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Abstract: The control of amplitude, losses and deflection of light with elements of an optical array
is of paramount importance for realizing dynamic beam steering for light detection and ranging
applications (LIDAR). In this paper, we propose an optical beam steering device, operating at a
wavelength of 1550 nm, based on high index material as molybdenum disulfide (MoS2) where the
direction of the light is actively controlled by means of liquid crystal. The metasurface have been
designed by a deep machine learning algorithm jointed with an optimizer in order to obtain univocal
optical responses. The achieved numerical results represent a promising way for the realization of
novel LIDAR for future applications with increase control and precision.
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1. Introduction

The advantages provided by new technologies are widely and extremely important
for applications such as optics for portable devices, imaging, signal detection, and Light
Detection and Ranging or Laser Imaging Detection and Ranging (LIDAR). In order to
correctly introduce this technology and its wide scientific interest, it is necessary breifly
discuss its history. Everything began thanks to Theodore Maiman who, in the 1960s,
built and demonstrated the first practical laser. Successively, Massachusetts Institute of
Technology (MIT) scientists measure the distance between Earth and the Moon using a
reflected laser beam, and solely in 1965, Stanford Research Institute’s Ronald Collins filed
a patent for a laser-radar LIDAR system that can be used to study Earth’s atmosphere
and weather. The first prototype of the LIDAR system has been involved in 1971 by
Apollo 15 to map the surface of the moon, in 1976, the first textbox of that system has
been published, in the 1990s it becomes widely used in the geographical mapping. In
the last two decades, several applications have been developed: in 2005 LIDAR systems
make the headlines as the eyes behind self-driving cars in the US military’s DARPA
Grand Challenge, in 2008 NASA’s Phoenix Lander bring an Optech LIDAR scanner to
Mars for studying the planet’s atmosphere. Finally, in 2020, a LIDAR has been included
in a smartphone to improve 3D modeling of the environment around it for augmented
reality applications [1–4]. In order to increase the precision and image harvesting of these
systems, many efforts have been done by the scientific community in the study of beam
steering. The beam steering was addressed in several different approaches, such as using
nanodevices, metamaterials, metastructures and metasurfaces, liquid crystals, just to
name a few [5–12]. In particular, the refractive index of LC can be easily controlled by
external stimuli as electric/magnetic filed, or temperature and can be easily integrated
into practical devices by using display technology [13–15]. The design of structures able to
control the light beam is daily addressed by the use of sophisticated numerical systems
approaches that exploit artificial intelligence and deep machine learning algorithms. These
approaches give a further leap forward in the numerical design of metasurfaces for heat

Photonics 2021, 8, 65. https://doi.org/10.3390/photonics8030065 https://www.mdpi.com/journal/photonics

https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-8925-7202
https://orcid.org/0000-0003-0189-6729
https://doi.org/10.3390/photonics8030065
https://doi.org/10.3390/photonics8030065
https://doi.org/10.3390/photonics8030065
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/photonics8030065
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/2304-6732/8/3/65?type=check_update&version=1


Photonics 2021, 8, 65 2 of 8

generation, for plasmonic chiral response and light detection, for sensors, internet of thing,
and so on [16–21].

The basic principle of the case study is based on the combination of an on-chip
switch/emitter structure as already addressed in literature [22]. The light beam, propagated
and modulated from the metastructures, intersects at one point the scanning plane of the
device meaning that beam-steering can be easily achieved by selecting the refractive index
of the cover medium (n). According to the Fourier optics theory, the beam pattern near the
scanning point (sp), i.e., Eout1(x, y), is the Fourier transform (F) of the beam pattern on the
emitter array, which is expressed as:

Eout1(x, y) = − i
λ · sp · n

F[Ein(x0, y0)]

∣∣∣∣
fx=

x
λsp ,spy=

y
λsp

(1)

where Ein(x0, y0) is the beam that impinges on the metastructures array and λ is its
wavelength. Therefore, the far field beam intensity pattern is fully determined by the
beam pattern in the metastructure array plane. Meanwhile, beam divergence angle ∆θ is
approximately expressed as follows[23]:

∆θ = tan−1
(

w
sp · n

)
(2)

where w is the near-field beam diameter. The beam-steering angle θ is approximately given
by [23]:

θ = tan−1
(

l
sp · n

)
(3)

where l is the length of each metastructure array. These equations indicate that the beam
divergence and beam-steering angle can be engineered by properly choosing the beam
diameter of the source, the metasurfaces size and spacing, the surrounding refractive
index and the distance of the scanning plane. The devices using beam steering for LIDAR
applications could be passive or active systems. In the former case, they harvest part of
the sunlight into a detector and use the beam bending to redefine the observed objects
or surfaces. In the active case, a diode emits light that passes through the device and it
is deflected in all directions and finally, as a result, the beam comes back in the detector
reconstructing the final image [24–26].

