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In this article, we investigate the phenomenon of coherent perfect absorption (CPA) with bulk Dirac semimetal (BDS) thin
film. CPA of BDS appears at the frequency of 43.89 THz with 0° phase modulation of two coherent input lights. Meanwhile, it
shows that CPA can be realized under oblique incidence circumstances for both TM and TE polarizations. Moreover, the
frequency of CPA can be adjusted by altering the thickness of BDS thin film, and the dynamic regulation of CPA can be
realized by changing the Fermi energy. Finally, the peak coherent absorption frequency can be controlled by changing
the degeneracy factor.
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1. Introduction

In the past several years, Dirac materials, for example, graphene
and topological insulators, have received a lot of attention
because of its excellent photoelectric characteristics[1–6]. They
are widely used in optical storage, chemical and biological sen-
sors, and optoelectronic devices[7,8]. With the development of
Dirac materials, a perfect absorber based on Dirac materials
has also received intense attention due to its potential applica-
tions in solar cells and photo detectors[9–11]. To achieve perfect
absorption, various schemes have been proposed and designed.
For example, Xiang et al. proved that perfect absorption can be
realized in a critical coupling resonator formed by a graphene-
based hyperbolic metamaterial and a dielectric Bragg reflec-
tor[12]. Guo et al. proposed a graphene-based waveguide
composite structure to investigate enhanced and perfect absorp-
tion[13]. Wu et al. designed a composite structure of topological
insulator and one-dimensional photonic crystal (1DPC) to dis-
cuss tunable and multichannel perfect absorption due to the
excitation of optical Tamm states[14]. Although various absorb-
ers have been designed to realize perfect absorption, it is difficult
to control the absorption performance once the structure of the
absorber is designed. It is desirable to manipulate the absorption
performance without altering the intrinsic parameters of the
structure; hence, we can add incident light at the other side of
the structure.
When two coherent input beams illuminate the absorber,

destructive interference exists between two input beams, leading

to the phenomenon of perfect absorption. We call this phe-
nomenon coherent perfect absorption (CPA). Thanks to the
flexible tunability of the phase difference of two coherent input
lights[15,16], it provides us an effective mean to regulate the
coherent absorption performance. The phenomenon of CPA
was firstly studied, to the best of our knowledge, in a simple sil-
icon resonator[17]. Recently, different kinds of schemes have
been designed to achieve CPA[18,19]. Particularly, the studies
on CPA based on graphene emerge constantly due to its excel-
lent optical characteristics. For instance, Fan et al. studied the
phenomenon of tunable CPA in monolayer graphene and
designed a coherent absorber formed by non-resonant two-
dimensional (2D) carbon material graphene to achieve
CPA[20,21]. Kakenov et al. reported that the electrically tunable
CPA phenomenon can be realized by using a large-area gra-
phene layer and a metallic reflective electrode spaced by an
electrolytic medium[22]. However, graphene is a single-layer
atomic material, resulting in its weak interaction with light.
Moreover, the application of graphene is still restricted by the
production of materials, and it may take several decades to
develop the products relying on high purity graphene. These
shortcomings limit the application and promotion of graphene
in practical devices.
Bulk Dirac semimetal (BDS), treated as three-dimensional

graphene, has attracted wide attention of industry and academia
due to its excellent physical and chemical characteristics[23,24].
Similar to graphene, the most important optical property of
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BDS is that the surface conductivity can be manipulated by flex-
ibly altering the Fermi energy on the surface of BDS. However,
compared to graphene, BDS thin film is relatively easy to manu-
facture, shows lower inherent loss, and has more stable physical
characteristics. As a result, stable BDS has a greater application
prospect than graphene in adjustable surface plasmon optical
devices[25–27]. However, so far, few studies have been reported
to realize the adjustable CPA phenomenon based on BDS.
In this article, the phenomenon of CPA based on BDS thin

film has been studied. It is found that CPA of BDS appears at
the frequency of 43.89 THz with 0° phase modulation of the
two coherent input lights. Meanwhile, it shows that CPA can
be realized under oblique incidence circumstances for both
TM and TE polarizations. In addition, the frequency of CPA
can be adjusted by altering the thickness of BDS thin film,
and the dynamic regulation of CPA can be realized by changing
the Fermi energy. Finally, the peak coherent absorption fre-
quency can be controlled by changing the degeneracy factor.
We firmly believe that this work can find practical applications
in adjustable detections and signal modulations.

