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Abstract: Graphene gratings provide a promising route towards the miniaturization of THz
metasurfaces and other photonic devices, chiefly due to remarkable optical properties of graphene.
In this paper, we propose novel graphene nanostructures for passive and active control of the
polarization state of THz waves. The proposed devices are composed of two crossed graphene
gratings separated by an insulator spacer. Because of specific linear and nonlinear properties of
graphene, these optical metasurfaces can be utilized as ultrathin polarization converters operating
in the THz frequency domain. In particular, our study shows that properly designed graphene
polarizers can effectively select specific polarization states, their thickness being about a tenth of
the operating wavelength and size more than 80x smaller than that of similar metallic devices.
Equally important, we demonstrate that the nonlinear optical properties of graphene can be
utilized to actively control the polarization state of generated higher harmonics.
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1. Introduction

Graphene, an atomic-layer thin material [1], exhibits many unique and remarkable physical
properties, including high carrier mobility [2], chemical stability, and high mechanical strength,
which has led to intense research interest in science and engineering. In particular, its linear
optical properties have been employed in many photonics and optoelectronics applications [3,4],
including novel electronic devices [5-7], sensors [8], and solar cells [9]. In addition to the
impact of graphene on the field of linear optics, its nonlinear optical properties have played an
equally important role in the development of novel active photonic devices with new or improved
functionality. Specifically, nonlinear optical interactions, such as third-harmonic generation
(THG) [10-13] and Kerr effect [14], which are key for many active photonic devices [15], are
strongly enhanced in graphene nanostructures because these physical systems support surface
plasmon-polaritons (SPPs) that strongly confine and enhance the optical near-field.

Because of the specific optical properties of graphene [16,17], most of its applications are found
in the THz frequency domain. In particular, the conductivity of graphene at THz frequencies is
determined by intra-band transitions [18-20], namely its dispersive properties are similar to those
of noble metals described by the Drude model. For this reason, graphene structures can support
broadband plasmon resonances in the THz and mid-IR regime, which can be used to enhance and
control the optical near-field. Moreover, the size of patterned graphene structures with resonances
in the THz domain is about two orders of magnitude smaller than that of metallic structures
whose resonances are at similar frequencies, which underlines the potential for miniaturization
provided by graphene structures [21-24]. Equally important, due to the tunability of graphene,
plasmon resonance frequencies can be ultrafast tuned via chemical or electrical doping.

In addition to many other THz applications [25-29], the optical properties of graphene make it
particularly suitable to be employed in an important class of THz devices, namely polarization
converters. Although the THz technology for generation and control of light polarization is still
in its infancy, recently significant progress has been made in this area of research. Thus, several
designs of graphene based polarization converters operating in transmission or reflection have
been proposed and used to demonstrate the conversion of the polarization state of light from
linearly polarized to a different linearly polarized state or to right- and left-circularly polarized
(RCP, LCP) light [30-39]. In addition, polarization converters based on metallic structures have
also been demonstrated [40—49], although they are bulkier and have a significantly larger size as
compared to similar devices based on graphene. Despite this recent progress, a key functionality
still has to be implemented in reliable devices, namely tunable and ultrafast controllable THz
polarization converters.

In order to address this problem, in this paper we demonstrate that graphene nanostructures
can be used effectively both to convert THz light between different polarization states and
to generate optical waves at new frequencies and with pre-designed polarization states. The
proposed structures consist of two crossed graphene gratings, which are separated by an insulator



spacer. These ultra-thin graphene optical metasurfaces can be utilized as polarization converters
to engineer and control the polarization state of THz waves simply by choosing the specific
geometrical properties of the two crossed gratings or by tuning the optical properties of graphene
by varying its conductivity. Our analysis shows that these graphene based polarizaion converters
can be very effective in generating specific polarization states, including linearly polarized, RCP,
LCP, and elliptically polarized THz waves.

