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Abstract

A compact photonic micro-cavity chip is introduced for high-precision wavelength con-
trol. The chip consists of a fused silica central core placed between two photonic crystal
mirrors, with dye-filled spacer layers that actively amplify light for improving spectral
sharpness and quality. The platform allows precise tuning of the transmission peaks by
adjusting not only the crystal features but also using the core’s refractive index profile.
For this purpose, three cavity structures, featuring central core layers with uniform, lin-
ear, and parabolic refractive index profiles, are designed and analyzed using the charac-
teristic matrix method. Q-factor, finesse, and mode volume were calculated to evaluate
resonance quality and provide a basis for design comparison and practical applicability.
To address the real-world manufacturing variations, results’ reliability were further tested
using Monte Carlo simulations. Three key metrics, spectral correlation coefficient (SCC),
spectral fidelity index (SFI), and peak position stability (PPS) were analyzed under dif-
ferent tolerance conditions. Results show that while all the proposed cavities have strong
potential for the considered aim, the one with a linearly graded refractive index in the
defect layer performs the best.
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1 Introduction

In many advanced applications such as biophotonics, laser material processing, high-reso-
lution imaging and wavelength-division multiplexing (WDM), it is critically important to
excite or detect light at very precise and specific wavelengths (Ghasemi et al. 2019a; Razi
et al. 2015; Ghasemi and Razi 2021a; Hu and Chen 2024). In biophotonic imaging or spec-
troscopy systems, targeting particular wavelengths is essential for fluorescence excitation,
molecular absorption, or label-free detection, as sensitivity and specificity rely seriously on
a narrow spectral control (Ghasemi et al. 2019a; Razi et al. 2015; Ghasemi and Razi 2021a).
On the other side, in WDM, specific wavelengths are crucial because each wavelength car-
ries a separate data in a channel and any wavelength drift or imprecision would cause signal
interference and data loss between channels (Hu and Chen 2024). Furthermore, having such
wavelength-selection elements is not just convenient but in fact it is essential for enabling
high-precision, compact, and tunable systems in next-generation point-of-care devices and
integrated lab-on-chip platforms (Mitra et al. 2024; Roshan Entezar et al. 2022). Addition-
ally, similar necessity exists for other applications such as developing advanced cosmologi-
cal cameras (Hua et al. 2021; Crowther 2022).

However, lasers are not available at all desired wavelengths and nonlinear optical based
wavelength conversation methodologies are very complicated and costly (Crowther 2022;
Jahangiri et al. 2024). Therefore, optical elements capable of picking specific wavelengths
from broadband sources are highly needed. The most common platforms in this regard are
multi-resonant filters, photonic crystal cavities, and engineered resonators that act as pre-
cise spectral selectors, providing needed wavelengths cost effectively (Jahangiri et al. 2024;
Yuan et al. 2025; Xu et al. 2015; Yu et al. 2024; Zhou et al. 2025; Fedoseev and Zhupanov
2021). Photonic crystal microcavities (especially 2D ones) have been extensively studied
across various wavelength ranges due to their ability to confine light in small volumes with
high quality factors. However, they mostly cover the infrared and mid-infrared regions for
telecommunications and sensing applications (Kassa-Baghdouche and Cassan 2019; Serna
et al. 2016; Akahane et al. 2005; Nakamura et al. 2016), and there are limited reports on vis-
ible-range in comparison (Kassa-Baghdouchea et al. 2015). More recently published papers
in the topic can be found in references (Muhammad et al. 2024; Kim et al. 2025; Liu and
Long 2025; Plock et al. 2024). Also it is worth noting that for 1D case, items based on the
Fabry—Pérot (FP) cavity remain highly popular due to their simplicity, high spectral resolu-
tion, and compactness (Zhou et al. 2025; Fedoseev and Zhupanov 2021). While conven-
tional FP resonators naturally produce equally spaced modes, advanced designs allow for
arbitrarily spaced resonances by incorporating multiple coupled cavities, structures based
on layer thickness variation, or configurations utilizing photonic crystals (Qi et al. 2018;
Cao et al. 2024). Given their versatility and performance, this hybrid approach combines
Fabry—Perot cavities with photonic crystals to create a powerful platform. It offers sharp
wavelength control, enhanced resonance effects, and better mode selectivity provided by
PCs with good tunability and integration possibilities delivered by FP cavity. In other words,
these unique structures deliver the situation to bypass the band gap condition in transmit-
tance spectrum of the cavity in some specific wavelengths to generate desired resonance
modes at wanted ones (Qi et al. 2018; Cao et al. 2024; Wu et al. 2025, 2023; Sepahvandi et
al. 2023). Thus by carefully adjusting the PC and FP features, light heating the element will
only satisfy the resonance conditions at specific wavelengths which can effectively pass the
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photonic cavity while the remaining is blocked. One can reach valuable insight in the devel-
oped methodologies in this regard at already published papers in references (Qi et al. 2018;
Cao et al. 2024; Wu et al. 2025, 2023; Sepahvandi et al. 2023). While emphasizing that
each of these previous reports has played a valuable role in this practical field, but it should
be noted that most of them are based on complicated platforms including high number of
involved layers or complex shapes which can easily make their production very challeng-
ing. Furthermore, most published papers in this field only model their multimode cavities
under ideal theoretical conditions. However, in practice and during the fabrication process,
many factors can deviate from the ideal conditions, and therefore possible tolerances from
the perfect parameters should be considered during the modeling process (Wafa et al. 2021).

