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Abstract: Efficient power coupling between on-chip guided and free-space optical modes
requires precision spatial mode matching with apodized grating couplers. Yet, grating apodizations
are often limited by the minimum feature size of the fabrication approach. This is especially
challenging when small feature sizes are required to fabricate gratings at short wavelengths or to
achieve weakly scattered light for large-area gratings. Here, we demonstrate a fish-bone grating
coupler for precision beam shaping and the generation of millimeter-scale beams at 461 nm
wavelength. Our design decouples the minimum feature size from the minimum achievable
optical scattering strength, allowing smooth turn-on and continuous control of the emission. Our
approach is compatible with commercial foundry photolithography and has reduced sensitivity
to both the resolution and the variability of the fabrication approach compared to subwavelength
meta-gratings, which often require electron beam lithography.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photonic integrated circuit (PIC) technologies offer a scalable approach to manufacturing photonic
systems. PICs often employ grating couplers for converting between on-chip waveguide modes
and off-chip modes. These off-chip modes can include optical fiber modes [1], free-space
Gaussian beams [2], vortex beams [3], and beams carrying orbital angular momentum states
[4]. Coupling to fiber modes requires micron-sized gratings to match the mode size of the fiber,
while free-space couplers can range in size from microns to millimeters. Larger grating couplers
provide better free-space beam collimation, which is useful for integrated sensors [5], laser
cooling [6,7], and light detection and ranging (LIDAR) applications [8].

Efficient power conversion from chip to free-space modes requires apodized grating designs to
shape the beam profile and match it with the out-of-plane mode. When designing this apodization,
there are tradeoffs constraining the beam shape, the beam size, and the power conversion efficiency
[9]. For large gratings, beam shaping is limited by the weakest achievable out-coupling strength,
which is typically linked to the minimum feature size set by the lithography approach.

Weaker outcoupling enables larger beam profiles, which can be achieved by fabricating smaller
grating elements—typically controlled by either grating depth or width. Reducing the grating
depth requires precise control of a partial etch process [6], which is less repeatable than full
etch processes [10,11] and not typically amenable to high-throughput manufacturing [12,13]. In
contrast, reducing the grating widths requires higher resolution lithography. Typical foundry
processing can achieve 100 nm to 250 nm resolution using deep UV photolithography. Higher
resolution, on the order of 10s of nanometers, can be achieved using electron-beam lithography
(EBL), yet this approach is serial and less scalable for manufacturing. EBL also suffers from
stitching errors, which can affect the writing of large area grating couplers. Approaches that
reduce the grating’s effective widths by utilizing subwavelength meta-gratings can be employed
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to create larger grating couplers at blue wavelengths [9], however, beam shaping was still
fundamentally limited by the 30 nm minimum feature size achieved by EBL. Additional solutions
can exploit bound-in-continuum modes to decrease the outcoupling strength and provide surface
normal emission [14], yet, these structures are resonant and highly narrowband. A recently
demonstrated meta-grating approach uses broken symmetry for continuous control of scattering
parameters [15], however scaling these subwavelength devices to operate at visible wavelengths
requires high-resolution patterning of densely packed elements. Alternative designs are still
required to create large area grating couplers compatible with photolithography and commercial
foundry processing.

In this article, we develop a grating design based on a fish-bone structure to create apodized
millimeter scale beams at 461 nm wavelength. Fish-bone gratings use differential changes to the
spine of the grating element to scatter light into free space. These differential changes can be
much smaller than the fabrication resolution, which enable weaker scattering and large beam
sizes. Fish-bone gratings have previously been developed using partially etched structures for
atomic sensing [16], they also have been shown to provide broadband operation in free-standing
structures [17] as well as large area beams for LIDAR applications [18,8]. We develop fish-bone
gratings with ~ 100 nm minimum feature sizes and compatibility with fully-etched fabrication
processing to create millimeter-scale gratings at 461 nm and 780 nm wavelengths. We tested
our designs using EBL and confirmed their performance using a commercial foundry process
[19]. Our design combines an evanescent coupler (EVC) [2] with a fish-bone grating to expand
the mode profile of a sub-micron sized waveguide into a free-space beam with ~ 1 mm by 3
mm beam diameter, expanded by the EVC and the grating respectively, thus, achieving greater
than a 10° expansion in mode area. The fish-bone grating can achieve both arbitrarily weak
scattering strengths and a large apodization dynamic range. We demonstrate fabrication via
photolithography of grating elements with amplitudes as low as 2 nm, which is far below the
resolution of EBL. This amplitude is not fundamental but can be reduced by using a finer
resolution apodization design. Additionally, our fish-bone gratings have significantly reduced
sensitivity to feature-size dilation caused by fabrication variations compared to subwavelength
meta-gratings.

