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Polymer-doped porous silicon one-dimensional photonic
crystal for gamma-ray detection

Abstract

Detecting the amount of radiation dose remains a challenge nowadays. In this
report a one-dimensional sequence photonic crystal structure using porous silicon
doped with a polymer of polyvinyl alcohol, carbol fuchsin and crystal violet is
suggested. The investigation employs MATLAB, utilizing the transfer matrix
method to explore the influence of various geometrical and optical parameters,
including radiation doses, incident, angel and layer thicknesses, on the sensitivity of
the suggested photonic crystal as a sensor. The transmittance of this one-dimensional
photonic crystal sensor 1s analyzed under differing conditions to identify the optimal
parameters. The suggested system showed sensitivity of 0.249 nm/Gy for gamma
radiation. This detector is characterized by its straightforward design, high
monitoring efficiency, and significant potential for gamma radiation detection.

1. Introduction

Over the past decade, photonic band gap structures, which are also known as
photonic crystals (PCs), have evolved from an interest in electromagnetic waves to
practical applications in microwave and optical technologies [1]. The regular
variation of the dielectric material's refractive index (RI) from which the PC is
composed results in a forbidden gap, preventing the development of optical modes
within a given frequency range [2]. These PCs have a variety of applications,
including mirrors in laser cavities, reflecting coatings for lenses, and paints and dyes
[3-8]. According to previous studies, there are several methods have been used to
create photonic crystals at different length scales, such as holographic lithography
[9], layer-by-layer stacking [10], electrochemical etching [11], and low-pressure
chemical vapor deposition [12]. The periodicity of the PCs can change in one, two,
or all three spatial dimensions. One-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) PCs are the names given to them, respectively. 1D PCs,
commonly referred to as multilayer structures, have been extensively researched and
documented in the previous literature [13-17]. 1D PCs simply consist of sequential
layers of two materials that have different Rls, leading to a refractive index that
periodically varies in one direction while remaining uniform in the other two
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directions. 2D PCs exhibit variations in the refractive index across 2D, with the third
dimension showing no changes. 3D PCs present structures where the RI is altered
across all three spatial dimensions. These configurations are illustrated
schematically in Figure 1[18].

1-D

Ay

Figure 1 One dimensional (1D), two-dimensional (2D), and three-dimensional (3D)
photonic crystal structure [18].

In this report we focus on the 1DPCs, which can be fabricated via several
methods such as evaporation technique [19], sputtering [19, 20], dip/spin coating
[21], anodic etching of crystalline silicon [22], and low-pressure chemical vapor
deposition [12]. A variety of applications, including optical sensors, optical switches,
optical limiters, temperature sensors, and omnidirectional high reflectors, are
enabled by these robust 1DPC structures [23-25]. However, these 1DPCs are
promising for colorimetric sensing applications because the theory and sensing
mechanisms underlying them are particularly straightforward, which facilitates the
prediction of their properties and allows for the rational design to fulfill user
requirements [26]. Although all of the aforementioned applications can be performed
using pristine PCs, the doped or defective versions may be more beneficial. This is
exactly what happens when the properties of semiconductor materials are improved
by doping them with certain amounts of specific impurities [27].

Recently, porous silicon (PS) has attracted a lot of interest due to its distinctive
optical and luminescent properties [28]. For the creation of photonic band-gap
structures, this material is thought to be extremely promising. It is noteworthy that
PS displays a wide range of refractive index values. Furthermore, speed, cost-
effectiveness, controllability, and compatibility with modern silicon technology are
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characteristics of the fabrication process. In 1994, PS multilayers were first shown
to function as Bragg reflectors [29]. According to several reviews, these multilayers
have been used for a number of purposes, such as the development of color-sensitive
photodiodes [30], the control of photoluminescence [31], and the production of
liquid sensors [32].

In this report, we build a photonic sensor based on a defected 1DPC using PS
doped with a polymer of polyvinyl alcohol, carbol fuchsin and crystal violet (DPV)
to measure the patients' dosages of radiation (Gamma radiation) caused by medical
diagnostics. The influence rules of geometrical and optical parameters such as the
radiation doses, incident angle and thickness of layers are investigated using
MATLAB based on the transfer matrix method.

