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Large Beam Size Grating Coupler in Silicon-on-Insulator
Using Fully Etched Subwavelength Gratings

Miguel Barona-Ruiz,* Laureano Moreno-Pozas, Pablo Ginel-Moreno,
Alejandro Ortega-Moriux, José de Oliva-Rubio, ifiigo Molina-Ferndndez,
J. Gonzalo Wangiiemert-Pérez, and Robert Halir

Several emerging applications of silicon photonics, including sensing,
ranging, and optical trapping, require fixed, well-collimated beams that enable
interaction with targets placed centimeters away from the chip. Generating
such beams without using bulk-optic lenses entails radiating lightwaves with
diameters of hundreds of microns directly from the chip. Gratings with
sufficiently low strength have so far only been shown in the silicon nitride
platform using specialized shallow etch steps; in silicon-on-insulator the
implementation becomes much more challenging due to the increased index
contrast. Here, the first silicon-on-insulator grating capable of radiating such
large beams is reported. Using a fully etched, double-period subwavelength
structure, with feature sizes compatible with deep-ultraviolet lithography, a
beam diameter in excess of 350 um, with a 54% radiation efficiency, is

experimentally demonstrated.

1. Introduction

Silicon photonics is enabling the miniaturization of complex
optical systems in integrated optical chips that can be fabri-
cated at scale.['3] Driven by its success in Telecom and Dat-
acom, this technology is rapidly expanding into new areas
such as biosensing,[**] optical coherence tomography,[®! coher-
ent imaging,” light detection and ranging (LIDAR),!®) or optical
trapping.[®l Miniaturization does, however, come at a price: in-
terfacing silicon chips with the outside world is a challenge, due
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to the extremely small size of the waveg-
uides, of the order of 220 x 500 nm. For
telecom and datacom, efficient coupling
from these waveguides to standard op-
tical fibers placed in close proximity to
the chip is key. This can be achieved with
inverse tapers('% or conventional grat-
ing couplers that generate fixed off-chip
beams with a diameter of 10 pm.['!] For
other application areas the interfacing re-
quirements are rather different. For LI-
DAR, steerable beams with very small
divergence are needed.['?!3] These can
be generated with optical phased arrays
(OPAs): periodic arrangements of opti-
cal antennas fed through a phase-tunable
network of waveguides. However, the
periodic spacing of the antennas also
causes side-lobes in the radiated field, and, conversely, limits
their collecting efficiency since light that impinges between the
antennas is not coupled into the chip. Many other applications,
including imaging and ranging sensors,/”*! optical trapping,”’
and cardiovascular sensors,!'®] require one or several fixed, well-
collimated optical beams to enable interaction with targets situ-
ated at centimeter-scale distances from the chip. For these appli-
cations a combination of conventional grating couplers and bulk-
optics lenses is often employed. However, such opto-mechanical
solutions are bulky and require careful alignment, thus eroding
some of the advantages of optical integration.

Consequently there has been a growing interest in grating cou-
plers that can generate beams with diameters in the range of
hundreds of microns without requiring any tuning: such beams
exhibit centimeter-scale Rayleigh distances and are thus well
suited for direct, lens-less interactions between photonic chips
and macroscopic targets.”12* These grating couplers are usu-
ally implemented via the combination of a mode transformer
that expands the beam in the lateral direction and a weak grat-
ing that radiates the beam with the desired longitudinal pro-
file, as shown schematically in Figure 1a,b. The lateral mode ex-
pansion is readily achieved using evanescent coupling or side-
wall deflectors.['#] For the grating coupler, the challenge lies
in achieving a weak, yet well-controlled radiation strength. In
the silicon-nitride platform this can be achieved with an addi-
tional shallow etch depth, or a polymer overlay, yielding mode
field diameters of = 300 um.[>719-21.23241 However, these addi-
tional fabrication steps add complexity and cost. Some single-etch
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Figure 1. Diagrams of the proposed device. The diagrams are not to scale. a) 3D Schematic of the device operation. SiO, upper cladding not shown for
clarity. b) Schematic top-view of the complete device. c) Side diagram of the transition and the grating coupler.