2. Design approach

We design our gratings to be compatible with deep-UV photolithography and foundry-scale
manufacturing. The device layer consists of a 100 nm thick silicon nitride layer that is fully etched
and clad on top and bottom with oxide. This single device layer includes the fish-bone grating,
the EVC, routing waveguides, and the spot-size converters used for fiber coupling at the chip facet.
We fabricated test devices on an oxidized silicon wafer. The oxide is grown to a nominal thickness
of 2.7 um using a wet thermal oxidation process. The device layer consists of stoichiometric
SizNy4 grown using low-pressure chemical vapor deposition (LPCVD) to a nominal thickness of
100 nm. The EVC and grating elements as well as the fiber couplers at the facet of the chip are
patterned using EBL while the waveguides are patterned using a subsequent photolithography
step. The fiber couplers include subwavelength structures to expand the waveguide mode to
better match that of the fiber [20]. The EVC produces a ~ 200 um diameter Gaussian slab-mode
beam that is incident normal to the grating [2]. Similar to the gratings, the EVCs can be apodized
to generate custom beam profiles that are non-Gaussian. All EBL structures are etched using a
single reactive ion etch step through the entire nitride layer thickness. The device layer is then
overgrown with a low temperature oxide cladding to a nominal 2.5 um thickness using LPCVD.
The wafer is then diced, and the edges are polished to expose the edge couplers.

The grating design consists of a subwavelength array of identical apodized fish-bone structures,
with the spine of the grating element oriented parallel with the propagation direction (Fig. 1(a)).
Figure 1(b) shows an expanded view of a single fish-bone structure. Each grating “spine” consists



Research Article Vol. 31, No. 24/20 Nov 2023/ Optics Express 40794 |

Optics EXPRESS RN,

of a sinusoidally varying amplitude with a mode-converting taper at the start and the end of the
structure. The tapers have a width (W,,,) defined by the minimum feature size of the lithography
approach and a length (L4,) that produces an adiabatic transition from the dielectric slab mode
to the fish-bone mode. Choosing the lateral grating period, A,, less than the wavelength of the
slab mode prevents lateral scattering in the grating [21] by making it an optical metamaterial. In
the design described in this paper, we fix the period of the sinusoid, Ay, and the average spine
width W, however, both parameters can be varied for further apodization control.

(a)

Wid
—_— |
320 pm 300 pm

Fig. 1. (a) Fish-bone grating design with slab-mode light incident from the left (blue arrow).
Etched regions are shown in white. (b) An enlarged depiction of the beginning and end of
the fish-bone grating, consisting of input (left) and output (right) tapers and an apodized
sinusoidal structure in the middle. X and Y dimensions are not shown to scale. (c) Image of
the light emitted from a fabricated fish-bone grating with a 45 nm minimum feature size
and light incident from the left (blue arrow). Grating area outline in gray. Scale bars are
100 um. (d) Profile of the fish-bone-grating beam with a Gaussian fit (black). The light
blue region corresponds to a one standard deviation measurement uncertainty of the beam
intensity profile, obtained from different horizontal slices of the profile from panel c. The
dark blue line corresponds to the mean profile. Bottom inset shows a fish-bone grating unit
cell. Top-right inset shows the period and amplitude of apodization. (e) Image of the light
emitted from a fabricated meta-grating with a 30 nm minimum feature size and light incident
from the left (blue arrow). Grating outline in gray. (f) Mean profile of the meta-grating
beam (blue) with a Gaussian fit (black) and one-standard deviation measurement uncertainty
(light blue region). Bottom inset shows a meta-grating unit cell. Top-right inset shows the
period and width of apodization.