2. Materials and Methods

As shown in Figure 2, by considering a 1DPC built of [ Air/(Po-Si;/Po-Sip)/
DPV /(PoSii/ PoSi,)N/Substrate] where N indicates the number of periods, Po-Si;
and Po-Si, represent the layers of porous silicon of cavity ratios of 20% and 80%,
respectively, and DPV represents the defect layer of polyvinyl alcohol, carbol
fuchsin and crystal violet. It is important to mention here that the optical
characteristics change in the Z direction. As initial parameters, the thicknesses of
layers PoSi; and PoSi, are established at d; = 33.7 nm and d, = 39.5 nm, respectively,
while the thickness of the DPV layer is set as dp = d; + d in nm. The refractive
indices for air and the substrate are reported as 1 and 1.52, respectively. The values
of N and 0 are indicated as seven periods and zero, respectively. The structure
responding to the incident gamma radiation is investigated by employing the transfer
matrix method (TMM) through calculating the s-polarized light (TE) of the incident
gamma waves.

The TMM describes the interaction of an incoming electromagnetic wave with a
structure using the following matrix:

H H
H= (i 1) = (uho)Nho)hihp)® (1)

where H,i, Hi2, Hz1, and Hy, represent the TTM elements while, h;, h, and hp
represent the TMMs of Po-Si;, Po-Si,, and the defect layer, respectively. The
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Figure 2 Schematic structure of the defective 1DPC parodic sequence.

transmittance spectra (T) of the incident gamma waves can be calculated through the
suggested 1DPC given by equation 2 [33]:
Pair

Psubstrate

T(%) = X 100 x |t?] (2)

where t is the transmittance coefficient and given by:

2psubstrate

t =
(Hll + lepair)psubstrate + (A21 + A22pair)

3)

where p represents the value of the s-polarization of light at each layer and is given
by p,, = n,.cos8, . The matrix for each layer can be represented by:

5 —isin @,
h = cos @, T r = PoSi;, PoSi, and PDV layer  (4)
—ip,sin®,  cos @,

21
?, = h d,n,CcoSg (5)
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Where @, is the angel of incidence at each layer, and they obeying Snell's law, A is
the wavelength in nm, n, is the RI of each layer, and d, is the thickness of each layer.
The effect of gamma radiation doses on the synthesized PDV has been previously
studied by Antar using the dipping method [34]. By using Antar’s experimental data,
the relationship between the RI of the DPV layer and the gamma radiation dose can
be fitted [34]. With alterations in radiation doses ranging from 0 Gy to 70 Gy using
a ®°Co-source, the RI of DPV varies according to the following equation:

n_pDV = 65/15 + C4_/14 + C3).3 + C2/12 + C]_Al + CO (6)

The coefficients of equation 6 at the different radiation doses are listed in
Table 1. Equation 6, which is known as Bruggeman's effective model is utilized to
estimate the optical RI constant of Po-Si in terms of the cavities ratio (P), which is
filled with DPV [35].

npO_Si = 05\/1‘1’, + \/LIJZ + 8n§in2DPV
(7)

Y= 3P(n12>DV - néi) + (2n§; — ngpy)

Where W is the and ns; in the refractive index of pure silicon, which can be fitted
using the Sellmeir formula (equation 8) from the experimental data collected by
Vuye et al. as shown in Figure 3 [36].

3.53113 A2 , 352008 22 (8)
12— 0346112 ' 12 — 0.346102

ng = 4.92429 +
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Table 1 The coefficients of the fitted equation of nppy at the different radiation doses