The paper is organized as follows. In Sec. 2, the linear and nonlinear properties of graphene are
briefly summarized and in Sec. 3, the THz response of a crossed graphene grating configuration
is investigated. We then illustrate in Sec. 4 and Sec. 5 how these ideas can be used to design
polarization converters that can be employed in the linear regime and at higher harmonics,
respectively. The main conclusions of the paper are summarized in the last section.

2. Linear and Nonlinear Optical Properties of Graphene

The linear optical properties of graphene are described by its linear surface conductivity, which
is given by the Kubo’s formula [16, 17]. Within the random-phase approximation, this formula
can be expressed as the sum of the inter-band and the intra-band contributions. The intra-band
contribution is given by

2
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where, w is the angular frequency, p. is the chemical potential, 7 is the relaxation time, T is the
temperature, e indicates the electron charge, kp is the Boltzmann constant, and 7 represents the
reduced Planck’s constant. Moreover, if y. > kpT and iw < 2., the inter-band contribution
can be approximated as
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It can be seen that the intra-band contribution to the conductivity of graphene at THz frequencies
is similar to that of noble metals, meaning that it is described by the Drude model. This linear
property indicates that graphene can support plasmon resonances at THz frequencies.

The nonlinear optical properties of graphene are quantified by a nonlinear surface conductivity
tensor, O'y")(Q, w), where the superscript m indicates the order of the nonlinear optical interaction
and Q is the frequency of the higher harmonic. The graphene lattice is centrosymmetric, which
means that second-order nonlinear optical processes are forbidden. Thus, in this paper we only
consider the third-harmonic generation, namely m = 3 and the conductivity tensor is described
by a single scalar function. This function can be written as [10-12]:
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where Q = 3w, vi = ¢/300 is the Fermi velocity, oy = €2 /4 is the universal dynamic
conductivity of graphene, and T(x) = 17G(x) — 64G(2x) + 45G(3x), with G(x) = In if—i -
imH(|x|—1) and H(-) being the Heaviside step function. Using the third-order surface conductivity
tensor of graphene [12], the corresponding current density can be calculated as:
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where A?.;d = (0ijOr1 + 0ix0j1 + 610k )/ (Bhesr), hesy being the effective thickness of graphene
and ¢;; tﬂe Kronecker delta. In 2D materials, the nonlinear surface current lies on the surface,
thus the value of the normal component of the current density in Eq. (4) is zero.



3. Crossed Graphene Polarizer

The material and geometrical structure of the investigated device is schematically illustrated in
Fig. 1. It consists of three layers, namely two optical gratings made of graphene nanoribbons
(GNRs) separated by a dielectric thin film assumed to be made of Al,O3, the whole structure
being placed on a silicon substrate. In particular, the two sets of GNRs are oriented perpendicular
to each other so that they couple to plane waves with different (orthogonal) polarizations. In
addition, metallic electrodes are in contact to the two graphene gratings so that one can tune the
Fermi energy of graphene and implicitly its linear and nonlinear conductivities. The unit cell
of this crossed GNRs-insulator-GNRs (GIG) metasurface is depicted in the inset of Fig. 1, the
metasurface being described by the periods L; and L,, thickness of the dielectric spacer, d, and
the widths of the bottom and the top ribbons, W; and W, respectively.

In our computational analysis of the optical response of this crossed graphene polarizer,
we assume that a linearly polarized THz optical wave carrying a modulated Gaussian pulse is
impinging normally onto the metasurface, as shown in Fig. 1. The frequency band of this Gaussian
pulse ranges from 3 THz to 10 THz and the polarization of the incident plane wave is characterized
by the polarization angle, @. In this work, unless otherwise specified, the parameters defining the
GIG metasurface are: d = 100nm, L; = L, = 200 nm, and W; = W, = 150 nm. Moreover, the
refractive index of Al,O3 and silicon are taken from [50], and the linear conductivity of graphene
is given by Eqs. (1)-(2) with T = 300K, 7 = 0.2 ps, and u. = 0.2 eV. The linear response of this
device is studied using the ADE-FDTD method [51], whereas its nonlinear optical properties are
investigated using a numerical method we introduced in a recent study [52].

