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Article info:  
This study investigates the optimization of plasmon-induced transparency (PIT) 

structures incorporating two-dimensional materials for advanced optical filtering 

applications in the terahertz spectrum. Through systematic finite difference time 

domain simulations, we analyze how structural symmetry breaking, material 

composition variation, and electronic tuning affect filtering performance. 

Transitioning from symmetric to asymmetric configurations significantly 

enhances filtering efficiency by increasing transparency window count and 

improving absorption peak definition, with optimal results achieved in semi-

asymmetric alignments. The introduction of additional graphene dark modes 

refines spectral characteristics through cross-coupling mechanisms, though with 

diminishing returns as mode count increases. Fermi energy tuning of graphene 

(0.4-1.0 eV) enables dynamic spectral control, producing predictable window 

shifts of approximately 0.8-1.0 THz per 0.2 eV increase, with higher values 

progressively flattening transparency windows above 40 THz. Substituting 

graphene with anisotropic phosphorene in selected dark modes introduces 

material-dependent spectral broadening, offering additional customization 

options at the expense of window sharpness. These findings reveal crucial design 

principles for high-performance, frequency-selective filters, highlighting the 

interplay between geometric configuration, material selection, and electronic 

tunability in PIT-based photonic devices.  
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1. Introduction  

 
With the emergence of optical devices as a 
prominent component of modern technology, the 
demand for reliable and efficient optical filters 
has significantly increased[1], [2]. These filters 
are essential in a variety of applications, 

including optical communication systems[3], 
[4], sensing[5], [6], and integrated photonic 
circuits[7]. An ideal optical filter should possess 
a dynamic operational range, be compact, and 
exhibit a high degree of absorption for unwanted 
wavelengths while allowing the desired 
frequency to pass through with an ultra-narrow 

Pioneering Advances in Materials 
 

Journal homepage: http://piadm.sbu.ac.ir               ISSN: XXXX 

Copyright: © 2025 by the authors. Submitted for possible open access publication under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

https://creativecommons.org/licenses/by/4.0/). 

 

mailto:r_karimzadeh@sbu.ac.ir
https://orcid.org/0000-0001-6646-6274
https://doi.org/10.48308/piadm.2025.105735


Geometric Asymmetry and 2D Material Engineering 

 

bandwidth. Meeting these stringent 
requirements has driven the exploration of 
advanced filtering techniques[8], [9], [10], [11], 
[12]. One method that has been widely studied is 
Electromagnetically Induced Transparency 
(EIT), a quantum interference phenomenon that 
enables narrowband filtering and slow-light 
effects. While EIT-based filters offer promising 
performance, their practical implementation 
faces challenges, including high manufacturing 
costs, complex experimental setups, and 
sensitivity to noise and environmental 
fluctuations. These limitations have motivated 
researchers to explore alternative approaches, 
leading to the development of Plasmon-Induced 
Transparency as a competing and more practical 
process[13], [14], [15], [16], [17], [18], [19]. 
PIT is a classical analog of EIT and is achieved 
through the destructive interference between 
resonant modes in plasmonic structures. These 
modes are typically categorized into two types: 
bright modes, which strongly couple to the 
external electromagnetic field, and dark modes, 
which weakly interact with the field but strongly 
couple to the bright modes. By carefully 
designing the interaction between these modes, 
PIT structures can exhibit a transparency 
window within an otherwise opaque spectrum 
due to destructive interference of the plasmonic 
wave of each mode. This phenomenon allows 
PIT-based filters to achieve the desired 
combination of narrowband transmission and 
high selectivity while benefiting from the 
scalability and compactness of plasmonic 
systems[20], [21], [22]. 
In recent years, significant attention has been 
directed toward enhancing the performance of 
PIT structures using innovative design 
approaches. One such approach involves the 
incorporation of two-dimensional (2D) materials 
into PIT structures in place of metallic 
components that are usually used for such 
structures[23]. Materials like graphene, 
transition metal dichalcogenides (TMDs), and 
hexagonal boron nitride have been extensively 
employed due to properties such as low loss, 
compactness, and ability to form surface 
plasmons. These 2D materials not only improve 
the performance of PIT structures by their lower 
loss rate but also contribute to the 
miniaturization of the overall device. This makes 
them particularly attractive for integration into 
compact photonic systems[24]. 

