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This study explores the theoretical design of a one-dimensional ternary photonic crystal with parity-
time (PT) symmetry for terahertz-based optical biosensing of oral cancer. The proposed structure 
follows the arrangement (ABA)N/D/(ABA)N, where layers A (doped SiO2) and B (Si) form the periodic 
lattice, and D serves as a defect layer containing either healthy or cancerous oral cells. Transmission 
spectra were analyzed under varying PT-symmetry parameter (Q) conditions, revealing distinct 
defect modes within the photonic bandgap that exhibit strong dependence on the optical properties 
of the biological tissue. Comparative analysis between healthy and malignant cells showed notable 
variations in transmission amplitude and peak positions, with peak transmittance reaching 7.41 × 1010 
at optimized Q-values. The system demonstrated exceptional sensitivity, achieving a maximum 
transmittance-based sensitivity of 2.1 × 10¹² %/RIU, highlighting its capability to detect minute 
refractive index changes. These results indicate that the PT-symmetric photonic crystal structure 
provides a highly sensitive, non-invasive, and label-free optical platform for early and precise oral 
cancer detection in the terahertz regime.
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Oral cancer remains a pressing global health issue, ranking among the most common malignancies and 
contributing significantly to cancer-related morbidity and mortality1,2. Early detection plays a vital role in 
improving survival rates, yet current diagnostic methods often rely on invasive biopsies and histopathological 
analyses, which can delay timely intervention. In recent years, optical biosensors have gained increasing attention 
for their potential in non-invasive, label-free, and real-time detection of malignancies, including oral cancer3–9. 
Among these, photonic crystal-based biosensors have demonstrated high sensitivity and specificity due to their 
ability to detect subtle changes in the refractive index of biological samples, a characteristic that is particularly 
useful for distinguishing between healthy and cancerous cells10–14.

One-dimensional photonic crystals (1D-PhCs)15–23, in particular, have emerged as promising platforms for 
biosensing due to their simple fabrication, strong photonic bandgaps (PBGs), and compatibility with terahertz 
(THz) frequencies, which are non-ionizing and well-suited for probing biological tissues, hazardous gases, 
radiation, etc24–28. The integration of a defect layer into these periodic structures enables the creation of highly 
localized modes whose spectral position is highly sensitive to the refractive index of the inserted analyte, such as 
tissue samples from the oral cavity29,30.

Furthermore, incorporating parity-time (PT) symmetry into photonic crystals has introduced a new 
paradigm for enhancing biosensor performance31–34. PT symmetry, achieved by balancing gain and loss within 
the photonic system, can lead to unique optical phenomena such as exceptional points, which enable ultrahigh 
sensitivity to small perturbations in the system, including minute changes in refractive index associated with 
malignant transformations in oral tissue35. Structures designed with PT symmetry have demonstrated enhanced 
peak transmittance and sharper defect modes, making them ideal candidates for next-generation biosensors.

PhC–based cancer biosensors have attracted significant attention due to their potential for label-free, optical 
detection of malignant cells. However, many existing PhC sensors suffer from low sensitivity and a limited 
quality factor, which restricts their ability to detect subtle biomolecular changes with high precision. A primary 
limitation in the current body of research is that most detection schemes are simulated to respond to variations 
in the real part of the refractive index associated with cancerous tissues or cells, while largely neglecting the 
imaginary part, also known as the extinction coefficient6,36,37. This oversight is significant because the extinction 

1Physics Department, Faculty of Sciences, Beni-Suef University, Beni Suef 62514, Egypt. 2Frank Laboratory of 
Neutron Physics, Joint Institute for Nuclear Research, Dubna 141980, Russia. 3Deanship of Scientific Research, 
Imam Mohammad Ibn Saud Islamic University (IMSIU), P.O.Box 5701, Riyadh 11432, Saudi Arabia. email: 
zaky.a.zaky@science.bsu.edu.eg

OPEN

Scientific Reports |        (2025) 15:33371 1| https://doi.org/10.1038/s41598-025-17739-y

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-17739-y&domain=pdf&date_stamp=2025-9-8


coefficient encapsulates the material’s absorption characteristics, which can carry valuable diagnostic information 
about cancer progression and biochemical composition. Incorporating both real and imaginary refractive index 
components into the design and analysis of photonic crystal sensors could lead to a more comprehensive optical 
fingerprint of cancer, thereby improving both sensitivity and overall diagnostic performance.

