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Abstract: We investigate the giant tunable Goos–Hänchen shifts in prism/graphene
structure. It is found that large positive and negative lateral Goos–Hänchen shifts can be
easily controlled by adjusting the chemical potential of the graphene, which is modulated
by the external applied electric field. By using the stationary-phase method, we theoreti-
cally analyze the effect of the external applied electric field on Goos–Hänchen shifts of
the proposed prism/graphene structure. Our theoretical study shows that the magnitude
of the Goos–Hänchen shift is more than 200 times that of the operating terahertz wave-
length. Numerical calculation results further indicate that the present structure has the
potential application for the terahertz-wave switch.

Index Terms: Goos–Hänchen shift, graphene, terahertz wave.

1. Introduction
Terahertz (THz) wave ranging from 0.1 TH to 10 THz has been a durative hot topic due to its
increasing number of promising and potential application fields over the past few decades. These
include biological imaging and sensing, spectroscopy, medical diagnosis, security screening, mil-
itary detection, radio astronomy, atmospheric studies, communication, etc. [1]–[5]. With the com-
mercialization of terahertz wave source and detector, as an essential part of a terahertz science
and technology, terahertz functional components have been paid much attention and their inves-
tigations have been dramatically accelerated. Recently, some terahertz filters, modulators,
switches, splitters, and polarizers have been reported in the literature [6]–[9]. Relatively, among
these investigations, the component available for effectively manipulating terahertz waves is not
enough so far. Therefore, the research of the high efficient terahertz functional component be-
comes indispensable. It is well known that when an electromagnetic wave totally reflected from a
planar interface between two different media, a tiny lateral Goos–Hänchen shift between the
practical reflect electromagnetic wave and geometric reflect electromagnetic wave takes place
[10], [11]. Based on the Goos–Hänchen effect, it is possible to manipulate the reflected terahertz
wave beam position. In recent years, a great deal of attention has been given to the development
of Goos–Hänchen shift in the microwave, infrared wave and optical regime [12], [13], but very
few studies of Goos–Hänchen shift have been conducted in terahertz frequencies region due to
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the source and detection problems. More recently, Li et al. [14] investigated a Goos–Hänchen
shift based on cyclo-olefin copolymer double-prism in terahertz region. However, in all these in-
vestigations, the lateral Goos–Hänchen shifts cannot be manipulated for a fixed configuration. In
fact, for the applications in terahertz wave components, the manipulation of the Goos–Hänchen
shifts of the reflected terahertz wave is vital especially a giant tunable Goos–Hänchen shifts.

To address the performance limitations of existing terahertz wave Goos–Hänchen shifts struc-
ture, we investigate a giant tunable Goos–Hänchen shifts scheme using prism/graphene in this
letter. This proposal provides a convenient and powerful tool for controlling the lateral Goos–
Hänchen shifts of the reflected terahertz wave without changing the proposed prism/graphene
configuration, and it also provides a possibility for obtaining the giant negative or positive lateral
shift by changing the external controlling electric field. Using the stationary phase method, our
theoretical study demonstrates that the magnitude of the Goos–Hänchen shift is more than two-
hundred times of the operating wavelength. This configuration have good application prospect
because of its simple structure and easy to adjust. Based on this observation, a terahertz switch
scheme is presented which, compared to existing terahertz wave switch solutions, has the
promise of significant enhancement in switching efficiency over a broad range of terahertz wave
frequencies.

2. Device Design and Theory Analysis
In this paper, we assume that the incident terahertz wave is from the silicon prism onto the sur-
face of prism/graphene at the angle ð�Þ from the normal, as shown in Fig. 1. As shown in Figure,
the prism/graphene configuration consists of four layers of materials: silicon prism, graphene,
SiO2 and silicon substrate. In this letter, we suppose that a terahertz wave detector is fixed at the
prism external position of the reflected terahertz wave beam (i.e., the extension cord position of
dashed line). We consider the Goos–Hänchen shifts ðSÞ of the incident terahertz wave reflected
from the interface between prism/graphene interface. For simplicity, we aim at the TE-polarized
terahertz wave beam case, for which the electric field is perpendicular to the incident plane.