By converting from the dielectric slab mode to the fish-bone mode, beam shaping becomes
unimpeded by the minimum feature size of the lithography. Zero outcoupling is achieved
with zero amplitude modulation of the fish-bone structure. The outcoupling strength can be
increased with infinitesimally small increases of the modulation amplitude. This capability
contrasts with typical gratings and subwavelength meta-gratings, which are characterized by a
finite and discontinuous increase in the outcoupling strength at the beginning of the grating. This
discrete increase results from the finite feature size of the smallest grating element. The beam
shaping performance of a fish-bone grating is experimentally compared with a subwavelength
meta-grating, both operating at 461 nm wavelength and fabricated using a fully etched device
layer (Fig. 1(c) and 1(e), respectively, with profiles of the beams and the apodization design
shown in Fig. 1(d) and 1(f)).
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The fish-bone grating performance is characterized by a smooth transition of the mode profile
near the front of the grating, which is indicative of the smooth increase of the outcoupling
strength from zero. This contrasts with the meta-grating design, which shows an abrupt transition
at the onset of the grating. Smoother transitions can be achieved with gratings using a partial
etch design [6,9]. The apodization of the fish-bone grating is elliptical in amplitude with a
constant period, while the meta-grating has linear apodizations of both amplitude and period.
The fish-bone apodization is relatively strong, to ensure all power is outcoupled within the 320
um grating size, which is limited by the write field of the EBL and includes input and output
tapers with T, = 10 um on either end. Power measurements of the outcoupled light indicate that
both designs achieve ~ 2 dB loss (including both grating insertion loss and outcoupling loss),
with the edge couplers incurring =~ 5 dB loss [7] and propagation accounting for ~ 1.3 dB/cm loss.

The fish-bone grating produces a Gaussian-like profile, while the fully etched meta-grating of
the same period can only produce an exponential-like profile, since the minimum outcoupling
strength of the meta-grating is too strong to allow shaping of such a large area beam. Both
grating designs are fabricated using EBL, a full etch of the device layer, and a subwavelength
A, period of 250 nm. While the meta-grating has a nominal minimum feature size of 30 nm,
the fish-bone grating has a minimum feature size of Wy,, =45 nm, but with the minimum line
and gap sizes equal to S0 nm and 125 nm, respectively. The smoother fish-bone grating beam
profile is achieved using small modulations to the line widths and is not limited by the absolute
minimum feature size.

Figure 2 shows results from fish-bone structures written with both the minimum line and
gap sizes > 90nm, including Wy,,. This feature size is more compatible with the limits of
foundry-level photolithography. Devices operating at 461 nm and 780 nm are shown. Despite the
much larger minimum feature size, Gaussian beam profiles can still be readily achieved at 461 nm.
Instead of limiting beam-shaping, the larger feature size only causes an increase in the scatter
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Fig. 2. Beam profiles from fish-bone gratings with a 90 nm minimum feature size. (a)
Top-down view of the 461 nm emission from a fish-bone grating with light incident from
the left (blue arrow). Scale bars are 100 um. (b) Beam profile, measured from multiple
horizontal stripes with the mean profile in blue and one standard deviation measurement
uncertainty in light blue, with a Gaussian fit (black). (c) Beam imaged at increasing height
from the chip surface. (d) Top-down view of the 780 nm emission from a fish-bone grating
with light incident from the left (orange arrow). (e) Beam profile, measured from multiple
horizontal stripes with the mean profile in orange and one standard deviation measurement
uncertainty in light orange, with a Gaussian fit (black). (f) Beam imaged at increasing height
from the chip surface. (g) Fitted beam waist in the x direction at increasing heights above
the chip for the 461 nm (blue) and 780 nm (orange) designs. The one standard deviation
measurement uncertainty of the 461 nm and 780 nm beam Gaussian fit widths are depicted
in light blue and orange, respectively.
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at the slab-to-fish-bone mode transition (seen as a small sharp peak on the left in the profile in
Fig. 2(b) and all subsequent fish-bone gratings that use photolithography-compatible minimum
feature sizes). Light scattered here radiates in all directions, rapidly decreasing in intensity in the
far-field. Designs at 461 nm and 780 nm are also both well collimated over millimeter length
scales (Fig. 2 g), with a slight divergence and convergence, respectively, that can be compensated
with slight apodization of the grating period to flatten the phase front in future designs.

