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ABSTRACT

Evanescent wave sensors in photonic integrated circuits have been demonstrated for gas sensing applications. While some
methods rely on the distinctive response of certain polymers for sensing specific gases, absorption spectroscopy identifies
any gas uniquely from their unique vibration signatures. Based on the Beer-Lambert principle, the sensitivity of absorption
by a gas on chip relies on the length of the sensing region, the optical overlap integral with the analyte gas and the
absorption cross-section at the wavelength with the fundamental vibration signature. The overlap of the optical mode with
the analyte has been enhanced in photonic devices by combining slot waveguide confinements with photonic crystal slow
light effects. While the absorption cross-section is a property of the gas, the length of the sensing region is limited by the
available area on a chip and waveguide propagation losses that limit the minimum signal to noise ratio. In this paper, we
show that by incorporating reflecting loop mirrors, the absorption path length can be doubled for the same geometric length
of the absorption sensing waveguide. Light from a waveguide is split into two paths, each with a slow light photonic crystal
waveguide, by a 2x2 multimode interference (MMI) power splitter. Each path is terminated by a loop mirror that causes
the light to retrace its path back down the sensing arms thereby doubling the optical path length over which light interacts
with the analyte. Results on the enhancement of phase sensitivity and absorbance sensitivity in the interferometric
configuration are presented.
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1. INTRODUCTION

Gas/ vapor sensing is a field with wide range of applications including detection of explosives and hazardous chemicals
[1], control of industrial processes and emissions [2], breath analysis for medical diagnostics [3], and environmental and
atmospheric monitoring [4]. Currently, most gas sensing systems are developed around bulky gas cells and free-space
optics based on cavity ring-down spectroscopy (CRDS) [5], tunable diode laser absorption spectroscopy (TDLAS) [6],
Fourier transform infrared spectroscopy (FTIR) [7], or photo-acoustic spectroscopy (PAS) [8] methods. Although these
systems can provide parts per billion (ppb) and parts per trillion (ppt) sensitivities, they require bulky and expensive optical
elements, are very sensitive to beam alignment and have significant size and weight that place constraints on their
applications in the field, particularly for airborne or handheld platforms. Infrared absorption spectroscopy is ideally
performed in the mid-infrared (mid-IR) molecular fingerprint window from A=3-12um where most molecules have their
fundamental absorption signatures. Infrared spectroscopy can selectively identify gases in a mixture/ arbitrary ambient,
since they can provide spectroscopic detection and classification. Hence infrared spectroscopy on-chip offers significant
advantages over the photonic [9] and electronic nose systems [10] that rely on various polymer matrices for gas
selectivity/sensitivity, or graphene sensors with parts per quadrillion (ppq) sensitivities [11], or refractive index dependent
long waveguide interferometers [12] or fixed wavelength narrow bandwidth slow light waveguide sensors [13] with
~100ppb sensitivities, that are all affected by cross-talk from gas/ vapor mixtures and their relative concentrations in the
mixture.

2. DESIGN

2.1 Michelson Interferometer Sensor Structure

During the past decade, architectures for on-chip laser absorption sensing [13-16] have been proposed and developed to
achieve high gas sensing sensitivity on-chip. The Beer-Lambert absorption law given in Eq. 1 is the fundamental equation
that governs the optical absorbance of gases at wavelengths corresponding to their molecular vibration signature
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frequencies. The exponential term in Eq. 1 indicates a dependence on ol where a is the absorption coefficient per unit
length and L is the effective optical path length over which the gas or analyte interacts with the optical mode.

