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Abstract: We present a wavelength tunable absorber composed of
periodically patterned cross-shaped graphene arrays in the far-infrared and
THz regions. The absorption of the single-layer array can essentially exceed
the continuous graphene sheet by increasing the cross-arm width, even
for small graphene filling ratio. As chemical potential and relaxation time
increase, the absorption can be significantly enhanced. The complementary
structure shows higher absorption compared to the original graphene array.
Moreover, the wavelength of absorption maximum is angle-insensitive for
both TE and TM polarizations. The absorption efficiency can be further
improved with double layers of the cross-shaped graphene arrays, which are
helpful to design dual-band and broadband absorbers.
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1. Introduction

Efficient light harvest and absorption have attracted much attention in recent years in virtue of
the promising applications in emitters, solar photovoltaics, sensors, and spatial light modula-
tors [1, 2]. The emergence of many exotic materials has stimulated the proposal of new-type
absorbers. For example, the complete light absorption has been theoretically demonstrated by
using patterned graphene resonators [3]. Graphene is a two-dimensional material and manifests
quite a few fantastic optical properties thanks to its unique electronic band structures [4–9].
Graphene based absorbers have advantages of continuously tunable surface conductivity [10].
The high carrier mobility in graphene makes it suitable for ultra-fast switching [11]. As a di-
mensionless and flexible material, graphene is convenient to integrate with other optical nan-
odevices [12,13]. In the visible range, graphene manifests saturate absorption feature. A single
sheet of graphene can absorb approximately 2.3% energy of incident light [14, 15]. In order to
improve the absorption efficiency, one has incorporated graphene to optical cavities [16], di-
electric gratings [17], and photonic crystals [18, 19], where light can be efficiently trapped and
absorbed.

In infrared and teraherz(THz) range, graphene behaves like metal when interacting with ex-
ternal light waves and can support surface plasmon polaritons (SPPs) [4,20], which enable huge
concentrations of optical energy [21,22]. The SPPs in graphene will benefit to the enhancement
of light absorption [23]. Recently, a great diversity of patterned graphene arrays have been pro-
posed and demonstrated in enhancing absorption by take advantage of graphene SPPs, such
as graphene discs, ribbons, rings, and cross-shaped structures [3, 15, 24–29]. When the light
impinges on graphene, the SPP resonance might occur in the patterns, leading to plasmonic ab-
sorption enhancement. The SPP resonance tends to be associated with the generation of leaky
modes, resulting in a shift of resonance compared to the absorption cross-section for a single
graphene cell [25]. The total absorption has also been predicted in patterned graphene arrays
with dielectric substrate. As the total internal reflection occurs at the interface of dielectric and
air, the evanescent coupling of incident light to graphene SPPs brings about external absorp-
tion. The metallic substrate coated by a dielectric layer may play the same role in absorption
enhancement [3].

In this wok, we present a systematical study on plasmonic absorption enhancement in pe-
riodic cross-shaped graphene arrays. Cross-shaped resonator is a typical electric ring res-
onator (ERR) which couples strongly to uniform electric fields, but negligibly to magnetic
ones [30, 31]. It shows polarization-independent response for normal incidence due to its C4

symmetry [32, 33]. The proposed structure has the advantage of one more free geometry pa-
rameter compared to the graphene disk and ribbon, so the absorption could be tuned more
flexibly.

The content of the work is arranged as follows. In Sec. 2, the configuration of the proposed
absorber structure is described. We also introduce briefly the method of calculating the ab-
sorption spectrum. The dependence of the absorption spectrum on the geometric parameters
is discussed in Sec. 3. The situation of oblique incidence for different polarizations is investi-
gated as well. In Sec. 4, the influences of chemical potential and relaxation time on absorption
are considered. In addition, the complementary structure and double layers of the cross-shaped
graphene patterns are studied in Secs. 5 and 6, respectively. Finally, we draw the conclusion of
the whole work in the last section.

