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One-dimensional mid-IR defect-
mode photonic crystal biosensor
for oral cancer detection

Arafa H. Aly

A graphene-assisted one-dimensional photonic crystal biosensor for oral cancer detection in the
mid-infrared region is theoretically proposed and analyzed using the transfer matrix method. The
designed structure consists of alternating high- and low-refractive-index dielectric layers surrounding
an oral-tissue defect cavity that supports a highly localized defect-mode resonance inside the photonic
band gap. Variations in the refractive index of healthy and cancerous oral tissues modify the optical
path length of the cavity and induce measurable resonance wavelength shifts, forming the basis of the
sensing mechanism. The proposed biosensor exhibits a high refractive-index sensitivity of 1629.82 nm/
RIU with excellent linearity (R2=0.9997). In addition, the structure demonstrates a narrow resonance
linewidth with an average full width at half maximum of 17.01 nm and a high quality factor of 470.25.
The obtained figure of merit, detection accuracy, and limit of detection are 95.81 RIU"1, 0.0588 nm™1,
and 0.0104 RIU, respectively. Reflectance and transmittance analyses confirm the formation of a
stable localized defect mode, while electric-field distribution maps reveal strong electromagnetic
confinement inside the oral-tissue cavity, leading to enhanced light-matter interaction and improved
sensing performance. Furthermore, angular-response analysis, defect-thickness optimization, and
fabrication-tolerance evaluation demonstrate the robustness and stability of the proposed design
under practical operating conditions. The obtained results indicate that the proposed graphene-
assisted photonic crystal biosensor provides a promising platform for highly sensitive and reliable oral
cancer detection in the mid-infrared spectral region.

Keywords Graphene-assisted photonic crystal, Oral cancer sensor, Mid-infrared biosensor, Defect-mode
resonance, Transfer matrix method, Refractive-index sensing, Optical biosensor, Photonic band gap, Field
localization, One-dimensional photonic crystal

Oral cancer is one of the most prevalent malignancies affecting the head and neck region and continues to
represent a serious clinical challenge because of its high mortality rate and frequent late-stage diagnosis! .
Despite considerable progress in therapeutic strategies, early detection remains the most critical factor for
improving patient survival and reducing disease progression. Conventional diagnostic techniques such as visual
inspection, imaging, histopathological examination, and biopsy are clinically important; however, they may
suffer from invasiveness, sampling limitations, subjective interpretation, and insufficient sensitivity for detecting
subtle early-stage abnormalities*®. Consequently, there is an increasing demand for compact, rapid, and
label-free optical sensing platforms capable of detecting small biological variations associated with cancerous
transformation. Cancer development is commonly accompanied by structural, biochemical, and morphological
alterations in biological tissues, leading to measurable changes in their optical properties, particularly the
refractive index’~®. Refractive-index-based optical biosensors have therefore attracted significant attention
because they can translate minute changes in the analyte medium into detectable optical responses!®~'2. Among
different optical sensing technologies, photonic crystal (PhC)-based biosensors have emerged as highly promising
platforms due to their capability to manipulate electromagnetic-wave propagation through photonic band-gap
engineering and strong light confinement!3-1¢. In defect-mode photonic crystals, introducing a defect cavity into
a periodic multilayer structure generates a localized resonant mode inside the photonic band gap. The resonance
wavelength strongly depends on the optical properties of the defect layer, making such structures highly suitable
for biological and chemical sensing applications. The mid-infrared (mid-IR) spectral region is particularly
attractive for biomedical sensing because many biological molecules exhibit characteristic optical responses in
this range!”. Recently, different optical biosensing strategies have been explored for biomedical and biochemical
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detection, including surface plasmon resonance sensors, multilayer optical biosensors, graphene-assisted sensing
structures, and machine-learning-assisted photonic devices!®-3°. Surface plasmon resonance configurations
have demonstrated high sensitivity for pregnancy detection, glucose monitoring, and anemia diagnosis'®**. In
addition, compact photonic-crystal biosensors have been proposed for biomedical sensing applications, including
two-dimensional cavity biosensors and oral-cancer detection systems****. One-dimensional photonic crystal
biosensors have also shown promising performance for biochemical sensing because of their compact geometry,
narrow resonance linewidth, and tunable optical response?!. Theoretical analysis of multilayer optical systems
using transfer matrix formalism has further provided an efficient framework for analyzing resonance behavior
and wave propagation in layered photonic structures???>. Moreover, graphene- and transition-metal-based
materials such as MoS, and WS, have been integrated into optical biosensors to improve field confinement and
sensitivity enhancement?*?>28, Recent studies have also explored phase-change materials, GaN-based photonic
crystal structures, and machine-learning-assisted biosensing approaches for disease detection and biomedical
monitoring?®?’. Several advanced photonic crystal sensing architectures have been reported in the literature,
including nanophotonic resonator-assisted sensing platforms, optical Tamm-state structures, photonic crystal
microcavities, chirped graded resonators, slotted waveguides, optimized H1 cavities, and one-dimensional
defect-mode photonic crystals®'~**. Goyal and co-workers investigated photonic spin Hall enhancement using
nanophotonic resonators, dynamically tunable optical Tamm states, photonic crystal microcavity sensors,
chirped resonators, DAST-assisted tunable filters, and waveguide-based refractive-index sensing structures®!-3¢,
Kassa-Baghdouche and co-workers further demonstrated optimized H1 microcavities, slotted photonic crystal
waveguides, and defect-mode photonic crystal structures for gas and refractive-index sensing in visible and
mid-infrared spectral regions®’~*3. These studies confirm the strong capability of photonic crystal structures for
enhancing resonance confinement, electromagnetic localization, and refractive-index sensitivity.

