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ABSTRACT: Spatial modes of light can be used as carriers of
information in classical optical communication or as an alphabet in
quantum optical communication. In order to exploit the spatial
domain, it is required to (de)multiplex different modes from a
shared input channel into different output ports. Mode sorters have
been employed in free-space and fiber systems but to date have not
been realized for planar guided waves. Here we present a general
method for compact on-chip sorting of different planar beams with
a micrometric footprint and nanometric thickness. The designs Sorting
were generated using a linkage-tree-based genetic algorithm and
were experimentally demonstrated on a surface plasmon polariton
platform by sorting of Hermite—Gaussian beams. The method used
here can be readily applied to optimize complex, large-scale optical
devices involving beam propagation methods.

KEYWORDS: integrated photonics, mode (de)multiplexing, dielectric metasurface, genetic algorithm optimization, subwavelength grating

he spatial degree of freedom of light beams is attractive SPPs, since these are highly confined to the interface. This

both in classical communications and in quantum property allows us to design and control the propagation of
communications, since it is relatively resilient to noise and different spatial modes in a flexible manner. The result is a
unbounded in dimensionality." A set of orthogonal spatial single-element on-chip device with a micrometric footprint and
modes, based for example on either Laguerre—Gaussian or nanometric thickness that can be integrated into an array and
Hermite—Gaussian (HG) modes, can be used as carriers of easily coupled to other photonic/plasmonic circuits.
information to increase the capacity of classical communica- We have designed and fabricated two sorters, one for sorting
tions systems by space division multiplexing2_4 or as an two HG beams and the other for sorting three HG beams. The
alphabet for secure quantum communication applications.s’6 two-beam sorter was manufactured on a silver layer; a scheme
These systems rely on the ability to sort the different beams at of the setup is shown in Figure la. A 70 nm silver layer was
the input and output ports. Beam sorting has been developed evaporated on a BK7 glass substrate and then spin-coated with

a poly(methyl methacrylate) (PMMA) resist at 4000 rpm to
achieve a thickness of 50 nm. Electron lithography was used to
make the desired pattern of the device, followed by focused ion
beam (FIB) milling within the silver layer to add a grating
coupler. To excite the desired HG plasmonic beam at the
silver—air interface, an input-modulated grating coupler'”*’ is
illuminated with a 1.064 pum laser. We note that the sorting
capabilities are independent of the excitation method, and
similar sorting performance is expected for other methods of
generating the beams, such as selective excitation?’ and end-
fire coupling.”” The plasmon beam then propagates through

for free-space systems,’ ° waveguide-integrated configura-
tions,'”" and fiber communication systems,14 but the
requirement to process and transmit signals at the chip level
necessitates extending these sorting capabilities to planar
integrated optical devices.'> To date this problem has been
addressed only for routing of free-space vortex beams on a
chip.'®

Here we propose a compact solution, embedded on a chip,
for sorting and coupling of planar beams with different spatial
wavefronts. Specifically, we experimentally demonstrate
demultiplexer devices for HG plasmonic beams. Surface
plasmon polaritons (SPPs) are electromagnetic waves that =
propagate at the interface between a metal and a dielectric and Received:  October 9, 2021 (Pidtonics
are excellent candidates to bridge the gap between optical and Published: January 24, 2022 3
electrical signals.'”'® When subwavelength dielectric pixels
with nanometric thickness are placed on top of a metal—air
interface, a small change in the effective refractive index can be
achieved at specific positions along the propagation of the

© 2022 The Authors. Published b
Ameericl;n oclﬁemlilcallssce)cietz https://doi.org/10.1021/acsphotonics.1c01539

v ACS PUbl ication S 378 ACS Photonics 2022, 9, 378—382


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Di+Domenico"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dror+Weisman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annibale+Panichella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dolev+Roitman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ady+Arie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.1c01539&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01539?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01539?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01539?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01539?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/apchd5/9/2?ref=pdf
https://pubs.acs.org/toc/apchd5/9/2?ref=pdf
https://pubs.acs.org/toc/apchd5/9/2?ref=pdf
https://pubs.acs.org/toc/apchd5/9/2?ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Photonics

pubs.acs.org/journal/apchd5

2) Experimental Set-up

Figure 1. (a) Scheme of the experimental setup. Different HG
plasmonic modes are excited from free space using a grating coupler,
and the sorter routs each beam into a selected output port. (b)
Scanning electron microscope image of the two-beam demultiplexer
device.

the device, and the plasmon near-field intensity distribution is
collected using a Nanonics MultiView 2000 NSOM system.
The two-beam sorter device is contained in a 52 ym X 38 ym
region. The distribution of a thin layer (50 nm) of PMMA
results in an effective refractive index difference (An) of
~0.040. The result is shown in Figure 1b, where the silver
sections are shown in bright gray and the silver + PMMA
sections are dark.

