
IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022 5905306

Graphene-Based Magnetically Tunable
Broadband Terahertz Absorber
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Abstract—This study proposes a broadband absorber based on
graphene and one-dimensional photonic crystal (1DPC) to achieve
magnetically tunable broadband absorption in the terahertz (THz)
frequency range. The performance is analyzed using the 4 × 4
transfer matrix method, demonstrating that the proposed absorber
operates in a broadband range of 3.34 to 4.68 THz for left-handed
circularly polarized (LCP) waves with an absorption greater than
90%. The localized THz wave produces absorption peaks, achieves
broadband with high absorption, and is tuned dynamically by
varying the magnetic field. This work has potential for many appli-
cations, such as broadband filters, anti-radar stealth, and sensors.

Index Terms—Broadband absorber, graphene, photonic
crystals, magnetic tunable.

I. INTRODUCTION

GRAPHENE has unique properties, such as optical / tera-
hertz (THz) absorption [1], [2] and tunable surface con-

ductivity [3], [4]. It has been widely used in the investigation of
absorbers for the realization of dynamically tunable absorption.
Additionally, one-dimensional photonic crystal (1DPC) can be
combined with graphene to efficiently improve the absorption
performance due to its many advantages, such as simple struc-
ture, convenient preparation, and controllable optical transmis-
sion [5]. Initially, the photonic crystal was used to control optical
transmission [6], [7]. Subsequently, most absorbers based on
graphene and 1DPC operated in an optical range with narrow-
band [8], multi-band [9], and broadband [10] absorption.

THz waves have advantages such as wide bandwidth, robust
transmission, and high resolution. As such, they have great
potential in many fields, such as communication [11], imaging
[12], and biomedicine [13]. The wide application of the THz
wave is considerably related to detection, and the THz absorber
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is a critical component for detecting THz waves [14]. Therefore,
the combination of graphene and photonic crystals is utilized in
THz absorbers to achieve multi-band [15], [16] and broadband
[17] absorption. Up to now, graphene-based absorbers could
be generally tuned by varying the Fermi level of the graphene.
The main techniques for varying the Fermi level are chemical
doping and an external bias electric field [18]. Chemical doping
can be achieved by replacing the carbon atoms in graphene with
other atoms or by adsorbing other molecules or atoms onto the
graphene. Nevertheless, this technique is absent from dynamic
tunability. An external bias electric field can dynamically tune
the surface conductivity of graphene and the absorption of the
graphene-based absorber. However, this drastically increases
the difficulty of manufacturing. Furthermore, graphene can also
be magnetized using a static bias magnetic field (SBMF) and
dynamically tuned, thus the graphene-based absorber can be
tuned accordingly. To the best of our knowledge, there are
few reports on magnetically tunable THz absorbers. Crucially,
this technique is non-contact and free of electrodes, which can
effectively reduce the difficulty of manufacturing. Using the
SBMF, Rashidi et al. investigated the circularly polarized wave
absorption performance of a graphene-based 1DPC in the THz
region [19]. However, this work was limited to narrowband
absorption. Broadband absorption is more widely valuable for
several components, such as sensors, modulators, and anti-
reflection coatings [20].

In this study, a graphene-based 1DPC broadband absorber is
proposed by tuning the SBMF. The proposed absorber consists
of multiple elementary units, which are comprised of monolayer
graphene and two periodic 1DPCs with a spacer layer. The
4 × 4 transfer matrix method is then employed to analyze the
absorption performance. The results show that the proposed
absorber can absorb the left-handed circularly polarized (LCP)
wave from 3.34 – 4.68 THz (i.e., a relative bandwidth of 33.42%)
with an absorption greater than 90%.

II. MODEL AND METHOD

A. Electric Parameter Model of Magnetized Graphene

Magnetized by a perpendicular SBMF, graphene has conduc-
tivity components with longitudinal conductivity σxx and Hall
conductivity σxy, which can be described in the THz regime by
the Drude model [21] and are respectively expressed as:

σxx(ω,B) =
D

π

Γ − iω

ω2
c − (ω + iΓ )2

(1)
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Fig. 1. Schematic representation of the proposed (GC(AB)M)N model.

and

σxy(ω,B) = −D

π

ωc

ω2
c − (ω + iΓ )2

(2)

where D = e2|EF |/�2 is the Drude weight and ωc =
eBv2F /EF is the cyclotron frequency. e, EF , �, vF , and Γ are
the electron charge, Fermi level, reduced Planck’s constant,
Fermi velocity, and scattering rate, respectively. The relative
permittivity of graphene can be written as:

↔
εg=

⎛
⎝

εxx εxy 0
−εxy εxx 0
0 0 εzz

⎞
⎠ (3)

Here, εxx = 1 + iσxx/ωε0dg , εxy = iσxy/ωε0dg , and εzz =
1, where ω, ε0, and dg are the operating angular frequency,
vacuum permittivity, and thickness of the graphene, respectively.