2. Geometry of the cross-shaped graphene array

Figure 1 schematically depicts the structure of proposed absorber composed of a square cross-
shaped graphene array with period a, length L, and width w. The graphene array adheres to a
silica substrate separated by a thin silicon dioxide spacer with thickness d. The relative per-
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Fig. 1. Schematic of the geometry under consideration: the periodic cross-shaped graphene
arrays with width w, length L and period a. The arrays are supported on a Si substrate
coated by a thin SiO2 layer with thickness d. The incident electromagnetic wave is TE
polarized with the electric fields along the y axis. The angle of incidence is θ .

mittivity of SiO2 is given by εd = 3.9 and the refractive index of Si by ns = 3.4 [34, 35]. The
system is illuminated from air by a plane wave with wavelength λ and incident angle θ . The
incident plane is the x-z plane. In practice, the large-area graphene film can be first grown
using an optimized liquid precursor chemical vapor deposition method and determined to be
single-layer through Raman measurements. The electron-beam lithography is used to pattern
the graphene film into cross-shaped structures and the exposed area can be etched away by the
oxygen plasma [13].

The surface conductivity of graphene σ can be modeled by the Kubo formula including
interband and intraband transitions [34]. In the THz and far infrared range, the interband tran-

sition dominates and the surface conductivity can be simplified as σ(ω) = e2μc

π h̄2
i

ω+i/τ when
μc � kBTm, where e, kB, and h̄ are the universal constants representing the electron charge,
reduced Planck’s constant, and Boltzmanns constant, respectively [36]. Tm, μc, τ , and ω are
the temperature, chemical potential, relaxation time, and photon frequency, respectively. In this
work, the room temperature (Tm = 300 K) is assumed. The chemical potential and relaxation
time τ = 0.5 ps and μc = 0.4 eV are initially considered and their influences will be analyzed
later.

Numerical simulations are performed with the commercial software COMSOL Multiphysics
based on finite element method. The graphene is modeled by using the surface current boundary
condition [15,27]. The domain has been discretized by using an inhomogeneous mesh with the
maximal element size being less than 10% of graphene surface plasmons wavelength. The
transmission T (ω) = | S21(ω) |2, reflection R(ω) = | S11(ω) |2, and absorption A(ω) = 1−
T (ω)−R(ω) are obtained from S-parameters.

3. General absorption properties

We first investigate the geometric effects on the absorption of periodic single layer cross-shaped
graphene arrays at normal incidence. As the width-to-length ratio w/L and length-to-period
ratio L/a of the cross-shaped graphene varies, there is always an evident absorption peak in the
far-infrared and THz range. In Fig. 2(a), where the cross-arm length is fixed at L = 1.25 μm,
the results show that, as the arm width increases, the peak first experiences a blueshift and then
undergoes a redshift, while the absorption maximum gradually increases at the same time. It is
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Fig. 2. (a) The absorption spectra for different widths as L = 1.25 μm. (b)The electric
field distributions (|E|) at the absorption peak for w/L = 0.3, 0.5, 0.7, and 0.9. (c) The
absorption spectra for different lengths as w = 0.25 μm. (d) The electric field distributions
at the absorption peak for L/a = 0.3, 0.5, 0.7, and 0.9. a = 2.5 μm and d = 0.3 μm.

also apparent that the absorption peak broadens in longer wavelength. The absorption maximum
occurs when the SPPs are resonating mainly in the vertical arms and the resonance condition
reads 2kspL + 2δ = 2pπ , where ksp = 2πnsp/λm with nsp being the effective index of SPPs and
λm the resonance wavelength. The phase change at the ends of the arm is denotes by δ and p is
an integer. As the incident wavelength is much larger than the arm length, we can suppose p= 1.
Therefore, the resonant wavelength is given by λm = 2πnspL/(π − δ ). The effective index of
SPPs nsp depends largely on the width of arm. As w � L, the narrower graphene strip suggests
larger nsp [23]. As a result, the resonance peak experiences a blue shift as w increases when w
is small. On the other hand, when w approaches to L, the SPP resonance in the horizontal arms
cannot be neglected. The resonant wavelength in the horizontal arm increases as w increases
since the cavity length increases. To some extent, the resulted resonant wavelength may undergo
a slight redshift. The reason for the absorption peak broadens at longer wavelengths lies in the
fact that the real part of the surface conductivity of graphene increases at longer wavelengths
[37],arousing additional propagation loss of SPPs. Therefore, the Q-factor of SPPs resonating
in the cross is damping. Since here L = 1.25 μm and a = 2.5 μm, the area ratio of graphene
in a unit cell is smaller than 0.25 as w varies. The absorption maximum can reach 0.18 for
wide cross arms, essentially exceeding 2.3% absorption in continuous monolayer graphene. As
w/L approaches to unity, the configuration gradually transforms to be a square. In this case,
the absorption of the square-shaped graphene array might be comparable with the cross-shaped
one or even higher. Nevertheless, the cross-shaped arrays have an additional degree of freedom
in geometry. As the width of the two arms could vary independently, the cross configuration is
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applicable to design omnidirectional and polarization-independent absorbers [38].
The electric field distributions (|E|) at the absorption peak for different widths are illustrated

