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Abstract A novel TM/TE polarization converter constructed with orthogonal double-layer graphene grat-
ings is proposed. The high-performance TM/TE polarization conversion was explored by optimizing the
Fermi energy and geometric parameters of the two-layer graphene gratings. As the Fermi level of graphene
is dynamically adjustable, tunable polarization modulation can be achieved by the same design. Here we
utilize the finite element method and improved coupled-mode theory to simulate and verify the conversion
and modulation characteristics of TM and TE polarization. Proof-of-concept experiments demonstrated
that this TM/TE converter provided excellent optical efficiency in polarization conversion and strong
modulation stability against incident wave angle (up to 30°) and polarization status. This simple and easy-
to-implement grating structure paves the way for the development of future micro-nano devices such as
unimodal filters, and its functions can be further translated to study absorption and reflection spectra in
nanophotonic applications.

1 Introduction

The optical waveguide circuit is expected to play a
crucial role in the optical communication systems. In
recent years, polymer electro-optic waveguide devices
have been of interest to researchers, and many thin-
film waveguide circuits have been successfully demon-
strated [1, 2]. Similarly, polarization-independent opti-
cal metasurfaces have made some progress, provide a
new method for the designs of optical hypersurface
equipment [3–5]. Non-reciprocal devices such as iso-
lators and circulators are also needed when building
optical signal processing systems. Although bulk non-
reciprocal devices use a continuous rotation of linear
polarized light planes, waveguide devices must be based
on TE–TM mode conversion. TE/TM converter is a
key component used to operate the polarization state
of light wave. There are many mode conversion tech-
nologies, such as the waveguide method, photon lantern
method, pure phase spatial light modulator method and
so on. High focus application of beam deflector in mid-
infrared band has also made the wave switch more sig-
nificant in the optical field. Jafari et al. proposed a
silicon optical modulator, achieved low loss reflection
modulation without circulator using asymmetric Bragg
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gratings [6]. In addition, the mode converter is the
building block of polarization diversity configuration,
which enables it to construct polarization-independent
circuit [7]. The first passive TE/TM mode converter
has been shown to use asymmetric periodic loaded rib
waveguide and transversely tilted periodic rib waveg-
uide.

Graphene is a two-dimensional crystalline structure
of carbon atoms. It has significant electronic properties,
and its Fermi energy can be adjusted by changing chem-
ical doping or electrostatic gating, its fermi velocity of
graphene can fully control its transport characteristics.
So that we can achieve a large dynamic tuning of its
surface conductivity. Due to its excited electron trans-
port properties, graphene has important and extensive
applications in ultra-compact devices [8] in the infrared
[9, 10] and terahertz (THz) bands [11–13]. Graphene
has extremely high carrier mobility at room tempera-
ture, and has strong mode constraints and low propa-
gation loss for surface plasmon polaritons (SPPs) [14]
in the infrared band [15]. In addition, under the con-
dition of applying an external bias voltage, the carrier
mobility of graphene can be modulated on the order of
nanoseconds. These properties make graphene an excel-
lent material for preparing electrically tunable plasma
devices [16–19]. The unique photoelectric properties of
graphene provide the possibility for its extensive appli-
cations in the field of optical waveguide. Nowadays,
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there have been many fruitful results in the study of
mode coupling in the metal/dielectric plate composite
structure [20–22], and the graphene plasmon effect has
also become a very popular field [23, 24]. If we make full
use of the characteristics of both two mentioned above
to realize a grating modulation [25], there will be more
people to study the mode coupling and light control
characteristics of this structure, and more new effects
and new properties will be discovered [26]. However, the
modulation that achieves TE or TM polarization cou-
pling with graphene-based multiple orthogonal gratings
has rarely been studied.

In this paper, we propose an elaborate TM/TE con-
verter composed of orthogonal graphene-based grat-
ings. This converter realizes mode switch by rotating
the top layer 90° to make the two gratings perpendicular
to each other. Monolayer graphene is placed at the bot-
tom of the grating, we can perfectly achieve single-peak
filtering by changing the graphene’s Fermi energy for
its optical response tunability. When the TM-polarized
wave is incident from either side of the device, it can
excite the magnetic resonance (MR) of the structure;
thus, forming a transmission valley, and the transmit-
ted electromagnetic wave has the TE polarization state.
Meanwhile, changing the geometric parameters of the
grating also has an impact on the filtering properties.
We explore this effect of configuration parameter on
transmission spectrum by finite element method and
the coupled-mode theory (CMT), we come to the con-
clusion that the numerical simulation data are perfectly
consistent with the theory. Additionally, the incident
angle insensitivity and bidirectional incident ability of
the structure also provide a basis for its wide applica-
tion in other fields.