In order to understand the basic optical properties of the GIG polarizer, we determined first its
linear optical response, namely the reflectance, R, transmittance, 7, and absorption, A. The results
of this analysis, summarized in Fig. 2, reveal several important features. First, as mentioned
above, due to its metallic character graphene supports surface plasmons. Their signature can be
seen in the reflectance and absorption spectra plotted in Fig. 2 as broad spectral peaks. These

electrodes

graphene
Al203
graphene
Si

Fig. 1. Schematics of a crossed graphene polarizer consisting of two optical gratings made
of graphene nanoribbons separated by a dielectric thin film. The polarization angle of the
incident light is @, and one unit cell of this metasurface with periods L and L, is depicted
in the inset. The widths of the graphene nanoribbons of the top and bottom gratings are W
and W5, respectively.
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Fig. 2. Linear spectra of absorption (A, dotted line), reflectance (R, continuous line), and
transmittance (7', dashed line) of a crossed graphene polarizer, calculated for three values
of the incidence polarization angle: @ = 0 (red lines), @ = 7/4 (blue lines), and @ = 7/2
(green lines). The values of all the geometrical and material parameters of the structure are
provided in the text.

plasmon resonances are generated when the electric field of the incident wave is perpendicular to
the GNRs (TM polarization). Moreover, the enhanced absorption at the resonance wavelengths
as well as the optical near-field (not shown here) suggest that the excitation of these plasmons is
accompanied by a strong enhancement of the local optical field. Equally important, the resonance
wavelengths can be tuned significantly simply by varying the Fermi energy of graphene.

Another important and somewhat surprising fact illustrated by the spectra in Fig. 2 is that the
resonances corresponding to the top and bottom GNRs are located at different wavelengths, despite
the fact that the top and bottom graphene gratings are identical (W; = W, and L = L,). This
result is explained by the fact that the two gratings are embedded in a different electromagnetic
environment, namely the top one is located in-between an air region and the Al,O3 spacer
whereas the bottom one is sandwiched in-between the Al,O3 spacer and silicon substrate. To be
more specific, the resonance wavelength of graphene plasmons is particularly sensitive to the
permittivity of the environment. For example, the dispersion relation of plasmons in a graphene
sheet sandwiched in-between two media with permittivities €; and e, is [17]:

hZ
kgp ~ il (e1 + &)w(w + i‘ril), %)
P e

where kg, is the plasmon wavenumber. This relation suggests that the larger the permittivity is
the larger the resonance wavelength of the plasmons of GNRs is. This can be observed in Fig. 2,
where the resonance wavelength of the plasmons of the bottom GNRs is larger than that of the
top GNRs because the permittivity of silicon is much larger than that of air. In other words, the
peak corresponding to the larger resonance wavelength (53 um) arises from the excitation of
plasmons in the bottom GNRs, whereas the plasmons of the top GNRs give rise to the peak at
the smaller resonance wavelength (41 um).

In contrast to metallic plasmon resonances, which are solely determined by the geometry,
graphene plasmons can be readily controlled in real-time via a gate voltage. Moreover, the
polarization-dependent optical response of the proposed crossed graphene gratings can be used
to effectively reduce the size of commonly used metal based THz polarizers. In order to illustrate
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Fig. 3. a), b) Schematics of the unit cell of a polarizer based on metal and graphene,
respectively. ¢), d) Reflectance spectra of metal and graphene based polarizers, respectively,
determined for different polarization angles of the incident wave.

