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Effect of fabrication error on the
sensitivity of a one-dimensional
photonic crystal sensor for cancer
detection
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One-dimensional photonic crystal (1D-PC) biosensors are promising for applications like cancer
detection due to their high sensitivity, but their performance is often compromised by unavoidable
fabrication errors. However, theoretical analyses often do not quantitatively assess the impact of these
fabrication errors on key sensor performance parameters, such as sensitivity and peak width. This
study addresses this issue by performing a statistical analysis to investigate how random fabrication
deviations influence these performance metrics, thereby providing a more realistic evaluation of
sensor stability and robustness. For a designed 1D-PC biosensor, the transmission spectrum was first
calculated using the transfer matrix method (TMM). A statistical simulation was then performed to
analyze how random errors in layer thickness affect the sensor’s performance at various error levels
(8) and at two incidence angles, 0° and 85°, with 100 iterations per level. The results showed that

as fabrication errors increase, the values for the transmission peak position and Full Width at Half
Maximum (FWHM) deviate from their ideal, error-free state. The sensitivity also fluctuates around
the ideal value. Interestingly, it was found that some sensor instances could achieve sensitivities
higher than the ideal, error-free value. The findings confirm that the 85° incidence angle, previously
optimized! for high sensitivity, also provides enhanced resistance to fabrication errors compared to
normal incidence, making it a robust choice for practical applications and guiding the design of more
stable biosensors.

Keywords Photonic crystal, Biosensor, Cancer detection, Fabrication error, Sensitivity

The early detection of cancer is a primary challenge in modern medicine, as the success of treatment is highly
dependent on the stage of diagnosis'~>. Current cancer detection methods, like biopsy and imaging, are often
invasive, time-consuming, and costly4‘6. Therefore, developing non-invasive, rapid, and cost-effective methods
for cancer detection is highly important>’~°. In response to this need, significant advancements have been made
in developing novel optical and nanophotonic sensor platforms for medical applications. These advancements
include nanophotonic photoacoustic (PAS) sensors for real-time monitoring of cancer therapy!?, smart optical
sensor-based catheters for minimally invasive biosensing!!, and nanostructured probes for neurotherapeutic
applications!?. Furthermore, nanomaterial-based biosensors, such as electrochemical sensors, have offered
promising solutions for the rapid detection of pathogens (like zoonotic diseases)'*!4, and novel nanostructured
materials have been synthesized for antibacterial applications. Moreover, the convergence of these sensors
with artificial intelligence (AI) has opened new horizons in precise diagnostics; from using deep learning for
automated analysis of microscopy (TEM) images to supporting clinical decision-making in 5th/6th generation
smart sensors™!®>. Among these emerging technologies, biosensors based on PCs have attracted special attention
for cancer detection applications due to their high sensitivity and integration capabilities®. 1D-PCs are well-
known for their multilayered structures and their light-filtering capabilities'®2°. Due to their ability to control
and manipulate light within specific wavelength ranges, these structures have found extensive applications in
various fields, including biosensors, optical filters, and solar cells'?!-%. These structures can detect the presence
of specific biomolecules by altering their optical properties, such as changes in reflectivity or light absorption?®-2°.
Moreover, PC sensors are prominent candidates for sensing applications, as they offer simple integration with
optical integrated circuits (OICs), a compact size, high operational speed, and considerable precision®*-3. The
operating principle of this sensor is based on the PBG phenomenon. The crystal’s periodic structure acts as an
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optical filter, preventing the transmission of a wide range of wavelengths®*°. However, introducing a defect
layer into the center of the structure breaks this periodic symmetry. This leads to the creation of an allowed
state within the PBG, known as a “defect mode.” This mode appears in the structure’s transmission spectrum as
a very narrow and sharp resonance peak at a specific wavelength (X ,cs). When a biological sample enters the
defect layer, it alters the layer’s effective refractive index. This change, however small, causes a shift in the spectral
position of the defect mode (A X ;)7 41:43-16:48:5961 This spectral shift constitutes the sensor’s output signal,
and by precisely measuring it, the presence or concentration of the analyte can be determined. The primary
metric for the quantitative evaluation of this performance is the sensor’s sensitivity (s), defined in Eq. 1, as the
ratio of the resonance wavelength shift to the change in the refractive index of the defect layer:

AN re.
s = res (1)
A Nres
Various methods are used to fabricate 1D-PCs, such as evaporation!'®*2, sputtering'®*’, and dip/spin coating

techniques'”*. Anodic etching of crystalline silicon is another method used for creating these crystals>-.

