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Abstract Weak graphene plasmon is a key challenge for

graphene-based metasurfaces in the visible and near-in-

frared regions. In this study, we have numerically designed

and demonstrated a tunable, ultrathin, hybrid dual-band

quarter-wave plate metasurface, which comprises of gra-

phene, metal, and glass. Tunable birefringence has been

obtained through the number of layers of graphene, its

Fermi energy, metal dimensions, and the periodicity. The

design also achieves a 95% polarization conversion ratio

from a linear state to a circular state with a near unity value

of ellipticity at a design wavelength in the near-infrared.

The ultrathin thickness of the structure, 0.1k, and an

embedding glass makes the structure compact and easily

integrable for photonic-sensing application in the near-

infrared.

1 Introduction

Plasmonic metal metasurfaces have been witnessing con-

siderable attention due to their strong optical responses over

a wide region in the electromagnetic spectrum [1, 2]. Pho-

tonic and biochemical sensors are among the light manip-

ulation based devices utilizing such metasurfaces [3, 4].

Despite the presence of surface plasmons in metal-based

metasurfaces, ohmic and absorption losses cannot be avoi-

ded. However, recent advances in plasmonic wave plates

have shown tremendous achievement through high trans-

mission based on simple bi-periodic array of circular holes

perforated on silver [5, 6]. Djalalian-Assl et al. [6] experi-

mentally demonstrated that such metasurfaces can produce a

perfect circular to linear polarization conversion in a

homogeneous environment. In the current work, we focus on

birefringence tunability through dimensions of a cross-

shaped metal antenna, periodicity, and graphene’s Fermi

energy. The control of phase and amplitude is achieved by

way of localized surface plasmons (LSPs) and propagating

graphene plasmons. Other related orthogonal plasmonic

designs, with different techniques of birefringence tuning,

have also been demonstrated [7–10].

Graphene has negligible ohmic loss and a high con-

ductivity that is tunable by way of chemical dop-

ing [11, 12] or electrical gating [13, 14], making it

versatile for application in different regions of the spec-

trum. However, the main challenge is the weak optical

response and low surface plasmon excitation in the visible

and near-infrared regions (NIR) [2, 15]. This is because the

wave vector of light in these regions has a large momentum

mismatch with graphene plasmons [16, 17]. However,

graphene plasmons are easy to excite in the terahertz owing

to low mismatch leading to many applications being pro-

posed, including polarizers [18, 19], modulators [20, 21],
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switches [22–24], wave plates [25, 26], among others.

Graphene enhances strong confinement in the longer

wavelength regions than in the shorter regions [17]. In

view of this difference, hybrid structures are sought after to

either enhance graphene plasmons or increase tunability of

devices. For instance, hybrid structures incorporating gra-

phene and dielectrics have been proposed for optical

sensing and wave modulation applications in the mid-

IR [22, 27]. In the NIR and mid-IR regions, the conduc-

tivity of graphene, rðxÞ, is modeled by the Kubo’s formula

taking into consideration both the intraband and interband

electron transitions. By increasing the interband threshold

to higher levels ð�hx[ 0:8 eVÞ, the weak graphene plas-

mon can be enhanced and used to improve optical

responses in the shorter wavelength regions [28]. In par-

ticular, such realizations have facilitated both numerical

and experimental light modulation studies in the visible

and NIR regions [13, 22]. Here, we propose a hybrid

metal-graphene metasurface, with metal comprising finite

portion of the structure, yet capable of modulating bire-

fringence in the NIR. Other hybrid wave plate structures

consisting of graphene and liquid crystal layers have also

been demonstrated [29–31]. The desired birefringence

tuning was obtained through varying gate voltages and

Fermi energy. Switchable quarter-wave plate (QWP) [32]

and cavity-based multilayer converter [33] are other hybrid

structures with tunable birefringence based on graphene.

