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Abstract

A high-sensitivity terahertz (THz) biosensor is proposed in this paper based on a multi-
layer hybrid structure consisting of a defect mode and graphene with a truncation layer.
This biosensor is based on symmetrical Bragg reflectors with a defect layer and graphene
with a truncation layer, which effectively comprise a multi-layer hybrid resonance exci-
tation structure. The high sensitivity of this biosensor is developed through defect mode
resonance, and the resonance reflection peak is made sharper and more sensitive by using
graphene with a truncation layer. After testing and analysis, the sensitivity of this biosensor
structure is greatly affected by the refractive index and thickness of the sensing medium.
By setting parameters appropriately, the composite structure can be used as both a liquid
biosensor and a gas biosensor, the maximum sensitivity of which can surpass 2000° /RIU,
while an FOM value of 22,500 RIU~! can be achieved. At the same time, when the re-
fractive index of the liquid sensing medium changes to 0.01 relative to water (the same
applies to changes in the gas sensing medium), the sensitivity of this structure still exceeds
600° /RIU, demonstrating that this biosensor has advantages including high sensitivity,
a high FOM, wide applicability, and slow sensitivity attenuation. Therefore, the sensing
scheme proposed in this paper has potential application prospects in the field of biosensing
based on micro/nanostructures due to its simple structure, low requirements for processing
conditions, and high sensitivity.

Keywords: terahertz biosensor; graphene; defect mode

1. Introduction

Optical biosensors carry out the conversion of biological information into optical
signals, transforming invisible biological phenomena into visible or measurable optical phe-
nomena and converting biological signals into optical signals that can conveniently be used
for measurement and quantification [1]. They provide non-contact and non-destructive
measurements, display strong anti-interference ability, and have high sensitivity [2], and
they have been widely used in various biological detection fields, including environmental
monitoring [3], food safety [4], pathogen detection [5], biomedicine research [6], small
molecule detection [7], etc. Micro/nanostructures, due to their easy integration and small
size, have gradually become popular among researchers working with biosensors in recent
years, and many related schemes have been proposed, including photonic crystals [8],
microring cavity structures [9], carbon nanotubes [10], THz plasmas [11], toroidal dipole
resonance [12], etc. Based on the sensitivity of surface plasmon resonance (SPR) to subtle
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changes in the external environment, SPR has been widely studied and applied in the
field of micro/nanostructure optical sensing [13,14]. Through research and analysis of
new materials and mechanisms, various schemes of optical biosensors incorporating SPR
have been proposed by researchers with the aim of achieving the research goals of high
sensitivity, dynamic controllability, and simple structure [15-17].

The defect mode of one-dimensional photonic crystals is an intriguing physical phe-
nomenon that has attracted widespread attention from researchers and that plays an
important role in fields such as optical communication, sensors, and optical devices. When
a defect is introduced into a one-dimensional photonic crystal structure by altering the
refractive index or thickness of a specific layer, it disrupts its periodicity, potentially creat-
ing a defect mode. The energy of the defect mode field is typically localized at the defect
site, characterized by a narrow frequency range and high light intensity. This property
facilitates the construction of high-quality-factor photonic crystal microcavities and en-
ables high-sensitivity, high-resolution biological sample sensing. For example, Wang et al.
designed a high-quality-factor slot photonic crystal nanobeam cavity structure based on
SOI material [18]; Yang et al. proposed a silicon-based highly integrated one-dimensional
photonic crystal nanobeam cavity sensor array structure [19]; Stanley proposed a photonic
crystal microring resonator biosensor through experiments [9]; Jena et al. proposed a new
one-dimensional photonic crystal (1D PC) containing moderately doped silicon semicon-
ductor for THz light-based thermal sensors with a defect mode [20]; and Ye et al. used a
composite structure of graphene and a one-dimensional photonic crystal to create highly
sensitive and tunable biosensors in the terahertz band [21]. Tang et al. studied a multi-layer
structure biosensor in the terahertz band, placing the sensing medium between 1D PC
and graphene to enhance optical high sensitivity through optical resonance excitation of
OTS [22]. Liu et al. designed a hybrid structure with a built-in defect layer based on the
OTS structure, which coupled the Tamm surface plasmon mode and the defect mode to
obtain high-sensitivity terahertz biosensors [23]; Bao et al. used the same hybrid structure
but replaced graphene with Dirac material, and also obtained high-sensitivity terahertz
biosensors based on mode coupling between the Tamm surface plasmon mode and the
defect mode [24].

