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Abstract: We present an in-plane beam converter scheme that can focus a large Gaussian slab
mode into a tightly focused spot approximately hundreds of micrometers away from the chip
facet. Our approach involves designing the modal expander that converts a photonic waveguide
mode to a large Gaussian slab mode and engineering the two-dimensional (2D) gradient-index
subwavelength grating arrays that modify modal wavefront to be focused as the beam propagates.
The device is designed on a monolithic silicon nitride scheme, which is transparent at the visible
wavelength regime and readily available for the complementary metal-oxide-semiconductor
process. Our device can be utilized in various chip-scale photonic applications, especially
involving biochemical species and target samples ranging from one to tens of micrometer scales.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Silicon nitride (SizN4) has emerged as a promising material for integrated photonics due to its
properties, including a relatively high refractive index, high Kerr nonlinearity, thermal stability,
low optical loss at telecommunication wavelengths, and broadband transparency extending
into the visible regime. These characteristics make SizNy an attractive platform for various
integrated photonic applications, particularly those involving visible light. Moreover, SizNy is
compatible with well-established complementary metal-oxide-semiconductor (CMOS) processes,
enabling mass production and cost-effective solutions for photonic integrated circuits (PICs)
[1,2]. SizN4-based PICs have been successfully employed in diverse chip-scale applications,
such as atomic physics [3-5], quantum photonics [6—8], time-frequency metrology [9,10], and
biochemical sensing [11-13]. As Si3N4 PIC technology continues to advance, there is an
increasing demand for integrating PICs with other physical domains, including microfluidics
[14—19] and atomic vapor cells [20-24]. This integration represents a natural progression towards
the next generation of PIC applications, akin to the advancements in various tabletop optical
technologies in free-space environments. Ultimately, the goal is to harness optical functionalities
in conjunction with other physical systems through light-matter interactions. However, realizing
these hybrid systems on a chip scale poses challenges due to mismatched optical mode sizes
across different domains. Consequently, the development of efficient modal converters is crucial
for bridging this gap and advancing hybrid integrated photonic systems.

In recent years, various approaches have been explored to enable the hybrid integration of
photonic integrated circuits (PICs) with other physical domains. One such approach employs an
on-chip extreme mode converter to interface and hybridize photonic systems with atomic systems
[4,5,25]. The extreme mode converter generates a collimated Gaussian beam with a waist size of
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hundreds of micrometers and a flat wavefront in free space, facilitating chip to free space to chip
coupling over a 4 mm propagation distance. This enables the integration of PICs with atomic
vapor cells for applications such as laser stabilization [4] and atomic wavelength referencing [5].
However, the need for precise vertical alignment between the photonic chip and the atomic vapor
cell chamber presents a challenge to efficient interfacing, making the hybrid system complex and
difficult to operate stably.

Optofluidics has also been investigated for optical trapping and manipulation of particles within
fluid environments. Typical approaches, including laser beams [26—-29], micro-optics [30-32],
and metasurfaces [33-35], often rely on bulky setups involving free-space and out-of-plane
beam components, hindering practical applications outside the lab. To address this issue,
researchers have explored various schemes for integrating photonic and microfluidic systems
onto a single chip, such as liquid-core waveguides [36—39]. This scheme exploits a single channel
for both guiding light and fluids to manipulate particles and detect biological samples. While
promising, this configuration lacks dedicated trapping elements and sometimes requires complex
fabrication steps, compromising the device’s detection precision and integrability with other chip
components.

Another alternative hybrid integration approach is based on evanescent wave trapping [40—45],
which offers a potential on-chip solution for manipulating particles within microfluidic channels.
This method utilizes the gradient force generated by an evanescent wave near the waveguide
to trap and manipulate particles in the fluid. Due to the short decay length of the evanescent
field, interactions are confined to the immediate vicinity of the waveguide. This results in a
small microfluidic channel volume and may lead to unintended contact between the sample and
the waveguide, potentially disrupting the manipulation process. Moreover, the evanescent field
trapping mechanism can exhibit low trapping efficiency and stability issues due to the weak
gradient trapping force. Additionally, the non-uniform field intensity distribution around the
waveguide may cause random particle trapping, posing a challenge for precise and controlled
manipulation of particles.

