#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

A doped-polymer based porous silicon photonic
crystal sensor for the detection of gamma-ray
radiation

i ") Check for updates ‘

Cite this: RSC Adv., 2023, 13, 3123

Fatma A. Sayed, Hussein A. Elsayed, Ahmed Mehaney, M. F. Eissa and Arafa H. Aly@*

In this research, a theoretical investigation of the one-dimensional defective photonic crystals is considered
for the detection of gamma-ray radiation. Each unit cell of the considered one-dimensional photonic
crystals (1D PhCs) is composed of two layers designed from porous silicon infiltrated by poly-vinyl
alcohol polymer doped with crystal violet (CV) and carbol fuchsine (CF) dyes (doped-polymer) with
different porosity. In addition, a single layer of doped-polymer is included in the middle of the designed
1D PhCs to stimulate the localization of a distinct resonant wavelength through the photonic band gap.
In particular, the appearance of this resonant mode represents the backbone of our study towards the
detection of y-ray radiation with doses from 0 to 70 Gy. The Bruggeman's effective medium equation,
the fitted experimental data to the refractive index of the doped-polymer, and the Transfers Matrix
Method (TMM) serve as the mainstay of our theoretical treatment. The numerical findings provide
significant contributions to some of the governing parameters such as the thicknesses of the considered
materials on the performance of the presented sensor, the effect of incidence angle and the porosity of

the considered materials on the resonance wavelength. In this regard, at optimum values of these
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figure of merit that are obtained are 205.7906 nm RIU™, 9380.483, 49.315, 2.05 x 107> RIU, 3.27 x

DOI: 10.1035/d2ra07637c 107>, and 2429.31 RIUY, respectively. Therefore, we believe that the suggested design could be of
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Introduction

Ionizing radiation is a type of high-energy radiation that causes
ionization in the materials it passes through. It comprises non-
particulate radiation, like X-rays and y-rays, as well as radiation
produced by energetically charged particles, like alpha and beta
particles, or by neutrons. Ionizing radiation can alter the
exposed material in a variety of ways, including biological,
chemical, and physical responses."* Ionizing radiation has
recently become more widely used for a variety of applica-
tions.** Industrial radiation processing and control, cancer cell
treatment, medical sterilization, food preservation, and envi-
ronmental gamma dosimetry are demonstrated among the
applications where radiation dosimeters are used.**”
Meanwhile, radiation dosimetry is crucial to these ionizing
radiations and has attracted a lot of attention.® There are
different types of radiation dosimetry used to detect ionizing
radiations.* A scintillation dosimeter is one of the oldest types
of dosimeters, which uses the scintillation light produced in
particular materials. Scintillation dosimeters work on the
principle that the substance being utilized can convert ionizing
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significant interest in many industrial, medical, and scientific applications.

radiation into detectable light. It is then converted into an
electrical signal using a photodiode or photomultiplier tube.®
The second type of dosimetry is known as thermoluminescence.
Thermoluminescence (TL) is defined as the emission of light
from a solid as a result of heat following radiation exposure. A
dosimeter based on optically stimulated luminescence works
similarly to a TL dosimeter. These types of dosimeters can
measure very small dosages and are suited for personal and
medical uses.'** Also, some dosimeters rely on changes in the
optical fiber and use spectrophotometry to measure the change
in Radiation-Induced Attenuation (RIA).>'* Moreover, quartz
fiber electroscope (QFE) dosimeters, electronic and electrical
dosimeters, and film/badge personal dosimeters represent one
of the most popular types. However, most of the aforemen-
tioned types have some disadvantages that appear in the form
of limited shelf life, expensive price, temperature and light
impacts that cause fading, and sensitivity to hard handling.*®
These issues primarily raise operating costs for industrial
applications. For usage in strain and temperature applications,
a lot of research has been done on creating radiation-resistant
Fibre Bragg Gratings (FBGs)."** In this regard, optical FBG
sensors have proven to be advantageous in many industrial
sensing applications. Their primary advantages over electronic,
chemical, mechanical, and electrical sensors typically include
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their higher sensitivity, small size, resistance to harsh envi-
ronments, immunity to electromagnetic interference, ability to
be mass produced at low cost, and ability to measure remotely
in real time.* In addition, there are dosimeters based on
photonic crystal fiber and Bragg gratings structures.®

Photonic Crystals (PhCs) are artificial inhomogeneous
structures that can be designed or fabricated in one-dimension
(1D), two-dimension (2D), or three-dimension (3D) to control
and manipulate light's propagation within a specific range of
frequencies called the photonic band gap(PBG).””** The differ-
ence in refractive indices between the constituent materials
leads to the generation of this PBG. The creation of local reso-
nance modes by creating a cavity or (defect) within the periodic
structure of PhCs is utilized in sensor applications.**?* The
PhCs are a promising candidate for application in radiation
dosimetry.® This is a result of their remarkable stable behavior
and post-irradiation recovery characteristics.®

When constructing the best PhCs as radiation dosimeters,
there are numerous factors and characteristics to consider. The
material sensitivity to radiation is the major important factor.
The material's susceptibility to radiation interaction is
crucial.®** In this study, we need a material with highly sensitive
y-rays radiation used as gamma dosimetry within the dose
limits necessary for the specific applications. In this context,
polymers with better surface and bulk properties have been
more important during the past few decades, because of their
low weight, low cost, easy processability, and ease of fabrication
of thick and thin samples.>* The structural changes caused by
high-energy radiation interactions with polymeric materials,
such as X-rays, y-rays, neutrons, and electrons, may allow for
some fine-tuning of the materials’ optical, thermal, mechanical,
dielectric, and conductivity properties. Many researchers have
been examining the impact of irradiation on doped polymer
composite materials to probe the special features.”