In this study, we propose a novel PT-symmetric one-dimensional ternary photonic crystal structure tailored 
for the terahertz regime, with the goal of detecting oral cancer through variations in the optical properties 
of biological tissues. The sensor exploits the high sensitivity of PT-symmetric photonic bandgap modes to 
distinguish between healthy and cancerous cells, offering a promising route toward rapid, accurate, and non-
invasive oral cancer diagnostics. The biosensor’s exceptional performance stems from the PT-symmetric 
photonic crystal’s ability to magnify subtle dielectric differences between cell types through its unique field 
enhancement properties. These characteristics suggest strong potential for clinical applications, including non-
invasive early cancer detection and development of automated diagnostic systems that could outperform current 
screening methods. The dual-parameter detection capability (combining intensity and frequency measurements) 
significantly enhances diagnostic reliability compared to conventional single-parameter biosensors.

Equations and theory
In this study, a one-dimensional ternary photonic crystal (TPhC) structure is designed in the form of 
(ABA)N /D/(ABA)N , where layers A and B represent alternating dielectric materials, and D denotes a 

central defect layer composed of either normal or oral cancerous cells. Specifically, material A is SiO2 doped 
with polymer or quantum dots and material B is silicon ( Si). The structure is symmetrically arranged around 
the defect layer to ensure balanced optical confinement. The refractive indices and thicknesses of the layers are 
defined by nA, nB , dA, and dB .

As a foundational step, we examined the experimental study reported by Sim et al.38, which analyzed the 
optical properties of normal and cancerous oral cells in the THz frequency range. Their investigations were 
conducted at a temperature of 20  °C using THz imaging for the application to oral cancer diagnosis using 
many oral tissues. In this study, the frequency-dependent refractive index and absorption coefficient of both 
normal and oral cancer cells within the 0.2–0.9 THz range have been investigated to study the interaction of 
electromagnetic waves and infected cells. These parameters are crucial for understanding the interaction of THz 
waves with biological tissues and serve as the basis for the design of our biosensing platform. The experimentally 
obtained refractive index and absorption38 were extracted and fitted as follows:

For normal oral cells:

	 n = − 9.400454 f5 + 30.63229 f4 − 39.49837 f3 + 25.4829 f2 − 8.418311 f + 3.274441� (1)

	 α = 98.54 f + 31.33� (2)

For cancerous cells:

	 n = 2.627908 f4 − 6.850787 f3 + 6.63449. f2 − 2.886114 f + 2.574769� (3)

	 α = 86.57 f + 1.911� (4)

These optical characteristics are instrumental in optimizing the photonic crystal configuration to enhance 
the sensitivity and selectivity of the proposed biosensor for oral cancer detection. The detailed geometrical 
parameters used for the simulation are included as nA = 2.1, nB  = 3.4, dA = 120 μm, dB  = 80 μm and dD  = 
90 μm to initate the study. The number of periodic ternary layers on either side of the defect layer is set to N = 5, 
forming a symmetrical structure of the from (ABA)N (D) (ABA)N ∗ substrate. The above layer thicknesses 
and refractive indices were optimized through iterative simulations to maximize the photonic bandgap, and 
adjustments were made until the transmission spectra met the target criteria.