I = lyexp[—al] (1

In benchtop systems, effective path length L can reach kilometers in some instances by reflecting the wavelengths over
which gas absorption is expected, between highly reflective polished mirrors, albeit over an extremely narrow range of
wavelength. However, on the chip level, where chip dimensions are a centimeter in length or even smaller, long waveguide
lengths are usually achieved by spiraling low loss strip waveguides or by using slow wave reduction of the optical path
length in straight photonic crystal waveguides. In this paper, we demonstrate an interferometric device to enhance the
analyte absorption. In a typical balanced Mach-Zehnder interferometer, the input light splits into two waveguides of equal
length L using a power splitter, which can be either a Y-junction splitter or a multimode interference (MMI) splitter,
denoted by MMI 4 in Figure 1. When the two balanced arms combine at the output power combiner MMIg, the net power
absorption at a wavelength corresponding to the absorption wavelength of the analyte is the same as that for a straight
waveguide of the same length L. If the output arms of MMIg are connected in the form of a loop waveguide mirror to
reflect the light back to the interferometer arms, light propagates an additional distance L before exiting to the output of
MMI, as shown schematically in Figure 1. The total absorption path length is thus 2L for the same geometric path length
L of the interferometer arms. Since both arms of the balanced interferometer are exposed to the same analyte gas, the
reflected light at the power combiner MMIp in the balanced interferometer configuration exits with maximum amplitude
to the output port of MMI 4, reduced only by the absorbance of the analyte gas or vapor. In slow light structures, a modified
form of the Beer-Lambert absorption law [17, 18] follows Eq. 2 where

I = lyexp[—yal] 2

where Iy is the incident intensity, o is the absorption coefficient of the medium, L is the interaction length, and vy is the
medium-specific absorption factor determined by dispersion enhanced light-matter interaction. In conventional free-space
systems, y=1; in slow light systems, y is given by Eq. 3:

y=fxer 3
where c is the velocity of light in free space, v, is the group velocity in medium of effective index n, and f'is the fill factor
denoting relative fraction of optical field residing in the analyte medium. Equation 3 shows that slow light propagation
(small v) significantly enhances absorption. Furthermore, the greater the electric field overlap with analyte, the greater
the effective absorption by the medium. The effective absorption equation in our slow wave enhanced reflected path on-
chip absorbance sensor is given by Eq 4 as:

I = Lexp[—f x L2 a(2L)] (4)

g
where the factor 2 in the exponent indicates the higher absorbance per unit geometric length in the reflected path
configuration. We experimentally establish the enhanced absorbance and enhanced phase sensitivity in the Michelson

configuration with the reflective loop mirror, and Mach-Zehnder configuration without a reflective loop waveguide mirror.

Reference

Figure 1. Schematic of Michelson interferometer chem-bio sensor design with symmetric 2D PCW arms in silicon. Asymmetry results
from cladding the reference arm with silicon dioxide and the signal arm with the analyte liquid or gas/vapor.
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Figure 2(a) shows a schematic of the slow light path enhanced reflected path unbalanced interferometer sensor (Michelson
configuration). A two-dimensional photonic crystal waveguide (2D-PCW) with different lengths Sum and 20um is
fabricated on the reference arm and the signal arm respectively. We consider a W1 PCW (with lattice period @ and a single
missing row of air holes in the I' — K direction of propagation. The PCW is adiabatically tapered from the width W1
(=1*sqrt(3)*a) to a width W1.08 (=1.08*sqrt(3)*a) over 16 lattice periods to enhance coupling efficiencies from the access
500nm wide strip waveguides into the slow light waveguide at the higher group indices near the photonic stop band edge.
The reference arm is covered with a 100nm thick silicon dioxide top cladding which also fills the corresponding PC air
holes. The silicon dioxide is completely removed from the signal arm as also the PC air holes so that the air holes on the
signal arm are completely exposed to analytes. On both arms, the PC air holes are etched in 220nm silicon, with a=395nm,
and air holes radius r given by r/a=0.275. A 2x2 MMI splits the input lights into the two interferometer arms. The
interferometer arms meet at a second 2x2 MMI whose output arms are connected to each other via a waveguide loop
mirror. Figure 2(b) shows a top view microscope image of the slow wave Michelson interferometer (MI) sensor device.
Figure 2(c) shows the SEM image in top view of the 2D PCW etched air holes on the signal arm, noting that on the
reference arm, the PCW is covered with silicon dioxide. Devices were fabricated using standard process development kit
(PDK) components for grating couplers at AIM Photonics. The 2x2 MMI was designed to achieve 50:50 splitting between