However, many previously reported photonic crystal sensors rely on relatively complex two-dimensional
geometries, slotted waveguides, or advanced resonator configurations that may require demanding fabrication
procedures and sophisticated numerical optimization. In contrast, one-dimensional defect-mode photonic
crystals provide a simpler multilayer geometry that can be efficiently analyzed using the transfer matrix
method while allowing flexible control of resonance wavelength, linewidth, Q-factor, and structural tolerance
through layer thickness and refractive-index engineering. Such structures are also more compatible with thin-
film fabrication techniques and practical optical integration. In the present work, a graphene-assisted one-
dimensional defect-mode photonic crystal biosensor operating in the mid-infrared region is theoretically
investigated for oral-cancer-related refractive-index detection. The oral tissue is modeled as an effective defect
cavity whose refractive index changes between healthy and cancerous conditions. The sensing mechanism
is based on monitoring the resonance wavelength shift of the localized defect mode inside the photonic
band gap. Unlike many previous studies that mainly focus on sensitivity enhancement alone, the proposed
structure is evaluated through a comprehensive multi-parameter analysis including resonance shift, linearity,
full width at half maximum, Q-factor, figure of merit, detection accuracy, limit of detection, dip depth, field
localization, angular stability, defect-thickness optimization, and fabrication-tolerance analysis. The obtained
results demonstrate strong electromagnetic confinement, highly linear spectral response, and balanced sensing
performance, confirming the potential of the proposed structure as a compact and efficient optical platform for
oral-cancer-related biosensing.

Theoretical background and performance metrics

The proposed biosensor is based on a one-dimensional defect-mode photonic crystal designed to operate in the
mid-infrared spectral region. The structure consists of a graphene-assisted entrance layer followed by alternating
high- and low-refractive-index dielectric layers arranged around a central defect cavity filled with the oral-tissue
analyte. The general configuration can be written as:

Air /G [ (HL)N/ D/ (LH)N / Substrate

where G denotes the graphene-assisted entrance layer, H and L represent the high- and low-refractive-index
layers, respectively, IV is the number of periods on each side of the cavity, and D is the oral-tissue defect layer.
The defect layer acts as the active sensing region. Any change in the refractive index of this layer modifies the
optical path length of the cavity and consequently shifts the defect-mode resonance wavelength.

The periodic multilayer sections form a photonic band gap due to Bragg interference. When the defect layer
is inserted between the two Bragg mirrors, a localized optical state appears inside the photonic band gap. This
localized state produces a narrow resonance feature in the reflectance and transmittance spectra. The sensing
mechanism is therefore based on tracking the spectral position of this defect-mode resonance as the refractive
index of the oral-tissue cavity changes.

