared gas detection using chalco-
genide glass waveguideAppl. Phys. Lett., 108(14):141106:1 141106:3,
2016.

Ruijun Wang, Anton Vasiliev, Muhammad Muneeb, Aditya Malik,

Stephan Sprengel, Gerhard Boehm, Markus-Christian Amann, leva 'i-

monyte, Augustinas Vizbaras, Kristijonas Vizbaras, et al. Il V-on-

silicon photonic integrated circuits for spectroscopic sensing in the 2 4
m wavelength range Sensors, 17(8):1788, 2017.

J Gonzalo Wangiemert-Pérez, Pavel Cheben, Alejandro Ortega-
Mofiux, Carlos Alonso-Ramos, Diego Pérez-Galacho, Robert Halir,
IAigo Molina-Fernandez, Dan-Xia Xu, and Jens H Schmid. Evanes-
cent eld waveguide sensing with subwavelength grating structures in
silicon-on-insulator. Optics letters, 39(15):4442 4445, 2014.

Lionel Tombez, EJ Zhang, JS Orcutt, Swetha Kamlapurkar, and WMJ
Green. Methane absorption spectroscopy on a silicon photonic chip
Optica, 4(11):1322 1325, 2017.

Katrien De Vos, Irene Bartolozzi, Etienne Schacht, Peter Bienstman,
and Roel Baets. Silicon-on-Insulator microring resonator for sensitive
and label-free biosensingOpt. Express, 15(12):7610 7615, Jun 2007.



38 Integrated Photonics

[29] Nannicha Hattasan, Bart Kuyken, Francois Leo, Eva MP Ryckeboer,
Diedrik Vermeulen, and Gunther Roelkens. High-e ciency SOl ber-
to-chip grating couplers and low-loss waveguides for the short-wave in-
frared. IEEE Photonics Technology Letters, 24(17):1536 1538, 2012.

[30] M Nedeljkovic, AZ Khokhar, Y Hu, Xia Chen, J Soler Penades,
S Stankovic, HMH Chong, DJ Thomson, FY Gardes, GT Reed, et al.
Silicon photonic devices and platforms for the mid-infrared Optical
Materials Express, 3(9):1205 1214, 2013.

[31] Derek M Kita, Jérébme Michon, Steven G Johnson, and Juejun HuAre
slot and sub-wavelength grating waveguides better than strip waveguides
for sensing? Optica, 5(9):1046 1054, 2018.

[32] Yufei Xing, Ang Li, Raphaél Van Laer, Roel Baets, and Wim Bogaerts.
Backscatter Model for Nanoscale Silicon Waveguidesin 24th Interna-
tional workshop on Optical Wave & Waveguide Theory and Numerical
Modelling (OWTNM 2016), 2016.

[33] Michael Belt, Jock Bovington, Renan Moreira, Jared F Bauters, Mar-
tijn JR Heck, Jonathon S Barton, John E Bowers, and Daniel J Blu-
menthal. Sidewall gratings in ultra-low-loss Si 3 N 4 planar waveguides
Optics express, 21(1):1181 1188, 2013.

[34] Jared F Bauters, Martijn JR Heck, Demis D John, Jonathon S Bar-
ton, Christiaan M Bruinink, Arne Leinse, René G Heideman, Daniel J
Blumenthal, and John E Bowers. Planar waveguides with less than 0.1
dB/m propagation loss fabricated with wafer bonding Optics express,
19(24):24090 24101, 2011.

[35] Giacomo Gervasoni, Marco Carminati, and Giorgio Ferrari. A gen-
eral purpose lock-in ampli er enabling sub-ppm resolution Procedia
Engineering, 168:1651 1654, 2016.