To overcome these challenges and further advance hybrid PIC integration schemes, a unique
and innovative approach is required. This solution should be capable of generating an in-plane
beam and facilitating large-scale modal size transformation on-chip, ensuring simple integration
and exhibiting potential for interfacing with other systems, such as atomic vapor cells and
microfluidics. In this paper, we present an in-plane beam converter design on a Si3Ny-based
integrated photonic chip that converts the photonic waveguide mode to an in-plane Gaussian mode
and focuses it in free space at hundreds of micrometers away from the chip facet. The device is
designed on a 150 nm-thick Si3Ny platform with silicon dioxide (SiO,) top and bottom claddings,
targeting operation in the visible wavelength regime. The in-plane beam converter is composed
of two stages: the first stage is a modal expander that converts the photonic waveguide mode to a
1D large Gaussian slab mode, and the second stage consists of gradient-index subwavelength
grating (SWG) metalens that manipulate the wavefront of the slab mode such that the out-coupled
beam is focused hundreds of micrometers away from the chip. The device is designed on a
simple monolithic chip. We fabricate the design and experimentally characterize the in-plane
beam focusing by imaging the beam at the visible wavelength. The following sections present
the device design at each stage, followed by numerical and experimental results. We analyze the
out-coupled beam, examining its evolution, focal spot size, and focal distances while discussing
the results in their respective sections.

2. Schematics and design
2.1.  Overall schematics of the in-plane beam converter

The proposed integrated photonic silicon nitride device acts as an in-plane mode size converter
and lens. The operation of the device can be divided into two steps, as illustrated in Fig. 1(a).
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First, the photonic waveguide mode from the PIC’s input waveguide is converted to a large slab
mode with a Gaussian intensity distribution via a mode expander [25]. Then, in the second
stage, the wavefront of the slab mode is transformed using the 2D gradient-index subwavelength
grating (SWGQG) arrays or in-plane metalens. While most metalens works are developed for
out-of-plane [46], our SWG metalens are designed in-plane to manipulate the wavefront of the
slab mode. As the beam travels through the 2D SWG arrays, it converges to a spot in the air
after exiting the chip facet. In the schematic of Fig. 1(a), the trajectory of beam conversion is
illustrated with red arrows and color. In the mode expander, the gap between the waveguide and
the slab determines the evanescent coupling strength and is designed such that the expanded
beam exhibits a large Gaussian intensity profile. The minimum gap distance is set large enough
to ensure that the waveguide and slab mode coupling do not introduce significant phase distortion.
This is an important condition to ensure that the converted slab mode exhibits an almost flat
wavefront. In the second stage, the 2D SWG arrays behave similarly to a converging lens, utilizing
a gradient-index profile following the Gaussian-distributed filling fraction p. As the beam passes
through this SWG array metalens, the expanded in-plane beam is focused into free space outside
of the chip, corresponding to the designed focal distance. The device is designed based on the
fundamental transverse electric (TEg) mode with 150 nm-thick Si3Ny4 and SiO; claddings. It
operates at a visible wavelength of 4 =700 nm, where silicon nitride exhibits low loss [6,47].
The refractive indices of Si3sN4 and SiO, layers at this visible operating wavelength are 2.0091
and 1.4554, respectively.
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Fig. 1. (a) Schematic diagram of the silicon nitride (SizN,4) metalens device with silicon
dioxide (SiO,) claddings. The blue and grey colors represent SizNy and SiO,, respectively.
The device operation is divided into two steps: (i) Slab mode expander for waveguide to
slab mode conversion, and (ii) Subwavelength grating-based metalens for in-plane beam
transformation and focusing. The red arrows and color indicate the path of the two-step
process. Zoomed-in cross-sections of the (b) Slab mode expander and (c) SWG metalens,
where the height 4 =150 nm, waveguide width wyg =350 nm, gap size g is the gap between
the waveguide and the slab and L, is the length of the metalens structure along the x-axis.
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2.2. Slab mode expander