To introduce PT symmetry into the PhC, the SiO2 layers (A) are alternately modeled as loss and gain 
media. This configuration allows the system to exhibit unique non-Hermitian optical properties, including 
unidirectional transmission and exceptional point behavior, which are highly sensitive to perturbations in the 
defect layer. The refractive indices for gain and loss SiO2 layers are given as39:

	 nloss = nR + i 0.01 Q� (5)

	 ngain = nR − i 0.01 Q� (6)

where nR real part of refractive index ( nR = 2.1) and Q is loss\gain factor. We used transfer matrix method to 
investigate the transmission characteristics of proposed 1DTPhC structure with defect layer, which is a powerful 
and fast approach to study a finite sized and defect structure. In this approach, the electromagnetic fields are 
correclated with a matrix on either side of unit cell, which is known as transfer matrix. The total matrix of 
(ABA)N (D) (ABA)N ∗ substrate is40–46:

	
A =

∣∣∣ A11 A12
A21 A22

∣∣∣ = (aAaBaA)N (aD) (aAaBaA)N ,� (7)

In the proposed PC design, the optical response of each individual layer is mathematically described using 
a dedicated transfer matrix formalism. This approach systematically incorporates the layer-specific optical 
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parameters including refractive index ( ni), physical thickness ( di), and propagation angle ( θ i) to fully 
characterize light interaction within the structure as follows:

	
aA =

[
cosσA

(
− i

∅A

)
sinσA

−i∅AsinσA cosσA

]
,� (8)

	
aB =

[
cosσB

(
− i

∅B

)
sinσB

−i∅BsinσB cosσB

]
,� (9)

	
aD =

[
cosσD

(
− i

∅D

)
sinσD

−i∅DsinσD cosσD

]
,� (10)

For TE polarized waves ,

	
σ i = 2π

λ
dinicosθi � (11)

	 ∅ i = ni cos (θi) , i = A, B, and D� (12)

The total transmittance (T) is given by:

	
T (%) = 100 × ps

p0
⌊t⌋2� (13)

where ∅0 and ∅s are for ambient and substrate mediums, and t is:

	
t = 2∅0

(A11 + A12∅s)∅0 + (A21 + A22∅s) .� (14)

The transfer matrices collectively model how electromagnetic waves propagate through the multilayer 
architecture, capturing both the intrinsic material properties and their frequency-dependent behavior. This 
matrix representation enables precise calculation of the photonic band structure and defect mode characteristics 
essential for biosensing applications.

Results and discussion
As shown in Fig. 1a,b, the refractive index and absorption coefficient exhibit frequency-dependent variations 
that distinguish normal and cancerous oral cells in the THz range. Both cell types display a sharp decline in 
refractive index as frequency increases from 0.2 THz to around 0.4 THz. At higher frequencies, the refractive 
index stabilizes, reaching a near-saturation state. On the other hand, the absorption coefficient rises almost 
linearly over the entire frequency spectrum for normal and cancerous cells, suggesting a steady increase in 
energy loss.

Next, our investigation centered on determining the transmission properties of the 1DTPhC structure, 
as depicted in Fig. 2. To thoroughly examine its optical behavior, we conducted numerical simulations using 
TMM to obtain the transmission spectra for two distinct cases: (i) the defect-free 1DTPhC, consisting of a 
periodic arrangement of three alternating dielectric layers (Fig. 3a), and (ii) the modified 1DTPhC structure 
incorporating a defect layer, which was strategically introduced to disrupt the periodicity, as illustrated in 

Fig. 1.  Experimental38 and fitted optical properties of healthy and cancerous cells: (a) Comparative real 
refractive index profiles across wavelengths; (b) Absorption spectra highlighting key differences between 
normal and pathological states.
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Fig. 3b. By comparing these two configurations, we aimed to assess how the presence of a defect layer influences 
the PBG and transmission characteristics of the system.

The transmission characteristics of the 1DTPhC reveal important optical properties, as illustrated in Fig. 3(a). 
The pristine structure, without any defect layer, exhibits a well-defined PBG between 0.3689 THz and 0.4085 
THz. This PBG forms due to the periodic variation in refractive indices among the alternating layers, which 
creates destructive interference that blocks electromagnetic wave propagation within this frequency range. 
The presence of this PBG confirms the structure’s ability to selectively filter specific terahertz frequencies while 
reflecting others. In Fig. 4(a–c), the electric field distribution (EFD) is depicted using finite element method 
(COMSOL MULTIPYSICS) for regions both inside and outside the photonic bandgap (PBG) in a 1DTPhC 
without defect cavity. Outside the PBG (Fig. 4a and c), the EFD shows transmission, whereas within the PBG 
(Fig. 4b), the EFD is suppressed, indicating bandgap blocking.

