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Abstract— Numerical modeling of periodically patterned
graphene sheets (PPGS) embedded in planar multilayered media
using Fourier-based methods suffers from very slow convergence
because of the fact that the conductivity is zero in unfilled areas
of the patterned surface and, thus, the so-called Li’s inverse rule
is not applicable. In this paper, a simple and efficient approach is
proposed to overcome this problem such that the exact boundary
condition can be applied and the surface current density on PPGS
can be obtained accurately. Here, the PPGS is modeled as a
conductive surface and only its conductivity representation by
the Fourier series is modified. The proposed method can be used
easily for 1-D and 2-D periodic structures without the need to
change the basic formulations of Fourier-based methods. Fast
convergence and accuracy of the method will be demonstrated
by computing the absorption of 1-D and 2-D PPGS. Moreover,
the proposed method is utilized to design a wideband tunable
wide-angle polarizer consisting of two-parallel PPGS separated
by a 0.5-µm layer of SiO2. The transmittance of the structure
exceeds 95% from microwaves up to 2 THz.

Index Terms— Periodically patterned graphene sheets, Fourier-
based methods, fast convergence, broadband and wide-angle
polarizer.

I. INTRODUCTION

GRAPHENE, made of a two dimensional lattice of car-
bon atoms, is an attractive material due to its unique

properties and there has been a huge interest in its photonic
and electronic applications in recent years [1]–[4]. It has
been shown that in terahertz and mid-infrared frequencies
the imaginary part of the graphene conductivity can be neg-
ative. Thus, it can support ultra-confined surface plasmon
polariton waves [5]–[9]. Moreover, the possibility of having
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periodically patterned graphene sheets (PPGS) embedded in
multilayered media has been exploited to design numer-
ous plasmonic devices such as notch filters, terahertz lin-
ear polarizers [10]–[12], and terahertz absorbers [13]–[16].
Hence, having a fast convergent method for numerical analysis
of such structures has become a prime focus of research
recently [17]–[19].

Fourier-based methods such as Fourier Modal
Method (FMM), which is also known as rigorous coupled-
wave analysis (RCWA) [20], and Transmission-Line
Formulation (TLF) [21], [22] are the most common methods
for modeling grating structures. Applying Li’s inverse
rule [23] enables these methods to appropriately model
almost all grating structures in optical frequencies. Using
these Fourier-based methods, the PPGS can be modeled as a
dielectric layer of nonzero but very small thickness of h and
with an effective dielectric constant of εr = 1 − iσg/hωε0
where σg is the surface conductivity of graphene [7], [13].
We will call this approach “nonzero thickness modeling”
throughout this paper. By computing the eigenvalues and
eigenvectors of the resulting periodic boundary value problem,
the reflection, transmission, and absorption characteristics
of PPGS can be obtained. However, the computational time
increases dramatically for 2D PPGS by increasing the number
of Floquet harmonics.

An alternative procedure is to model PPGS as a conductive
surface in the boundary between the two regions where it is
deposited. There is a great deal of research on conducting
interfaces [24]–[26]. In this way there is no need to solve an
eigenvalue problem for the PPGS, thus it is more efficient in
terms of computation time. However, because the surface con-
ductivity is zero in unfilled areas of the unit cell, Li’s inverse
rule [23] cannot be applied and convergence of this procedure
is very poor. Recently, an approximate boundary condition has
been proposed in [17] and [18] which makes it possible to
use Li’s inverse rule and improve the convergence. In this
approach, it is assumed that the transverse electric field is
constant in a boundary region with a fictitious height. The
height chosen for this artificial boundary layer has a profound
effect on the rate of convergence.

In this paper, we propose a new approach to model PPGS
as a conductive surface and to use Li’s inverse rule such
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that the exact boundary conditions can be applied. It will be
shown that implementation of the proposed approach for 1D
and 2D PPGS is very straightforward and there is no need
to change the basic formulations and boundary conditions
of TLF or any other Fourier-based method that is adopted
for numerical analysis. This approach in comparison with
nonzero thickness modeling and Laurent’s rule has higher
accuracy and its computation time is much less than that of
nonzero thickness modeling since there is no need to solve
an eigenvalue problem for the PPGS, specially for 2D PPGS.
The effectiveness of the proposed approach is demonstrated
by recomputing the previously obtained results and by using
Ansys HFSS.