Due to its high transparency and excellent flexibility, poly-
vinyl alcohol (PVA), which has the general formula[-CH,-
CH(OH)-],, is a well-known polymer for numerous technical
applications.”® The composites used in the majority of PVA
works are sufficiently sensitive to either low or high-energy
radiations, which impart improved or degraded physicochem-
ical properties.”® For example, M. A. Ali Omer et al. have sug-
gested the viability of using PVA/Cu,O composite films as
radiation detectors and personal dosimeters based on optical
changes sensitive to y-rays emitted from °°Co-source in the
range of (0-12) Gy suitable in rural sectors and low-income
nations.” I. M. Osman et al. show the effects of additive and
gamma irradiation on the structural and optical properties of
polyvinyl alcohol doped with silver nitrate.”

In this regard, porous PhCs have exceptional advantages over
other ordinary PhCs.*® Materials with voids or holes are said to be
porous materials. Because they have large surface areas, variable
pore sizes, and a narrow pore size distribution, porous materials
are essential for study.”” They can be applied in many different
fields, including sensing, adsorption, and catalysis, because of
these inherent features.*® The amount of void or pore spaces in
a material is measured by its porosity, which is defined as the
ratio of void volume to total volume.** Porous silicon (PSi) is
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a variety of silicon wafers that has nanopores added to their
microstructure.>** In 1994, Vincent used -electrochemical
etching to create the first PhC fabricated from PSi.** By electro-
chemically anodizing crystalline silicon in a solution of hydro-
fluoric HF acid, porous silicon is commonly produced. The
porosity determined by the anodization current density. Lower
refractive index values correspond to increased porosity. It is
widely believed that the electrochemical etching process in the
silicon/fluoride combination is self-limiting and only happens at
the interface between porous Si and crystalline substrate,
meaning that the already-etched porous layer is unaffected by
subsequent electrochemical etching. Consequently, the depth of
the porosity can be modified. Because of this, PS multilayers with
various refractive index profiles can be produced. One-
dimensional photonic structures can be easily and inexpen-
sively fabricated in this way. It has been demonstrated that
a shift in the photonic feature can provide a very sensitive
method for the detection of any change in the material (the
optical properties of the doped polymer) that can enter the pores.
The spectral peak position of a multilayer is strongly influenced
by the average refractive indices of the layers.** Additionally,
numerous benefits of the PSi-1DPhCs can appear in the form of
their large specific surface area, ease of manufacture, and
compatibility with conventional microelectronics processing.***

Reliance on all of the aforementioned, we present here a new
theoretical investigation of the y-ray radiation dosimeter based
on a 1D-PSi-PhC structure with a central defect layer. We are
choosing 1D-PhCs due to the low cost and variety of applica-
tions.***” The suggested design contains two PSi-layers with
different porosity, and thicknesses, besides PVA-polymer con-
taining (CV + CF) as a defect layer. In addition, the pores of
these two PSi-layers were infiltrated by PVA-polymer-containing
(CV + CF). After this, we investigate the transmittance spectrum
of our sensor depending on the theoretical methods that will be
explained in the next part. Then we go to the result and
discussion part, in which we explain how gamma rays affect the
structure and materials emitted from a ®*Co-radioactive source
in the range of (0-70 Gy). Also, we show how the PSi-layer
changed the refractive index of the doped PVA-polymer, and
how the porosity of the PSi-layer affects the refractive index of
the doped PVA-polymer. Then, we considered the effect of the y-
ray doses on the resonance wavelength present in PBG, and the
performance of our sensor. Also, we study the effect of the
geometrical parameters of our sensor such as the effect of the
thicknesses of the materials composing this sensor on the
resonance wavelength and the sensitivity of our sensor.
According to this study, we choose the optimum value for each
parameter which gives high values for performance parameters.
Additionally, one of the most significant factors impacting the
transmittance spectrum of a 1D-PSi-PhCs is the angle of inci-
dence. It is therefore expected to have a significant impact on
the defect mode and consequently the 1D PSi PhCs-based
sensor. Also, we show how the porosity of the first and the
second PSi-layers effect on the position and the intensity of the
resonance wavelength. Finally, the novelty of this paper
concludes in the use of the defective 1DPhC based on porous
silicon infiltrated by a doped-polymer for the detection of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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gamma-ray radiation with the highest sensitivity without
changing the experimental data of the optical properties of the
doped polymer.