For a homogeneous layer j, the characteristic matrix for transverse electric (TE) polarization is expressed

as13,14,21,22

cosd j S—sing ;
J

M; = (1)

in ;sind ; cosd

where 9§ ; is the optical phase thickness and 7 ; is the optical admittance of the j-th layer. The optical phase
thickness is defined by

(Sj = QTﬂ-njdeOSQj. (2)
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where n;, dj, and 6 ; are the refractive index, thickness, and internal propagation angle of the j-th layer,
respectively, and A is the operating wavelength. The propagation angle inside each layer is obtained from Snell’s
law:

npsind o = n;sind ;. (3)

where ng and 6 o are the refractive index and incident angle of the input medium. For TE polarization, the
optical admittance is given by

n ; = n;cosd ;. (4)

The total transfer matrix of the complete multilayer sensor is obtained by multiplying the matrices of all layers
in their physical order:

M =] 5. (5)

where M is the total number of layers in the structure. For the proposed design, the total matrix includes
the graphene-assisted entrance layer, the left periodic multilayer section, the oral-tissue defect cavity, the right
periodic multilayer section, and the substrate boundary. The total matrix can be written as

A B
M=% 3] (©)
The complex reflection coefficient is calculated from
p— MoAtngn B=-C-n,D @

noA+non,B+C+n.D

where 7, and 7  are the optical admittances of the incident and substrate media, respectively. The reflectance
is therefore

R=|r]%. (8)

In addition to the reflectance response, the transmittance spectrum is calculated to provide a complementary
confirmation of the defect-mode resonance. The complex transmission coeflicient is expressed as

2n,

t= . 9
noA+nen,B+C+n.D ©)
and the transmittance is calculated as
Re(n,),,2
T =——"sl)g% (10)
Re(n,)

The addition of the transmittance spectrum is important because the defect resonance appears as a transmission
peak corresponding to the reflectance dip. Thus, reflectance and transmittance provide mutually consistent
evidence for the existence and spectral shift of the localized defect mode.

The approximate resonance condition of the defect cavity can be described by the optical path relation

M res = 2npdp. (11)

where m is the resonance order, np is the refractive index of the defect layer, dp is the defect-layer thickness,
and A res is the resonance wavelength. This equation explains the physical origin of the observed red shift. When
the refractive index of the oral-tissue defect layer increases, the optical path length of the cavity also increases.
Consequently, the resonance condition is satisfied at a longer wavelength, which is the main reason for the
systematic resonance displacement observed in the reflectance and transmittance spectra.

The resonance wavelength is extracted as the wavelength corresponding to the minimum reflectance inside
the defect-mode search window:

A res = inR(\).
argmin R () (12)
where the corresponding minimum reflectance is denoted by R,,,;,,. The resonance dip depth is calculated as
D, =1 — Rmin. (13)

A larger dip depth indicates a more visible resonance feature and improves the reliability of spectral readout.
The refractive-index sensitivity of the sensor is defined as
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S = (14)

where A X s is the resonance wavelength shift caused by a refractive-index change A np in the defect cavity.
In the present work, the global sensitivity is extracted from the slope of the linear calibration curve:

A res — STLD +b. (15)

where b is the intercept. This approach is more reliable than using isolated adjacent points because it evaluates
the complete refractive-index range and reduces the influence of numerical wavelength discretization.
The linearity of the sensor response is evaluated using the coefficient of determination:

'L)\resi_Aii2
Rgzl—Z( , ft,)_ (16)

Z 2(>\ res,i Xres)Q

where )\ res.; are the extracted resonance wavelengths, A gt ; are the fitted values obtained from the calibration
curve,and A res is the mean resonance wavelength. A value of R? close to unity confirms a stable and predictable
calibration response.

The full width at half maximum (FWHM) is used to evaluate the linewidth of the resonance dip. The half-
depth reflectance level is calculated as

1
Ruaif = Rmin + 3 (Ry — Rmin) - (17)

where Ry, is the local baseline reflectance around the resonance dip. The FWHM is then obtained from
FWHM =Agr —A1L. (18)

where A r and X g are the left and right wavelengths at which the reflectance curve crosses the half-depth level.
A smaller FWHM indicates a sharper resonance and better spectral discrimination.
The quality factor is calculated as

)\ res

= (19)
FWHM

Q

A high @Q-factor means that the defect resonance is narrow and well confined. In sensing applications, this is
important because a narrow resonance allows small wavelength shifts to be resolved more clearly.
The figure of merit combines sensitivity and resonance linewidth into a single performance parameter:

S

FOM = WM

(20)

This metric is particularly useful because high sensitivity alone is not sufficient for reliable sensing. A sensor
must provide both a large resonance shift and a narrow spectral linewidth. Therefore, the FOM gives a more
balanced evaluation of the sensor performance.

