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The present study proposes a reconfigurable metasurface comprising four graphene rectangles together with five
graphene strips, designed to achieve triple plasmon-induced transparency (PIT). The coupled mode theory-based theoretical
analysis demonstrates a high level of agreement with finite-difference time-domain simulation results. This graphene-
based triple-PIT device enables dynamic tuning of its Fermi level and carrier mobility. For the prepared triple-PIT system,
the group index varies from 1134 to 2020 with increasing graphene Fermi level in the range of 0.8—1.2 eV. Conversely,
the group index ranges from 1123 to 2079 with increasing graphene carrier mobility in the range of 2.5-4.5 m2/(V-s).
Additionally, the maximum group index (2079) of this device is achieved at the 1.0 eV Fermi level and the 4.5 m2/(V-s)
carrier mobility, which markedly exceeds that of conventional terahertz slow-light structures. Furthermore, the device
exhibits good tolerance to design and fabrication deviations. It thus provides useful design guidance for high-performance

terahertz slow-light devices.
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1. Introduction

Metasurfaces,  artificially  engineered composite
structures,!! have transformed wave manipulation by enabling
extraordinary optical properties, such as negative refraction, !
electromagnetic cloaking,®! and perfect lensing. However,
the functionality of conventional metal-based metasurfaces
is generally fixed after fabrication, as their optical responses
are largely insensitive to external stimuli.[*>! This inherent
limitation restricts their application in reconfigurable opti-
cal devices, intelligent sensing, and next-generation adaptive
optoelectronic systems.[®”] To address this issue, consider-
able research efforts have focused on material systems with
active tuning capabilities. Among the various candidates,
graphene has attracted significant attention due to its excep-
tional potential. (¥

Graphene, a 2D hexagonal honeycomb lattice material,
consists of sp>-hybridized carbon atoms, and its remarkable
optical properties have been extensively studied.”~'!l Im-
portantly, graphene can interact with incident electromag-
netic fields to excite surface plasmon polaritons (SPPs),[?]
which are electromagnetic modes formed at graphene inter-
faces, originating from the collective oscillations of surface
electrons, thereby providing a microphysical basis for wave
manipulation in metasurfaces.!'3] Meanwhile, SPPs induce
strong local field enhancement, which can facilitate bright—

dark mode coupling and thus lead to the electromagnetically
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induced transparency (EIT) effect.
EIT, a coherent optical phenomenon, arises from quan-

(141 1t originates from electromagnetic

tum interference effects.
field—energy level interactions within a broad absorption band,
resulting in an extremely narrow transmission window and a
Slow-light ef-

fects and their associated applications are directly enabled by

pronounced phase shift at high frequencies.

this phenomenon. Similarly, plasmon-induced transparency
(PIT) shows strong similarity to EIT,I'"*!71 as it is associ-
ated with destructive interference generated by the resonance
of bright and dark modes. This mechanism underlies the
triple-PIT slow-light functionality of the prepared graphene
metasurface.'8201 Recently, substantial progress has been
made in graphene metasurface-based slow-light devices. No-
tably, Xu et al. employed a graphene structure distributed in
two layers, which requires precise control of the relative align-
ment and thickness of the two graphene layers, thereby in-

(211 In contrast, the

creasing design and fabrication complexity.
present work adopts a monolayer patterned graphene structure,
achieving an enhanced triple-PIT effect through an optimized
geometric configuration, which simplifies the design and fab-
rication process while maintaining high performance.

In this work, a metasurface array is designed to achieve
dynamically tunable triple-PIT. This metasurface consists of
four graphene rectangles and five graphene strips. To investi-
gate the physical mechanisms associated with the triple-PIT

effect, the nth-order coupled mode theory (CMT) is used.
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The obtained calculations show strong agreement with finite-
difference time-domain (FDTD)-based numerical simulations,
particularly for the triple-PIT system where n is 4. By pre-
cisely modulating the Fermi level and carrier mobility of
graphene, the prepared triple-PIT system exhibits a group in-
dex ranging from 1134 to 2020 (the corresponding group de-
lay varies from 0.57 ps to 1.01 ps) with increasing Fermi level
from 0.8 eV to 1.2 eV. Conversely, the group index varies
from 1123 to 2079 (the corresponding group delay varies
from 0.56 ps to 1.04 ps) with increasing carrier mobility from
2.5 m?/(Vs) to 4.5 m?/(V-s). The maximum group index is
as high as 2079 (the corresponding group delay is 1.04 ps) at
i =4.5m?/(V-s) and Er = 1.0 eV, which shows that the slow-
light performance is much better than that of previous slow-
light devices. Because of the continuity and simplicity of our
structures, the triple-PIT effect can be dynamically tuned by
changing the graphene Fermi level and carrier mobility rather
than changing the geometry. Moreover, the proposed structure
shows good tolerance to fabrication deviations. Under typical
geometric parameter variations, such as parameter Hz varying
by 0.1 um or parameter Ls by 0.2 pm, the group index exhibits