As a typical two-dimensional material, graphene has attracted significant attention
from researchers in the biosensor field in recent years due to its metallic properties, ultra-
thin structure, and excellent photoelectric characteristics [25,26]. Additionally, surface-
localized modes, such as Bloch surface waves (BSWs), propagating at the interface between
a continuous medium and a truncated periodic full dielectric structure represent a case of
local field enhancement [27]. The truncation of one-dimensional photonic crystals at the
surface disrupts their lattice’s periodicity, leading to the formation of a localized electro-
magnetic field on the surface of the truncation layer. For example, Zheng et al. investigated
near-infrared biosensors using a BSW structure based on Dirac semimetals to meet high
sensitivity requirements [28]. On this basis, we theoretically propose a high-sensitivity
optical biosensor based on a multi-layer hybrid structure combining a defect layer and
graphene with a truncation layer. This biosensor utilizes a symmetrical Bragg reflector
composed of one-dimensional photonic crystals with an embedded defect layer, which
effectively forms a multi-layer hybrid resonant excitation structure. This structure retains
the characteristics of the defect mode [23] while incorporating the local field enhancement
properties of the truncation layer [28], which generates a resonance reflection peak in the
terahertz frequency band. By utilizing the characteristics of graphene and the local field
enhancement of the truncation layer, the resonance reflection peak becomes sharper and
more sensitive, thereby achieving high biosensor sensitivity. Testing and analysis reveal
that factors significantly affecting the sensitivity of this structure include the refractive
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index and the thickness of the sensing medium. In order to expand the application poten-
tial of this work, we simultaneously tested the biosensor under gas and liquid conditions
through comparative analysis. After structural optimization and parameter adjustment,
the biosensor maintains sensing performance comparable to liquid scenarios under gas
conditions, and the refractive index sensitivity can reach over 2000° /RIU, while an FOM
value of 22,500 RIU ! can be achieved. This biosensor, with a micro/nanostructure, offers
advantages such as a simple structure, strong adaptability to different scenarios, high
sensitivity, a high FOM, and slow sensitivity attenuation. We believe it holds great potential
for application in this field.

2. Theoretical Models and Methods

On the basis of a typical 1D PC multi-layer structure, we consider a hybrid structure
consisting of a built-in defect layer, symmetrical Bragg reflectors (DBRs), and graphene
with a truncation layer. The structure is divided into five main parts from top to bottom, as
shown in Figure 1. Photonic Crystal 1 and Photonic Crystal 2 have similar structures with
symmetrical distributions; both are DBR structures composed of two alternating dielectrics,
A and B, with periods of N1 and N, respectively. Their refractive indexes and thicknesses
are represented as 1,4, 1y, dg, and dy, respectively. A sensing medium layer with refractive
index ns and thickness d; is placed between the two photonic crystals. In order to meet
the application requirements of biosensors in practical scenarios, input and output ports
are integrated into the sensing medium layer, serving as a circulation pool for liquid/gas.
This configuration enables the formation of a defect mode within the photonic crystals.
Additionally, graphene is positioned at the bottom of the structure, separated from Photonic
Crystal 2 by a truncation layer, creating a plasmonic-like mode and ultimately forming a
multi-layer hybrid resonant excitation structure.
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Figure 1. Schematic diagram of a terahertz biosensor based on a multi-layer hybrid structure with a
defect mode incorporating graphene. From top to bottom, the structure consists of Photonic Crystal 1,
a sensing medium layer, Photonic Crystal 2, a truncation layer, and graphene.

