Hindawi
Advances in Condensed Matter Physics
Volume 2020, Article ID 8822273, 6 pages
https://doi.org/10.1155/2020/8822273

Research Article
Graphene-Assisted Goos–Hänchen Shift in a Planar Multilayer
Configuration in the Visible Light Range
Wei Lin , Zhichen Xiao , Wenyun Zhou , Mengjiao Ren , and Zhiwei Zheng
School of Physics and Electronics, Hunan Normal University, Changsha 410081, China
Correspondence should be addressed to Zhiwei Zheng; zhzhengzhiwei@163.com
Received 26 August 2020; Revised 15 October 2020; Accepted 3 December 2020; Published 15 December 2020
Academic Editor: Shuiqin Zheng
Copyright © 2020 Wei Lin et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
In this paper, the graphene-assisted Goos–Hänchen (GH) shift of the optical beam reﬂected from a planar multilayer conﬁguration is investigated. The increased positive Goos–Hänchen shifts can be modulated by adjusting the Fermi energy due to
graphene with unique optical properties in the visible light range. Moreover, the GH shift can be tuned by varying the layers of
graphene, the thickness of the medium, incident wavelength, and so on. These results will be useful for designing the novel
graphene-based optical sensing and switching.

1. Introduction
When a light beam is completely reﬂected across two different media, there is a tiny transverse displacement between
the practical reﬂects light and geometric reﬂects light in the
plane of incidence [1]. Also, this displacement has been
named as the Goos–Hänchen shift, which was discovered
ﬁrstly by Goos and Hänchen in 1947 [1], and then, it was
addressed by Artmann in 1948 [2]. Owing to its broad
application prospects in the ﬁeld of optical resonance sensor
[3], optical temperature sensor [4], optical displacement
sensor [5], optical waveguide switch [6], and so on, the GH
shift has attracted the attention of the researchers over the
past years. However, the value of GH shift is usually small in
the optical frequency band. So, the ways of the enhancement
of the GH shift are extensively exploited in various structures
including photonic crystal [7], metamaterials [8], metalcladding waveguides [9], and multilayer structure [10].
However, the new method of ﬂexible and eﬀective regulation
and enhancement of the GH shift needs further research.
Recently, graphene, as a new two-dimensional carbon
material, has been useful to enhance the GH shift for satisfying the practical application [11–15]. In addition, the
charge carrier concentration and photoconductivity of
graphene can be ﬂexibly adjusted by adding bias voltage or
chemical modiﬁcation to produce excellent optical

properties such as fast response, broadband, and ultrahigh
electron mobility [16–20]. The GH shift was initially deﬁned
on the basis of the frustrated total internal reﬂection (FTIR),
which means that the decay wave will transfer energy to the
second medium, if the third medium with a high index of
refraction is placed within a few wavelengths from the interface between the ﬁrst and second medium. The reﬂected
beam and transmitted beam in the process of blocked total
internal reﬂection showed that the transmitted beam has the
same GH shift as the reﬂected beam in the symmetric
structure [21, 22]. Due to the characteristics of quantum
tunneling in FTIR, light is coupled into the second prism
with a symmetric biprism structure with low transmission
amplitude, which signiﬁcantly reproduces the GH shift. The
graphene-assisted Goos–Hänchen shift in a two-prism
frustrated total internal reﬂection conﬁguration is investigated, and the GH shift can be enhanced by transmission
resonance to more than 10 times the wavelength order,
which could be used in the design of optical sensors and
optical switches [23]. Martinez and Jalil found that, in the
case of TM polarization, the charge and current may have
opposite eﬀects on the GH shift [24]. In addition, it is found
that the GH shift can be directly controlled by changing
electrical or chemical modiﬁcation of the charge carrier
density of graphene. Moreover, due to the transmission
resonance relevant in low-terahertz frequency domain, the
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GH shift can be signiﬁcantly enhanced by the graphene
sheet. Above all, electrical tunability of the GH shift from the
graphene-on-dielectric surface oﬀers a new possibility to
optical devices in information processing and plays a vital
role in the development of detections.
In this paper, we study the GH shift in the visible band
based on graphene-boron nitride- (BN-) SiO2 heterostructures. To facilitate the analysis, we only consider the
transverse magnetic (TM) wave. The composite structure
can eﬀectively enhance the GH shift of the visible band. Also,
we can realize the control of displacement by adjusting the
Fermi energy of graphene. Besides, the GH shift is also
related to the layers of graphene, and the thickness of BN and
SiO2. The results based on the proposed structure will
provide a new way for developing optical sensing and optical
switches.