These crystals are also fabricated using low-pressure chemical vapor deposition'®. The early detection of cancer
is a primary challenge in modern medicine, as the success of treatment is highly dependent on the stage of
diagnosis. Current cancer detection methods, like biopsy and imaging, are often invasive, time-consuming,
and costly. Therefore, developing non-invasive, rapid, and cost-effective methods for disease detection is highly
important. Given the layered nature of PCs and the fabrication methods described above, a certain degree
of error in the thickness of each layer is always present®*->¢. These fabrication imperfections, also known in
the literature as “disorder,” represent a fundamental and ubiquitous challenge in nanophotonic devices®’.
Extensive research has shown that these errors, even on very small scales (on the order of nanometers), can
have detrimental effects on the performance of various photonic crystal devices®®. For example, random errors
in the position or radius of holes can lead to severe scattering losses, a significant reduction of the quality factor
(Q-factor) in cavities, and unpredictable shifts in the resonance wavelength®®>. These tolerances are so critical
that they can cause the complete failure of filters or logic gates and make the fabrication of arrays of identical
devices virtually impossible®®. These challenges are particularly significant for sensors, as their operation relies
directly on the precise measurement of these small resonance wavelength shifts®’. Therefore, a quantitative and
statistical understanding of these errors is crucial for evaluating the robustness and reliability of sensors before
committing to costly fabrication®!. The abnormal refractive index of cell cytoplasm caused by cancer®=® is a
crucial biomarker for cancer diagnosis, which can be utilized to construct a sensor for detecting cancer cells®®.

The thickness of thin films, particularly in plasmonic or photonic regions, plays a vital role in determining
the sensor’s sensitivity; sensitivity increases with thickness up to a certain limit and subsequently decreases®”.
In this study, the sensor structure and its design parameters are adapted from the work conducted by Aly and
Zaky in 2019'. That foundational study introduced a high-sensitivity photonic crystal sensor (2156 nm/RIU at
an 85° incidence angle) under ideal, error-free fabrication conditions. However, a critical research gap remains:
the lack of a quantitative assessment of the stability of this optimized sensitivity against the statistical effects of
real fabrication errors. While previous research has primarily focused on inherently error-tolerant designs or on
evaluating errors in different sensor types®®%, the key differentiation of the present work is its focus on fabrication
errors in layer thickness and the specific investigation of how these deviations impact the sensor’s performance.
The aim of this work is to systematically analyze the effect of minor manufacturing process deviations on various
PC sensor parameters to determine whether the 85° angle, selected for maximum sensitivity, also offers superior
robustness against fabrication errors, which is paramount for practical applications.

Methods
The sensor structure under investigation is a 1D-PC. As shown in Fig. 1, it consists of five periodic units (N = 5)
made of dielectric bilayers: silicon dioxide (SiO,) with a refractive index of n, = 1.44 and gallium arsenide (GaAs)
with a refractive index of n, = 3.36.! These materials were chosen due to their high refractive index contrast,
which is essential for creating a wide and well-defined photonic bandgap (PBG), and their low absorption in the
operating wavelength range!.

Under ideal design conditions, the thicknesses of these layers are set to d,=260.42 nm and d,=111.61 nm,
respectively. A defect layer, or cavity, with a refractive index n and thickness 13d is embedded in the center of
this periodic structure, which serves as the slot for the biological sample. The thickness of the defect layer, d;, is

Defect Layer (Sensing Cavity)
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Fig. 1. Schematic of the proposed 1D photonic crystal biosensor based on a defect cavity.

Scientific Reports|  (2026) 16:7709 | https://doi.org/10.1038/s41598-026-38903-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

equal to the sum of the thicknesses of the first and second layers, and the value 13d, is the optimal thickness for
the defect layer, which was obtained in the reference paper!. The target analyte in this research includes two types
of cells: healthy cells with a refractive index of n, =1.35 and cancerous cells from the MCF-7 line with a refractive
index of n;=1.401. The structure is designed to be symmetrical, with an equal number of periodic units on both
sides of the defect layer, in order to generate a high-quality resonance mode®.

The structure investigated in this study is based on the work presented in reference!, and its performance is
strongly dependent on the incident light angle (¢ ). In that reference, it is shown that the structure’s sensitivity
increases from 1020 nm/RIU at normal incidence (¢ = 0 ) to an optimal value of 2156 nm/RIU at an angle
of ¢ = 85.