step designs have been demonstrated in silicon nitride at the
expense of requiring precise control over feature size and
shape.[??] Designing such gratings in the more commonly used
silicon-on-insulator platform is far more challenging, since it
exhibits a much stronger index contrast than the silicon ni-
tride platform, creating intrinsically stronger scattering. Indeed,
the literature on large grating couplers in silicon-on-insulator
is scarce: a modest-size 100 pm mode field diameter) grating
based on a customized two etch-step process is demonstrated
in [18].

Here, we propose and experimentally demonstrate what is, to
the best of our knowledge, the first large-area grating coupler
that can be fabricated in a single, full etch step in the silicon-on-
insulator platform. Leveraging the properties of subwavelength
structures,?*?’] we design a grating with a longitudinal mode
field diameter of 450 pm (350 pm measured experimentally), cor-
responding to a Rayleigh length of 10.2 cm (6.2 cm). Comparably
large feature sizes of 126 nm ensure that the device is also fabri-
cable at scale.

2. Device Structure and Operation Principle

Our grating design is shown schematically in Figure 1a,b and
consists of three distinct regions:
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® An evanescent coupler to expand the mode from the single-
mode waveguide to a 100 pm mode field diameter (MFD) gaus-
sian slab mode. We used this intermediate width to save chip
area and note that using the same principle wider slab modes
can be readily generated.

® A transition region that provides gradual matching between
the large slab region and the diffractive grating itself. This tran-
sition reduces back-reflections, and facilitates homogeneous
etching conditions along the grating.

® The diffractive grating itself, which radiates light with a lon-
gitudinal mode field diameter of 450 pm. The key to achieving
this remarkable beam size with fully etched silicon waveguides
isillustrated in Figure 1c: each radiation period, A 4, is divided
into two subwavelength segments spaced at Agqyg = Ayq/2.
When the subwavelength segments are identical in size, i.e.,
la, — a,| = 0, the structure acts as an equivalent homogeneous
waveguide, suppressing all diffraction effects.[??] When |a, —
a,| > 0 the structure starts diffracting, and the amount of light
that is coupled into freespace in each radiation period is di-
rectly controlled by the difference in segment size, a, — a,, en-
abling extremely large beam sizes, as described in detail in
Section 3.3. While most grating topologies require smaller fea-
ture sizes to achieve larger beam sizes, our approach works
with comparatively large segments with small size differences,
making it more amenable to fabrication.
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Table 1. Optimized parameters of the 450 um MFD grating coupler shown
in Figure 1. Note that the gaps in the buffer region are simply given by

Abuffer ~ Opuffer-

Gap,  Gapenq Angle,,  Laige Linw  Anglegy,  Weaing L

grating
1360nm 200nm  0.135°  495.5pm  40pm 30.3° 340pm 950 pm

Lbuffer Abuffer puffer Ataper,] Otaper,1 Ataper,Z Otaper,2 Ataper,3
50 pum 320nm  224nm  352nm  246nm 384 nm 269nm  416nm

Ataper,3 Atapera  Otapers Aswe a, a; 8aPswc
29Tnm  450nm 315nm  450nm  126nm 247.5nm 263.25nm

For our design, we consider a 220 nm thick silicon on insula-
tor platform, surrounded by a 2 pm and 2.2 pm thick buried sil-
ica layer and cladding, respectively. The operation wavelength is
1.55 pm and transverse magentic-polarized (TM-polarized) light
is assumed. As a proof of principle, we will focus here on an un-
apodized design with an equivalent MFD of 450 pm. Since beams
with an exponentially decaying field profile, exp(—ax), and radi-
ating at an angle 0, can be well approximated by a gaussian beam
with mode field diameter®®)

MFD = 1.36 cos(0)/a (1)

this corresponds to a field decay factor a« = 3 Npmm™!. Indeed,
we will show below that the far-field of this exponential near-field
beam is almost indistinguishable from the far-field of a gaussian
beam with a MFD of 450 pm.