2. Methods

The designed coherent absorber is shown in Fig. 1, the BDS thin
film with thickness of d is free-standing in vacuum, and two
coherent beams (I� and I−) illuminate on it with the same inci-
dent angle of θ. O� and O− correspond to the output lights, and
t± and r± are the transmission and reflection coefficients,
respectively.
Generally, the surface conductivity of BDS can be described

by the Kubo formula, written as the combination of inter-band
and in-band processes. The conductivity is closely related to the
radiation frequency ω, Fermi energy EF , and environment tem-
perature T . At the low-temperature limit T ≪ EF , the conduc-
tivity can be expressed as[24]

Re σ�Ω� = e2

ℏ
gkF
24π

Ωθ�Ω − 2�, (1)

Im σ�Ω� = e2

ℏ
gkF
24π2

�
4
Ω
− Ω ln

�
4ε2c

jΩ2 − 4j

��
, (2)

where Re σ�Ω� and Im σ�Ω� represent the real and imaginary
parts of conductivity, respectively, g is the degeneracy factor,
ℏ is the reduced Planck constant, e stands for the charge of a
single electron, the Fermi momentum kF = EF=�ℏvF�, EF

expresses the Fermi energy, the Fermi velocity vF = 106 m=s,
Ω = ℏω=EF , and εc = Ec=EF = 3 (Ec is the cutoff energy). For
further calculations, we should consider the Drude damping
in Eqs. (1) and (2), and the expression of Ω is replaced by
Ω → Ω� iℏτ−1=EF , where τ = 4.5 × 10−13 s is the relaxation
time. As a result, the relative permittivity of BDS can be
expressed as a function of conductivity by a binary model[24]:

ε = εb �
iσ
ε0ω

, (3)

where ε0 is the permittivity of vacuum, and εb represents the
effective permittivity of the medium, which relies on the value
of g . For different values of g , we get the following constants
εb: εb = 1 for g = 40 (AlCuFe quasi-crystals[28]), εb = 6.2 for g =
24 (Eu2IrO7

[29] or TaAs family[30]), and εb = 12 for g = 4
(Na3Bi

[31] or Cd3As2
[32,33]). According to the expression of sur-

face conductivity and dielectric constant of BDS, it is known that
we can manipulate the optical response of BDS by changing the
Fermi energy EF and the degeneracy factor g, and it will affect
the coherent absorption of our structure. Therefore, in the fol-
lowing discussions, we focus on the influence of the Fermi
energy and degeneracy factor on coherent absorption.
To describe the propagation of light in our designed structure,

a transfer matrix can be used to calculate the transmission and
reflection coefficients t± and r±. The relationship between the
output beamsO± and the input beams I± can be linked by a scat-
tering matrix, S, which can be described as

�
O�
O−

�
= S

�
I�
I−

�
=
�
t� r−
r� t−

��
Aeiφ�

Beiφ−

�
, (4)

where �r=t�� and �r=t�− are scattering elements of forward I�
and backward I− lights. A = jI�j and B = jI−j are the amplitude
of I� and I−, and φ� and φ− represent their phase, respectively.
Considering the spatial and reciprocity symmetry of our
designed structure, t = t± and r = r± can be used to simplify
the scattering matrix. As a result, the coherent absorption AC

of our structure can be written as

AC = 1 − �jtj − jrj�2 − 2jtrj
�
1� cos Δϕ1 cos Δϕ2

2AB
A2 � B2

�
,

(5)

whereΔϕ1 = Arg�t� − Arg�r� represents the phase difference of
the transmission and reflection coefficients, and Δϕ2 = φ� −
φ− stands for the phase difference between two input lights.