In large-scale mode conversions, such as those using an inverse-tapered waveguide, there are
common issues like wavefront distortion and the need for increased device dimensions for a large
mode field variations. To avoid these problems, we used a slab mode expander to convert the
waveguide mode to a 1D Gaussian slab mode with a collimated flat wavefront [25]. Engineering
the gap profile between the evanescently coupled waveguide and the slab plays a crucial role in
the mode conversion process, producing a large Gaussian intensity profile in the slab. Figure 1(b)
shows the cross-sectional schematic of the slab mode expander, where the waveguide width is
Wwg =350 nm. The height of the Si3Ny layer is set to 2 =150 nm and is consistent throughout all
components of the device (i.e., waveguide, slab, and gratings).

Figure 2(a) shows the simulated real part of the effective refractive index (n.g) of the waveguide
mode as a function of the gap g. The inset shows the field profile of the simulation when the
gap is g =600 nm. As the gap increases, the real part of n.g decreases, transitioning from a
strong perturbation region to a weak perturbation region. The blue dashed line indicates where
the real part of n.s saturates to 1.57055 after g ~ 600 nm. Since the real parts of n.g for the
waveguide and slab modes are different, the evanescently coupled slab mode from the waveguide
propagates with a tilted angle 6 with respect to the waveguide direction z’. The tilt angle is
determined by 6y = cos_l[nzf‘% / nzlé‘b], where n:;f and nzli’%‘b are the real parts of the effective

refractive indices of the slab and the waveguide modes, respectively. The simulated slab index
is nzlf‘;b ~ 1.7117. Therefore, in the weak perturbation region, the tilt angle is approximately
O =cos™! (1.5705/1.7117) ~ 23.43°.

Figure 2(b) shows the simulated imaginary part of n.s for the waveguide mode (red dots) on a
log scale and its exponential fitting curve (black line). Using the exponential fitting curve, we
can quantify the coefficients a and b and represent the degree of loss as a function of g, where
Im(neg) = ae b8 Tn this case, the coefficients a and 1/b are found to be 0.0363 and 84.49422 nm,
respectively. To form the Gaussian-intensity distributed slab mode, the gap profile g(z") between
the waveguide and the slab is engineered along the waveguide mode propagation direction z’,

following [25]:

n_ 1 1_ A exp(=272 /wz)}
g(Z ) ~ b In {a 2132w 1-erf(V27 Jw) | (D

where Ay is the operating wavelength of 700 nm, w is the beam waist along the waveguide
propagation direction, and a and b are the fitting coefficients from Fig. 2(b). Since our target
beam waist of the slab mode is wy = 100 um, considering the tilted beam angle, we set the desired
w to be w = wo(sinfg)~' ~ 251.5 um. Figure 2(c) shows the calculated gap profile using
Eq. (1) along 7, spanning from —300 um to 200 um. For such a large conversion, the gap profile
ideally requires values below 600 nm, resulting in a non-flat wavefront region. Our design has a
gap profile below 600 nm, but the phase distortion is not that significant. To assess the degree of
wavefront distortion, we plotted the estimated angle at each z’ (blue dashed line). The estimated
angular distortion is within 0.133 degrees, which would be acceptable for demonstrating the
in-plane metalens device presented here. The overall device performance could be improved
once the wavefront of this slab mode expander is designed to be entirely flat.