To meet the existing practical necessities and benefiting proven potential of PC structures
in light manipulation applications (Ben Ali 2017; Hu et al. 2018; Wang et al. 2025; Gua et al.
2024), a polychromatic photonic cavity microchip is proposed which includes a micrometer
sized fused silica sandwiched between two precisely designed PC mirrors. Furthermore,
extra two spacers are placed in between the central core and the mirrors at each side which
can be filled with either passive air or active materials. In other words, in the suggested
structure despite the other common PC based filters (Gua et al. 2024; Razi and Ghasemi
2019a; Alrowaili et al. 2023), a focus has been considered on having active layers of dyes
in the body of the element. These layers provide optical gain that compensates losses in the
photonic crystal structure, resulting in enhanced resonant mode intensities and improved fil-
ter performances with sharper spectral features and higher quality factors. All these features
can provide more robust and effective properties for high precision wavelength selection
applications.

This work introduces multiple novelties in the design and analysis of photonic crystal
microresonators. Unlike previous reports discussed above that consider very complicated
structures made of layers mostly with uniform structures, here we study in detail very sim-
ple structure but evaluating how engineered index gradients (uniform, linear, and parabolic
profiles) in the central cavity layer can significantly influence optical performance. Addi-
tionally, the effect of the presence of an active layer (Rh6G dye) in the body of the crystal
has been considered. Focusing on the visible range is another advantage of this study, which
has been discussed very limitedly as mentioned before. We selected one-dimensional pho-
tonic crystals due to their practical advantages: ease of fabrication using standard deposi-
tion techniques, cost-effectiveness, straightforward integration into planar optical systems,
and computational efficiency in modeling. The proposed structures feature simple arrange-
ments using common photonic materials, making them practically viable. Furthermore, we
employ Monte Carlo statistical analysis to evaluate the robustness of these structures against
fabrication imperfections, which is crucial for assessing real-world device performance.

Structural details of the proposed photonic cavities as well as the physical rules and
mathematical methods that have been considered in the modeling of the optical responses
are discussed first in the following. Then, the optical features of the cavities and the tun-
ability of their characteristics using internal and external parameters are discussed compre-
hensively and the physical phenomena playing a role in the results are explained. Next, a
detailed statistical analysis of how fabrication errors may affect the cavities’ optical prop-
erties is performed. Finally in summary the advantages of the suggested platform and its
potential for applications requiring precise wavelength control are concluded.
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2 Material and mathematical methods
2.1 Micro-cavity structure

The configurations of the proposed photonic micro-cavities are depicted schematically in
Fig. 1. Panel (a) illustrates the architecture comprising two photonic crystals (PCs) with
TiO,/Si0, unit cells in a mirror-symmetric arrangement enclosing a micrometer-scaled SiO,
layer exhibiting a uniform refractive index profile. A spacer layers which could be filled by
either air or an active material such as Rhodamine 6G (Rh6G) are positioned between each
PC and the central layer. Thus the cavity follows the pattern: [Ti0,/Si0,]V/cladding/SiO,-
centralcore/cladding/ [SiO,/TiO,]N where, N denotes the number of the unit cells. Horizon-
tal lines illustrate the refractive index variations in each configuration. The layer thicknesses
used in the modeling are 55 nm for TiO,, 60 nm for SiO,, and 20 nm for the cladding layer.
Also, the corresponding refractive indices are considered as 2.6406 +0i for TiO,, 1.4620+0i
for SiO,, and 1.7735-0.0011 for the Rh6G.

Panels (b-c) represent analogous structures wherein the central core layer of SiO, exhibit
spatially varying refractive index profiles, linear and parabolic, respectively. More specifi-
cally, the refractive index distribution within the central core layer (CCL) of these cavities
demonstrates a gradient that changes either linearly or parabolically between the refractive
index values of the TiO, and SiO, constituents in the adjacent PCs. In the following, these
architectures are called as uniform index gradient-photonic micro cavity (UIG-PMC), linear
index gradient-photonic micro cavity (LIG-PMC), and parabolic index gradient-photonic
micro cavity (PIG-PMC). It is also worth noting that the successful deposition of TiO,
layers on SiO, slabs has been already realized experimentally using various technologies
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Fig. 1 schematic sketch of the proposed multi-mode photonic cavities made of TiO,/SiO, unit cells and
including two cladding layers sandwiching a central defect slab with uniform (upper row), linear (middle
row) and parabolic (lower row) refractive index profile. Horizontal lines illustrate the refractive index
changes in different layers
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(Acosta-Silva et al. 2023; Kim et al. 2006). Furthermore, it has been well proven before that
it is possible to construct a smooth gradient across the full thickness by depositing multiple
sublayers, each slightly doped to achieve incremental refractive index changes (Kim et al.
2006; Kakiuchida et al. 2007). Also, precise refractive index tuning is possible through con-
trolled doping with oxide materials (Kakiuchida et al. 2007; Li et al. 2002). Thus, almost no
serious challenge should exist in fabrication of the suggested structures in practice.

2.2 Mathematical modelling

To extract and analyse the properties of an optical element made of multilayer films, solv-
ing Maxwell’s equations (MEs) is fundamental (Ghasemi et al. 2021). However, as an
alternative to directly solving MEs, one of the most widely used and analytically trace-
able approaches is the transfer matrix method (TMM) (Razi and Ghasemi 2019b; Segovia-
Chaves and Vinck-Posada 2018). This method balances analytical clarity with numerical
stability. Its strength lies in handling arbitrary stacks of layers with different refractive
indices and thicknesses. It also maintains computational efficiency by taking into consid-
eration of many important physical phenomena such as both transmission and reflections
from interfaces or polarization state of the incident electromagnetic wave (Segovia-Chaves
and Vinck-Posada 2018; Ghasemi and Razi 2021b). In other words, TMM calculates the
optical characteristics by solving Maxwell’s equations through boundary conditions at each
interface, enabling direct evaluation of reflection and transmission spectra without requir-
ing spatial discretization or meshing, as used in numerical methods such as FDTD or FEM.
The key equations involved in this method are: Faraday’s and Ampere’s laws which are
presented in Egs. 1, 2 respectively for the case there is no free current (Ghasemi et al. 2021;
Razi and Ghasemi 2019b).

