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Topological edge state resonance
as gamma dosimeter using poly
nanocomposite in symmetrical
periodic structure

Zaky A. Zaky®%23* Mohammed Sallah©*, V. D. Zhaketov®° & Arafa H. Aly*

Topological edge state resonance based sensor, including photonic crystal, is proposed for gamma
radiation detection. This article initiates by showing the fundamental principles of photonic crystal,
topological edge state, and gamma dosimeter, highlighting their benefits and performance over
conventional detectors. This study discusses the possibility of exciting a topological edge state
resonance using two symmetrical photonic crystals composed of silicon doped with poly(ethylene
oxide) nanocomposite as a gamma detector. The simulation results using the transfer matrix method
recorded a sensitivity of 1.24 nm/Gy for gamma doses from 0 to 100 Gy and 0.34 nm/Gy for gamma
doses from 100 to 200 Gy when the proposed structure is composed of silicon doped with poly(ethylene
oxide) nanocomposite as an active material. It is found that the maximum figure of merit and quality
factor of the detector are 6.04 x 10® Gy~ ' and 1.30 x 107, respectively. Thus, this innovative
topological edge state resonance-based detector is extremely promising for radiation detection.
According to these investigations, topological edge state gamma sensors have distinct advantages
over traditional dosimeters in terms of increased sensitivity, robustness against disorder, and
simplified structure, which makes them appropriate for use in environmental radiation monitoring and
medical imaging.
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Photonic crystals, or PhCs, are periodic structures that have attracted much attention lately because of their
remarkable nanoscale light control and manipulation capabilities". PhCs, which consist of materials with high
and low dielectric constants or refractive indices (RIs), display distinct optical characteristics such as photonic
bandgaps (PBG) and robust electromagnetic wave (EMW) confinement>*. PBG in PhCs is due to the multiple
Bragg scattering in periodic structures. Wavelengths of EMW within PBG range cannot propagate. Advances
in the theoretical knowledge and production processes of PhCs have resulted in significant improvements in a
variety of devices and applications, such as smart windows?®, sensors®?, etc. PhCs have shown great promise for
next-generation sensing devices!®!.

One-dimensional PhC (1DPhC) features a periodic configuration of high and low RI materials running along
their length and is widely used in different structures. By tailoring the composition and geometry of the 1DPhC,
remarkable improvements have been achieved in sensing applications. Topological 1DPhC configurations
possess features such as integrated optical systems and can be ultra-compact using an easy-to-manufacture
method!>!%. The first topological PhCs were suggested theoretically by Raghu and Haldane in 2008'%1°. The
ability of topological PhCs to solve the issue of energy loss in PhC systems due to manufacturing processes is one
of the most important benefits. Several new phenomena have been seen in PhCs since topology was introduced,
such as topological edge state (TES). TES is a confinement of specific wavelengths of EMW at the interface
between two identical or different PhCs. 1DPhCs are commonly utilized for manufacturing TES modes because
2DPhCs and 3DPhCs are more complicated to fabricate!”. Gao et al.!® experimentally and theoretically proposed
a coupling between the Fabry-Pérot cavity mode and TES in the form of Fano resonance using three 1D PhCs.
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Porous silicon (PSi) attracted growing interest in various fields and PhC configurations because of its high
sensitivity (S) and extensive surface area'’~1°. The technology for preparing PSi is among the fastest and simplest
methods for producing PhCs!7!8, Zaky et al.?’ designed a sensor with exceptional sensitivity using a CS-PhC of
PSi. Zaky et al.2! proposed a CS-PhC to detect gamma radiation using PSi doped with a DPV polymer. Polymer
nanocomposites (PNCs) have developed into promising energy conversion and storage application materials
because of their great thermal and mechanical stability, excellent ionic conductivity, and broad stability. PNC
has garnered increased interest as a sensitive material for various emerging fields, including supercapacitors,
batteries, radiation detectors, and fuel cells, due to its low-cost and flexibility?*~%°. Indigo dye samples were
used to detect radiation with S = 0.0002 nm/Gy by Bich et al.”’. Quantum dot/PNCs have shown significant
potential for high-performance, low-cost spectroscopic gamma detectors?®. Gadolinium oxide-PNCs recorded
high-resolution for gamma detection®. Conductive PNCs were designed as real-time GRD and exhibited
significant enhancement for efficient gamma ray harvesting systems*.

