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ABSTRACT: We report the design, fabrication, and first
functional verification of mid-infrared (MIR; 3—12 pm)
Mach—Zehnder interferometers (MZIs). The developed
MIR-MZIs are entirely chip-integrated solid-state devices
based on GaAs/AlGaAs technology waveguide fabricated via
conventional optical lithography and reactive ion etching
(RIE). Thus, fabricated MIR-MZIs were combined with a
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broadly tunable quantum cascade laser (tQCL) providing a wavelength coverage of 5.78—6.35 um. MIR-MZIs have been
designed with a waveguide width of S ym to ensure single mode behavior, avoiding optically undefined interference patterns.
Several structures with different opening angles of the Y-junction were fabricated and tested for maximizing IR radiation
throughput. This study demonstrates the feasibility of the very first chip-integrated mid-infrared Mach—Zehnder structures via
interference patterns produced by minute amounts of water deposited at different positions of the MIR-MZI structure.

he mid-infrared (MIR; 3—12 pm) spectral range is

particularly interesting for biosensing applications, since it
provides inherent molecular selectivity. MIR photons interact
with most organic and inorganic molecules by excitation of
vibrational and rotational modes.'Quantum cascade lasers
(QCLs) are the most promising light source technology for
IR sensing applications due to their compact dimensions, long
lifetime, and broad tunability when coupled with an external
cavity. Tunable QCLs (tQCLs) are nowadays commercially
available across almost the entire MIR band and are in part
tunable for a range exceeding 150 cm™.>> Consequently, the
combination of tQCLs with frequency-matched thin-film MIR
waveguides for the first time facilitates the development of
miniaturized and potentially fully integrated MIR photonic
sensing structures applicable across the entire MIR spectrum
within a single on-chip device.

Most photonic devices relevant to analytical applications (i.e.,
chem-/biosensing) take advantage of the evanescent field
generated at the interface between a high-refractive-index
waveguide and a low-refractive-index sample medium, which
allows direct monitoring of small changes in optical properties
such as, e.g., refractive index changes without labeling of the
involved species. Among the evanescent field sensors,
interferometric arrangements such as, e.g, Mach—Zehnder
interferometers (MZIs) are the most suitable devices capital-
izing on integrated optics due to their high sensitivity and high
level of integration and miniaturization and due to the fact that
no moving components are needed. Chemicals or chemical
reactions may change the propagation properties of light in
optical transducers and within the evanescent field by affecting
the absorption coeflicient or the refractive index in the vicinity
of a light path.“’5 Within an integrated MZI structure, photons
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propagate along a waveguide and are divided by a symmetric Y-
junction into two light beams of equal intensity and phase.
After propagating through the parallel-arranged reference and
sensor arms, the recombined light waves create an interference
pattern (Figure 1). If an analyte or a chemical reaction is
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Figure 1. Configuration of a mid-infrared Mach—Zehnder interfer-

ometer.

performed at the surface of only one arm, the photons
propagating along that arm experience a change in phase.
Recombining this signal with the initial wave propagating in the
reference arm results in an interference pattern that is
dependent on the difference in effective refractive index at
both arms. The intensity (I) of the sinusoidal interference
signal depends on the interaction length (L) and the difference
of the effective refractive indices (AN) at the two arms
following™®

I~ [1+ V-cos AD]
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A® corresponds to the phase shift between the guided modes
of the two arms and correlates directly to L and AN; V
represents the visibility factor.

AD = 277I-L~AN

For facilitating data evaluation, the optical device should exhibit
monomode behavior. If several modes are present, both
variation of the outer medium and interference between the
modes create a rather unspecific interference pattern. In
comparison to indirect methods based on markers such as,
e.g., fluorescence- or radio-labeling, direct absorption-based
evanescent field sensing methods usually do not require specific
sample preparation, thereby providing substantial potential for
direct and real-time detection of interactions or binding of, e.g,,
biomolecules.* The first biosensing approaches using integrated
MZIs were performed using glass substrates by immobilizing a
protein adlayer of a three-step biotin—avidin system and
analyzing the immobilization of biotinylated immunoglobulins.’
Later, Prieto et al.” presented a MZI operating at a wavelength
of 633 nm which was fabricated from Si;N, with an excellent
sensitivity (dA®(27))/dn = 1450 and implied a detection limit
of An = 7 X 107% Due to complementary metal-oxide-
semiconductor (CMOS) technology, the device was readily
integrated with a microfluidic system facilitating an effective
refractive index detection limit of An = 2 X 107/, which
represents one of the most sensitive measurements obtained by
integrated optical interferometric approaches.”

Mizaikoft and collaborators have recently reported a new
generation of semiconductor GaAs/Alj,Ga;gAs IR waveguides
with a useful spectral window up to 13 um.® These thin-film IR
waveguides are grown either by molecular beam epitaxy (MBE)
or via metal—organic vapor phase epitaxy (MOVPE).” Due to
their wide spectral window, these semiconductor waveguides
are competitive to currently applied IR-transparent materials
such as, e.g, polycrystalline silver halides and amorphous
chalcogenide glasses.'® In the present study, integrated MIR-
MZIs have been developed on the basis of GaAs/AlGaAs thin-
film waveguide structures. A variety of MZI structures were
fabricated and tested in order to optimize the relevant design
parameters. Finally, functionality of such MIR-MZIs has been
demonstrated, thereby corroborating the potential for a novel
chem-/biosensing platform in the field of mid-infrared
integrated optics, which is not well established to date.