Fig. 1. Two coherent beams illuminate on the Dirac semimetal film, I+ and I−
represent the coherent input beams, O+ and O− correspond to the output
lights, the incident angle of the coherent input light is θ, and the thickness
of the BDS film is d.
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Considering a single beam incident on the BDS thin film, the
structure can achieve total absorption only when the transmis-
sion and reflection coefficients are equal to zero. However, for
such a structure, it is difficult to realize that the reflection and
transmission coefficients are equal to zero simultaneously.
Fortunately, for the coherent absorber, it is worthy of noting that
the phenomenon of CPA appears when it meets conditions with
jtj = jrj and 1� cos Δϕ1 cos Δϕ22AB=�A2 � B2� = 0, which
is jtj = jrj and A = B. To simplify the discussion, we consider
the amplitude of two coherent beams to be equal. This means
that CPA is achieved in a reciprocal system by phase modula-
tion, where the amplitudes of reflection and transmission coef-
ficients are equal, and their phase difference is nπ with n being
an arbitrary odd number.

3. Results and Discussions

To better understand the formation mechanism of CPA with
BDS thin film, we plot the transmission and reflection coeffi-
cients with BDS thin film illuminated normally by a single input
beam in Fig. 2. The relevant parameters are selected as
d = 3.1 μm, EF = 0.15 eV, and g = 40. Figure 2(a) exhibits the
simulated spectra of transmission and reflection as functions
of frequency. It is obvious that the transmission and reflection
coefficients are equal at frequencies of 43.89 THz, 44.82 THz,
45.32 THz, and 45.55 THz, which shows potentiality for realiz-
ing the phenomenon of CPA. For achieving CPA, we further

investigate the phase difference of reflection and transmission
coefficients in Fig. 2(b). The phase difference is 180° at the fre-
quency of 43.89 THz, which meets the condition of CPA.
However, at three other frequencies, the phases of transmission
and reflection coefficients are mismatched, and the phenome-
non of CPA cannot be realized. The absorption of BDS thin film,
AS = 1 − jrj2 − jtj2, is also shown in Fig. 2(a). The absorption
peak with the value of 55.5% appears at the frequency of
43.89 THz, meaning that the phenomenon of electromagnetic
resonance occurs. Such a strong resonance makes it possible
to realize CPA in our structure.
For further studying the formation process of CPA with BDS

thin film, Fig. 3(a) plots coherent absorption as a function of fre-
quency and phase difference of two coherent input beams. The
perfect coherent absorption appears at the frequency of
43.89 THz, where the phase difference Δϕ2 is zero (or 2nπ).
At the frequency of 45.55 THz, there is another high absorption
of 97% due to the small phase mismatch of the transmission and
reflection coefficients. Figure 3(b) plots the coherent absorption
with the change of phase difference Δϕ2 at the frequency of
43.89 THz. The coherent absorption varies from 10.91% to
99.99% with the change of phase differenceΔϕ2, and the highest
coherent absorption is obtained when the phase difference Δϕ2

is 0°, which means that the phenomenon of CPA occurs.
In order to investigate the coherent absorption of our struc-

ture under oblique incidence circumstances, we plot the
CPA frequency and the corresponding maximal coherent
absorption at various incident angles for both TM-polarized

Fig. 2. (a) Spectra of transmission, reflection, and absorption for Dirac semi-
metal film illuminated normally by a single TM-polarized beam. (b) The cor-
responding phase difference of reflection and transmission coefficients.

Fig. 3. (a) Coherent absorption as a function of frequency and phase differ-
ence of the two input beams, and the maximal coherent absorption appears
at the frequency of 43.89 THz with zero phase difference. (b) The coherent
absorption with the change of phase difference at the frequency of 43.89 THz.
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and TE-polarized waves. As seen in Fig. 4(a), the frequency of
CPA varies with the change of incident angle for both polarized
waves. As the incident angle increases from 0° to 60°, the fre-
quency of CPA has a blue shift from 43.89 THz to 46.39 THz
for the TM-polarized wave, and the frequency of CPA changes
fastest when the incident angle varies from 10° to 20°. However,
as the incident angle varies from 60° to 70°, the frequency of
CPA displays a fast red shift from 46.39 THz to 44.14 THz.
For the TE-polarized wave, the frequency of CPA exhibits a blue
shift with the incident angle increasing from 0° to 20° or 40° to
70°, and it has the maximum coherent absorption frequency at
the incident angle of 30°. Figure 4(b) shows the corresponding
maximal coherent absorption. The peak absorption for both
polarizations reaches up to 96.8% at any incident angle.
Particularly, for TM waves, as the incident angle varies from
0° to 10° or 30° to 70°, the coherent absorption keeps being
higher than 99%, and for TE waves, as the incident angle varies
from 0° to 30° or 60° to 70°, the coherent absorption also keeps
being higher than 99%. Such characteristics give it more poten-
tial applications in optical switching and signal processing.
The thickness of BDS thin film influences the reflection and