In the present study, this optimized structure is used as a baseline model to investigate the effect of fabrication
errors on its ideal performance. However, due to fabrication limitations, the actual thickness of each layer, (d;),

is modeled as the sum of its ideal thickness, (dz@) , and a random error, (A d;).This relationship is shown in

Eq. 2:

di =d® + Ad; @

The error term, (A d;), is treated as a random variable drawn from a Normal (Gaussian) distribution, which is
expressed in statistical notation as A d; ~ (0.0 22) Here, N signifies the Normal distribution, the 0 represents

the mean of the distribution (indicating no systematic bias in the fabrication process), and o ? is the variance.
The standard deviation, o ;, dictates the width of the error distribution for each layer. It is defined by the relative
fabricati e . (0) . . -

abrication error level, J , and the layer’s ideal thickness, d; ’, according to the following equation:

0'1':5 X dEO) (3)

The parameter o ; is then used in the full mathematical expression for the Gaussian probability density function
(PDF), which describes the statistical distribution of the fabrication imperfections. The probability of a layer
having a specific thickness is given by Eq. 4:

(.- 47)

1
= ———€ex —_—— 4
G 14 %02 (4)

P (d;)

To optically analyze this structure and model the aforementioned effects, the TMM is used. In this method, the
propagation of light through each dielectric layer is described by a characteristic matrix (f ﬁ). The total transfer
matrix (F) for the entire structure is obtained by multiplying the characteristic matrices of each unique layer in
sequence. Due to the random fabrication error, each layer’s matrix is distinct, and the overall product for the
N=5 structure is represented in Eq. 5:

Fi1  Fio

F21 F22

F = [ } — 1(1>'f2(1)'f1(2)'f2(2)"' fare 2(5).f1(5) )

In this product, fl(i> and f2(i> represent the characteristic matrices for the first (5iO.) and second (GaAs) layers
within the i-th periodic unit, respectively, and fg is the matrix for the central defect layer.
The characteristic matrix (f,) for any given layer is defined by Eq. 6:

j;—[ COSP 2 | r =124 (6)
—1 PrSINY . cosy ,.

In the preceding relation, ¢ ,. is the phase difference and p, is the polarization, which were calculated in’.

Using the elements of the total transfer matrix (F), the transmission coefficient (t) is given by Eq. 7:

2.p
t =
(Fi1 + Fi2ps) po + (Fa21 + Fraps)

(7)

In this equation, (po)and (ps) are the optical admittances for TE-polarization in the initial medium (air) and
the final medium (substrate), respectively, calculated as po = no cos¢ ( and ps = ns cos¢ ,.

Finally, the total transmittance (T), which represents the ratio of transmitted power to incident power, is
calculated from the transmission coefficient (t) using Eq. 8:

Ps 2
T="2
mH (8)

To statistically evaluate the impact of fabrication errors on the sensor’s performance, a numerical simulation
was implemented in the MATLAB software environment. This simulation process was repeated 100 times for
each fabrication error level (¢ ). In each iteration, a new structural instance was created with a set of random
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Fig. 2. Transmission peaks of healthy and cancerous cells for a zero-degree angle of incidence.
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Fig. 3. Histogram of thickness deviation for the SiO, layer at error levels of (a) 1%, (b) 5%, and (c) 10%.

thicknesses, generated from the Gaussian distribution according to Eq. 2. Subsequently, its transmission
spectrum and performance parameters were calculated. This range of error levels (0.5% to 10%) was specifically
chosen to represent a wide spectrum of manufacturing tolerances, from high-precision fabrication techniques
(below 1%) to standard and high-variation processes (5-10%) commonly reported in nanophotonic fabrication
literature.

Results

To assess the impact of fabrication errors, the sensor’s performance was first characterized under ideal, error-free
conditions. As shown in Fig. 2, a clear distinction between healthy and cancerous cells is observed at normal
incidence, with the resonance peak shifting from approximately 1705 nm to 1760 nm. This baseline provides a
reference for the subsequent statistical analysis.

To investigate the impact of manufacturing imperfections, a statistical analysis was performed considering
six fabrication error levels (8): 0.5%, 1%, 2.5%, 5%, 7%, and 10%. For each level, the simulation was repeated
100 times. Fig. 3 illustrates the histogram of the resulting thickness deviations for the SiO, layer, confirming that
as the error percentage increases, the distribution widens significantly while remaining centered around a zero
mean.