this idea, we consider two polarizers, one made of graphene and the other one of gold, and
determine their size such that both have plasmon resonances at similar wavelengths. In the case
of the metallic polarizer, we use a widely investigated structure, namely an asymmetric cruciform
particle with the lengths of the two arms L; = 7 um and L, = 12 um, the periods of the structure
being L, = L, = L = 16 um. As illustrated in Fig. 3, the metallic and graphene polarizers have
resonances at similar wavelengths if the corresponding sizes of their unit cell are L = 16 ym
and L = 0.2 um, respectively. Note that in the case of the metallic polarizer the two resonances
correspond to different wavelengths because the two arms of the cross have different length.
More specifically, plasmons are excited in an arm of the cross when the incident field is parallel
to the arm, and the corresponding resonance wavelength increases when the length of the arm
increases. This analysis proves that by employing graphene based polarizers the size of the device
can be reduced by almost two orders of magnitude as compared to that of conventional, metal
based devices. It should be noted that the maximum reflectivity and bandwidth of crossed GNR
gratings do not favorable compare to those of similar structures made of crossed metallic gratings.
On the other hand, the photonic structures analyzed in our work do have important advantages,
such as a significantly reduced size.



4. Polarization Converter Based on Crossed Graphene Polarizer

As we discussed in the preceding section, the polarization-selective feature of a GIG metasurface
can be used to design an efficient, ultrathin polarization converter. In this section, such a
polarization converter based on the linear optical properties properties of graphene is presented
and studied. The schematics of this device is shown in Fig. 4(a). Similarly to the polarizer
presented in Fig. 1, the proposed polarization converter consists of two crossed graphene gratings,
which are placed on the top and at the bottom of an insulator spacer made in this case of
PMMA. The size of the unit cell of this graphene polarization converter is the same as that of the
polarization polarizer in Fig. 1. We chose this modified structure of the device to ensure that
the two graphene gratings are sandwiched in-between the same pair of optical media, and so
the corresponding resonance wavelengths of the plasmons are the same. This does not affect the
generality of the conclusions of our study, yet it simplifies the device analysis. It should also be
noted that part of the incident beam will be reflected if the two graphene gratings are sandwiched
in-between different media. However, the influence of the reflection from the substrate can be
effectively removed if one uses two independent simulations or experiments, namely one with
just the substrate and the other one with the GNRs on top of the substrate, and then properly
subtract the two simulated or measured reflected beams.

We consider first the transmittance, reflectance, and absorption of a single graphene grating
placed on top of a PMMA substrate, the corresponding spectra calculated for the polarization
angle @ = 0, @ = n/4, and @ = /2 being presented in Fig. 4(b). These spectra show that when
the electric field is parallel to the GNRs, the transmittance is almost unity whereas the reflectance
is zero. On the other hand, when the field is polarized perpendicularly to the GNRs, at the
resonance wavelength of the plasmon 7' =~ 50 % and R ~ 10 %.

The linear optical response of the graphene polarization converter, that is the transmittance,
reflectance, and absorption spectra, is also given in Fig. 4(b). Because of the symmetry of the
structure, all optical spectra are polarization independent. In particular, the resonance wavelength
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Fig. 4. a) Schematics of a crossed graphene polarizer consisting of two optical gratings
made of graphene nanoribbons separated by a thin film made of PMMA. The values of
the geometrical parameters of the structure and all material parameters are provided in
the text. (b) Linear spectra of absorption (A, dotted line), reflectance (R, continuous line),
and transmittance (7', dashed line) corresponding to a graphene grating placed on top of
PMMA substrate, calculated for three values of the incidence polarization angle: @ = 0 (red
lines), @ = 7 /4 (blue lines), and @ = /2 (green lines). The spectra marked with diamond
symbols show A (citron), R (black), and T (light blue) of the crossed-grating structure and
are calculated for @ = 7/4.
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Fig. 5. Configuration of a crossed-graphene grating that can be used as a polarization
converter in reflection. a) An incident linearly polarized beam with polarization angle
« = m/4 impinges normally on a crossed-graphene grating, such that the E and E, field
components interact primarily with the bottom and top grating, respectively. b) Schematics
of the crossed-graphene grating. ¢) Depending on the value of the phase difference Ay, one
can engineer reflected optical beams with desired polarization state.

of the plasmons supported by the two graphene gratings does not depend on the polarization
angle of the incident wave; however, both the spectra and the resonance wavelength can be tuned
by changing the Fermi energy of graphene.

