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In this paper, the group delay of the transverse magnetic (TM) polarized wave reflected from a modified Otto configuration with
graphene surface plasmon is investigated theoretically. The findings show that the optical group delay in this structure can be
enhanced negatively and can be switched from negative to positive due to the excitation of surface plasmon by graphene. It is clear
that the negative group delay can be actively tuned through the Fermi energy of the graphene. Furthermore, the delay properties
can also be manipulated by changing either the relaxation time of graphene or the distance between the coupling prism and
the graphene. These tunable delay characteristics are promising for fabricating grapheme-based optical delay devices and other
applications in the terahertz regime.

1. Introduction

Thegroupdelay properties of optical pulse traversing through
a system together with delay control techniques have received
extensive research interests due to their importance in optical
communication [1, 2]. The pulse delay control techniques
enable unique micro/nanodevices with novel functionalities.
The potential applications of the above group delay prop-
erties include controllable all-optical delays [3], arbitrary-
angle beamforming [4], and all-optical buffers [5]. Various
techniques and approaches have been explored to accomplish
the tunable and large group delay in order to achieve the
extraordinary phenomena described as “subluminal effect”
and “superluminal effect” in various frequency ranges, like
electromagnetically induced transparency (EIT) systems [6],
weakly absorbing dielectric [7], Fabry-Perot cavity config-
uration [8], metamaterial slab [9], and so on. Compared
with the subluminality, the superluminality characterized by
negative group delay continues to attract much attention
due to the counterintuitive phenomenon and the possi-
ble applications. For example, Manipatruni et al. realized
superluminal propagation on a silicon microchip by using

coherent interaction between the microcavities [10]; Choi
et al. reported an enhancement of feedforward amplifiers
by adopting superluminal delay circuit [11]. More recently,
Yao et al. experimentally demonstrated a negative group
delay approach in a circular waveguide system with an
asymmetric cross-shaped slotted configuration [12]. How-
ever, the demands to develop optical delay approach with
large delay time, high tenability, and easy integration for
optical communication are ever increasing.

In recent years, graphene, a two-dimensional atomic crys-
tal material, has received a wide range of attention in the field
of optoelectronics due to its excellent optical and electrical
properties, such as zero-gap characteristic [13], electrical
tunability [14, 15], low losses [16, 17], and strong nonlinear
response [18], among others. It is worth mentioning that
graphene can support the existence of TM polarized and
transverse electric (TE) polarized surface plasmon polaritons
(SPPs) propagating along graphene, depending on the sign of
the imaginary part of graphene conductivity [19].This feature
can significantly enhance the light-matter interaction [20]
and further enriches its application in the terahertz (THz)
and infrared spectrum [21–23]. It is known that the large
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Figure 1: Schematic diagram of a modified Otto configuration with
the insertion ofmonolayer graphene. An incident light with an angle𝜃 to the surface normal is considered.

group delay is usually found near a resonance of the structure.
Hence, the combination of graphene and surface plasmon
obviously seems to be an alternative candidate for realizing
and manipulating tunable group delay devices.

In this paper, it is proposed and theoretically demon-
strated that there is a possibility of realizing andmanipulating
large reflected group delay of optical pulse from a modified
Otto configuration with the graphene surface plasmon in
THz regime. This large reflected group delay originates
from the local abrupt phase change at the interface of two
dielectrics with monolayer graphene owing to the excitation
of the surface plasmon. In particular, since the optical
conductivity of graphene can be dynamically manipulated
by varying the Fermi energy, the corresponding subluminal
and superluminal effects can be continuously tuned in a
frequency regime. The pathway proposed in this paper is
designed to manipulate the reflected group delay of THz
pulses, which would inspire the potential for a variety of
applications [24–26], particularly for sensing technologies
and THz delay devices.