Integrated dispersive AWG
spectrometers

I n the context of telecommunication, high data rate links are established

across a common single ber by sending information over di erent spec-
tral channels simultaneously. At some point in this data link, separate wave-
lengths have to be combined or split apart with wavelength (de)multiplexers
(WDM). For optical spectroscopy using a broadband light source, the same
devices can be used to retrieve the absorption spectrum by analyzing the spec-
tral channels. Moreover, the multiplexing capability can be used to combine
multiple narrowband laser source array for high spectral resolution applica-
tions. This chapter deals with novel AWG system architectures, such as the
single pixel AWG con guration for short-wave mid-infrared applications.
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3.1 Introduction

Commercial spectroscopy instrumentation use either prism- or grating-based
elements for wavelength separation and these can be quite large in size to
achieve su cient resolving power. Additionally, the cost can easily go up to
more than 100 thousands dollars per device for the mid-infrared wavelength
range (2-4um) [1]. For spectroscopy applications involving broad absorption
features such as liquids and solids, the most cost-e cient solution includes a
broadband light source and a suitable spectrometer to analyze the spectral
response, see also Figure 2.4 in the previous chapter. As an example, the
typical 3 dB-bandwidth of absorption features of a liquid such as sesame oll
at 3.4 um and an organic solid such as polydimethylsiloxane (PDMS) in the
2.3 um region would be about 900 GHz (35 nm) and 1300 GHz (50 nm),
respectively [2].

A spectrometer resolution of at least 100 GHz would be adequate
in both cases. It is common to refer to the resolution of a spectrometer in
terms of its resolving powerR

R= = (3.1)

with the distance between two neighbouring spectral lines that are just
distinguishable (Rayleigh criterion) [3]. This allows dierent spectrome-
ters to be compared in terms of resolving strength of, irrespective of the
wavelength of operation. In a typical grating-based spectrometer, it can be
shown that the resolving power is a function of the grating di raction order
m and the number of illuminated grating periods N :

Rgrating = MN = OPDpmax = (3.2)

where OP Do« is the maximum optical path di erence between the outer
rays on the grating [3]. This relationship is often expressed in the following

form in literature )

" OPDpax
From the above, to achieve better resolution for high-demanding spec-
troscopy applications it is bene cial to operate the grating in a high di rac-
tion order m. This nding has led to the development of re ective Echelle
or 'staircase'-like gratings, where the grating tooth shape and orientation
(blazed angle) is optimized to maximize the di raction order and the num-
ber of illuminated grating periods [4]. Resolutions on the order ofL(® have

(3.3)
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been achieved for astronomy applications using large echelle gratings [5]. In
comparison, for the example given above, a resolving power df¢® would
already be su cient to adequately probe and distinguish the spectrum of
sesame oil at 3.4um.

By operating in a high grating order, there is an inherent trade-o with
the free spectral range (FSR) of the device, the wavelength di erence over
which consecutive diraction orders (m 1;m + 1) direct light into the
same direction. The FSR of a grating device is equal to=m such that
the maximum operating wavelength range or bandwidth of a spectrometer
is inversely proportional to the resolving power. Additionally, coarse wave-
length lters can be used to distinguish between consecutive FSR wave-
length ranges. The astronomy and liquid examples above show that the
spectrometer design should be optimized for the task at hand. The planar
waveguide analogy of this grating is often called a Planar Concave Grating
(PCG). In the next section, the development of a di erent type of spec-
trometer is discussed.