Another area of interest in enhancing PIT 
structures is the incorporation of multiple dark 
modes. Introducing multiple dark modes can 
significantly alter the absorption profile of the 
system, providing additional degrees of freedom 
for tailoring the transparency window[25], [26], 
[27]. By carefully selecting and configuring 
these dark modes, researchers can design filters 
with specific transmission characteristics, 
thereby broadening the applicability of PIT-
based devices in optical communications and 
sensing[28], [29]. 
A relatively unexplored aspect is the effect of 
asymmetric placement of dark modes within the 
structure. Asymmetry in the arrangement of dark 
modes introduces novel interference effects, 
potentially modifying the spectral profile of the 
filter in unique ways[13], [30], [31]. 
Understanding these effects could provide 
valuable insights into optimizing PIT structures 
for specific applications, enabling the 
development of more efficient and versatile 
optical filters. 
Moreover, there is growing interest in utilizing 
different materials as dark modes within the 
same structure. Employing multiple materials 
allows for a more diverse range of optical 
responses, which could lead to enhanced 
filtering capabilities, improved tunability, and 
greater flexibility in device design. Exploring 
how these materials interact within the PIT 
framework and how their unique properties 
contribute to the overall performance remains an 
exciting and active area of research[32], [33], 
[34], [35]. 
The present work begins with evaluating the 
performance of a PIT structure incorporating 
one, two, and three layers of dark modes of the 
same material type, using graphene for all dark 
modes. This initial setup provides a baseline for 
understanding the behavior of asymmetric dark 
mode arrangements PIT filters under more 
controlled, homogeneous conditions. The spatial 
distribution of these modes plays a key role in 
determining the filter’s spectral profile. Here we 
seek to find out the exact effect of the 
introduction of asymmetry into the system. The 
study then progresses to investigate how the 
performance changes when the dark modes are 
fabricated from different materials, assessing the 
impact of material diversity on the overall 
behavior of the PIT structure. This approach 
offers insights into the role of material 
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composition in optimizing the filtering 
characteristics, such as bandwidth, transparency 
depth, and tunability. Furthermore, as the work 
progresses, the influence of adjusting the Fermi 
energy of graphene in these mixed-material 
structures will be explored. This analysis will 
provide deeper insights into how changing the 
Fermi energy can fine-tune the performance of 
the PIT structure, specifically within different 
regions of the electromagnetic spectrum. 
 

2. Geometrical Design and Refraction 
Index of Dark Mode Materials 
 
To investigate the interactions among 
asymmetric dark modes and their effect on the 
filtering performance of the PIT structure, a 
multi-layer structure was selected as the 
template for this study, as shown in Figure 1. The 
design features two phosphorene ribbons, each 
120 nm wide and separated by 200 nm along the 
x-axis, which act as the bright mode. The 
structure possesses a substrate with a constant 
refractive index of 1.6. The dark modes are 
implemented as ribbons with a uniform 
thickness of 1 nm. The structure incorporates 
three layers of dark modes, each having a 
consistent width of 320 nm. Importantly, the 
spacing between the dark modes along the y-axis 
is non-uniform, varying based on achieving 
optimal filtering performance. At the bottom of 
the structure, a 50 nm gold layer is embedded to 
serve as a wave reflector.  
The numerical simulations in this study were 
performed using the finite difference time 
domain simulations. The electromagnetic wave 
interactions were modeled by solving Maxwell's 
equations with appropriate boundary conditions. 
Periodic boundary conditions were applied in the 
x-direction to simulate an infinitely extended 
structure, while perfectly matched layers (PML) 
were implemented in the y-direction to prevent 
reflections. The structure was excited using a 
plane wave with normal incidence, and the 
absorption spectra were calculated by evaluating 
the ratio of absorbed power to incident power. 
This comprehensive simulation approach 
allowed for accurate evaluation of the 
electromagnetic response across the frequency 
range of 25-60 THz, capturing all relevant 
plasmon-induced transparency phenomena with 
high fidelity. 