3. Simulated performance

Eigenmode analysis of the fish-bone grating reveals several advantages compared with line
gratings and meta-gratings. Figure 3 plots the calculated real (Fig. 3(a)) and imaginary (Fig. 3(b))
eigenfrequencies as a function of the size parameter that controls the scattering strength. To
understand the dispersive behavior of a conventional line grating, we simulate fully etched
transverse line gratings with the same 100 nm nitride thickness and varied line widths (blue
data). These etched features are much smaller than what typical lithography can achieve. The
scattering strength of a line grating is proportional to the imaginary eigenfrequency, which
increases quadratically with increasing line width. The simulated trend deviates from quadratic
when the grating element is no longer perturbative, with grating line widths greater than ~ 35 nm.
The change in the real component of the eigenfrequency (Fig. 3(a)) with feature size results from
the changing effective index of the unit cell. Such dispersion must be compensated by varying
the period of the grating when apodizing the scattering strength.
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Fig. 3. Performance scaling of fish-bone gratings with feature size. (a) Calculated
eigenmode frequency of line gratings (blue circles), meta-gratings (gray triangles), and
fish-bone gratings (black squares) with increasing feature size. The dielectric slab is set to
be 100 nm thick and the grating period Ax =250 nm in all cases. (b) Normalized imaginary
frequency change with feature size. At small feature sizes both the Bragg and fish-bone
gratings scale quadratically with feature size (fit with 2.02 +0.07 and 2.00 + 0.03 power
law trends, respectively), while meta-gratings scale cubically (fit to a 2.97 = 0.08 power
law). (c) Fitting of an experimentally obtained beam profile (black, with fit in red) with the
apodization design (blue, dashed) to empirically fit the correlation between the feature size
amplitude to the outcoupling-strength (inset). The green vertical line indicate the extent
of the grating used to fit the spatial scale. (d) Simulated beam profiles (black) obtained by
linear apodizations (blue lines) using the empirical out-coupling strength correlation fit from
panel c and replotted in the inset in units of the decay length. (e) Simulated transmission
(black solid) and reflection (blue dash) performance of the insertion tapers as a function of
taper length with a constant taper width of 40 nm. (f) Simulated performance as a function
of taper tip width with a constant taper length of 10 um.
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Compared with line gratings and meta-gratings (gray data), fish-bone gratings (black data)
achieve weaker scattering strengths, a larger scattering dynamic range, and lower mode dispersion.
Like line gratings, fish-bone gratings scale quadratically with feature size, while meta-gratings
scale cubically. This cubic scaling indicates that meta-gratings are more sensitive to fabrication
variations than the other two grating designs. Meta-gratings are also the most dispersive of these
designs, requiring the most compensation to achieve a flat phase front with an apodized design.
While meta-gratings can achieve scattering strengths as weak as sub-resolution line gratings [9],
fish-bone gratings can achieve even weaker scattering, down to zero with a 0 nm amplitude.

Analysis of fabricated devices demonstrate how the weak scattering strength of fish-bone
gratings can enable millimeter-scale beams. Figure 3(c) shows the measured beam profile
from a fish-bone grating (same device as in Fig. 2(a)-(c)) overlaid with the designed amplitude
apodization (blue curve). Assuming a quadratic relationship between the outcoupling strength
and the apodization amplitude, we calculate a best fit to the measured data (red curve). The
inverse of the outcoupling strength is the decay length. Figure 3(d) shows how weak linear
apodizations can achieve beam waists greater than 1 mm. This data set uses the scattering
relationship obtained from the measured data and we model the outcoupled beam profiles (black
lines) for different linear apodizations (blue lines) with slopes of approximately {47, 17, 5, 1}
nm/mm producing beams with full waists of {1, 2, 4, 10} mm (from left to right).

By allowing infinitesimal perturbation to the initial translation symmetry, the fish-bone gratings
enable arbitrarily weak scattering strengths, independent of the minimum feature size. Instead of
affecting the beam-shaping performance, the minimum feature size affects the insertion loss of
the grating. Scattering at the transition from the dielectric slab mode to the fish-bone mode is
determined by the design of the taper (Fig. 1(b)). Figure 3(e) and Fig. 3(f) show simulations of
how the taper length and the minimum feature size affect the power performance of this transition.
With sufficiently long tapers, the transition becomes adiabatic. We calculate that losses can be
less than =~ 5 % when minimum feature sizes are less than 100 nm. Most of these losses are due
to scattering, with < 1 % due to reflection.