V X E = jwpuH (1

V x H= —jweE )

Under the assumption of having planar media as in our case, these equations reduce to wave
equations for the involved electric and magnetic fields. Then it is possible to track how elec-
tromagnetic waves behave as they pass through each layer and interface, considering both
reflection and transmission. It is worth noting that TMM takes into consideration that each
layer of the stack supports forward and backward waves inside. Also it is based on enforc-
ing the continuity of the tangential components of the electric and magnetic fields at the
interfaces between adjacent layers. By applying these continuity conditions at every inter-
face and linking them through matrices, TMM builds a complete picture of how the wave
behaves across the entire structure. For this purpose, an individual 2 x 2 matrix is allocated
to each layer, incorporating Fresnel reflection and transmission coefficients due to refractive
index mismatch at the interfaces, Eq. 3. Here in this equation both the associating dynamical
and propagation matrices have been considered. Finally, transfer matrix links the fields at
the beginning and end of the stack via multiplying all matrices, Eq. 4. Once the total transfer
matrix is known, one can easily extract the transmittance by computing the ratio of transmit-
ted to incident power, using Eq. 5 for TE polarization of the incident light (Segovia-Chaves
and Vinck-Posada 2018; Ghasemi and Razi 2021b; Ghasemi et al. 2019b).
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and €, are denoting the relative dielectric constants of the input and output planes. Fur-
thermore, k;, = \/kgz’fi — k2 in which k, = kgsinfy. In these equations, i, denotes the
layers involved in the cavity structure. During the mathematical modelling, interfaces of
the layers are considered parallel to the x—y plane, and the z-axis is assumed to be normal
to the surface of the layers of the structure. The surrounding atmosphere is air, and the light
incident angle, 0, is measured with respect to the z-axis (Fig. 1).

To assess the quality and practical utility of the generated resonant modes, finesse, Q-fac-
tor and mode volume are extracted as performance metrics. These three important param-
eters measure how sharp, confined and well-defined the resonant peaks are, while higher
values in Q-factor and finesse mean less energy is lost and low mode length reflects better
spatial condensation of energy inside the resonator leading to more efficient and precise
optical performance. These metrics are mathematically defined in Eqs. 68 for Q-factor,
finesse and modal length respectively (Ben Ali 2017; Bouazzi and Kanzari 2012; Tavakoli
and Jalili 2014).

®)

T =1—R — Absorbance, R = ‘

AResonance

Q-Factor = A

(6)

where AA is the full width at half maximum (FWHM) andAgqonance 1S Wavelength of the
resonance mode.

Finesse = % @)

here A is the wavelength spacing between two adjacent resonant modes. In strong similar-
ity with 3D resonators (Akahane et al. 2005; Ghasemi and Razi 2021b), the mode volume
(which is technically called mode length in 1D) can be defined as Eq. 8 where E(z) is the
electric field and € (2) = egn?(z), with &g being the vacuum permittivity (Akahane et al.
2005; Aurelio and Liscidini 2017).

1 2
Lod = 5 2| E(2)|°dz
R }/e< )E(2)] ®)

It should be noted that for 1D photonic crystal cavities, the normalized confinement length
serves as the dimensionally appropriate equivalent of mode volume used in 3D cavity struc-
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tures. While mode volume quantifies field confinement across all three spatial dimensions,
in 1D system where the structure varies only along the stacking direction, the confinement
length along this axis becomes the relevant figure of merit for characterizing spatial local-
ization of the resonant modes. To extract the wavelength distribution and energy profile
inside the resonator, we have followed the methodology detailed in Aurelio and Liscidini
(2017), where readers may consider for further technical information.

2.3 Statistical assessment

In practice, manufacturing tolerances, material inconsistencies, and process variations cre-
ate unavoidable discrepancies between theoretical models and fabricated elements. The
significance of this fact warrants further detailed studies after theoretical modelling. To
quantify these effects and ensure robustness of the extracted features, comprehensive statis-
tical analyses are also conducted in our study. In more detail, we selected three critical met-
rics: spectral correlation coefficient (SCC), spectral fidelity index (SFI), and peak position
stability (PPS), defined in Egs. 9—11 respectively. In statistical spectral analysis, SCC, SFI,
and PPS provide complementary perspectives that together offer a comprehensive assess-
ment of spectral quality. While SCC captures the preservation of overall spectral shape
through correlation analysis, SFI quantifies intensity fidelity, and PPS evaluates peak posi-
tional consistency. These metrics are inherently complementary because sometimes peaks
are in the right positions as standard cavity predicts but with wrong heights, and sometimes
peaks have right heights but at drifted positions. By employing all three metrics simultane-
ously, one can distinguish between different types of spectral degradation and obtain more
reliable statistical conclusions about system performance and the robustness of the sug-
gested cavities against manufacturing variations. Then we can identify confidence intervals
for expected performance beyond ideal theoretical cases.