the two output arms.
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Figure 2. (a) Schematic of Michelson unbalanced interferometer chem-bio sensor design; (b) The microscope image of the Michelson
interferometer sensor fabricated on chip; (c) Scanning electron microscope (SEM) image of the etched holes on the photonic crystal

structure.
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Figure 3. Simulated group index profile versus wavelength of 2DPCW single device with (a) acetone cladding and silicon dioxide
cladding; (b) PMMA cladding and silicon dioxide cladding respectively.
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Figure 3 shows the change of the simulated group index with increasing wavelength of the 2DPCW configuration with
lattice constant of 395nm with acetone cladding, silicon dioxide cladding, and PMMA cladding separately. The group
index increases with wavelength as one approaches the PCW stop band edge. The band edge moves to longer wavelengths
for the same PCW device with increasing refractive index of the top cladding/ analyte and thus the band edge with silicon
dioxide top cladding is in between that of acetone and PMMA.

2.2 Theoretical Phase Sensitivity

In sensing application, the bulk spectral sensitivity, simply defined as the wavelength shift per unit change in analyte
refractive index with units of nanometers/RIU (RIU=refractive index unit), is typically used for microcavity resonator
devices. For interferometer sensors, the theoretical phase changes induced in the guided mode on the sensing arms is given
as:

Ap = ZEAN L (5)

where, A is the wavelength of light, AN is the change in the effective index of the guided mode in contact with the analyte,
and L is the length of the sensing arm. In the case of the Michelson interferometer, the effective optical path length (L,;)
is twice the effective path length (L)) for a Mach-Zehnder interferometer. Hence the effective optical phase shift is twice
in the MI versus the MZI for the same geometric path length. The interferometer phase sensitivity S,pq5¢ is given as:

_ Sspectral x 2 (6)

S. = T
phase AAXLg

Where Sspectrar 18 the bulk spectral sensitivity calculated by the ratio of the wavelength shift on the same peak and the
corresponding refractive index change.

3. RESULTS

Bulk sensitivity measurements are first performed to determine the spectral response of the slow light Michelson
interferometer sensor to changes in the signal arm analyte refractive index changes. Light is coupled into the grating
couplers from a tunable laser (Santec TSL-710) and the output optical signal is measured with a synchronized power meter.
The experimental transmission spectra for individual 2D PCW devices covered with silicon dioxide and separately with
acetone are shown in Figure 4. The blue curve is the spectrum of the 2D PCW covered by acetone on the top and silicon
dioxide on the bottom. The red curve shows the spectrum of the 2D PCW covered with silicon dioxide both on top and
bottom. From Fig. 4, we can identify three regions highlighted with three different colors. For the light with wavelengths
inside the red region, both signal and reference arms are forbidden for light propagation, leading to no interferences at all.
When the wavelength goes down to the yellow region, the reference arm with silicon dioxide top cladding allows
propagation, yet propagation on the sensor (signal) arm is still forbidden. In the green region, light can propagate on both
arms of the interferometer. The green bounded region of wavelengths is the working wavelength range for the slow wave
interferometer sensor. The band edge is at A~1548nm for acetone top cladding and at A ~1571nm for oxide top cladding.

The analyte is introduced with a pipette over the signal arm. The wavelength sweeps in our measurements across the entire
C- and L-bands in our setup can be done in 1 second which ensures that any analyte does not evaporate during the time
span of the measurements. In the literature, various bulk sensitivity measurements are done by varying concentrations of
salt water and sugar-water solutions, however such sample introductions can potentially compromise the chip from any
further measurements due to residues that can remain inside the nanostructured holes. Hence acetone (n=1.3586) and
isopropyl alcohol (IPA, n=1.3772) were selected to experimentally determine the sensitivity characteristics of the device.
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Figure 4. Transmission spectra of the Michelson interferometer sensor covered with acetone, and individual 2D
PCW devices covered with acetone and silicon dioxide respectively as on the signal arm and reference arm
respectively. Green shaded region indicates the range of wavelength over which light propagates in both
interferometer arms. In the yellow shaded wavelengths, light propagates only in the oxide clad reference arm. In the
red shaded region, the transmission is cut off from both arms by the individual photonic stop bands.