transmission coefficients of our structure, and it finally affects
the formation of CPA. Figure 5 plots the coherent absorption
as a function of frequency at different thicknesses of BDS thin
film. The coherent absorption varies with the change of thick-
ness. As the thickness increases from 3 μm to 3.2 μm, the peak

absorption frequency has a red shift from 43.91 THz to
43.87 THz. Moreover, the peak coherent absorption stays higher
than 99% in all cases, meaning that nearly CPA can be realized at
these different thicknesses. When the thickness increases from
3 μm to 3.1 μm, the corresponding maximum absorption peak
exhibits an enhancement, while the maximum absorption peak
decreases with the thickness varying from 3.1 μm to 3.2 μm. As a
result, the thickness of 3.1 μm is the optimal thickness to
achieve CPA.
Similar to graphene, the Fermi energy on the surface of BDS is

an important influence on the surface conductivity of BDS, and
the Fermi energy can be flexibly changed via electrostatic bias-
ing. As a result, it provides us with an effective means to regulate
coherent absorption of our structure. Figure 6 shows the
manipulation of coherent absorption by altering the Fermi
energy. The Fermi energy is chosen as 0.13 eV, 0.14 eV,
0.15 eV, 0.16 eV, and 0.17 eV.With the increase of Fermi energy,
the absorption curves have a blue shift. When the Fermi energy
changes from 0.13 eV to 0.16 eV, the peak coherent absorption
stays higher than 99%, and, even if the Fermi energy is 0.17 eV,
the peak coherent absorption is also greater than 96.7%, which
means that nearly CPA can be realized in all cases. Therefore, the

Fig. 4. (a) Frequency dispersion for TM-polarized and TE-polarized waves illu-
minating obliquely on the absorber and (b) the relevant maximal coherent
absorption.

Fig. 5. Regulation of coherent absorption via changing the thickness of BDS
thin film for the parameters EF = 0.15 eV, g = 40, Δϕ2 = 0, and θ = 0.

Fig. 6. Manipulation of coherent absorption by changing the Fermi energy EF,
for the parameters g = 40, d = 3.1 μm, Δϕ2 = 0, and θ = 0.
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phenomenon of CPA at different frequencies can be easily
achieved by simply changing the Fermi energy.
In addition to the above discussions, the degeneracy factor

also affects the optical response of BDS. Figure 7 shows the
coherent absorption as a function of frequency at different
degeneracy factors. The degeneracy factors are chosen as 40,
24, and 4, which correspond to AlCuFe, Eu2IrO7, and Na3Bi,
respectively. The coherent absorption curve varies with the
change of degeneracy factor. When the degeneracy factors are
40 or 24, the peak coherent absorption is as high as 99.9%, which
means that CPA can be realized at these two different degen-
eracy factors. While the degeneracy factor is four, the peak
coherent absorption declines to 87.8%, and the phenomenon
of CPA disappears. As a result, the phenomenon of CPA at dif-
ferent frequencies can be achieved by choosing the appropriate
degeneracy factor with other parameters of the structure fixed.

4. Conclusion

In conclusion, we have studied the phenomenon of CPA with
BDS thin film. CPA of BDS can be realized in a reciprocal system
by phase modulation of the two coherent input lights, where the
amplitudes of transmission and reflection coefficients are equal
by deriving the expression of coherent absorption. We demon-
strate that the phenomenon of CPA appears at the frequency of
43.89 THz with 0° phase modulation of the two coherent input
beams. Meanwhile, it exhibits that CPA can be realized under
oblique incidence circumstances for both TM and TE polariza-
tions. In addition, the frequency of CPA can be adjusted by
changing the thickness of BDS thin film. More importantly,
the Fermi energy can be changed via electrostatic biasing, so that
the dynamic regulation of CPA can be realized. Finally, the peak
coherent absorption frequency can be controlled by changing
the degeneracy factor. We firmly believe that our work will show
practical applications in adjustable detections and signal
modulations.
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