We assume that the incident light is incident from the air above the structure at an
angle of 0, and the terahertz band is selected in the structure with a center wavelength
of Ac =300 um. The refractive index and thickness of dielectric A are set as n, = 2.35 and
d, = 31.12 um, respectively, which can be achieved using glass in actual optical materials.
In the same way, the refractive index and thickness of dielectric B are set as 1, = 1.37 and
dp = 44.9 um, respectively, which can be achieved using MgF2 in actual optical materials.
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The refractive index and thickness of the truncation layer C are set to n.=1,=2.35 and
d.=0.5d,, respectively. Currently, two photonic crystal periods are set to the same value:
N1 = N; = 12. Meanwhile, for the convenience of analysis, we do not take the impact of
absorption by the biosensing layer into consideration. Firstly, analyze liquid sensing and
set the refractive index and thickness of the sensing layer to ns = 1.33 and ds = 486.8 pm,
respectively. Considering that the thickness of single-layer graphene is only 0.34 nm, we
use conductivity to represent its photoelectric properties. However, during calculation,
graphene can be divided into single-layer and multi-layer structural forms. After calcula-
tion, it was found that single-layer graphene meets the structural requirements in this paper.
In addition, ignoring the external magnetic field and under the conditions of limited ran-
dom phase approximation and a terahertz frequency range (where the inter-conductivity
of graphene is much smaller than the intra-conductivity), considering only the single-layer
embedding structure of graphene, its conductivity can be obtained as follows [29]:

iezEf

S w v i) @

where e is the elementary charge constant, # is the simplified Planck constant, w is the
angular frequency of the incident beam, 7 is the relaxation time, and Ef = A f(7T1’12D)1/ 2
is the Fermi energy. vy = 10/ /s is the Fermi velocity of the electron, and nyp is the
carrier density. It can be inferred that the Fermi energy E can be directly obtained through
the carrier density n,p, which can be controlled by the external voltage. Therefore, the
surface conductivity of graphene can be flexibly controlled by the applied voltage, making
its electrical conductivity characteristics tunable. In the following calculations, the Fermi
energy of graphene is set to Ef = 0.5 eV, and the relaxation time is set to T = 1 ps.

In order to effectively measure the sensing performance in the next step, it is necessary
to calculate the reflectivity of the entire structure using the mature and classic transmission
matrix method [30]. As multi-layer hybrid resonant excitation structures can be excited
in both TM and TE polarization modes, the transfer matrices between graphene and the
dielectric (the truncation layer in this structure) can be expressed as follows [30]:

(@ TM polarization mode:

2
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where 1co = eckoz/ €0k, and Ec, = okoz/€0eow; here, k, is the wave vector component

of electromagnetic waves propagating in the lower air layer, and k¢, is the wave vector

component of electromagnetic waves propagating in the dielectric C (the truncation layer).
@ TE polarization mode:
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where 11co = koz/kc; and ¢co = opow /ke,-

Finally, we calculate the transmission matrix of the entire structure [30]. As mentioned
earlier, the thickness of graphene is only 0.34 nm. Based on Formulas (2) and (3) and its
conductivity characteristics, the graphene in this structure is considered as a boundary
condition for calculation, rather than as a mono-layer. By substituting the above conditions
into the propagation matrix formula, we can obtain

M =D;_+4(PaDa_~pPpDp_~ )N " 'PaD4_~pPsDp_~5PsDs_~p
o(PgDp_~aPaDs_~p5)N* 'PgDp - AP4DA_~cPcDe <,

(4)
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and then the reflection coefficient of the entire structure can be expressed as r = M1/ Mj4
and the reflectance is R = |r|*.

In order to measure the performance indicators of biosensors, we regard the sensitivity
as the core indicator. The sensitivity of this structure based on angle modulation is defined

as [31]
A6

T Ang’

where A0 represents the angle change of the reflection resonance peak and Ang represents

(5)

the change in the refractive index in the sensing medium layer.
Additionally, the quality factor (DA) is defined as DA = 1/FWHM (full width at half
maxima), and the figure of merit (FOM) can be calculated using FOM = S-DA [22].