Firstly, we derive external applied electric field dependent effective permittivity of the gra-
phene. Hence we need to describe the conductivity and permittivity of voltage-biased graphene.
Here, we choose a Kubo formula to describe the permittivity of the graphene within terahertz
frequencies region. Since the complex conductivity of graphene is composed of intraband and
interband terms, it can be written as [15]

�ð!;�c ;�;T Þ ¼ �intrað!;�c ;�;T Þ þ �interð!;�c ;�;T Þ (1)

�intrað!;�c ;�;T Þ ¼ � je2

��h2ð!þ j2�Þ

Z1

0

�
@fd ð�; �c ;T Þ

@�
� @fd ð��; �c ;T Þ

@�

� �
d� (2)

Fig. 1. Schematic of the electrically controlled Goos–Hänchen shift system. (Geometry indicating the
Goos–Hänchen shift, a terahertz wave detector is fixed at the extension cord position of dashed line.)
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and

�interð!;�c ;�;T Þ ¼ je2ð!þ j2�Þ
��h2

Z1

0

fd ð��; �c ;T Þ � fd ð�; �c ;T Þ
ð!þ j2�Þ2 � 4 �

�h

� �2
2
4

3
5 (3)

where fd ð�; �c ;T Þ ¼ ðeð���cÞ=kBT þ 1Þ�1
is the Fermi level, ! is the angular frequency, � is the

electron kinetic energy, �c is the chemical potential which is related to the material doping and
bias voltage, � is the scattering rate, � ¼ 0:43 meV, T is the absolute room temperature,
T ¼ 300 K, e is the charge of an electron, �h is the reduced Planck's constant, and kB is the
Boltzmann's constant. As we known, in terahertz wave low frequency region, the interband terms
of the graphene is very small compared with the intraband terms, so it can be negligible. By solv-
ing (1)–(3), we can obtain the expressions for the complex conductivity of the graphene as [16]

� � �intra ¼ �0
intra þ j�00

intra ¼
je2kBT

��h2ð!þ j2�Þ
�c

kBT
þ 2ln e

�c
kBT þ 1

� �� 	
: (4)

According to (4), we calculate the frequency characteristic curves versus the conductivity of the
graphene for different chemical potential as illustrated in Fig. 2. The relationship between the
conductivity and permittivity of graphene is defined as " ¼ "0 þ "00 ¼ 1þ i�=ð!d2"0Þ. As an exam-
ple, Fig. 3 shows the frequency characteristic curves versus the graphene permittivity for differ-
ent chemical potential.

The relationship of electric bias field E0 and chemical potential �c can be given by [17]

2"bE0

e
¼ 2

��h2v2
F

Z1

0

� fd ð�; �c ;T Þ � fd ð� þ 2�c ; �c ;T Þ
 �
d� (5)

where "b is the dielectric constant of SiO2 and "b ¼ 3:9, vF is the fermi velocity, and vF � 1 �
106 m/s. Fig. 4 illustrates the relation curve of electric bias field E0 and chemical potential �c .
From this figure one sees that the chemical potential of the graphene increases as the external
applied electric bias field increases.

In this case the reflection coefficient becomes complex and we can write it as r ¼ jr jexpði’r Þ,
where ’r is the phase angle. For the TE-polarized terahertz wave beam the reflection

Fig. 2. Conductivity of graphene is plotted versus terahertz wave frequencies for different chemical
potential. (a) Real part. (b) Imaginary part.
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coefficients ðr Þ of the proposed structure can be expressed as follows [18], [19]:

r ¼ jr jexpði’r Þ ¼ r12 þ r12r23r34expð2ikd3Þ þ r23 þ r34expð2ik3zd3Þ½ �expð2ik2zd2Þ
1þ r23r34expð2ik3zd3Þ þ r12 r23 þ r34expð2ik3zd3Þ½ �expð2ik2zd2Þ (6)

where ’r ¼ Imðlnr Þ, r12 ¼ ðk1z � k2zÞ=ðk1z þ k2zÞ, r23 ¼ ðk2z � k3zÞ=ðk2z � k3zÞ, r34 ¼ ðk3z � k4zÞ=
ðk3z þ k4zÞ, kzm ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2
m � k2

x

p
is the z-component of wave vector in medium m (m ¼ 1;2;3), km is

the wave number of light in medium m, kx ¼ k1sin�, � is the incident angle of the terahertz wave,
km ¼ nmk0, nm is the refractive index of medium m, n1 is the refractive index of the silicon prism,
n1 ¼ 3:42, n2 is the refractive index of the graphene, n3 is the refractive index of the SiO2, n3 ¼
1:975, k0 is the propagation constant in a vacuum, k0 ¼ 2�=�, � is the incident wavelength, d2 is
the thickness of the graphene, d2 ¼ 0:33 nm, and d3 is the thickness of the SiO2.