3. Design

3.1. Evanescent Coupler

To feed the grating coupler with the required profile, an evanes-
cent coupler is designed, as shown schematically in Figure 1b. It
converts the 500 nm-wide waveguide mode into a quasi-gaussian
slab-guided wave with a 100 pm mode-field diameter and a flat
wavefront, parallel to the grating. This wave is radiated within
the chip plan at an angle of angle_, = 30.3° with respect to the
waveguide. The shape of the radiated wave is controlled by the
gap between the input waveguide and the slab: with an initial gap
0f 1360 nm, the waveguide approaches the silicon slab with an an-
gleof angle = 0.135° along a length of L, ;. = 495.5 pm, when
the gap between the waveguide and the slab is gap, , = 200 nm.
Then, the approaching waveguide is set parallel to the slab over
the remaining length L., = 40 ym. The optimized geometric pa-
rameters of the coupler are given in Table 1.

3.2. Transition Region

To reduce spurious reflections from the grating region, we de-
signed a ~ 50 pm long transition region between the evanes-
cent coupler and the grating. As shown in Figure 1D, this region
consists of a subwavelength grating (SWG) with period A g, =
320nm and duty cycle DC, g, = Gpuger/ Apuer = 0.7 that main-
tains low reflections and suppresses diffraction, even when over
or under-etched. Then, four periods are added so that the pitch
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Agper Of the structure is linearly tapered from A4, = 320nm to
Agwc = 450 nm, matching the pitch of the grating. Indeed, in our
design this approach yields back reflections below —14 dB. The
exact dimensions used in the transition region are summarized
in Table 1. We note that the dimensions in this region are not
critical as long as they provide a smooth transition between the
waveguide and the grating itself, and that back-reflections could
be further reduced by using the transition to not only match the
pitch but also the duty-cycle of the grating. A further advantage
of the transition region is that it alleviates the abrupt change in
feature density between the grating coupler and the large input
slab that poses a challenge for some fabrication processes.

3.3. Diffractive Grating

The grating’s main feature is the use of a radiation period
A4 composed of two subwavelength periods: A,y = 2Aqyc, as
shown in Figure 1c. We define the duty cycle of both periods as
DC, = a,/Agyc and DC, = a,/Agy. The grating only radiates
light when the duty cycle difference ADC = DC, — DC, is non-
zero, enabling us to control the radiation strength in a wide mar-
gin.

To study the behavior of the grating we used an in-house
Bloch-Floquet mode solver (FEXEN).[??! The grating operation
depends mainly on three parameters: the pitch of the radiation
period A4, the mean duty cycle of both periods DC,.,, = (DC, +
DC,)/2, and the difference between the duty cycles of both SWG
periods, ADC. In the following we will derive a procedure to se-
lect these three parameters in order to obtain a desired radiation
angle (9) and mode field diameter (MFD).

Our approach is based on the fact that the radiation angle de-
pends only weakly on the difference of duty cycles, ADC. This
can be understood by examining the grating equation in the first
radiation zone, § = arcsin(ng — A/A,,4), where ny, is the effective
index of the Bloch mode of the grating, A is the working wave-
length and 6 is the radiation angle. It is clear that the angle de-
pends on A, and ng. Intuitively, if ADC is changed, but DC, .,
is kept constant, the effective index of the mode ny will change
only slightly, since the amount of silicon in the radiation period
remains the same; thus the radiation angle will not change. This
is can be verified in Figure 2a,b, which show simulated countour
maps of the radiation angle as a function of ADC, DC,,,, and
A,,q- It can be observed that the contour lines are almost verti-
cal until the Bragg zone is reached, indicating that the angle is
indeed almost independent of ADC in the first radiation zone.