When a defect layer composed of healthy oral cells is incorporated at the center of the 1DTPhC, a sharp 
transmission peak emerges within the PBG at 0.39075 THz, reaching an amplitude of 5.64%. This defect mode 
arises because the introduced layer breaks the periodicity of the crystal, allowing a localized resonant state to 
form. The resulting transmission peak indicates that the structure permits a narrow frequency band to pass 
through, despite the surrounding PBG. This phenomenon demonstrates the tunability of the photonic crystal’s 
optical response, suggesting potential applications in sensing and frequency-selective filtering.

Further analysis of Fig. 3(b) compares the defect modes produced by healthy and cancerous cells, revealing 
distinct shifts in resonant frequency and transmission intensity. These differences arise from variations in the 
dielectric properties of the two cell types, which alter the defect layer’s interaction with the surrounding photonic 
crystal. Such sensitivity to subtle changes in refractive index highlights the potential of 1DTPhC structures 
for biomedical sensing, particularly in detecting cellular abnormalities at terahertz frequencies. The ability to 
distinguish between healthy and diseased tissues based on their transmission signatures could pave the way for 
non-invasive diagnostic technologies.

The introduction of cancerous oral cells as the defect layer induces measurable changes in the photonic 
crystal’s transmission characteristics. As shown in Fig. 3b, the defect mode shifts to a marginally lower frequency 
of 0.39078 THz compared to the healthy cell case, while demonstrating a substantial increase in transmission 
intensity to 14.78%. This nearly threefold enhancement in peak transmission is because the diseased tissues 

Fig. 2.  Conceptual diagram of a ternary photonic crystal structure (ABA)N (D) (ABA)N ∗ substrate with 
an embedded biological sample (healthy or cancerous cells) as a defect layer for optical biosensing.
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have lower absorption coefficient (Fig. 1b). In Fig. 5a,b, the EFD is depicted for the 1DTPhC with defect cavity 
(normal and cancer cells). The localized electric field in the case of cancer cells is higher than that of normal cells.

The pronounced contrast in transmission behavior between normal and pathological cells underscores the 
remarkable sensitivity of the 1DTPhC structure to subtle biomolecular variations. These findings suggest that 
the proposed photonic crystal architecture can effectively discriminate between healthy and diseased tissues 
based on their distinct THz signatures. Such capability positions the 1DTPhC as a promising platform for 
developing next-generation terahertz biosensors with potential applications in early cancer detection and non-
invasive medical diagnostics. The system’s ability to resolve minute differences in cellular composition through 
measurable changes in transmission spectra could revolutionize THz-based biomedical imaging and point-of-
care testing technologies.

Our investigation then focused on analyzing how the gain-loss parameter Q affects the defect mode’s optical 
properties, particularly its transmission intensity and spectral linewidth (Fig. 6). Loss and gain parameter can be 
managed post-fabrication of the device by optical or electrical pumping47. We performed detailed simulations 
of the 1DTPhC structure containing healthy oral cells as the defect layer while systematically adjusting the Q 
parameter. The results presented in Fig. 6 clearly show that higher Q values produce two important effects; a 
significant boost in the transmission peak amplitude, and a progressive narrowing of the spectral linewidth 
(FWHM). This combination of effects indicates that increasing Q (up to a specific value) enhances both the 
resonance strength and spectral selectivity of the defect mode.

The gain layer is energized by an external pump, causing the gain medium to absorb energy via energy-level 
transitions (stimulated emission). At a particular frequency, the absorbed energy is re-emitted with identical 
energy to the propagating electromagnetic waves. This results in coupling resonance between them, leading 
to amplification of the resonant peak. The observed behavior can be understood by considering how the Q 
parameter influences the balance between gain and loss in the system. As Q increases, the gain mechanism 
becomes more dominant, leading to stronger light-matter interaction within the defect layer. This not only 
amplifies the transmitted signal but also sharpens the resonance peak, as evidenced by the decreasing FWHM48,49.