Basic equations and model design

Fig. 1, shows a schematic diagram of a one-dimensional binary
PhCs with a defect layer in the form [Air/(AB)Y; D (AB)Y,/
substrate], where A, B, and D are the PSi,, PSi,, and the defect
layer, respectively. The popular experimental methods for
creating PhCs or defective 1DPhCs are layer-by-layer deposi-
tion,* anodic oxidation procedure,**** colloid self-assembly
technology,” and glancing angle deposition.*> Among them,
the anodic oxidation procedure would be worth investigating as
a highly efficient and low-cost method to prepare the DPCs
integral formation because it is relatively simple to create
a defective layer by adjusting the periodic voltage waveform.***°

In fact, many theoretical methods, including the transfer
matrix method, finite-element method, and plane-wave expan-
sion method, have been proposed for determining the optical
properties of PhCs in 1D, 2D, and 3D. But when compared to its
counterparts, the transfer matrix (TMM) method is thought to
be the most appropriate for analyzing the cases of 1DPhCs.

cos ( (zjdj) (njcos Bj))

M; =

— (Lisej) sin ( (Zjdj) (njcosﬁj))

Based on the Maxwell equations and the boundary conditions,
this method was frequently used to determine the trans-
mittance spectrum of the electromagnetic waves that were
propagating in 1DPhCs.*** The transmittance spectrum is
investigated for the 1D-PhCs in the presence of a doped polymer
as a defect layer as the following equation.
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where, ¢ is the transmittance coefficient, then the parameters
(P,) and (Py) are utilized to define the optical characteristics of
the starting medium (air) and substrate for a transverse electric
polarization, respectively such that: -

P, = n, cos O, and P; = ng cos O (2)

where, n,, ng are the refractive index of air and substrate. m,,
M1, My, and m,, are the elements of the final matrix of the
proposed structure and could be written as the following
equation.

m = (Mpsi, Mps;,)"' (Mpoped_potymer ) (Mpsi, Mps;,)"™?

_ [ Mu M (3)
nmyp My

where, Mps;,, Mpsi,, Mpoped_polymer iS the characteristic matrix for
PSiy, PSi,, and doped polymer (defect layer) donated by M;.
These matrices are essentially described by the incident angle,
the wavelength of the incident electromagnetic waves, the
thickness of the specified layer, and its refractive index. The
interaction of electromagnetic waves through individual layers
(j) can be described as the following equation:***- -

. ¢ . 2med;
— (njcos0j>sm<( > ) (njcos 01))
2md,
cos ( <Fdj) (njcos Hj))

where, ¢, 4, 0;, d;, and n; describe the velocity of light in
a vacuum, the wavelength of the incident photons, the angle of
incidence through each layer j, the thickness of layer j, and its
refractive index, respectively.

Then, to determine the refractive index of the porous silicon
layer, the approximation of Bruggeman's effective medium can
be used as the following:***®

_ & 2 2P0
r= Po|t| N (my + mpPs) Py + may + myy Py @)
Incident i{ f: é;7f<_
(60 CO) l ‘1 I 17."
y-ray source \ l,“ ‘ 2o
| '
R 2 R 2
IstPhCs Defect 2nd PhCs
(PS11/PSi2) Layer (PSi1/PSi2)

Fig. 1 Schematic diagram of the 1D-defective PhC. The structure of 1D-DPhC is surrounded by air and glass substrate.
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n(psi) = 05\/6 + \/Ez + (8n(51>2n(polymer>2) (5)

2 2 2 2
€= 3P(”(Polymer) — 1(si) ) + (2n(Si) — N(Polymer) ) (6)

where, ngj, Npolymer, and P are the refractive index of the silicon,
the refractive index of the doped polymer inside the pore of the
whole PSi layer, and the porosity ratio, respectively. The
refractive index of the doped polymer used as a defect layer and
infiltrated into the whole PSi layer is calculated by the fitting
experimental data. According to the ref. 1, utilizing a solvent
casting technique, film samples of the polymer, poly vinyl
alcohol, carbol fuchsin, and crystal violet were prepared. These
films were exposed to varying doses of ®°Co-source radiation
(10, 20, 30, 40, 50, 60, and 70 Gy) at room temperature.

The following fitted equation can be used to express the
refractive index of the doped polymer by applying cubic fitting
to the experimental data of the refractive index of the doped
polymer at various y-ray doses.

Np(Polymer) = 0(}3 + 612 + ’)’)\ +0 (7)

where Table 1 lists the values for the constants «, §, v, and 6.
With gamma-ray radiation doses ranging from 0 Gy (unirradi-
ated sample) to 70 Gy, the fitting's R-square value is equal to
0.015963.

Then, the values of several factors, such as the sensitivity (S),
the figure of merits (FOM), the quality factor (Q), signal-to-noise
ratio (SNR), detection limit (DL), and sensor resolution (SR)
could be utilized to describe the effectiveness and performance
of any sensor type. The following equations can be used to
acquire these parameters.”>*’

AATCS
S=—"- 8
An}"olymer ( )
AI’CS
F=|— 9
or - (3) o)
Akres
SNR = | —— 10
(A/\I/z) (10)
DL = (- e (11)
—\20 S(QF)

Table 1 Constants for the doped polymer's refractive index are
provided as a function of wavelength at various gamma-ray doses (Gy)

D,(Gy) a(mm™) g (nm~?) v (nm) 0

0 1.7479 x 1077 —0.00025167 0.11796 —15.571
10 1.5689 x 1077 —0.00022845 0.1083 —14.282
20 1.3002 x 1077 —0.00019042 0.090693 —11.606
30 1.2167 x 1077 —0.00017806 0.084739 —10.663
40 1.0444 x 1077 —0.00015298 0.07293 —8.87
50 1.013 x 1077 —0.00014864 0.070913 —8.5343
60 9.754 x 10~ ® —0.00014305 0.068283 —8.1388
70 9.6042 x 108 —0.00014056 0.067049 —7.9382
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SR = (DL)(S) (12)
S

FOM = <M1/2) (13)

where the resonance wavelength A,.s, and the refractive index of
the doped polymer (npolymer) for the unirradiated sample (0 Gy)
were used as references to calculate A, and Anpoiymer Of
irradiation samples after exposure to y-ray doses. For example,
A/‘\res(l() Gy) — Ares(l() Gy) — Ares(() Gy)» and AnPolymer(lO Gy) = Mpol-
ymer(10 Gy) — Mpolymer(0 Gy)- A1/2 is the full width at half the
maximum of the resonance wavelength.