In this study, according to our knowledge, TES resonance using 1DPhCs is proposed as gamma radiation
detection for the first time. Poly(ethylene oxide) nanocomposite (PEONC) is used as a sensitive material for
gamma doses. The experimental RIs of PEONC at different irradiation doses are fitted?®. The effect of porosity
(ratio of PEONC in PSi layers), and number of periods are investigated to attain superior results.

Theoretical model and basic equations
Figure 1 represents a schematic figure of two symmetrical PhCs (PhC1 and PhC2) composed of silicon doped
. N N

with PEONC as a gamma detector as [Alr * (HL)™ (LH)™ * Substrate] . Layers H and L are PSi and Al>O3,
respectively. The thicknesses H and L are 200 nm and 120 nm, respectively. PSi layer is doped with 10% PEONC
as an active material for gamma radiation. Both PhCl and PhC2 are repeated for N times (N = 5). The
EMWs will normally incident on the structure (6 = 0) from the air. The Rls of air and substrate are 1 and 1.52,
respectively.

The RIs of Al2 O3 according to Sellmeier equation by fitting the experimental data in Ref.?!, and PSi according
to Bruggeman’s effective equations®? can be calculated as follows (X in pm):

4.352187)\2 0.11716612

. 1
A2 —0.0457732 + A2 —0.1870272 M

naros = —2.012168 +

Npg; = 0-5\/11) + /2 + 80202 o
P =3P (npronc — n5) + (202 — nPronc ) (2)

where P is the ratio of PEONC in PSiand ng; = 3.7. The final shape of PSi will be silicon doped with PEONC. So,
the mechanical robustness will not be affected with porosity. In our study, the porosity refers to the PEONC, not
air cavities. The RI of Si is slightly affected at high gamma doses up to 1000 kGy (less than 5 x 1075)%, Besides,
the thermo-optic coefficient of Si is very small (2.3 x 10™*) at a gamma dose of 66.5 kGy and a temperature
of 32 °C*. In 2018, Ahmed et al.* studied the effect of gamma radiation on Si-PhC devices using Monte Carlo
codes. Ahmed et al.3* found that thermo-optic coefficient, dispersion, characteristic group index, temperature
sensitivity, peak width, and peak center remain constant for aggregate doses up to 1 MGy. For Al O3, even at 46
KGy, the optical properties of it seem to be constant®.. Si layers can be deposited on a substrate of Al,O33°%.
Besides, Al>Og strips can be deposited on nanoporous Si‘’. Additionally, silicon doped with composites can be
fabricated*!.

B8 psi

Fig. 1. Schematic design of symmetrical PhCs composed of silicon doped with PEONC.
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The gamma radiation effect on Si and AlyOs is neglected*"#>*3, The PEONC’s RI at different gamma doses
is calculated as follows (300 nm < A < 800 nm, and A should be in pm in equations)?:
At gamma dose of 0 Gy:

nponc = —50.99A% 4+ 109.7\% — 78.54\ + 20.21. 3)
At gamma dose of 100 Gy:
npgonc = 1267.320° — 4530.000° + 6714.24\" — 5280.53)\% + 2341.49\* — 554.456) + 61.5716. (4)
At gamma dose of 200 Gy:
npeonc = 41.430" — 101.9X° + 93.13)\% — 37.84) + 14.15. (5)
Using MATLAB software, the transmittance (T) of EMWs (transverse electric) propagating through symmetrical

PhCs composed of silicon doped with PEONC at different gamma irradiation doses is calculated using the
transfer matrix method (TMM) as follows*4->°:

T (%) = 100 x %;?t??, ©6)
where
t= 20 : )
(A11 + Ar2ps) po + (Az21 + Az2ps)
a2 = agan) aran)®, (®)
pi = nicos (0;) 9)

where ¢ = O(for air), H(for PSi), L(for Al2O3),and s (for substrate).
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2
oL = TﬂdLnLcosﬁL (13)

TMM has already been used in the construction of different filters, detectors®®*6->%, and other simulations.