The use of wavelength at 1550 nm in beam steering and LIDAR application find
a wide interest thanks to the variety of miniaturized source available at that frequency,
a long-range and better resolution with a diffraction-limited output beam and is most
importantly eye-safe, also ensuring use in commercial cameras and smartphones [27]. In
this work we numerical design, by inverse design mediated by deep machine learning, a
device able to drive the light in the function of external stimuli reaching a beam steering
of 20◦ at the telecommunication wavelength of (λ = 1550 nm). The proposed device
is composed of a metasurface of high refractive index materials such as molybdenum
disulfide (MoS2) covered with a new class of liquid crystals (LCs) exhibiting an high
birefringence (∆n = 0.4) [28]. The compact and low voltage operation of the investigated
device can be easily integrated in a novel system for day-life applications.

2. Discussion

The metasurface arrangement, obtained using an inverse design mediated by deep
machine learning (DML), provides the best configuration to deflect the light beam with a
specific angle. In the proposed case, the deflection is not only determined by the metasur-
face arrangements as in an active configuration but is also assisted by the change of the
surrounding medium. In fact, it passes from 1.52 to 1.92 by means of an external stimulus.
In fact, by applying an external potential difference of few Volts the LC molecules change
their orientation and as consequence the refractive index enabling the beam steering in the
selected angle range. It is worth noting that the refractive index can be tuned continuously
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and hence each angle among the two extremes can be exploited. The investigated device
is presented in Figure 1a, where three different colors indicate the LC orientations and
relative refractive index. Figure 1b illustrate a 2D view of the proposed device with the
indication of each material thickness. The uniform ITO thickness of 50 nm, even if is still
transparent, ensures the driving of LC which has a thickness of 10 µm. By applying only
10 V, a complete switching of LC is reached within 30–50 ms while the relaxation time is
200–300 ms. Hence the proposed design enables a very fast switching time and low opera-
tion voltage. A way to reduce the switching time is to use ferroelectric or dual-frequency
liquid crystal [29,30]. Figure 1c reports a detailed sketch of the optimized metasurface with
the indication of the deflection angle for different LC refractive index. In particular, in
the absence of bias voltage, the corresponding angle is 45◦, while by applying voltage it
reaches 55◦ or 65◦. For validating the prediction obtained with the deep neural network
and the optimization code, we simulate the behavior of final device when impinged by a
Gaussian beam at λ = 1550 nm and the LC varies its refractive index. The simulations are
performed using a home-built code written in python and using the diffraction library. The
results are illustrated in Figure 2 where the 1550 nm transmitted beam position depends
on the LC refractive index which passes from 1.52 to 1.92.

Figure 1. (a) Sketch of whole device composed of two ITO cover-slips containing the metastructures
filled with the liquid crystal (LC). The ITO electrodes are connected to a FPGA processor that controls
the applied voltage. (b) 2D Stack-up and relative thickness of each material. (c) A schematic view of
the metasurfaces operation. The transmitted beam is deflected at the desired angle just by tuning the
surrounding medium refractive index.

In order to clarify the operation mechanism of the proposed device, it is necessary
to consider each involved element. The metastructures consist of a single thin film of
MoS2 (thickness 30 nm) with etched features, that in combination with substrate and LC
can be generally treated as a vertically oriented Fabry-Perot cavity supporting a set of
Bloch modes. In fact, the substrate-metasurface and metasurface-LC interfaces serve as
cavity mirrors. The plane wave incident on the metasurface excites these modes, which
bounce within the cavity. Whenever a mode interacts with a cavity mirror, a combination
of three processes can occur, as described by coupled mode analysis [31–33]. First, the
mode can reflect from the interface. Second, the mode can interact with and exchange
energy with other modes. Third, the mode can scatter out of the cavity into several discrete
diffraction channels. As such, each diffraction channel contains contributions from all
of the modes. High deflection efficiency in the desired diffraction channel is achieved
when the out-coupled plane waves from all the Bloch modes in that channel strongly
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constructively interfere. Multi-layered structures realized by two materials alternation are
well investigated using the Bloch theory [34]. The Bloch mode supported by these devices
elucidates the spatial mode profiles and coupling dynamics that make high-performance
beam deflection possible.

Figure 2. (a) Schematic illustration of the operation of the proposed device. (b–d) Numerical
transmitted beam position for three different LC refractive index value.