We can now conveniently represent the radiation angle 6 as
function of only DC_ .., and A_,, as shown in Figure 3a, for
ADC = 0.27. The contour lines allow us to find different design
points {A,,4, DC, ...} for the desired 6. We consider § = —8.5° as
target angle, since it is close to vertical radiation, but with a safe
margin to the Bragg regime. Three points that achieve § = —8.5°
are marked in Figure 3a: A,y = 860 nm, DC_ ., =0.59; A4 =
880 nm, DC_,, = 0.51; A,y = 900 nm, DC_,, = 0.415.

To determine which one of these points is best suited for our
target mode field diameter, we analyse the Floquet mode field de-
cay factor a as a function of ADC, yielding the results shown in
Figure 3b. We observe that the radiation strength grows approx-
imately as a fourth order polynomial with ADC, and, critically,
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Figure 2. Contour map of the radiation angle 6 a) as a function of DC,,,, and ADC for A4 = 900nm, and b) as a function of A4 and ADC for

DC

mean

arbitrarily small values of @, and hence very large mode field di-
ameters, can be achieved by simply reducing ADC. The rate of
change of @ depends mainly on the DC, ., at each design point.
The figure also shows how the angle 6 changes at maximum 0.5°
in the entire sweep, which makes it particulary straightforward
to apodize the grating if needed. We now simply select the point
in each curve that achieves the desired radiation strength . In
our case, the radiation strength that achieves an equivalent MFD
of 450 pm is @ = 3 Npmm™! (see Equation (1)).

In Figure 3c, the parameters for designs A, B, and C are shown,
along their respective radiation efficiency (RE), i.e., the amount
of power radiated upwards (into air). The RE was calculated by

= 0.44. In both cases the radiation angle is virtually independent of ADC.

placing a power monitor at a height of 5.5 pm above the grating,
in the air region. The power measured by the power monitor in
the upward direction is divided by the total power injected into
the grating to obtain the RE. The RE is dependent on the radia-
tion angle and the BOX thickness (2 pm in this platform), since
it depends on the interference produced by the beam that is ra-
diated upwards and the beam that is radiated downwards and
then reflected at the BOX-substrate interface (see Figure 1c). The
layer thicknesses considered for these simulations are given in
Figure 1c. Since the RE does not vary significantly between the
different points, we can choose the design point based on toler-
ances to fabrication errors and the minimum feature size. We

a Radiation angle 8 b
0.7 B B 30 : : , -6
== Avag = 860nm, DC ey = 0.59
251 = A,y = 880nM, DCppeay = 0.51
0.6 “= Avag= 900nM, DC,er = 0.415 -7
C E20
g £
o 08 515
a < é—'
Sq0-cizziiiinziOr
0.4
5 L
0.3 0
800 850 900 950 1000 0
Arad (nm)
C
Arad (nm) DCmean ADC RE (%)
Design A 860 0.59 0.14 59
Design B 880 0.51 0.18 60
Design C 900 0.415 0.27 61

Figure 3. a) Contour map of @ as a function of A,y and DC,,,, for a ADC of 0.27. The three red stars mark three different combinations of (A4,

DC

mean)

that result in = —8.5°. b) ADC sweep of the radiation strength « (left axis) and radiation angle 6 (right axis) for the three points previously

chosen in Figure 3a, marked with red stars. The three green stars mark the points of each curve where a = 3 Npmm™', equivalent to the desired MFD
of 450 pm. c) Parameters of the three designed gratings, where the radiation efficiency (RE) is the fraction of input power radiated upwards.
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Figure 4. Fabrication tolerances for a) the normalized radiation strength a and b) the radiation angle 6 at the three points chosen in Figure 3b, for a
fabrication error up to 30 nm. a,,o,, is defined as a,,, = a(Aa)/a(Aa = 0nm).

note that by using a second etch depth one could create a verti-
cal asymmetry that can contribute to an enhanced radiation ef-
ficiency. This would also further weaken the perturbation, en-
abling even larger beam sizes. The tolerance analysis for the radi-
ation strength « and radiation angle 0 is presented in Figure 4a,b,
respectively, where a, and a, (see Figure 1a) are increased or de-
creased by Aa, resulting in 4} = a, + Aa and a), = a, + Aa. For
a +30 nm error the radiation strength increases or decreases
approximately by a factor of 1.5 to 1.8. On the other hand, for
the same fabrication deviation a +2° error in the radiation angle
0 occurs. Regarding changes in temperature, we have checked
that the performance of the gratings barely changes even with
changes in excess of 50°.