B. Absorber Model and Analytic Method

The proposed schematic model magnetized by the SBMF is
shown in Fig. 1. This model can be described as (GC(AB)M)N,
where G represents graphene, and A (magenta) and B (bright
- blue) represent two nonmagnetic dielectrics with high and
low refractive indexes, respectively. Furthermore, A and B form
1DPC. C (bright - blue) represents the spacer layer between
the graphene and 1DPC, M is the period number of 1DPC,
and GC(AB)M represents the elementary unit. Hence, N is the
number of elementary units. In other words, the proposed model
is formed by the cascading connection of N elementary units.
The THz wave is normally incident on the structure, and the
SBMF is along the same direction.

The transfer matrix method can be used to analyze the
propagation in layered dielectric media [22], and the 4 × 4
transfer matrix method [23] is beneficial for the analysis of the
wave response (reflectance, transmittance, and absorption) for
right-handed circularly polarized (RCP) and LCP waves. This
method was used to calculate the absorption of the proposed
model A± = 1−R± − T±, where “+” and “-” represent the
RCP and LCP waves, respectively.

III. RESULTS AND DISCUSSION

A. Absorption Performance of an Elementary Unit

First, the absorption performance of an elementary unit was
analyzed to investigate the physical mechanism of the proposed
model. In the elementary unit, A was set as SiO2 with a dielectric

Fig. 2. Absorption of B = 0 T for: (a) (GC(AB)2) and (C(AB)2), and
(b) (GC(AB)M). M = 1, 2, and 3.

constants εA of 3.9 [24], and B and C were set as MgF2 with εB=
εC= 1.9 [25], [26]. In addition, the linearly polarized THz wave,
with a central frequency f0 of 3.9 THz, was normally incident
on the proposed model. Moreover, the optical thicknesses of
A, B, and C were a quarter of the central wavelength, that
is,

√
εAdA =

√
εBdB =

√
εCdC = λ0/4 (λ0 is the wavelength

in vacuum of f0). In addition, the parameters of the graphene
were EF= –0.34 eV, Γ= 10 meV/�, vF = 106 m/s, and dg=
0.335 nm [27].

The absorptions of the elementary unit without graphene
and with B = 0 T graphene are shown in Fig. 2(a). Here, the
elementary unit without graphene did not achieve absorption
because all dielectrics of the structure were lossless and no
resonance of any form was presented. In contrast, the defect
layer of 1DPC for the elementary unit with graphene, formed
by the graphene G and spacer layer C, could localize the THz
wave and produce the defect mode. Subsequently, the light-
matter interaction between the localized waves and graphene
were enhanced, which therefore increased the absorption of the
elementary unit by approximately 30% in the 3.29 to 4.46 THz
frequency range. Despite this, it can easily be determined from
Fig. 2(a) that the absorption of an elementary unit was far less
than 90%. This can be enhanced using three approaches [28]:
1) increasing the quality (Q) factor of the optical microcavity
at the surface of the 1DPC, where the optical microcavity is
composed of a graphene layer, spacer layer, and 1DPC (i.e.,
graphene and 1DPC act as the cavity mirrors and the spacer
acts as the cavity); 2) increasing the absorption of the incident
wave on the graphene; and 3) increasing the reflectance of the
reciprocating waves in the optical microcavity.

Using the first approach, the Q factor of an elementary unit
will be increased. However, this causes a narrowed absorption
bandwidth. In the elementary unit, M can change the Q factor
and they are proportional to one another, which can improve the
absorption, as shown in Fig. 2(b). The bandwidth was enhanced
and the absorption degraded when M decreased. Parenthetically,
multiple elementary units were employed to enhance the ab-
sorption, as discussed in Section B. If the absorption of the
elementary unit is too low or high, it will cause a large number
of N or the absence of broadband, respectively. In other words,
M is very important to the absorption and bandwidth.

The second and third approaches enhanced the absorption of
the elementary unit by increasing the reflectance and absorption
of THz waves on graphene, respectively. This can be achieved
by increasing the thickness of the graphene [28]. However, this
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Fig. 3. Transmission and absorption of RCP (+) and LCP (-) waves with
various SBMFs. (a) reflectance, (b) transmittance, (c) absorption of monolayer
graphene, and (d) absorption of an elementary unit in the air.

achievement is limited by the absence of dynamic tunability. By
varying the SBMF, the reflectance and absorption can be tuned,
and dynamic tunability can be achieved. Furthermore, because
of any linearly polarized wave that can be decomposed into two
circularly polarized waves with opposite rotation directions (i.e.,
RCP and LCP waves), the responses of the RCP and LCP waves
are investigated using various SBMFs.