4. Foundry-fabricated grating emitters

While previous grating designs had been limited to ~ 300 um by the write field of the EBL,
our fish-bone gratings can be made much larger using photolithography, using a process that
is also compatible with mass manufacturing. We now fabricate larger gratings using a custom
tape-out with a commercial foundry offering 193 nm wavelength photolithography. Similar to
the previous fish-bone chips, these chips include spot-size converting edge couplers, waveguides,
EVCs, and the fish-bone gratings, which are fabricated using a fully etched 100 nm nitride device
layer, which is now grown using plasma-enhanced chemical vapor deposition (PECVD). In our
largest device, the EVC creates slab-mode beams with a Gaussian profile and a beam diameter of
~ 1.2 mm, while the EVC of smaller devices—designed with dimensions to match the previous
EBL designs—produce Gaussian beams with diameters of ~ 200 pum.

Figure 4(a)-(c) shows the beam produced by a 3 mm fish-bone grating outcoupler. This grating
has apodization with just two steps in the amplitude, from 0 nm to 2 nm, and from 2 nm to 4 nm
amplitude. Figure 4(b) shows this step-wise beam profile, which has a size much greater than 1
mm. By writing the discrete steps we can distinguish the decay lengths of the three fish-bone
amplitudes. The decay lengths are too long to be measured with shorter gratings or accurately
estimated from simulation. The 0 nm amplitude has near-zero scattering, while the 2 nm and 4 nm
amplitudes produce decay lengths of (8.0 £0.5) mm and (7.7 £ 0.1) mm, respectively. These
decay lengths are very similar to one another, implying that the scattering strength does not follow
the expected quadratic dependence. We believe that the amplitude of the fabricated sinusoid is not
scaling linearly with the nominal amplitude of the design due to an effect of the mask fabrication
or photolithography. Fabricating gratings with a more Gaussian-like profile will require adjusting
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the apodization to account for this nonlinearity as well as increasing the resolution of our grating
design to include effective step sizes finer than 2 nm, such as by using a non-sinusoidal nominal

profile shape in the propagation direction.
(a) (d) (f)
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(b) l (e) W (8) ﬂ
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Fig. 4. Apodized beam profiles from foundry-fabricated grating devices. Optical image (a)
and beam profiles (b) of a 3 mm long fish-bone grating with a 100 nm minimum feature size
and Ay =250 nm. (c) Image of the chip showing scattered 461 nm light from an inverse-taper
fiber coupler, top left, a connecting waveguide, an ~ 7 mm long EVC, and a 3 mm long
grating device, bottom right. Optical image (d) and beam profile (e) of a 300 um long
apodised fish-bone grating with a 110 nm minimum feature size and Ay =250 nm. Optical
image (f) and beam profile (g) of a fish-bone grating with a 120 nm minimum feature size,
but Ay =550nm. The scale bar is 1 mm in panel a, 5 mm in panel ¢, and 100 pm in panels d
and f.

In addition to the 3 mm grating device, we fabricated devices with different minimum feature
sizes, equal to (90, 100, 110, or 120) nm. We found that larger minimum feature sizes gave
better beam profiles. Devices with features as small as 90 nm or 100 nm (like is the case for
the 3 mm grating, see Fig. 4(a)) often had fabrication irregularities that produced phase-front
distortions and stripes in the beam profile along the direction of the fish-bone spine. As can be
qualitatively seen from the standard deviation data, the beams profiles emitted by the foundry
fabricated gratings are found to be less uniform than the EBL-patterned devices. The observed
uniformity has a complicated dependency on the specific design choices, with larger minimum
features (e.g. 110nm and 120 nm nominal) qualitatively producing more uniform beams than
the 90 nm nominal designs. The current designs do not utilize proximity effect corrections or
pattern-specific optimization. Understanding and optimization of such effect are a subject for
future work.