For our design we choose point C, where A 4 =900 nm,
DC,,q = 0.415 and ADC = 0.27, since this is the point with less
angle variations due to fabrication errors. The width of the grat-
ing Wyyuing = 340 pm, is chosen so that the slab mode produced
by the evanescent coupler is confined within the grating coupler.
Likewise, we select the length of the grating for it to radiate most
of the input power, L, ., = 950 pm. The complete design pa-
rameters can be found in Table 1. We note that while our smallest
feature size is 96 nm in the buffer region, the grating works with
features larger than 120 nm, and could be further optimized to
be fully compatible with DUV lithography. To check the perfor-
mance of the designed grating, the fundamental TM mode prop-
agation along the grating is simulated using FEXEN as shown in
Figure 5a. Once the radiated field is obtained, the radiation dia-
gram is calculated from the near-field, following the method out-
lined in [30] section 2.3.1, yielding the results shown in Figure 5b.
We observe that the center of the radiation diagram is § = —8.5°
and the full width at the half maximum power for the elevation
axis (FWHM,) is 0.1°. This matches well with the theoretical
value of FWHM,, = 0.09° for an exponential with @ = 3Npmm !
obtained vialP!l:

2a

FWHM, = ——
? 7 kycos o

(2)

Referring to Figure 5b we note that while the far-field of our
grating does not exhibit exactly the same shape as that of a gaus-

Laser Photonics Rev. 2025, 2401775 2401775 (5 0f9)

sian with MFD =450 pm (the overlap value between them is
77%), their FWHM, values are very similar. This validates our
approach to generate beams for lens-less interaction at centime-
ter scales. We additionally note that by using a second etch depth

LN

400 600 800 100

X (um) 0
b ——
—— Gaussian with MFD = 450 pm
—— Designed grating coupler
Exponential with a = 3 Np/mm
2
‘@
c
L
£
o
[0}
N
®©
S
o
z

-8.5 -8

0(°)
Figure 5. a) Field propagation along the grating, in a logarithmical scale.
The near-field is monitored along the dashed white line. Note that the tran-
sition region extends along first 50 um. b) Calculated far-field diagram of
the designed grating, compared to the radiation diagram of a 450 pm the-
oretical gaussian and of an exponential with & = 3 Npmm™'.
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Figure 6. a) SEM image of part of the grating coupler showing the grating period and the subwavelength period. b) Photograph of the setup used to
measure the grating coupler. ¢) Coordinate system used for the measurements.

one could create a vertical asymmetry that can contribute to an
enhanced radiation efficiency. This would also further weaken
the perturbation, enabling even larger beam sizes.

4. Experimental Results

To experimentally validate our design, the grating coupler was
fabricated using Applied Nanotool’s standard single-etch pro-
cess for 220nm SOI, with a 2 pm thick buried oxide layer.3?) A
100keV electron-beam was used to pattern the resist, and struc-
tures were transferred into the silicon layer via reactive ion etch-
ing. A 2.2 pm-thick oxide layer was deposited on top using plasma
enhanced chemical vapor deposition. This technique is known to
produce small air gaps when filling narrow trenches. However,
our simulations showed that these gaps do not have a significant
impact on the performance of the grating. A SEM image of the
grating coupler is shown in Figure 6a, showing a good reproduc-
tion of the grating structure, with minor roughness on the edges.