3.2 Arrayed Waveguide Grating spectrometer

A di erent approach to e ciently disperse the light into its components is
used in arrayed waveguide grating design, which sometimes is also called a
phased array. The core principle is similar to phased arrays used in radar-
technology where the phase front of the transmitted (received) radio signal
can be manipulated to focus the signal to a di erent point by controlling
the phase di erence between the antenna units in the array. In an AWG,
the incoming light is split among di erent optical waveguides (the waveg-
uide array) using an input aperture. The waveguides have increasing length,
such that the path length di erence between the waveguides equals an in-
teger multiple of the central wavelength. At this wavelength, light in the
separate waveguides will arrive at the output aperture in phase and the
phase front at the output aperture will mimic the divergent eld at the in-
put aperture. Light at the output aperture will focus to a point at the same
relative position as the input waveguide in the input aperture. Due to the
linear increase in waveguide length, wavelength dispersion will change the
phase relationship between the waveguides in a linear fashion such that at
wavelengths di erent from the central design, the output phase front will
be tilted, focusing the beam to a di erent point on the image plane. By
providing receiving waveguides at the corresponding focal points, spatial
separation of wavelengths is achieved. As in the case of Echelle gratings,
the resolution will depend on OP Dy« , the distance between the longest
and shortest waveguide in the array [3].
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In recent years, considerable e ort has been devoted to develop a com-
pact, integrated version of Echelle- and AWG-based spectrometers on a
photonic IC [6, 7]. It was also demonstrated that it is possible to realize
AWG-based [8 10] and PCG-based [11] spectrometers in the SOI platform
for the 2-4 pm wavelength range. In addition, AWGs can also be used as
multiplexers for DFB laser arrays. Combing a mid-infrared DFB laser array
with an AWG would allow the coupling of light from di erent lasers (with a
narrow tuning range) to a single di raction limited output waveguide with
low loss [12]. More practical guidelines on how to design AWGs can be
found in [3, 4, 8, 13].

A microscope picture of an SOl AWG operating in the 2.3um wavelength
range is shown in Figure 3.1(a). The footprint of the device is 0.45 mrh
Figures 3.1(b)-(d) show the measured transmission spectra of three AWG
spectrometers operating at di erent wavelengths. The lters are fabricated
on a 200 mm SOI wafer with a 400 nm thick crystalline Si device layer
and 2 um buried oxide layer thickness. Rib (ridge) waveguides and grating
couplers are de ned with a 180 nm deep etch and are cladded wit&iO, and
planarized down to the silicon device layer. The waveguide loss is around
0.5 dB/cm in the 2-2.5 pm wavelength range and increases to 2.6 dB/cm
at 3.3 um and 3 dB/cm at 3.8 pm [10]. Low insertion loss (2 to 3 dB) and
low crosstalk (30 to 20 dB) are obtained in all of the AWG spectrometers.
This state-of-the-art performance of the AWG spectrometers indicates that
the SOI waveguide platform is optimally poised for SWIR/MWIR (1-4 pm)
dispersive spectroscopy applications.

3.3 AWG with integrated photodetectors

For a spectroscopic sensor, the passive spectrometer should be integrated
with photodetectors to convert the optical signals to an electrical response.
In addition, the photodetectors should connect with electronic components
such as trans-impedance ampli ers (TIA) to realize a complete opto-electronic
system?

SWIR AWG-spectrometer
Figure 3.2(a) displays a microscope image of the 2.8m AWG spectrometer

1The MWIR portion from 4-5 pm cannot be covered by the SOI platform using the
same methodology due to buried oxide absorption. It is possible to extend the SOI
platform further by under-etching the silicon device layer creating free-standing silicon
waveguides.

2Disclaimer: section 3.3 has been largely the work of M. Muneeb and R. Wang but is
included for continuity. The measurements and analysis of the 3.8 um integrated AWG
were carried out by the author.
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Figure 3.1: Microscope image of a 2.3 m AWG spectrometer (a); the measured
spectral responses of all the channels in three AWGs operating at di erent
wavelengths: 2.3 m (b), 3.3 m (c) and 3.8 m (d) [10]

integrated with an adiabatically-coupled InP-based type-Il quantum well
photodetector array [14]. Every channel of the AWG is integrated with a
photodetector spaced 6Qum apart. In order to interface with the electronic
components, the lll-V-on-silicon spectrometer is wire bonded to a printed
circuit board (PCB), as shown in Figure 3.2(b). A reference photodetec-
tor is present on a reference silicon waveguide to estimate the insertion
loss of the AWG after heterogeneous integration. Figure 3.2(c) shows the
photo-response of the 2.3um IlI-V-on-silicon spectrometer. During the
measurement, the bias voltage is xed at -0.5 V. An insertion loss of 3 dB
and crosstalk level of -27 dB is obtained by normalizing the responsivity to
the reference photodetector. This result indicates that the bonding of I11-V
material on silicon and related post-processes do not degrade the perfor-
mance of the AWG spectrometer.