Zi‘vzl (Tref (Z) - Tref) (T;Sol(i) - Ttol)

SCC = > 5
\/ (Zﬁil (Trep(i) — Tref)) (Zﬁil (T (0) —Ttol>)

©

Z:i]\;l (Tres (i) = Tioi (1))
Zij\;1 (Trey (i) (10)

SFI=1-

Nr
1 max(0,9; — dp) [Nt — Ng|
PPS = NiR ]E_l max {07 1-— m - Pcount7 Pcount = QTR (11)

where T,..f (i) and T30 (7) are the transmittance values at wavelength point i for the ref-
erence (0% tolerance) and tolerance-affected spectra, respectively. T'e¢ and T are the
respective mean transmittance values, and N is the number of spectral points. N and Ny, are
number of tolerance-affected peaks and number of the reference peaks respectively and o is
asymmetric penalty coefficient. Furthermore, Ny is the number of reference peaks, §j is the
wavelength shift of the j-th reference peak to its nearest tolerance peak, d, is the perfect zone
threshold (accounting for numerical precision) and A, is the maximum matching radius.
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These metrics are systematically evaluated across various tolerance conditions using Monte
Carlo simulations.

3 Results and discussions
3.1 Optical characteristics and parameter dependencies

At the first step, the optical characteristics of the proposed photonic cavity structures were
evaluated through transmittance spectra analysis under two distinct conditions. The solid
lines in Fig. 2 represent the results for a cavity including cladding layers but not any other
defect layer, while the dashed lines demonstrate the case in which the cladding cell is
divided into two parts by insertion of a 30 nm thick SiO, defect layer with uniform refrac-
tive index. Panel (a) illustrates the cavity’s response when the cladding layers contain air (a)
and panel (b) is for the case in which those layers are filled by Rh6G. Both cases show simi-
lar transmittance patterns and roughly same band gap regions, but with notable differences
in peak positions. Band gaps (areas of zero transmittance) are evident in both configurations
roughly between 400 and 600 nm.

In case there is no central SiO, defect layer and when the cladding layers are filled by
air, the narrow and sharply defined resonant peak is at 458.3 nm. However, for the case of
Rh6G filled one, it appears at 505.7 nm. Insertion of the SiO, central layer results in a shift
for resonant peaks (~40 nm in the case of air and~30 nm for Rh6G), while negligible effect
for the bandgap. Also it is worth noting that in all cases the intensity amount of the peak for
the crystal including Rh6G is more than the case in which cladding layers are filled by air.
Transmittance values of more than 1.0 clearly reflect the expected gain effect of the consid-
ered dye. L.e. the gain compensates for losses and can lead to amplification, particularly near
the resonance wavelengths of the cavity. This amplification has been also documented in
previous studies as well (Yi and Li 2021; Zaky et al. 2022). However, the wavelength shift
can be attributed to refractive index (RI) changes. I.e. since Rh6G has a higher RI than air,
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Fig. 2 Transmittance spectra of the suggested cavities in case cladding layers are filled by (a) air and
(b) Rh6G. Solid lines show the spectra of the cavity without any central core layer (CCL), while dashed
lines represent optical response when a 30 nm thick SiO, slab with uniform refractive index is inserted
between the cladding cells (with CCL). Other parameters: unit cell number at each side of the CCL=5,
6=0°, polarization: TE
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the effective optical path length increases, which results in a redshift of the modes to satisfy
the resonant condition (Ghasemi and Razi 2021b; Ghasemi et al. 2019b).

Figure 3 illustrates how the number of the active modes in the cavity depends on the
structural parameters and the light incident angle. By active modes, we refer to the resonant
modes that appear within the photonic bandgap (PBG) region of the transmission spectrum.
These are the cavity modes that are supported by the microresonator structure and exhibit
strong resonance characteristics. The upper panels demonstrate the influence of the unit cell
quantity and the incident light angle at fixed layer thicknesses.

The lower panels reveal how the dimensional properties of these building blocks within
each unit cell affect the mode distribution. This analysis provides valuable design guidance
for tailoring photonic cavities to achieve specific modal characteristics for targeted opti-
cal application. Results show that for all proposed designs, the number of active modes
decreases sharply beyond~20° incidence angle. However, graded structures sustain point-
edly more modes across the 0—20° angular range compared to the uniform case, which
achieves a maximum of only 11 modes. Among the designs, the LIG-PMC structure dem-
onstrates superior performance by supporting the highest number of active modes.

The number of active modes also increases with the number of unit cells. The depen-
dency is largely the same in all cases with very small fluctuations in the mode number. How-
ever, it saturates around 4 unit-cells in the case of LIG-PMC and PIG-PMC, beyond which
no substantial improvement is observed. While for UIG-PMC the maximum is observed
above 6 unit-cells. This trend highlights that increasing the number of unit cells enhances
mode number, but only up to a limit. The bottom row in Fig. 3 illustrates the influence of
TiO, and SiO, layer thicknesses. For all structures, the number of active modes increases
gradually with the layer thicknesses in the range of 20-100 nm, reaching optimal perfor-
mance when both layers are simultaneously thickened. Afterwards the number of modes
decreases with further increase in the layers size. The dependency appears slightly stronger

uiG - PMC LIG - PMC PIG - PMC

Number of Active Modes

8 60
6 40

4
Number of Unit Cells 0

12

Number of Active Modes
canwsaowwoD

20}

20
Incident Angle (deg]

9
s
i
s
s
g
3
2
1
o

a0
R .  ©
4 20 100
Ti0, Thickness (nm)
Quartz Thickness (nm)

3 oanwrnomoSIRBRR

Number of Active Modes

4
Number of Unit Cells 0

.
. 4

8 60
6 40

Incident Angle

207 100

TiO, Thickness (nm)

Quartz Thickness (nm)

o
(deg)

15
' 12
10

10

SosmwrnoveedING

Number of Active Modes

4
Number of Unit Cells 0

Number of Active Modes

80
8 60
6 0
20

2
o
Incident Angle (deg)

15

20)
80 s
L 80 o

4 20 100

TiO, Thickness (nm)

Quartz Thickness (nm)