-
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only minor deviations from its optimal value. These findings
highlight the potential of the device for reliable practical ap-
plications. Therefore, the results of this study provide a theo-
retical foundation for the design and fabrication of slow-light
devices, optical switches and modulators.

2. Structure and theoretical analysis
2.1. Structural model

In this work, MATLAB (version R2025a) and Lumeri-
cal FDTD Solutions (version 2020R2) are used to quantita-
tively assess the slow-light properties and field distributions
associated with the PIT phenomenon. In this simulation, a
transverse-magnetic-polarized linear plane wave propagating
along the negative z-axis serves as the excitation source. 222!
Periodic boundary conditions are applied along the x- and y-
directions, while perfectly matched layer absorbing boundary
conditions are set for the z-direction. Meanwhile, the spa-
tial mesh size is defined as Ax = Ay = Az = 0.05 pm.?+23]
Moreover, the temperature and simulation time are 300 K and
10000 fs, respectively. Given that incident light propagates

through air, the ambient refractive index is assumed to be 1.

Electrode

Patterned graphene

EBL / Dep051t10n

Fig. 1. (a) 3D schematic diagram showing the prepared graphene metasurface. (b) 2D top view and (c) side view of the structural unit.
(d) Schematic diagram showing the fabrication process of the proposed metasurface structure.

As illustrated in Fig. 1(a), dielectric silicon (thicknesses,
d; = 0.05 um, d, = 0.15 pum) is utilized as the substrate for
the upper and lower layers. Monolayer graphene is embedded
within the Si layer, and its relative permittivity is 11.7 (Palik).
The refractive index of Si is 3.42. With respect to graphene, its
Fermi level and carrier mobility are controlled by two metallic
electrodes, which act together with the Si substrate as a capac-
itor. A bias voltage is applied to dynamically regulate these
properties. Consequently, the Fermi level can be tuned within
0.8-1.2 eV, and the carrier mobility ranges from 2.5 m?/(V-s)

to 4.5 m2/(V-s). Figure 1(b) presents a schematic illustration

of the geometric parameters of the unit cell. Ly = L, = 6 pm,
Li=0.6um,L,=H; =0.5um, L3 =2.6 um, Ly = 1.1 pm,
Ls =14 um, H = 0.4 um, H3 = 0.2 um, Hy = 0.6 pum,
Hs = 0.6 pm, S; = 0.3 pm, S, = 0.2 um. Figure 1(c) shows
the side view of the structural unit, where the dielectric Si sub-
strate is covered by single-layer graphene sheets.

Figure 1(d) shows the possible fabrication process of the
designed patterned graphene metasurface. It offers crucial in-
sights into its assembly. First of all, graphene is grown on
a copper foil through chemical vapor deposition (CVD) at a
temperature of 1050 °C.[?6271 Secondly, the graphene layer
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is meticulously transferred onto a silicon substrate, followed
by acetone rinsing to dissolve the residual photoresist. 8]
Thirdly, the graphene is patterned using electron beam lithog-
raphy (EBL).[?®! Lastly, metal is deposited onto the patterned
graphene, and a metal electrode is deposited at the bottom of
the silicon substrate. A silicon layer measuring 50 nm in thick-
ness is precisely deposited atop the patterned graphene. When
x-polarized light vertically irradiates the entire structure, the
triple-PIT effects are observed.