In this paper, we present hybrid structures based on the

single-layer graphene (SLG) or the few layer graphene

(FLG) that modulates the amplitude and the phase of the

scattered light in the far field. The structures also consist of

metal antennas, exhibit dual-band QWP properties, and

operate in transmission mode. By varying the dimensions

of the metal, periodicity, Fermi energy, and the number of

layers of graphene, birefringence tunability is achieved in

the NIR. Moreover, the antennas are finite in volume and

play a strategic role of launching graphene plasmon. All

numerical simulations have been done using finite-element

method (COMSOL Multiphysics) with appropriate prop-

erties of a doped graphene, carrier density no ¼ 2�
1013 cm�2, and DC mobility l ¼ 2000 cm2=ðV:sÞ [13]. The

proposed structures are ultrathin and experimentally

feasible.

2 Design methods and numerical simulations

2.1 Hybrid plasmonic model, design,

and parameters

Figure 1a, b show the unit cell schematic of the proposed

structure. The top part of the structure consists of

orthogonal metal bars forming a symmetrical cross shape

embedded in a silica glass ðSiO2Þ. A graphene layer is

sandwiched between the top structure and a silica substrate

with relative permittivity �Sio2
¼ 2:25. The relative per-

mittivity of the metal bars (silver) is modeled using the

Drude equation, �Ag ¼ �1 � x2
p=xðxþ icÞ, where �1 ¼ 5

is the highest dielectric limit, x is the frequency of light,

xp ¼ 2:175 PHz is the plasma frequency, and c ¼ 4:35

THz is the damping loss factor [34]. Metal lengths Liði ¼
1; 2Þ and periodicities Piði ¼ x; yÞ were carefully optimized

to ensure efficient coupling between the incident light and

the LSPs and also generate propagating surface plasmon

polaritons (SPP). The parallel component of the incident

light, kjj, is naturally smaller than the metal

SPP wave vector, KSPP, a situation that results in a

momentum mismatch. The periodicities were calculated by

considering the phase-matching condition:

KSPP ¼ kjj þ iGx þ jGy; ð1Þ

at normal incidence of light based on the grating coupling

technique. The integers i and j are related to the order of

resonance (or SPP Bloch modes for periodic holes),

Giði ¼ x; yÞ ¼ 2p
Pi

, and kjj ¼ Ko sin h, where Ko is the free-

space wave vector, and h is the angle of incidence. A

normally incident electric field excitation, or any angle in

the range ½0�; 45�� (Fig. 2a), periodic boundary conditions

in the x and y directions, and a perfectly matched layer on

the exit end of the unit cell were used in the simulation. At

normal incidence h ¼ 0�, the phase-matching condition

and the momentum conservation KSPP ¼ Re 2p
k0

ffiffiffiffiffiffiffiffiffiffiffiffiffi

�Ag�sio2

�Agþ�sio2

q

� �

reduce to the analytical equation:

P ¼ 2p
KSPP

ffiffiffiffiffiffiffiffiffiffiffiffiffi

i2 þ j2
p

; ð2Þ

used to optimize the periodicities [5]. Here, ði2 þ j2Þ ¼ 1

was considered for a simple degenerate square lattice at the

design wavelength k0 ¼ 800 nm.

By fixing Px ¼ 350 nm in the simulation and performing

a parametric sweep over Py, an optimum value of 410 nm

was obtained. These values were fixed throughout the

simulations except in cases, where they were variables

(Sect. 3.4). Similarly, the angle of polarization, a, was

swept through the range ½0�; 90�� to control the amplitude

of the incident light and transmittance, as shown in Fig. 2b.

Next, we defined the phase angles /iiði ¼ x; yÞ and D/ in

transmission mode to investigate the transmission phase

properties. Here, /xx ¼ argðEt
xÞ and /yy ¼ argðEt

yÞ are x

and y phase components, respectively, D/ ¼ argðEt
x=E

t
yÞ ¼

/xx � /yy is the phase retardation, and Et
iði ¼ x; yÞ are

complex electric fields in transmission. The transmission

coefficients and amplitudes were also defined, i.e.,
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Tij ¼ jEt
i=E

Inc
j jði; j ¼ x; yÞ, where EInc

j is the x or y incident

polarized light. Finally, we defined and calculated the

ellipticity g ¼ S3=So, where S0 ¼ jEt
xj

2 þ jEt
yj

2
and S3 ¼

2jEt
xjjEt

yj sinD/ are Stokes parameters. The ellipticity is a

measure of the extent to which the handedness of scattered

light, right/left circularly polarized lights (RCP/LCP),

approach �1.

