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We demonstrate the anti-reflection properties of litho-
graphically defined subwavelength gratings applied to
the facets of InP-based integrated waveguides. The sub-
wavelength gratings are based on the gradient index
effect to create a smooth index transition between the
core material and air, achieving reflections below -30 dB
at a wavelength of 1550 nm for both TE and TM po-
larized modes, as shown by 3D finite-difference time-
domain simulations. Characterizations performed on
the experimental InP membrane-on-silicon platform us-
ing Mach-Zehnder interferometers test structures are in
excellent agreement with simulation predictions. ©

2023 Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Controlling reflections at waveguide facets is crucial for opti-
mal performance of photonic integrated devices and circuits. A
notable example is the strong effect that small reflections can
have on the dynamics of integrated lasers [1, 2]. For fiber-to-
chip edge couplers low reflections are needed to achieve a high
coupling efficiency. Waveguide facets represent one of the main
sources of reflections, generated by the abrupt index transitions
between the waveguide materials and air. For typical single
mode waveguides in silicon and III-V semiconductor platforms,
cleaved facets without adaptation structures have a strong re-
flectivity of about 30% [3]. Commonly, single or multilayer
anti-reflection (AR) thin films with a precisely engineered thick-
ness and refractive index are used to reduce these reflections.
However, this comes with some important drawbacks. Complex
vacuum deposition techniques are required to apply films on a
cleaved facet, which can be done only as a post-processing step,
increasing fabrication complexity. Furthermore, the films may
become mechanically unstable under thermal cycling, resulting
in loss of performance [4]. Another approach that is often ap-
plied is the use of angled facets. By changing the facet angle,
reflections of about -40 dB for the fundamental mode has been
demonstrated in III-V waveguides [5]. However, by increasing
the facet angle, higher order mode reflections can be generated.
This can be especially problematic in wide waveguides support-

ing higher order modes [6].
Another strategy to minimize reflections is the patterning of

the waveguide facet with a subwavelength grating (SWG). This
type of structure has been used in a wide range of applications
to control reflections. For example, SWGs have been applied on
bulk surfaces such as solar cells to optimize performance [7]. The
same concept has been exploited to reduce reflections from the
facets of quantum cascade lasers by patterning the facets using
focused ion beam (FIB) milling after chip fabrication. Reflections
as low as 1-3% have been achieved using this method [8]. How-
ever, FIB milling can only be applied during post-processing.
Moreover, ion sputtering and a diverging ion beam resulted
in significant differences between the designed and the fabri-
cated grating geometry, indicating FIB might not be ideal to
fabricate SWGs. The use of lithographically defined SWGs as
anti-reflective coatings, first demonstrated by Schmid et al. [4],
eliminates the need for chip-level post-processing. A grating
with triangular teeth was fabricated using electron beam lithog-
raphy (EBL) on a Silicon-on-Insulator (SOI) platform. Reflections
as low as 2% and 2.4% for the fundamental TE and TM polarized
modes were achieved, respectively [9]. While extensively stud-
ied for SOI waveguides [10–13], little investigations have been
reported so far on the use of SWGs in InP-based platforms. The
possibility to control reflections by subwavelength patterned
geometries is of particular interest because of the wide range
of active components available in III-V platforms, which often
heavily rely on thin-film AR facet coatings.

In this paper, we simulate, design and experimentally demon-
strate an AR subwavelength waveguide facet grating on the InP
membrane on silicon (IMOS) platform [14]. The IMOS platform
comprises a 300 nm thick InP photonic membrane on a stan-
dard silicon wafer. The layer stack for a standard 400 nm wide
single-mode IMOS waveguide is shown in Fig. 1(a). First, the
InP waveguide pattern is transferred to a small InP wafer using
EBL. The wafer is then flipped and bonded to a silicon wafer us-
ing the adhesive polymer divinylsiloxane-bis-benzocyclobutene
(DVS-BCB) and a 200 nm thick SiO2 bonding layer. The InP
substrate and InGaAs etch-stop layers are removed by selective
wet-chemical etching. The thin patterned InP membrane re-
mains on the silicon wafer [14]. Due to the large index difference
between InP (n=3.17), BCB (n=1.54), and SiO2 (n=1.45), very
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compact waveguides can be realized. The resulting electric field
distribution for the fundamental TE and TM modes is shown
in Fig. 1(c) and (d). Most of the electric field of the fundamen-
tal TE mode is concentrated in the waveguide core, whereas
the TM mode is primarily localized in the oxide cladding be-
low and air above the core. To realize the AR structure, the
waveguide core is patterned with a gradient index (GRIN) SWG
consisting of an array of triangles, as depicted in Fig. 1(b). When
the period of the grating is smaller than the wavelength in the
medium, the structure can be approximated as an equivalent
material with a refractive index gradually changing from that
of the waveguide core to the index of the cladding [15]. The
gradual transition from core to cladding suppresses facets reflec-
tions by eliminating the abrupt termination of the waveguide.
Since index grading does not rely on interference effects, it is
inherently less wavelength sensitive compared to common thin
film AR layers [4].
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Fig. 1. (a) Schematic cross-section of a standard IMOS waveg-
uide, indicating the materials with respective refractive indices
and dimensions. (b) Top view of the SWG patterned on the
waveguide facet and FDTD simulation layout. (c) and (d) Fun-
damental TE and TM electric field profiles in a 400 nm wide
IMOS waveguide, respectively.