To measure the grating coupler, the setup shown in Figure 6b
is used. An Agilent 8164B lightwave measurement system is
employed, equipped with a 81600B tunable laser output and a
81634B power sensor. A polarization rotator is connected to the
laser output to set the desired polarization at the chip input.
Lensed fibers are used to inject the light in and out of the chip’s
edges, with spot size converters placed at the edge of the chip to
improve the coupling between the lensed fibers modes and the
on-chip waveguides.l'%l The coordinate system used for the mea-
surements is illustrated in Figure 6¢, where x is the direction of
propagation of light within the chip.

Laser Photonics Rev. 2025, 2401775 2401775 (6 of 9)

On the chip, light is split evenly into two waveguides. The
first waveguide serves as a reference directing light to the out-
put lensed fiber connected to the 81634B power sensor. The sec-
ond waveguide is directly connected to the grating. In order to
measure the light radiated by the grating coupler, the WiDy SenS
640V-ST IR camera is used with either a near-field or far-field
lens system. To measure the near-field, we used a lens system
composed of the Excelitas 45-08-06-000 x1 camera tube, the 45-
31-10-000 7:1 zoom module and the 35-03-10-000 15 mm man-
ual focus element. The camera was placed perpendicular to the
beam, at the expected angle of # = —8.5°. The working distance
of the lens system is 20 cm and known physical distances on the
chip were used to calibrate the axes measured with the camera.

The resulting near-field measurements are shown in
Figure 7a. Along the transversal y-axis, the field expanded by
the evanescent coupler is quasi-gaussian with a MFD = 120 pm.
This reasonably matches the designed value of 100 pm. Figure 7c
shows the longitudinal x-axis cut at the point of maximum power,
as well as a fit with an exponential curve with 2a = 7.6 Npmm™!.
This corresponds, following Equation (1), to an equivalent MFD
of 358 um and is close to the designed value of 2a = 6 Npmm~™.
This experimentally validates our design approach to achieve
large mode field diameters with fully etched gratings in silicon.

Next, we designed a far-field lens system that transforms an-
gles into displacements in the focal plane, i.e., the camera sen-
sor; this displacement depends on the focal length (f) of the
lens: d = tan(angle) X f. The designed lens system consists of an
Thorlabs AC254-030-C-ML lens, an SM1L03 lens tube and the
SM1A9 adapter for the camera. The camera sensor has a width
and height of 9.6 mm x 7.68 mm, while the lens has a focal length
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Figure 7. a) Measured near-field power radiated by the grating coupler. Cut at position of maximum power along b) the y- axis and c) the x-axis. d)
Measured far-field intensity and cut along the #-axis, compared with the radiation diagram calculated from the near-field measurement with linear phase

and parabolic phase.

of 35.1 mm. Therefore, the field of view of the system for the ele-

vation angle is % x 2% = 15.7°; while the azimuth field of view

351
is B x Zﬁ = 12.5°. Since the camera has 640 x 512 pixels, the

systgm has a resolution of 0.025°. We use the far-field lens system
to measure both  and ¢, rotating the camera until it is completely
perpendicular to the beam.

The measured far-field radiation is represented in Figure 7d,
along an elevation axis (6) cut at the point of maximum intensity.
There is a small shift in the elevation angle from the designed
value of —8.5° to —9.6° in the measurements. The full width at
half maximum (FWHM,) is 0.24°, which is broader than the 0.1°
expected from Figure 5b. To investigate this discrepancy, we cal-
culated the far-field intensity from the measured near-field us-
ing the same method as in the design section, and assuming
a perfectly linear phase. As shown in Figure 7d, this yielded a
FWHM, 0f 0.11° closely matching the theoretical value. This sug-
gests that the broadening arises from minor fabrication imper-
fections that result in a slighly non-linear phase. Indeed, calcu-
lating the far field intensity from the measure near field, with an
added parabolic phase 15x? [rad] centered at the beginning of the
grating, yields a very good fit with the directly measured far field,
as shown in Figure 7d. Such a parabolic phase error could arise,

Laser Photonics Rev. 2025, 2401775 2401775 (7 0f9)

for example, from spurious chirping of the grating period of the
order of 4nm mm™! along the grating.