B EXPERIMENTAL SECTION

MIR-MZI devices were microstructured from waveguide layers
deposited at the surface of a 1 mm thick GaAs (n = 3.3) wafer
with a 6 ym thick optical buffer layer comprising Aly,GagAs (n
= 3.2) and the actual GaAs waveguiding layer, again with a
thickness of 6 pm. The MZI structures were defined via optical
photolithography and were fabricated using reactive ion etching
(RIE). After spincoating a photoresist (AZ ECI 3027, AZ
Electronic Materials, Wiesbaden, Germany) onto the surface,
the wafer was exposed to UV radiation via a manual mask
aligner. The subsequent development process lead to photo-
resist MZI patterns, which were then transferred to the wafer
via RIE. Afterward, the photoresist pattern was removed, and
the back-side of the wafer was polished facilitating individual
device cleavage. MZI chips were cleaved along the crystal axis
with a diamond knife to obtain chip dimensions of
approximately 5 mm in width and 8 mm in length. The
waveguide width of the MZIs was selected at S ym, thereby
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ensuring monomode behavior, which was confirmed by
simulations based on the finite element method. To avoid
optical coupling between the propagating modes within each
MZI arm, the distance between the arms of a MZI was selected
at 200 pm. Several structures with different opening angles of
the Y-junction (1—10°) were fabricated, thereby optimizing the
radiation throughput of the MIR-MZI structure (Figure 2a).

Figure 2. Scanning electron microscopy (SEM) images of MIR-MZI
waveguides: (a) top view of GaAs/AlGaAs MZIs with an opening
angle of 9°. Y-junction before (b) and (c) after FIB milling process.

Thereafter, the structures were fine-tuned via focused ion beam
(FIB) milling for minimizing scattering losses at the Y-junction
and to increase the optical throughput (Figure 2b). For
avoiding redeposition of Ga, XeF, was used as etch enhancing
gas during the FIB milling process (Figure 2c).

The optical setup comprised a tunable QCL light source
(Daylight Solutions Inc., San Diego, CA, USA) providing MIR
radiations in the range of 5.78—6.35 um. The laser radiation
was focused via a ZnSe lens onto the MIR-MZI waveguide
entrance facet. A second lens was used to focus radiation
emanating at the distal end of the waveguide onto a liquid
nitrogen cooled mercury—cadmium—telluride (MCT) detector
(Kolmar Technologies, Newbury, MA, USA), which was
connected to an oscilloscope and high-speed digital transient
recorder (Saturn, AMO GmbH, Aachen, Germany).

First, experimental studies were focused on characterizing the
optical throughput of MIR-MZI structures in comparison to
straight waveguides (i.e., without Y-junction) fabricated at the
same chip. If the opening angle exceeds 6°, almost no radiation
was propagated through the device. To date, MIR-MZIs with
an angle of the Y-junction at 1° provide maximum throughput,
which was further enhanced by polishing the Y-junction via FIB
milling.

In order to demonstrate that the developed MIR-MZI
structures are indeed functional, sample droplets were
deposited at various locations along the MIR-MZI structure
(Figure 3a). Small amounts of Millipore water (S L droplets)
were deposited at the MIR-MZI surface and were analyzed at a
wavelength of 1694 cm™ adjusted via the tQCL.

If the droplet was deposited at the incoupling straight
waveguide of the MZI structure, no interference pattern was
determined. Only an overall decrease in energy throughput due
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Figure 3. (a) Measurement scheme producing interferometric signals by depositing droplets of water (b) at the incoupling straight MZI waveguide,

(c) at the Y-junction, and (d) at both arms of the MZIL.

to the absorption of IR radiation by water at that wavelength
was evident (Figure 3b). If droplets of water were deposited
directly onto the arms of the MIR-MZI structure, a sizable
interference signal was detected resulting from the change in
refractive index during the deposition process (Figure 3d). If a
water droplet was deposited directly onto the Y-junction
(Figure 3c), only a shorter section of the MZI arms interact
with the droplet, and the interference signal therefore
decreases, as expected from the linear correlation between
phase shift and interaction length. The droplets were present
within the penetration depth of the evanescent field (extending
approximately 6 um along the MZI arm) within a few
milliseconds, which is in agreement with the determined
duration of the transient signals. The initial interference signal
results from the change in humidity once the droplet is near the
evanescent fleld, yet prior to deposition.

B CONCLUSIONS

The first monolithically integrated on-chip Mach—Zehnder
interferometers for the mid-infrared wavelength band based on
GaAs/AlGaAs technology have been fabricated and tested. The
developed MIR-MZI devices provide monomode optical
behavior and exhibit exquisite surface sensitivity, which are
necessary prerequisites for developing a new generation of
chem-/biosensor platforms, taking advantage of the substantial
penetration depth (i.e., several micrometers) of the evanescent
field in the MIR and of the inherent molecular selectivity
provided in this spectral window, in particular if combined with
a tunable quantum cascade laser. It is anticipated that this
optical diagnostic platform will allow one to study, e.g., protein
conformation or (bio)molecular interactions in a label-free
assay format yet using minute quantities of the probed
molecules. Ongoing studies focus on the combination of
MIR-MZI devices with microfluidic architectures and on the
integration of grating structures for more efficient light coupling
into the device.
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