2. Theoretical Model and Method

In this section, an attenuated total reflection scheme for
exciting SPPs is under consideration using modified Otto
configuration [27], in which a dielectric layer refractive index
with thickness 𝑑2 is placed on a substrate. Dielectric slab 2
is covered by monolayer graphene. Between dielectric slab
2 and the coupled prism there is the dielectric slab 1 with a
thickness of 𝑑1 as shown in Figure 1, where 𝑧 direction is the
incidence direction, while 𝑥 direction is parallel to the plane
of the monolayer graphene. 𝑛1 and 𝑛2 are the refractive index
of dielectric slab 1 and the refractive index of dielectric slab
2, respectively. 𝑛𝑐 and 𝑛𝑠 are the refractive index of coupled
prism and the refractive index of substrate. Here, to facilitate
the excitation of SPPs, dielectric slab 1 is assumed to be an
air layer with low refractive index and small thickness. In
the following calculations, the center frequency is 5THz,
temperature𝑇 = 300K, and relaxation time 𝜏 = 1 ps. Besides,
in order to inhibit the absorption of incident electromagnetic
waves caused by the excitation of SPPs, the thicknesses of

dielectric slab 1 and dielectric slab 2 in the configuration are
set as 2 𝜇m and 8 𝜇m, respectively. Meanwhile, to facilitate
the excitation of SPPs, dielectric slabs 1 and 2 are assumed to
be low refractive air and polymethylpentene material, whose
respective indexes are 𝑛1 = 1 and 𝑛2 = 1.46, respectively.
In addition, high refractive materials in THz spectrum are
used for the coupling prism and substrate. More specifically,
germanium materials (refractive index 𝑛c = 𝑛𝑠 = 3.84) are
selected for the prism and substrate in this research. For the
sake of simplicity, the dielectric loss is not taken into consid-
eration, whichmeans the imaginary part of refractive index is
assumed to be zero. The optical properties of the monolayer
graphene can be represented by optical conductivity. Under
random phase approximation, the surface conductivity of
graphene can be regarded as the sum of interconductivity and
intraconductivity [28]. However, the surface conductivity of
graphene in the terahertz frequencies is dominated by the
intraconductivity. At thismoment, the graphene conductivity
can be approximately expressed as

𝜎 = 𝑖𝑒2𝑘𝐵𝑇𝜋ℏ2 (𝜔 + 𝑖/𝜏) (
𝐸𝐹𝑘𝐵𝑇 + 2 ln (𝑒−𝐸𝐹/𝑘𝐵𝑇 + 1)) , (1)

where 𝑒, 𝐾𝐵, 𝑇, and ℏ represent the electron charge, Boltz-
mann constant, temperature, and reduced Planck’s constant,
respectively; 𝜔 represents the angular frequency of incident
electromagnetic wave; 𝜏 and 𝐸𝐹 represent the electron-
phonon relaxation time and the Fermi energy of graphene,
respectively. The above equation shows that the conductivity
properties of graphene are closely related to Fermi energy,
and the value of Fermi energy can be tuned by external
voltage, which provides a means to flexibly tune the optical
conductivity of graphene and further tune the optical prop-
erties of the whole configuration.

In order to calculate the reflected group delay properties
of the configuration, the transmission and reflection prop-
erties of the whole configuration are also required. Based
on the monoatomic layer characteristic of the graphene,
the modified transfer matrix method is adopted in this
paper to calculate the transmittance and reflectance of the
configuration [29]. In this paper, as graphene is just of
monoatomic thickness, its conductivity properties can be
reflected in boundary conditions. For this reason, the trans-
missionmatrix between theTMpolarized dielectric slab 1 and
dielectric slab 2 can be expressed as

𝐷12 = 1
2 [

1 + 𝜂TM + 𝜉TM 1 − 𝜂TM − 𝜉TM
1 − 𝜂TM + 𝜉TM 1 + 𝜂TM − 𝜉TM] . (2)

In this equation, 𝜂TM = 𝜀1𝑘2𝑧/𝜀2𝑘1𝑧, 𝜉TM = 𝜎𝑘2𝑧/𝜀0𝜀2𝜔, where𝑘1𝑧 and 𝑘2𝑧 represent the components of wave vectors 𝑘1 and𝑘2 in the transmission direction of electromagnetic wave; 𝜀0,𝜀1, and 𝜀2 are the vacuum permittivity, dielectric constants of
dielectric slab 1, and dielectric constants of dielectric slab 2,
respectively. Similarly, the TE polarized transmission matrix
is also presented in [29]. However, it is noteworthy that
graphene can excite both TE polarized and TM polarized
SPPs, which is quite different from metal as the latter
can only excite TM polarized SPPs. But the two polarized