2 Structure and methods

As shown in Fig. 1a, a TM/TE polarization switch is
constructed based on bilayer orthogonal gratings. We
use the finite element method (FEM) to explore the fil-
ter performance. The structure consists of three parts:
the upper graphene-based grating layer, the interme-
diate dielectric spacer layer, and the lower graphene-
based grating layer. The grating is composed of ZnSe
substrates and the dielectric constant of ZnSe is a
semiconductor material [14] with excellent photoelec-
tric properties, it has low scattering in its commonly
used spectral range. ZnSe crystal material has become
the preferred material for making optical devices in high
power CO_2 laser system because of its small absorption
of 10.6 wavelength light. ZnSe material is highly applied
in laser, astronomical, infrared night vision, medical,
measurement, industrial, military and high-tech fields
[27, 28]. The substates of the proposed grating device
are made of ZnSe, which is a kind of semiconductor
material in high-tech fields, and in our simulation, we
set its dielectric to 2.4. We assume that graphene mono-
layer is a two-dimensional conductive surface with zero

thickness, which absorptivity can reach 2.3%. The bidi-
rectional incidentable character of the structure reflects
the superiority of mode coupling, when the TM polar-
ization is irradiated from the upper grating, it can be
converted into TE polarization by passing through the
orthogonal grating system. Optimizing the structure,
the width of the upper grating is set to w_r1 = 45 nm,
the width of the lower grating is set to w_r2 = 90 nm,
the grating period is W = 120 nm, the thickness of
the substrate is D = 50 nm. Theoretically, the spec-
trum can be filtered with transmission close to 0. The
height of the grating has no effect on the transmission
valley, so we set it to a constant d = 100 nm. Polar-
ized wave with an electric vector perpendicular to the
incident plane is called the TE wave, and a polarized
wave whose electric vector is parallel to the incident
plane is called the TM wave. The polarization conver-
sion diagram is represented in Fig. 1b. The polarization
direction is irrevocable when the TM-polarized wave
irradiates and passes through the first narrow grating.
However, the other grating is vertical to the upper one.
As the TM wave incident into the surface of the lower
grating, it converts to TE polarization relative to the
orthogonal grating. It can be seen that the light wave
itself does not change, and the orthogonal combination
mode of the gratings causes the relative polarization
direction conversion. To obtain efficient and accurate
data, adaptive mesh is used in numerical simulation
and local mesh refinement is carried out. The continu-
ous graphene layers are placed below the wide grating
and the narrow grating, respectively, as surface current
density conditions.

Fig. 1 a Schematic of the graphene grating system formed
by two layers of orthogonal gratings. System parameters
include D , d , wr , W , which refer to the ZnSe substrate
thickness, the height of the grating, the width of the grat-
ing and the system period. b Conversion schematic of TM
polarization and TE polarization
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By regulating the Fermi energy (E_F) of graphene,
its optical response tunability can be flexibly controlled.
The conductivity of graphene can be expressed as the
sum of inter-band and intra-band contributions [29, 30].

σ = σintra + σinter, (1)

More precisely, the intar-band part is given by

σintra(ω, EF , τ, T ) = − ie2(ω + iτ−1)

π�2

∫ +∞

−∞

|ξ|
(ω + iτ−1)2

∂fd(ξ)

∂ξ
dξ,

(2)
σinter(ω, EF , τ, T ) =

ie2(ω + iτ−1)

π�2

∫ +∞

0

∂fd(−ξ) − ∂fd(ξ)

(ω + iτ−1)2 − 4(ξ/�)2
dξ.

(3)

In the above equation, f _d represents Fermi–Dirac
distribution.

fd =
1

1 + exp
(

ξ−EF

kBT

) , (4)

where E_F is the Fermi energy, e is electric charge, ξ is
energy, T is temperature, � is reduced Planck constant,
τ = μE_F/(ev2F ) represents carrier relaxation time, μ
is carrier mobility[31], v_F = 108 cm/s represents Fermi
velocity.

From the above equation, it can be seen that the
conductivity of intra-band and inter-band transition
is closely related to the Fermi energy of graphene
[32]. Moreover, the Fermi energy of doped graphene
is determined by the carrier concentration. Graphene
has unique carriers, not only its concentration can be
regulated by chemical doping or external electromag-
netic field, but also its mobility is particularly high.
The experiment shows that the carrier mobility can be
as high as 37,000 cm2V−1 s−1. During the numerical
study, it is found that the graphene grating filtering per-
formance is better when the carrier mobility is around
25,000 cm2V−1 s−1.