Results and discussion

Based on the TMM and using MATLAB R2019a software, the
transmittance spectrum of the proposed 1D-DPhCs based on
PSi-layer is simulated. The spectral range in the visible wave-
length for a transverse electric polarization (s-polarization or TE
mode) is adopted. The incident radiation at an angle of inci-
dence (6,) is perpendicular to the plane of incidence. The
refractive indices of the Si, air, and glass, are ng; = 3.7, na; = 1,
and ng = 1.52, respectively.*’ The refractive index of the PSi and
the defect layer (polymer) are considered based on eqn (5)-(7).
The thickness of the first layer (PSi;), the second layer (PSi,),
and the defect layer are, respectively, d; = 30 nm, d, = 73 nm,
and ds; = 285 nm. The porosity of the first layer (PSi;), and the
second layer (PSi,) are P; = 30%, and P, = 80%, respectively. For
optimization, the period of numbers of the 1st PhC, and 2nd
PhC are chosen to be N; = 17, and N, = 17, respectively. Fig. 1,
shows that the polymer will be infiltrated the pores of the PSi
layers and the defect layer. The sensing mechanism of our
structure may be used as a gamma-ray dosimeter. One of the
main objectives of this study is to create a radiation-resistant
structure for use in nuclear environments for temperature
and tension-sensing applications. On the experimental side,
gamma-ray radiation affects the materials and the dimensions
of our structure.*®*® The principal materials in our dosimeter
are the doped polymer and the porous silicon layer. It is
important to note that at an irradiation dose of 1000 kGy, the
change in the Si refractive index is less than (5 x 107°).*
Additionally, at 32 °C and 66.5 kGy, the thermo-optic coefficient
of Si is equivalent to (2.3 x 10~* K ').**** The radiation thermal
effect can raise the temperature of Si by a maximum of 3.2 °C.*
As a result, the change in Si's refractive index produced by the
radiation process for doses between 0 and 70 Gy can be dis-
regarded. Accordingly, any change in the optical properties of
our dosimeter is due to the change in the optical properties of
the doped polymer only as a result of the influence of doses of
gamma rays between 0 and 70 Gy. The effect of gamma-ray
radiation on the geometrical dimensions of our dosimeter is
also disregarded. This is because Si has a low thermal expansion
coefficient (=2.6 x 10~ ° K '). In particular, the exposure of the
designed structure with a dose of 66.5 kGy could raise its
temperature 3.2 °C over the room temperature.*® However, this
increase is not effective on the thicknesses of the constituent
materials due to their very small thermal expansion coefficients.
As a result, the expanding in the thicknesses of these materials

© 2023 The Author(s). Published by the Royal Society of Chemistry
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is not exceeding 10> nm. This result can be simply investigated
from the equation (Ad = d, «AT). Thus, it is also possible to
ignore the thermal strain produced by radiation. In conclusion,
we believe that the suggested structure can measure gamma-ray
radiation without being damaged.

Fig. 2, illustrates the transmittance spectrum of the
proposed 1D-PhC without a defect layer and with a defect layer
(1D-DPhC). The values of the different geometrical parameters
for the two structures are listed in Table 2. In order to achieve
the best sensor performance, these parameters are calculated
after optimization. We see that in the case of 1D-PhC without
a defect layer, the PBG formed in the visible region with a width
equal (AX = 678.729 — 527.486 = 151.240 nm). In addition, the
intensity of the left band edge, and the right band edge equal
96%, and 95%, respectively. By inserting the doped polymer as
a defect layer into the structure, the defect mode (resonance
wavelength) is found at wavelength 548.365 nm with an inten-
sity of 80%. In addition, the characteristics of the PBG are
enhanced, where the width of the PBG becomes 159.53 nm, the
intensity of the left band edge, and the right band edge reached
100%, and these band edges of the PBG become sharp. This
defect mode is the mainstay of our designed sensor. In another
word, the shift in the position of this resonant peak due to the
radiation exposure describes the strategy towards the utilization

——Binary
«=eex Defect

e e P

450 500 550 600 650

A (nm)

Fig. 2 Transmittance spectrum of 1D-binary and defective structure
with doped PVA-polymer as a defect layer, at zero gamma-ray
radiation.

Table 2 The values of the geometrical parameters of the proposed
structures

Geometrical parameters

Values of 1D-PhC Values of 1D-DPhC

d, = 30 (nm) d, = 73 (nm)
P, = 30% P, = 80% N = 35

dy, =30 (nm) d, = 73 (nm)
ds = 285 (nm) P, = 30%
P, =80%N; =N, =17

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of such design in the sensing and detection of Gamma
radiation.