2.3. 2D gradient subwavelength grating metalens

The large slab mode with a Gaussian intensity distribution (beam waist wo=100um) and a
flat wavefront generated in Sec. 2.1 now enters the second stage of beam conversion: the 2D
SWG metalens, which consists of the grating array distributions shown in Fig. 1(a). Figure 1(c)
illustrates the cross-sectional view of this SWG distribution along the x-axis. The periodicity
of each unit cell is fixed to A, =0.65 um while varying the filling fraction p%(x) following the



Research Article Vol. 32, No. 26/16 Dec 2024 / Optics Express 46229 |

Optics EXPRESS

(a) : (b) i -
Real Part of Nefy Imaginary Part of Nest
15722
===~ Saturation: 1.57055 Fitted Curve
1 . .
15719 4 1013 +  Simulation
- = i
T 1.5715 1 %104
< 0 IS
- =0
= o=
&~ 15712 £ 104
- a=0.03630
1.5708 4 ¢4 L/b=84.49422
__________ i IM(ney) = ae 291"
15708 4—r - T r T r - T r - T r T r - T r T
200 300 400 SO0 600 700 800 900 1000 200 300 400 SO0 600 700 800 900 1000
Gap (nm Gap (nm)
p p
(c)
Gap Profile "
700 Max 689.70 nm -
620 23.6
E 0 e e 235 <
= 23.431 TTTee—ll =
& 4601 S~ 3.3 D
e
23.298°
380 1 3.2
Min 313.04 nm
300 4

T T T T T
=300 =200 =100 0 100 200

2 (um)

Fig. 2. Simulated effective index (ne) of the slab-coupled waveguide mode: (a) Real and (b)
Imaginary parts. (a) The blue dashed line indicates the saturation value, Re(neg) = 1.57055,
after g ~ 600 nm. The inset figure shows the field distributions (|E|) at g =600 nm. (b) The
red dots represent the simulation results, and the black line is the fitted curve with ae=*¢.
The fitting coefficients a and 1/b are found to be 0.03630 and 84.49422 (nm), respectively,
quantifying the degree of evanescent coupling. (c) The black line indicates the calculated
gap profile g, using Eq. (1), along the waveguide spanning from z’ =-300 pm to z" = 200 um.
The waveguide height 7 and width wyg are set to 150 nm and 350 nm, respectively. The
blue dashed line shows the tilt angle between the waveguide and the slab modes, following
Byt = cos ™! [nzvlf /nzlé‘b]. When the gap size is below 600 nm, the angle starts to deviate, but
the degree of deviation is less than 0.133 degree.

Gaussian distribution:
pS(x) = poe 12" 2)

where pg = 0.5. The wy, is the SWG metalens width parameter, which is key to controlling the
beam transition pattern. At the beginning of the gratings (z=0), wy, is set to wp; =220 um to
support the smooth transition of the entire beam. The physical length of the metalens in the
x-direction is defined as L, and set to 220 um. Along the beam propagating direction (z-axis), the
SWG unit cell period is set to A, = 0.6 um while fixing the filling fraction to p, =0.5. Ideally,
smaller grating periods are desired to meet the SWG criteria and enhance performance. However,
due to fabrication resolution limitations, we utilize larger grating periods. Despite this, our
device does not experience significant reflections, likely due to the varying filling fractions,
and we refer to our gratings as SWGs, considering the ideal cases. The role of SWG along the
z-direction is to expand the beam in the vertical direction, which will prevent the rapid divergence
of the out-coupled beam in the y-direction. However, at different z positions, the metalens width
parameter wy, is linearly reduced from wy to wyy, where wy, is the metalens width parameter at
the end facet. The total length of the SWG metalens along the z-direction is set to L., thus the
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Fig. 3. Simulated and experimentally measured intensity map plots in the xz-plane (top-
view) for metalens device with L; = 100 um, L, =220 um and wy, = 10 um. The black solid
box indicates the zoomed-in portion of the map plots. The white dashed line represents
the facet of the metalens chip. (a) FDTD-simulated field intensity map showing the input
beam converging at a focal distance of fq = 92 ym. (b) Zoomed-in image of the simulated
focal spot. (c) Experimentally characterized intensity map for the same device parameters,
demonstrating a focal distance of fq = 90 pym. (d) Zoomed-in image of the experimental
focal spot. The focal distance f is defined as the distance from the chip facet (white dashed
line) to the center of the focal spot.