Larger feature size gratings produced cleaner beam profiles, but they also have a narrower
apodization range. With a lateral period of A, =250 nm, a minimum line width of 120 nm, and a
minimum gap of 110 nm, the maximum amplitude the fish-bone grating can be modulated is
(250 nm — 120 nm — 110 nm)/2 = 10 nm, which corresponds to five steps of 2 nm amplitude (as
seen in Fig. 4 d-e). The minimum feature size and the lateral period of A, =250 nm physically
limit this maximum apodization amplitude. With this weak amplitude, we see that not all the
power in the beam is scattered into free-space by the end of the 300 um grating length. The larger
period device shown in Fig. 4(f)-(g), with A, =550 nm, uses a maximum apodization amplitude
of 40 nm. The larger A, provides a larger range for apodizing the amplitude of the grating at the
expense of scattering higher order beams into free space. Still, this larger amplitude is insufficient
for outcoupling all the power by the end of the grating.

To investigate the cause of the weaker scattering strength of the photolithography fabricated
gratings we compare them with designs fabricated by EBL. Figure 5(a) shows an SEM of a 300
um grating device prepared by photolithography, which has a period of Ay =550 nm. While the
designed amplitude was drawn to be 100 nm, the amplitude measured from the SEM is only 30 nm.
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Fig. 5. (a) SEM of the grating written by photolithography showing weaker amplitude
modulation than nominally designed. The overlay (black line) depicts an outline of the
desired geometry, which was implemented in the mask layout without any proximity effect
correction for this test. Scale bar is 500 nm. Apodized beam profiles comparing identical
designs fabricated by the foundry’s photolithography patterning (b-c) and by EBL (d-e).
These devices both have a minimum feature size of 120 nm and Ay = 550 nm. Despite similar
locations of the turn-over points in the beam profiles, the decay tails are much longer for
the devices written by photolithography due to the optical lithography producing shallower
grating modulation. The lateral profile of the beams are Gaussian-shaped (fit shown in black)
with beam diameters of (191.8 + 0.4) um for the device produced by photolithography (f)
and (181.3 +£0.4) um for the device produced by EBL (g).

Also, the nitride line width is measured to be ~ 270 nm, compared to the ideal 220 nm width.
These differences likely result from the dense patterning of the grating structure and the fact that
the exposure dose was optimized for isolated features, while no correction was implemented
on the mask for this test. Future fabrication runs could be improved by adjusting the pattern
and the dose. Figures 5(b)-(c) and 5(d)-(e) compare the profile of beams generated by gratings
fabricated by photolithography and EBL, respectively, with the same PECVD nitride device
layer. The EBL device has a considerably stronger out-coupling strength, which outcouples the
majority of the light energy within the 300 pm grating length. The same exact design written by
photolithography has only a weakly decaying tail to the beam shape. Yet, despite the = 70 %
difference in the maximum apodization amplitude that appears at the tail end of the grating, the
left (input) side of both gratings produce beam profiles that are remarkably similar. In fact, the
elbow in the beam profiles occur at roughly the same location (black lines in Figs. 5(c) and
5(e)). The lateral profiles of the beams produced by the two devices are also remarkably similar,
indicating that the EVC devices came out as expected using photolithography (Figs. 5(f) and
5(g)). The EVCs are made up of isolated line features.

5. Sensitivity analysis

As we saw in Fig. 5, the fish-bone grating design offers unique robustness to fabrication variability,
producing similar beam profiles even with = 70 % changes to feature sizes. This is in contrast
with meta-gratings, which have a strong dependance on feature sizes. Here, we numerically
compare how variations to the device layer thickness (At) and the feature etch widths (Aw) alter
the position of the emitted beam along the grating (Ax) and the emission angle (A0) (Table 1) for
fish-bone and meta-gratings. To better compare the sensitivities, we calculate the position offset
at a height T of 500 um above the grating caused by the angular deviation, denoted (TA0) as
shown in Fig. 6(a). This offset, caused by an angular deviation, is important when considering
the effect of misalignment between the emitted beam and a planar optic located above the chip
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[7]. For both fish-bone and meta-grating designs, increasing the width of the etched features
causes displacements of the beam in the negative direction, while increasing the device layer
thickness causes negative displacements, but positive angular deflections.
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Fig. 6. Beam misalignment sensitivity to fabrication parameters. (a) Diagram showing
how changes to the width of the etched feature sizes (Aw) and the thickness of a grating
device layer (At) can cause beam displacement (Ax) and angular offsets (AO) that cause
displacements (TAO). For this analysis, T is given by 500 um. The ideal beam location and
angle are shown in black, while the offsets are dashed gray. (b) Beam profile of a fish-bone
grating design (black) compared to a design with feature sizes increased by 5 nm (gray,
dashed). The insets depict the geometry of feature size increase, but with an exaggerated
40 nm increase in size. (c) Beam profile of a meta-grating design (black) compared to a
design with feature sizes increased by 5 nm (gray, dashed). The inset depicts the geometry
with a 40 nm increase in feature size.