Fig. 3.  Transmission properties of a 1DTPhC. (a) Comparison of the optical transmittance between 
the pristine (defect-free) structure and the modified structure containing an embedded defect layer. (b) 
Transmission spectra showing distinct responses when the defect layer is modeled to mimic the optical 
properties of healthy versus cancerous cells, highlighting the structure’s potential for biosensing applications.
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The enhanced peak sharpness suggests an improvement in the quality factor of the resonance, which is 
particularly valuable for applications requiring high spectral resolution. These findings demonstrate the potential 
for precisely controlling defect mode characteristics through careful tuning of the gain-loss parameter.

The ability to manipulate both the intensity and linewidth of the transmission peak by adjusting Q offers 
exciting possibilities for optimizing photonic crystal-based devices. In sensing applications, for instance, 
higher Q values could enable detection of weaker signals while maintaining excellent frequency selectivity. 
Furthermore, the relationship between Q and defect mode properties provides a valuable design guideline for 
developing tunable photonic devices with tailored optical responses. These results highlight the importance of 

Fig. 5.  Electric field distribution in a 1DTPhC with defect cavity at f = 0.39075 THz for (a) normal cells, 
and (b) cancer cells.

 

Fig. 4.  Electric field distribution in a 1DTPhC without defect cavity at (a) f = 0.35731 THz, (b) 
f = 0.39098 THz, and (c) f = 0.41784 THz.
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gain-loss engineering in photonic crystal systems and its potential for creating advanced optical components 
with precisely controlled characteristics.

The spectra reveal a systematic enhancement in transmission peak intensity and spectral narrowing (reduced 
FWHM) with increasing Q values, illustrating the critical role of gain-loss balance in tuning the resonant 
properties of the photonic structure. The exceptional point observed at Q = 3.80290 (panel i) marks a transition 
in the system’s optical behavior, where the defect mode reaches maximum sharpness before spectral features 
begin to broaden at higher Q values.

To quantitatively assess the impact of the gain-loss parameter (Q), we measured both the transmission 
amplitude and FWHM of the defect mode for each Q value, as shown in Fig.  7. The results demonstrate a 
transmission intensifies dramatically to a peak value of 7.25 × 10¹⁰ at Q of 3.8029. This non-monotonic behavior 

Fig. 7.  Evolution of FWHM and transmission (T) characteristics for healthy cell defect modes across varying 
gain-loss parameter (Q) values.

 

Fig. 6.  Transmission spectra of the 1D photonic crystal with a defect layer composed of healthy cells, 
demonstrating the evolution of the defect mode under varying gain-loss parameter (Q) values: (a) Q = 0.5, 
(b) Q = 1, (c) Q = 1.5, (d) Q = 2, (e) Q = 2.5, (f) Q = 3, (g) Q = 3.5, (h) Q = 3.6, (i) Q = 3.80290, 
(j) Q = 3.9, (k) Q = 4, and (l) Q = 4.5.
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reveals the existence of an exceptional point at Q = 3.8029, representing the optimal gain-loss balance in this 
PT-symmetric system before the onset of instability. The corresponding FWHM measurements show an inverse 
relationship with transmission intensity, exhibiting progressive narrowing until the critical Q value is reached, 
followed by spectral broadening. These quantitative findings provide fundamental insights into the operational 
limits of PT-symmetric photonic systems and their potential for ultra-sensitive optical applications.

To extend our investigation, the optical response of the 1DTPhC structure is evaluated when the defect 
layer consisted of oral cancerous cells. Figure 8 presents the transmission spectra for different Q values in this 
configuration. Similar to the healthy cell case, increasing Q leads to a pronounced sharpening of the defect mode 
peak along with a significant amplification in transmission intensity. This behavior confirms the critical role of 
the gain-loss parameter in enhancing resonant energy confinement within the defect layer.

The consistent trend observed for both healthy and cancerous cells underscores the universal impact of 
PT symmetry on defect mode characteristics in photonic crystals. However, subtle differences in transmission 
amplitude and resonant frequency between the two cases arise due to variations in the dielectric properties 
of the biological materials. As Q approaches the PT-symmetric threshold, the system exhibits stronger field 
localization and improved spectral selectivity, reinforcing the potential of such structures for high-sensitivity 
biosensing applications. These findings further validate the tunability of defect mode properties through gain-
loss engineering, regardless of the specific defect composition.