SWG metalens width parameter can be described as the following:

we(z) = 3t — Mg 3

Note that this wy(z) variation effectively modifies the filling fraction distribution of the SWG
metalens, following Eq. (2). The flat wavefront of the large slab mode input will be varied such
that it follows the trajectory of this SWG width parameter variation. This would determine the
out-coupled beam trajectory such that the beam converges to a spot away from the chip facet.
Since the metalens width parameter is linearly tapered, it acts similarly to a linear cone-shaped
axicon, which will generate a Bessel-Gaussian-like focus after leaving the chip.

Figure 3(a) shows the finite-difference time-domain (FDTD) simulation result when the
metalens parameters are L, = 100 um, L, =wy; =220 um, and wypy = 10 um. This simulation
was performed using a 2.5D FDTD in Ansys Lumerical with a Gaussian slab mode input (TE
polarization) and PML boundary conditions. Figure 3(b) is the zoomed-in view of Fig. 3(a), and
it clearly shows the beam focusing through the SWG metalens design with a Bessel-Gaussian-like
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extended depth of focus. More details will be discussed in the following section in comparison
with the experimental results.

3. Experiment and analysis
3.1.  Experimental characterization

The designed chip was fabricated on a monolithic Si3N4 film through the LIGENTEC multi-
project wafer (MPW) process. The Si3Ny layer thickness is 150 nm with 3.3 um top and 4 um
bottom SiO, cladding layers.

Figure 4 shows the chip characterization setup. A single-mode fiber-coupled laser diode source
with a constant current driver and temperature controller is used for visible wavelength input
at around 700 nm. To set TEy mode input polarization, a polarization controller is connected
after the laser source. A custom-built edge coupling setup was implemented to stage the chip,
and single-mode lensed fiber was used for coupling from the optical fiber to the chip. The
out-coupled beam from the chip facet is designed to be in-plane. Therefore, a microscope setup
with an objective lens attached to a charge-coupled device (CCD) camera is mounted on an XYZ
translation stage for in-plane beam imaging at different locations from the chip facet.

PC
I
Diode Laser
C) R :

Microscope setup
on translation stage

Fig. 4. Experimental setup for in-plane beam characterization. A 700 nm diode laser,
coupled with a polarization controller (PC), provides a TEg-polarized visible wavelength
input to the chip or device under test (DUT). The out-coupled in-plane beam is captured
using a CCD camera attached to a microscope tube with an objective lens mounted on an
XYZ translation stage. The beam images are acquired at different z-positions from the chip
edge with 10 pm incremental steps. The red arrow and color indicate the path of the beam as
it enters and exits the chip.

The out-coupled beam images were captured in-plane at different z-distances with 10 um
incremental steps. Figures 3(a,b) and 3(c,d) show the simulated and experimental intensity map
plots, respectively, in the xz-plane, where z is the propagation direction, and x is the horizontal
direction of the chip. The SWG parameters of the in-plane metalens device are L, = 100 pym,
Ly =wp; =220 pum, and wp, = 10 um. The white dashed line denotes the chip facet, and the black
solid box indicates the zoomed-in view region of the full-scale intensity maps in Figs. 3(b) and
3(d). The Ansys Lumerical finite-difference time-domain (FDTD) module was used for the
simulations. The experimental image data were interpolated to generate a two-dimensional (2D)
intensity map.