3. Results and Discussion

Compared to theoretical modeling, experimental validation involves more practical
considerations, such as micro/nano-scale manufacturing, and requires relatively complex
requirements. Therefore, the current study focuses on the theoretical aspect. It is important
to note that there are mature experimental methods for sensing based on DBR-related
structures. The implementation of such experimental work will be the main focus of our
subsequent research stages.

When discussing the effects of the defect layer and graphene with a truncation layer,
it is important to note that biosensors (including Tamm state surface plasmon with or
without graphene, as well as the multi-layer hybrid resonant excitation structure described
in this paper) require observing trends in certain factors (such as the reflection peak of the
refractive index) to measure their sensitivity. Therefore, we first focus on the correlation
between the reflectivity of this structure and the incident angle to determine its sensitivity
characteristics. For convenience of comparison and optical mechanism analysis, using
the parameters discussed in the previous section, we plot comparison graphs of four
state reflection curves in Figure 2. Figure 2a separately shows the impact of the defect
layer and graphene on the reflection curve of this structure (with the truncation layer
unchanged). Figure 2b provides an enlarged partial view of the reflectance curves. The
resonant excitation structure mentioned here is insensitive to the incident angle, so its
excitation conditions differ from SPR (where the reflection peak occurs at a position greater
than the total reflection angle), and it can even satisfy excitation conditions at small angles.
From Figure 2a, it can be observed that if only a distributed Bragg symmetric photonic
crystal structure is used, the reflectance between 0° and 35° is nearly 1, indicating a
typical photonic band gap (shown by the black dashed line). In this case, the entire
structure functions as a Bragg reflector, with electromagnetic waves being almost unable
to pass through, thus failing to meet the sensing requirements. On this basis, a sensing
layer is embedded between the symmetrical photonic crystals to form a defect layer (as
shown in Figure 1). The blue dashed line in Figure 2b reveals a distinct sharp reflection
peak near 1.175°, a typical feature of a defect mode. Furthermore, when graphene and
a defect layer are loaded simultaneously, resonance excitation modes will occur under
appropriate parameter control, forming sharp resonance reflection peaks (as shown by the
red solid line).
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Figure 2. Influence of the defect layer and graphene on resonance excitation in the application case of
the structure as a liquid biosensor. (a) Comparison chart of reflectance curves with incident angle for
four different states: (D loaded with a defect layer but without graphene (blue dashed line), @ loaded
with graphene but without a defect layer (green dashed line), 3 loaded with neither graphene nor
a defect layer (black dashed line), @) loaded with both graphene and a defect layer (red solid line).
(b) Enlarged partial view of reflectance curves. (c) The influence of the truncation layer with graphene

on the curves.

In order to better analyze the influence of the truncation layer with graphene on
the curves, as shown in Figure 2c, the green dash-dotted line (with only a defect mode,
loaded with neither graphene nor a truncation layer) displays the shape of the reflection
peak corresponding to the defect mode. This reflection peak exhibits some noticeable
deformations (particularly evident in the subsequent gas sensor analysis). On the basis of
the defect mode, loading with a truncation layer clearly improves this deformation of the
reflection peak, as shown by the blue dashed line in Figure 2c. Similarly, the red dotted line
(indicating that both the defect mode and graphene are loaded, without a truncation layer)
shows that the reflection peak is not sufficiently sharp. After adding the truncation layer,
the resonance reflection peak becomes very sharp, as indicated by the red solid line, with
sharpness exceeding that of the blue solid line. As previously mentioned, the introduction
of a truncation layer disrupts the periodicity of the photonic lattice by truncating one-
dimensional photonic crystals on the surface, creating a local electromagnetic field on
the surface of the truncation layer, resulting in local field enhancement. Considering the
relationship between the defect mode and the plasmonic structure, which is similar to
that formed by graphene with a truncation layer, its resonant excitation mode makes the
downward reflection peak sharper and more sensitive. Even minor changes in the sensing
layer can significantly affect the reflection resonance peak, providing favorable conditions
for high-sensitivity sensing detection. This also lays the foundation for future research
combining such structures with Bloch surface waves.