Fig. 3 Dependency of the number of the active modes to the physical features of the cavities. Upper row
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and SiO, layers are fixed at 55 and 60 nm respectively. The lower row is the dependency on the thickness
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on SiO2 thickness, indicating its more dominant role in mode enhancement. I.e. the number
of active modes changes more dramatically along the SiO, axis than the TiO, one and small
changes in SiO: thickness may result in steep increases or decreases in the number of active
modes. In contrast, the variation along the TiO- thickness axis is more gradual and less steep
in overall. The UIG-PMC displays irregular fluctuations, with minimum number of modes
but the graded structures are having greater modal capacity. LIG-PMC supports the larg-
est active modes (up to 16), with PIG-PMC following closely, both showing wide, stable
regions of optimal thickness combinations. In more detail, peaking range for structure with
uniform defect is observed in the interval of 30-60 nm and 40-100 nm for TiO, and SiO,
respectively. While the optimum thickness ranges to have maximum mode numbers in the
case of LIG-PMC and PIG-PMC are respectively 25-65 nm and 25-60 nm for TiO, layer.
This range for SiO, layer is between 35-100 and 40—100 for those structures respectively.

At the next step, the influence of the thickness and refractive index profile of the central
core layer on the optical response of the suggested photonic cavities were systematically
investigated. Figures 4 and 5 present a comprehensive comparison of the optical responses
for cavities incorporating central layers with uniform, linear, and parabolic refractive index
distributions. Figure 4 demonstrates how defect layer dimension directly impact the number
of the resonant modes (a) and the inter-mode spectral spacing (b). Results show increasing
the size of the central layer from several tens of nanometre (which was the case in Fig. 3)
to micron scale, cause creation of extra modes in the gap region. l.e. as central defect layer
thickness increases from 0 to 8000 nm, the number of active modes also increases almost
linearly for all three cases. Although the number of modes in three cases are close together
at smaller thickness values (<3 pm) but with further increasing the size of the layer, the
LIG-PMC rises the fastest, exceeding 30 active modes, while the PIG-PMC case reaches
a few less modes at the maximum considered thickness of 8 pm. However, the UIG-PMC
case stays much lower with maximum of~20 modes.

For all three structures an inverse relationship with thickness of the CCL is observed for
the average inter-mode spacing. L.e. at small central layer thicknesses and at all three con-
figurations high mode spacing values are observed. But as the thickness increases, average
mode spacing drops exponentially in all cases. However, although the curves remain close
to each other, the decrease steep for UIG-PMC is the minimum while for the LIG-PMC is
maximum and PIG-PMC places in between. This behavior sounds normal as LIG-PMC has
the highest number of modes. This suggests that the structure with linearly graded central layer
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between modes, for the three suggested structures. TiO, and SiO, layer thicknesses are 55 and 60 nm
respectively. Other parameters are considered as: N=5, 6=0°, polarization=TE
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Fig. 5 Comparison of the optical responses of the photonic cavities with central defects having uniform,
linear, and parabolic refractive index profiles: a transmittance, b phase response, and ¢ group delay in
the visible wavelength range. Other parameters are considered as explained in Fig. 4 and CCL thickness
is 4 pm

design (LIG-PMC) allows for more closely packed resonant modes at the same defect thick-
ness compared to the other structures. The observed increase in the number of resonant modes
with greater central layer thickness is consistent with the physics of optical cavities and wave
localization. A thicker defect layer increases the optical path length, allowing more standing
wave conditions to be satisfied within the photonic band gap. This leads to the formation of
additional localized resonant modes, each appearing as a distinct transmission peak. The effect
is analogous to a Fabry—Pérot resonator, where a larger cavity supports more resonances.

To dive more in depth of the effect of the characteristics of the central core layer on the
optical features of the suggested photonic micro cavities, further systematic evaluations are
conducted. For this purpose, the transmittance spectra (5a), phase response characteristics
(5b), and resulting group delay measurements (5c) across the visible wavelength range are
presented in Fig. 5. These comparative results demonstrate how adapting the spatial dis-
tribution of the refractive index within the central core layer can effectively modulate key
optical properties, providing valuable insights for engineering photonic devices with cus-
tomized spectral behaviors. These results also clearly confirm that changing the refractive
index profile of the central layer from uniform to graded form, cause not only a remark-
able shift in the already existing resonant modes but also may increase number of them.
The appearance of these distinct resonant modes in the transmittance spectrum, correspond
directly to phase discontinuities (steps) in the phase response and pronounced maxima in
the group delay spectra at identical wavelengths. In other words, whenever a resonant peak
appears in the transmittance spectrum, there is a corresponding step change in the phase
response and a spike in the group delay at precisely the same wavelength. These signatures
confirm the resonant nature of these modes as expected in micro cavities, making these
structures promising candidates for active micro cavity applications.

3.2 Quality analysis of the resonant modes
To provide a more quantitative assessment of the cavity performance, we analysed key

metrics characterizing the modes generated in the transmittance spectra of the cavities with
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Fig. 6 Normalized confinement length as
a function of defect layer thickness for
different refractive index profiles. Other
parameters are considered as explained
in Fig. 4
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Fig. 7 metrics of the cavity modes generated in transmittance spectra of the cavities including different
types of defects in their structure. a Quality factor and b Finesse of the generated modes. Other param-
eters are considered as explained in Fig. 4 and CCL thickness is 10 pm

various central core types. Figure 6 illustrates the trade-off between field confinement and
cavity thickness through the normalized mode length as a function of defect layer thick-
ness. The uniform profile (UIG-PMC) shows monotonic linear growth. In contrast, both
graded-index profiles (LIG-PMC and PIG-PMC) display oscillatory behavior with local
minima and maxima at higher thicknesses. These up and downs are offering opportunities
to optimize performance at specific thickness values. This is the flexibility not available in
conventional uniform-index designs. It is also worth noting that at thickness values more
than 10 um oscillatory fluctuation in mode length gets more significant in graded-index
profiles. Thus this value may represent an upper limit for liable cavity performance.