The detection accuracy is defined as

1
= —_— 21
DA FWHM @)
while the limit of detection is estimated as
Lop = FWIL @)

This parameter represents the minimum refractive-index variation that can be resolved by the proposed sensor
under the adopted spectral linewidth approximation. A lower LOD indicates better detection capability.

The electric-field distribution is calculated to verify the physical localization of the defect mode. The
normalized field intensity is expressed as

I(z)=|E(2)?=E((2)E(2). (23)

where F (z) is the electric-field amplitude along the propagation direction inside the multilayer stack and
E (z) is its complex conjugate. The normalized intensity identifies the spatial region in which the optical field
is concentrated. Strong localization inside the defect layer confirms that the sensing response is dominated by
light-matter interaction inside the analyte-filled cavity rather than by weak distributed interaction across the
whole multilayer structure.

This field-localization analysis is essential for explaining the physical origin of the high sensitivity. When
the electromagnetic field is concentrated inside the defect cavity, small refractive-index variations in the oral-
tissue layer strongly perturb the localized optical mode. This perturbation produces a measurable shift in \ ;¢
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. Therefore, the calculated sensitivity is not only a numerical fitting result but is physically supported by the
defect-mode confinement shown in the field-distribution profiles.

The dependence of the sensor response on incident angle is also investigated. According to Eq. (2), changing
the incidence angle modifies the optical phase accumulated inside each layer. Consequently, the spectral position
of the defect mode shifts with angle. The angle-wavelength reflectance map is therefore included to evaluate
whether the resonance remains visible under oblique illumination. This is relevant because practical optical
interrogation may involve small angular deviations from normal incidence. The persistence of the resonance
under angular variation confirms that the sensor response remains physically stable.

The influence of defect-layer thickness is examined because dp directly controls the cavity optical path
length. From Eq. (10), changing dp changes the resonance wavelength and affects the sensing response.
Therefore, the sensitivity as a function of defect-layer thickness is evaluated using the fitted sensitivity extracted
at different dp values:

A A res (dD)

S(dp) = Anp

. (24)

This analysis identifies the role of defect thickness in improving or degrading sensor performance. Increasing the
defect thickness increases the interaction length inside the analyte cavity, which can enhance the resonance shift.
However, excessive thickness may broaden or destabilize the resonance. Therefore, the selected cavity thickness
must balance sensitivity, Q-factor, and spectral stability.

The structural optimization is further supported by analyzing the quality factor as a function of both the
number of periods and defect thickness:

_ Ares (N7 dD)
Q(N,dp) = Iy (N,dp) 25)

Increasing the number of periods strengthens the Bragg mirrors surrounding the defect cavity, enhances optical
confinement, and generally sharpens the resonance. However, very large numbers of periods may increase
fabrication complexity. Thus, the selected structure represents a compromise between optical performance and
practical design simplicity.

To evaluate fabrication robustness, a uniform thickness deviation is introduced to all layer thicknesses:

d;l = d; (1 + 6) . (26)

where d;/ is the perturbed thickness and e is the relative thickness deviation. The main sensing parameters are
recalculated under different thickness deviations. This tolerance analysis evaluates the stability of the sensitivity,
Q-factor, FWHM, and LOD under possible fabrication imperfections. A stable response under small thickness
deviations indicates that the proposed structure is not overly sensitive to minor fabrication errors.

The proposed model is theoretical and assumes an effective refractive-index representation of healthy and
cancerous oral-tissue states. The analyte is assumed to fill or effectively occupy the defect cavity uniformly. This
assumption is commonly used in transfer-matrix-based refractive-index sensing models to isolate the optical
response of the sensor to controlled changes in the analyte refractive index. In practical implementation, this
condition can be approached by using a thin oral-fluid or tissue-derived sample layer deposited into or placed in
contact with the sensing cavity. Therefore, the present analysis should be considered a proof-of-concept optical
design that requires future experimental validation.