Three transparent windows emerge near the three dips of
the Lorentz curves. This is a triple-PIT phenomenon,?! as
shown by the blue solid line in Fig. 2(a). When the inci-
dent light interacts with the structure, G2, a single graphene

strip, together with G3 and G4, each consisting of two separate
strips, generate a Lorentzian resonance, and serve as bright
modes. G1, which consists of four separate graphene rectan-
gles, functions as a dark mode. Although incident light cannot
directly excite the dark mode, the latter interacts with the lo-
cal field arising from the coupling of incident light with bright
modes. The dark mode interferes destructively with each of
the three bright modes corresponding to G2, G3, and G4, pro-
ducing three transmission peaks located at f,3, fp1, and fp2,
thus leading to a significant triple-PIT phenomenon in the ter-
ahertz range. Since the incident plane wave is relatively weak,

nonlinear effects of graphene are neglected in this analysis. 3!
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Fig. 2. (a) Transmission spectra for each partial graphene structure with Ep = 1.0 eV and u = 3.5 m2/(V-s). (b)—(e) Normalized electric field
distributions at four transmission dips in the proposed graphene metasurface structure. (f)—(h) Normalized electric field distributions at three

transmission peaks of the proposed graphene metasurface structure.

To further investigate the physical mechanisms of the
triple-PIT effect in the proposed graphene metasurface, nor-
malized electric field distributions at four transmission dips
and three peaks are analyzed. From Figs. 2(b)-2(e), the elec-
tric field energy at dip 1 is distributed along the left and right

edges of G3 and within the region between G3 and G4. The
field distributions at dip 2 and dip 3 are relatively similar, both
appearing at the four corners of G2, although the field at dip 3
is more concentrated at these corners. At dip 4, a uniform

distribution of electric field energy is observed across the en-
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tire structure. Figures 2(f)-2(h) present the normalized elec-
tric field distributions at each transmission peak. For peak 1,
the electric field energy is mainly concentrated between G3
and G4. Similar to dip 3, the electric field at peak 2 is pri-
marily concentrated at the four corners of G2. At peak 3, the
electric field energy is predominantly localized at the interface
between G4 and G3, as well as along the lower edge of G3.

2.2. Theoretical analysis

In FDTD simulations, a nominal thickness of 1 nm is as-
signed to graphene, which is implemented through a transition
boundary condition.*!! For monolayer graphene, its conduc-
tivity is primarily determined by intraband electron—photon
scattering and interband photon-stimulated transitions, as de-
scribed by the Kubo formula??!

o= Gintra + Ginter. (1)

The electrical conductivity of single-layer graphene arises
from intraband electron scattering, with an additional contri-
bution from photon-induced interband transitions. These com-
ponents can be separately expressed using the following equa-

intra

tions for intraband conductivity ¢ and interband conduc-

tivity o'ner:
Gintra — 5 €2EF. i, (2)
o (o+it 1)
Ginter é l—i-il h (C()-i-'l’l,' 1)2_2EF ’ (3)
4w h(w+it )2+ 2E

where e denotes the elementary charge, Ep represents the
Fermi energy, and 7 is the reduced Planck’s constant; ®
is the angular frequency, 7 is the relaxation time, given by
T = uEg/ evl%, and i is the imaginary unit. At room temper-
ature (300 K), when working in the terahertz band, the direct
transitions of inter-band photons can be neglected due to the
condition of Er > kgT = 25.85 meV. Therefore, the graphene
conductivity (o) can be effectively approximated by the Drude

model33

€2EF .
2 P 1,
mh(w+it™1)

o~ Gintra _ ( 4)
where u denotes the carrier mobility of graphene, while v
(= 10% m/s) represents the Fermi velocity. One graphene layer
is positioned between two silicon layers in the proposed struc-
ture. Due to the symmetric distribution of the same dielec-
tric material on both sides of graphene, its effective dielec-
tric constant is nearly consistent with the actual dielectric con-
stant. The propagation constant 3 in a homogeneous dielectric
medium can be derived by combining Maxwell’s equations

with electromagnetic boundary conditions as follows:[3*]
2¢&s;i 2
=kot/&i— | —— 5
ﬁ 0 Si ( noc> ’ ( )

in which ko denotes the wavenumber in free space, 1o rep-
resents the intrinsic impedance of free space, and &g; is the
relative permittivity of Si. This relation clearly indicates that
the propagation characteristics of SPPs, characterized by S,
are jointly determined by both the bulk properties of the sur-
rounding medium and the surface conductivity ¢ of this two-
dimensional material. Additionally, the effective refractive in-
dex and intrinsic quality factor can be expressed as negr = 3 /ko
and QOine = Re(nesr) / Im(nefr), respectively.