For linearly isotropic materials, their transmission characteristics can be described
by the transmission matrix [32]. For simplicity, the electric field intensity of each layer in
this structure can be approximated as a constant, equal to the electric field intensity on the
right side of the layer. Thus, the transmission matrix of each layer is no different from the
ordinary transmission matrix. Using Formula (4) to calculate the transmission matrix, the
transmission matrix of the entire structure can be obtained by multiplying n transmission
matrices as follows [32]:

E E
U= MyMoM;. .. M, (M, | "1 (6)
Hy Hy
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where E; and Hj are the electric and magnetic fields on the incident surface of the material,
while E,, 1 and H, 1 are the electric and magnetic fields on the exit surface of the material.

Figure 3 shows the electric field intensity distribution of this structure at an angle
6 = 1.175° where the sharp reflection peak previously mentioned is located. The width
values of the structural layers in this figure are simplified, with n representing the number
of layers in the structure. Here, n is used to calculate the electric field intensity from the
transmission layer (1 = 0) to the incident layer (1 = 101), with a defect layer positioned at n
= 52. From Figure 3a, two peaks of electric field intensity are observed around the defect
layer, with the defect layer situated between these two peaks, forming a small valley. This
indicates strong confinement of the electric field near the defect layer, and a decrease in
electric field intensity is observed at further distances from the defect layer, with a decrease
in intensity at greater distances, confirming the formation of the defect mode. To observe
this more clearly, we use color bars to indicate the electric field intensity, where a blue
color bar represents lower intensity and a yellow one represents higher intensity. The
defect layer displays yellow color bars, signifying enhanced light-matter interaction and
a unique double-peak-with-valley phenomenon. To further illustrate the impact of the
truncation layer and graphene in this structure, we have provide a comparison diagram
of the electric field intensity distribution in Figure 3b. The blue solid line corresponds to
the case with only a defect layer, and the peak electric field intensity near the defect layer
is 2.2 x 10* V/m, which represents the phenomenon of the previously mentioned defect
mode. The green solid line represents the case with a graphene-loaded truncation layer
but without a defect layer, exhibiting a peak near the incident layer with an electric field
intensity of 1.5 x 10° V/m (normalized for ease of comparison). In this case, the photonic
crystal is interrupted by the truncation layer, leading to collective oscillation of incident
light and graphene surface electrons, forming a locally enhanced surface wave highly
localized near the incident layer. This high electric field intensity excitation provides new
directions for research and technical solutions in optical fields such as optical bistability.
By combining these two elements, the electric field intensity near the defect layer of this
structure is greatly enhanced, reaching a peak of 4.9 x 10* V/m (as shown by the solid red
line in Figure 3b), thereby further promoting light-matter interaction.

. 1 1.0 T T T T T T T T T
’-w (b)
. 0.8 0.8 4|—— with Defect layer i
& truncation layer
& Graphene
] 0.6 % 0.6 with Defect layer ﬁ
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. 04 — 0.4 J-
N
. 0.2 0.2 |7
|
0.0 0.0 == e J:/”ff
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

n(layer) n(layer)

Figure 3. In the liquid biosensor case, (a) shows the electric field distribution of this structure at an
angle of 0 = 1.175°, and (b) presents a comparison of the electric field distribution: loaded with only a
defect layer (blue solid line), loaded with a truncation layer with graphene but without a defect layer
(green solid line), and loaded with a truncation layer with graphene based on the defect layer (red
solid line).