Dose (Gy) coefficients
Cs=-3.5481901x10!!
Cs=8.5122412x108
0 C; =-8.1190097x10-5
C,=10.03847593
C1=-9.0594799
Co = 850.52663
Cs=-1.7847077x101!
Cs=4.4209413%x108
C; = -4.3403449%x105
10 C>=0.021109774
C,=-5.0877257
Co = 488.85561
Cs = -1.504232549x10"!
Cs=3.725321918x108
20 C3 =-3.656563575x10°
C>=10.01777880619
C,=-4.283140735
Co = 411.7150827
Cs=-1.521210266x10"!
Cs=3.753684395%108
30 C; =-3.672298445x10°
C>=10.01780194504
C1=-4.276873206
Co = 410.0556432
Cs=-1.003069548x10"!
Cs=2.496866816x108
40 C3=-2.461255088x10
C>=10.01200818779
C1=-2.900587283
Co =280.1490142
Cs=-1.005931185x10"!
Cs=2.5123355%108
50 C3=-2.483793981x10
C>=0.01215014856
C1=-2.941970648
Co=284.7668504
Cs =-7.056381025x1012
C4s=1.792241707%108
60 C3=-1.796294415x10
C2=10.008884330138
C1=-2.170145911
Co=212.1611348
Cs = -5.418362006x1012
Cs=1.396121004x108
70 C3 =-1.41559553x105
C2=10.007067209854
C1=-1.73936919
Co=171.5838239
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Figure 3 Experimental [36] and fitted RI (using Eq. 8) of pure Si versus the wavelengths
from 0.35 to 0.85 um.

Radiation doses have very little effect on silicon's temperature and its RI, with
values of less than 3.2°C and 5 x 107, respectively [37]. Furthermore, Si has a low
thermo-optic coefficient (2.3 x 10* K™!). As a result, radiation doses have a minor
effect on the RI and thickness of Po-Si layers [37].

3. Results and Discussion

Figure 4.a reflects the dependency of the nppy on A of the incident
electromagnetic wave and the dose of gamma radiation due to the collected data
from Antar’s work [34]. It is clear that the RI of the DPV almost remains the same
in the wavelength range from 390 nm to 450 nm. While, above a wavelength of 450
nm, it exhibits a notable reduction. One can easily note an overlap in the wavelength
range from 390 nm to 490 nm, so this range of wavelengths is unsuitable for the
detection of gamma doses. The RI of DPV is notably increases by increasing the
gamma dose from 0 Gy to 70 Gy over a wavelength range from 490 nm to 550 nm.
Figure 4.b displays the refractive indices of Po-Si; and Po-Si, at different radiation
dosages. Over a wavelength range of 490 nm to 550 nm, the RIs of the Po-Si; and
Po-Si, layers exhibit significant variation across various radiation doses.
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Figure 4.b Refractive indices Po-Si at different Gamma doses in the wavelength range
from 390 to 550 nm [38].

The transmittances of the suggested defected 1DPC under the aforementioned initial

conditions at the different radiation doses of 0, 10, 20, 30, 40, 50, 60 and 70 Gy are
demonstrated in Figure 4. It can be noted that the photonic bandgap (PBG) for the 0
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Figure 5 The transmittances of the proposed 1DPC over the wavelength range from 490
to 550 nm at 0, 10, 20, 30, 40, 50, 60, and 70 Gy of Gamma radiation dose.

Gy dose broadened from 506 to 532 nm. Increasing the radiation dosage from 0 Gy
to 70 Gy causes the PBG to shift towards IR wavelengths. This shift is clearly shown
in the inset of Figure 5. The PBG results from the repeated Bragg scattering of the
incident EMW [39]. The PBG inhibits the transmission of specific wavelengths
within the PC structure [40]. The immersion of the defect layer within the 1DPC is
responsible for the appearance of the transmission resonant inside the PBG and the
position of this peak is a function of the RI of the defect layer [41].

The sensitivity of the suggested 1DPC as a photonic sensor is a very vital
parameter, and it can be determined by the following equation [38]:

A
S(nm/Gy) = Ay )

Where AA is the wavelength difference between the position of the resonant peak at
0 Gy and that at any other radiation dose (A4 = Arqgiatea — dogy) and Ay is the

difference in the radiation dose.