Figure 7 presents this comparative evaluation through two other critical parameters:
Quality factor (a) and Finesse (b) of the generated modes. Results show that the quality
factor (Q-Factor) rises with wavelength, peaking between 450 and 500 nm for all three
cases, before decreasing. The PIG-PMC structure reaches the highest Q-Factor, topping
above 85,000, the LIG-PMC cavity peaks around 63,000, and the UIG-PMC peaks just
above 38,000. This shows that the PIG-PMC design achieves the best Q-factor, followed
by LIG-PMC, while the case with a central layer having a uniform refractive index has the
lowest amount across the considered wavelength range. On the other side, similarly, finesse
increases with wavelength, peaking between 450 and 500 nm for all three cases before drop-
ping off again. In consistency with what is observed in the Q-Factor studies, the structure
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with parabolic central layer achieves the highest Finesse value, peaking above 1000, while
the LIG-PMC and UIG-PMC cases peak lower, around~760 and~ 580 respectively. This
indicates that the PIG-PMC design offers the best performance also in terms of finesse while
roughly close values are observed for the cases of LIG-PMC and UIG-PMC.However, it is
important to put light on the fact that, excluding several resonant modes in the mentioned
wavelength region that exhibit significantly higher Q-factor differences, the majority of
modes in both the PIG-PMC and LIG-PMC structures demonstrate large Q-factor value
overlap across the remainder of the spectrum. It is also the case for finesse metric. Thus, it
could be concluded that across most of the wavelength range being studied (except for a few
specific cases) the two structures have comparable performance characteristics.

Also it is important to pay attention that although several reports describe photonic struc-
tures with higher Q-factors or finesse values (Ben Ali 2017; Bouazzi and Kanzari 2012), our
structures offer significant practical advantages. For example, the structure in those papers
requires an incident angle of~ 1.5 rad to achieve maximum Q-factor, while their suggested
cavity design incorporates several tens of layers, making fabrication extremely challeng-
ing from a practical standpoint. Similarly, they recommend hybrid structures combining
periodic and Fibonacci or Rudin-Shapiro arrangements to achieve high finesse or Q-factor
values. In comparison, our structure is much more practical to implement. It features a
simple design with a limited number of layers and uses readily available, well-characterized
materials. Most importantly, it operates at 0-20° incidence angle rather than requiring spe-
cific, difficult-to-achieve working angles.

Also, there are reports on point-defect 2D/3D photonic cavities with much higher values
of Q-factor or finesse (Akahane et al. 2005; Nakamura et al. 2016; Kassa-Baghdouchea
et al. 2015; Muhammad et al. 2024; Kim et al. 2025; Liu and Long 2025; Lu et al. 2021).
Nonetheless, here it is very necessary to point out that direct comparison of those structures
with the suggested ones in this paper is not straightforward due to fundamental differences
in confinement mechanisms and dimensionality. But our results show that even though
those cases are reaching higher quality values than ours, but we offer acceptable values
of critical qualification factors together with advantages in terms of fabrication simplicity
and design flexibility. Point-defect cavities typically achieve higher quality factors through
complete 3D bandgap confinement but require more complex nano/micro fabrication proce-
dures. The other important point is the performance wavelength. Most of these high quality
reports are for IR or MIR range and not for visible interval which is the case in our study.
However, there are reports on these structures in the visible spectral range in which the
reported Q-factors are lower than those obtained in this work (Kassa-Baghdouchea et al.
2015). Thus, our 1D approach provides a viable alternative for applications where moderate
Q-factors combined with ease of implementation are prioritized.

3.3 Statistical analysis of the fabrication tolerance effects

To quantitatively assess the practical feasibility of achieving the theoretical results discussed
above, we must consider potential manufacturing mismatches. Therefore, a comprehensive
spectral stability analysis is conducted for the suggested structures under varying toler-
ance conditions. Figure 8 (first row) presents these results through transmittance spectra
with 0-10% refractive index variations in TiO, and SiO, layers. For UIG-PMC, transmit-
tance peaks remain sharp with high intensity up to 2% tolerance, but degrade significantly
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at higher tolerances. l.e. as the tolerance in the refractive indices of the layers increases,
further spectral broadening and reduced peak heights are observed. Almost the same deg-
radation across the spectrum is visible for both LIG-PMC and PIG-PMC structures. But, at
these cavities, slightly stronger spectral intensities are observed at 2—5% of tolerance. In all
the suggested cavities, increasing the tolerance value over 5% results in moderate spectral
smoothing and distortions so that for the peaks between 410 and 550 nm, transmittance
values 0f<20% is observed. To investigate this dependency quantitatively, Fig. 8 (second
row) shows how measurable spectral metrics (SCC, SFI, PPS) change when unit cell layers
have refractive index tolerances compared to the ideal case. Results show SCC and PPS
remain high and stable across all tolerances for all defect types, but SFI, drops sharply with
increasing tolerance. In other words, although spectral correlation coefficient and peak posi-
tion stability (SCC, PPS) remain largely unaffected, but in all three structures SFI is highly
sensitive to the tolerance value in refractive index of the layers. In these results, there is no
significant difference between the proposed cavities in agreement with what is observed in
the transmission spectra of different structures.