2. Proposed Structure and the
Simulation Method
In the graphene-BN-SiO2-based planar multilayer structure,
the GH shift diagram of the system is as shown in Figure 1.
The hybrid structure is composed of optical glass BF11
(refractive index is nBF � 1.61), silicon dioxide (refractive
index is nSiO2 � 1.457), boron nitride (refractive index is
nBN � 2.1), and graphene, respectively. In this planar
structure, the incident light is injected into the left structure
under certain conditions, and the total reﬂection occurs at
the BF-SiO2 interface. The evanescent experienced a brief
overﬂow and passed through the silica layer to the BN
waveguide. The spilt evanescent is ampliﬁed at BN and
extends further to the right of the structure. In fact, we can
introduce doping by adding transparent electrodes, and the
transmission can be continuously adjusted between these
two extremes by changing the doping level. When migrating
from highly doped graphene to undoped graphene, the
decrease in transmittance is caused by absorption and reﬂection because local changes in the response of the carbon
layer may cause deviations from resonance tunneling conditions. In order to simplify the theoretical model, only the
TM-polarized incident light is considered in this paper.
Graphene surface conductivity can be described in terms of
Kubo. Graphene conductivity σ can be expressed as
σ � σ intra + σ inter , where σ intra and σ inter are intraband conductivity and interband conductivity, respectively. They are
denoted by [25]
σ intra �

Ef
Ef
ie2 kB T
+ 2 lnexp−

 + 1,
2
kB T
πZ ω + i/τ g  kB T

σ inter �

2E − ω + i/τ g Z
ie2 ⎢
⎥⎦⎤,
⎡ f
ln⎣
4πZ 2Ef + ω + i/τ g Z
(1)

where Ef is the Fermi energy of graphene, kB is the
Boltzmann constant, T is kelvin temperature, e and Z are the
charge constant of the electron and the Planck constant. τ is
electron relaxation time, satisfying τ g � μEf /e]2f , where the
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Figure 1: Schematic diagram of the GH shift of total reﬂected
beams from a planar multilayer structure.

electron mobility is μ � 104 cm2 ]− 1 s− 1 and the Fermi velocity is ]f � 106 m/s.
The relative dielectric constant of BN changes little in the
visible band, so we take it as a ﬁxed value in order to simplify
the theoretical model. Also, the transverse component of the
BN relative dielectric constant is ux � 4.85, and the longitudinal component is uz � 2.95.
The transmission matrix can be used to study the
transmission characteristics of light in planar multilayer
structures. Therefore, when the incident light penetrates into
the structural surface at an angle θ along the z-axis through
the special optical glass BF11, the transmission matrix on the
BF-SiO2 interface is expressed as
1 1 + η 1 − η ⎤⎥⎥
⎦,
DBF⟶SiO2 � ⎢⎡⎢⎣
2 1−η 1+η

