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ABSTRACT
We design and experimentally demonstrate the propagation loss of waveguides and the operation of a single-step etched polar-
ization rotator-splitter (PRS) in low index contrast InGaAs-InP material system at 6.15 µm. Propagation losses 4.19 dB/cm for TM
mode and 3.25 dB/cm for TE mode are measured. The designed PRS can achieve near 100% conversion efficiency. This study
enables the possibility of monolithic integration of quantum cascade devices with TM-polarized characteristics and TE-guiding
two-dimensional slotted photonic crystal waveguide gas sensors for on-chip monolithic absorption spectroscopy.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5055863

Mid-infrared (Mid-IR) absorption spectroscopy based on
integrated photonic circuits has shown great promise in
trace-gas sensing1 applications in which the mid-IR radia-
tion directly interacts with the targeted analyte. This approach
eliminates the needs of bulky gas cells and free-space optical
components. Therefore, it has substantial advantages such as
being lightweight, alignment-free, and offering high sensitiv-
ity sensing over conventional off-chip methods.2,3 In addition,
on-chip slow light enhanced slotted photonic crystal waveg-
uides (PCWs) have been demonstrated to effectively increase
light-matter interaction lengths and therefore higher detec-
tion sensitivity for the targeted gas analyte can be realized.4,5
An ideal spectrometer needs to cover the entire molecular
fingerprint region from λ= 3-15 µm. Although silicon is the
material of choice for most passive photonic applications, it is
not suitable for wavelengths λ> 6 µm due to its high intrinsic
material loss. Germanium and GaAs are suitable for covering
the above wavelength range. However, in the design of inte-
grated photonic spectrometers, we must also take into con-
sideration that the light source in the mid-IR is primarily in
the form of quantum cascade lasers (QCLs). The best perform-
ing room temperature mid-IR QCLs have been demonstrated

till date in the InP material system. Three approaches exist
for the integration of light sources and detectors with pas-
sive photonics. The first method includes a heterogeneous
material integration of individual laser, detector and passive
photonic waveguide. The heterogeneous integration proce-
dure requires precise free-space optical alignments and very
elaborate packaging process which introduces fragility and
additional cost for portable sensing applications in harsh envi-
ronments. The second method involves bonding between III-V
QCL epitaxial layers and silicon layers via an appropriate inter-
face with silicon dioxide or polymer that is typically charac-
terized by high optical losses in almost the entire wavelength
range mentioned above. The third method involves mono-
lithic integration where the passive photonics and the active
quantum cascade laser/detector are fabricated on a bonding-
free single epitaxially grown InP platform. The third method
requires an epitaxial process to grow QCL/QCD layers along
with the waveguide layers but essentially avoids till date
high-cost and low-yield wafer/die bonding processes. At the
same time, monolithic integration provides a low loss waveg-
uiding platform with InGaAs core and InP cladding mate-
rials with material losses < 2 dB/cm in the λ= 3-15 µm
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wavelength range. A photonic integration platform requires
various passive photonic components such as waveguides,6
switches,7 and modulators,8 with active components such

as lasers,9 detectors,10 and electronics,11 all of which have
been experimentally demonstrated in the InP platform in the
near-infrared (near-IR) but not necessarily for mid-IR range.

FIG. 1. (a) Schematic diagram of the single-step etched
polarization rotator-splitter (PRS) operating at 6.15 µm in
InGaAs-InP platform. Inset shows the details of the TM00 to
TE10 conversion section, including pre-converter, converter
and post-converter sections. (b) cross-section schematic
and the epitaxy layer structures of the PRS, (c) the effec-
tive index versus InGaAs-InP waveguide width plot, (d) (e)
modal distribution of converted TE10, and (f) (g) modal dis-
tribution of unconverted TM00. (h) Simulated conversion
efficiency versus length of the converter section with con-
verter width tolerance analysis. w1 to w4 are the widths at
beginning of pre-converter, beginning of converter, begin-
ning of post-converter and end of post converter respec-
tively. (i) converter efficiency with different lengths of the
pre-converter.
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In our final desired application of a monolithic spec-
trometer, a PRS is needed on the input end to couple the
transverse magnetic (TM) polarized emission from a QCL into
previous demonstrated high sensitivity two-dimensional slot-
ted PCWs that exhibit slow light effects and enhanced sen-
sitivity for only the transverse electric (TE) polarization. The
PRS on the output end converts the polarization back to TM
for detection by a monolithically integrated quantum cas-
cade detector. Therefore, the PRS is the essential component
which helps integration with PCWs and thus enables high
sensitivity trace gas sensing in a monolithic photonic inte-
gration architecture. Various designs of near-IR polarization
rotators have been reported in the literature.12 Among those
designs, some of them such as the dual-etched polarization
rotator designs,13–16 require an extra masking/alignment step
and thus have tight fabrication tolerance. In this paper, we
provide a proof-of-concept experimental demonstration of a
single-step etched polarization rotator-splitter (PRS) to elim-
inate the extra step in the InGaAs/InP platform in the mid-IR.
We first characterize the losses for both TM and TE polar-
ization in fabricated waveguides and bends in the InGaAs-
InP platform. Higher propagation loss data are observed in
TM mode propagation due to the smaller refractive contrast
in the vertical direction of an InGaAs-InP platform. This also
justifies the need of TM-to-TE mode conversion in a PRS.
Finally, we experimentally demonstrate a single-step etched
PRS within the same material platform. The waveguides and
PRS are designed for operation at λ=6.15 µm at one of the peak
mid-IR absorbance wavelengths of ammonia.