The mechanism of the proposed 1D-DPhC is based on the
effect of y-ray radiation on the refractive index of the doped
polymer. This refractive index variation leads to a defect mode
(resonance wavelength) shift in the transmittance spectrum.
Before studying the effect of the doses of y-ray radiation on our
sensor, we need to show the effect of these doses on the
refractive index of the material which constituted our sensor. In
addition, we show the reason for choosing porous silicon
material in our structure. Fig. 3a, shows the refractive index of
the doped polymer versus the doses of y-ray radiation from (0 to
70 Gy) at the wavelength (1 = 548.365 nm). The refractive index
of the doped polymer (npva/cv+cr)) increases gradually as the y-
ray doses increase. Where, n(pya/cv+cr) increases from 2.258 to
2.399, when vy-ray doses increase from (0 to 70 Gy). According to
Born and Wolf's theory, the non-enhancement of the polymer's
anisotropic properties results from the development of covalent
connections between different chains, which explains the
increase in the polymer's refractive index after irradiation.” In
addition, the increase in the polymer's refractive index
following irradiation may be the result of ionization and/or
atomic displacements caused by a gamma-ray collision with
the samples, which may change the internal structure of the
polymer films.* Fig. 3b, shows the refractive index of the porous
silicon infiltrated by doped polymer versus the doses of y-ray
radiation from 0 to 70 Gy at the wavelength (A = 548.365 nm). It
the evident that, the PSi-layer enhanced the polymer's refractive
index. Where, the refractive index increases from 2.258 to 2.949
at y-ray doses equal to 0 Gy, and from 2.399 to 3.025 at y-ray
doses equal to 70 Gy in the case of PSi-layer. Wherein, the
refractive index of porous silicon is dependent on the refractive
index of silicon, the refractive index of the material inside the
pores (doped polymer), and the porosity value, according to
Bruggeman's effective-medium approximation as eqn (5) and
(6). The relationship between the PSi's refractive index and
porosity variation is represented in Fig. 3c. For all wavelength
values in the visible range, the refractive index of the PSi will
decrease as the porosity value increases as investigated in
Fig. 3d. In particular, PSi with low porosity could receive
increased values of the refractive index compared to those at
high porosity. Also, the PSi's refractive index decreases linearly
with increasing the values of porosity after exposure to y-ray
doses from (0 to 70 Gy), as shown in Fig. 3d. We note that at the
same value of porosity, the PSi's refractive index increases with
an increase in the y-ray doses. For example: at P = 30%, the
PSi's refractive index is equal to 3.251, 3.266, 3.277, and 3.288 at
y-ray doses equal to 0, 20, 40, and 60 Gy, and at P = 80%, the
PSi's refractive index equal 2.517, 2.558, 2.589, and 2.616 at y-
ray doses equal 0, 20, 40, and 60 Gy. After we saw the effect of the
porosity ratio on the refractive index of the porous silicon layer,
we chose the optimization value for each layer of porous silicon
layers that achieve the highest performance of our sensor.

Briefly, the principle of the sensing mechanism depends on
the variation of the refractive index of the doped polymer which
is used as a defect layer induced by exposure to y-ray doses from
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(a) Variation in the doped polymer's refractive index as a function of y-ray doses from (0 to 70 Gy), confined with ref. 1. (b) Variation in the

PSi layer's refractive index as a function of y-ray doses from (0 to 70 Gy), and (c) porosity ratio. At wavelength (A = 548.365 nm). (d) The effect of

porosity on the PSi layer's refractive index at (0 Gy).

(0 to 70 Gy). This reflects on the position of the defect mode
which presents in PBG.

Fig. 4a, shows the effect of y-ray doses from (0 to 70 Gy) on
the resonance wavelength with the same geometrical parame-
ters which presents in Table 2. We note that with increases in
the value of y-ray doses, the resonance wavelength shifts to
a higher wavelength, and the intensity of the resonance wave-
length slightly decreases. This appears in Fig. 4b, when y-ray
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8

.

doses equal 0, 20, 40, and 60 Gy, the position of the resonance
wavelength equals 548.365, 556.184, 562.627, and 568.213 nm,
and the intensity of the resonance wavelength equals 80.756%,
79.448%, 78.338%, and 77.355%, respectively. This response is
essentially dependent on the role of such parameters on the
optical path length of the incident photons through the
designed structure. In another meaning, the increase in the
radiation dose leads to significant increments in the indices of
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(a) The effect of gamma-ray radiation on the transmittance spectrum of our sensor. (b) The resonance wavelength and the sensitivity at
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Fig. 5 The initial performance of our gamma-ray radiation sensor.

refraction of both doped polymer and PSi as well as investigated
in Fig. 3a and b, respectively. Thus, the shift in the position of
the resonant wavelength and the PBG as well is expected to keep
the condition of constant phase shift.'”'*?*3® Several parame-
ters, including the sensitivity (S), the figure of merit (FoM),
signal-to-noise ratio (SNR), single resolution (SR), detection
limit (LD), and quality factor (Q.F), can be used to determine the
effectiveness and the performance of this gamma-ray radiation
sensor. These parameters' mathematical relationships can be
calculated as mentioned in eqn (8)-(13). As we notice in Fig. 5,
the behavior for each performance parameter appears in the
accuracy of our sensor along with applied doses of y-ray radi-
ation. The values of these parameters are present in Table 3 at
different doses of y-ray radiation. Find the maximum value for
the sensitivity of this sensor equal to 180.970 (nm RIU 7).