(2)

with the parameter η given by η � kSiO2 ,z/kBF,z . Here, kSiO2 ,z is
√����
the z component of the wave vector kSiO2 � εSiO2 ω/c, where
ω is the angular frequency and c is the speed of light in
vacuum.
Then, we consider the propagation of light in SiO2. The
propagation matrix in SiO2 can be obtained as
PSiO2 � ⎡⎢⎢⎣

exp−ikSiO2 ,zdSiO2 

0

0

expikSiO2 ,zdSiO2 

⎤⎥⎥⎦,

(3)

where dSiO2 is the thickness of SiO2.
The other transmission matrices across an interface and
the propagation matrices in other diﬀerent media have
similar forms. We can obtain transfer matrix D at other
interfaces and propagation matrix P in other media in the
same way. Finally, we can get a 2 × 2 transfer matrix M
related to the two sets of ﬁeld coeﬃcients in this structure
through the transmission matrices and the propagation
matrices; namely, the total transmission matrix of the
graphene-BN-medium planar multilayer composite structure can be expressed as
M � DBF⟶SiO2 PSiO2 DSiO2 ⟶ BNPBN DBN⟶SiO2 PSiO2 DSiO2 ⟶ BF.

(4)
Based on the transmission matrix, the reﬂection coefﬁcient of the composite structure can be calculated as
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r(θ, ω) � |r(θ, ω)|exp[iϕ(θ, ω)],

3
(5)

where ϕ(θ, ω) is the phase of the reﬂection coeﬃcient.
The GH shift of the structure is calculated by steady-state
phase theory, and its lateral shift is expressed as
D�−

λ dϕ(θ, ω)
,
2π
dθ

(6)

where λ is the incident wavelength.

3. Results and Discussion
First of all, we discuss the relationship between the reﬂectance, reﬂected phase, and GH shift with diﬀerent Fermi
levels at incident wavelengths of 680 nm, as in Figure 2. The
experimental results show that the reﬂectivity and reﬂection
phase of the structure have a strong correlation with the
Fermi energy. In this experiment, we control the Fermi
energy level of graphene by doping graphene to diﬀerent
degrees. As the Fermi level increases, the lowest point of
reﬂectivity becomes closer to zero, as shown in Figure 2(a).
Then, a signiﬁcant jump in the reﬂected phase at the reﬂected
dip is appeared in Figure 2(b), and it can be seen that the
larger the Fermi energy level is, the faster the reﬂected phase
dip will be obtained. Moreover, as the phase is monotonically increasing, the GH shift generated is in the negative
direction, as shown in Figure 2(c). When Fermi energy Ef
reaches 1.00 eV, the GH shift reaches −90 λ, but the GH shift
only reaches −12 λ when Ef � 0.92 eV. That is because, when
the doping degree of the carbon layer increases, the eﬀect of
the resonance tunneling condition of the carbon layer increases gradually, so it aﬀects the energy transfer (enhancement) from both absorption and reﬂection. From the
experimental data, in other words, the increase of the Fermi
energy level of graphene increases the slope and reﬂectivity
of the reﬂection phase shift, which leads to the increase of the
GH shift. At the same time, when no graphene material is
used, the phase curve decreases monotonically and results in
a small shift. This special phenomenon indicates that the
positive and negative direction of GH displacement can be
easily converted by adjusting the Fermi energy. In general,
the enhancement of the Fermi energy level can improve the
resonant tunneling eﬀect of the structure, and we can realize
the continuous tuning of the GH shift by improving the
doping level of graphene.
On the other hand, the relationship between GH displacement and relaxation times is worthwhile to discuss. The
change of conductivity will aﬀect the reﬂection coeﬃcient of
the structure and further aﬀect the reﬂection phase and GH
shift of the structure. Figure 3 shows the relationship between the reﬂection phase, GH shift, and incident angle
under diﬀerent relaxation times. As can be seen from
Figure 3(b), with the increase of relaxation time, the GH shift
at the resonance angle increases continuously. When
τ � 1.0 ps, the GH shift at the resonance angle reaches
−436 λ, and the enhancement eﬀect of the GH shift is very
signiﬁcant. When the relaxation time decreases, the absolute
peak values of transmissivity and the GH shift decrease,
which leads to energy loss to some extent. When τ − 1 � 0,