Significantly, CMT is employed to clarify the physical
mechanisms associated with the (n — 1)th-order PIT effect in
the proposed planar monolayer graphene metasurface struc-
ture. Here, (n — 1) represents the PIT order, namely, the num-
ber of transparency windows. Figure 3 presents the CMT-
simulated PIT effect. The equivalent modes are defined as S,
S5, ..., S,_1, and S, in the nth-order excitation states. Waves
propagating in the positive and negative directions are denoted
by subscripts + and —, respectively. Furthermore, superscripts
in and out are used to represent incoming and outgoing waves,
respectively.

Fig. 3. Sketch map showing the CMT-modeled PIT effect.

With respect to the energy amplitude in the oscillatory ra-
diation mode a,,, the transfer equation corresponding to the nth
resonator can be expressed below: (33

o =il ... =il a
—i P . —ipoy a
—illyr —ilg1 - T an
1/2 . .
- (),/1 01/2 0 i12+ +Sllz—
_ 0 *'}’0_2 N 0 2+ + Slz_ (6)
0 0 .-y S

where ¥, = 10 — 1@, — Yint.n — Yo,» and @, denotes the resonant
angular frequency of the nth mode. For the nth mode, ¥in, =
0/ (2Qint ) is the intrinsic loss coefficient, ¥, , = 0,/(2Q, n)
denotes the decay rate coefficient resulting from the escaping
power within the external space, and U, (m # n) is the cou-
pling coefficient between the mth mode and the nth mode. In
this study, Yintn = Yo = 10! rad/s and f,,, = 10! rads, re-
spectively. Qine, represents the intrinsic quality factor due to
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the intrinsic loss of the nth mode, Q,, represents the qual-
ity factor arising from the radiation loss of the nth mode, and
O, represents the total quality factor of the nth mode. These
parameters satisfy the relation 1/Q, = 1/Qincn + 1/Qon-
Oun = f/Af, where f is the resonance frequency and Af is
the full width at half maximum (FWHM). Fitting total qual-
ity factors can be calculated by the transmission spectra of the
simulation triple-PIT. In addition, Qjn(, can be determined by
Qint.n = Re(negr) /Im(nesr). Therefore, Q,, can be derived as
Qa,n = Qint,nQLn/(Qint,n - Qt,n)'

For the nth resonator, the transmission coefficient can be
expressed as follows: (3]

St i 124 i
[n = :linjL = el((P1+(P2 +(pnfl) — »)/0/1 él e'((P1+(P2 +(pnfl)
STy ’

1/2¢ (92403400
—}’025261("’2 @3t Pn1) L.

B

— ey Gre -l @)

where &, = a,/ SII“+ ¢, denotes the phase difference between
two adjacent modes and can be determined by ¢, = Re(f)d,,.
In the nth modes, the wavefront locations coincide with those
of the incident wave, thus @, = 0.

For the PIT system, its theoretical transmittance can be
expressed as follows:

T = |6 (8)

When n = 4, the system’s transmission coefficient with triple-
PIT can be determined as follows:

Sit HQrt@ate3) _ p1/2e Li(o1+e2te3)

= = e — Yo Gie"?
S )
1+

1/2¢ 1/2¢ i 1/2

— Gl @ o) g ein gl 2e, (9)

3. Results and analysis

3.1. Simulations and analysis of triple-PIT effect through
adjusting graphene’s Fermi level

Graphene exhibits significant advantages in dynamic
tunability.?*-38] This property enables modulation of the
PIT effect by tuning the Fermi level or carrier mobility of
graphene, without modifying the predefined geometric param-
eters of the structure. The relationship between the Fermi level
of graphene and gate voltage can be[*4"]

&4V,
Ep = hvp /M7 (10)
dgupe

where V, denotes the gate voltage, &y represents the vacuum
permittivity, & indicates the relative permittivity of the dielec-
tric Si layer, and dgy,}, denotes the inter-electrode distance. Ac-
cording to Eq. (25), the Fermi level of graphene can be dy-
namically tuned by controlling the gate voltage. As shown in
Fig. 4, the Fermi level increases with increasing gate voltage,

enabling dynamic modulation of the spectral response. Conse-
quently, the PIT system can be tuned by modulating the Fermi
level of graphene.

1.2

= =
(e =
T T

Fermi energy (eV)
e
)

o
o

30 40 50 60 70 80 90
Gate voltage (V)

Fig. 4. Graphene’s Fermi energies versus the applied gate voltage.
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Fig. 5. (a)-(e) Simulated transmission spectra for coupled modes at
Fermi levels of 0.8—1.2 eV and carrier mobility of p = 3.5 m2/(V-s).
(f) Evolution diagram for triple-PIT with different Fermi levels.