2.2 Graphene modeling and principle of plasmon

launching

Graphene’s conductivity was modeled using the random

phase approximation (RPA) method by considering both

the intraband and interband conductivities:

rðxÞ ¼ rDðxÞ þ rIðxÞ, where rDðxÞ and rIðxÞ are the

electrical conductivities from the intraband and interband

transitions, respectively. rDðxÞ follows the Drude’s

expression, while rIðxÞ was modeled following the Fermi–

Dirac distribution and finite-temperature extension at

T ¼ 300K:

rDðxÞ ¼
ie2

p�h
EF

�hðxþ is�1Þ

� �

;

rIðxÞ ¼
e2

4�h
hð�hx� 2EFÞ þ

1

2p
ln
ð�hx� 2EFÞ2

ð�hxþ 2EFÞ2

( ) ð3Þ

where hð�hx� 2EFÞ ! 1
2
þ 1

p arctanð�hx�2EF

2kBT
Þ and ð�hx�

2EFÞ2 ! ð�hx� 2EFÞ2 þ ð2kBTÞ2
eliminates the threshold

logarithmic singularity, e, and �h are universal constants, EF

is the Fermi energy, and s ¼ lEF=ðem2
FÞ is inelastic decay

time [35, 36]. The free carrier density, no, and the Fermi

velocity, mF ¼ 1:1 � 106 m=s, are functions of the Fermi

energy EF ¼ �hmF
ffiffiffiffiffi

pno
kn

q

, where kn ¼ 1 is the number of

graphene layers [37]. First, we simulated the structure with

a single layer of graphene and then varied Kn between 1

and 5 for the FLG while assuming a uniform charge dis-

tribution in each layer. Second, the in-plane relative per-

mittivity was defined as � ¼ 1 þ i
rðxÞ
�oxd

, where �o is the

vacuum permittivity with atomic thickness d ¼ 1 nm.

Meanwhile, we used EF ¼ 0:7 eV throughout our simula-

(b)

2

1

(a)Fig. 1 Hybrid structure of

graphene metal, showing

(a) linear-to-circular

polarization conversion and

(b) corresponding top view of

the geometrical parameters
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Fig. 2 Transmittance spectra as

a function of (a) angle of

incidence and (b) angle of

polarization. Transmittance

windows shown at k ¼ 700 and

800 nm (dotted white lines)

corresponding to a � 60�
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tions except in areas, where it was used as a variable. The

interband transition produces strong plasmon quenching in

undoped graphene and doped graphene with photon energy

exceeding twice the Fermi energy ð�hx[ 2EFÞ [13].

The hybrid metal-graphene structure functions based on

the following principle. First, the metal dipoles act as

resonating antennas that provide strong near-field oscilla-

tions at the poles. They intercept the incident power and

convert it to LSPs at the interface of the metal and

dielectric. The LSPs are then coupled to the propagating

SPP over the graphene surface. It is also worth noting that

upon illumination by a NIR light, k ¼ ½600; 1500 nm�, the

field intensity near the metal is enhanced by several orders

of magnitude with its momentum matching that of gra-

phene’s SPP. Induced transparency and phase modulation

through graphene’s Fermi energy, number of graphene

layers, the periodicities, and metal dimensions are studied.

3 Results and discussion

3.1 Effect of graphene layer and the Fermi level

ðEFÞ

We began investigating the effect of graphene layer by

carrying out numerical simulations for two structures: one

with a graphene layer and the other one without. In both

cases, the presence of LSP enhancement and propagating

SPPs was simulated at specific wavelengths. Figure 3

shows the electric field distribution for the two structures at

z ¼ 0.