Advances in Condensed Matter Physics 3

B
３０

With graphene
w/o graphene

Incident angle (degree)
9075604530150

555453
0.00

0.02

0.04

0.0

0.2

0.4

0.6

Re
fle

ct
an

ce

0.8

1.0

(a)

6.05.55.04.54.0

Frequency (THz)

(5, 3.106)

2.9

3.0

3.1

3.2

3.3

3.4

ℛ
n
３０

(b)

Figure 2: (a) Reflectance of the configuration as a function of incident angle 𝜃 (solid line). For comparison, the reflectance withoutmonolayer
graphene is also shown (dash dot line). (b) SPPs dispersion characteristics on monolayer graphene as a function of frequency.

exciting spectrums should not be in the same spectrum [19],
and this research only considers the TM polarized pulse
reflected group delay. Based on the transmission matrix and
the propagation matrix transmitted in the dielectric layer,
the transmission coefficient and reflection coefficient of the
whole configuration can be obtained. If the incident pulse is
assumed to beGaussian pulse, the reflected group delay of the
whole configuration can be expressed as

𝜏𝑟 = [𝜕𝜙𝑟𝜕𝜔 ]
𝜔=𝜔𝑐

. (3)

Here, 𝜔𝑐 is the carrier frequency, 𝜙𝑟 is the phase of the
reflection coefficient 𝑟(𝜔), and 𝑟(𝜔) = |𝑟(𝜔)| exp(𝑖𝜙𝑟(𝜔)).
3. Results and Discussions

3.1. Reflectance and Dispersion Relation. In this section, the
characteristics of reflected group delay in the configuration
will be discussed. In respect to the lossless configuration and
dielectric, the zero reflection at the resonances (Re(𝑘𝑑) =𝑚𝜋(𝑚 = 1, 2, 3, . . .)) would make the reflected delay at the
resonances physically meaningless. However, when mono-
layer graphene is embedded into the contact surface of the
dielectric layer with excited SPPs, the reflectance will become

very small but not turn to zero, and the slope of the reflected
phase will be changed as well. Consequently, the conditions
for realizing large reflected group delay are created. Besides,
the tunable optical characteristics give graphene considerable
advantages in terms of controllable enhanced pulse delay.
In the following calculation, it is assumed that the Fermi
energy satisfies 𝐸𝐹 = 1 eV. First, the reflection characteristics
of the whole configuration are illustrated in Figure 2(a).
When monolayer graphene is missing, it is impossible to
excite SPPs in the configuration. As a result, there is only
one reflectance dip at the Brewster angle (𝜃𝐵) among the
reflectance that changes with the angle. But when the incident
angle is larger than Brewster angle, the reflectance of the
whole configuration is almost 100% due to total reflection.
Meanwhile, as the dielectric losses are neglected, the trans-
mittance is almost zero (not shown in the figure). However,
when the graphene is embedded into the configuration and
excites SPPs through proper wave vector matching, a second
reflectance dip occurs near the 54∘ larger than the Brewster
angle. As shown in Figure 2(a), the dip is narrow and the
reflectance approximates to zero. To describe the generation
mechanism of the dip, an SPPs dispersion characteristics
curve of the configuration is drawn based on boundary
conditions, as shown in Figure 2(b). According to this curve,
in the configuration proposed in this paper, the effective
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Figure 3: (a) Reflectance 𝑅, (b) reflected phase 𝜙𝑟, and (c) reflected group delay 𝜏𝑟 as functions of frequency at different Fermi energies for
TM polarized wave. Other parameters are the same as before.

refractive index supporting the excitation of SPPs is about𝑛SP ≈ 3.106 when the incident frequency equals 5THz.
Hence, it can be inferred that the excitation of SPPs is located
at 𝜃SP = sin−1(𝑛SP/𝑛𝑐) ≈ 54∘, which is consistent with the
position of the dip in Figure 2(a).

