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Tunable broadband polarization
converters based on coded
graphene metasurfaces

Ali Khajeh?, Zahra Hamzavi-Zarghani'?, Alireza Yahaghi' & Ali Farmani®**

In this paper, two optimization algorithms (randomly initialized hill climbing and genetic algorithms)
are considered to design broadband polarization converters based on coded metasurfaces. A pixeled
graphene patch with an elliptic structure is proposed for the initial solution. Each pixel can be 1 and 0
which represents the presence and absence of the graphene. The initial guess tends to the optimum
configuration after several optimization processes. Four broadband polarization converters are
designed utilizing the optimization algorithms. By changing the chemical potential of graphene,

the operation frequency of the polarization converters can be adjusted. Furthermore, the effects of
relaxation time of graphene and incident angle on the polarization conversion bandwidth of the four
designed structures are investigated.

Polarization state of electromagnetic waves can be manipulated by polarization converters which are useful
in several applications such as optical communication!, imaging? and detection®. Since, polarization state is
an important feature of the waves, many researches have been done to design polarization converters based
on optical gratings, dichroic crystals and birefringence effect’. These conventional methods are realized by
bulky structures because long distance is needed for phase accumulation. Recently, a lot of investigations have
been carried out to design compact and low profile polarization converters for integration and miniaturization
purposes®”’. Metasurfaces which are 2-D arrays of scattering particles are good candidates for design of thin
polarization converters®.

To obtain tunability, graphene which is a tunable material with respect to the frequency and applied bias volt-
age is utilized. It has extraordinary electrical, optical and mechanical properties’. Since graphene supports the
propagation of surface plasmon polaritons at terahertz and infrared frequencies, graphene is applied in tunable
and reconfigurable devices such as absorbers'®!!, modulators'?, detectors'?, switches' and lenses'.

The tunability of graphene based metasurfaces is obtained by adjusting the chemical potential of graphene
with different applied bias voltages'®. In recent years a lot of graphene based patterned metasurfaces have been
presented as polarization converters for terahertz and midinfrared frequencies'”'®.

In this paper, four coded metasurfaces to rotate the linear polarization of the reflected wave are proposed rely-
ing on randomly initialized hill climbing and genetic optimization algorithms. The metasurfaces are constructed
of digital units. Broadband polarization converters based on coded metasurfaces are achieved with our proposed
method. To the best of our knowledge, no research has been reported on the tunable broadband polarization
converter based on coded metasurfaces. The frequency range is considered between 20 and 40 THz for our four
structures and the periodicity in both x and y directions is fixed to 200 nm.

Randomly initialized hill climbing is one of the most basic methods among optimization algorithms. This
method starts with a random initial solution and then all neighbors of the initial answer are examined by the
objective function. The neighbor with the best answer replaces the initial point and the algorithm will continue
until no more acceptable neighbor is found. Here, the objective function is the bandwidth of the polarization
conversion ratio and the neighbor with the largest bandwidth is chosen®.

The genetic algorithm is inspired by genetic science and Darwin theory of evolution. This optimization algo-
rithm is a population based method and it is capable to solve both continuous and discontinuous problems. The
genetic algorithm is a directional random optimization method which tends gradually to the optimum point. It
starts with a set of solutions named the initial population. Each member of this population is named chromo-
some. In each generation, the chromosomes are examined and according to their values can survive and multiply.
The examination of chromosomes is done using a fitness function. Generation in the genetic algorithm is done
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Figure 1. Pixeled metasurface inclined by an elliptic.

utilizing crossover and mutation functions. The chromosomes become more perfect during several generations
and it continues until the stop condition is obtained®.

The paper is structured as follows: “Design procedure” reports the design and optimization of the polarization
converter unit cell. In “Result and discussion’, the optimum structures which are optimized by randomly initial-
ized hill climbing and genetic algorithms are presented and results of PCR are shown. The effect of tunability
and relaxation time of graphene and incident angle is also studied. In next section, some conclusions are drawn.