There are many theories about resonators [33],
among which the transmission matrix method [34, 35]
is celebrated. It is intuitionistic and the physical mean-
ing is clear when dealing with coupling between modes.
However, in the process, different coupling points need
to be segmented, and at least two variables are needed
to represent the incident and reflected waves in each
segment. There are so many variables to deal with that
the calculation is a bit complicated. Coupled mode the-
ory (CMT) [36–38] can analyze the transmittance char-
acteristics of the system, which only needs to consider
the mode in the resonator that greatly simplifies the
processing process.

As depicted in Fig. 2, the double resonator system is
proposed. M represents the incident or outgoing waves
of the dual-coupled resonator. The superscript and sub-
script are used to distinguish the incoming, outgoing or
propagating direction of the wave. The in means the
incident wave while the out means the outgoing wave.
The + means the wave travels in a positive direction

and the—is just the opposite. μ means the coupling-
loss between modes and ï_in and ï_on (n = 1, 2) rep-
resent, respectively, the internal loss and external loss
of the corresponding mode. ω means the resonant angle
frequency. Consequently, the equivalent complex ampli-
tude can be expressed as follows

(
η1 −iμ12

−iμ21 η2

)
·
(
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M2

)
=

⎛
⎝

√
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0
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(5)

ηn = (iω − iωn − ηin − ηon). (6)

Besides, the incident and outgoing waves of each cou-
pling resonator should obey the energy conservation.

{
Min

n+ = Mout
(n−1)+eiφn−1

Min
(n−1)+ = Mout

n−eiφn
(n = 2)

{
Mout

n+ = Min
n+ − η1/2

on Mn

Mout
n− = Min

n− − η1/2
on Mn

(n = 1, 2)

(7)

In the equation of conservation of energy, ϕ denotes
the phase shift between two modes. Thus, we can use
the following two formulas to calculate the transmit-
tance of the system

⎧
⎪⎨
⎪⎩

t =
Mout

2+

M in
1+

T =
∣∣t2∣∣

(8)

In addition, because the structure is composed of two
orthogonal layers of grating that the output will be the
same under TE and TM polarization. The total trans-
mittance can be derived from the formula [39]

T = TTMTTE

∞∑
n=0

[(1 − TTM )(1 − TTE)]n

=
TTMTTE

[1 − (1 − TTM )(1 − TTE)]
. (9)

To verify the degree of agreement between the CMT
theory and the results obtained from the numerical
simulation, we compared the transmission spectra and
CMT fitting data about the geometric parameters of

Fig. 2 Theoretical equivalent model of graphene grating
coupling mode
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Fig. 3 a Transmission spectra of geometric parameters fitted with numerical simulation results and CMT. b Two-
dimensional diagram of transmission spectrum of graphene grating structure with grating height d and c substrate thickness
D

the graphene grating. Here we first change the geomet-
ric parameters of the first layer of graphene grating.
Graphene is kept under the grating and its Fermi energy
remains unchanged. Figure 3a illustrates the effect of
changing the geometric parameters of the grating struc-
ture on the spectrum. As for TM polarization, when
the width of the first layer grating increases in a step
of 10 nm, the transmission spectrum presents a distinct
red shift and the transmission valley gradually tends to
zero as well. It can also be seen from the figure that the
CMT theory is in good agreement with the numerical
simulation results.

Other prominent geometric parameters are the
depths of grating and substrate. Since the mode con-
version occurs in the lower grating, we study the lower
grating and set the Fermi energy of the lower grating to
1.0 eV. However, it is found that the transmission val-
ley does not change measurably when the grating depth
is changed, which is depicted in Fig. 3b. This feature
makes the structure available to any system in spite of
the height of the grating. Moreover, when the substrate
thickness is more than 45 nm, no matter how much
the change degree, the shift of transmission spectrum
is extremely subtle. Figure 3c explains the relationship
between substrate thickness in the range of 0–45 nm
and transmission spectrum. When the substrate thick-
ness D is less than 45 nm, the transmission peak of

the spectrum produces an obvious blue shift with D
increasing.