MWIR AWG-spectrometer
To extend the operation wavelength of the I11-V-on-silicon AWG spectrom-
eter beyond 3um, a heterogeneously integrated InAsSb photodetector was
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Figure 3.2: Microscope image of the 2.3 um AWG spectrometer integrated with a
InP-based type-Il quantum well photodetector array (a), wire bonded
111-V-on-silicon AWG spectrometers on a PCB (b), photo-response of the SWIR
(2.3 um) AWG (c) and MWIR (3.8 pum) IllI-V-on-silicon AWG spectrometer
(d). [10]

developed [15]. By transferring InAg.g91 Shy.09 0N silicon, a Il1-V-on-silicon
photodetector was realized with a responsivity of 0.3 A/W at 3.8 um wave-
length and a dark current of 170 A under a bias of -10 mV and 600A at
-50 mV at room temperature [16].

The optical characterization of devices in the MWIR range is more in-
volved due to the unavailability of widely tunable, ber-coupled sources.
Moreover, it is not possible to use the same telecom optical bers to charac-
terize the devices. For this purpose, special Zrf single-mode ber pigtails
were used instead [17]. The measurement setup is shown in Figure 3.3. Mid-
infrared light from an optical parametric oscillator (OPO) system (Aculight
2400) is routed using a free-space optical setup. The polarization of the
light is adjusted to TE using a Babinet-Soleil compensator. The beam is
chopped and coupled to a single-mode Zrf ber after which it is vertically
coupled to the PIC under a 15 degrees angle. To compensate for slow uc-
tuations of the OPO output power, the photodiode response is normalized
using a thermopile detector (Thorlabs S401C), which monitors a fraction
of the output power in free space. The integrated photodiode response
is measured using a pre-ampli er from Infrared Associates (InSb-1000) at
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zero bias. To increase SNR, the output of the pre-ampli er is connected to
a lock-in ampli er (LIA) (SR 830). To precisely control the wavelength of
the OPO unit, custom hardware was built in the workshop that precisely
controls the position of the nonlinear crystal using a stepper motor. Fur-
ther, a python script adjusts the seed laser wavelength and orientation of
the intra-cavity etalon of the OPO unit together with the crystal position

to realize optimal wavelength tuning. The OPO automation is based on
the work presented in [18] and contains further details. The wavelength is
measured using a free-space wavemeter (Bristol 621) and the wavelength
step of the experiment is approximately 1 nm.

To remove any measurement uctuations, ten consecutive readings from
the LIA are collected per wavelength point. These readings are then av-
eraged and normalized with respect to the average of the reference power
measured by the thermopile detector. Due to the relatively large dark cur-
rent, optical measurements in DC (without chopper modulation) do not
reveal the AWG response clearly. Figure 3.2(d) shows the measured pho-
toresponse of the 3.8um integrated MWIR spectrometer. A crosstalk of -16
dB was achieved. It is believed that the dark current can be further reduced
by adding barriers in the epitaxial layer stack and by further optimizing the
detector passivation [15].

Figure 3.3: Schematic of the optical measurement setup used to characterize the
integrated MWIR spectrometer at 3.8 um [15].

3.4 High-resolution AWG

For most sensing applications, high resolution AWGs are bene cial both
for TDLAS and dispersive spectrometer systems based on broadband light
source. In the former case, multiple laser lines can be multiplexed together
to form a single di raction-limited multi-frequency laser beam, sometimes
also called a laser 'engine’, which can analyze multiple gas species at once.
For example, an array of InP-based DFB laser arrays in the SWIR was
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demonstrated with possible applications for CO, NH, sensing [19]. Further,
mid-infrared quantum cascade- or (QCL) interband cascade- laser (ICL)
sources can be used to probe the MWIR/LWIR absorption spectrum [20].
In both cases, each element of the array is a DFB laser which can be ther-
mally tuned over a narrow wavelength range. By small alterations in the
fabrication process an array of lasers with di erent emission wavelengths
is fabricated. For practical compact applications it would be bene cial to
couple such an array to a single di raction limited beam using an integrated
wavelength multiplexer.