Design procedure

Design of an optimal broadband polarization converter based on metasurfaces includes determination of perio-
dicity of the unit cell, substrate height and dielectric constant and patch arrangement. In two structures SiO; with
a dielectric constant of 3.9 and in the other two structures Polymethylpentene (TPX) with a dielectric constant
of 2.1 are utilized as the substrate which produce low loss in the considered range of frequency. The substrate
is grounded by a gold layer with a conductivity of 4.56 x 107 s/m and thickness of 100 nm. The metasurface is
placed on top of the substrate which should be optimized to achieve a broadband performance for the polari-
zation converter. Genetic and randomly initialized hill climbing (RHC) optimization algorithms are assumed
for this purpose. The unit cell of the metasurfaces is divided into 10 x 10 pixels. The optimization is applied to
the pixels which are coded with a binary code. Each pixel can be 1 or 0 representing the presence or absence
of graphene. As mentioned before, graphene is used in the structure of the designed metasurface for tunability
performance. Its conductivity is adjustable by changing frequency and the chemical potential of graphene with
different bias voltages which can be applied to graphene patches by adding a gel ionic layer on top of them??.
Kubo formula which models the graphene conductivity shows its dependence to the frequency and the chemical
potential as follows?:
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We used Egs. (1) and (2) to obtain the conductivity of graphene. Then we modeled graphene as a surface with
the obtained conductivity. We wrote a VBA code in Matlab which models the whole structure with boundary
conditions. The VBA code was imported to CST to simulate the initial structure. The results imported to Matlab
to optimize the structure. After finding the optimum unit cell by using optimization algorithms, it imports to
CST and we can plot the optimum results.

For polarization rotation, the structure should be in 45° with respect to the polarization of the incident
wave. Therefore, we rotate the pixeled structure 45° in the x-y plane. We also applied symmetry in the unit cell
configuration. Therefore, by determination of 1/4 of the unit cell structure, the complete element will be defined.

The initial structure of the metasurface is considered as an elliptic with 100 x 80 nm?. The considered pixeled
structure which is coded with a binary code of 111110111101110110000 is shown in Fig. 1.

Each produced binary code by the optimization algorithms is translated to the structure in CST Microwave
Studio environment and the configuration corresponding to the binary code is simulated. The amplitude of
the reflection coefficients for the two reflected waves polarized in x and y directions is obtained as the output.
Polarization conversion ratio versus frequency can be calculated with these outputs from CST. The bandwidth as
a fitness function is obtained in Matlab and the optimization is carried on based on the considered algorithms.

Result and discussion

Optimization with randomly initialized hill climbing. The first structure. In the first structure, op-
timization with the randomly initialized hill climbing algorithm is done with consideration of a substrate with
a dielectric constant of 2.1 and the chemical potential of 0.8 eV. The structure corresponds to the binary code
001111110011100111111 represents the best result which means the largest bandwidth.

Figure 2 shows the structure of the metasurface regarding the obtained binary code. The reflection coefficients
of Ry and Ryy representing co and cross-polarized reflection amplitude for the x polarized incident wave are
shown in Fig. 3a. It can be seen two resonance frequencies at 34.12 THz and 35.44 THz. The magnetic fields and
surface currents on the surface of the structure are shown in Figs. 4 and 5, respectively. These vectors are mostly in
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Figure 2. Structure of the fist optimized metasurface (a) 3-D view, (b) top view [001111110011100111111].
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Figure 3. (a) Reflection coefficients of co and cross polarized reflected waves for the first structure, (b) PCR of
the first structure.
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Figure 4. Magnetic field on the surface of the first structure (a) at 34.12 THz and (b) at 35.44. THz.
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Figure 5. Surface current on the surface of the first structure at (a) 34.12 THz and (b) 35.44 THz.