In Fig. 3a, without the graphene layer, the structure is a

basic conventional metasurface and can exhibit either

symmetric or asymmetric modes. On the other hand, in

Fig. 3b, introducing a graphene layer facilitates the

propagation of SPP modes that are excited through the

enhanced near-field oscillations. The metal rods play a

strategic role acting as resonant dipole antennas and

converting the incident light into LSP, and in turn

launching the propagating SPPs over the graphene sur-

face. These plasmons are tunable through the carrier

concentration in graphene and can manipulate both local

and far-field phase profiles. Transmittance and phase

spectra are shown in Fig. 4 for both structures at

normal incidence and angles of polarization

a ¼ f0�; 60� and 90�g. Figure 4a shows two pronounced

narrow transmittance dips associated with launched gra-

phene plasmons. Phase-matching effect only occurs to

SPPs propagating in orthogonal directions determined by

the shape of the metal and polarization of the incident

light. When the incident light has a ¼ 0� or 90�, corre-

sponding to the x and y polarized lights, the respective

oriented bars independently excite their SPPs and the

phase-matching points are seen as transmission dips. For

a ¼ 60�, it is the x and y components of the incident light

that contribute to the effect. The transmittance dips at

k ¼ 720 nm and 850 nm are, therefore, resulted by the SPP

excitations of polarized lights [16]. An almost similar

transmittance spectra is observed for the structure without

graphene, although the stopbands are wider for a ¼
0� and 90� and has a single transparency window at

k ¼ 850 nm when a ¼ 60� (Fig. 4c).

The transparency window phenomena are due to cou-

pling between the incident plane wave and the local plas-

mons formed through the metallic structure resulting in a

transparency peak (or reflectance dip). The structure

without graphene has a lower transparency peak (65%)

compared with the transparency window for the graphene

included structure (85%). It is worth noting that the

transparency windows correspond to the regions where the

phase retardation D/ ¼ 90�, shown by grey bands in

Fig. 4b, d. We also noted that the structure without
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Fig. 3 Near-field electric

distribution of the resonant

metal antennas at ko ¼ 800 nm,

for (a) the structure without

graphene, and (b) structure with

a graphene layer ðEF ¼ 0:7 eVÞ
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graphene has a single QWP band at k ¼ 850 nm, while the

graphene-based structure has dual bands at k ¼ 700 nm and

k ¼ 800 nm (transmittance peaks). Meanwhile, Fig. 5

shows D/ variation as a function of the Fermi energy.

Increasing the Fermi energy increases the number of

charge carriers no and the imaginary part of graphene’s

conductivity, therefore, making graphene more conductive.

A blue-shift is observed as a result of the addition of the

doping charges. Previous studies have shown that the

presence of a graphene layer perturbs the resonance fre-

quency of a plasmonic metasurface, such that the wave

vector of surface plasmons along a graphene layer satisfies

the expression:

kspp / �hx2
r

2a0EFc
; ð4Þ

where xr is the resonance frequency and a0 ¼ e2=ð�hcÞ is

the fine structure constant [38]. Therefore, the transparency

window can be tuned by varying the Fermi energy of

graphene while fixing all other geometrical parameters,

consistent with the results obtained in Fig. 5.

3.2 Variation of the number of graphene layers ðKnÞ

The number of layers of graphene Kn was progressively

increased from 1 to 5, while graphene thickness was kept

fixed at 1 nm. Figure 6a shows the phase difference vari-

ation with Kn. As Kn approaches 5, the in-plane conduc-

tivity of graphene drops and becomes more complex

leading to a fast varying phase retardation near

k ¼ 700 nm. Furthermore, as layers are stacked on top of

each other, strong inter-layer coupling reduces the carrier

mobility and a slight shift in phase occurs. The graphene

layers sandwiched between the metal and glass act as an

asymmetric Fabry–Perot resonator with metal as a mirror

reflector and the glass as a partial reflector. Destructive

interference occurs in the confined region depending on the

number of graphene layers and the in-plane permittivity of

graphene. We observed that the far-field phase remains

600 900
0

0.6

0.9
.0

α
α
α φ

φ

φ

=0°

=60°

=90°

600 700 800 900 1000 1100 1200
Wavelength (nm)