In the case of a lower cost broadband source, analytes such as liquids and
solids with broad absorption features can be identi ed. In one particular
case, the methane absorption line at 3.3um at room temperature and at-
mospheric pressure has a relative large FWHM which can still be discerned
with a 50 GHz AWG spectrometer which will be explained in more detalil
in a latter section.

In this context, the resolution of an AWG is considered ‘high' if it is capa-
ble of resolving individual absorption features or laser engine channels for
a particular application.

As apparent from equation (3.3), a high resolution AWG will require longer
delay lines (and more of them), which in turn decreases the performance of
the device due to phase errors. As the light propagates in the long waveg-
uides, phase errors are accumulated along the path leading to a distorted
phase front at the output aperture. The main origin of the phase errors
is attributed to small dimensional variations of the waveguide cross-section
along the path such as sidewall roughness. Fortunately, in the SWIR/MWIR
region of interest, the accumulated phase errors in the waveguide array are
less pronounced than in the telecom range because the dimensional vari-
ations are progressively smaller compared to the wavelength of the light.
Furthermore, the waveguide array portion of the AWG features transitions
to expanded waveguides to further reduce the imperfections at the silicon-
glass interface.

As an example, di erent high resolution AWG designs at 3.3 um with
di erent channel spacings from 200 GHz (7.3 nm) to 50 GHz (1.8 nm) were
fabricated.

Experiments
The AWGSs have six channels with four di erent channel spacings
f200,140,80,5 GHz, which is equivalent to the spectral resolution of the
spectrometer. These four lters have the same star coupler aperture design
which is de ned by the parameters in table 3.1.

The Iters are characterized by using the same optical setup as in Figure
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No. of arrayed waveguides 32
free propagation length (um) | 130
waveguide width (um) 1.125
expanded WG width (um) 2.2
taper length (um) 75
bend radius (um) 50
aperture width (um) 3.25
arrayed WG spacing (nm) 250

Table 3.1: High-resolution MWIR AWG design parameters, detailed explanation
of quantities can be found in [8]

3.3, but now with two single-mode bers. After going through the PIC,
light from the second ber pigtail illuminates a liquid nitrogen (LN) cooled
InSb detector. The LIA now measures the response of this detector at the
modulation frequency of the chopper. The AWG response is normalized to
the spectrum of a reference waveguide and the results are shown in Fig-
ure 3.4. The insertion loss of all four AWGs is between 2 and 3 dB. The
crosstalk level, de ned here as the highest contribution of unwanted signal
within any channel, is better than 20 dB for all four designs.

The waveguide loss is estimated by using a set of four spirals with increasing
length from 0.65 cm to 5.5 cm. The waveguide loss at 3.fm is estimated
to be 2.6 0.2 dB/cm. It is worth noting that after a few days of exposure
to ambient air, as opposed to controlled cleanroom environment, the waveg-
uide loss increased to 4.5 dB/cm due to organic contamination from air on
the PIC. The loss was decreased back to nominal values by cleaning the
chip with acetone and a 15 min Q plasma treatment. The performance of
the AWGs was further una ected by the increased loss.

The star coupler aperture is a critical component of the AWG, four dif-
ferent combinations of the star coupler aperture widthf 2.45,3.25,4.50,6.08
pum and free propagation rangef 80,130,235,39§ um were investigated for
the 200 GHz AWG. The performance variations were found to be insigni -
cant: the insertion loss is -2 dB and the crosstalk varies between 20 and 24
dB.

Conclusion

High resolution MWIR AWGSs operating at 3.3 um can be fabricated in the
SOl waveguide platform with low insertion loss, good crosstalk levels and
low waveguide loss. AWGs with 50 GHz spacing can potentially be used
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Figure 3.4: Transmission normalized to a reference waveguide of four di erent
SOl AWGs operating in the 3.3 um wavelength range. The insertion loss (2-3
dB) and crosstalk levels (20-21 dB) are indicated by the dashed lines.
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