in Fig. 2(b). It is shown that a strong localization of electromagnetic fields can be realized
and the fields concentrate mostly on the edges of cross-arm. The localization is caused by the
strong electric dipole resonances, which result from the charges accumulated at the edges of
cross-arm. Such strong resonances effectively trap light energy and provide sufficient time to
dissipate it by the Ohmic losses within the graphene. The electric fields are well confined in the
cross-arm along the y axis for w/L = 0.3. As arm width increases, the electric fields gradually
couple to the arm along the x axis due to the enhancement of resonance in the horizontal arms.
Figure 2(c) shows the influences of cross-arm length on the absorption spectra, in which the
width is fixed at w = 0.25 μm. The variation of resonant wavelength with the change of length
is more evident than width. As L increases, the resonant wavelength shifts from 23 μm to 116
μm and absorption maximum increases from 0.015 to 0.11. The fields always concentrate at the
edges of the longitude arms as shown in Fig. 2(d), indicating the cross-shaped resonator couples
strongly to the electric fields. The effective index of SPPs nsp depends largely on the width of
arm and the narrower graphene strip suggests larger nsp. In the case of y-polarization, as w �
L, the vertical arm suggests larger nsp than the horizontal arm. Light trends to concentrate on
the media with larger index, resulting in the absence of field along the horizontal arm.

In Figure 3, the resonant wavelength λm and the absorption maximum Am as a function of
the length-to-period ratio L/a and width-to-length ratio w/L are depicted. The period is set
as a = 2.5 μm for Figs. 3(a) and 3(b). As displayed in Fig. 3(a), for a fixed width-to-length
ratio, the resonant wavelength increases monotonically as L/a increases. As L/a is fixed, the
resonant wavelength decreases when w/L varies from 0.1 to 0.6 and then increases slightly as
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Fig. 3. The resonant wavelength λm and the absorption maximum Am as a function of L/a
and w/L for different periods. The resonant wavelength for (a) a = 2.5 μm and (c) a = 1.0
μm. The absorption maximum for (b) a = 2.5 μm and (d) a = 1.0 μm. In all panels, d = 0.3
μm.
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w/L further increases. The minimum resonant wavelength for a fixed cross-arm length will be
obtained around w/L = 0.6. In Fig. 3(b), the variation of absorption maximum Am corresponding
to resonant wavelength is illustrated. The results show that the absorption of proposed absorber
can be enhanced as high as 0.22 when length-to-period ratio is larger than 0.6 by adjusting w/L.
When L/a is smaller than 0.6, the absorption can be improved to its maximum but less than
0.22 by applying proper width-to-length ratio. The variation of Am is demonstrated in detail as
follows. For a fixed width-to-length ratio, the maximum absorption increases with increasing
L/a before reaching its maximum. For large width-to-length ratio, Am saturates more quickly
compared to that for small w/L. For a fixed length-to-period, the variation of Am is similar to
that for a fixed width-to-length ratio. Note that the maximum absorption is not located exactly
at w/L = L/a = 1 in our calculations. As w/L and L/a approach to unity while the graphene
sheet is still not continuous, the localized SPP resonance could occur and the absorption peak
is remarkably stronger than that of a continuous graphene sheet. The same behavior takes place
for other values of the period. For an example, the case a = 1 μm is displayed in Figs. 3(c) and
3(d). Figure 3(c) are similar to that for a = 2.5 μm while the resonant wavelength experiences
a blueshift. The dependence of absorption maximum on the geometric parameters is almost
unchanged as the period varies.
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Fig. 4. (a) The absorption spectra for different periods. (b) Dependence of the resonant
wavelength and absorption maximum on the period. In (a) and (b), L = 1 μm, w = 0.25 μm,
and d = 0.3 μm. (c) The absorption spectra for different thicknesses. (d) Dependence of the
resonant wavelength and absorption maximum on thickness. In (c) and (d), L = 1.25 μm,
w = 0.25 μm, and a = 2.5 μm. The insert shows electric field distributions (|E|) for (a) L/a
= 0.1 and (c) d = 0.1 μm.