3.2. Effects of Fermi Energy on Group Delay. The excitation
of SPPs in Otto configuration creates conditions for the
occurrence of large reflected group delay, which can steepen
the reflected phase at the excitation position, thus making it
possible to have large reflected group delay. The reflectance,
reflected phase, and reflected group delay in the configuration
all vary with frequency; the variation relationship is shown in
Figure 3. For convenience, the angle of incidence is assumed
as 54∘. As shown in Figure 3(a), a remarkable dip of the
reflectance is found at the excitation spectrum of SPPs due
to SPPs’ excitation. This dip is resulted from the interaction
of the real part and the imaginary part of the reflectance.
Near the frequency that excites SPPs, the real part of the
reflectance approaches zero, while the imaginary part has a
remarkable monotone increase, leading to a steep monotone
decrease tendency of the reflectance-based reflected phase
near SPPs excitation frequency as shown in Figure 3(b).
According to (3), the above phenomenon will result in large
negative group delay as shown in Figure 3(c). Therefore, it
can be inferred that a reflected group delay above −3 ps can
be realized at 5THz when Fermi energy satisfies 𝐸𝐹 = 1 eV.
Based on the electrical tunable characteristics of graphene’s
optical conductivity, the group delay characteristics of the
configuration can be flexibly manipulated by adjusting the
Fermi energy of graphene.When the Fermi energy is reduced,

the dip will have a blueshift. The reflected phase will be
steeper, which will further enhance the negative value of
the reflected group delay. For example, when Fermi energy𝐸𝐹 = 0.96 eV, the reflected group delay can reach about −4 ps.
These electrical tunable characteristics of the reflected group
delay provide a means of designing flexible controllable delay
devices.

3.3. Numerical Verification. In order to prove the correct-
ness of the reflected group delay obtained from Figure 3,
numerical simulations of the pulse’s reflected group delay
in the whole configuration are conducted based on Fourier
transformmethod. Gaussian pulse is set as the incident pulse,
whose electric-field expression can be expressed as 𝐸𝑖(0, 𝑡) =𝐴0 exp(−𝑡2/2𝜏20 ) exp(−𝑖𝜔0𝑡) [30], where 𝜏0 and 𝜔0 represent
the temporal width and center frequency of the Gaussian
pulse, respectively. The corresponding Fourier spectrum of
the Gaussian pulse can then be written as 𝐸𝑖(0, 𝜔) =(𝜏0𝐴0/2√𝜋) exp[−𝜏20 (𝜔 − 𝜔0)2/2]. Large temporal width is
selected to reduce the pulse distortion in the frequency
domain during the reflection in the configuration. In this
paper, it is assumed that 𝜏0 = 50 ps. The value of the
reflected group delay of pulse can be obtained quantitatively
by calculating the variation relationship between the reflected
pulse and the frequency. Figure 4 is an illustration of the
numerical results of normalized group delay under different
Fermi energies, corresponding to Figure 3. It can be seen
that the reflected group delay time obtained by simulation
has a close relationship with Fermi energy. The group delay
time of −3 ps (Figure 4(a)), −3.24 ps (Figure 4(b)), −3.52 ps
(Figure 4(c)), and −3.85 ps (Figure 4(d)) can be obtained in
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Figure 4: Normalized intensity of incident pulse (red line) and corresponding reflected pulse (blue line) for p-polarized wave with (a) 𝐸𝐹 =1.02 eV, (b) 1 eV, (c) 0.98 eV, and (d) 0.96 eV.Here, (a)𝜔0 = 2𝜋×5.16THz, (b) 2𝜋×5THz, (c) 2𝜋×4.83THz, and (d) 2𝜋×4.66THz, respectively.
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Figure 5: The dependence of the reflected phase 𝜙𝑟 (a) and reflected group delay 𝜏𝑟 (b) on the frequency at different relaxation times 𝜏 of the
graphene. Other parameters are the same as before.

case of 𝐸𝐹 = 1.02 eV, 𝐸𝐹 = 1.0 eV, 𝐸𝐹 = 0.98 eV, and 𝐸𝐹 =0.96 eV. The group delay time is consistent with the results in
Figure 3, which further proves the correctness of the delay
time of Figure 3.