Wang et al.®° practical and theoretical (using TMM) studied the 1D reflector’s reflectance producing very good
matching. Gutierrez et al.®! fabricated and simulated (using TMM) a multi-use detector. The numerical and
experimental results coincided.

Results and discussions

Figure 2A clear the RIs of PEONC at different gamma doses from 0 to 200 Gy. By increasing the gamma doses,
RI of PEONC basically increases due to breaking chains. This chain breaking causes some changes like H>
releasing, cross-linking, Oz absorption by carbon, energy gap reduction, formation of interband states, and the RI
increase®>%3, This inverse behavior energy gap and RI are consistent with the Penn model®. Rls of PSi (P =10%)
doped with PEONC at different gamma doses from 0 to 200 Gy are represented in Fig. 2B. According to Egs. (2)
and (3), by irradiating the doped PSi layers with gamma doses, the RIs of doped PSi increase significantly due
to the increase of the RI of PEONC. Due to the stability of RIs of PSi at wavelengths of 550 nm < A < 800 nm,
this range of wavelengths is recommended.

In the absence of gamma dose, there is a PBG in the transmittance spectra of one PhC (PhC1) due to the high
contrast between the RIs of AloO3 and PSi, as clear in Fig. 3A. The PBG has a left edge at 550 nm and a right edge
at 622 nm. By studying the transmittance spectra of the symmetrical structure of PhC1* PhC2, an outstanding
peak at a wavelength of 613.04 nm (inside the PBG) appeared. This outstanding peak is due to the localization
of EMW at the interface between PhC1 and PhC2%. In Fig. 3B, by increasing gamma radiation from 0 to 100 Gy
and 200 Gy, the outstanding peak position (ArEgs) is moved from 613. 04 to 668.83 nm, and 683.08 nm due to
the RI increase, according to the standing wave relation:

m)\d :neffD, (14)

where m, ney s, and D are integer, effective RI, and geometric path difference, respectively.
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Fig. 2. (A) Measured?® and our fitted RIs of PEONC, and (B) Rls of PSi (P = 10%) doped with PEONC at
different gamma doses from 0 to 200 Gy.

Any sensing device that has high S, narrow peaks with low bandwidth (FWHM), high figure of merit (FoM),
high quality-factor (Q), and low detection limit (LoD) tends to perform better, as follows:

AXTES

S = A (15)
FoM = FVV%’ (16)
Q= wssr (17)
LoD = ;g;g (18)

As clear in Fig. 4, increasing the ratio of PEONC in PSi layers from 12 to 14%, 16%, 18%, 20%, and 22% widens
the shift between outstanding peaks (AAres), and enhances the performance of the sensor. By increasing the
ratio of PEONC in PSi layers from 10 to 12%, 14%, 16%, 18%, 20%, and 22%, the shift between outstanding peaks
increases from 70.04 nm, 84.46 nm, 98.96 nm, 113.52 nm, 128.11 nm, 142.72 nm, and 157.3 nm. As clear in
Fig. 4, at a gamma dose of 100 Gy and 200 Gy, a second PBG contains another outstanding peak (undesirable) in
the wavelength range of concern. It is noticed that a second undesirable peak approaches the mean outstanding
peak by increasing the porosity. At porosities higher than 22%, the undesirable peak overlaps with the mean
outstanding peak. As a result, porosity of 22% is optimum porosity.

As clear in Fig. 5A, there is a high stability (97.5%) in the transmittance of outstanding TES peak at 0 Gy of
gamma dose because of the high confinement of EMW at the interface between PhC1 and PhC2. The FWHM
increases with PSi porosity due to moving the outstanding TES peak closer to the edge of the PBG. As the
increase in PSi porosity widens the shift between outstanding peaks, the sensitivity gradually increases with
PSi porosity, as clear in Fig. 5B. Besides, FOM varies between 1.25 and 1.42 Gy~ *. In Fig. 5C, the Q gradually
decreases, and LoD decreases to a minimum value at P = 12%, and gradually increases.
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Fig. 3. Transmittance of (A) PhCl (black line) and symmetrical structure of PhC1* PhC2 (red line) in the
absence of gamma dose, and (B) Transmittance of symmetrical structure of PhC1* PhC2 at different gamma

doses.
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Fig. 4. Transmittance of symmetrical structure of PhC1* PhC2 at porosity of 12%,14%,, 16%, 18%, 20%, and

22% at different gamma doses (0 Gy in black spectrum, 100 Gy in red spectrum, and 200 Gy in blue spectrum).