The optimization uses a genetic algorithm called the linkage

The pseudocode is presented in Figure 2a. The algorithm starts
by initializing a pool (or population) of M = 1000 device
realizations (called individuals), as shown in step I in Figure
2a. These devices are randomly generated using pseudoran-
dom number generation (line 2). Each device in the pool is
encoded as a 95 X 130 binary matrix for the two-beam sorter.
Each matrix element corresponds to the presence or absence of
the PMMA layer in a 400 nm X 400 nm region at a set
location. Each generated device is then evaluated using the
beam propagation method (BPM). Next, the pool is evolved
within the main loop in lines 3—20. In each iteration, new
devices are created by selecting two devices in the population,
one parent (line 7) and one donor (line 8), using tournament
selection. This routine provides more selection chances to the
devices with output fields closer to the specified target fields.
Then a new device (called the offspring) is generated in lines 9
and 10 using L2-CROSSOVER and MUTATION by
combining the genes (pixels) in the parent and donor devices.
In the example shown in Figure 2a, the offspring is generated
by cloning the parent device and replacing certain pixels
(indexes from 11 to 16) with the values extracted from the
donor. The indexes of the gene/pixel to extract are determined
using a machine learning (ML) model that is trained at the
beginning of each iteration (line 4). L2-NSGA uses
agglomerative hierarchical clustering (AHC), which returns
the family of subsets (FOS) (see the dendrogram in Figure 2
a), corresponding to the groups of genes (nodes in the
dendrogram) that should not be broken up according to the
AHC algorithm. Besides, each child is further mutated using
bit-flip mutation, which randomly bit-flips the pixels in the
target device (line 10). Finally, the best 1000 devices among
parents and offspring are selected to form the population for
the next generation (lines 12—20). The code we used has been
made available.”> The plot in Figure 2b shows the fitness value
at every iteration (generation) in the optimization process in
the case of the two-beam sorter. For the fitness value, we
consider the norm of the difference between the output field
from the device (evaluated with the BPM) and the target
specified field. The insets show how the device evolves at
different stages to improve its fitness value. We note that the
successful implementation of L2-NSGA shown here highlights

learnin% nondominated sorting genetic algorithm (L2- the broad applicability of this method in optics, as it can be
NSGA)™** to generate and optimize the devices iteratively. used to optimize a wide range of complex optical devices that
a) Input: Inltlal Population o b)

Device M-1 Device M

M = population size i Device 1
K = number of iterations i

begin

P <= INITIAL-POPULATION(M) 0

while (T <K) do

FOS < INFER-MODEL(P. 2) o
Offspring = @
forall index in 1..|P| do
Parent <~ TOURNAMENT-SELECTION(P)
Donor ¢~ TOURNAMENT-SELECTION(P)
Child < L2-CROSSOVER(Parent. Donor, FOS) 0
Child <= MUTATE(Child)
Offspring < Offspring U { Child }
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de1
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Figure 2. (a) Pseudocode of the algorithm and graphical representation of the different steps. (b) Plot of the fitness values as generations progress.
The insets show the best devices found by the algorithm in the selected generations.
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involve beam propagation techniques. In particular, with regard
to embedded applications, this algorithm easily handles
components with wide footprints or arrays of multiple
components. The algorithm is specifically suited for problems
where a large number of variables must be optimized together
in order to find a global solution.