3 Results and discussion

It is found that when the grating width changes, the
broadband transmission peak and the narrow band
transmission peak are generated, as shown in Fig. 3a.
To realize the low loss filtering function, we hope to
find an optical band that satisfies the wide and narrow
grating filtering at the same time. Set a wide grating
width of 90 nm, narrow grating width of 45 nm. Accord-
ing to the dynamic tunability of graphene, adjust the
Fermi energy of the continuous graphene layer at the
bottom of the wide and narrow gratings, respectively.
The results are proved in Fig. 4a and b. The lower the
peak position, the better the filtering effect of the grat-
ing. Clearly, the narrow peak has the best filtering effect
when the Fermi level is 0.6 eV, which transmittance is
only 0.05. The transmission band of the narrow grat-
ing is between 6 and 9 µm and that of the wide grat-
ing is between 7.5 and 9.5 µm. It turns out to be that
there are two corresponding wavelengths in these sets
of data which make the two gratings have lower trans-
mittance simultaneously. Setting the Fermi energy of
narrow grating to 0.4 eV and the Fermi energy of wide
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Fig. 4 The transmission spectrum of graphene grating system for different Fermi energy of a upper grating; b lower grating

grating to 1.0 eV, or setting the Fermi energy of narrow
grating to 0.3 eV and the Fermi energy of wide grating
to 0.75 eV, TM polarization can convert into TE polar-
ization. We come to the conclusion that if the above
two layers of gratings are superimposed into a compos-
ite grating, the filtering can be realized perfectly.

The narrow grating is placed over the wide grating,
forming an angle of 90°. The core of the system is the
effect of graphene on the hypersurface resonance fil-
tering. The single-peak filtering spectrum is regulated
by controlling the Fermi energy of graphene. Figure 5
depicts the transmission spectra of the gratings under
TM polarization obtained by FEM. When the Fermi
energy below the narrow grating is 0.4 eV, the Fermi
energy of graphene below the wide grating is 1.0 eV, the
transmission valley is formed at 7.83 µm concurrently
and TM-polarized wave is converted into TE-polarized
wave via two-layer gratings. Continuously adjust the
Fermi level of graphene. It is found that when the Fermi
energy shift to a low energy position, the transmission
spectrum under TM polarization shows a significant red
shift. When the graphene Fermi energy of narrow grat-
ing is 0.3 eV, the graphene Fermi energy of wide grat-
ing is 0.75 eV, a new transmission valley was formed at
9.05 µm as shown in Fig. 5b. It can be assumed that
if the Fermi level is constantly changed, the structure
can form a series of interval transmission valleys. The
optical properties of the system are simulated by the
finite element method, and the simulation results are
completely consistent with the theoretical analysis.

For the single-peak broadband filter structure of
applied metamaterials, the polarization angle and inci-
dent angle of the incident light wave are very crucial
to its transmission spectrum. To test the performances
of the system, we discuss the effect of the incident
angle and polarizing angle on the transmission valley.
Figure 6a explains the effect of the polarization angle
on the filtering characteristics [40]. The figure shows the
variation of the transmission of the filter with the polar-
ization angle under the vertical incident condition of the
incident light. It can be seen that when the polarization

angle of the incident light wave changes from 0 to 90°,
the transmission curve remains highly consistent, and
the bandwidth and resonance frequency has no clear
change. In fact, the polarization-independent properties
of the filter are mainly attributed to the symmetry in
the unit structure, that is, the upper and lower gratings
are completely consistent in structure and conversion
characteristics. An induced field arises between the two
layers of gratings, and when the decrease or increase in
the excitation efficiency due to a change in the polar-
ization angle is compensated by the lower grating [41].
The structure is robust under the vertical incident con-
ditions, this feature makes the filtering characteristics
very stable.

The numerical simulation results in Fig. 6b indicate
that the structure has polarization insensitivity when
the incident wave is incident vertically for the case of
TM polarizing waves. In a wide incident angle range
of up to 30 degrees, changes in resonant frequency
and FWHM of transmission spectra are not apparent,
this structure has the perfect filtering [42] characteris-
tics. Therefore, the magnetic resonance excited by the
system is also unaffected in this incident angle range.
When the incident angle exceeds the range, due to the
diffraction effects of gratings the filtering performance
would be degraded sharply with the increase of the inci-
dent angle, and the FWHM change is more significant.

4 Conclusions

In conclusion, we construct a TM/TE polarization
mode converter, which is composed of two orthogonal
gratings with graphene covered at the bottom of the
gratings. Due to the dynamic tunability of graphene,
the structure realizes a single-peak filter with clean
transmission nulls at 7.83 µm and 9.05 µm. The switch
of TM and TE polarization is achieved by coupling
between two layers of graphene gratings in the same
direction of the incident wave, which can be illustrated
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Fig. 5 The conversion diagram of TM polarization and TE polarization of the graphene grating system for different Fermi
energy

Fig. 6 The transmission spectrum as a function of a polarization angle and b incident angle for the TM polarization of
the graphene grating system
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by coupled-mode theory. The system has a wide appli-
cation prospect because of its insensitivity in a small
range of incident angle from 0 to 30°, polarization insen-
sitivity and subtle size limitation. These features also
provide a broader line of thought for the application of
metamaterials such as perfect absorption and polariza-
tion conversion.
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