First of all, we analyzed and discussed the case of an aqueous solution containing
biomolecules, assuming an initial refractive index of the liquid of n; = 1.33. Next, we exam-
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ined the sensitivity characteristics of the entire sensor structure, assuming a refractive index
change of Ang = 0.0004 in the sensing layer caused by interactions between biomolecules
in the external environment. From Figure 4a, we observed the relationship between re-
flectance and incident angle for different sensing layers in the aqueous solution. When the
refractive index of the sensing layer of the aqueous solution is ns = 1.33, a sharp resonance
reflection peak appears at 1.175°, consistent with the situation in Figure 2. Assuming
that external environment changes caused the refractive index of the aqueous solution
to become 15 = 1.3304 due to subtle biological characteristic changes, the reflection peak
of the structure shifted to a higher angle by more than 0.8°. According to the sensitivity
calculation formula, the sensitivity of the biosensor at this point exceeded 2000° /RIU. This
means that the reflection peak based on resonance excitation is significantly affected by
structural or material parameters, making it highly suitable for high-sensitivity sensing
and measurement of environmental changes. Additionally, based on the parameters in
Figure 4a, the FOM value of the sensor in this case was calculated as 22,500 RIU ! using the
FOM expression from reference [22]. This is because the resonance peak generated by the
defect mode and the truncation layer with graphene produce a very sharp reflectivity curve
with a low full width at half maxima (FWHM), resulting in a high FOM for this structure. A
high FOM indicates strong resolution and excellent performance of the biosensor. We also
conducted adjustment tests using varying values for the working wavelength (A), graphene
Fermi level, and thickness of the truncation layer in this structure. The Fermi energy of
graphene and the thickness of the truncation layer have little effect on the sensitivity but
do influence the reflectivity of the reflection resonance peak, i.e., its sharpness. As shown
in Figure 4b, the sensitivity increases significantly with an increasing working wavelength
(A). Nevertheless, the working wavelength cannot be increased indefinitely: on the one
hand, increasing the working wavelength causes deformation in the reflection resonance
peak; on the other hand, due to the close correlation between adjusting parameters and
the positions of resonance excitation with the defect mode in the sensing layer, increasing
the working wavelength gradually eliminates the reflection resonance peak, weakening
the sensing characteristics of the overall structure. Here, a working wavelength of 300 pm
was chosen.

1.0

0.5

(a)

2000+
f 1800 n,=1.33,d,=486.8 ym| ~ (b)

1600 -
1400 -
1200 -
1000 -
800 A
600 A

ng=1.33
ns=1.3304

Sensitivity(°/RIU)

0.0

1.0

T T T T T 400 T T T T
12 14 16 18 20 22 299.2 2994 2996 299.8 300.0

B(degree) lam(um)

Figure 4. In the liquid biosensor case, (a) shows the relationship between reflectance and the incident
angle for different sensing layers, and (b) illustrates the influence of variations in the working
wavelength (A) on the biosensor.

As mentioned earlier, the defect layer introduces a sensing medium. In order to
measure its impact on this structure, as shown in Figure 5, it is necessary to study and
analyze the relationship between the parameters of the sensing layer and the sensitivity
of this structure. From Figure 5a, it can be seen that there is a significant monotonic
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decreasing relationship between the thickness of the sensing layer and the sensitivity of the
biosensor, meaning that smaller sensor thickness values can improve sensitivity. However,
thickness cannot be minimized indefinitely, as this imposes higher requirements on the
preparation precision and processing technology of biosensors. Additionally, due to the
close relationship between the thickness of the sensing layer and the position of resonance
excitation with a defect mode, adjusting the defect layer weakens the characteristics of
the defect mode, leading to reduced sensing performance and the gradual disappearance
of the reflection resonance peak. Thus, we only plotted the curve of the thickness above
ds = 486.8 pm of the sensing layer. From Figure 5b, as the refractive index of the sensing
layer changes, the sensitivity is greatly affected. When the refractive index of the sensing
layer increases, the sensitivity gradually decreases, forming an attenuation state. The
refractive index in aqueous solution sensing is typically around 1.33; for example, the
refractive index of methanol is 1.3290, that of glucose is 1.345, and that of proteins is usually
between 1.34199 and 1.34275 (e.g., milk whey protein). When the refractive index of the
liquid changes by 0.01 relative to water, the sensitivity exceeds 600°/RIU and still has high
sensitivity characteristics, indicating relatively slow sensitivity attenuation. Therefore, even
though biological detection occurs in aqueous environments with a refractive index near
1.33, the biosensor can still usually meet high sensitivity requirements.