A key characteristic of this design is the 
asymmetric placement of dark modes, which 
offers several unique advantages. Unlike 
conventional symmetric designs, where each 
dark mode typically interacts with only one 
underlying mode, the asymmetry in this structure 
facilitates interactions with multiple elements 
simultaneously. This expanded interaction 
capability allows each dark mode to couple with 
more than one underlying dark mode, leading to 
the formation of multiple Fabry-Perot cavities. 
As a result, additional absorption peaks emerge, 
enhancing the structure's spectral performance. 
 

 
Figure 1. Schematic illustration of the multi-
layer structure. The design features two bright 
mode ribbons, each 120 nm wide and with a 
separation of 60 nm between them (W1=W2=120 
nm, S1=60 nm), positioned on a substrate with a 
refractive index of 1.6. Dark modes, each 320 
nm wide (W3+W4=W5+W6=W7+W8=320 nm), 
are placed asymmetrically with x direction 
separation of 180 nm (S2=S3=S4=180 nm), 
creating variable distances between layers along 
the y-axis. A gold layer at the base acts as a wave 
reflector with a width of 500 nm and thickness 
of 50 nm (W5=500 nm, h5=50 nm). In this 
configuration, Phosphorene is exclusively used 
for the bright modes, while the dark modes can 
be composed of either Graphene or 
Phosphorene. The total height of the structure is 
1440 nm. (h1+h2+h3+h4+h5=1440 nm) 
 
Phosphorene and graphene were selected as 
bright and dark modes respectively for their 
exceptional material properties, making them 
particularly well-suited for integration into PIT 
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structures. Phosphorene exhibits significant 
anisotropy, a tunable bandgap ranging from 0.3 
to 2 eV, and strong light-matter interactions 
across a wide spectral range, including the 
visible and infrared regions. These features make 
phosphorene highly effective in supporting 
surface plasmon resonances necessary for bright 
modes. Furthermore, phosphorene's bandgap 
tunability, which can be controlled through 
structural engineering or external fields, offers 
substantial flexibility in adjusting the spectral 
position and width of the PIT transparency 
window.  In the latter part of this paper, 
phosphorene is used as one of the dark mode 
layers to see the effect it might have on the 
overall performance of the structure. 
Graphene, on the other hand, is exclusively 
employed as a material for dark modes in this 
study, owing to its outstanding electrical 
conductivity, ultrafast carrier mobility, and low 
optical losses in the infrared and terahertz 
frequency ranges. The tunability of graphene's 
Fermi energy, which can be modulated through 
external gating or chemical doping, further 
enhances its adaptability, enabling precise 
control over the spectral position and width of 
the PIT window. This dynamic tunability is 
particularly valuable for applications that require 
real-time spectral reconfiguration, such as 
adaptive sensing and filtering technologies, 
providing the versatility needed for a wide range 
of advanced photonic systems. To use 
Phosphorene and Graphene, the permittivity of 
the 2d layer of these materials needs to be 
acquired.  
For graphene, the surface conductivity, denoted 
as 𝜎𝑔, can be expressed using the Drude 
model[36], [37]: 
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In this model, 𝜔 represents the angular 
frequency, while the electron-phonon relaxation 
time, 𝜏, is given by τ = μEf/eVf