During the analysis, the carrier mobility of graphene was
maintained at 3.5 m?/(V-s), while the Fermi level was varied
to investigate its influence on the transmission characteristics
of the triple-PIT system. Based on FDTD simulations, the
resonant frequencies within the transparency dips shift with
increasing Fermi level. As illustrated in Figs. 5(a)-5(e), the
tunability of the system is clearly verified by modulating the
Fermi level, as evidenced by the independent control of the
center frequencies of the triple-PIT transparency windows.
The FDTD numerical simulations are consistent with the theo-
retical CMT fitting results, where the transmission curves ob-
tained from FDTD (blue solid line) show good agreement with
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those from CMT (red dashed line). In Fig. 5(f), the triple-
PIT window exhibits a continuous blue shift toward higher
frequencies in an approximately linear manner with increas-
ing Fermi level, while the transmittance remains nearly un-
changed. Furthermore, the evaluation of multi-PIT phenom-
ena relies on a key criterion, whereby the emergence of a trans-
parency window must coincide with the resonant frequency of
a bright mode, facilitated by coupling with a dark mode. Con-
sequently, other complex resonances of the graphene structure

5,39 as they do

above 6 THz are excluded from this analysi
not satisfy this essential requirement.
Transmission profiles of the triple-PIT system under dif-
ferent Fermi level conditions are presented, illustrating the
structural feature of dynamic tunability. A clear shift of the
triple-PIT window toward higher frequencies is observed with
increasing Fermi level. This shift arises because, for mono-
layer graphene, the SPP wave vector is given by kspps =
2m2hf? ) (apErc) and kspps o< 1/W, where f; denotes the res-
onance frequency, W represents the length in the x-direction
within one unit cell, and ap = €2 /I denotes the fine struc-
ture constant. The resonance frequency can be expressed as
fi o< \/aoEpc/(2n2aW).1*11 The resonance frequency is di-
rectly proportional to the square root of the Fermi level. Con-
sequently, the resonance frequency shifts to higher values, a

phenomenon referred to as a blue shift.[4?]

3.2. Simulations and analysis of triple-PIT effect through
adjusting graphene’s carrier mobility

To investigate the influence of carrier mobility on the pre-
pared graphene structure, a systematic analysis of its effect
on the optical response is also conducted using FDTD simu-
lations. A series of simulations is performed with the Fermi
level fixed at 1.0 eV. By incrementally varying the carrier mo-
bility and analyzing the corresponding transmission spectra
using the FDTD method, a consistent trend is observed, where
the resonant frequencies associated with the dips of the triple-
PIT windows gradually shift with increasing carrier mobility.
This behavior indicates that variations in carrier mobility can
effectively modify the coupling conditions within the struc-
ture, thereby altering the spectral positions of the PIT reso-
nances. These findings emphasize the importance of carrier
mobility as a key tuning parameter in graphene-based plas-
monic systems. As illustrated in Fig. 6(a), different carrier
mobilities correspond to distinct transmission spectra, and the
triple-PIT system exhibits an increase in the maximum trans-
mission peak as the carrier mobility increases, indicating that
higher carrier mobility enhances transmission efficiency. Fig-
ure 6(b) presents an evolution diagram for triple-PIT transmis-
sion spectra under different graphene carrier mobilities, show-
ing that the triple-PIT window continuously redshifts toward
lower frequencies in an approximately linear manner as the
carrier mobility increases.

—p=2.5 m?/(V:s) — p=3.0 m®/(V-s)
—pu=4.0 m?/(V-s) —p=4.5 m?/(V-s)

n=3.5m?/(Vs)

Transmission (arb. units)
o
=~

Frequency (THz)

ik

5 6
Frequency (THz)

1.0

0.5

Transmission (arb. units)

0

Graphene carrier mobility (m?/(V-s))

Fig. 6. (a) Effect of graphene carrier mobility on plasmon-induced
transparency at carrier mobilities of 2.5-4.5 m2/(V-s) (Eg = 1.0 eV).
(b) Evolution diagram for triple-PIT with different carrier mobilities.

The most critical observation is the red shift with increas-
ing carrier mobility. As indicated by the relation y = Tevlz; /EF,
carrier mobility is negatively correlated with the Fermi level
of graphene. As a result, the resonance frequency is given

by f o<
mobility induces a red shift in the resonance curve. In addi-

apcetvi/(2m2huW). Hence, an increase in carrier

tion, similar red shifts can be achieved through graphene dop-
ing, enhanced surface conductivity, and increased electronic
activity within graphene. Thus, dynamic tuning of the triple-
PIT system can be realized by adjusting the carrier mobility of
graphene.