2000 2000
1800 1 (a) ——n=1.33 1800 ] (b) —— d.=486.8 ym
1600 5 1600
1400 x
1200 < 1400
1000 2 1200
(2]
800 & 1000-
600 - 800
400+ 500
200 ; . . . . . . . . .
486 488 490 492 494 496 498 500 1330 1.332 1.334 1.336 1.338 1.340
dy(um) n,

Figure 5. In the case of a liquid biosensor, the influence of changes in the thickness ds (a) and refractive
index 15 (b) of the sensing layer on its sensitivity.

Furthermore, we expanded and discussed the biosensing applications of the structure
in Figure 1 to meet the needs of gases biosensing through appropriate parameter selection.
In the previous liquid biosensing research, we only modified the refractive index and
thickness of the sensing layer to n; = 1.0 and ds = 359.6 um, respectively, with the other
parameters unchanged. This resulted in the comparison of reflectance curves shown in
Figure 6, which presents the relationship between the reflectance and incident angle for
gas biosensors in four states. Figure 6a separately shows the impact of the defect layer and
graphene on the reflection curve of this structure (with the truncation layer unchanged).
Figure 6b provides an enlarged partial view of the reflectance curves. From this curve, it is
evident that when gas serves as the medium in the sensing layer, the composite structure
of one-dimensional photonic crystals embedded with a defect layer and graphene with
a truncation layer generates asymmetric reflection resonance peaks corresponding to the
resonance excitation. As shown in Figure 6¢, when only a defect mode is loaded, the
deformation of the reflection peak is very noticeable (as shown by the green dash-dotted
line and the blue dashed line). However, loading the truncation layer with graphene on
the basis of the defect mode not only improves the deformation of the reflection peak but
also makes it sharper (as shown by the red solid line). Similarly to liquids, this reflection



Biosensors 2025, 15, 702

10 of 14

Reflectance

resonance peak is highly sensitive to small changes in the refractive index and thickness of
the sensing layer.
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Figure 6. Influence of the defect layer and graphene on resonance excitation in the application case of
the structure as a gas biosensor. (a) Comparison chart of reflectance curves with incident angle for
four different states: (D loaded with a defect layer but without graphene (blue dashed line), @ loaded
with graphene but without a defect layer (green dashed line), 3) loaded with neither graphene nor
a defect layer (black dashed line), @ loaded with both graphene and a defect layer (red solid line).
(b) Enlarged partial view of reflectance curves. (c) The influence of the truncation layer with graphene

on the curves.

From Figure 7a, assuming that the change rate of the refractive index is 0.0002 for gas
sensing, the reflection resonance peak shifts to a higher angle by 0.8°. According to the
sensitivity calculation formula, the sensitivity of the sensor exceeds 2000° /RIU, and the
FOM value of 22,500 RIU~! can be calculated in this case. Similarly to aqueous solutions,
as the working wavelength (A) increases, the sensitivity of the gas biosensor gradually
and significantly increases, as shown in Figure 7b. Additionally, the Fermi energy level of
graphene and the thickness of the truncation layer have little effect on sensitivity, but do
influence the reflectivity of the reflection resonance peak, i.e., the sharpness of the reflection
peak. From Figure 7c, it can be seen that the sensitivity changes with adjustments to the
thickness of the sensing layer: as the thickness of the sensing layer increases, the sensitivity
of the gas biosensor decreases, and vice versa. This behavior is similar to that observed in
aqueous solutions. From Figure 7d, it can be seen that as the refractive index of the sensing
layer changes, the sensitivity is greatly affected. When the refractive index of the sensing
layer increases, the sensitivity gradually decreases, resulting in an attenuation state. In
gas sensing, the refractive index is generally slightly above 1.0; for example, the refractive
index of carbon monoxide is 1.000338, that of carbon dioxide is 1.000449, that of ammonia
is 1.000376, that of hydrogen sulfide is 1.000634, and that of methane is 1.000444. When
the change in the refractive index of the gas reaches 0.01 relative to air, the sensitivity still
exceeds 600° /RIU, meaning that the biosensor retains its high sensitivity characteristics,
indicating relatively slow sensitivity attenuation. Thus, the sensor generally meets high
sensitivity requirements for biological detection in gas environments with a refractive index
close to 1.0.