2 where vF = 106 
ms-1 is the Fermi velocity, and μ = 1×104 cm2v-

1s-1 represents the carrier mobility[38]. 𝐸𝑓 
denotes the Fermi energy of graphene, which is 

set to 0.6 eV in this study and the equation to 
calculate Ef based on externally applied voltage 
is also given in the above equation[39], where t 
represents the thickness of the graphene layer, n 
is the doping concentration, and the sign 
function accounts for whether the graphene is 
electron-doped (n>0) or hole-doped (n<0). V0 
denotes the voltage offset caused by natural 
doping in graphene, which is assumed to be zero 
in this work[39]. Based on this, the permittivity 
of graphene is derived as: 
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Here, ε0 is the vacuum dielectric constant. For 
monolayer graphene, the relative permittivity is 
known to be εr = 2.5, and the thickness of the 
graphene layer is dg = 0.34 nm[40].  
The permittivity of a phosphorene layer can be 
represented as a diagonal matrix [41]: 
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Here, εxx, εyy, and εzz correspond to the 
permittivity components in the X, Y, and Z 
directions, respectively, and can be expressed as: 
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In this equation, ϵr is the relative permittivity, 
which is equal to 5.76 for phosphorene [42]. ε0 is 
the permittivity of free space, d represents the 
thickness of the phosphorene layer, ω is the 
frequency of the incident light, σii is the surface 
conductivity, and εzz ≅ 0. According to the 
classical Drude model, the conductivity σii of 
phosphorene is given by [34]: 
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Here, ℏ is the reduced Planck’s constant, and η 
represents the carrier momentum relaxation, 
which is considered to be 10 meV in this 
work[43][44]. The Drude weight, Dii, is defined 
as: 
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In this expression, e denotes the electron charge, 
ns is the carrier density (assumed to be 1014 cm−2 
[45], [46]). For phosphorene with a lattice 
constant a=0.223nm and a bandgap Δ = 2 
eV[47], [48], the parameter values in the above 
equation are γ = 4a∕π eVm, ηc = ћ2∕(0.4m0), and 
νc = ћ2∕(0.7m0)[49]. Here, the rest mass of the 
electron is m0 = 9.10938 × 10-31 kg[49], [50].  
Figure 2 illustrates the variation in the real and 
imaginary components of the permittivity of 
graphene and phosphorene over a frequency 
range of 25 to 60 THz. 
 

 
Figure 2. Plot showing the real and imaginary 
components of the permittivity for phosphorene 
along the X and Y directions and Graphene. The 
graph illustrates the anisotropic behavior of 
these materials, highlighting the differences in 
their dielectric properties in response to external 
electromagnetic fields. 
 

3. Simulation Results 
 
To initiate the analysis, the first graphene dark 
mode is positioned symmetrically at Y1=50.5 nm 
from the bright mode (Figure 3(a)). This 
configuration represents a symmetric alignment. 

Subsequently, the dark mode is incrementally 
shifted along the x-axis, progressively 
introducing asymmetry until the positioning 
becomes fully asymmetric (Figure 3(c)). As 
illustrated in the graphs, the symmetric 
alignment primarily exhibits two transparency 
windows. However, in one of these windows 
(30–35 THz), one absorption peak demonstrates 
inefficiency, failing to effectively filter out the 
incident wave. In contrast, the fully asymmetric 
configuration results in three transparency 
windows, with all absorption peaks achieving an 
efficiency exceeding 80%. This performance is 
significantly superior to the symmetric 
arrangement. 
Additionally, as the structure transitions from 
symmetric to fully asymmetric positioning, 
several intermediate absorption peaks of varying 
strengths emerge, as shown in Figure 3(d). Some 
of these intermediate configurations, such as the 
one depicted in Figure 3(b), offer more stable 
and desirable performance compared to both 
fully symmetric and fully asymmetric 
alignments. Considering these findings, the 
optimal filtering performance is achieved when 
the dark mode is positioned asymmetrically with 
a separation of 300 nm on one side and 20 nm on 
the other. This configuration delivers superior 
filtering efficiency within the frequency range of 
25–45 THz. 
 