3.3. Performance analysis of slow-light devices

The PIT effect exhibits significant potential for optical
data storage applications. By substantially reducing the group
velocity of light, it enables prolonged interaction between light
and the storage medium. This extended interaction time facil-
itates effective writing and retention of optical information.
The phase shift in the PIT effect is defined as 6 (w) = arg(t,).
The group delay can be expressed as 7, = d0(w)/dw. A key
parameter governing slow-light performance is the group in-
dex ng, which is directly derived from the steep dispersion as-
sociated with high-quality-factor resonance peaks and is ex-

pressed as*!

26()
2X0)

Ty = . , an
[

where ¢ denotes the speed of light in vacuum, v, represents

the group velocity, and [ is the thickness between the upper

and lower electrodes. Hence, [ is the sum of the thickness of
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graphene and the silicon substrate. In our simulation, mono-
layer graphene is embedded within the Si layer, and the thick-
ness of monolayer graphene is set to 1 nm. The thickness of
monolayer graphene can be neglected compared to the thick-
ness of the silicon substrate (d, = 150 nm). Therefore, [ is
approximately 150 nm in this work.

Figures 7(a)-7(e) present the group index and phase
shift characteristics with graphene carrier mobility fixed at
3.5 m2/(V~s), while the Fermi levels are set at 0.8 eV, 0.9 eV,
1.0 eV, 1.1 eV, and 1.2 eV, respectively. Strong destructive in-
terference leads to pronounced dispersion, which significantly
influences the group index, resulting in three broad and dis-

tinct peaks corresponding to the three PIT windows. Fur-
thermore, with increasing Fermi level, the value of the trans-
parency window Oy, changes, leading to an increase in group
delay (d0(®)/d®), thereby producing a higher group index.
The corresponding group indices are 1134, 1333, 1608, 1838,
and 2020, respectively (black dots in Figs. 7(a)-7(e)). Because
the group delay is given 7, = n,l/c, the corresponding group
delays are 0.57 ps, 0.67 ps, 0.80 ps, 0.92 ps, and 1.01 ps, re-
spectively. It can be observed that, at constant carrier mobility,
the slow-light device exhibits a gradual increase in group in-

dex as the Fermi level increases, reaching a maximum value
of 2020.

2000f (a) Bp=08eV L0 —~ 2000} (b) Er=0.9 eV 10 o 2000f (c) Er=1.0eV 410 ~
% N E % =
< 1500 05 & 1500 05 & 1500 05 =
B=] <~ -~ ,E — .E
£1000 0 2 £1000 0 @ 21000 0 @
o e ® O .8 ° . @
& 500 055 % 500 052§ 500 052
0™ 1.0 ~1.0™
0 : 0 - 0 :
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Frequency (THz) Frequency (THz) Frequency (THz)
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g 05 & 2 05 &
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g g B g

5 058 & 7().)5

10" ~1.0

1 2 3 4 5 6
Frequency (THz)

Frequency (THz)

Fig. 7. (a)—(e) Group index and phase shift at Fermi levels of 0.8 eV, 0.9 eV, 1.0 eV, 1.1 eV, and 1.2 eV, with a carrier mobility of u =

3.5 m?/(V-s), respectively.

2000 (a) p=2.5m2/(V-s) {1.0 —~  2000f(b) p=3.0m*/(V:s) {10 o 2000 (c) m=3.5m?/(V-s) 1.0 ~
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Fig. 8. (a)—(e) Changes in group index and phase shift at graphene carrier mobilities of 2.5 m2/(V-s), 3.0 m2/(V-s), 3.5 m2/(V-s), 4.0 m2/(V-s),

and 4.5 m?/(V-s) with a Fermi level of Ex = 1.0 eV, respectively.