The reflectance, transmittance, and absorption of monolayer
graphene with various SBMFs for RCP (“+”) and LCP (“-”)
waves were different due to the magnetic circular dichroism of
the graphene [29], as shown in Figs. 3(a)–(c). The reflectance
and absorption of the LCP / RCP waves increased / decreased
in the frequency range of greater than 2.82 THz as the SBMF
increased, as shown in Figs. 3(a) and (c), respectively. According
to the second and third approaches, one can predict that the
absorption of an elementary unit would behave the same, as
shown in Fig. 3(d). Specifically, as the SBMF increased, the
absorption of the LCP / RCP wave increased / decreased when
the frequency range was greater than 2.82 THz. There was a
larger absorption peak at a frequency of approximately 3.9 THz.
In contrast, a frequency less than 2.82 THz demonstrated a
nonidentical trend due to the ruleless reflectance and absorption
of the LCP. Based on previous analyses, the proposed structure
was investigated at approximately 3.9 THz.

B. Absorption Performance of Cascaded Elementary Units

Although the performance of an elementary unit can be en-
hanced by tuning the SBMF, the absorption is only approxi-
mately 0.65, as shown in Fig. 3(d). Therefore, cascaded elemen-
tary units are proposed to enhance absorption further.

1) Cascaded Double Elementary Units: First, the perfor-
mance of cascaded double elementary units was investigated.
The absorption of (GC(AB)1)2, (GC(AB)2)2, (GC(AB)3)2, and
(GC(AB)1)1(GC(AB)3)1 for the THz wave at B = 0 T is shown
in Fig. 4. Compared with Figs. 2(a) and 4, it is clear that

Fig. 4. Absorption of various cascaded double elementary units with B = 0 T.

Fig. 5. Absorption of (GC(AB)2)2 for RCP (“+”) and LCP (“-”) waves for B
= 0, 3, 7, and 11 T.

the absorption of cascaded double elementary units was en-
hanced. This is because the defect layers (GC) could be mutually
coupled through the evanescent field when M was small (M
≤ 4), which is similar to that in coupled resonator optical
waveguide structures [10]. This implies that the coupling is
weak [30] and the absorption of cascaded double elementary
units is dependent on the total absorption of the two single
elementary units. The bandwidth of cascaded double elementary
units presented a narrowed tendency as M increased, as shown in
Fig. 4. This is because the increase of M weakened the interaction
between the localized waves [31]. Furthermore, the absorption
of (GC(AB)1)1(GC(AB)3)1 fluctuated significantly because of
the different M in the two elementary units, which impeded the
realization of broadband operation. Through the aforementioned
comprehensive analysis, the optimal M was set to 2 in this study.

The tunable absorption of the cascaded double elementary
unit (GC(AB)2)2 with various SBMFs was analyzed, demon-
strating that the absorption of the LCP wave firstly increased
and then decreased by increasing SBMF, as shown in Fig. 5.
Moreover, B = 7 T achieved optimal absorption. However, the
broadband absorption was still less than 90%, which can be
further enhanced by increasing and optimizing N.

2) Cascaded Multiple Elementary Units: As previously
mentioned, the SBMF was set as B= 7 T. The optimal N was then
obtained in cascaded multiple elementary units by comparing
the transmission and absorption for various values of N. The
transmittance, reflectance, and absorption of cascaded multiple



5905306 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

Fig. 6. (a) and (b) Transmittance, (c) and (d) reflectance, and (e) and (f)
absorption of cascaded multiple elementary units for the LCP and RCP waves
with various N. (g) and (h) Electric field distributions in (GC(AB)2)7 for B= 7 T.

elementary units for the LCP wave are shown in Fig. 6(a), (c),
and (e), respectively. With stable reflectance, the transmittance in
the photonic band gap (i.e., from 2.95 to 4.7 THz) decreased as N
increased when N ≥ 4. Subsequently, the absorption of the LCP
wave increased, as shown in Fig. 6(e). The absorption increased
slightly when N > 5, which can be attributed to the weak power
dissipation in the higher-order elementary units (e.g., 6th and
7th), as indicated in Fig. 6(g). Therefore, N can be optimized
to 5 for cascaded multiple elementary units. (GC(AB)2)5 was
able to operate in a broadband range of 3.34 - 4.68 THz with an
absorption of ≥ 90% for the LCP wave, as shown in Fig. 6(e).
Compared with the LCP wave, the transmittance and reflectance
of the RCP wave became higher and narrower, which caused the
deteriorated absorption, as shown in Fig. 6(b), (d), (f), and (h).