 
Figure 3. Variation in the absorption profile of 
the structure as it transitions from fully 
symmetric alignment (a) to fully asymmetric 
alignment (c). A comprehensive spectral profile 
is presented in (d), where a value of 160 
represents the fully symmetric configuration, 
and 0 corresponds to the fully asymmetric 
configuration. 
 
In the next step, the second dark mode is 
positioned at Y2=77.5 nm. This dark mode is 
divided within the simulation cell, with 20 nm on 
the left side and 300 nm on the right side, 
creating a configuration that is neither fully 
symmetric nor fully asymmetric. Subsequently, 



Geometric Asymmetry and 2D Material Engineering 

 

an additional graphene dark mode is introduced 
into the structure and incrementally shifted along 
the x-axis, transitioning from symmetric to 
asymmetric alignment. As shown in Figure 4, the 
symmetric alignment (Figure 4(a)) generates 
noticeably fewer and weaker transparency 
windows compared to the semi-asymmetric and 
fully asymmetric configurations. Moreover, one 
of the transparency windows formed in the fully 
asymmetric alignment exhibits a significantly 
higher degree of loss compared to the semi-
asymmetric alignment, which negatively 
impacts its filtering performance. Additionally, a 
comparison of the results in Figure 3(b) and 
Figure 4(b) reveals that the transparency 
windows in the latter case are more closely 
spaced, with a reduction in transparency 
efficiency. For instance, at a frequency of 29 
THz, the degree of loss increases from 15% in 
the semi-asymmetric alignment (Figure 3(b)) to 
22.5% in the configuration shown in Figure 4(b). 
This indicates that while the introduction of 
additional dark modes can enhance spectral 
characteristics in certain cases, careful alignment 
is critical to optimize filtering performance. 
 

 
Figure 4. Variation in the absorption profile of 
the structure with two dark modes, where the 
first is set in a semi-asymmetric configuration. 
The structure transitions from fully symmetric 
alignment (a) to fully asymmetric alignment (c). 
A detailed spectral profile is shown in (d), with 
160 representing the fully symmetric 
configuration and 0 denoting the fully 
asymmetric configuration. 
 
Finally, the third and final graphene dark mode 
is introduced into the structure. The vertical 
separation between the second and third dark 
modes is set to Y3=29 nm, while the horizontal 
position of the second dark mode is adjusted to 
have 208.5 nm on the left side and 111.5 nm on 
the right side of the structure. As illustrated in 
Figure 5, the addition of the third dark mode 
leads to an increase in the number of 
transparency windows, accompanied by a 

reduction in the width of both the absorption 
peaks and transparency windows. However, the 
maximum transparency value decreases as the 
number of dark modes and absorption peaks 
increases, particularly in the semi-asymmetric 
configuration. The optimal result in terms of the 
number of transparency windows (Figure 5(b)) 
is achieved when the third dark mode is 
positioned with 17 nm on the left side and 
303 nm on the right side. This configuration 
strikes a balance between maximizing 
transparency window count and maintaining 
desirable filtering performance. 
 

 
Figure 5. Variation in the absorption profile of 
the structure with three dark modes, where the 
first and second dark modes are set in semi-
asymmetric configurations. The structure 
transitions from fully symmetric alignment (a) to 
fully asymmetric alignment (c). A 
comprehensive spectral profile is presented in 
(d), with 160 representing the fully symmetric 
configuration and 0 corresponding to the fully 
asymmetric configuration. 
 