The performance of our suggested gamma-ray radiation
sensor will be improved with the help of the optimization
approach which describe in the following figures. To do this,
the sensitivity values will be computed using the different
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design parameters, such as the thicknesses of the first, the
second, and the defect layers. So, the geometrical parameters
are studied to maximize the resonance wavelength (defect
mode) shift and, consequently, the sensor sensitivity at various
y-ray radiation doses. Fig. 6a-d show the effect of the thickness
of the first layer PSi; on the resonance wavelength. While the
other parameters remain constant, the impact of the thickness
of the first layer PSi; with values of (31, 33, 35, and 36 nm) at
various doses (0, 10, 30, and 60 Gy) will be studied. We note that,
at the same y-dose, the position of resonance wavelength shifts
to a higher wavelength with an increase in the thickness of the
first layer. Eg; At y-dose is equal (0 Gy), with an increase of d;
(31, 33, 35, and 36 nm), the values of (A.s) will be (552.227,
560.718, 570.939, and 577.361 nm), respectively. Also, Fig. 6b-
d give the same behavior as Fig. 6a, but at different y-doses.
These figures show that the value of (.) increases with
increasing the value of y-doses at the same thickness as the first
layer. Fig. 7a, show the resonance wavelength versus the doses of
v-ray radiation from (0 to 70 Gy) at different thicknesses of the

Table 3 The initial optimum performance parameters are summarized in this table

Intensity  Alges Alyp FOM

D (Gy) Awes (nm) Of Aes % (nm) (nm)  S(nmRIU') Q.F SNR DL (RIU) SR RIUTY)  n An g
0 548.3655 0.80756 ~ — 0.0452 — 12131 — — — — 2.2580 —

10 552.0392  0.80147 3.6737 0.0503 180.9704 10974.93  73.035 2.78 x 107° 2.78 x 107> 3597.82 2.2783 0.0203
20 556.1842  0.79448 7.8187 0.0578 180.5704 9622.56 135.27 3.20x 10°° 577 x 10°°  3124.05 2.3013 0.0433
30 559.2781 0.78918  10.9126 0.0667 180.3735 8384.97 163.60 3.69 x 10™° 6.65 x 107> 2704.25 2.3185 0.0605
40 562.6278 0.78338  14.2623 0.0771 179.8524 7297.37 184.98 428 x10°° 7.69 x 10°°  2332.71 2.3373 0.0793
50 565.3367 0.77864  16.9712 0.0855 179.3995 6612.12 198.49 4.76 x 107° 8.53 x 107> 2098.23 2.3526  0.0946
60 568.2135 0.77355  19.848  0.0985 179.1335 5768.66 201.50 5.49 x 10°° 9.83 x 10°°>  1818.61 2.3688 0.1108
70 573.6865 0.76374 25321  0.1288 178.4425 4454.08 196.59  7.21 x 10> 12.86 x 10" ° 1385.42 2.3999 0.1419
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d, =73nm, dz =285 nm N; =

first layer. Also, Fig. 7b, shows the sensitivity of our sensor
versus the doses of y-ray radiation from (0 to 70 Gy) at different
thicknesses of the first layer. Based on this study, we choose the
thickness of the first layer with a value of 31 nm as the optimum
value for our sensor. Because of this value give sensitivity with
very high stability along applied y-ray radiation. So, this value
will be fixed in all subsequent studies.
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Fig. 7
thicknesses of the first layer, respectively.
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N, =17, and porosity P, = 30%, P, = 80%.

The effect of the thickness of the second layer on the reso-
nance wavelength is demonstrated in Fig. 8a-d. These figures
give the same behavior as the previous figures which describe
the effect of the thickness of the first layer. The difference
concludes in the maximization of the position of the resonance
wavelength at each thickness of the second layer compared to
the thickness of the first layer, this leads to enhancing the
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(a and b) Variation in the resonance wavelength and the sensitivity of our sensor as a function of y-ray doses from (0 to 70 Gy) at different
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thicknesses of the second layer, respectively.

sensitivity of our sensor and other performance parameters. For
more details, Fig. 9a, shows the behavior of the resonance
wavelength versus the doses of y-ray radiation from (0 to 70 Gy)
at different thicknesses of the second layer. Fig. 9b, demon-
strated the sensitivity of our sensor. We note that the sensitivity
increases with increasing the thickness of the second layer
along with applied y-ray radiation. Based on this figure, we

© 2023 The Author(s). Published by the Royal Society of Chemistry

30%, P, = 80%.

=

+
“‘
.
e

Sensitivity S(nm/RIU)

120 L L N L "
10 20 30 40 50 60 70

y-Doses(Gy)

(a and b) Variation in the resonance wavelength and the sensitivity of our sensor as a function of y-ray doses from (0 to 70 Gy) at different

chose the thickness of the second layer with a value of 75 nm as
the optimum value for our sensor. Because of this value give
sensitivity with high stability compared to other values, along
with applied y-ray radiation.

The effect of defect layer thickness to maximize the reso-
nance wavelength shift and improved sensitivity is shown in
Fig. 10, and 11. Fig. 10a- d demonstrated the effect of the defect

RSC Adv, 2023, 13, 3123-3138 | 3131
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thicknesses of the defect layer, respectively.

layer thickness on the resonance wavelength. This study is
under the optimum previous values. As shown in Fig. 10a-d,
with an increase in the thickness of the defect layer the reso-
nance wavelength shift to a higher value along applied different
doses of y-ray radiation. Fig. 11a, and b show the variation in
the resonance wavelength and the sensitivity of our sensor as
a function of y-ray doses from (0 to 70 Gy) at different

3132 | RSC Adv, 2023, 13, 3123-3138

31 nm, d> =75 nm Ny = N, = 17, and porosity P; = 30%, P, = 80%.
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(a and b) Variation in the resonance wavelength and the sensitivity of our sensor as a function of y-ray doses from (0 to 70 Gy) at different

thicknesses of the defect layer, respectively. Based on these
results, 290 nm should be the optimal value for the defect layer
thickness.