Finally, using the proposed method, a broadband polarizer
consisting of two PPGS deposited on both sides of a thin
SiO2 layer is designed. The compact polarizer maintains high
performance, with TM transmittance larger than 95% and
extinction ratio exceeding 10dB, from microwaves up to 2THz
and with incident angles up to 90°. Furthermore, owing to
the graphene properties, the bandwidth can be adjusted with
variation of the Fermi energy or, equivalently, the applied
electrostatic bias.

II. FORMULATION

Here the TLF which is a variant of the FMM is used
to analyze multilayered structures that contain 1D or 2D
PPGS [21], [22]. In this formulation, the transverse electric
and magnetic field components, [Exi , Eyi ] and [Hyi,−Hxi ],
are considered as transmission line voltages and currents,
respectively, and they are represented by Fourier series expan-
sions in each layer. Each Fourier mode represents a separate
transmission line with its own propagation constant. These
parallel transmission lines are coupled through inhomogeneous
layers such as gratings or patterned sheets within the struc-
ture. Finally, the necessary boundary conditions, namely, the
continuity of line voltages and currents on the boundaries,
are enforced. Knowing the incident wave, field components in
all layers including the transmitted and reflected waves at the
bottom and top of the structure can be calculated.

A. Modeling the Periodically Patterned
Graphene Sheet in TLF

A two-layer planar structure which contains a 1D and a
2D PPGS is shown in Fig. 1(a) and (b). PPGS has a surface
conductivity function defined by σs(x, y) which is equal to
the surface conductivity of graphene, σg , where the graphene
exists and is zero elsewhere. The carrier concentration in PPGS
is controlled by using an ion-gel top gate, which allows a
large variation of the Fermi energy level through electrostatic
gating [27], [28]. The top and side view of a typical gated
structure is shown in Fig. 1(c). A top gate metallic contact can
be fabricated on the ion-gel layer.

Typically, the nonzero thickness model which was described
in Introduction is employed to model the PPGS. However,
this procedure is very time consuming specially for 2D PPGS
because of extremely large matrices that are involved [13].
Another approach is to model the graphene sheet on the

Fig. 1. A planar two-layer structure containing (a) 1D ribbons of graphene
with period L and width d (b) a 2D periodic rectangular lattice of graphene
holes with periods Lx and L y in the x and y directions, respectively. The size
of each window is dx × dy . Permittivities of the two half-spaces above and
below the PPGS are ε1 and ε2. (c) Top and side view of a gated structure.
(d) Equivalent circuit model of the two-layer structure containing a PPGS.

boundary between two layers as a current sheet whose surface
current density �Js is related to the tangential electric field by
the Ohm’s law: �Js = σs �Etan. In TLF the graphene sheet enters
the formulation as a shunt admittance as shown in Fig. 1(d).
In the case of 2D PPGS the admittance matrix representing
the graphene sheet is [Yg] given by:

[Yg] =
[[[σs]] 0

0 [[σs]]
]

(1)

where [[σs]] is a matrix containing the Fourier expansion
coefficients, σm,n , of the surface conductivity function σs(x, y)
with respect to the x and y coordinates.

In the case of 1D PPGS (graphene ribbons), TMz and TEz

polarizations are decoupled. If the structure is periodic along
the x-axis and is uniform along y (∂/∂y = 0) then, the TMz

polarization contains Ez , Ex , and Hy only. Therefore, [Exi (z)]
and [Hyi(z)] represent, respectively, the voltages and currents
of the equivalent transmission line network and the admittance
matrix [Yg] is defined by:

[Yg] = [σs ] (2)

where [σs] is a matrix containing Fourier expansion coeffi-
cients of the surface conductivity function σs(x) with respect
to the x . Having [Yg] as shown in Fig. 1(d) between the two
media, the input admittance [Yin], seen at the top of the
graphene sheet, is given by:

[Yin] = [Yc2] + [Yg] (3)

where [Yc2] is the characteristic admittance matrix of the
substrate layer which is assumed to be semi-infinite here. The
characteristic admittance matrix of each layer which is defined
as complex current amplitude of upward wave divided by its
complex voltage amplitude, is given by:

[Yci ] = [Qi ][Pi ]−1 (4)

Here, [Pi ] and [Qi ] are matrices which contain eigenvectors
of voltages and currents respectively [21]. Knowing the inci-
dent voltage wave [V +

1 (z = 0)] and applying the continuity
of line voltages at the interface, [V2(z = 0)] = [V1(z = 0)] �
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[V (z = 0)], the reflected and transmitted voltage waves are
obtained as follows:

([Yc1] + [Yin])[V −
1 (z = 0)] = ([Yc1] − [Yin])[V +

1 (z = 0)]
(5)

[V2(z = 0)] = [V +
2 (z = 0)] = [V +

1 (z = 0)]
+ [V −

1 (z = 0)] (6)

Similarly, the total currents on the left and right side of [Yg]
in Fig. 1(d) are given by:

[I1(z = 0)] = [Yc1]
([V +

1 (z = 0)] − [V −
1 (z = 0)]) (7)

[I2(z = 0)] = [I+
2 (z = 0)] = [Yc2][V (z = 0)] (8)

It can be shown that (5) contains a term that equals the
current density on the graphene sheet which, according to the
Ohm’s law, is given by:

�Js = [Yg] ([V +
1 (z = 0)] + [V −

1 (z = 0)]) (9)

The surface current density normal to the edges of graphene
ribbons must be zero, i.e. it must be a continuous function [17].
However, the Laurent’s rule cannot preserve its continuity uni-
formly because it is a product of two discontinuous functions
and this leads to poor convergence of computations. Moreover,
because σs(x, y) is zero where the graphene does not exist,
applying Li’s inverse rule is impossible [23].

B. Proposed Approach

In order to be able to use Li’s inverse rule, the surface
conductivity must be nonzero everywhere. If we write:

σs(x, y) = (σs(x, y) + σ0) − σ0 (10)

in which σ0 is a small arbitrary constant value, then the total
surface current will have two components associated with the
two terms in (10) and the total surface admittance matrix,[
Yg

]
in Fig. 1(d) can be written as a sum of two admittance

matrices. In the case of 1D PPGS we can write:

[
Yg

] =
[

1

σs

]−1

≈
[

1

σs + σ0

]−1

+ [−σ0] � [Ỹg] (11)

where
[

1
σs+σ0

]
is a square matrix that contains the Fourier

series coefficients of 1/ (σs(x, y) + σ0) and [−σ0] is a diag-
onal matrix having −σ0 on its diagonal elements. [Ỹg] is
the new admittance matrix which is a close approximation
of the original one if σ0 and the truncation order of Fourier
series are chosen properly. Note that the “approximate” sign
in (11) is due to the truncation of infinite Fourier series.
If all terms could be retained, the two sides in (11) would
be mathematically equal. By using this decomposition of
surface conductivity, the total surface current will have two
components:

�Js = �Js1 + �Js2 =
[

1

σs + σ0

]−1

[V (z = 0)]+[−σ0][V (z = 0)]
(12)

Note that [V (z = 0)] represents the total tangential elec-
tric field at z = 0. Similarly, in the case of 2D PPGS,

the admittance matrix [Yg] is approximately decomposed into
two terms:

[Ỹg] =
[
�� 1

σs+σ0
�� 0

0 �� 1
σs+σ0

��

]−1

+ [[−σ0]] (13)

The sub-matrices �� 1
σs+σ0

�� (�� 1
σs+σ0

��) are computed by
applying the Li’s inverse rule with respect to the x (y) and
then applying the Laurent’s rule in the y (x) direction [29].
Since �Jx (x, y) is only continuous in the x direction, it is
sufficient to apply Li’s inverse rule with respect to the x
and the Laurent’s rule with respect to the y. Similarly, in
computing �Jy(x, y) it is sufficient to apply Li’s inverse rule
with respect to the y and then the Laurent’s rule with respect to
the x .