The simulated and experimental full-scale maps in Figs. 3(a) and 3(c) show that the out-coupled
beam converges to a spot, especially in the horizontal direction (x-axis). The zoomed-in views
illustrated in Figs. 3(b) and 3(d) show this in more detail. The focal distances are approximately
fa =92 um and = 90 um for simulation and corresponding experimental results, respectively.
The focal distance f is defined as the distance from the chip facet to the peak of the focal spot.
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Although the out-coupled beam is well-focused on the spot in the x-direction, it is worth noting
that the beam exhibits an extended depth of focus in both simulation and experimental results.
This can be attributed to the linear variation of the SWG effective index profiles along the beam
propagation direction [following Eq. (3) along the z-axis], which causes the Gaussian slab mode
to undergo an axicon-like phase variation [48]. Consequently, the out-coupled beam exhibits a
Bessel-Gaussian-like beam propagation with an extended depth of focus, as depicted in Fig. 3(b).

The experimental map plots in Figs. 3(c) and 3(d) reveal slightly shifted images toward the
positive x-direction, suggesting that the slab mode generated from the modal expander is slightly
tilted, while the SWG metalens is designed for normal illumination. This variation also shifts
the center position of the input slab mode, resulting in the beam sidelobes being located in the
positive x-direction. Nevertheless, the beam focal spot remains in the center position after leaving
the chip, and the focal distance closely matches the numerical result, indicating that the off-angle
variation is minimal. The measured overall power conversion efficiency from the input fiber to
the chip and ultimately to the final beam is approximately -16 dB. This value accounts for all
losses from various sources, including input fiber-to-chip coupling, waveguide propagation losses
(particularly due to the visible wavelength), slab mode expander, the interface between the slab
and gratings, scattering or substrate leakage in the grating region, and reflections at the metalens
facet. For characterization, the measurements were conducted in air, but for other applications,
such as in water or liquid environments, the coupling efficiency is expected to improve due to
the lower index contrast at the interface. Additionally, further optimization of each segment and
implementing a thicker cladding would increase the overall coupling efficiency.

More precise and iterative calibration would be required for a more rigorous demonstration
to account for fabrication imperfections in the process. Moreover, the beam transition can also
be improved by further decreasing the periodicities (A << 1) in both x- and z-directions such
that the photonic SWGs form an ideal effective medium [49-57]. The diffractions can also be
further minimized by optimizing the beam transition pattern, for example, by using an adiabatic
smooth variation of the filling fraction in the z-direction instead of the current linearly decreasing
function in Eq. (3).

3.2. Out-coupled beam analysis

Figure 5(a) presents the experimentally captured cross-sectional images of the out-coupled beam
at different propagation distances (z-positions) from the chip facet. The z-positions labeled A to
E represent the microscopic images captured at positions ranging from 50 um to 130 um from
the chip facet, with a step size of 20 um. To examine the focusing behavior of the out-coupled
beam, Fig. 5(b) plots the peak intensity of each image at the center position as a function of the
propagation distance z. The blue dashed-circle line represents the experimentally characterized
result, while the orange solid line depicts the corresponding simulation result. Both experimental
and simulation results exhibit a close match, confirming the in-plane focusing of the beam to a
spot after exiting the metalens chip at z = 190 um.

The out-coupled beam intensity reaches its peak at point C (z ~ 190 um) for the experimental
data and decreases as the distance from the focus increases. The simulation data follows a similar
trend, with the peak intensity position occurring near z ~ 192 ym. Since the focal distance is
defined as the distance between the metalens facet and the peak intensity position, the simulated
and experimental focal distances are comparable and estimated to be fq ~ 92 um and f4 ~ 90
um, respectively. The slight mismatch between the simulated and experimental intensity values
along the propagation distance could be attributed to several factors, such as the tilted expander
incident slab mode, positioning uncertainty, and power fluctuations between each z-scanning
measurement. These factors may introduce minor discrepancies between the experimental and
simulated results. Nevertheless, the overall focusing behavior of the out-coupled beam remains
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Fig. 5. Evolution of the beam spot after the beam exits the metalens device at z= 100
um. (a) Microscopic in-plane experimental images of the isolated beam spots at position
A (z=150 um), B (z=170 pm), C (z=190 um), D (z=210 um) and E (z=230 pm). (b)
Simulated (solid orange) and the experimental (dashed blue) intensity plots showing the
variation of beam intensity as a function of propagation distance z. The focal spot is observed
at position C, corresponding to z ~ 190 um (f4 ~ 90 um since the chip facet is located at
z=100 pm).

consistent between the experimental and simulation data, validating the functionality of the
in-plane metalens design.