Based on the above findings, the final performance param-
eters of our sensor are demonstrated at different y-ray radiation
in Fig. 12. The higher value of the sensitivity is 205.790 (nm
RIU™ ") at yp = 70 Gy. Where the value of sensitivity increases

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The final performance of our sensor.

with increasing the doses of y-ray radiation. This sensor also SNR = 2.0896 x 1077D3 — 6.1066 x 10-°Dj

has a detection limit in the range of (2-5) x10° for the y-ray +0.0064661D3 — 0.36379D3 + 12.53D,, — 45.433 (15)
radiation range of (0-70 Gy), which is a crucial parameter

indicating how the sensor can detect the smallest changes in SR =2.4924 x 107°D} — 3.4323 x 107D} + 1.67

doses of y-ray radiation. The sensor's excellent resolution of all x 107°D3 — 0.00027176D.,+0.0046486 (16)

resonance wavelengths for any doses of y-ray radiation is also

indicated by the sensor's low FWHM values (less than 0.1922 DL = 9.4697 x 107Dy — 1.3096 x 107°Dy + 6.63

nm), which are low values that suggest the sensor has a very x 107°D% — 11977 x 107°Dy + 2.71 x 107 (17)
good resolution (Fig. 12). Moreover, QF is found to decrease
with increasing doses of y-ray radiation but remains as high as
8615.966. Finally, we highlight this high performance in
Table 4. When comparing Table 4 with Table 3, we found how
the geometric parameters improved the performance parame-
ters of our sensor. The linear fitting of the performance
parameters after optimization can be given according to the

FOM = —7.6129 x 10°D3 + 0.001159D7 — 0.054938
= D3 + 0.45096D2 + 4.0757D,, + 2387.2 (18)

Q. F =2.581 x 10°DS — 0.00059D; +0.0525D%
— 2.1889D3 + 44.135D7 — 481.17D, + 10735 (19)

following equations: In the following, we study how the resonance wavelength is
affected by the angle of incidence and the porosity of two PSi
layers. In addition, we explain why we used the values that we
specified in Table 1. The angle of incidence as a function of the

S = —1.0737 x 107°D3 + 0.000234D% — 0.01866D3
+0.65011D7 — 8.5398D,, + 196.47 (14)

Table 4 The final optimum performance parameters are summarized in this table

D Intensity of

(Gy) Ares (M) Ares % Alres (nm) Ay (nm) S (nm RIU™Y) Q. F SNR DL (RIU) SR FOM(RIU™Y) n@ Ang
0  562.829 0.81564 — 0.060 — 9380.483 — — — — 2.2580 —

10  566.069 0.8106 3.24 0.0657 159.6059 8615.966 49.315 2.05 x 107> 3.27 x 107° 2429.31 2.2783 0.0203
20 570.2238 0.80403 7.3948  0.0721 170.7806 7908.790 102.56 2.11 x 107> 3.60 x 10° 2368.66 2.3013 0.0433
30 573.9897 0.7979 11.1607  0.0842 184.4743 6816.979 132.54 2.28 x 10™° 4.20 x 10> 2190.90 2.3185 0.0605
40 578.031 0.79138 15.202 0.099 191.7023 5838.696 153.55 2.58 x 107° 4.94 x 10> 1936.38 2.3373 0.0793
50  580.8495 0.78672 18.0205  0.1107 190.4915 5247.059 162.78 2.90 x 107> 5.52 x 10 ° 1720.79 2.3526 0.0946
60  584.5780 0.78047 21.749 0.132 196.2906 4428.621 164.76 3.36 x 107> 6.59 x 107° 1487.05 2.3688 0.1108
70 592.0307 0.7677 29.2017  0.1922 205.7906 3080.284 151.93 4.66 x 107° 9.58 x 10> 1070.71 2.3999 0.1419
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Fig. 13 The effect of incidence angle on resonance wavelength at, (a) D, = 0 Gy, (b) D, = 10 Gy, (c) D, = 30, and (d) D, = 60 Gy. Where, d; =
31 nm, d> =73 nm, dz = 290 nm N; = N, = 17, and porosity P; = 30%, P, = 80%.

wavelength at different doses of y-ray radiation is studied in
Fig. 13a-d. Bragg-Snell law can be used to describe the impact of
adjusting the incidence angle on the location of the resonance
wavelength.> Fig. 13a, it can be observed that with an increase
in the value of the incidence angle, the resonance wavelength
shifts gradually to the lower wavelength at the same dose of y-
ray radiation. Ex; At y-dose is equal (0 Gy), with an increase of 6,
(0°, 10°, 20°, and 30°), the values of (A.s) will be (562.828,
561.271, 556.980, and 550.857 nm), respectively. Also, Fig. 13b-
d give the same behavior as Fig. 13a, but at different y-doses.
These figures show that the value of (A.s) increases with
increasing the value of y-doses at the same incidence angle. We
found the decreasing in the shift of the resonance wavelength
lead to decreasing the value of sensitivity and other perfor-
mance parameters according to eqn (8)-(13).