A detailed examination of the transmission properties was conducted by systematically analyzing the peak 
amplitude and spectral linewidth across different Q values, as illustrated in Fig.  9. The results demonstrate 
a nonlinear relationship between the gain-loss parameter and transmission efficiency. In the initial phase 
(Q < 2.3), the transmission shows moderate enhancement, suggesting progressive improvement in resonant 
energy confinement. The system reaches optimal performance at Q = 2.37865, where the transmission peaks at 
7.41 × 1010 with minimal spectral broadening, indicating the PT-symmetry threshold. Beyond this critical point, 
the transmission efficiency deteriorates rapidly, characteristic of symmetry-breaking behavior in non-Hermitian 
photonic systems.

The observed behavior follows similar trends to the healthy cell case but exhibits distinct quantitative 
differences. Most notably, the critical Q value for cancerous cells (2.37865) is substantially lower than that 
of healthy cells (3.8029), representing a 37.5% reduction in the symmetry threshold. This shift arises from 
differences in the dielectric properties between healthy and malignant tissues, particularly in terms of water 
content and cellular structure. The consistent operational patterns, combined with measurable variations in 
transition points, validate the structure’s capability to distinguish subtle biological differences through precise 
photonic measurements.

These findings have significant implications for biomedical sensing technologies. The measurable variation 
in critical Q values between cell types demonstrates the potential for developing highly sensitive diagnostic 
platforms. The system’s ability to detect minute changes in dielectric properties through clear photonic 
signatures suggests promising applications in early disease detection. Furthermore, the consistent observation 
of PT-symmetry breaking across different biological samples confirms the robustness of this photonic approach, 
while the quantifiable differences in transition points provide a reliable metric for biological characterization. 

Fig. 8.  Transmission spectra of the 1D photonic crystal with a defect layer composed of cancerous cells, 
demonstrating the evolution of the defect mode under varying gain-loss parameter (Q) values: (a) Q = 0.5, 
(b) Q = 1.0, (c) Q = 1.5, (d) Q = 2, (e) Q = 2.3, (f) Q = 2.35, (g) Q = 2.37865, (h) Q = 2.5, (i) 
Q = 3, (j) Q = 3.5, (k) Q = 4, and (l) Q = 4.5.
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This combination of sensitivity and specificity positions the 1DTPhC structure as a promising candidate for 
next-generation biosensing devices.

Our investigation culminates in assessing the proposed 1DTPhC structure’s biosensing capabilities through 
comparative analysis of defect modes induced by healthy and cancerous cells. Figure 10 presents the transmission 
spectra obtained at two strategically selected Q-values: Q = 3.8029 (optimal for healthy cells) and Q = 2.37865 
(optimal for cancerous cells). These specific parameters were chosen based on our previous findings regarding 
the critical gain-loss balance for each cell type.

The spectral comparison reveals distinct signatures for each biological condition. At their respective optimal 
Q values, cancerous cells demonstrate a transmission peak that is both more intense and slightly redshifted 
compared to healthy cells. This behavior can be attributed to the modified dielectric environment created by the 
malignant cells, which affects both the resonance strength and the effective refractive index of the defect layer. 
The pronounced difference in transmission characteristics between the two cell types, particularly in terms of 
peak intensity, spectral position, and linewidth, validates the structure’s sensitivity to biological variations.

The proposed 1DTPhC biosensor demonstrates remarkable sensitivity in distinguishing between healthy 
and cancerous oral cells through their distinct transmission signatures. As shown in Fig. 10a, at the optimal 
Q-value for healthy cells (Q = 3.8029), the biosensor produces a sharp resonance peak at 0.390872 THz with an 
exceptionally high transmission amplitude of 7.25 × 1010 for healthy cells, while cancerous cells under the same 
conditions yield a significantly weaker response (33.65 amplitude) at a slightly shifted frequency of 0.390765 
THz. This represents a measurable 107 MHz frequency shift, providing two independent parameters for cellular 
discrimination. In Fig. 11a,b, the EFD is depicted for the 1DTPhC with defect cavity (normal and cancer cells). 
The localized electric field in the case of normal cells (3.25 × 104 V/m) is higher than that of cancer cells (1.8 × 103 
V/m) at Q = 0.390872.