Figure 4(a) plots the absorption spectra for various periods. It is apparent that the period
has a great influence on the absorption maximum but less on the wavelength. The resonant
wavelength and the absorption maximum for different periods are displayed in Fig. 4(b). It
shows that the resonant wavelength first decreases and then hovers around 55 μm as period a
increases. At the same time, the absorption maximum decreases. The reasons are as follows. As
the period increases, the resonant wavelength almost keeps unchanged because the resonance
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condition does not change much. Only the filling factor of graphene decreases, leading to the
decrease of absorption. The resonant wavelength experiences slight variation at small periods
due to the coupling of adjacent graphene crosses. As the period varies, the electric fields always
confine at the edges of the longitude arms as shown in the insert of Fig. 4(a).

When the thickness d of the thin SiO2 layer changes, as shown in Figs. 4(c) and 4(d), the res-
onant wavelength undergoes a blueshift while the absorption maximum almost keeps at 7.3%.
When d > 0.4 μm, the resonant wavelength is quite stable at λ = 65 μm. The shift of resonance
is related to the change of SPPs wavevector for altering the dielectric environment [15]. The
electric field distributions (|E|) are almost unchanged with the thickness increases as shown in
the insert of Fig. 4(c).
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Fig. 5. The absorption spectra at various incident angles for (a) TE and (b) TM polariza-
tions. The resonant wavelength and absorption maximum at various incident angles for
(c) TE and (d) TM polarizations. The insert shows the electric field distributions (|E|) at
θ = 0◦.

The dependencies of the absorption spectra on polarizations are shown in Fig. 5 for different
incident angles. The other parameters are chosen as a = 2.5 μm, L = 1.25 μm, w = 0.25 μm,
and d = 0.3 μm. For both TE and TM polarizations, the resonant wavelength is insensitive
to the incident angle, which influences much on the absorption intensity. For TE polarization,
the absorption maximum decreases as the incident angle θ increases. For TM polarization,
however, the absorption maximum increases firstly when θ increases and then undergoes a
decline. The reason lies in the increasing reflection of light at highly oblique incidence. The
insert in Figs. 5(a) and 5(b) show the electric field distributions (|E|) at the absorption peak for
TE and TM polarizations, respectively. The results show that the fields are confined in different
arms but along the direction of incident electric fields.

4. Influence of graphene optical properties

The surface conductivity of graphene relates largely to the chemical potential μc, which can be
controlled by electrostatic and chemical doping [13,39]. Figure 6(a) plots the absorption spectra
for different values of μc at normal incidence. The geometric parameters are the same with those
used in Fig. 5. When the chemical potential changes from 0.1 eV to 0.9 eV, the absorption peak
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Fig. 6. (a) The absorption spectra for different chemical potentials. (b) and (c) The electric
field distributions (|E|) at the absorption peak for μc = 0.2 eV and 0.8 eV. (d) The resonant
wavelength λm as a function of μc.

experiences a blueshift and the absorption maximum increases simultaneously. The absorption
enhancement can be understood as follows. For higher μc, the resonance shifts to a less absorp-
tive frequency region and the number of charge carriers contributed to the plasmonic oscillation
increases. As a result, the absorption maximum increases. The confined electric fields for high
chemical potential are stronger than the low one as shown in Figs. 6(b) and 6(c). The stronger
localized fields lead to higher absorption. Figure 6(d) illustrates the resonant wavelength as
a function of chemical potential. The results show that λm decreases monotonously as μc in-
creases. So the resonant wavelength can be tuned by controlling the chemical potential without
changing the absorber geometries.
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Fig. 7. (a) The absorption spectra for different relaxation times. The insert shows the electric
field distributions (|E|) for τ = 0.5 ps at the absorption peaks labeled with A and B. (b) The
electric field distributions at the absorption peaks of C for τ = 0.02 ps, 0.1 ps, 0.5 ps, and
2.5 ps.