A combination of 3D finite-difference time-domain (FDTD)
simulations for accurate reflection evaluation and 2D FDTD for
tolerance analysis was used to design the AR structures. The
model comprises a waveguide and a triangular grating with a
fixed subwavelength period of 400 nm, as shown in Fig. 1(b).
Grating length is varied from 0 to 2 µm, and the waveguide
width is varied from 2 to 4 µm. The fundamental TE or TM mode
is injected from the left at λ0 = 1550 nm towards the grating. A
power monitor left to the source measures the amount of light
reflected from the SWG structure.

The TE and TM reflections calculated by 3D FDTD as a func-
tion of the grating teeth length are shown in Fig. 2 and 3, respec-
tively. For clarity, the simulation results for a 2 µm wide SWG
are marked with the blue dots, the unmarked curves show the
results for a 4 µm wide SWG. The dash-dotted lines show the
total reflections (TE), the solid lines show the modal reflections
(TE0). The latter refers to the amount of reflected power coupled
into the counter propagating fundamental mode. At a grating
teeth length of 0 nm the structure is simply a flat facet with a re-
flection of ∼25%, as expected (Fig. 2). From these simulations it
is clear that the facet reflection decreases rapidly with increasing
grating teeth length. The TE0 reflection drops to about -30 dB for
a grating teeth length of approximately 0.5 µm. The difference
between the modal and total reflection simulations is small, in-
dicating that mode conversion is small. The oscillatory behavior

of the reflection results in three other minima at 1 µm, 1.4 µm
and 1.85 µm. Simulated reflections for these minima are between
-30 and -35 dB. The width of the waveguide has only a small
influence on the reflection.
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Fig. 2. 3D FDTD simulation results for the reflection of the TE
polarized mode as a function of the grating teeth length.

From these simulations, the preferred design spot for a sub-
stantial reduction in TE reflection is the first minimum, at about
0.51 µm. This results in a compact device with the smallest
possible aspect ratio. Even lower reflection could be achieved
for longer grating teeth lengths, that however would require
structures with a larger aspect ratio, making fabrication more
challenging.

The results for TM simulations are shown in Fig. 3. The
simulated structures are the same as described in the previous
paragraph. Without any grating teeth (length of 0 nm) the reflec-
tions are around 30%, which decrease to values below -30 dB for
grating teeth length larger than 1.4 µm. The SWG teeth are paral-
lel to the oscillations of the electric field for the TM polarization
and as a result the anti-reflection effect is less strong compared
to TE polarization. This was previously observed also in AR
SWGs on SOI waveguides [4]. The preferred design spot in this
case is 1.55 µm, at which a reflection of about -35 dB is achieved.

Next, fabrication tolerances of the proposed designs are inves-
tigated. Due to the diffraction limit and electron backscattering
in the photoresist, the resolution for EBL is limited to approxi-
mately 20 nm. There are two regions where the SWG feature size
is below 20 nm and are hence difficult to define using EBL. The
tip of each tooth will result in a rounded shape with a certain
radius and the region between the bases of two adjacent teeth
will not be defined accurately. Additionally, for an SWG with
high aspect ratios, latter regions can be also difficult to etch, due
to the etch lag effect [16]. In order to ensure a reliable fabrication,
a ‘stub’ is placed between the bases of adjacent teeth, as shown
in Fig. 1 (b). The size of this stub is made equal to the resolu-
tion of the EBL, decreasing the etch lag effect in this particular
region. 2D FDTD simulations show that a stub of 20 nm adds
approximately 3.2 and 2.1 dB to the total and modal TE reflec-
tions, respectively. Random and systematic process-induced
fluctuations such as variations in focus, dose, and resist quality
influence critical dimensions (CD). These fluctuations may result
in uniform CD variations of several nanometers with respect to
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Fig. 3. 3D FDTD simulation of the reflection of the TM polar-
ized mode as a function of the grating teeth length.

the nominal design. 2D FDTD simulations for the grating with
a waveguide width of 4 µm, length of 0.51 µm, and a stub of
20 nm were carried out to investigate the effect of a uniform CD
variation. Changing all structure dimensions by 10 nm resulted
in an increase of the facet reflection of approximately 3 dB.

To experimentally characterize reflections induced by the
facet grating, we designed the unbalanced Mach-Zehnder inter-
ferometer (MZI) schematically shown in Fig. 4. The MZI is based
on three 2×2 multimode interference couplers (MMI), leverag-
ing their low backscattering characteristics [17] and nominal
waveguides with a width of 400 nm. One of the arms contains
an MMI coupler and two 62 µm long linear adiabatic tapers ter-
minated with two identical SWG gratings R1 and R2. The phase
shift ∆ϕ in this arm is the result of the extra optical path length
of approximately 1135 µm. Surface grating couplers are used to
couple light into and out of the circuit (Pin, P2, P3, P4).