The reflectance dip and transmittance peak confirm the presence of a localized defect resonance. The
calibration curve quantifies the refractive-index sensitivity. The Q-factor, FWHM, FOM, DA, LOD, and dip
depth provide a complete evaluation of resonance quality and detection capability. The field-distribution maps
demonstrate that the optical mode is strongly localized inside the analyte cavity. The angular, thickness, and
tolerance analyses further confirm that the proposed design provides a physically consistent and robust platform
for oral cancer-related refractive-index sensing.

Results and discussion

Figure 1 schematically presents the design concept and sensing mechanism of the proposed graphene-assisted
1D photonic crystal biosensor for oral cancer detection. The structure consists of alternating high- and low-
refractive-index layers surrounding an oral-tissue defect cavity. This cavity supports a localized defect-mode
resonance inside the photonic band gap. When the refractive index changes from healthy to cancerous tissue
values, the optical path length of the cavity changes, leading to a measurable resonance shift according to
mAres=2nDdD. This mechanism is the basis for the reflectance/transmittance response, field localization,
calibration behavior, and sensing performance discussed in the following figures. The multilayer configuration
supports optical confinement near the defect-mode resonance and enhances the localized interaction between
the optical field and the oral-tissue defect cavity.

Figure 2(a) presents the full reflectance spectra of the proposed structure over the investigated mid-infrared
wavelength range. A pronounced photonic band gap with near-unity reflectance is observed, confirming the
strong Bragg interference generated by the periodic multilayer arrangement. Inside this forbidden spectral
region, a sharp defect-mode resonance dip appears near 8000 nm. The existence of this narrow resonance
demonstrates the formation of a strongly localized optical state inside the oral-tissue cavity.

The enlarged resonance region shown in Fig. 2(b) clearly demonstrates the systematic red shift of the
defect resonance as the refractive index of the analyte cavity increases from healthy to cancerous tissue values.
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Graphene-Assisted 1D Photonic Crystal Biosensor
for Oral Cancer Detection

1. Sensor Structure 2. Sensing Principle
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Fig. 1. Simplified schematic illustration of the proposed graphene-assisted one-dimensional photonic crystal
biosensor for oral cancer detection. Variations in the refractive index of the oral-tissue defect cavity induce
measurable shifts in the localized defect-mode resonance inside the photonic band gap, enabling sensitive
discrimination between healthy and cancerous tissues.
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Fig. 2. (a) Full reflectance spectra of the proposed photonic crystal biosensor. (b) Enlarged defect-mode
resonance region showing the red shift of the resonance wavelength with increasing oral-tissue refractive
index.

This behavior originates from the increase in the optical path length inside the defect cavity according to the
resonance condition:

M res = 2npDp

As the refractive index increases, the phase accumulation inside the cavity becomes larger, and consequently the
resonance condition is satisfied at longer wavelengths. The resonance dip remains extremely narrow throughout
the investigated refractive-index range, indicating that the cavity preserves strong optical confinement and
high spectral selectivity. Moreover, the resonance depth remains almost unchanged, indicating stable energy
localization and low resonance degradation under refractive-index variation. The observed resonance shifts
verify that the proposed sensor can distinguish healthy and cancerous oral tissue states through optical spectral
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interrogation. The narrow linewidth additionally suggests strong cavity confinement and improved spectral
resolution.

Figure 3 presents the calibration curve relating the resonance wavelength to the refractive index of the oral-
tissue defect cavity. A highly linear relationship is obtained with a sensitivity of approximately 1629.82 nm/RIU
and a coefficient of determination R?=0.9997. The excellent linearity confirms that the resonance shift is directly
governed by the cavity refractive index without significant nonlinear spectral distortion.

Physically, the linearity arises because the defect resonance depends predominantly on the effective optical
path length inside the analyte cavity. Since the refractive-index variations remain relatively small within the
investigated biological range, the resonance perturbation behaves approximately linearly. This is highly desirable
for biosensing applications because it simplifies calibration and improves measurement predictability. The large
resonance displacement observed in Fig. 3 confirms strong interaction between the confined electromagnetic
field and the analyte cavity. This behavior is directly associated with the localization of the defect mode inside the
oral-tissue layer. Therefore, the proposed structure provides both high sensitivity and stable spectral behavior.