The impact of these thickness variations on the sensor’s optical response was then systematically investigated.
We first examined the effect on the resonance peak location. A quantitative analysis of the statistical distributions
shown in Fig. 4 is presented in Fig. 5. First, plots (a) and (c) analyze the broadening of the resonance peak
distribution, which is quantified by its width (Wg). These plots reveal a strong linear relationship between (Wg)
and the error percentage () at both 0° and 85° angles, with fitted line slopes of 2.35 and 2.05, respectively.
Second, plots (b) and (d) analyze the height of the fitted Gaussian curves from Fig. 4, referred to as the Peak
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Fig. 4. Histogram of the resonance peak location (wavelength shift)
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Fig. 5. Quantitative analysis of the effect of fabrication error (5 ) on the statistical characteristics of
the resonance peak distribution for the normal cell. plots (a) and (c) show the linear dependence of the
distribution width (Wg) on the error at 0° and 85° angles, respectively. plots (b) and (d) illustrate the

decreasing trend of the peak amplitude under the same conditions.
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Amplitude. These plots demonstrate a sharp decreasing trend in amplitude as the fabrication error increases,
confirming that the resonance peak becomes less probable and well-defined at higher error levels.

In addition to the peak’s location, the quality of the resonance, characterized by its FWHM, was also analyzed.
Figures 6 and 7 display the FWHM distributions for healthy and cancerous cells at the various error levels. A
consistent trend of increasing dispersion in FWHM values is observed as the error percentage rises. Notably,
the distributions for the 85-degree angle are visibly more stable and unimodal compared to those at normal
incidence.

Finally, we evaluated how these variations in peak position and FWHM collectively impact the sensor’s
ultimate performance metric: its sensitivity. Figures 8 and 9 plot the sensitivity fluctuations over 100 independent
simulations for three representative error levels (1%, 5%, and 10%) at incidence angles of 0° and 85°, respectively.
In part (a) of each figure, the line plots show that while the mean sensitivity remains constant and equal to
the ideal value, the fluctuations around this mean increase significantly with higher fabrication errors. Part
(b) of each figure further illustrates this by presenting the corresponding statistical histograms, which clearly
show the distribution of sensitivity values becoming progressively wider as the error level rises from 1% to 10%.
Interestingly, these fluctuations allow for specific sensor instances to achieve sensitivities higher than the ideal,
error-free value. The presented results show a coherent relationship. The statistical deviations in layer thickness
not only lead to a dispersion in the resonance peak location (as analyzed in Figs. 4 and 5), but also manifest
as an increase in the fluctuation and average value of the FWHM (Figs. 6 and 7). This general degradation in
the resonance quality (corresponding to a lower Q-factor) provides a physical explanation for the observed
fluctuations in the sensor’s final performance metric, namely its sensitivity (Figs. 8 and 9).

Discussion

The sensor structure investigated in this study is based on the high-sensitivity design proposed by Aly and Zaky
(2019)!, which reported an ideal sensitivity of 2157 nm/RIU at an 85° incidence angle under theoretically error-
free conditions. However, their work focused on an idealized model without considering the practical effects of
manufacturing imperfections. The primary contribution of our research is to bridge this gap by systematically
analyzing the impact of unavoidable fabrication errors on this high-sensitivity design, a crucial step for assessing
its real-world viability.

To provide a quantitative assessment of the impact of fabrication error and to validate the claim of robustness
at a high incidence angle, the key statistical parameters of the sensor’s performance are summarized in Table 1.
This data was extracted from the 100 simulation iterations for each error level. As the table indicates, while the
mean sensitivity value remains constant and close to the ideal value at both angles, the Standard Deviation of
the sensitivity at the 85° angle is significantly lower than at the 0° angle (especially at high error levels such
as 10%). This finding quantitatively confirms that the 85° angle, in addition to providing higher sensitivity,
also exhibits substantially better stability and robustness against the statistical fluctuations caused by fabrication
errors.

To precisely situate the novelty of this research, Table 2 compares the present work with key studies that
have analyzed fabrication errors in photonic crystals. Unlike the foundational work!, which focused on an ideal
(error-free) sensor, these studies investigate the effects of real manufacturing imperfections.

As summarized in Table 2, these studies have either addressed different structures (such as 2D-PC sensors
[Fallahi et al.; DellOlio et al.]*"*° or (1D-PC BSW sensors)*%, or have assessed different error parameters (such
as hole radius errors).