To examine tolerance effects more thoroughly, an extra comparative study is conducted
under three conditions: 10% tolerance applied to refractive index of layers only (An), their
thickness values only (Ad), or both parameters together (An+Ad). Results of this analy-
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Fig. 8 Spectral stability analysis of three photonic cavities under different tolerance conditions: (First
row) Transmittance spectra with 0-10% tolerance in refractive index of TiO, and SiO, layers, (Middle
row) Spectral stability metrics versus tolerance in refractive index, (Lower row) Comparison of stability
metrics at 10% tolerance in refractive index only, thickness only, or both parameters combined. Other
parameters are considered as explained in Fig. 4 and CCL thickness is 4 pm
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sis which are presented in a bar chart format, provides crucial insights into each design’s
robustness against fabrication variations. Results show that the overall dependency of all
three proposed photonic cavities on the considered tolerance effects is qualitatively similar.
Also, it is evident that between the evaluated parameters, PPS remains highly stable across
all variation types, maintaining values close to 1, indicating strong robustness. In contrast,
SFI is the most sensitive metric, showing significant degradation, especially under com-
bined variation (An+Ad), where it drops to its minimum value in all three photonic cavi-
ties. However, SCC lies in between, showing moderate sensitivity. Furthermore, it is worth
noting that tolerance in refractive index of the layers (An) induces variations that lead to
greater performance degradation than Ad alone. This indicates that refractive index fluctua-
tions have a more pronounced effect on the spectral stability of the cavities than the potential
tolerances in layer thickness.

To identify which configuration maintains optimal performance under practical con-
straints, additional analyses are conducted to evaluate the stability of the proposed struc-
tures against typical fabrication tolerances. Figure 9 visualizes the comprehensive stability
assessment through multi-parameter radar charts (for 10% tolerance) and detailed heat maps
for: refractive index tolerance alone (a), unit cell layers’ thickness tolerance alone (b), and
joint index—thickness tolerance (c).

In consistence with the results presented above, all three photonic cavity structures (UIG-
PMC, LIG-PMC, and PIG-PMC) demonstrate similar overall robustness changes versus the
possible tolerances. These results also confirm that the effect of the tolerance in refractive
index value of the layers is more that the case that we have the same amount of tolerances in
the thickness values of the layers. Also as expected, the greatest drop in response will occur
if tolerance is present in both the refractive index and the thickness of the layers.

Furthermore, a closer look at the considered metrics for evaluation of the response of
the proposed structures shows that PPS remains perfectly stable with a constant value of
1 across all structures and tolerance levels (even at 10%), indicating it is completely unaf-
fected by the imposed variations. On the other hand, in all cases of tolerance conditions and
for all suggested cavities, SFI is consistently the most sensitive metric, decreases rapidly
with increasing tolerance. Degradation in SFI value is even visible at low tolerance values
of 1%. This sensitivity is most pronounced in the PIG-PMC structure, where SFI drops to
even 0.4118 in case of 10% tolerance and joint index—thickness tolerance. The structures
with central defect layer of having uniform and linear refractive indexes show similar SFI
behavior, but the UIG-PMC structure just very slightly outperforms LIG-PMC at all toler-
ance levels, particularly at maximum 10%. The SCC metric show moderate degradation
and is much more stable than SFI but less than PPS. In this case, the difference between
structures is minor, both at low and high tolerances. All these results are also visible in the
presented radar chart next to the heat maps. The plots reinforce that all three structures
respond to large extent similarly to the tolerance changes. Also, the SFI metric demonstrates
the highest sensitivity, showing the steepest decline and results in the asymmetrical profile
which is more visible as tolerance increases.

As the last step, dependency of the spectral features robustness on the thickness of the
central core layer inside the structures is also evaluated and the results are tabulated in
Table 1 for two distinct tolerance values of 5% and 10%. As Fig. 4 shows, at thicker central
layers, the differences between the proposed structures become more distinct. Thus, in this
step, two thickness values of 3000 and 4000 nm were selected for analysis, both of which
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Fig. 9 Spectral robustness of the designed three photonic cavities under different tolerance conditions: a
tolerance in refractive index only, b tolerance in TiO, and SiO, layer thickness only, and ¢ tolerance in
both parameters combined. Each panel includes radar charts for 10% tolerance level, with detailed heat
maps. Other parameters are considered as explained in Fig. 4 and CCL thickness is 4 pum
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Table 2 Performance comparison of the proposed micro-cavities with other reported photonic crystal

resonators
References  Structure features Working Studied parameters Top
No. wavelength Q-factor
Ours 1D-PC based UIG- 400-750 nm Q-factor: (+) Finesse: (+) ~35x10°3
PMC defect 0<0<20 degree  Mode volume: (+)
Statistical evaluation: (+)
Ours 1D-PC based LIG-PMC 400-750 nm Q-factor: (+) Finesse: (+) ~63x10°3
defect 0<0<20 degree  Mode volume: (+)
Statistical evaluation: (+)
Ours 1D-PC based PIG-PMC 400-750 nm Q-factor: (+) Finesse: (+) ~85%x10°3
defect 0<0<20 degree  Mode volume: (+)
Statistical evaluation: (+)
Ben Ali 1D Fabry—Perot PC 440-540 nm Q-factor: (+) Finesse: (+) ~3.1x10
(2017) using hybrid Periodic, 6<1.5 Rad Mode volume: (-) 3
Fibonacci and Cantor Statistical evaluation: (-)
photonic structures
Bouazzi 1D Fabry—Perot PC 440-540 nm Q-factor: (+) Finesse: (+) ~2.1x10
and Kanzari  based on 6<1.5Rad Mode volume: (-) 3
(2012) hybrid Periodic/Rudin- Statistical evaluation: (—)
Shapiro sequence
Tavakoli and 1D-PC based on Simple 1.3-1.8 pm Q-factor: (+) Finesse: () ~1x10*
Jalili (2014)  Fibonacci structure 0=0 Mode volume: (—)
Statistical evaluation: (—)
Akahane et  2D-PC point-defect 1.584-1.589 um  Q-factor: (+) Finesse: (-) ~1x10°
al. (2005) cavity 0=0 Mode volume: (+)
Statistical evaluation: (—)
Nakamura et 2D-L3 & HO nanocav-  1.55 um Q-factor: (+) Finesse: (-) 1.7x10
al. (2016) ity PC 0=0 Mode volume: (+) 6_5x10°¢
Statistical evaluation: (—)
Kassa-Bagh- 2D-PC nanocavity (L3) 680-740 nm Q-factor: (+) Finesse: (-) ~2.5x%10
douchea et SiN-based 6=0 Mode volume: (+) 3
al. (2015) Statistical evaluation: (-)
Xu et al. Slotted 1D-PC with 1.565-1.595 um  Q-factor: (+) Finesse: (-) ~10*
(2013) parabolic-width stack =0 Mode volume: (+)
Statistical evaluation: (-)
Mirsadeghi ~ 1D-PC slot micro- ~1.55 um Q-factor: (+) Finesse: (-) ~7.5%x10
etal. (2013)  cavity based on 0=0 Mode volume: (+) 3
silicon-on-insulator Statistical evaluation: (—)
Luetal. 2D square PC and a 1D 540-700 nm Q-factor: (+) Finesse: () ~1.16x10
(2021) PC nanobeam cavity 0=0 Mode volume: (+) 4