After careful examination of numerous examples we found
that the optimum value for σ0 is equal to the effective surface
conductivity of the two neighboring media in the absence of
graphene sheet which is defined by:

σ0 = iωε0�

(
εr1 + εr2

2

)
� σ0,eff (14)

� is an arbitrary parameter with physical dimension of length
but it is not a fictitious thickness. εr1 and εr2 are com-
plex dielectric constants of the two neighboring media. This
effective surface conductivity can be derived by applying the
Ampére’s law at the boundary between the two media [18].
Convergence of (12) is closely related to the value of σ0.
By increasing � the convergence rate of Js1 increases while,
on the other hand, the approximation in (11) is more accurate
for smaller �. Thus, there is a tradeoff in choosing �. How-
ever, this method is convergent for a wide range of �. Differ-
ent value of � only will affect the convergence rate. In general,
σ0 is a complex number with positive real part. Numeri-
cal examples showed that by choosing � as the minimum
of

{
Lx/100, L y/100, dx/5, dy/5, (Lx − dx)/5, (L y − dy)/5

}
accurate and fast convergent results are usually achieved.
However, the proposed method also shows convergent behav-
ior for σ0 �= σ0,eff, e.g., purely real, purely imaginary or
complex values with positive and negative real and imaginary
part. Only if σ0 = −σ0,eff the method fails to converge.
Eq. (14) is the effective surface conductivity of neighboring
media. This will be explained in the examples of the next
section.

It is worth mentioning that the proposed approach can be
also implemented for an anisotropic surface conductivity of
magnetically biased graphene and for the bio-sensing applica-
tions in the ultraviolet range where interband π plasmons are
observed around 250 nm wavelength [30], [31].

III. ANALYSIS OF 1D PPGS

To verify the proposed method, the example given in [14]
is revisited. The structure is shown in Fig. 1(a). It consists
of an array of graphene ribbons with a period of L = 8μm
and a width of d = 4μm placed between two semi-infinite
layers with relative permittivities of εr1 = 3 and εr2 = 4. The
surface conductivity of graphene ribbons is obtained, within
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Fig. 2. Absorption of 1D PPGS as a function of free-space wavelength.
The period and width of ribbons are L = 8μm and d = 4μm, respectively.
Dielectric constant of the top half space is εr1 = 3.

the random-phase approximation [32], from:

σg = ie2 EF

π h̄2(i2πτ−1 − ω)

+ e2

4h̄

[
H (h̄ω − 2EF ) − i

π
ln

∣∣∣∣ h̄ω − 2EF

h̄ω + 2EF

∣∣∣∣
]

(15)

where e is the electron charge, EF is the Fermi energy, h̄ is
the Planck constant, τ is the relaxation time and H is the
Heaviside step function [15]. Here, the Fermi energy and
relaxation time are EF = 0.6eV and τ = 0.25ps, respectively.

A TM polarized plane wave illuminates the structure nor-
mally from the top as shown in Fig. 1(a). The absorption of
the graphene ribbons was computed as a function of free-
space wavelength using the proposed approach with truncation
order of M = 20 and � = 0.01L, 0.02L. The results are
shown in Fig. 2. The computed absorption is compared with
that obtained in [14] and also with those calculated by nonzero
thickness modeling of graphene ribbons with truncation order
of M = 300 and thicknesses of h = 0.25nm, h = 0.5nm,
h = 1nm, and with the results of Laurent’s rule that uses (2)
in (9) with truncation order of M = 300. It is seen that the
results are in very good agreement; however, we should bear
in mind that the proposed approach merely needs a truncation
order of M = 20 to converge. The total CPU time required to
calculate and plot 149 data points in Fig. 2 is 5.2sec for our
proposed method, 5635sec for nonzero thickness model, and
72sec for employing the Laurent’s rule.