Scientific Reports | (2021) 11:1296 | https://doi.org/10.1038/s41598-020-80493-w natureresearch



www.nature.com/scientificreports/

Jsurf [A/n] Jsurf [A/n]
3.0000E-02 8.0000E-02
1.7274€-02 4. 1893E-02
1.1956E-82 2.7218E-82
8.2751E-03 1.7683E-02
5.7274E-03 / 1. 1488E-02

3.9641E-03 7.4638E-03
I i;:::j: /// > l 3.1504€-03
1.3143E-03 2.0468E-03
9.08967E-0Y4 1,3298E-03
6. 2961E-04 8.6393E-04
1 4.3577E-04 5.6129E-04
3. 6466E-04
2.3691E-04
/ / / / / / / Bl
rorararary 8/ 8/ 8/ = ot

(a) (b)

Figure 6. Surface current on the ground plane (a) at 34.12 THz and (b) at 35.44 THz.
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Figure 7. Induced current J on the ground plane.
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Figure 8. PCR of the first structure for different chemical potentials of graphene.

cross polarized direction. Figure 6 illustrates the induced current on the ground surface. According to Fig. 7, the
induced current J on the ground plane produces the magnetic field H, which comprises x and y components. Hy,
relates to an electric field in the same direction as the incident wave while H,, relates to an electric field normal to
the electric field of the incident wave which indicates the polarization rotation of the reflected wave. Polarization
conversion ratio (PCR) is calculated from the following formula®* and it is plotted versus frequency in Fig. 3b.

[Ryy?|

PCR= ——F——-
|Rux®| + [Ryy?|

3)

This polarization converter shows PCR of higher than 0.9 in the frequency range of 33.67-35.98 THz with 6.5 %
bandwidth. Figure 8 shows the PCR of the structure for different chemical potentials of graphene. It indicates that
by changing the chemical potential, the operation frequency range of the polarization converter can be adjusted.
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Figure 9. PCR of the first structure for different incident angles.
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Figure 10. PCR of the first structure for different relaxation times of graphene.
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Figure 11. Structure of the second optimized metasurface [111110111111110110001].

Furthermore, this structure can also be used as a switch. Indeed, for the values more than 0.6 eV it operates as a
polarization converter with a tunable range of frequency but for the values smaller than 0.6 eV it does not work
as a polarization converter anymore.

PCR for different incident angles is also investigated and is shown in Fig. 9. It indicates that by increasing the
incident angle, the PCR and bandwidth decrease and for the incident angles more than 60° the bandwidth is very
small. Figure 10 shows the effect of the relaxation time of graphene on the operation of the designed polarization
converter. It can be seen that the change of relaxation time does not have much have effect on the polarization
conversion operation except that for the relaxation time of 0.2 eV the PCR and the bandwidth decrease slightly.

The second structure. The second structure which is optimized by randomly initialized hill climbing algorithm
is considered with a substrate with a dielectric constant of 3.9 and the chemical potential of 1 eV. The binary code
for the optimized metasurface which is shown in Fig. 11is 111110111111110110001. The co and cross polarized
reflection coefficients Ry, and Ry, are shown in Fig. 12a which indicated two resonance frequencies at 21.71 THz
and 25.84 THz. The PCR for the reflection mode shown in Fig. 12b illustrates PCR more than 0.9 in the fre-
quency range of 21-26.89 THz with a bandwidth of 24.6%. The bandwidth of this structure is almost 20% more
than of the first proposed. The tunability purposes of the designed polarization converter is proved in Fig. 13 by
changing the chemical potential of graphene. Figure 14a shows PCR of the second structure corresponding to
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Figure 12. (a) Reflection coefficients of co and cross polarized reflected waves Ry, and Ryy, (b) PCR of the
second structure.
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Figure 13. PCR of the second structure for different chemical potentials of graphene.
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Figure 14. PCR of the second structure for different incident angles.

four different incident angles 0°, 25°, 50° and 75°. Figure14b indicates that by increasing the incident angle, the
performance of the polarization converter is degraded in both the ratio of the polarization conversion and the
bandwidth. Figure 15 illustrates that changing the relaxation time of graphene has a very small impact on PCR
of the designed second metasurface.