In the case shown here, as the target function we choose to
focus energy at the end of the device onto two separate spots
depending on whether the input plasmonic beam is a zeroth-
order (HGO) or first-order (HG1) Hermite—Gaussian beam.
In Figure 3al, we use the BPM to simulate the propagation
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Figure 3. (al) Numerical simulations and (bl) experimental
measurements of the SPP intensity distribution along the two-beam
demultiplexer for HGO and HG1 inputs. The red dashed line indicates
where the device ends. (a2) Simulated and (b2) measured intensity
profiles at the end of the device for the two inputs. The experimental
data were measured with the same sorter but with different grating
couplers. (c) Plot of the measured energy vs the propagation inside
the two-beam device. The gray dashed line indicates where the device
ends.

through the sorter of HGO on the left and HG1 on the right.
As can be seen, the demultiplexer routes the two different
beams into the two desired spots. Figure 3a2 shows the
intensity at the end of the device, represented by the red cross-
section dashed line in Figure 3al. The crosstalk between the
two channels is smaller than 0.12. Figure 3bl and Figure 3b2
are the analogues of Figure 3al,a2 with experimental data. It is
clearly seen that the system behaves as predicted, as the spot
sizes, positions, and intensities are in excellent agreement with
the simulations. We have also realized a 72 ym X 36 pym three-
mode demultiplexer that sorts HGO, HG1, and HG2 plasmonic
beams. Figure 4 reports the (a) numerical and (b)
experimental results, which show how the different inputs are
focused on spatially separate spots. Figure 4c presents a
comparison of the intensity distributions at the end of the
device for the different input modes.

The propagation losses of the device were measured from
the experiments, and Figure 3c displays the power (the
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Figure 4. (a) Numerical and (b) near-field-measured SPP intensity
distributions for a three-beam demultiplexer for (left to right) zeroth-,
first-, and second-order HG beams. (c) Comparison of the intensity
distributions at the end of the device originated from different inputs.

intensity measured by the NSOM integrated along the
transverse direction) as it propagates inside the device. In
the experimental data, as the initial power we use the value at 8
pum from the device input; before that point, the measurement
is affected by scattering from the grating. The final power is
integrated on the device output 52 pm from the start. The
power transmission for the two-mode sorter is 74% for HGO
and 67% for HG1, compared with a theoretical transmission of
96.7% for 44 pm propagation on a flat surface without the
mode sorter. The losses of the flat surface are determined by
the silver permittivity. At our wavelength, €g,, = —58.04 +
i0.61.%° Hence the excess loss due to the sorter is, on average,
26%. If we consider the amount of energy that reaches the
target regions, from our measurement we found that the device
couples 38% and 27% (for HGO and HG1, respectively) of the
total energy measured at 8 ym from the device input. The
spectral bandwidth of our design is dominated by the
dispersion of the metal. Although the algorithm does not
specifically optimize for large bandwidth, our simulations show
that the crosstalk remains below 0.25 in the range between 970
and 1090 nm.

Finally, we tested the robustness of our design by varying the
beam input position and angle to simulate misalignments and
by varying the effective refractive index value of the dielectric
with respect to the nominal value, which can happen in
physical systems as a result of variation in the thickness of the
pixel. We found that for displacements of the input beams of
up to +2 pm or changes the input angle of up to +4 mrad, the
crosstalk remains below 0.25. The design is relatively robust
with respect to variations in An as a result of changes in the
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dielectric height. To keep the crosstalk smaller than 0.25, we
can reduce An by up to 28%. On the contrary, increasing An
further reduces the crosstalk (we reached 0.16 for a 20%
increase). However, using FDTD simulations, we found that a
high An creates backscattering that ruins the functionality of
the device.

In summary, we have shown a new way to design a compact
on-chip mode sorter that can be applied for a variety of wave
fronts. As a proof of concept, we have designed and fabricated
micrometric, single element, solid-state demultiplexers for HG
beams. Our algorithm has been used to optimize the refractive
index distributions, but the method is general and can be
adapted to generate linear or nonlinear complex devices that
perform other functions specified by the user. Moreover, our
method can optimize large-scale devices in a relatively short
time, making this method competitive when multiple optical
components need to function together on the same wafer and
their functionalities as well as the relative couplings between
the components need to be globally optimized. The devices
proposed here can be used for spatial sorting of different planar
beams when these are coupled to free-space beams or to a
photonic/plasmonic chip. Therefore, it enables different input
beams to be routed to different devices on the chip. The sorter
can be readily integrated with active plasmonic devices such as
electronic—plasmonic high-speed transmitters,”” enabling the
generated signals to be routed into multiple devices.
Alternatively, an active plasmonic mode converter”® can be
positioned before the demultiplexer to dynamically change the
input into the device.
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