The real part of total surface current density �Js on the
PPGS computed with a truncation order of M = 20 at
λ = 200μm is shown in Fig. 3. Note that for TM polarization,
the surface current density only has x̂ component transverse
to the graphene ribbons. The real parts of �Js1 and �Js2 , defined
in (12), are also plotted in the same figure. It is seen that
by using the proposed approach continuity of surface current
density is preserved to a high degree of accuracy. It is worth
mentioning that if a smaller � is selected, the current density
becomes more uniform in the neighborhood of the edge of
each graphene ribbon. However, a very small � causes slow
convergence for �Js1 . To demonstrate this effect, the real part

Fig. 3. Real parts of the total current �Js (solid line), �Js1 (dashed line), and �Js2
(dash-dotted line) on the PPGS in one unit cell computed with M = 20 and
� = 0.01L at λ = 200μm. εr2 = 4 and other parameters are the same
as Fig. 2.

Fig. 4. Real part of �Js1 on PPGS in one unit cell computed by different
truncation orders for � = 0.01L and � = 0.001L at λ = 200μm. εr2 = 4
and other parameters are the same as Fig. 2.

of �Js1 for � = 0.01L and � = 0.001L are plotted in Fig. 4.
These results show that, for � = 0.01L, a truncation order
of 20 is sufficient to achieve convergent results while for
� = 0.001L the truncation order must be at least 40. In fact,
a smaller value for � leads to a larger condition number for
[Yg] matrix in (11).

We also consider the structure in Fig. 1(a) with previous
parameters but with ε2 = (4 − 4i)ε0. Absorption of graphene
ribbons, excluding the absorption by the substrate, with trun-
cation order of M = 20, � = 0.01L and � = 0.02L are also
shown in Fig. 2. The results are compared with those of the
Laurent’s rule and nonzero thickness modeling of graphene
sheet with truncation order of M = 300 and thicknesses of
h = 0.25nm, h = 0.5nm, h = 1nm. It is clear that the
proposed approach is very accurate and highly convergent.
Note that the nonzero thickness modeling requires a matrix of
size 601×601 to be diagonalized which significantly increases
the computation time.

The relative errors in computation of absorption with
εr2 = 4 − 4i at λ = 100μm are shown in Fig. 5 as a function
of truncation order for various methods. The result of the
proposed method for a truncation order of M = 500 was
taken as reference. At this truncation order, Laurent’s rule,
nonzero thickness method, and the proposed method with
� = 0.01L converge to identical values down to three decimal
digits. Convergence rates of the Laurent’s rule, the nonzero
thickness model, the proposed approach with different � val-



FADAKAR et al.: IMPROVED FOURIER ANALYSIS OF PPDSs EMBEDDED IN MULTILAYERED STRUCTURES 8500308

Fig. 5. Relative errors in computation of absorption curves shown in Fig. 2
with εr2 = 4 − 4i at λ = 100μm vs. truncation order.

Fig. 6. Relative errors in computation of absorption curves shown in Fig. 2
with εr2 = 4 − 4i at λ = 9μm vs. truncation order.

ues, and those of using [17] are all illustrated in this figure.
The new method shows a superior performance specially at
small truncation orders. Here, the optimum value of � for
the proposed approach and that of [17] is � = 0.001L.
In Fig. 6, the relative errors in computation of absorption with
εr2 = 4−4i at λ = 9μm are shown as a function of truncation
order for various methods. The optimum value of � using
the proposed approach is � = 0.02L while for the method
described in [17] is � = 0.0004L.

In Fig. 7, the relative errors in computation of absorption
with εr2 = 4 − 4i at λ = 100μm are shown as a function of
truncation order for various σ0 value. According to (14) for
� = L/1000 the value of σ0,eff = σ0r + iσ0i is 2.67 ×10−6 +
i4.67 × 10−6. The convergence rate for different sign of real
part and imaginary part and also for purely real and purely
imaginary values of σ0 are shown in this figure. It is seen that
the proposed method shows convergence for all these values.
However, only for inverted sign of σ0 = −σ0r − iσ0i this
method does not converge. To illustrate this, the relative errors
in computation of absorption for � = 0.05L, σ0 = −σ0r −
iσ0i = −1.33 × 10−4 − i2.33 × 10−4 and for σ0 = σ0r + iσ0i

are shown in the inset of Fig. 7. When the neighboring media
are lossless σ0,eff is purely imaginary. Hence, only purely

Fig. 7. Relative errors in computation of absorption of ribbons on εr2 = 4−4i
at λ = 100μm vs. truncation order for various σ0 value.