Fig. 14a-d show the effect of the porosity of the first and the
second PSi layers on the resonance wavelength. Where the other
parameters equal d; = 31 nm, d, = 75 nm, d; = 290 nm, and we
consider the case of normal incidence. Fig. 14a and b, show the
impact of the porosity of the first PSi-layer with values of (30, 35,
40, and 45%) at various doses (0, and 10 Gy). We note that, at the
same y-dose, the position of resonance wavelength shifts to
a lower wavelength with an increase in the porosity of the first
PSi-layer. Eg; At y-dose is equal to (0 Gy) in Fig. 14a, with an

3134 | RSC Adv, 2023, 13, 3123-3138

increase of P, (30, 35, 40, and 45%), the values of (A..s) will be
(562.829, 560.460, 557.882, and 555.442 nm), respectively. In
addition, the full width at half the maximum of the resonance
wavelength (4,,,) increase with an increase in the porosity of the
first PSi layer. This indicates to the sensitivity of our sensor
decrease by increasing the porosity of the first PSi-layer
according to eqn (8). Fig. 14c, and d, show the impact of the
porosity of the second PSi-layer with values of (80, 82, 84, and
86%) at various doses (0, and10 Gy). Also, Fig. 14c, and d, give
the same behavior as Fig. 14a, and b. According to this behavior,
we choose the porosity of the first and the second PSi-layers with
a value of 30%, and 80% as the optimum value for our sensor.
Because of this values give a high sensitivity with excellent
resolution for our sensor. For this reason, we mentioned at the
beginning of the study that the porosity of the first and the
second PSi-layers with values of 30%, and 80%.

Finally, we contrast the performance of the suggested
sensor with earlier works.®?***”** Compared to other common
and more complex structures as shown in Table 5, we believe
that our designed structure could be of valuable interest to the
radiation communities as a simple, safe, and sensitive tool.
Due to a significant contribution that has been devoted
towards the fabrication of such devices. Meanwhile, the
experimental verifications of the 1D PhCs attracted the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 A detailed comparison between our design and some earlier radiation dosimeters

570

(a and b) The effect of the porosity of the first layer on resonance wavelength at, D, = 0 Gy, and D, = 10 Gy, respectively. (c and d) The

Sensitivity as

Ref. present in paper Based on Type of paper
60 9.56 and, The effect of grating fabrication on the FBGs' radiation sensitivity Experimental
12.67 pm/C

27 None The possibility for employing gamma-irradiated PVA/AgNO; films in many Experimental
electrical and semiconductor applications

61 None The pure-silica-core photonic crystal fibres' (PSC-PCFs') steady-state Experimental
gamma-ray radiation response under a cumulative dosage of 500 Gy and
a dose rate of 2.38 Gy min ™'

62 None The creation of porous silicon multilayers after gamma/ion irradiating Experimental
silicon to create tunable distributed bragg reflectors (DBRs)

63 None The infiltration one-dimensional (1-D) porous silicon photonic crystals (PS- Experimental
PhCs) with a green-emitting commercial luminescent polymer

8 10 pm/C at 1550 nm Optical fiber bragg grating sensors for gamma ray radiation Experimental

64 150 (nm RIU ) 2D-PhC for the detection of gamma-ray doses Theoretical

27 None Effects of additive and gamma irradiation on the structural and optical Experimental
properties of the PVA\AgNO; films

This work 205.7906 nm RIU " The doped PVA-polymer based on 1D-DPhC sensor for the detection of Theoretical

attention of many researchers.?**® In particular, the perfor-
mance of such a designed sensor is mainly dependent on the
control of the constituent of the thicknesses of the layers. In
addition, the utilization of PSi through the 1D PhCs for

© 2023 The Author(s). Published by the Royal Society of Chemistry

gamma-ray doses

etching method.*

sensing purposes is experimentally demonstrated.*® Caroselli
et al. fabricated a microcavity from PSi between two Bragg
mirrors for sensing applications based on the electrochemical
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Conclusion

The doped PVA-polymer based on 1D-DPhC sensor for the
detection of y-ray radiation in the visible range was designed for
the first time. The sensing mechanism of this sensor is based on
porous silicon and a doped PVA-polymer that infiltrates its
pores. Once the sensor is exposed to y-rays, the optical prop-
erties of the doped PVA-polymer will change, and therefore the
optical properties of the porous silicon will change, and this is
reflected on the transmittance spectrum and resonance wave-
length of our sensor. By fitting the experimental data of the
doped PVA-polymer, the Bruggeman's effective medium equa-
tion of PSi-layer, and the transfer matrix method for calculating
the optical characteristics of the dosimeter structure, the
theoretical analysis is studied. The numerical results indicated
that the PSi-layers changed the doped PVA-refractive polymer's
index. Additionally, they demonstrated how this radiation
sensor works by showing how the resonance wavelength shifts
when it is exposed to gamma rays. It was also examined how the
PSi-layer thickness influences performance in order to achieve
the highest sensitivity. In addition, the effect of incidence angle
on the defect mode. We also explained why we used the values
of the porosity of the two PSi-layers and their effect on the defect
mode. The unique feature of this paper is that, when exposed to
gamma-ray doses ranging from 0 to 70 Gy, the radiation sensor
design obtained a high sensitivity of 205.7906 nm RIU™" in the
visible region. In addition, quality factor, signal-to-noise ratio,
detection limit, sensor resolution, and figure of merit that have
been obtained are 9380.483, =49.315, =2.05 x 10 ° RIU,
~3.27 x 10>, and 2429.31 RIU ', respectively.
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