To contextualize the robustness of the sensor, a comparison can be made with the other works introduced
in Table 2. Anopchenko et al.> performed a similar analysis on Bloch Surface Wave (BSW) sensors. Our results
(particularly the histograms in Fig. 4, showing the statistical distribution of the resonance wavelength) are
conceptually similar to Fig. 3 of >, where they presented histograms of the BSW resonance angle distribution
resulting from a =+ 3% thickness disorder®*. Anopchenko et al. found a standard deviation of 0.17 degrees in
the resonance angle and concluded that their sensor was “sufficiently robust™*. For instance, Fallahi et al.®!
also performed a statistical evaluation of ‘sensitivity fluctuations’ at various ‘hole radius’ error levels, which
is conceptually similar to the analysis in our Fig. 8. Likewise, Dell'Olio et al.®. demonstrated how hole radius
errors impact the Q-factor in polymer filters. A key distinction is that the analysis by Anopchenko et al.>* was
supported by experimental measurements, whereas this study (similar to ®* and *°) provides a purely numerical
framework for evaluating the robustness of a high-sensitivity, cavity-based 1D-PC sensor.

Conclusion

In this research, the impact of fabrication errors (Fab-errors) on the performance of a 1D-PC biosensor,
optimized for cancer detection, was investigated. Using the TMM and a comprehensive statistical simulation,
the effects of random deviations in layer thickness were analyzed at various error levels (§) and at two incidence
angles (0° and 85°).

The results indicated that as the fabrication error percentage increases, the resonance peak position and the
FWHM deviate from their ideal values, and their statistical fluctuations increase. The key finding of this study
is that the 85° incidence angle—previously optimized for high sensitivity—demonstrates significantly higher
resistance and robustness against fabrication errors compared to normal incidence (0°). Furthermore, the
statistical analysis revealed that some instances with errors could, surprisingly, achieve sensitivities higher than
the ideal (error-free) value. These findings provide a quantitative framework for sensor designers to evaluate the
trade-off between fabrication tolerances and device performance stability. More importantly, this study shows
that the selection of the optimal incidence angle (85°) is crucial not only for achieving maximum sensitivity but
also as a smart choice to ensure sensor stability against fabrication imperfections.
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Fig. 6. Histogram of FWHM values for the healthy cell’s resonance peak at different levels of fabrication error
(6). the top row (a-f) shows the results for a normal incidence angle (¢ =0 ), while the bottom row (g-1)

shows the results for an 85-degree incidence angle ((;5 =85 )

The scope of the present study is primarily limited to a numerical simulation framework. Therefore, an
experimental validation of these statistical findings would be a valuable extension of this work. Additionally,
while this study analyzed key optical parameters (sensitivity and FWHM), investigating the impact of fabrication
errors on other performance metrics—such as response time and specificity, which are beyond the scope of this
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purely optical model—presents an important avenue for future research. It is recommended that future work
investigates the physical origin of the increased sensitivity observed in some error-prone instances, as well as the
generalizability of these findings to other photonic structures (such as 2D-PCs).
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Incidence Angle Std. Dev.
Mean FWHM Mean FWHM | FWHM
Mean Sensitivity Std. Dev. Sensitivity | (Healthy) Std.Dev. FWHM | (Cancer) (Cancer)
Error Level (8 ) | (nm/RIU) (nm/RIU) (nm) (Healthy) (nm) | (nm) (nm)
1% 1092.4 0.6 81.6 7.8 62.8 9.3
0° 5% 1092.4 1.9 82.7 9.7 61.8 113
10% 1092.1 3.9 84.4 12.1 62.0 13.6
1% 2155.6 1.1 81.2 0.9 49.9 1.1
85° 5% 2155.6 2.5 81.5 2.5 50.2 1.8
10% 2155.1 4.8 82.1 3.5 50.7 3.1
Table 1. Statistical summary of sensor performance under fabrication error, based on 100 iterations per error
level.
Reference Structure Error Parameter Key Finding on Error Impact
Anopchenko et al.>* | 1D-PC (BSW Sensor) %z:ge;%h g];:e;:.) Resonance angle stability (o ¢ =0.17 ° Std. dev.) concluded as “sufficiently robust”.
. 61 . Hole Radius (up to 15% | High sensitivity fluctuation; sensitivity nearly doubled (from 830 to ~ 1570 nm/
Fallahi et al. 2D-PC (Ring Resonator) Error) RIU) at 15% Error
Dell’Olio et al.®’ 2D-PC (Polymer Filter) | Hole Radius/Position Q—factor degradathn; tolerance. limit for 70% production yield set atproduction
yield set at &= 5nm in Hole Radius
This Work 1D-PC (Cavity) Layer Thickness High sensitivity stability (mean 2~ 2155 nm/RIU); the 85 ° angle provided superior

robustness against error.

Table 2. Comparison of the fabrication error analysis in this work with related studies.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on
reasonable request.
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