Finally, the biosensor structure proposed in this paper was compared with other
biosensor structures, as shown in Table 1. In order to achieve high sensitivity and a high
FOM, many schemes presented in other publicly published biosensing papers demonstrate
varying sensing performance [33,34]. The design in this paper is based on a DBR structure,
which is a typical example of 1D PC known for its ease of manufacturing and design [35].
Additionally, the simplicity of depositing the multi-layer stacks, the direct optical excitation
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using both TE light and TM light, and its high FOM mode demonstrate this structure’s
potential for interesting practical applications [36] and also provide possibilities for the

experimental testing and preparation of this structure. Overall, the structure proposed in

this paper offers superior sensitivity, a better FOM, and a simpler design.

1.0 2200
2000 \ n=1,d,=359.6 pm\ (b)
ng _1 0 5 18001
g - n,=1.0002 & 1600
g = 1400
3 0.5 =2
= £ 1200
o ®
& 1000
800 A
600 A
0.0 T 400 T T T T
0.8 1. 0 1 2 1.4 1.6 2992 2994 2996 299.8 300.0
B(degree) lam(pm)
2000 2000
1800 - —— ng=1 1800 . (d) —— d.=359.6 ym
5 1600 5 1600
Z 1400+ z
< 1200- g 1400,
= ] = 1200+
3 1000 B
3 800 3 1000 ~
6004 800
4007 600 1
200 T T T T T T T
360 364 366 368 370 1.000 1.002 1.004 1.006 1.008 1.010
dy(um) ng
Figure 7. In the gas biosensor case, (a) shows the relationship between the reflectance and incident
angle for different sensing layers, (b) illustrates the influence of working wavelength (A) on the
biosensor, (c) presents the influence of thickness ds on the biosensor, and (d) shows the influence of
the refractive index 75 of the sensing layer on the sensitivity of the biosensor.
Table 1. Comparison of refractive index sensing schemes for different mechanisms and structures.
Ref. Mechanism Structure Sensitivity FOM (RIU-1) Frequency Range
[22] OTSs sensor Graphene—Bragg 407.36° /RIU 65 THz
reflector structure
21] OTSs sensor Graphene—Bragg 517.9° /RIU 2229 THz
reflector structure
[37] SPR sensor Otto structure 147° /RIU / THz
[38] SPR sensor Kretschmann structure 257° /RIU 45 Visible light
[39] BSW sensor TMDC-Bragg reflector 231°/RIU 48,250 Near-Infrared
structure
. Graphene-Bragg
23] Mode coupling reflector structure 1085° /RIU 8482 THz
sensor .
(with a defect layer)
. Bds-Bragg reflector
[24] M"d:e;zgflmg structure 1022° /RIU / THz
(with a defect layer)
. Graphene-Bragg
This work Defect mode-based reflector structure 2025° /RIU 22,500 THz

coupling sensor

(with a defect layer)

4. Conclusions

In summary, we propose a highly sensitive terahertz biosensor with a symmetrical

Bragg reflector multi-layer hybrid structure. In this composite structure, a defect mode

formed by photonic crystals and graphene with a truncation layer excites the reflection
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resonance peak. The sharpness of this resonance peak provides conditions for achieving
high-sensitivity refractive index sensing. By optimizing relevant parameters, this structure
enables biosensing in solutions and gases. Through structural optimization and parameters
adjustment, a refractive index sensitivity greater than 2000°/RIU and an FOM value of
22,500 RIU~! can be achieved in both liquid and gas sensors using this structure, demon-
strating the high sensitivity of these biosensors. Additionally, when the refractive index of
a sensing medium such as a solution changes to 0.01 relative to water (similarly for a gas
sensing medium), the sensitivity of this structure remains above 600° /RIU, highlighting its
broad applicability and slow sensitivity attenuation characteristics. Furthermore, the sens-
ing characteristics of this structure are highly responsive and sensitive to the refractive index
and thickness of the sensing medium. The sensing scheme features a simple structure, low
processing requirements, high sensitivity, and a high FOM. Thus, this micro/nanostructure
holds potential application value in the field of biosensing.
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