that is, the relaxation time approaches inﬁnity, the GH shift
can change from negative to positive, indicating that the
change of graphene relaxation time can reverse the
monotonicity of the reﬂected phase. In addition, the change
of relaxation time does not cause the transverse shift of the
reﬂected angle corresponding to the GH shift peak, that is,
the magnitude of resonance angle does not change.
Figure 4 analyzes the inﬂuence of the number of graphene layers on the GH shift in this structure. In this set of
experiments, we keep the Fermi energy level (Ef � 1.00 eV)
and electron relaxation time (τ � 0.2ps) of graphene constant and only change the number of graphene layers, that is,
change the transfer matrix series. We know that when the
number of graphene layers is very small (N < 6), graphene
conductivity can be expressed in terms of Nσ, where N is the
number of graphene layers. According to the previous research, increasing the number of graphene layers can increase the real and imaginary parts of the reﬂectivity,
increase the reﬂectivity, and decrease the slope of the reﬂection phase correspondingly. It can be seen from Figure 4
that the GH shift can reach −90 λ in the single-layer graphene state, while the double-layer graphene rapidly attenuates to −40 λ. Also, the critical angle has plummeted
from 63.45° to 63.52° Therefore, it can be concluded that the
number of graphene layers is an important factor aﬀecting
GH shift, and single-layer graphene enhances GH displacement signiﬁcantly. In order to unify the parameters,
other studies in this paper only consider the monolayer
graphene (N � 1).
The thickness of silica cushion and BN also has an
impact on the GH shift, as shown in Figure 5. It can be seen
from Figure 5(a) that the absolute value of the GH shift
increases gradually with the increase of silica thickness, and
the corresponding resonance angle moves to the direction.
In this experiment, the tunneling time and consumption of
the decay wave are aﬀected by changing the thickness of the
medium, so as to realize the inﬂuence on the GH shift. The
experimental results show that when the thickness of silicon dioxide is ﬁxed and only the thickness of BN is
changed, the observed phenomenon is just the opposite.
With the increase of BN thickness, the GH shift gradually
decreases. So, we ﬁnd that the thickness of silica is 675 nm
and the thickness of BN is 5 nm (dSiO2 � 678 nm and
dBN � 5 nm), and the GH shift is relatively large and can
reach −90 λ.
The GH shift can be enhanced and adjusted by changing
the number of graphene layers, relaxation time, thickness of
the medium structure, and so on. However, in practical
application, once these structural parameters are determined, it is diﬃcult to change again. In other words, it is
impossible to achieve eﬀective dynamic adjustment of optical properties. As can be seen from Figure 6, with the
decrease of incident light wave length, the slope of the reﬂected phase gradually decreases, the absolute value of the
GH shift sharply decreases, and the resonance angle of the
GH shift blueshifts. According to Figure 6, when the
wavelength of incident light is 780 nm, the GH shift is as long
as −120 λ. But, when the wavelength is reduced to 630 nm,
the GH shift is only −19 λ.
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Figure 2: The dependence of the reﬂectivity (a), reﬂection phase (b), and GH shift (c) on the incident angle at diﬀerent Fermi energies,
respectively.
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Figure 3: Relationship between the reﬂection phase, GH shift, and incident angle at diﬀerent relaxation times.
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4. Conclusions
In summary, this paper mainly explores the GH shift of
reﬂected light in the visible range, based on the grapheneBN-SiO2 composite structure which is proposed. We have
found that the GH shift can be enhanced by adjusting the
Fermi level of grapheme and the number of the graphene
layer. Furthermore, we discover that the GH shift can be
changed by adjusting the thickness of some materials in this
structure, such as silicon dioxide layer and boron nitride
layer. Also, we believe that the result will help develop the
potential applications in optical sensing and optical switches.
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