The propagated beam is expected to have the maximum intensity and minimum spot size at
the focal spot. In Fig. 5, we identified the focal spot at position C (z =190 um) by examining
the intensity maximum. To quantify the spot size at this focal spot, we replotted the zoomed-in
microscopic image at position C in Fig. 6(a). The field intensity distributions along the x- and
y-axes are also plotted in Figs. 6(b) and 6(c), respectively. The blue dashed lines represent the
experimental data, while the solid orange lines are the Gaussian fitting curves. The intensity
distributions along both axes fit well with the Gaussian curves, allowing us to determine the
full width at half maximum (FWHM) and beam waist wg. The beam waist wg along the x- and
y-axes are approximately 5.87 um and 3.42 um, respectively. It is worth noting that the beam
waist of the input slab mode is wy = 100 um, which has been significantly reduced to ~ 5.87 um
at the focal spot. This confirms the extreme modal size transformation in the horizontal direction
achieved through the in-plane SWG metalens.

Along the vertical direction (y-axis), we used SWG to expand the beam size in the y-direction
such that it is large enough to achieve a beam Rayleigh range within ~ 1.0 mm. To confirm this,
we replotted the experimentally characterized beam evolution as functions of the propagation
direction in the z-axis and the vertical direction in the y-axis by projecting the beam data along
the x-axis. Figure 7(a) shows the experimental beam intensity map of the metalens device in the
yz-plane (side-view). The solid black box area is zoomed in Fig. 7(b). The white dashed lines
indicate the chip facet at z= 100 um. The out-coupled beam remains collimated, achieving a
beam waist in the y-direction of wy = 3.42 um without exhibiting significant divergence within
the range of beam focusing. In chip-scale in-plane beam conversion, divergence in the vertical
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Fig. 6. (a) Zoomed-in microscopic image of the experimental in-plane beam spot at the
focal position. (b, c) Gaussian intensity distributions of the beam focal spot along the x- and
y-axes, respectively. The dashed blue lines represent the experimental data, while the solid
orange lines represent the fitted Gaussian curves. The thin black solid line is a background
fitting curve. The full width at half maximum (FWHM) and beam waist wq values along
both axes are included in the intensity distribution plots, quantifying the beam spot size at
the focal position.

direction would often be the limiting factor. However, in our device, which focuses the beam at =
90 um away from the chip facet, this issue can be mitigated by expanding the out-coupled beam
size with SWGs. If the beam was not expanded, the divergence would result in additional power
loss and complicate alignment when interfacing with other integrated photonic components.
By expanding the beam size in the y-direction using SWGs, we ensure that the beam remains
collimated over a sufficient distance, facilitating efficient coupling and integration with other
photonic devices.

In our metalens design, the focal distance can be engineered by varying the chip facet width
parameter wyy. To demonstrate this, we duplicated the previous simulation and experiment
while varying wyy =4, 6, 8, and 10 um for two different beam conversion lengths, L, = 100 and
150 um. The size of the slab input, i.e., the length along the x-axis, is fixed at L, =220 um.
Figure 8 summarizes these results, characterizing the focal distance f4 in each case. The blue
and orange colors represent L, = 100 um and 150 um, respectively, while the blue circles and
orange crosses are the experimentally characterized results. The blue and orange solid lines are
the corresponding FDTD simulation results.