The observed behavior in this structure can be 
attributed to several factors. One of the primary 
reasons is the cross-coupling between the dark 
modes. By introducing asymmetry into the 
arrangement of the dark modes, the structure 
enables not only direct coupling between 
adjacent dark modes but also weaker interactions 
with more distant dark modes and even the 
bright mode. This extended coupling network 
modifies the destructive interference patterns, 
resulting in significant changes to the absorption 
and transparency characteristics. Additionally, 
the staggered design of the structure creates 
multiple Fabry-Pérot cavities within the system. 
These cavities facilitate the excitation of specific 
frequencies while simultaneously introducing 
higher degrees of loss for other frequencies. This 
interplay between the staggered configuration 
and the Fabry-Pérot resonances contributes to 
the complex spectral behavior observed, 
enhancing the structure's ability to filter and 
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manipulate electromagnetic waves across a 
broader range of frequencies. 
Now focusing on fully graphene-based 
structures, it is well established from Equation 
(1) that the surface conductivity of graphene is 
directly proportional to its Fermi energy. 
Additionally, Equation (1) also demonstrates 
that the Fermi Energy of graphene can be tuned 
by applying an external voltage. Building on this 
foundation, we investigate the effects of varying 
the Fermi energy of the three graphene dark 
modes. Previously, the Fermi energy of 
graphene was set at a constant value of 0.6 eV. 
For this study, we systematically adjust the 
Fermi energy to 0.4 eV, 0.6 eV, 0.8 eV, and 1.0 
eV, as illustrated in Figures 6(a), 6(b), 6(c), and 
6(d), respectively. The results reveal a clear 
trend: as the Fermi energy increases, both the 
absorption peaks and the transparency windows 
exhibit a spectral shift from lower to higher 
frequencies. Moreover, the primary absorption 
peak, located at 37.5 THz and originating from 
the phosphorene bright mode, remains fixed. 
However, the interaction between this bright 
mode absorption peak and the transparency 
windows, which are influenced by the graphene 
dark modes, leads to notable changes in the 
width and intensity of the main absorption peak. 
These findings highlight the dynamic interplay 
between the bright and dark modes and 
emphasize the potential of Fermi energy tuning 
to fine-tune the spectral characteristics of the PIT 
structure. 
As shown in Figure 6(a), for a Fermi energy of 
0.4 eV, the main absorption peak remains largely 
unaffected and is separated from the 
transparency window region. A minor 
interaction is observed near 38 THz, as indicated 
by a small transparency window, but overall, the 
main absorption peak remains intact and well-
defined. In Figure 6(b), corresponding to a Fermi 
energy of 0.6 eV, the transparency windows 
have shifted closer to the main absorption peak. 
This overlap results in a reduction in both the 
width and intensity of the absorption peak. The 
diminished performance is attributed to the 
alignment of one transparency window with the 
frequency of the main absorption peak, causing 
interference. Additionally, it is observed that as 
the absorption peaks shift beyond the 40 THz 
region, their performance degrades. This 
suggests that the structure becomes less effective 
at confining electromagnetic waves at higher 