-150
-120
-90
-60
-30

0
30
60
90

120
150

Ph
as

e 
(d

eg
re

es
)

xx
yy

(b)

600 700 800 900 1000 1100 1200
Wavelength (nm)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

T
ra

ns
m

itt
an

ce

=0°

=60°

=90°

600 700 800 900 1000 1100 1200
Wavelength (nm)

-150
-120
-90
-60
-30

0
30
60
90

120
150

Ph
as

e 
(d

eg
re

es
)

(d)

(a)

(c)

Δ

φ
φ

φ

xx
yy

Δα
α
α
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without graphene
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within the intended �90� and þ90� range, as shown in

Fig. 6a. In Fig. 6b where Kn ¼ 4, increasing the Fermi

energy has a blue-shift effect on transmittance with a

characteristic Fano resonance at k ¼ 1020 nm. This is as a

result of reduced capacitive coupling between the metal

and the glass as the Fermi energy is varied. The metal

antennas get excited by the external electric fields forming

dipoles that launch the weak graphene plasmons.

Figure 7a, b shows electric field distributions around the

metal antennas and graphene plasmon wavelengths, kp �
50 nm and kp � 100 nm, corresponding to SLG and FLG

structures, respectively. It is noticeable that kp � ko (ap-

proximately 20 times smaller than the free-space wave-

length), indicating a strong field confinement and a possible

realization of graphene-based complex structure in the

near-infrared. Introducing a graphene layer enhances tun-

ability of the propagating SPPs over its surface. These

plasmons are also controllable through other geometrical

parameters of the structure.

3.3 Variation of metal dimensions L1 and L2

Increasing either L1 or L2 has an effect on the inter-particle

coupling. While keeping Px and Py fixed at 350 and 410

nm, respectively, and increasing L1, a larger red shift is

caused on D/ around þ90� than �90�. The latter remains

fixed at � �90� showing a horizontal shearing character-

istic, as shown in Fig. 8a. However, increasing L2 causes a

larger red shift on D/ around �90� compared with D/
around þ90� (Fig. 8b). It is also noticeable that there is a

downward shift around þ90� as L2 is increased. In Fig. 8c,

a wavelength red shift is observed for the transmission

coefficient Tyy attributed to the SPP propagation and cou-

pling with the incident light along the y-direction. How-

ever, a shift in Txx is less pronounced, because L2 (x-

oriented) remains fixed. Therefore, as L1 is increased from

140 to 180 nm, the positions of the dips are shifted due to

inter-particle coupling. Two things can be noted about the

intersection points: they correspond to (1) the points where

Txx � Tyy, showing equality of the amplitudes in trans-

mission and (2) the phase regions, D/ ¼ �90�, defining

the RCP/LCP states of circular polarization and the dual-

band property. These two observations satisfy the QWP

requirement and the dual-band property (see illustration in
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Fig. 4b). Varying dimensions L1 and L2 is associated with

tuning the fundamental LSP modes. Increasing either of

them increases the intensity of the LSP modes, allowing

both phase and amplitude tunability between k ¼ 700 and

850 nm (Fig. 8). Within the same range, by varying L1 and

L2 at k ¼ 800 nm while Px and Py are fixed, D/ varies and

exhibits both RCP and LCP states, as illustrated in Fig. 9.

In this case, the broken symmetry produces two opposite-

handedness helicity beams, that is, in the region near L1 ¼
155 nm and L2 ¼ 100 nm, the transmitted phase difference

is 90�, whereas, around L1 ¼ 180 nm and L2 ¼ 140 nm,

D/ ¼ �90�.

3.4 Variation of periodicities Px and Py

As was mentioned in Sect. 2.1, periodicities Px ¼ 350 nm

and Py ¼ 410 nm were kept fixed, while other parameters

were varied. These values correspond to the optimum

point, where the SPP modes have a phase difference equal

to 90�. However, by varying either Px or Py, while other

parameters are fixed, a phase shifting effect is noticeable,

as shown in Fig. 10a, b. Increasing the periodicities redu-

ces the inter-particle coupling, and so, the SPP modes

acquire varying phase differences, i.e., D/ ¼ /SPP;x�
/SPP;y, where /SPP;x;y are the relative phases of the two SPP

modes [5]. In addition, varying the periodicities provides a

mechanism through which the in-plane momentum of the

incident light is manipulated to match the wave vector of

the SPP. As a result, evanescent diffracted orders are

produced that allow efficient coupling between the incident

light and the SPP to take place, according to the coupling

condition described in Eq. 1.