Figure 4 shows the three-dimensional reflectance map as a function of wavelength and refractive index.
The defect resonance appears as a continuous low-reflectance valley inside the photonic band gap. The gradual
displacement of this valley toward longer wavelengths confirms the systematic resonance shift induced by
refractive-index variation.

This figure provides additional physical insight beyond the two-dimensional spectra. The smooth and
continuous evolution of the resonance trajectory indicates stable cavity-mode formation without abrupt spectral
distortion or mode splitting. The absence of discontinuities also confirms that the investigated refractive-index
range does not induce instability in the defect mode.

Furthermore, the sharpness of the resonance valley demonstrates that theoptical energy remains strongly
confined inside the cavity while leakageinto the surrounding Bragg mirrors remains limited. This strong
localization is responsible for the high sensitivity achieved by the proposed design.

The angle-dependent reflectance response confirms the angular behavior of the proposed structure, as shown
in Fig. 5. With increasing incident angle, the resonance wavelength progressively shifts due to the change in
the effective optical phase accumulated within each layer. This phase variation arises because the optical phase
thickness depends on the propagation angle according to:

5j = ZTTFnjdeOSOj
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Fig. 3. Calibration curve of resonance wavelength versus oral-tissue refractive index showing highly linear
sensing behavior.
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Fig. 4. 3D reflectance map versus wavelength and defect refractive index.

As the incident angle changes, the optical path length inside the multilayer structure is modified, resulting
in displacement of the resonance position. Despite this angular variation, the defect mode remains clearly
observable throughout the investigated angular range, indicating strong resonance stability.

Figure 6 presents the dependence of the quality factor on both the number of periods and the defect-layer
thickness. Increasing the number of periods enhances the Bragg reflectivity of the surrounding mirrors and
therefore improves optical confinement inside the defect cavity. Consequently, the resonance linewidth becomes
narrower and the Q-factor increases.

The defect thickness also plays an important role because it controls the optical path length and field
localization inside the cavity. However, excessive defect thickness may broaden the resonance due to reduced
confinement efficiency. Therefore, the optimal structure must balance resonance sharpness and field interaction
length. The results in Fig. 6 confirm that the selected structural parameters provide a suitable compromise
between optical confinement, sensitivity, and spectral stability.

Figure 7 shows the normalized electric-field distribution inside the multilayer stack at the defect resonance
wavelength. Strong field localization is clearly observed around the central defect cavity, confirming the
formation of a confined resonant mode. The localization of the electromagnetic field inside the analyte region
is physically significant because it maximizes the overlap between the optical mode and the oral-tissue cavity.
Consequently, even small refractive-index perturbations strongly influence the resonance condition, leading to
measurable wavelength shifts. The field amplitude decays rapidly away from the defect region due to the strong
Bragg reflection generated by the surrounding periodic multilayer structure. This confirms that the photonic
crystal mirrors efficiently confine the optical energy inside the cavity and suppress radiation leakage. Therefore,
the high sensitivity obtained in the proposed biosensor is not merely a numerical fitting result but is directly
supported by strong electromagnetic localization inside the analyte cavity.

Figure 8 presents the two-dimensional electric-field intensity map around the resonance wavelength. The
figure demonstrates strong spatial localization of the electromagnetic field near the defect region and spectral
concentration around the resonance wavelength. The concentrated intensity region confirms that the defect
resonance remains spatially and spectrally well defined. This dual confinement is essential for achieving strong
light-matter interaction and high refractive-index sensitivity. Additionally, the narrow spectral localization
observed in Fig. 8 is consistent with the high Q-factor and small FWHM obtained from the resonance spectra.
Therefore, the field-intensity map provides physical validation of the sharp resonance behavior observed in the
reflectance and transmittance responses.
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3D reflectance map versus wavelength and incident angle

= =
=) o
/ /

Reflectance
S
—
/

J

4

J
4
y

/

0.9

0.8

0.7

0.6

0.5
04
0.3

30
0.2

0.1
8200 10

Wavelength (nm) 8400 0 Incident angle (deg)

Fig. 5. 3D-reflectance map versus wavelength and incident angle.