frequencies compared to lower ones. For a Fermi 
energy of 0.8 eV, shown in Figure 6(c), the 
superposition of another absorption peak on the 
main peak allows it to remain fully intact. 
However, the neighboring transparency 
windows further narrow the main peak's width 
while also reducing their transmission 
efficiency. Finally, when the Fermi energy is 
increased to 1.0 eV, as depicted in Figure 6(d), 
both the absorption peaks and the transparency 
windows exhibit weakened performance. This 
degradation indicates that the structure's ability 
to sustain strong resonance and effective 
filtering diminishes at higher Fermi energy 
levels. These results also indicate a trend toward 
window flattening at higher Fermi energies (e.g., 
0.8–1.0 eV), where adjacent transparency 
windows begin to spectrally merge due to their 
shifted positions. This leads to a broader, less 
sharply defined transparency region, particularly 
in the 40–45 THz range, which can be 
advantageous in applications requiring 
wideband filtering or stable transmission. Thus, 
by tuning the Fermi level, the PIT structure can 
be dynamically engineered to exhibit either 
sharp, narrowband filtering or flatter, broadband 
characteristics, depending on the application. 
To better illustrate the trends in PIT behavior 
with varying Fermi energy levels, a comparative 
analysis of the absorption spectra in Figures 
6(a)–6(d) is essential. As the Fermi energy 
increases from 0.4 eV to 1.0 eV, the transparency 
windows exhibit a clear spectral shift toward 
higher frequencies, with an average 
displacement of approximately 0.8–1.0 THz per 
0.2 eV increment. Moreover, the number and 
shape of the transparency windows evolve 
significantly. At lower Fermi levels (0.4–0.6 
eV), the windows remain distinct and relatively 
narrow, while at higher levels (0.8–1.0 eV), 
adjacent windows begin to overlap, leading to 
the formation of broader, flatter transparency 
regions. This spectral merging reduces the 
sharpness of individual peaks but creates a more 
extended transmission band, particularly around 
the 40–45 THz range. This flattening effect 
becomes most prominent at 1.0 eV, where the 
PIT windows appear less isolated and more 
continuous. Such behavior is highly beneficial 
for broadband filtering and slow-light 
applications, where a flatter and more stable 
transmission profile is desired. Overall, the 
results confirm that Fermi energy tuning 
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provides a robust and dynamic mechanism for 
engineering the spectral characteristics of PIT 
structures. 
The potential to achieve a broader or more 
flattened PIT window in our proposed structure 
is primarily governed by two key mechanisms: 
geometric asymmetry and Fermi energy tuning 
of the 2D materials. As shown in Figures 3 
through 6, introducing asymmetric placement of 
dark modes increases the number of Fabry-
Pérot-like resonant cavities and enables more 
complex interference patterns. These effects lead 
to the formation of multiple closely spaced 
transparency windows that, under optimized 
configurations, can begin to merge into a broader 
composite window. Additionally, tuning the 
Fermi energy of the graphene layers directly 
modulates the plasmonic resonance frequencies 
of the dark modes. At higher Fermi energies 
(e.g., 0.8 eV to 1.0 eV), the spectral response 
shifts in a manner that stretches and partially 
overlaps adjacent transparency features. While 
this sometimes reduces peak sharpness, it also 
results in a flatter, more extended transparency 
region, especially in the 40–45 THz range. These 
findings suggest that by strategically combining 
geometric asymmetry and Fermi level control, 
the structure can be engineered to support 
broader or flattened PIT windows, which are 
advantageous for applications requiring stable 
transmission over a wider spectral band, such as 
broadband filtering or slow light systems. 
 

 
Figure 6. Absorption performance graphs of the 
graphene-based structure at varying Fermi 
energy levels: (a) 0.4 eV, (b) 0.6 eV, (c) 0.8 eV, 
and (d) 1.0 eV. 
 