The operation principles of the proposed polarization converter, designed to operate in
reflection, are illustrated in Fig. 5. Thus, let us assume that a linearly polarized incident wave with
a polarization angle @ = 45° impinges normally onto the top facet of the device. The incoming
field is decomposed along the x-axis and y-axis, that is, along the directions of the GNRs in the
bottom and top graphene gratings, respectively. Based on the polarization-selective property of
graphene gratings, illustrated in Fig. 4(b), the E,, field component will pass largely unaffected
through the top graphene grating, will propagate through the spacer to the bottom grating, where
part of it will be reflected. Then, it will propagate back to the top grating and pass through it
largely without being affected. The E, field component, on the other hand, will be reflected
by the top graphene grating. This simple analysis suggests that there will be an optical phase
difference, Agp, between the phases of the reflected E, and E, field components, meaning that
upon reflection from the polarization converter the linearly polarized incident optical field would
be generally converted into an elliptically polarized one. More specifically, by tuning Ag, one
can engineer output waves with a specific state of polarization, including linearly polarized, RCP,
and LCP optical beams.



Let us now derive an expression for the phase difference Ap. Whereas a rigorous analytical
formula for A¢ cannot be determined, due to the fact that the optical field in the region of the
two graphene gratings is strongly inhomogeneous, a simple formula can be derived under the
following assumptions: i) The fields in the transmission region, spacer, and reflection region
can be represented as superposition of plane waves and ii) The E, field component undergoes a
single reflection at the interface containing the bottom grating. Under these conditions, a simple
analysis of the wave configuration depicted in Fig. 5 shows that Ay is given by the following
relation:

0, z<z,
Ap(z) = 4%(1 —2p) b <2< (6)
#d, > 2

where z;, and z; indicate the location of the bottom and top graphene gratings, respectively, n
is the index of refraction of the spacer, and d is its thickness. This equation shows that Ay is
constant in the transmission and reflection regions, and increases linearly with z in the spacer.
Equation (6) can be used to design a polarization converter that generates an optical beam with
a desired polarization state. In particular, if Ap(d) = [n, where [ is an integer, the output beam
will be linearly polarized, if Ap(d) = (41 + 1)r/2 [Ap(d) = (41 + 3)7 /2] the output beam will be
RCP (LCP), whereas for other values of Ap(d) the output beam will be elliptically polarized. The
phase difference A¢ can be varied simply by changing the thickness d of the dielectric spacer.
In order to assess how well Eq. (6) describes the dependence of Ay on distance, we computed
numerically this phase difference and compared the results with the analytical predictions based
on Eq. (6). These calculations were performed for an incident beam with A = 23.5 um, that is at
the plasmon resonance shown in Fig. 4(b). The conclusions of this analysis are summarized in
Fig. 6(a). It can be seen that there is a very good agreement between the analytical and numerical
results, especially away from the interfaces where the two graphene gratings are located. In
these two regions, the phase difference A¢(z) shows strong spatial inhomogeneity, which is
attributable to the strong near-field confinement of the graphene plasmons. Interestingly enough,
the phase variations at the two interfaces containing the graphene gratings have identical absolute
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Fig. 6. a) Dependence of the linear phase difference A¢ on z, determined for different
values of the thickness of the insulator layer: d = 0.5 um (red line), d = 1 um (blue line),
d = 1.5 pm (green line), d = 2 um (purple line), and d = 2.5 um (cyan line). The solid lines
and circles indicate the numerical and analytical results, respectively. b) Phase difference
A vs. the ratio d/ A, determined analytically and numerically in the reflection region. In all
calculations A = 23.5 um corresponds to the plasmon resonance shown in Fig. 4(b).



values but are opposite in sign. As a result, they cancel each other, which results in a constant
phase difference in the transmission and reflection regions. Moreover, the numerically obtained
Ag(z), presented in Fig. 6(a), validates our assumption that the optical field in the transmission,
reflection, and spacer regions can be represented as superpositions of plane waves.