Statistical evaluation: (-)

can be considered as good candidates for practical thickness selection. In overall, increas-
ing the defect thickness from 3 to 4 pm does not change the PPS value and it remains the
maximum value. Even though there are some exceptions but this increase in the thickness
reduces very slightly the value of both SCC and SFI parameters at both considered toler-
ance values. This proves that the thickness increase (at least in this level) cannot worsen the
robustness of the suggested structures to large extent. I.e. increasing CCL thickness does
not amplify their sensitivity to fabrication errors. Furthermore, across both thicknesses and
tolerance levels, the PIG-PMC structure maintains the lowest SFI and SCC values.

Finally, to provide a clearer overview, Table 2 compares the performance of the pro-
posed microcavities with representative 1D/2D PC resonators reported in the literature. This
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table clearly reflects the advantages of our study in addition to the quality of performance
of the suggested structures. While some optimized designs have demonstrated very large
Q-factor values, it is worth highlighting some very important points here. These studies do
not cover any statistical study by taking into consideration of the possible deviations from
ideal conditions due to practical limitations during fabrication. Even though, our results are
still much better than some of the already reported cases (Kassa-Baghdouchea et al. 2015;
Tavakoli and Jalili 2014; Xu et al. 2013; Mirsadeghi et al. 2013; Lu et al. 2021) and fall
within realistic experimental values (Tavakoli and Jalili 2014; Aurelio and Liscidini 2017,
Yi and Li 2021). They additionally offer notable advantages as already discussed partly in
sec.3.2 such as a simple one-dimensional design, including very limited unit cell numbers,
wide incident angle operation range of 0 -20°, ease of fabrication using common dielectric
materials, and robustness to dimensional tolerances of up to about 5%. Thus, we believe that
these practical characteristics make the proposed design attractive for integrated photonic
microresonator applications. To our knowledge, no experimental studies have investigated
graded refractive index profiles in active PC micro-resonators in the visible range. Thus this
theoretical study provides design guidelines and performance predictions that can guide
future experimental implementations of such structures.

4 Conclusion

Polychromatic photonic micro-cavity resonator made of micro-meter sized fused silica core
encapsulated between PC mirrors and cladding layers were suggested for high-precision
wavelength control. Three cavity designs with uniform, linear, and parabolic refractive
index profiles at central core were analysed using TMM routine. Q-factor, Finesse and mode
volume calculations assessed spectral performance of the structures in detail and Monte
Carlo simulations evaluated robustness through SCC, SFI, and PPS metrics under manu-
facturing tolerances. Results show that filling the cladding layer with active Rh6G instead
of air does not increase the number of resonant modes but shifts the existing ones to longer
wavelengths and increases their intensity. It was determined that 4-6 unit cells are sufficient
to achieve the maximum number of active modes. Also, optimum performance for all pro-
posed structures occurs within the 0-20° incident angle range. Adjusting the thickness of
the unit cell building blocks can alter the optical response of the cavities, but the sensitivity
to SiO, layer thickness is greater than to TiO,. However, the dependency on the central core
thickness is the most significant feature, and in all structures, increasing size of this layer
to micrometer dimensions can dramatically enhance the number of resonant modes up to
several tens of sharp peaks with acceptable Q-factor and finesse values.

The analysis revealed that regardless of the structure type, thickness, or tolerance level,
PPS stays at maximum level of 1.00, indicating that peak positions are not significantly
shifted, even under 10% tolerance in refractive index, thickness value or mixture of them.
This means the spectral shape degrades, but resonance locations remain intact, an important
trait for applications reliant on specific resonance positions. In general, both LIG-PMC and
PIG-PMC with graded index profiles in their central core result in a much higher number of
resonant peaks at their output compared to the cavity with a central core having a uniform
refractive index. However it is worth noting that, even though just a few resonant modes
in the LIG-PMC structure may have slightly lower Q-factors, but this configuration can be
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considered the optimal candidate according to SCC and SFI statistical evaluation of toler-
ance robustness assessments. But it doesn’t mean that the performance differences between
the LIG-PMC and PIG-PMC structures are large enough to rule out any of them for practical
usage.

Thus, in summery it can be concluded that due to having simple configuration together
with a tunable optical response while being strongly resilience to the possible tolerances
during fabrication process, the suggested configurations (mostly LIG-PMC) may be useful
in fulfillment of the wavelength selection needs in high precision micro-spectroscopy and
optical communications applications.
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