The absorption is also associated with the relaxation time of electrons in graphene, which is
governed by τ = μcμ/(ev2

F) with e being the electron charge, vF = 106 m/s the Fermi veloc-
ity, and μ the carrier mobility. Thus the relaxation time can be directly controlled by varying
the chemical potential via electrostatic and chemical doping. When changing the surrounding
environment such as placing organic molecules on graphene, the carrier mobility will be sig-
nificantly enhanced [11], leading to the increasing of relaxation time. Figure 7(a) shows the
absorption spectra for different τ . The other parameters are the same as those used in Fig. 5.
The absorption peak labeled with C (λm = 66.75 μm) in Fig. 7(a) remains unchanged while the
width of peak becomes narrower as τ increases. The absorption maximum increases at first and
then decreases as τ increases. The reasons are as follows. As the relaxation time increases, the
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charge carriers contributed to the plasmonic oscillation increases, leading to higher absorption.
When number of charge carriers is large enough, most energy will be reflected. As a result, in
Fig. 7(a), the absorption decreases.

The absorption peaks labeled with A (λm = 22.5 μm) and B (λm = 26.75 μm) in Fig. 7(a)
turn to be evident for higher τ . Peak A, B, and C represent different exciting modes, which
can be characterized from the electric field distributions. For peak A, the electric fields are
confined along the x axis, the direction perpendicular to the incident electric fields. The peak B
represents a high-order mode, where the fields are discontinuous along the y arm and stronger
than that along the x arm. Figure 7(b) shows the electric field distributions (|E|) for peak C
(normalized by each own maximum). The results show that a weak electric fields are along
the x axis in spite of strong fields confined to the edges of arm along the y axis due to the
arrays couple weakly with the electric fields for small τ and it disappears as relaxation time
increases. For continuous monolayer graphene, the transmission and reflection are given by T =
| 2
2+η0σ cosθ |2 and R = | η0σ cosθ

2+η0σ cosθ |2, where η0 is impedance of air. In case of normal incidence,

the absorption is given by A= 1−T −R= 4η0Re(σ)
|2+η0σ |2 . In the visible range, σ is almost a constant,

resulting the 2.3% absorption. In the THz and far infrared range, σ varies with τ . At λ = 66.75
μm, A is 3.9% for τ = 0.5 ps and 0.8% for τ = 2.5 ps, which is remarkable lower than that
for the patterned graphene. The maximum absorption predicted for the thin layer is 0.5 in
the symmetric dielectric environment [3]. By choosing large relaxation time, the absorption
induced by the SPPs increases and the maximum absorption is likely to approach the predicted
value by carefully adjusting the geometric parameters and the dielectric environment.

5. Absorption properties of complementary structures

graphene

SiO
2

Si

Fig. 8. The complementary structure of Fig. 1.

We also propose the complementary of the periodically patterned cross-shaped graphene
arrays. In Fig. 8, the graphene layer is continuous so that the current can pass through directly,
because electric transport is required for many devices. The geometric parameters are chosen
as a = 2.5 μm, L = 1.25 μm, w = 0.25 μm, and d = 0.3 μm.

The absorption spectra at various incident angles for TE and TM polarizations are illustrated
in Fig. 9. It shows that two more visible resonances at λ = 23.75 μm (labeled with A) and 36.75
μm (labeled with B) in Fig. 9(a) appear visually besides the largest absorption resonant peak.
Now we focus on the largest absorption peak at 58.75 μm (labeled with C) in Fig. 9(a). The
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Fig. 9. The absorption spectra at various incident angles for (a) TE and (c) TM polariza-
tions. (b) and (d) The electric field distributions (|E|) at the absorption peak.

absorption behaviors of the complementary structure for incident angles are similar to the cross-
shaped one. The resonant wavelength remains unchanged as θ increases for both polarizations.
The absorption maximum decreases for TE polarization while increases for TM polarization as
incident angle increases.