Subsequently, with the Fermi level maintained constant,
the group index and phase shift were examined under differ-
ent carrier mobility conditions. Figures 8(a)-8(e) present the
group index and phase shift characteristics at graphene car-
rier mobilities of 2.5 m?/(V-s), 3.0 m?/(V-s), 3.5 m?/(V-s),
4.0 m?/(V-s), and 4.5 m?/(V-s), respectively. Significant phase
shifts are observed, and strong destructive interference leads
to pronounced dispersion. This dispersion directly influences

the group index, resulting in three broad and distinct peaks as-
sociated with the three PIT windows. Additionally, with the
Fermi level fixed at 1.0 eV, Qy, varies with increasing mobil-
ity, leading to a change in group delay (d0(®)/d®), and con-
sequently an increase in the group index. Notably, the corre-
sponding group indices are 1123, 1367, 1537, 1851, and 2079,
respectively, as indicated by the black dots in Figs. 8(a)-8(e).
The corresponding group delays are 0.56 ps, 0.68 ps, 0.77 ps,

084211-7



Chin. Phys. B 35, 084211 (2026)

0.93 ps, and 1.04 ps, respectively. At a given Fermi level,
the group index of the slow-light device also increases gradu-
ally with carrier mobility, reaching a maximum value of 2079.
Moreover, the prepared patterned graphene planar metasur-
face demonstrates superior slow-light performance compared
with previous devices. This investigation provides insight into
slow-light dynamics in graphene and indicates potential ap-
plications in high-sensitivity sensors, high-performance slow-
light devices, optical modulators, and dynamically tunable op-
tical filters. [44]

Based on the above analysis, at a Fermi level of 1.0 eV
and a carrier mobility of 4.5 m?/(Vs), the group index reaches
2079. This result demonstrates that the device exhibits ex-
cellent slow-light performance. Moreover, this value is sig-
nificantly higher than that obtained by adjusting the graphene
Fermi level alone. This comparison indicates that, relative to
Fermi level tuning, regulating carrier mobility can more ef-
fectively enhance the slow-light effect. To further assess the

slow-light performance of the proposed structure, a series of
comparative analyses was conducted. As summarized in Ta-
ble 1, the designed structure exhibits superior slow-light ca-
pability, achieving a group index as high as 2079 in the ter-
ahertz frequency range. Therefore, these results demonstrate
that the performance of the proposed metasurface is obviously
better than those of the previously reported slow-light devices.
The proposed structures and results may provide strong guid-
ance towards dynamically tunable and excellent slow-light and
light-storage devices.

Recently, in some terahertz metasurfaces, high experi-
mental Q factors have been achieved by utilizing bound state
in the continuum (BIC) resonance. [*>#0] Slow-light effect with
a measured high group delay has also been obtained. 748!
The high Q factor and outstanding slow-light effect in the
metasurface also show exciting prospects in realizing high-
performance slow light and light storage devices for promoting

terahertz applications. (490

Table 1. Maximum group indices with graphene-based PIT systems.

Reference/year Structure model PIT configuration Maximum group index
[511/2022 Single-layer Dual-PIT 542
patterned graphene
[401/2023 Single-layer Single-PIT 430
graphene block and strips
(52112023 Single-layer Single-PIT 658
patterned graphene
[531/2023 Single-layer Quintuple-PIT 604
graphene block and strips
Single-1
[541/2023 mgleayer Triple-PIT 1036
graphene blocks and strips
Single-lz
[42)/2024 fngleayer Triple-PIT 1021
E-type graphene
Single-1
[551/2024 fngle-tayer Single-PIT 980
4L-shaped graphene
ingle-1
[561/2025 Single-layer Single-PIT 562
patterned graphene
Single-1
(5712025 inefeayer Dual-PIT 870
patterned graphene
Triple-1
[581/2026 npleiayer Dual-PIT 481
patterned graphene
ingle-1
Our work Single-layer Triple-PIT 2079

patterned graphene

3.4. Tuning of structural parameters

To evaluate the tolerance of the device to design and fab-
rication deviations, two key structural parameters, Hz and Ls,
are selected for analysis. H3, with a value of only 0.2 wm, rep-
resents the smallest feature in the structure, making it a critical
parameter for assessing fabrication robustness. Ls is selected
because it directly determines the resonant behavior of the in-
dependent bright mode G2. Together, these parameters pro-
vide a comprehensive evaluation of fabrication tolerance. Fig-
ures 9 and 10 illustrate the influence of H3 and Ls on device
performance, respectively.