C. Influence of Model Parameters on the Absorption
Performance of Cascaded Quintuple Elementary Units

The absorption performance of (GC(AB)2)5 can be influenced
by the Fermi level (EF), dielectric loss, and thickness ds and
refractive index nc of the spacer layer.

Fig. 7. Frequency / thickness dependent absorption of (GC(AB)2)5 for B = 7
T. (a) LCP and RCP waves (λs = λ0/nD), and (b) LCP wave at ds = 3λs.

Fig. 8. nc-dependent absorption of (GC(AB)2)5 for the LCP wave when
B = 7 T.

1) Influence of Thickness ds: The absorption peaks for
the LCP and RCP waves of the ds-dependent absorption of
(GC(AB)2)5 exhibited periodicity as ds increased in the photonic
band gap, as shown in Fig. 7(a). In addition, the absorption of
the LCP wave was significantly higher than that of the RCP
wave. More importantly, there were multiple bands with high
absorption in the photonic band gap when ds = 3λs, which could
be utilized to achieve a multi-band THz absorber, as shown in
Fig. 7(b).

2) Influence of Refractive Index nc: As the nc decreased, the
absorption performance of the LCP wave improved, as shown
in Fig. 8. As the nc decreased, the difference in the refractive
index between the spacer layer and top layer (SiO2) of the 1DPC
increased, which increased the reflected wave in the spacer
layer. Subsequently, the light-matter interaction between the
reflected wave and graphene were enhanced, which improved
the bandwidth and absorption of the LCP wave. To obtain
higher absorption performance, nc should be distanced from the
refractive index of the top layer of the 1DPC.

3) Influence of Fermi Levels EF: From (1) and (2), the Fermi
level EF can tune the conductivity of the graphene, which
can subsequently influence the absorption of (GC(AB)2)5, as
shown in Fig. 9. The absorption performance of the LCP wave
firstly improved and then degraded in the photonic band gap
as |EF | increased. Meanwhile, the performance of the RCP
wave exhibited a similar performance. It is noteworthy that the
proposed model was optimal for the LCP wave when EF was in
the range of -0.22 to - 0.36 eV.

4) Influence of the Nonmagnetic Dielectric Loss: As pre-
viously mentioned, the dielectric in the proposed model
(GC(AB)2)5 was assumed to be lossless. In practical applica-
tions, nonmagnetic dielectrics such as MgF2 and SiO2 may
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Fig. 9. EF-dependent absorption of (GC(AB)2)5 for LCP and RCP waves
when B = 7 T.

Fig. 10. Absorption of the proposed model (GC(AB)2)5 for the LCP wave
with various extinction coefficients: (a) B = 0 T, (b) B = 3 T, (c) B = 5 T, and
(d) B = 7 T.

be lossy (i.e., the extinction coefficients k(MgF2) and k(SiO2)
are nonzero), and the loss can affect the absorption perfor-
mance. The absorption performances of the proposed model
with various extinction coefficients (k(MgF2) and k(SiO2)) for
B = 0, 3, 5, and 7 T are shown in Fig. 10. The change in the
absorption performance difference became less obvious as the
SBMF increased. In addition, the absorption performance was
almost identical in the photonic band gap when k ≤ 0.01, which
is beneficial for obtaining a stable absorption performance for
applications.

IV. CONCLUSION

This study proposed a magnetically tunable THz broadband
absorber based on graphene and 1DPC. The absorption perfor-
mance was investigated using the 4 × 4 transfer matrix method.
Furthermore, the proposed graphene-based 1DPC broadband
absorber was dynamically tuned using an SBMF. The proposed
absorber could absorb the LCP wave in a broadband range
from 3.34 to 4.68 THz with an absorption greater than 90% at
B = 7 T. In addition, the influence of the thickness and refractive
index of the spacer layer, Fermi level, and losses of dielectric

layers on the absorption performance were analyzed. From these
analyses, it was observed that a multi-band THz absorber could
be achieved for the LCP wave by varying the thickness. The
absorption performance of the LCP wave improved by tuning the
Fermi level and decreasing the refractive index. Furthermore, the
proposed model demonstrated a stable absorption performance
when B = 7 T and the extinction coefficient of the dielectric
layer k ≤ 0.01, which is beneficial for practical applications.
These investigations provide a new concept for the design of
magnetically tunable THz broadband absorbers, which have
the potential for many applications, such as broadband filters,
anti-radar stealth, and sensors.
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