Fig. 8. Absorption of 2D periodic square array of graphene holes as a function
of free-space wavelength. The period of square array is Lx = L y = 8μm
and the width of each graphene hole is dx = dy = 6.4μm. The dielectric
constants of the two half-spaces above and below the graphene surface are
εr1 = 3 and εr2 = 4.

imaginary value of σ0 = −σ0,eff will not converge and other
different values of σ0 e.g. purely real, complex with arbitrary
sign of real and imaginary part will have convergent behaviors.

IV. ANALYSIS OF 2D PPGS

In this section a two-dimensional array of square windows
in graphene with periods of Lx = L y = L = 8μm and side
lengths of dx = dy = 6.4μm is considered. This array is
placed between two semi-infinite layers as shown in Fig. 1 b.
The electric field of the incident wave is parallel to the x-axis
and illuminates the structure normally from the top. We con-
sider the lossless substrate where the relative permittivities of
the top and bottom layers are εr1 = 3 and εr2 = 4, respectively.
The Fermi energy and relaxation time are EF = 0.4eV and
τ = 0.25ps, respectively. The absorption of graphene array
computed as a function of free-space wavelength using the
proposed approach with truncation order of N = M = 20,
� = 0.01L and � = 0.02L is shown in Fig. 8. The results
of Laurent’s rule that uses (1) in (9) and nonzero thickness
model with truncation order of N = M = 30 and thickness
of 0.5nm are also shown. To further verify the results, the
absorption obtained from simulating the structure with Ansys
HFSS is also provided in Fig. 8 which is in excellent agreement
with our proposed method.
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Fig. 9. Relative errors in computation of absorption curves shown in Fig. 8
at λ = 100μm as a function of truncation order.

Fig. 10. The total CPU time required to calculate one data point in Fig. 8
as a function of truncation order. Real part of the x̂ component of the total
surface current on the PPGS computed with N = M = 20 and � = 0.01L
at λ = 100μm is shown in the inset.

To explore the convergence rate of the proposed approach,
the relative errors in calculating the absorption curves in
Fig. 8 at λ = 100μm as a function of truncation order are
shown in Fig. 9. The result of the proposed approach with
� = 0.001L and truncation order of M = N = 40 was taken
as the reference. The results in Fig. 9 show that, similar to 1D
structure, the proposed approach is convergent. The total CPU
time required to calculate one data point in Fig. 8 is shown
in Fig. 10. It is seen that the proposed method is much faster
than nonzero thickness model. Specially, it needs a smaller
truncation order for convergence. Here, the surface current
density �Js has both x̂ and ŷ components but the former is
the dominant one. The real part of the x̂ component of total
surface current computed with � = 0.01Lx and N = M = 20
at λ = 100μm is shown in the inset of Fig. 10. Again the
proposed approach satisfies the continuity of Jx along the
x-axis.

V. BROADBAND AND WIDE ANGLE POLARIZER DESIGN

In this section, the proposed method is utilized to design
and analyze a polarizer structure. The polarizer is shown

Fig. 11. (a) The proposed polarizer containing two sheets of periodically
deposited ribbons of graphene on both sides of SiO2 substrate. (b) The
equivalent admittance model of polarizer.

Fig. 12. Transmittance and reflectance of the polarizer vs. frequency for
normal incidence. The period and width of ribbons are L = 1μm and
d = 0.9μm, respectively. Extinction ratio of the polarizer at normal incidence
vs. frequency is also shown in the inset.