As Eq. (6) and our calculations indicate, a specific polarization state of the output beam can
be achieved by carefully choosing the the thickness of the spacer or the wavelength of the input
beam. In order to illustrate this idea, we show in Fig. 6(b) the dependence of A¢ on the ratio d/A,
determined both analytically and numerically. In these calculations, we again set the wavelength
to be equal to the wavelength of the plasmon resonance shown in Fig. 4(b), i.e. 1 = 23.5 ym.
This analysis further validates Eq. (6), as it shows a very good agreement between theoretical
predictions and computational results. Moreover, Fig. 6(b) suggests that our polarization converter
is particularly compact, that is large phase variations can be achieved for a relatively small
thickness, d. For example, in order to transform the linearly polarized input beam into a RCP
beam, i.e. Ap = /2, the thickness is d ~ 0.14.

5. Active Polarization Converter Based on Crossed Graphene Polarizer

One important functionality of the polarization converter analyzed in the preceding section is that
it can be used as an active device, too, namely it can generate optical beams at higher-harmonics
with specific polarization state. Whereas our analysis of the nonlinear properties of this device is
valid for any order of the nonlinearity, we consider in this paper only THG, namely the order of
the nonlinear optical interaction is m = 3.

Arguments similar to those used to derive Eq. (6) can be employed to find the corresponding
formula valid in the nonlinear case. The conclusion of this analysis is that in the nonlinear
case the nonlinear phase difference A¢ is described by a relation very similar to Eq. (6), the
only modification being that the wavelength A must be replaced by 4 — A = A/m, where
A = A/m = A/3 is the wavelength at the third-harmonic (TH). For example, for z > z, the
nonlinear phase difference can be written as Ap = Ap; + Agy, where Ap; = QAt = Qnd/c
accounts for the fact that there is a At = nd/c time delay between the TH waves generated at the
top and bottom graphene gratings and Ay, = Knd, with K = 27/ A being the wave vector at the
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Fig. 7. a) Dependence of the nonlinear phase difference Ag on z, determined for different
values of the thickness of the insulator layer: d = 0.5 um (red line), d = 1 um (blue line),
d = 1.5 pm (green line), d = 2 um (purple line), and d = 2.5 um (cyan line). The solid lines
and circles indicate the numerical and analytical results, respectively. b) Phase difference
A vs. the ratio d/ A, determined analytically and numerically in the reflection region. In all
calculations A = 23.5 pm corresponds to the plasmon resonance shown in Fig. 4(b).



TH, is the phase variation at the TH of the reflected wave propagating from the bottom to the top
graphene grating. Adding the two phases leads to Ap = 4nd/A.

As in the linear case, we determined the phase difference Ay using Eq. (6), modified as
just discussed, and numerically by employing an in-house developed code that implements the
GS-FDTD method [52]. In order to be able to compare these results to those obtained in the
linear case, we use the same value of the wavelength of the incident wave, A = 23.5 um. The
conclusions of these investigations, summarized in Fig. 7, show that in the nonlinear case, too,
there is a good agreement between the theoretical and computational results, except within a
small region near the graphene gratings. In these regions the nonlinear optical field is strongly
distorted from a plane wave, as the nonlinear currents, which are the sources for the field at the
TH, lie on the GNRs. Moreover, it can be seen in in Fig. 7(b), that the nonlinear phase difference
is larger by a factor of m = 3 than the linear one, which leads to a more compact device. More
specifically, Ay varies from 0 to 27 when the ratio d/A varies from 0 to 0.116, which means that
a linearly polarized incident wave is converted at the TH into a right-hand elliptically polarized
optical wave when d/A < 0.058 and into a left-hand elliptically polarized optical wave when
0.058 < d/a < 0.116.