As expected, reducing wy, decreases the focal distance f4 since the beam conversion rate in
the SWG metalens determines the wavevector of the out-coupled beam and, consequently, the
numerical aperture of the metalens. For the conversion length, increasing the beam conversion
length L, brings f closer to the chip facet, which might be due to smoother and more efficient
beam conversion over a longer distance. We observed these trends in both simulation and
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Fig. 7. (a) Experimental intensity map (side-view) of the metalens device with parameters
L; =100 pm, Ly =220 pm and wpp = 10 pm. The map shows that the beam is generated
in-plane and remains well-collimated along the y-axis after exiting the chip facet at z=100
um. (b) Zoomed-in image of the same metalens device, highlighting the beam propagation
without significant diffraction in the yz-plane. The black solid box indicates the zoomed-in
portion of the map plot, while the white dashed line represents the facet of the metalens.
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Fig. 8. Simulated and experimentally characterized focal distances as a function of the chip
facet width parameter wy,, for metalens devices with different z-direction lengths L; = 100
um and 150 um. The length of the metalens along the x-axis is fixed at Ly =220 um. The blue
line represents the simulation trend, and the blue circles indicate the experimental data for
L; =100 um. The orange line represents the simulation trend, and the orange crosses indicate
the experimental data for L; = 150 um. The focal distance f4 decreases with reducing wyy
and increasing L,, demonstrating the tunability of the metalens focal position.
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experimental results, which match reasonably well with some uncertainty in the experiment
caused during the imaging processes. The agreement between the simulated and experimental
data validates our metalens design approach and demonstrates the ability to control the focal
distance by adjusting the chip facet width parameter wy and the beam conversion length L,. This
tunability allows for the optimization of the metalens performance and its adaptation to specific
application requirements, such as focusing the beam at a desired distance from the chip facet
or achieving a particular numerical aperture. While previous studies on spot size converters
have primarily focused on beam conversion within a chip, mostly between waveguide and slab
modes [58-61], our device is uniquely designed to generate a free-space beam that focuses the
out-coupled beam far from the chip facet. This enables our device to achieve a significantly long
focal distance, approximately 90 pm away from the chip, making it ideal for applications such as
optical trapping and particle manipulation. Our device operates in the visible wavelength regime,
whereas all previous works have been implemented in the near- or mid-infrared regimes.

4. Conclusion

In this work, we proposed and experimentally demonstrated in-plane out-coupled beam focusing
using a silicon nitride photonic subwavelength grating (SWG) metalens at visible wavelength.
We utilized a slab mode expander to form a Gaussian intensity beam with a flat wavefront in
the slab. Subsequently, the SWG arrays were distributed to manipulate the beam wavefront and
converge the in-plane beam after exiting the chip. The experimental characterization and analysis
of the out-coupled beam confirmed the generation of an in-plane Bessel-Gaussian-like beam
with an extended depth of focus. Our SWG metalens achieves a relatively large-scale modal size
transformation, resulting in a large numerical aperture. The beam waist of the input 1D Gaussian
slab mode, initially wy = 100 um, was focused down to wy ~ 5.87 um at a distance of =~ 90 um
from the chip facet. The out-coupled beam exhibited no significant divergence along the chip’s
vertical direction, supported by the expanded beam via the SWGs. The focal distance of the
metalens device can be tuned by adjusting the SWG metalens parameters, such as the device
length L, and the lens facet width parameter wy,, which determine the SWG array distribution.
The distributions of the SWG metalens can be further optimized to achieve a diffraction-limited
design and to accommodate other applications [62,63]. The lateral shift of the slab mode beam
can be corrected by optimizing the modal expander gap profiles, taking fabrication imperfections
into account. Our device is monolithic and highly compatible with CMOS processes, making it
readily integrate with other integrated photonic components. Importantly, our in-plane beam-
focusing component could facilitate hybrid integration, simplifying the interfacing of photonic
chips with other physical domains and unlocking new possibilities for advancing chip-scale
applications. The ability to control and manipulate light on-chip, coupled with the potential
for hybrid integration, paves the way for novel applications in various fields, such as sensing,
imaging, and quantum technologies. Future work could explore the integration of this metalens
design with other photonic devices and systems, as well as its adaptation to different wavelength
ranges and material platforms.
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