3.5 Ellipticity (g) and polarization conversion ratio

Figure 11a illustrates the ellipticity spectrum as a function

of both L1 and L2 at k ¼ 820 nm. A value of g close to 1 or

�1 is equivalent to an ideal linear-to-circular polarization

conversion, that is, nearly perfect RCP- or LCP-scattered

(a) (b)

(c) (d)

Fig. 8 Variation of L1 and L2.

Top Phase retardation angles. a
Variation of L2 (while

L1 ¼ 150 nmÞ, and b variation

of L1 (while L2=100 nmÞ.
Bottom Transmission

coefficients Txx (red color) and

Tyy (blue color). c Variation of

L1 from 140 nm (solid line) to

180 nm (dotted lines). d
Variation of L2 from 140 nm

(solid line) to 180 nm (dotted

lines)

Fig. 9 Phase retardation as a function of dimensions L1 and L2 at the

design wavelength k ¼ 800 nm and fixed periodicities

Px ¼ Py ¼ 350 nm. Both RCP and LCP regions are shown using

dotted line enclosures
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lights. The extreme ellipticities demonstrate tunability of

the structure achieved through metal dimensions indicating

a complete polarization conversion from a linear state to a

circular state. Similarly, ellipticity as a function of the

periodicities is shown in Fig. 11b. Around Px ¼ 350 nm

and Py ¼ 400 nm, an ellipticity g � 0:98 is shown. Finally,

Fig. 11 shows the calculation of polarization conversion

ratio (PCR) from the simulated transmission coefficient

terms Txx and Txy defined as PCR ¼ T2
xy=ðT2

xx þ T2
xyÞ. About

95% of PCR is observed at k ¼ 800 nm for both structures

in the region, where transparency window and polarization

QWP birefringence occurred (Fig. 3c). In this regard, a

larger fraction of energy from the y-polarized input is

converted to the cross-polarization counterpart. We attri-

bute the efficiency in conversion to the enhanced electric

field oscillations and the launched propagating SPP over

the graphene surface.

4 Conclusions

In summary, we have numerically demonstrated tunable

QWPs based on a hybrid metasurface of metal and gra-

phene. The structures are capable of confining light in

subwavelength dimensions and manipulating the far-field

amplitude, phase, and polarization of light. Unlike in

(a) (b)Fig. 10 Variation of

periodicities as a function of

wavelength and phase. Fixed

parameters are L1 ¼ 160 nm and

L2 ¼ 126 nm. a Variation of Py

when Px ¼ 350 nm and b
variation of Px when

Py ¼ 410 nm

(a)

(c)

(b)Fig. 11 Ellipticity calculation

of an SLG structure as a

function of a lengths L1 and L2

and b periodicities Px and Py, at

fixed wavelength k ¼ 800 nm

and EF ¼ 0:7 eV . c Polarization

conversion ratio of SLG and

FLG structures as a function of

wavelength
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previous works, where graphene was applied in mid-IR and

terahertz regions, this study demonstrates conversion of

light into propagating graphene plasmons in the NIR. This

realization is a vital addition in photography, communi-

cation, and photonic-sensing applications. The birefrin-

gence of the wave plates is tunable through the Fermi

energy, the metal dimensions, the periodicities, and the

number of graphene layers. Ohmic losses from the metal

have been fairly suppressed due to finite volume of metal

strips and the high conductivity of graphene. Future

experimental feasibility was considered based on the

practical values of Fermi energy and properties of gra-

phene. Experimental doping technique of graphene using

electrical gating is recommended. This work is also a

potential benchmark of realizing a graphene wave plate in

the visible region.
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