The electric field distributions (|E|) for TE polarization are presented in Fig. 9(b). The differ-
ent distributions of electric fields represent different resonant modes. For peak C, the localized
electric fields mainly concentrate on the corners of the cross-arms. The electric field distribu-
tions for TM polarization are perpendicular to those for TE. The behaviors of absorption max-
imum for different polarizations can be understood by the electric field distributions. For TE
polarization, the localized electric fields labeled with C as θ = 80◦ are weaker than that as
θ = 0◦, while the situation changes for TM polarization. Stronger confined electric fields lead
to higher absorption enhancement.

6. Double-layer graphene arrays

The absorption can be further enhanced by applying multilayer graphene arrays [40]. For an
example, the absorption for double layers of periodic cross-shaped graphene arrays is studied.
Figure 10(a) depicts the structure composed of double layers of graphene arrays separated by
SiO2 layer with thickness h. The other parameters are a = 2.5 μm, L = 1.25 μm, w = 0.25 μm,
and d = 0.3 μm. Figure 10(b) illustrates the absorption spectra for different h. The results show
that two absorption bands can be observed. The absorption maximum at short wavelength band
exceeds that for single layer graphene arrays with the same parameters and is larger than that
in long wavelength band. The resonances for the two band are different for varying h. For band
of short wavelength, the resonant wavelength experiences a redshift and the absorption maxi-
mum decreases as h increases. For long wavelength band, the peak undergoes a blueshift and
the absorption maximum increases as h increases. As the distance between the two graphene
arrays decreases, the coupling of them becomes stronger. As a result, the mode of individual
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Fig. 10. (a) The structure consisting of double layers of periodic cross-shaped graphene
arrays. (b) The absorption spectra for different h. (c) and (d) The electric field distributions
(|E|) of y-z plane across the center as h = 0.3 μm. (c) λ = 62.75 μm. (d) λ = 86.75 μm. (e)
The absorption spectra by applying different chemical potentials for graphene layers as h =
1.6 μm. μc = 0.4 eV for up layer and μc = 0.6 eV for down layer. The relaxation time for
down layer is τ1 and up layer is 1.0 ps.

plasmon modes in each graphene array splits into two modes because of the symmetric and
anti-symmetric coupling. The stronger coupling tends to result in larger splitting of the modes.
Figures 10(b)-10(c) show the electric field distributions (|E|) for h = 0.3 μm. As λ = 62.75
μm, the confined field for upper layer is stronger than that for the down layer while the situa-
tion is in reverse as λ = 86.75 μm. This represents different resonant modes. By adjusting the
size and applying different chemical potentials for different layers to make the two absorption
bands sufficiently close, the two peaks can merge to form a broader absorption band. In Fig.
10(e), a broadband absorption is realized by applying different μc for two layers. So the mul-
tilayer graphene arrays are helpful to build multispectral and broadband absorbers [38]. Due
to the different Coulomp scattering, the mobility of electrons in graphene could be different in
different surrounding environment. We have considered the different relaxation times in Fig.
10(e). The relaxation time has effect on the absorption intensity and Q-factor of the absorption
peaks. In practice, the chemical potential of graphene can be tuned independently by perform-
ing different doping or add distinct gate voltages. Additionally, the relaxation time of graphene
can be tuned by placing organic molecules to pristine graphene.

7. Conclusions

In conclusion, we have studied the tunable absorption enhancement in periodic cross-shaped
graphene arrays in the aid of SPP resonance. As the width of cross-arm increases, the absorp-
tion is getting stronger even for small graphene filling ratio. The absorbtion peak experiences
a blueshift at first and then redshift as the width increases. By applying larger chemical poten-
tial and relaxation time of graphene, the absorption can be further enhanced. For both TE and
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TM polarizations, the absorption wavelength is insensitive to the incident angle, while the ab-
sorption maximum behaves differently for distinct polarizations. We have also considered the
complementary structure of the cross-shaped arrays, the absorption may be further enhanced
and it appears more absorption peaks due to the excitation of higher order modes. Addition-
ally, double-layer graphene arrays may bring about more absorption of incident light and can
realize dual-band plasmonic absorption, which will benefit to constructing broadband graphene
absorbers.
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