A facile and intuitive representation of the polarization state of an optical beam is based on the
Stokes parameters, Q, U, and V, and the corresponding Poincaré sphere [53]. Using these tools,
we mapped the z-dependence of the nonlinear phase difference Ag(z) for the cases presented in
Fig. 7(a) onto the Poincaré sphere, the results being presented in Fig. 8. Thus, each point on these
paths on the Poincaré sphere represents a specific polarization state corresponding to a value
of the z-coordinate. For instance, the points located on the equator represent linearly polarized
waves, and the points located in the northern and southern hemispheres represent right-hand and
left-hand elliptically polarized waves, respectively. The particular cases of circularly polarized
waves are located at the two poles.

Let us consider first the case presented in Fig. 8(a), which corresponds to a polarization
converter designed to transform a linearly polarized plane wave into a RCP optical beam at the
TH. In this and all the other cases, the initial state of polarization corresponds to the point / on
the Poincaré sphere because the initial value of the phase difference is zero. Note that Ap = 0 in

Fig. 8. Representation on the Poincaré sphere of polarization states described by the nonlinear
phase difference A¢(z). a) Poincaré sphere and the polarization transformation path (red line)
when d = 0.8 um. b), ¢), d), e) Polarization transformation paths (red lines) corresponding
tod =0.5um, d = 1pm, d = 2pm, and d = 2.5 um, respectively.



the transmission region (z < 0), too, so that the transmitted TH optical beam corresponds to the
point I, too. Moreover, it can be seen in Fig. 8 that all polarization paths pass through the points 2
and 3, which correspond to the bottom (z = z;,) and top (z = z;) graphene gratings, respectively.
In order to understand this fact, note that the bottom graphene grating is primarily excited by an
x-polarized field, and therefore the generated field at the TH is x-polarized, too. As a result, the
field at z = z; is mapped to the point 2 on the Poincaré sphere. Following a similar argument it
can be shown the field at the top graphene grating is y-polarized, so that the field at z = z; is
mapped to the point 3 on the Poincaré sphere.

The location on the Poincaré sphere of the end point, 4, of the polarization state depends
on the thickness d, as the phase difference at z = z; is proportional to d. This is illustrated in
Figs. 8(b) through 8(e), which correspond to increasing values of d. Considering this feature,
we can engineer the thickness d so as the end point of the polarization path corresponds to a
desired polarization state. For instance, as shown in Fig. 8(a), when the thickness d = 0.8 um,
the polarization path ends at the north pole, which corresponds to a RCP optical beam at the TH.

6. Conclusions

In summary, we have introduced and discussed the operation principles and optical properties of
an ultrathin graphene polarizer and a novel graphene polarization converter based on crossed
graphene optical gratings. These photonic devices are designed to operate at THz frequencies
and are based on the unique linear and nonlinear optical properties of graphene nanoribbons.
In particular, our study demonstrates that graphene nanoribbons can support strong plasmon
resonances at THz frequencies, a feature that can be used to reduce the device size by more
than 80 times, as compared to metallic devices with similar structure. Moreover, we also show
that the polarization-selective properties of graphene nanoribbon gratings can be effectively
employed to design passive and active ultrathin graphene polarization converters. In order to
characterize the performance of this novel type of polarization converters, we have derived an
analytical model, validated by rigorous numerical simulations, which describes the polarization
state of the reflected optical beams, at both the fundamental frequency and higher-harmonics.
Both the analytical and numerical results demonstrate that a linearly polarized incident wave
can be converted into an optical beam with desired polarization state, both at the fundamental
frequency and higher-harmonics, simply by engineering the geometrical and material parameters
defining the proposed graphene polarization converter. Important from a practical perspective,
our analysis suggests that the thickness of this novel polarization converter can be as small as
10 % of the wavelength of the incident optical beam.
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