In this work, the molybdenum disulfide (MoS2) has been selected for its high refrac-
tive index in the near-infrared (NIR) spectrum, indeed at λ = 1550 nm its real part is 4.3
and its imaginary one is 0.034 that it could be negligible and the losses not affect the light
beam. The complete device will be sandwiched among two cover-slips with a transparent,
patterned and conductive layer (ITO) to drive the infiltrated liquid crystals. In fact, the
ITO layers serve as electrodes and are connected to an FPGA control processor in order to
mime the liquid crystal display functioning. The materials, constituting the device, have
been selected because they are lossless in the NIR range and, last but not the least, the re-
quired sizes are not extremely sub-wavelength enabling an easy fabrication and integration.
The deep machine learning tool used in this work is based on GLOnets algorithm [35,36],
on optimizer [37] and on convolutional neural network [38–40] and the working flow is
schematically illustrated in Figure 3. The application of topology optimization to more
complex nanophotonic devices originates from silicon photonic technology, and it has
been applied to design other on-chip photonic devices [41], photonic crystals [42], and
plasmonic absorbers [43]. Boundary optimization has been utilized to realize semiconduct-
ing absorbers [44] and optical sorters based on scalar diffraction [45]. The deep machine
learning (DML) algorithm proposed in this manuscript—as already described—is based on
the use of two Metanet repositories. In order to obtain the better configuration of the final
device, the DML needs to receive as input the following parameters: the desired deflection
angle (it could be a single value or a vector), the operating wavelength, the liquid crystals
and MoS2 thickness (it could span in a vector e.g., from 10 to 100 nm ) and refractive index
(real and imaginary part), see Figure 3. Then all of these parameters are stored in a large
array that provides all possible combinations for the numerical system. Then, these data
are used as input of the first neural network layer.
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Figure 3. Working flow of the improved deep machine learning tool used to design the metasurfaces.
The input data—such as material properties, number of elements, size—are stored and then processed
in the neural network producing the input for the convolutional neural network that analyses the
data and produces the preliminary MoS2 arrangements as output. The optimizer tool is involved to
carry out the final structure pattern.

All the retrieved data are stored and a series of vectors are generated using all con-
siderable combinations. Each data set is processed by the neural network that exploits
a Rigorous Coupled Wave Analysis (RCWA) to evaluate the electromagnetic wave inter-
action with the metastructures. The algorithm is based on a global optimizer, based on
a conditional generative neural network, which can output ensembles of highly efficient
topology-optimized metasurfaces operating across a range of parameters, such as wave-
length, desired deflection angle, size and geometry. A key feature of the network is that it
initially generates a distribution of devices that broadly samples the design space and then
shifts and refines this distribution toward favorable design space regions over the course
of optimization. Training is performed by calculating, using the “reticolo code” written in
Matlab [46] the forward and adjoint electromagnetic simulations of outputted devices and
using the subsequent efficiency gradients for back-propagation. With structures that are
similar to meta-gratings, the algorithm operates across a range of input parameters showing
the devices, produced from the trained generative network, that have efficiencies compa-
rable to or better than the best devices produced by adjoint-based topology optimization,
while requiring a lower computational cost. This reframing of adjoint-based optimization
to the training of a generative neural network is applied generally to physical systems that
can utilize gradients to improve their performances [35,36]. Then, the modified GLOnets
algorithms provide as output an attempt of working structure. By implementing and
exploiting a Matlab optimizer it is possible to extrapolate the metasurfaces geometry able
to maximize efficiency.

The metastructure shape is redefined in order to achieve the best one for the already
specified wavelength and the deflection angle. The first one is to choose to modify the
beam path with a deflection angle of 45◦ dipped into an LC with a refractive index of 1.52,
Figure 4a. Then, the second one reflects the light with an angle of 55◦ with LC refractive
index equals 1.72 (Figure 4b), and finally, the last have to bend the light at 65◦ when the
surrounding medium n is 1.92, see Figure 4c.
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Figure 4. Illustration of the optimization steps for selecting the final structure pattern for the case (a) beam deflection of 45◦

using the nLC equal to 1.52 (b) beam deflection of 55◦ using the nLC equal to 1.72 and (c) beam deflection of 65◦ using the
nLC equal to 1.92. For each case is reported the efficiency plot and the corresponding structures for the best case indicated
by the black circle in each plot.

3. Conclusions

In summary, the presented conceptual device, constituted of a tunable medium and
an extremely optimized metasurface pattern arrangement, moves a leap forward for high
control on the beam steering, and consequentially, the far-reaching implementation is
reflected in the new LIDAR devices. The possibility to externally control the liquid crystal,
and hence its refractive index, enable a continuous angle selection with a range depending
on the birefringence of LC and on the metastructure design. This approach could represent
a new paradigm in nano-photonic and nano-plasmonic mode engineering and utilizes a
different physics approach from the current state-of-the-art, which is based on the stitching
of noninteracting waveguide or grating structures. We believe that this method can envision
that inverse design will enable new classes of high-performance photonic systems and new
strategies toward the nanoscale control of light fields.
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