3.4. Effects of Other Parameters on Group Delay. According
to (1), the relaxation time of graphene also has a critical
impact on the optical conductivity characteristics of graphene
because the actual value of the optical conductivity of
graphene is strongly dependent on 𝜏. Besides, the change
of optical conductivity will affect the reflection coefficient
through the transfer matrix, thus affecting the reflected phase
and reflected group delay. Hence, the reflected phase and
reflected group delay are also sensitive to the relaxation time

𝜏. These characteristics provide a new means of regulating
the group delay characteristics of reflected pulse. The change
rules of the reflected phase and reflected group delay under
different relaxation time are presented in Figure 5. Different
from the impacts of Fermi energy on reflected phase and
reflected group delay, the effect of relaxation time on reflected
group delay mainly focuses on the length of the delay time
rather than the frequency. Furthermore, it is found that
the change of graphene’s relaxation time can realize the
reversal of the monotony of reflected phase, thus achieving
the conversion of the positive and negative values of reflected
group delay. As shown in Figure 5(a), when graphene is
missing from the configuration, the reflected phase near the
resonance frequency is a small value which would hardly
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Figure 6: (a) Reflected group delay 𝜏𝑟 as a function of frequency and 𝑑1 for the structure with the monolayer graphene. (b) Reflected group
delay 𝜏𝑟 as a function of frequency and 𝑑2 for the structure with the monolayer graphene. Other parameters are the same as before.

change. In this case, the group delay time will be very small as
well. However, when graphene is included in this configura-
tion, even small relaxation time can make the reflected phase
approximate to zero and possess monotone decreasing char-
acteristic near resonance frequency. This property indicates
that the configuration has large negative delay time near the
resonance point, and this negative delay time would increase
remarkably near the resonant frequency with the increase of
relaxation time. Particularly, the reflected phase will turn to
monotone increasing near resonance frequency due to the
pure imaginary characteristic of graphene’s conductivity, thus
providing conditions for positive reflected group delay. This
tunable characteristic is an effective means of converting the
delay time symbols. However, it should be noted that it will be
very hard to change the relaxation time of the configuration
after the preparation of actual group delay devices. Hence, in
fixed configuration, the relaxation time has no tuning effect
on the group delay characteristics of the whole configuration.

In the following part, the impact of the parameters of
Otto configuration on the overall reflected group delay will
be discussed. The conclusions can be used for important
references in the design of reasonable group delay devices.
Figure 6 is the contour plot of reflected group delay of
dielectric slabs 1 and 2 thickness under different frequencies.
By comparison, it is found that different thicknesses of the
dielectric slab have different influences on the reflected group
delay, while presenting varied characteristics. Dielectric slab
1 has a direct impact on the excitation of SPPs; hence the

change of its thickness is very sensitive to the characteristics
of the reflected group delay. As shown in Figure 6(a), when
the thickness is large (e.g., larger than 2 𝜇m), the condition
of exciting SPPs cannot be satisfied and the group delay will
approximate to zero. In contrast, the reflected group delay
will increase tremendously by reducing the thickness, and it
may reach an incredible −20 ps at about 1.85 𝜇m.Meanwhile,
large negative delay will accompany narrow group delay
bandwidth. However, a further reduction of thickness may
lead to the skipping of the delay time symbol, thus achieving
large positive reflected group delay. Different from dielectric
slab 1, the change of the thickness of dielectric slab 2 has a
relatively simple impact on the reflected group delay. With
the thickness of dielectric slab 1 unchanged, a proper increase
of 𝑑2 can significantly enhance the negative value of the
reflected group delay, with the resonant frequency moving in
the high-frequency direction. But when the thickness of 𝑑2
reaches a certain level, the reflected group delay value and
resonant frequency will tend to be stable. Hence, it can be
concluded that a proper 𝑑2 thickness is a necessary condition
to obtain an enhanced reflected delay, which should be taken
into consideration in the design of related delay devices.

4. Conclusions

In this paper, the enhanced group delay of pulse reflection is
investigated and the surface plasmon is excited in a modified
Otto configuration. It is found that the minimum value of
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reflected delay time can reach about −4 ps near the resonant
angle. Simulation results reveal that the drastic change of
phase obtained by the excitation of surface plasmon with
graphene is the main factor in the enhancement and tuning
of the reflected group delay properties. The enhanced group
delay depends on the conductivity characteristic of graphene
at the center frequency. The findings reveal that the group
delay depends on the distance between the coupling prism
and the graphene, and the thickness of substrate, above which
the huge delay is observed. These findings could provide an
effective method for enhancing the group delay of optical
pulse and offer a feasible pathway for manipulating the delay
properties. It is believed that the tunable reflected group
delay at terahertz bands could contribute to the application
of optical delay devices.
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