Optimization with genetic algorithm. The third structure. In this section, two structures are opti-
mized by the genetic algorithm to obtain the largest bandwidth. In the first structure, a substrate with a dielectric
constant of 2.1 and the chemical potential of 0.8 eV is considered. Binary code of 111000111001101000111 is
obtained for the optimum solution which we investigate in the following. The optimum structure for the third
structure is shown in Fig. 16. The co and cross polarized reflection responses for the x polarized incident wave
are illustrated in Fig. 17a indicating two resonance frequencies at 36.07 THz and 37.54 THz. According to co
and cross polarized reflection coefficients, PCR is calculated and plotted versus frequency in Fig. 17b. The tun-
ability property of graphene on the polarization conversion operation is shown in Fig. 18 which indicates that
by increasing the chemical potential of graphene, the frequencies of high polarization conversion ratio increase.
Moreover, the designed metasurface can work as a switch. Indeed, for chemical potential less than 0.5 eV it does
not rotate the polarization of the reflected wave. Figure 19 shows PCRs for some incident angles. It can be seen
that for the incident angles more than 60° the bandwidth of the PCR becomes very small. Figure 20 shows the
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Figure 15. PCR of the second structure for different relaxation time of graphene.
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Figure 17. (a) Reflection coeflicients of co and cross polarized reflected waves of the third structure, (b) PCR of
the third structure.
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Figure 18. PCR of the third structure for different chemical potentials of graphene.

Scientific Reports |

(2021) 11:1296 |

https://doi.org/10.1038/s41598-020-80493-w nature research



www.nature.com/scientificreports/

1 5
=theta=0° ?)D
0.8 = theta=2s° ) 0.8
theta=50° 250
x 0.6 theta=75° gﬂ 0.6
@) <
A 04 e 04
K 5 25
=l
0.2 b 0.2
=
0

() b

30 32 34 36 38 40 30 31 32 33 34 35 36 37 38 39 40
Frequency(THz) Frequency(THz)

(@) )

Figure 19. PCR of the third structure for different incident angles.
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Figure 20. PCR of the third structure for different relaxation times of graphene.

Figure 21. Structure of the fourth optimized metasurface 111110111101111100000.

impact of the relaxation time of graphene. For the relaxation time of 0.4, 0.6, 0.8 and 1 eV the result of PCR is
almost the same but for the value of 0.2 eV, the level of PCR shrinks by 0.1.

The fourth structure. The last structure is also optimized by the genetic algorithm. A substrate with a dielectric
constant of 3.9 and a graphene layer with the chemical potential of 1 eV are used for this optimization process.
The binary code of 111110111101111100000 is obtained after several generations. The optimized metasurface
corresponding to this binary code is shown in Fig. 21. Figure 22a shows the amplitude of the co and cross polar-
ized reflected waves. It can be seen two resonance frequencies at 21.88 THz and 26.8 THz. PCR of the fourth
optimized structure is illustrated in Fig. 22b with a 25% bandwidth. Figure 23 shows the tunable performance
of the polarization converter by changing the chemical potential of graphene. The effect of incident angle on
the PCR is shown in Fig. 24 which indicates less bandwidth can be seen for the incident angles more than 60°.
Figure 25 proves that the relaxation time of graphene has a very small effect on PCR of the fourth polarization
converter.
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Figure 22. (a) Reflection coeflicients of co and cross polarized reflected waves of the fourth structure, (b) PCR
of the fourth structure.
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Figure 23. PCR of the fourth structure for different chemical potentials of graphene.
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Figure 24. PCR of the fourth structure for different incident angles.

Conclusion

In this paper, four polarization converters based on graphene pixeled metasurfaces have been designed. The
structures have been optimized by randomly initialized hill climbing and genetic algorithms to obtain broad
bandwidth polarization conversion. Graphene patches have been used in the configuration of the metasurface to
achieve tunable performance. The first structure has a good performance in the frequency range of 34.2-35.44
THz with a chemical potential of 0.8 eV. The second structure operates properly in the frequency range of
21-26.89 THz with a chemical potential of 1 eV. The third structure works at the frequency range of 35.71-37.9
THz with a chemical potential of 0.8 eV and the fourth structure works at the frequency range of 21.28-27.58
THz with a chemical potential of 1 eV. All converters are tunable by changing their chemical potentials and
perform well up to 60° incident angle. However their operation bandwidth decrease with increasing the incident
angle. The results also show that the value of relaxation time has a very small impact on the PCR of the structures.
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Figure 25. PCR of the fourth structure for different relaxation times of graphene.
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