As shown in Figs. 9(al)-9(cl), when H3 varies from its
default value of 0.2 um to 0.1 wm or 0.3 pwm, the four trans-
mission dips exhibit only minor frequency shifts. For H; =
0.1 wm, dip 1 shifts downward by 0.18 THz, dip 2 shifts up-
ward by 0.07 THz, dip 3 shifts upward by 0.22 THz, and dip 4
shifts downward by 0.09 THz relative to the reference case
(H3 = 0.2 um). For H3 = 0.3 pum, dip 1 remains unchanged,
dip 2 shifts downward by 0.08 THz, dip 3 shifts downward
by 0.18 THz, and dip 4 shifts downward by 0.05 THz. The
maximum frequency shift among all dips is 0.22 THz, while

the overall line shape remains well preserved. Thus, despite
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these parameter variations, the transmission spectrum of the
device remains highly stable, with negligible changes in both
line shape and resonance frequency.

Moreover, Figs. 9(a2)-9(c2) show the group index as Hj
varies. At H3 = 0.1 pum, the group index is 1879. When H;
increases to 0.3 wm, the group index is 1929. This reduc-
tion corresponds to a modest decrease relative to the optimal
value. Notably, even under these variations, the group index
does not significantly degrade from its maximum value, indi-
cating that the device maintains high slow-light performance
despite structural deviations.

= 1.0

= H3x<0.1/um 2000 1.0
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Fig. 9. (al)—(cl) The corresponding variations of the triple-PIT curves as
the parameter H3 is tuned from 0.1 um to 0.3 pm (the default length of H3
is 0.2 um). (a2)—(c2) The corresponding changes in group index and phase
shift with the varying parameter H3 in 0.1-0.3 um.

Similarly, the transmission spectrum remains largely un-
affected, as shown in Figs. 10(al)-10(c1). When Ls deviates
from its default value of 1.4 pm to 1.2 pum or 1.6 um, the over-
all spectral response is preserved. Taking the reference case
(Ls = 1.4 pm) as a benchmark, the frequency shifts of the four
dips are as follows. For Ls = 1.2 um, dip 2 shifts downward by
0.15 THz and dip 3 shifts downward by 0.11 THz, while dip 1
and dip 4 remain unchanged. For Ls = 1.6 um, dip 1 shifts
upward by 0.01 THz, dip 2 shifts upward by 0.14 THz, and
dip 3 shifts upward by 0.15 THz, with dip 4 again unchanged.
The maximum shift observed is only 0.15 THz, and the overall
line shape remains well preserved. Thus, the device exhibits
excellent spectral stability under Ls variations, with negligible
changes in both line shape and resonance frequency.

Furthermore, Figs. 10(a2)-10(c2) show how the group in-
dex varies with Ls. When Ls is 1.2 pm, the group index is
2037. When Ls is 1.6 pm, the group index is 1974. These
results indicate that the Ls component maintains stable perfor-

mance under fabrication deviations, with a maximum reduc-
tion of 105 from the optimal value of 2079. Despite this vari-
ation, the group index remains largely stable, showing only a
slight decrease relative to its optimal value. These findings
confirm that the structure can effectively tolerate minor devi-
ations that may arise during the design and fabrication pro-
cesses. Such tolerance to design and fabrication variations
is particularly valuable in practical applications, especially in
scenarios requiring sustained high precision. This feature of-
fers significant advantages.

Z1.0
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Fig. 10. (al)—(cl) The corresponding variations of the triple-PIT curves as
the parameter Ls is tuned from 1.2 pm to 1.6 pm (the default length of Ls is
1.4 um). (a2)—(c2) The corresponding variations of the group index and phase
shift with the varying parameter Ls in 1.2-1.6 pum.

4. Conclusion

In conclusion, this work demonstrates a metasurface com-
posed of monolayer graphene elements that achieves a pro-
nounced triple-PIT effect. The theoretical framework based
on CMT shows a high level of agreement with FDTD simula-
tions. Benefiting from the electrical tunability of graphene, the
Fermi level and carrier mobility can be dynamically adjusted
under an applied bias voltage. Specifically, the group index of
the designed triple-PIT system varies from 1134 to 2020 with
increasing Fermi level of graphene at 0.8—1.2 eV. Conversely,
the group index changes from 1123 to 2079 with increasing
carrier mobility of graphene at 2.5-4.5 m?/(V-s). Notably, at
a Fermi level of 1.0 eV and a carrier mobility of 4.5 m2/(V-s),
a maximum group index of 2079 is achieved, which signifi-
cantly exceeds that of conventional terahertz slow-light struc-
tures. Furthermore, the device exhibits excellent tolerance to
design and fabrication variations. Consequently, the proposed
structure provides a promising approach for the development
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of terahertz slow-light devices, such as optical buffers, high-

sensitivity sensors, optical switches, optical modulators, and

dynamically tunable optical filters.
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