The schematic of a single-step etched PRS working at
6.15 µm in the InGaAs-InP platform is illustrated in Fig. 1(a).
The waveguides are built on an InP (n=3.07) substrate with
a 1.15 µm thick core layer of the InGaAs (n=3.36), and a thin
0.55 µm upper cladding of InP. The PRS operates around the
waveguide width w=11 µm where the effective indices (Neff)
of the TM00 and TE10 modes cross, as shown in Fig. 1(b)–1(c).
By adiabatically increasing the waveguide width around
w=11 µm, the power in the input TM00 mode is effectively
transferred into the TE10 mode due to the mode coupling.17
Next, the TE10 mode is split by a Y-junction splitter into two
single-mode TE00 modes with 180 degrees phase difference. A
90-degree phase shifter is introduced in the upper arm of the
Y-splitter so that the TE00 modes are fed into the 2x2 multi-
mode interferometer (MMI), with a total phase difference of
90 degrees. As a result, at the output end, as observed from the
three-dimensional (3D) finite difference time domain (FDTD)
simulations, the majority of TE00 light will output from arm
1 as shown in the Fig. 1(d)–1(g). The PRS has three regions
with increasing width taper which are optimized using Lumer-
ical eigenmode expansion solver. In the final design, the pre-
converter width increases from 9.8 µm to 10.7 µm over a length
of 1 mm, whilst the post-converter width increases from
11.3 µm to 11.75 µm over 0.1 mm length. The primary section
of the PRS is the middle converter section which in our design
increases in width from 10.7 µm to 11.3 µm. The MMI is 435 µm
in length and 22.7 µm in width. The phase shift is gener-
ated with waveguides of Bezier curves that give the required

90 degrees phase difference between the two arms. For the
characterization of the waveguide devices with end-fire cou-
pling, it is necessary for the two output arms in Fig. 1(a) to
be separated by at least 1mm. The separation is achieved by
S-bends that extend 2 mm and 0.5 mm along and perpendicu-
lar to the propagation direction respectively. As observed in
Fig. 1(i), nearly 100% conversion efficiency can be achieved
for a pre-converter length of 10 mm and a corresponding
converter length ∼10mm. From the consideration of epitaxy
cost in the preliminary proof-of-concept demonstration, we
selected a converter length of 2 mm since the conversion effi-
ciency deviation is relatively small, as observed in Fig. 1(h). The
simulation in Fig. 1(h) indicates that 47% conversion efficiency
from TM00 to TE00 can be expected over the total PRS length
of 3.04 mm.

Prior to the characterization of the PRS, the propaga-
tion loss of the mid-IR InGaAs/InP waveguides was charac-
terized at λ=6.15 µm. 16 waveguides are defined with lengths
varying from 25.47 mm to 40.47 mm with 1 mm step by

FIG. 2. (a) Layout waveguides for propagation loss measurements, with bending
radii R1 and R2. (b) SEM cross-section image of the fabricated InGaAs-InP waveg-
uide in the PRS. (c) Bend loss related to modal mismatch at bent and straight
interface in a 90-degree bend in a 9.8 µm wide waveguide for the fundamental TE
and TM modes at λ=6.15 µm.
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adding 500µm long sections on each vertical arm. The lay-
out of the waveguides is as shown in the photomask pat-
terns in Fig. 2(a). Each waveguide has 2 bends with radius R1
and 2 bends with radius R2. The total length of each waveg-
uide in the bent regions is constant. The waveguide width
is selected as 12 µm. The fabrication of the waveguides is
done with photolithography and inductively coupled plasma
(ICP) etching with plasma-enhanced chemical vapor deposi-
tion (PECVD) silicon oxide as the etching hard mask. A scan-
ning electron microscope (SEM) image of a fabricated waveg-
uide is shown in Fig. 2(b). After fabrication, the waveguides are
then cleaved at the two edges and characterized with end-fire
coupling setup as shown in Fig. 3. The light from a 6.15 µm
QCL is free-space coupled into the waveguides through a
lens set. A wire grid polarizer (WGP) is placed between the
lens to confirm the polarization states. After routing from
the waveguides, light is coupled into a mercury cadmium tel-
luride (MCT) detector via a chalcogenide single mode fiber
with a core size of 12 µm. A lock-in amplifier synchronized
with the optical chopper, is connected to an MCT detec-
tor to read the output optical power. The fiber and the chip
are placed on motorized 6-axis stages separately to achieve
the best coupling condition. A half wave plate is inserted
in the testing setup to enable switching of the input light
polarization.