Table 1. Sensitivity analysis comparing fish-bone
gratings and meta-gratings (for T=500 pm)

Sensitivity (um/nm) | Ax/Aw | TAB/Aw | Ax/At | TAB/At
Meta-grating -3.03 -0.32 -0.04 +0.71
Fish-bone grating -0.14 -0.57 -0.02 +0.68

The most striking comparison in Table 1 is the reduction in Ax/Aw sensitivity (greater than an
order of magnitude) when switching from a meta-grating design to a fish-bone grating design.
The effects are demonstrated in Fig. 6(b)-(c), which show the simulated beam profile of a 115
pm large Gaussian beam produced by a fish-bone grating compared to a meta-grating, when
the etch width is increased by 5 nm (insets show an exaggeration of the feature size increase).
While the meta-grating experiences an ~ 15 um shift, the fish-bone grating only experiences an
~ 1 pum shift. The difference can be understood from the inset pictures. When the meta-grating
elements increase in size, the out-coupling strength dramatically increases, causing the beam to
emit sooner in the grating. In contrast, increasing the etched feature size of the fish-bone grating
minimally affects the scattering strength. Instead, the increase will cause more scattering only at
the input taper, which does not affect beam shaping performance.

The fish-bone grating also has improved robustness to thickness variations, largely due to
the lower index of the fish-bone mode compared to the slab mode of the meta-grating. Spatial
sensitivity (Ax/At) is better by more than a factor of two, while angular sensitivity (TA0/At) is
approximately the same. However, not all sensitivities are improved. The angular sensitivity
to width variations (TAO/Aw) is almost a factor of two worse for fish-bone gratings compared
to meta-gratings. This worse response occurs because an increase in the width of the etched
region results in more dielectric material removed and a larger change in the effective index
of the propagating mode and more deflection angle. So, while the beam profile produced by
the fish-bone grating design is drastically more robust to spatial variations in the fabrication,
this grating design increases angular sensitivity to fabrication. Angular variations are often
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less concerning than spatial variations of the beam profile [7]. Furthermore, while fish-bone
gratings can increase angular sensitivity to fabrication, they can also decrease angular sensitivity
to wavelength, providing for more broadband operation [17].

6. Conclusions and outlook

By using a fish-bone grating design we have shown that optical scattering can be decoupled from
the feature size of the written structure, and that arbitrarily large grating couplers—even at blue
wavelengths—may be fabricated with minimum feature sizes compatible with photolithography.
Our approach allows for continuous control of the emitted phase profile and the local scattering
intensity, with no limit to the minimum scattering strength. We demonstrate scattering strengths
down to zero with amplitude step sizes much smaller than can be achieved by EBL in a conventional
grating design. In addition, the relatively large range of scattering strength achievable with fish-
bone gratings enables apodization of gratings that produce smooth Gaussian beam profiles that
would be otherwise impossible with other grating designs. We further demonstrate how fish-bone
gratings can create beams with dimensions much larger than 1 mm using commercial deep UV
photolithography. Not only are these grating designs more scalable for mass manufacturing, they
also prove to be more robust to fabrication variance, especially to feature-size dilation.

This work exclusively studied constant-period fish-bone gratings, which produced nearly-
collimated beams, however, by modulating this period, holograms with arbitrary phase and local
intensity could be achieved. In addition, this work focused on symmetrically designed fish-bones,
yet, future work may explore using a broken fish-bone mirror symmetry to achieve polarization
control, similar to the approach taken in Ref. [15]. Better outcoupling power performance may
also be achieved by breaking the up-down mirror symmetry of the present structures. By using
grating periods near the Bragg condition, forward and backward propagating light can interfere
and create resonant and non-local coupling effects [14]. In contrast to the discrete translation
symmetry breaking exploited in Ref. [15], here we outcouple by breaking a continuous translation
symmetry. Our approach may enable efficient and general amplitude, phase, and polarization
modulation control without subwavelength patterning of discrete meta-structures.
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