Another aspect of interest is the impact of 
substituting graphene with another 2D material, 
such as phosphorene, in the structure while 
keeping all other parameters unchanged. To 
investigate this, the material of one dark mode in 
the structure is replaced with phosphorene to 
evaluate its effect on the absorption and 
transparency performance of the system. The 
results are presented in Figure 7, showcasing the 
absorption profiles for the following 
configurations: (a) all dark modes composed of 
graphene, (b) the first dark mode replaced with 
phosphorene, (c) the second dark mode replaced 
with phosphorene, and (d) the third dark mode 
replaced with phosphorene. From the results, it 
can be observed that introducing phosphorene 
primarily leads to a broadening of the existing 
absorption peaks. This broadening reduces the 
clarity of some transparency windows, as they 
become partially or fully covered by the 
expanded absorption regions. The degree of this 
effect varies depending on which dark mode is 
replaced with phosphorene. For instance, in 
Figure 7(d), the substitution of phosphorene in 
the third dark mode results in a noticeable 
broadening that adversely affects the 
performance of a transparency window. These 
findings highlight that while the use of 
phosphorene can introduce distinct changes to 
the absorption profile, it may also compromise 
the filtering performance by reducing the 
transparency window sharpness and coverage.  
The strategic incorporation of phosphorene as a 
dark mode material represents a deliberate 
approach to modulate the spectral response of 
the PIT structure through material diversity. 
Unlike graphene, which exhibits isotropic 
electronic properties, phosphorene's inherently 
anisotropic nature introduces direction-
dependent plasmonic behavior. This anisotropy 
manifests as broader absorption peaks when 
phosphorene replaces graphene in the dark 
modes, as evidenced in Figure 7(b-d). The 
broadening effect stems from phosphorene's 
unique band structure and lower electron 
mobility compared to graphene, resulting in 
increased damping of plasmonic oscillations. 
Specifically, when phosphorene is used as a dark 
mode material, it alters the coupling dynamics 
between bright and dark modes, modifying both 
the strength and spectral range of the destructive 
interference responsible for transparency 
windows. This material-induced spectral 
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engineering provides an additional degree of 
freedom beyond geometric manipulation and 
Fermi energy tuning, albeit at the cost of reduced 
transparency window sharpness. These findings 
illuminate the fundamental trade-offs between 
peak broadening and transparency efficiency 
when incorporating anisotropic 2D materials 
into PIT structures, offering valuable insights for 
material selection in application-specific filter 
design. 
 

 
Figure 7. Absorption profiles of the structure 
under different material configurations: (a) all 
dark modes composed of graphene, (b) the first 
dark mode replaced with phosphorene, (c) the 
second dark mode replaced with phosphorene, 
and (d) the third dark mode replaced with 
phosphorene. 
 
These findings highlight that while the use of 
phosphorene can introduce distinct changes to 
the absorption profile, it may also compromise 
the filtering performance by reducing the 
transparency window sharpness and coverage.  
 

4. Conclusion 
 
This study systematically explored the influence 
of structural symmetry, material composition, 
and Fermi energy tuning on the absorption and 
transparency performance of plasmon-induced 
transparency (PIT) structures incorporating 
graphene and phosphorene dark modes. The 
results demonstrated that transitioning from 
symmetric to asymmetric configurations 
significantly enhances the filtering performance 
by increasing the number of transparency 
windows and improving absorption peak 

efficiency. Specifically, the optimal 
performance was achieved with a semi-
asymmetric alignment, where the separation 
between the dark modes was carefully adjusted 
to balance peak width and transmission power. 
This highlights the critical role of geometric 
asymmetry in optimizing PIT structures. The 
introduction of additional graphene dark modes 
further refined the spectral characteristics but 
revealed a trade-off between the number of 
transparency windows and their overall 
efficiency. In particular, the addition of a third 
dark mode increased the number of transparency 
windows while reducing their sharpness and 
transmission power, emphasizing the need for 
precise mode placement to maintain 
performance. Tuning the Fermi energy of 
graphene emerged as another pivotal factor in 
controlling the spectral behavior. Adjusting the 
Fermi energy from 0.4 eV to 1.0 eV resulted in 
spectral shifts of the absorption peaks and 
transparency windows, with higher Fermi 
energies leading to diminished performance at 
higher frequencies. This underlines the potential 
of external voltage control as a mechanism for 
dynamically optimizing PIT structures for 
specific frequency ranges. Finally, the 
substitution of graphene with phosphorene in 
one of the dark modes revealed the material's 
potential to broaden absorption peaks, thereby 
altering the transparency window profile. While 
this material substitution introduced notable 
spectral changes, it also reduced the sharpness 
and efficiency of transparency windows, 
underscoring the need for careful material 
selection to achieve desired filtering 
characteristics. In conclusion, this work provides 
valuable insights into the intricate interplay 
between geometry, material composition, and 
electronic tunability in PIT structures. These 
findings pave the way for the design of advanced 
tunable filters and sensors that leverage the 
unique properties of 2D materials to achieve 
high-performance, frequency-specific 
functionality across the terahertz spectrum. 
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