Figure 9 illustrates the tolerance analysis of the proposed structure under uniform thickness deviations.
The sensitivity, Q-factor, FWHM, and LOD remain relatively stable under small fabrication perturbations,
demonstrating strong structural robustness.

The sensitivity variation remains limited even when thickness deviations are introduced, indicating that the
resonance shift mechanism is not excessively sensitive to small fabrication errors. Similarly, the Q-factor exhibits
only minor fluctuations, confirming that optical confinement remains largely preserved. The FWHM increases
slightly under larger deviations, which is expected because fabrication imperfections perturb the phase matching
inside the multilayer cavity and slightly weaken resonance confinement. These results indicate that the sensing
response is not strongly degraded by small uniform thickness errors. This analysis provides a useful estimate of
the expected response under non-ideal layer-thickness control.

Figure 10 presents the three-dimensional electric-field intensity distribution around the defect resonance. The
strong field enhancement inside the cavity region confirms efficient optical confinement and localized energy
storage. The field distribution additionally reveals that the resonance energy is concentrated predominantly near
the defect region while the surrounding multilayer sections act as highly reflective mirrors. This behavior is
characteristic of defect-mode photonic crystal resonators.

Figure 10 further supports the cavity-based sensing mechanism by showing that the resonant energy is
concentrated around the defect region.

Figure 11 presents the transmittance spectra corresponding to the investigated reflectance responses. A
sharp transmission peak appears inside the photonic band gap exactly at the defect resonance wavelength.
This transmission peak corresponds to the localized defect mode and provides complementary confirmation
of the resonance behavior. As the refractive index increases, the transmission resonance shifts toward longer
wavelengths, consistent with the reflectance analysis. The simultaneous observation of a reflectance dip and
a transmission peak confirms that the resonance originates from a genuine localized cavity mode rather than
numerical artifacts. The narrow transmission linewidth additionally confirms strong optical confinement and
low resonance leakage.

Figure 12 illustrates the effect of defect-layer thickness on both sensitivity and Q-factor. Increasing the defect
thickness increases the interaction length between the optical field and the analyte cavity, which enhances the
resonance shift and therefore increases sensitivity. However, the Q-factor does not continuously increase with
thickness. After reaching an optimum region, the resonance confinement gradually weakens and the linewidth
broadens, causing a reduction in the Q-factor. This behavior indicates that excessively large cavities reduce

Scientific Reports|  (2026) 16:19932 | https://doi.org/10.1038/s41598-026-59748-5 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

3000 -

2000

Q-factor

1000 -

3D surface of Q-factor versus N and dD

2500

2000

1500

1000

4 3500 500

6 3000

Number of periods N 8 2500

Defect thickness dD (nm)
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confinement efficiency despite increasing optical interaction length. Therefore, Fig. 12 demonstrates that an
optimal defect thickness is necessary to simultaneously achieve strong sensitivity and high spectral quality.

The combined spectral, field-distribution, and tolerance results provide a consistent assessment of the
proposed defect-mode sensing mechanism. The combination of narrow resonance linewidth, high Q-factor,
strong field localization, and large resonance shifts confirms the suitability of the proposed structure for highly
sensitive oral cancer detection in the mid-infrared spectral region.

Table 1 summarizes the main sensing parameters extracted from the resonance analysis using the performance
equations defined in the theoretical section. These parameters include the sensitivity, FWHM, Q-factor, figure of
merit, detection accuracy, limit of detection, and dip depth. Physically, these metrics are important because they
do not evaluate the sensor response from the resonance shift alone. Instead, they describe the combined effect of
wavelength displacement, resonance sharpness, spectral visibility, and detection capability. The high sensitivity
of 1629.82 nm/RIU confirms that the defect resonance is strongly affected by refractive-index variations in the
oral-tissue cavity. The relatively narrow FWHM of 17.01 nm and Q-factor of 470.25 indicate that the localized
defect mode remains spectrally sharp and well confined. In addition, the FOM of 95.81 RIU™, detection accuracy
of 0.0588 nm™, LOD of 0.0104 RIU, and dip depth of 0.956 confirm that the resonance is sufficiently clear and
measurable for refractive-index-based discrimination.