It was observed that the insertion of the defect layer without radiation (0 Gy)
resulted in the appearance of a distinct resonant peak at a wavelength of 502.55 nm,
accompanied by a high transmission rate of 77%. This peak arises due to the
confinement of light within the defect layer. Upon altering the gamma radiation dose
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from 10 up to 70 Gy, the resonant peak shifted to a higher wavelength of 510.02 nm,
reflecting a wavelength shift of AL =7.47 nm. While AA is equal to 1.64, 2.99, 3.77,
4.54, 5.56, and 6.26 for 10, 20, 30, 40, 50, and 60 Gy of gamma radiation dose,
respectively. At 550 nm the RI of the defect layer is 2.26 at 0 Gy and equal to 2.40
at 70 Gy, as indicated experimentally by Antar [34]. The sensitivity calculated from
these results is 0.1066 nm/Gy, as determined by equation 9.

3.1 Effect of the DPV layer thickness

In this section the effect of the thickness of the defect layer on the sensitivity
for the suggested 1DPC is investigated. As listed in Table 2, the sensitivity increases
by increasing the thickness up to 20D (optimal thickness). The resonant peak of the
defect experienced a shift of AL = 16.194 nm due to the alteration of gamma
radiation dose from 0 to 70 Gy. This change corresponds to a maximum sensitivity
0f0.23135 nm/Gy. Figures 6a-6d show the dependency of the resonant peak position
at 0 Gy, 10 Gy, 20 Gy, 30 Gy, 40 Gy, 50 Gy, 60 Gy, and 70 Gy on the thickness of
the defect layer for 5D, 10D, and 15D, where D = d; + d,. It is important to note that
the sensitivity did not exhibit further increase at greater thickness levels when
compared to 15D. Figure 7 provides confirmation of the results in Table 2.

3.2 Effect of the incident angle

The transmittance spectra at 0°, 30°, and 60° incident angles of the EMW were
also investigated. As illustrated in Figures 8a-8c, an increase in the incident angle
resulted in a rise in the sensor sensitivity. Table 3 presents the enhancement in
sensitivity associated with varying incident angles, specifically at a defect layer
thickness of 15D. Notably, the sensitivity increased from 0.1691 nm/Gy to 0.2068
nm/QGy as the incident angle shifted from 0° to 60°. It is evident that sensitivity does
not exhibit a significant increase at angles greater than 60°. Consequently, an
incident angle of 60° is deemed optimal for our sensor.

Table 2 Dependency of the sensitivity on the thickness of the defect layer in the case.

dp (nm) AA (nm) S(nm/Gy)
1D 7.465 0.1066
5D 9.942 0.14203
10D 14.163 0.20233
15D 16.194 0.23135
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Figure 6 The transmittances of the suggested 1DPC at a radiation dose of 0 Gy, 10 Gy, 20
Gy, 30 Gy, 40 Gy, 50 Gy, 60 Gy, and 70 Gy versus the thickness of the DPV defect layer at
(a) dp= 1D, (b) dp= 5D, (c) dp= 10D, and (d) dp = 15D.
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Figure 7 The sensitivity of the proposed structure versus the thickness of the DPV defect
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Table 3 Dependency of the sensitivity on the EMW incident angel for dp = 15D.

0 (Dgree) AA (nm) S(nm/Gy)
0 11.156 0.1593
30 12.783 0.1826
60 14.479 0.2068
@ —0 Gy T0F ) :(:ﬂ:]\
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Figure 8 The transmittances of the suggested IDPC at a radiation dose of 0 Gy, 10 Gy,
20 Gy, 30 Gy, 40 Gy, 50 Gy, 60 Gy, and 70 Gy versus the thickness of the incident angel

of the EMW (a) 8= 0°, (b) 0= 30° and (c) 8= 60°.

4. Conclusion

I1DPC structure was proposed as a gamma radiation dose detector. Two Po-Si
layers doped with DPV and a defect layer of DPV were able to create a periodic
structure with PBG and defect peak. The porosity and geometry of the structure are
optimized to evaluate the system's functioning. With changing the radiation doses
from 0 Gy, 10 Gy, 20 Gy, 30 Gy, 40 Gy, 50 Gy, 60 Gy and 70 Gy, the resonant peaks
were at 524.71 nm, 526.98 nm, 530.94 nm, 533.15 nm, 535.77 nm, 537.95 nm,
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540.27 nm and 543.71 nm with a transmittance of 82%, respectively. The proposed
system recorded the accepted sensitivity of 0.23135 nm/Gy for gamma radiation.
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