The bulk sensitivity is estimated from the wavelength shift of the interference fringes at different analyte refractive indices.
The bulk sensitivity from the experiment is comparable to that of conventional silicon MZI sensors but in more than an
order of magnitude shorter dimensions. Figure 5 plots the fringe spacing for the experimentally observed interference
fringes for the device in Fig. 2. The fringe spacing, defined as the wavelength separation between adjacent interference
fringes, decreases as the transmission approaches the band edge where light propagates with higher group index.
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Figure 5. Fringe Spacing versus wavelength for the observed interference fringes

The phase sensitivity was calculated from Eq. (4) based on the measurements and plotted in Figure 6. From the
experimental values, the phase sensitivity at A~ 1547 nm is ~300,000 rad/RIU-cm. Compared with ~84,000 rad/RIU-cm
for MZI in ref. [19], our MI could reach almost four times the phase sensitivity. Transmission simulations for the oxide
clad photonic crystal waveguide arm indicates that in the fabricated devices, the experimental photonic stop band edge is
red shifted by ~7nm thus indicating that the fabricated hole dimensions are smaller than design. In contrast, on the analyte
clad arm, the experimental transmission band edge is blue shifted by ~5nm compared to simulations indicating an
incomplete filling of the air holes by the analyte acetone. If acetone completely filled the air holes, the bulk sensitivity
experimentally observed would be higher leading to a higher phase sensitivity than experimentally observed.
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Figure 6. Fitted phase sensitivity for the Michelson interferometer and Mach-Zehnder interferometer configuration

A similar theoretical analysis on the enhanced absorbance of our reflected path interferometer in Fig. 1 was performed to
compare with the absorbance of the straight waveguide of the same geometrical path length. We considered an
interferometer with equal slow light 2D PCW geometric path lengths (80um) for the reference arm and the signal arm as
the straight 2D PC waveguide. The reference arm is covered with silicon dioxide, while the signal arm is exposed to the
analyte, PMMA. From Figure 3(b), we observe at the wavelength 1553nm, the group index changes from 24.2 to 29.3
when the top cladding in the 2DPCWs changes from PMMA (n=1.4717, k=0.000003) [20] to silicon dioxide (n=1.445,
k=0.00002) [21]. By inserting the values of n, into Eq. (4) for equal arm length in the two paths of the interferometer, we
estimated that the reduction in power is 2dB for an 80um-long 2DPC slow light waveguide, in the Mach-Zehnder
configuration when the top cladding of the signal arm changes from silicon dioxide to PMMA. In contrast, the reduction
in power is 4dB when the light is reflected back to the interferometer arms by the waveguide loop mirror in the Michelson
configuration. Experiments are in progress to validate the reflected path enhanced absorption principle with gases. Figure
3(b) also shows that the absorbance change increases for the wavelengths close to the transmission band edge. Future
designs can incorporate high group index and wide optical bandwidth 2DPCW geometries in the reflected path Michelson
interferometer configuration for wider bandwidth absorbance sensing.

4. CONCLUSION

In summary, we demonstrated an on-chip reflected path slow wave interferometer sensor with enhanced phase sensitivity
and enhanced absorbance sensitivity compared to an equivalent Mach Zehnder interferometer sensor. Our experimental
measurements show nearly 4x enhancement of the phase sensitivity of reflected path interferometer sensors in Michelson
configuration compared to the equivalent Mach-Zehnder with the same geometric path length difference. Numerical
analysis also shows a 2% enhancement in the power attenuation upon absorbance in the reflected path enhanced sensors
compared to the straight slow light waveguides of equal geometric length.
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