The output transmission of the waveguides with dif-
ferent lengths is measured and the loss at constant input
power is plotted. Fig. 3(a) and Fig. 3(b) show the loss versus

propagation length difference with input TM00 and TE00
polarized light respectively at λ=6.15 µm. It should be noted
that the last three data points colored in red have a signifi-
cantly higher loss than the rest of the waveguides. Those three
data points correspond to the bottom three waveguides which
have a sharp bending radius of 1400, 1200, and 1000 µm (from
top to bottom) in Fig. 2(a) are excluded from the propaga-
tion loss analysis. The total propagation loss of the waveguide
structures comprises the following three terms in Eq. 1.

Total Loss = (#interfaces × 10log
Pbend

Pstraight
)

+ [π × (R1 + R2) × propagation loss]

+ (L × propagation loss) (1)

The first term accounts for the modal mismatch at the
interfaces between the bent region and straight region of the
waveguides and is defined from the power coupling over-
lap between bent mode and straight mode. R1 and R2 denote
respectively the bend radius of the two upper bends and two
lower bends in each waveguide in Fig. 2(a). The second term
and third term indicate the propagation losses in the bent
and straight regions. As shown in Fig. 2(c), when the bending
radii are larger than 1500 µm at 6.15 µm wavelength, the addi-
tional propagation losses in the bent regions can be neglected.
Therefore, they can be treated as typical straight waveg-
uides and we can use the cut-back method to calculate the
losses.

FIG. 3. Loss versus propagation length difference plot for
(a) TM polarized input, and (b) TE polarized input. Loss data
and linear fitting, excluding waveguides with sharp bends
and the linear fitting (shown in red) for (c) TM polarized
input, and (d) TE polarized input.
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FIG. 4. (a) Schematic plot for testing setup, and (b) (c) images indicates the relative
position between fiber and the testing photonic chip from side view and top view
cameras respectively.

A linear fitting for propagation loss is done excluding the
three data points. From the linear fit, the calculated propa-
gation loss of the waveguide is 4.19 dB/cm for TM mode and
3.25 dB/cm for TE mode as shown in Fig. 3(c)–3(d).

The fabrication of the PRS is also done with photolithog-
raphy and InP inductively coupled plasma (ICP) etching. The
PRS is cleaved and characterized with same end-fire coupling
setup as shown in Fig. 4. The width at the output and input
cleaved facets in our device is approximately 20 µm. To ensure
that only the fundamental modes can propagate, the waveg-
uides are narrowed on the input end of the PRS to 5 µm width
(see Fig. 1(c)), so that any modes higher in order than TM10,
resulting from the roughness of the cleaved facets, leak into
the substrate. By measuring the output power from the two
arms of the PRS respectively and calculating the converted
TE00 power percentage, the polarization conversion efficiency
can be known.

Fig. 5 shows the stitched optical microscope image of
the fabricated PRS device and the measured results. Four
devices with identical geometrical parameters are fabricated
and tested. The input optical power focused to the input facet
is 1.38 mW. The averaged unconverted TM output light is
58.52 µW and the averaged converted TE output light is
26.51 µW. From strip waveguide measurements, considering
the waveguide propagation loss is 4.19 dB/cm for TM and
3.25 dB/cm for TE, the averaged coupling loss of two as-
cleaved facets is calculated to be 2.7 dB for TM00 mode and
2.78 dB for TE00 mode. Therefore, we can estimate the inser-
tion loss of our proposed 3.04 mm long PRS as 4.67 dB which
includes ∼0.2 dB loss at the MMI18 and ∼1 dB loss at the
Y-junction splitter19 as typically obtained in near-IR measure-
ments. The four PRSs demonstrate an averaged conversion
efficiency of 31.2% at the upper arms.

In this paper, a single-step etched polarization rotator-
splitter, operating at 6.15 µm wavelength in the InGaAs-InP
material system is designed, fabricated and characterized.
Simulations indicate that a near 100% conversion efficiency

FIG. 5. (a) Stitched optical microscope images of the fabri-
cated PRS, and (b) Transmission of the two output arms for
four devices with identical parameters.

AIP Advances 9, 015303 (2019); doi: 10.1063/1.5055863 9, 015303-5

© Author(s) 2019

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

can be achieved by the adiabatic transfer of power from
the fundamental TM00 to TE10 mode, with a 10 mm long
pre-converter section and a corresponding total converter
length ∼10mm. Our proof-of-concept device with a total
2 mm long converter section demonstrates experimentally
31.2 % conversion efficiency versus 47 % obtained in simula-
tions. The difference in experimental versus simulated con-
version efficiency in our PSR with 2 mm converter length can
be attributed to fabrication imperfections, such as deviations
in width of the various PRS sections, as well as modal losses
at the cleaved facets. Although the single-etched polarization
rotator demonstrated here offers ease of fabrication, a device
with 100% conversion efficiency would occupy significant area
on the chip which translates to higher cost. We have simulated
compact polarization rotators with TM00 to TE00 conversion
efficiencies at λ=6.15 µm greater than 90% which can be made
in dual-etched (2 mm long)16 or intrinsic slanted wet etch
(230 µm long) configurations20 and they will be the subjects
of future work.
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