Since increasing porosity negatively impacts the FWHM, N will be utilized to reduce FWHM and sharpen
the edges of the PBG. As clear in Fig. 6, increasing N sharpens the left and right edges of the PBG. Besides,
increasing N has a beneficial effect in reducing FWHM, keeping the transmittance constant, as clear in Fig. 7A.
At a small number of cells (from 5 to 8 cells), the FWHM strongly decreases. Then, FWHM is slightly affected
by N. Since increasing the number of cells has a slight effect on the peak position, the device’s sensitivity remains
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Fig. 5. (A) FWHM and transmittance at 0 Gy, (B) FoM and sensitivity, and (C) LoD and Q of the symmetrical
structure of PhC1* PhC2 versus P of PSi layers.

unchanged. According to Eqgs. (16-18) and Fig. 7B,C, FoM and Q enormously increase, and LoD gradually
decreases.

By checking the transmittance of the outstanding peak versus N at 100 Gy and 200 Gy gamma dose, it is clear
that changing the N from 5 to 7 periods has not affected the transmittance. The transmittance of the outstanding
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Fig. 6. Transmittance of the symmetrical structure of PAC1*PhC2 versus N at 0 Gy gamma dose.

peak is significantly and negatively impacted by increasing N from 7 to 10 periods, as clear in Fig. 8A,B). So,
N = 7 cells for PhC1 and PhC2 is a suitable condition.

Using TES mode affects the position of the outstanding peaks because of the change in the complex RI
of PSi. Figure 9 clears the variation of the outstanding peak position of the discussed detector for different
gamma radiation doses after the optimization process. By increasing the gamma radiation doses from 0 to 100
Gy and 200 Gy, the outstanding peak position changed from 578.09 to 701.94 nm and 735.50 nm. From these
results, one can infer that the analyzed structure is highly appropriate for the detection of gamma radiation
doses from 0 to 200 Gy. Table 1 demonstrates that the proposed sensor exhibits greater sensitivity than others.
This enhancement is due to this type of polymer, which is very sensitive to gamma doses compared to others?!.
Besides, the TES mode strongly depends on any change in the refractive index in any layer of the structure.
As the PSi layer contains the PEONC, PEONC is very sensitive to gamma radiation; the TES mode is very
sensitive to gamma radiation*®. On the other hand, nonlinear response reduces accuracy and requires advanced
calibration techniques to account for these deviations.

Conclusion

We presented the excitation of a TES in the visible EMW domain at the interface between 1DPhCs using the
TMM theoretical approach as a gamma detector. By increasing the gamma irradiation doses, the RI of PEONC
increased, the effective RI of PSi layers increased, and the position of the TES mode changed. As a result, the
proposed structure recorded high sensitivity for gamma doses. The number of periods of PhC1 and PhC2
strongly affected the FWHM, FoM, Q-factor, and LoD. On the other hand, the ratio of PEONC in PSi strongly
affected the sensitivity of the detector. The suggested detector has a supersensitivity for gamma doses from 0
to 100 Gy (1.24 nm/Gy) and high sensitivity for gamma doses from 100 to 200 Gy (0.34 nm/Gy). Finally, the
proposed symmetrical structure performs exceptionally well in detecting gamma rays.
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References | S (nm/Gy) | Q Range Structure

2020,%° 0.0013 NC 500 Gy Fiber grating
2013, 0.0002 NC 0-300 Gy Indigo dye samples
2012,% 0.00018 NC 6000-65,000 | Fiber grating
2018, 0.0012 NC 0-500 Gy Fiber grating
2024, 0.265 12,701 0-70 Gy 1D-PC

2021,%8 0.298 808 0-70 Gy 2D-PC

This work | 1.24 1,970,000 | 0-100 Gy TES-PC

This work | 0.34 13,200,000 | 100-200 Gy | TES-PC

Table 1. Evaluating against various gamma radiation dose measurement devices.
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