It should be noted that Table 2 compares sensors based on different physical principles, material systems,
operating conditions, and readout methods. Therefore, the comparison should not be interpreted as a direct
one-to-one ranking. For example, SPR sensors are often evaluated using angular sensitivity in °/RIU, whereas
photonic crystal sensors are commonly evaluated using wavelength sensitivity in nm/RIU. This difference limits
direct numerical comparison between all listed structures. Accordingly, the purpose of Table 2 is to provide a
general performance context and to position the proposed sensor among related optical biosensing approaches.
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Within this context, the proposed graphene-assisted one-dimensional photonic crystal sensor shows a
balanced response for oral-cancer-related refractive-index detection. Compared with some previously reported
photonic crystal sensors, the proposed structure combines high wavelength sensitivity with a reasonably high
Q-factor and clear defect-mode resonance. More importantly, the present work evaluates the sensor using
multiple physically meaningful parameters rather than sensitivity alone. The inclusion of FWHM, Q-factor,
FOM, detection accuracy, LOD, dip depth, field localization, angular response, and tolerance analysis provides
a more complete assessment of the sensor performance. This is important because practical biosensing requires
not only a large resonance shift, but also a sharp, stable, and clearly detectable resonance feature.

Therefore, the comparison in Table 2 should be understood as an application-specific comparison for
optical refractive-index biosensing, particularly for oral-cancer-related detection, rather than a strict universal
comparison between different sensor classes.

Conclusion

In conclusion, a graphene-assisted one-dimensional photonic crystal biosensor for oral cancer detection in
the mid-infrared region has been successfully designed and theoretically investigated using the transfer matrix
method. The proposed structure supports a highlylocalized defect-mode resonance inside the photonic band gap,
where small refractive-index variations in the oral-tissue cavity produce measurable resonance wavelength shifts.
The obtained results demonstrated excellent sensing performance, including high sensitivity, strong linearity,
narrow resonance linewidth, and stable optical confinement. The calculated performance parameters confirmed
that the proposed design achieves a balanced sensing response characterized by high spectral selectivity and
low detection limit rather than relying solely on resonance displacement. Electric-field distribution analysis
revealed strong localization of the electromagnetic field inside the defect cavity, explaining the enhanced light-
matter interaction responsible for the observed sensing behavior. Moreover, the complementary reflectance
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Parameter Value

Sensitivity (nm/RIU) 1629.82
FWHM (nm) 17.01
Quality Factor (Q) 470.25
Figure of Merit (RIU™") 95.81

Detection Accuracy (nm™) | 0.0588

Limit of Detection (RIU) 0.0104

Dip Depth 0.956

Table 1. Key sensing parameters including sensitivity, resolution, and detection capability.

Sensor Type / Structure | Material System Sensitivity Q-Factor | Special Feature Reference

SPR Biosensor Graphene-MoS, hybrid ~200 °/RIU Moderate | Nanocomposite enhancement | [24]

SPR Biosensor MoS, monolayer ~ 235 °/RIU 56 2D material integration [25]

Photonic Crystal Sensor | GST-based PC 175-267 nm/RIU | 87.875 Phase-change tunability %

Photonic Crystal Sensor | GaN-based PC 208 nm/RIU 605 Defect-mode resonance z

MoS, SPR Sensor MoS, multilayer 261.33 °/RIU 36.16 Biofluid detection 8

2D PhCs 2D- microcavity ring 995 nm/RIU 90 malignant cells »

2DPhCs 2D-PhCs 1148 nm/RIU 193 Oral cancer 30

1D PC Biosensor Graphene-assisted 1DPhC | 1629.82 nm/RIU 470.25 Oral cancer Proposed Work

Table 2. Comparison of various biosensors highlighting sensitivity, Q-factor, and unique features.

and transmittance responses verified the stability and physical consistency of the localized defect mode.
Angular analysis, defect-thickness optimization, and fabrication-tolerance evaluation further demonstrated the
robustness of the proposed sensor under practical operating conditions. These findings indicate that the proposed
graphene-assisted photonic crystal biosensor represents a promising and physically reliable platform for highly
sensitive oral cancer detection and may provide useful guidance for future experimental implementation and
biomedical photonic sensing applications.
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