To measure the radiation efficiency of the grating we pro-
ceeded as follows. First, the camera with the far-field lens sys-
tem was power-calibrated, using a collimated beam with known
power-levels and ensuring that the non of the pixels of the cam-
era saturated. A sequence of frames of the light radiated by the
grating was then recorded. To reduce noise, 15 frames were av-
eraged, and the dark-frame was substracted. The total radiated
power was then obtained by adding the value of all pixels. After a
thorough calibration of the system losses, detailed in Appendix A,
we obtained a radiation efficiency of the grating coupler of 54 %,
close to the simulated value of 64 %.

Table 2 summarizes our results compared to existing litera-
ture. We highlight that most designs are reported for the silicon
nitride platform and use two etch steps. Compared to the only
work reported so far in silicon-on-insulator our approach pro-
vides a more than threefold increase in beam diameter, and an
enhanced radiation efficiency, while using only a single etch step.
Regarding repeatability we measured a variety of other designs
targeting MFDs ranging from 185 pm to 450 pm and measured
deviations ofless than 25% in MFD compared to the target values.
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Figure A1. Schematic of the measurement system components and the in-chip components.

Table 2. Comparative table between previous works and our paper.

Paper Platform  MFD [um]  Radiation efficiency ~ Number of etch steps
07 SiN 320 67 % Two
19l SiN 707 16 % Two
119] SiN 200 56 % Two
120] SiN 160 — Two
124] SiN 160 70 % Two
21+ SiN 80 7.9% Two
122] SiN ~ 2007 63 % One
18] sol 100 33% Two
This work SOl 358 54 % One

The work marked with * have not been experimentally characterized. ™ Indirect mea-
surements of up to milimeter size diameters are also reported, but require sidewall
corrugations of the order of a few nanometers.

5. Conclusions

We have proposed and demonstrated a novel grating structure ca-
pable of producing beams with diamaters of hundreds of microns
in the silicon-on-insulator platform, thereby enabling efficient in-
teractions with targets centimeters away from the chip. The ju-
dicious use of subwavelength structuring enables devices with
DUV-compatible feature sizes that can be fabricated with a single
etch step. Furthermore, the subwavelength topology can create a
wide range of grating strength, making apodization straightfor-
ward. We believe that this approach will enable large scale fabri-
cation of photonic far-field sensors.

Appendix A: Calculation of the Radiation Efficiency

Figure A1 shows the block diagram of the different components of
the measurement setup and inside the chip. To characterize the radia-
tion efficiency (RE) of the grating coupler we compare the power mea-
sured at the power meter, Ppy,, and the camera, Pc,era- At the outputs
of the 1x 2 MMI power is split evenly towards the reference arm and the
grating arm with power Py. Within the reference arm losses arise from
propagation through the waveguide, IL, o, = 2.6 dBcm™ along a length of
Lreference = 0.5 cm, coupling of the light between the edge coupler and the
output lensed fiber IL o, pjin, = 2.25dB, and fiber connectors of the output
stage, ILoypye = 0.6 dB. In the grating coupler arm, the losses are induced

Laser Photonics Rev. 2025, 2401775 2401775 (8 of 9)

by the waveguide propagation IL,,, along a length of Ly, = 0.06 cm
and by the radiation efficiency of the grating coupler. We can summarize
the above with the following equation expressed in dB:

IL Il opL,

Reference arm : Pem = Po — IL, coupling — 'prop “reference (A1)

output

Gratingarm : Pcamera = Po + RE =1L, L

prop —grating (AZ)

From these equations, we find the radiation efficiency as:

RE = Pcymera — Powt — 1L I, I

Lreference - Lgrating) (AB)

output — 'coupling ™ prop(

For a laser input power of —10dBm, the measured power at the power
meter was Ppyy = —24.4 dBm and while the power measured with the cam-
era was Pc,mera = —23.1dBm. By using the equation above, we obtain a
radiation efficiency RE = —2.7dB = 54 %.
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