The reciprocal behavior observed at the cancerous cell’s optimal Q-value (Q = 2.37865), shown in Fig. 10b, 
further confirms the biosensor’s specificity. In this configuration, cancerous cells generate a strong resonance 
(7.41 × 1010) at 0.390764 THz, while healthy cells produce a much weaker response (35.51) at 0.390921 THz. The 
consistent appearance of these dramatic contrasts, with intensity differences spanning eight orders of magnitude 
and reproducible spectral shifts around 150 MHz, regardless of operational Q-value demonstrates the robustness 
of this detection methodology. In Fig. 12a,b, the EFD is depicted for the 1DTPhC with defect cavity (normal and 
cancer cells). The localized electric field in the case of normal cells (2.25 × 103 V/m) is lower than that of cancer 
cells (3.25 × 104 V/m) at Q = 2.37865.

To rigorously assess the sensing capability of our 1DTPhC structure, we performed a quantitative analysis 
using transmittance-based sensitivity (S(T)), defined as:

	
S (T ) = ∆ T

∆ ncells
� (15)

where ΔT is the change in transmission amplitude and Δncells represents the difference in refractive index 
between healthy and oral cancerous cells. The sensitivity was evaluated at two different Q-values to examine the 
influence of PT symmetry on biosensing performance. At Q = 1.565488, the transmittance-based sensitivity 
was found to be S (T ) = 2.0 × 1012 %/RIU . A slight increase in Q to 1.613267 resulted in an increased 
sensitivity of S (T ) = 2.1 × 1012 %/RIU. The proposed 1DTPhC biosensor demonstrates unprecedented 

Fig. 9.  Evolution of FWHM and transmission (T) characteristics for cancerous cell defect modes across 
varying gain-loss parameter (Q) values.
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sensitivity for early oral cancer detection in the terahertz regime. This exceptional performance stems from the 
optimized PT-symmetric design, which combines gain-loss engineering with the 1DTPhC structure’s enhanced 
light-matter interaction.

Conclusion
This study presents a novel 1D ternary photonic crystal (1D-TPC) structure with PT symmetry for highly 
sensitive terahertz biosensing applications, particularly for early oral cancer detection. By incorporating defect 
layers composed of either healthy or cancerous oral cells, we systematically investigated the transmission 
characteristics and demonstrated the structure’s exceptional sensing capabilities. Our results reveal that the 

Fig. 10.  Comparative transmission (T) spectra of the 1DTPhC biosensor for healthy (blue) and cancerous 
(red) oral cells at critical Q-values: (a) Q = 3.80290 (healthy cell optimum) and (b) Q = 2.37865 (cancerous cell 
optimum).
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biological defects create well-defined resonant modes within the photonic bandgap, with transmission properties 
that are strongly influenced by both the cellular optical parameters and the PT-symmetry gain-loss parameter Q. 
The most significant finding is the structure’s extraordinary sensitivity, reaching 2.1 × 1012 %/RIU, which enables 
detection of minute refractive index differences between healthy and malignant tissues. At critical Q values, 
we observed substantial variations in both the intensity and spectral position of defect modes for different cell 
types, providing multiple discrimination parameters for accurate diagnosis. These findings establish the 1D-TPC 
design as a breakthrough platform for terahertz biosensing, combining unprecedented sensitivity with the ability 
to operate in the biologically important THz frequency range. The structure’s performance metrics and consistent 
discrimination capability between cell types suggest strong potential for developing non-invasive diagnostic 
tools that could enable earlier detection of oral malignancies than currently possible with conventional methods. 
This work not only advances photonic biosensing technology but also opens new possibilities for PT-symmetric 
structures in medical diagnostics and other applications requiring ultra-high sensitivity detection.
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