Δφ

αm
αm

αm
R1

Pin

P2

P3

P4

R2

Fig. 4. Block diagram of the unbalanced MZI used for AR
SWG characterization. Input and outputs ports Pin - P4 and
the SWGs grating under test R1 and R2 are marked.

In order to use this structure to measure the SWG reflectivity, the
output power of the bar (P3) and cross (P4) ports as a function
of the wavelength can be derived using the expression for the
transfer function of a single MZI [18]. The contrast ratio C,
defined as the ratio between the minima and maxima of the
fringes in the MZI transmission spectrum for either of the two
output ports P3 and P4, can be calculated as follows:

C =
Pout, max

Pout, min
=

((√
R1 +

√
R2

)
αme−αl + 2

)2

((√
R1 +

√
R2

)
αme−αl − 2

)2 (1)

where R1 and R2 are the corresponding SWG reflectivities, αm
the MMI coupler loss, α the waveguide propagation loss, and
l the MZI arm length difference. Assuming R1 = R2 = R,
the reflectivity R can hence be determined from the measured
contrast ratio. A total of 20 MZIs with 4 µm wide SWGs and
grating teeth length ranging from 0 to 2 µm were designed on
a 4×6 mm2 IMOS cell. The grating period was fixed at 400 nm.
Two identical cells were patterned by EBL and proximity effect
correction (PEC) and shape correction were applied to the GDS
file to compensate for electron back scattering and optimize the
dose locally.

TE polarized light was coupled in and out of the circuit using
surface grating couplers optimized for TE coupling (Fig. 5). Due
to variations in the fabrication, the optimal coupling efficiency
of the surface grating couplers was shifted to 1535 nm from the
designed 1550 nm. The wavelength of the input light was swept
from 1465 to 1575 nm using a tuneable laser source. The chip
temperature was maintained at 21°C using a Peltier element
mounted on a copper chuck. The output light intensity was
measured by a power meter.

200 μm

Fig. 5. Photograph of part of the IMOS chip showing three
Mach-Zehnder interferometers and the input and output fibers
at an angle of 10° for optimal coupling.

Two examples of the measured spectra at the output port P3
for the test MZI with SWGs teeth lengths of L=200 and L=500 nm
are shown in Fig. 6. The latter is the preferred design spot for the
TE polarized mode and, as expected, its anti-reflection properties
translate into a reduced contrast ratio of the spectral fringes
compared to the SWG with a grating teeth length of 200 nm.

The mean and standard deviation of the contrast ratio C for
each of the 20 MZIs of one design cell was determined from mul-
tiple fringes in the spectral range from 1520 to 1540 nm of the
individual devices. The calculated relative reflections derived
from Eq. (1) are then normalized using the 3D FDTD simulations
of the SWG with a grating teeth length of 200 nm. The solid line
in Fig. 7 shows the results of this analysis as a function of the
grating teeth length. Squares mark the mean relative reflections
and the error bars the standard deviations. The dashed line
shows the modal TE 3D FDTD simulation results for reference
(same data as in Fig. 2). Results of the simulations and measure-
ments are in a very good agreement and show a similar trend
of reflection as function of grating teeth length. The reflections
drop rapidly with increasing grating teeth length and similar to
the simulations the first minimum is located approximately at
500 nm at a value of -18 dB below the expected flat facet reflec-
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Fig. 6. Output power at P3 of two MZIs with facet gratings
lengths of 200 nm and 500 nm. Lower fringe contrast of the
SWG with longer grating teeth length is due to the AR prop-
erties. Contrast ratio for these test structures is 2.484±0.332
and 1.176±0.0815 for lengths of 200 and 500 nm, respectively.
To prevent cluttering of data points, only a quarter of the mea-
surements are marked.

tion of -6.8 dB. Relative reflectivity between 600 and 1600 nm is
substantially higher compared to the simulations. This is likely
related to the challenges in etching SWGs with large aspect ra-
tios. Moreover, the reflection of a flat facet is substantially lower
than what is expected from simulations. A possible explanation
for this is that non-perfect vertical etching may have resulted in
a slightly slanted facet which would suppress coupling of the
reflected light to the waveguide mode.

In conclusion, we have designed and experimentally demon-
strated an effective anti-reflection strategy for InP IMOS waveg-
uides by exploiting subwavelength gratings. These lithographi-
cally defined structures are particularly interesting for InP-based
technology platforms since the performance of active compo-
nents often relies heavily on anti-reflection coatings deposited
during post-processing. Simulated TE0 mode reflections are as
low as -30 dB for an SWG with a grating teeth length of 0.51 µm,
width of 4 µm and a fixed period of 400 nm. This results in a
compact design with a relatively low aspect ratio, which is bene-
ficial for fabrication. Reflections as low as -35 dB are achieved for
the TM0 mode for SWGs with a grating teeth length of 1.55 µm.
The anti-reflection effect was experimentally demonstrated on
waveguide facets using Mach-Zehnder interferometers as test
structures. Reflections for a 4 µm wide SWG and grating teeth
lengths varied from 0 to 2 µm yield excellent agreement with 3D
FDTD simulations.
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