in Fig. 11(a). It is made of two parallel arrays of graphene
ribbons with the period of L = 1μm and width of d = 0.9μm
deposited on both sides of SiO2 layer with a thickness of
w = 0.5μm. The equivalent admittance model of the polarizer
is shown in Fig. 11(b). The relative permittivity of SiO2 vs.
wavelength is taken from [33]. The incident plane-wave illu-
minates the structure from the top with either TMz (magnetic
field parallel to the y-axis) or TEz (electric field parallel to
the y-axis) polarization. The parameters of graphene ribbons
are: EF = 1eV and 
 = 0.11 meV [34], [35] or, equivalently,
τ = π/
 = 18.8ps. The calculated transmittance/reflectance
for TMz and TEz waves and extinction ratio at normal
incidence are shown in Fig. 12. The proposed approach was
utilized with truncation order of N = 20 and � = 0.01L. The
extinction ratio (ER) is defined as 10 × log10(TT Mz /TT Ez ),
where TT Mz and TT Ez are the intensity transmittance of TMz

and TEz polarized waves, respectively. Transmittance higher
than 95% and extinction ratio better than 10dB are obtained
over a wide band from microwaves up to 2 THz. Using
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Fig. 13. Extinction ratio of the polarizer (a) as a function of frequency and
incident angle (b) as a function of frequency and Fermi energy.

Fig. 14. The rotation angle defined by φ2 − φ1 for unpolarized wave with
normal incidence and with orientation of φ1 = 45° vs. frequency. Linearly
polarized incident electric field, general elliptically polarized transmitted field
and axial ratio are shown in the inset.

graphene strips in contrast to the periodic arrangement of
rectangular slots on a graphene sheet, which was proposed
by [12] and [36], has led to a wide-band THz polarizer.

Since the reflectance of TEz waves, shown in the inset
of Fig. 12, over the same frequency band is near 98%, the
designed structure can also be used as a polarization-selective
beam-splitter [37], [38]. The designed polarizer also maintains
its high performance at large incident angles. As shown
in Fig. 13(a), the extinction ratio is actually improved with
increasing the incident angle. Furthermore, the performance
of the polarizer can be tuned by varying the Fermi energy EF

or, equivalently, the DC electric bias applied to the graphene
ribbons. The results of extinction ratio for Fermi energies
from 0.4eV to 1eV are shown in Fig. 13(b) which indicate
the bandwidth of the polarizer increases.

A linearly polarized incident wave with an arbitrary ori-
entation of the electric field vector, indicated by φ1 in the
inset of Fig. 14, can be written as sum of a TE (φ1 = 90°)
and a TM (φ1 = 0) wave. Here, the TE component of the
transmitted wave is strongly attenuated while the TM one
remains almost unchanged with its amplitude equal to cos φ1
times the magnitude of the electric field of incident field.
This leads to the rotation of the transmitted electric field
vector with respect to that of the incident wave. In general,
for an arbitrary orientation of the electric field vector, the
transmitted TM and TE components do not have the same
phase. This phase difference results in elliptical polarization

of the transmitted wave as shown in the inset of Fig. 14. The
shape and orientation of the ellipse is determined by the tilt
angle φ2 and the axial ratio which is defined as 20 log(a/b)
(2a and 2b are the major and minor axes of the ellipse). The
rotation angle for an unpolarized wave with normal incidence
and φ1 = 45° is shown in Fig. 14. The axial ratio of the
transmitted electric field is also shown in the inset. The axial
ratio is larger than 10 dB and the rotation angle is almost
−45° up to 2 THz.

VI. CONCLUSION

A robust and very efficient method for the analysis of
periodically patterned graphene sheets embedded in layered
media was presented. Here, the boundary condition applied at
the surface of PPGS is exact. The proposed approach always
produces convergent results regardless of the value chosen
for �. Moreover, the implementation of this approach is very
simple and there is no need to change the basic formulation
of Fourier based methods. Furthermore, since the patterned
graphene sheet enters the formulation as a surface conductivity
and Li’s inverse rule is employed, the method is always highly
convergent. Also because there is no need to solve an eigen-
value problem for the graphene sheet, the computation time
decreases dramatically, specially for 2D structures, compared
to the nonzero thickness modeling. The proposed method was
used to design a wide-angle broadband tunable polarizer and to
evaluate its performance. Its TM transmittance and extinction
ratio exceed 95% and 10dB, respectively, in the microwave to
far-infrared band.
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