Based on the stationary phase theory, the Goos–Hänchen shift ðSÞ of the reflected terahertz
wave can be written as [20]

S ¼ � �

2�n1
� d’r

d�
: (7)

Fig. 3. Permittivity of graphene is plotted versus terahertz wave frequencies for different chemical
potential. (a) Real part. (b) Imaginary part.

Fig. 4. Relation curve of electric bias field E0 and chemical potential �c.
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3. Results Analysis and Discussion
In this article, the incident terahertz wavelength is set to be � ¼ 200 �m (i.e., f ¼ 1:5 THz). The
numerical results for the Goos–Hänchen shift of the proposed structure are shown in Fig. 5 as
the terahertz wave incident angle ð�Þ varies from 18.4� to 19.25� with different chemical
potential. From the figure, one can see easily that the maximum difference values of the
Goos–Hänchen shifts (i.e., The Goos–Hänchen shift is about 250 times of the incident tera-
hertz wavelength.) between the chemical potential �c ¼ 0 meV and �c ¼ 60 meV are achieved
at � ¼ 18:949� for incident terahertz wave. As the chemical potential increases to be 80 meV,
the Goos–Hänchen shift exhibits a large negative value. The negative Goos–Hänchen shifts
are caused by the backward energy flux flow of the evanescent wave or leaky surface wave
[21], [22]. When the thickness of the SiO2 is changed from 59.4 �m to 60.8 �m, while main-
taining other structure parameters the same as the design in Fig. 5, the Goos–Hänchen shifts
are calculated in Fig. 6. From Fig. 6, one can see that the Goos–Hänchen shift of the reflected
terahertz wave is largest when the SiO2 thickness is of 60 �m with chemical potential

Fig. 5. Dependence of the Goos–Hänchen shifts on the incident angle with different chemical
potential.

Fig. 6. Goos–Hänchen shift versus SiO2 thickness with different chemical potential at a fixed inci-
dence angle.
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�c ¼ 60 meV. Moreover, with increasing the chemical potential, we can further find that the
Goos–Hänchen shift of the reflected terahertz wave can crossover from positive to negative
values. Fig. 7 shows Goos–Hänchen shift curves from the (1)–(9) at the parameters of
� ¼ 18:949�, d2 ¼ 0:33 nm (a single layer graphene sheet) and d3 ¼ 60 �m, when the incident
frequency varies from 1.485 THz to 1.52 THz. From the figure, it can be noted that the maxi-
mum difference values of the Goos–Hänchen shifts between the chemical potential �c ¼ 0 meV
and �c ¼ 60 meV are achieved at 1.5 THz (i.e., � ¼ 200 �m) for incident terahertz wave.

Here, we employ the proposed configuration (see Fig. 1) to design a terahertz wave switch
based on a giant tunable Goos–Hänchen shift by changing the external controlling electric field.
From Figs. 6 and 7, it is clearly seen that the Goos–Hänchen shift is almost zero without exter-
nal applied electric field (i.e., �c ¼ 0). At this time, the fixed terahertz detector can detect the re-
flected terahertz wave, and we define the terahertz wave switch as the “on” state. For
�c ¼ 60 meV, a giant lateral Goos–Hänchen shift of reflected terahertz wave takes place (Here,
the Goos–Hänchen shift is about 250 times of the incident terahertz wavelength, i.e., 50 mm.).
But in general, the diameter of the incident terahertz wave beam waist is about 5 mm. There-
fore, at this moment, the fixed terahertz detector can not detect the reflected terahertz wave
beam. Hence, we take the terahertz wave switch as “off” state. Our theoretical analysis shows
that the Goos–Hänchen shift of reflected terahertz wave in prism/graphene is strongly chemical
potential dependent. The study of lateral Goos–Hänchen shift happened on the prism/graphene
structure make sense for e.g., terahertz wave switch application.

To summarize, we proposed a prism/graphene configuration to control the Goos–Hänchen
shift of the reflected terahertz wave beam by applying an external voltage. It is found that
the lateral Goos–Hänchen shifts of the reflected terahertz wave beam can be easily con-
trolled by adjusting the intensity of the external applied electric field. The Goos–Hänchen
shifts may become negative and positive with increasing the external controlling electric field
under different conditions. Moreover, through the suitable adjustment of the external control-
ling electric field, one may realize a giant Goos–Hänchen shift. Using this scheme, the lateral
Goos–Hänchen shift at the fixed incident angle can be enhanced (positive or negative) under
the suitable conditions on the external applied electric field, without changing the proposed
configuration.
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