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Abstract—This work clearly demonstrated a
response to changes in glucose concentration via a linear shift
of the resonance wavelength with increasing concentration.
The photonic crystal-based sensor was constructed using
COMSOL based on the finite element method. Furthermore,
it was shown that as the radius of the silver rod increased,
plasmonic interferences and increased scattering caused the
resonance spectrum (FWHM) to broaden and the quality
factor to decrease. It was also shown that changing the radius
(rl) of the photonic crystal material had an impact on the
maximum transmittance, resonance wavelength, and
spectrum width. Research findings showed that the largest
detection limit was 2.25-10* RIU, and the best sensitivity was
500 nm/RIU at r1 = 0.123 pm. GaAs had the shortest
spectrum width and best sensitivity, while TiO2 had the
widest spectral range and the highest detection limit. These
results suggested that the sensor could be a useful tool for
accurately measuring glucose levels.

Keywords— photonic  crystal, biosensor, glucose,
sensitivity.

I. INTRODUCTION

Diabetes is a chronic metabolic ailment emanating
from the imbalance in sugar levels in the blood due to the
insufficient production of insulin and its inability to be
utilized effectively by the body [1]. The hormone insulin,
which the pancreas secretes, regulates the amount of sugar
in the blood, and disruption can lead to hypoglycemia or
hyperglycemia. The former entails blood sugar levels
below 40 mg/dL, whereas the latter describes an excess of
blood sugar beyond the normal severe range between 270-
360 mg/dL [2- 3]. Two main types of diabetes exist: type
1 and type 2. Any of them can lead to several health
complications. Among these are renal failure, blindness,
deafness, foot and leg damage, and amputations [4]. In
addition several other complications that endanger human
health to a great extent. The estimated number of adults
aged 20-79 living with diabetes is approximately 463
million people, representing 9.3% of this age group
worldwide [5].Diabetes management involves invasive and

costly constant monitoring of blood glucose levels usually
by a method that includes pricking fingertips, which
therefore translates the costly, inconvenient, and
psychologically demanding to the patient [7]. Animating
this process is the fact that researchers are racing to
develop more modern technologies like Al-based pancreas
systems and continuous glucose monitoring devices, which
will make better outcomes even more attainable and
decrease risks even further [8-9]. Therefore, other
strategies include the development of non-invasive
electrochemical and optical biosensors [10- 11]. In this
context, biosensors, including photonic crystal-based
biosensors, provide sensitive, low-cost, and real-time
glucose monitoring, thus potentially transforming diabetes
management [12]. Another research direction has explored
the application of near-infrared spectroscopy, whereby
blood glucose levels can be monitored through the skin via
non-surgical methodologies [13- 14]. This technique uses
light sources of particular wavelengths and photodiode
receivers to detect the reflected light, which is processed
by microcontrollers to determine glucose concentration
[15].Due to their unique optical properties of periodic
structures, the photonic crystal-based biosensor is also an
application of these biosensors that is capable of detecting
subtle changes in glucose concentration [16-17]. These
biosensors are remarkably efficient and responsive, and
they can be utilized for real-time detection and data
collection [18]. Such development of technology is
required to enhance the quality of life of diabetic patients.
Appropriate and timely diabetes care can prevent the most
serious complications and mortality from diabetes.
Although there is a disease, there are research and
innovations in biosensors, devices for continuous glucose
monitoring [19- 20] and non-invasive tests [21- 22]. which
can help to create even more effective and more
convenient user solutions for treated patients.

I11. SENSOR DESIGN

The sensor is designed by arranging rods, with radius
(r1), of one of the materials (GaAs, InP, or TiO2) separated
by a distance (a), through the surrounding medium (air).
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The rod arrangement required to make the photonic
crystal property is 17 rows and 23 columns [23]. Then a
row of these rods was deleted to generate a bus guide
located in its first half in the seventh row and its second
half in the eleventh row. A group of column elements was
also deleted to connect the two busguides. Then a square
with a side length of (d) is placed in the middle of the bus
guide. The task of this square is to contain the liquid to be
tested (which is blood). To increase the efficiency of the
sensor by achieving the plasmonic property, two silver rods
were added with a radius (r) above and below the square
and at a distance (z) from the center of the square. It is used
silver because [17].it is the best noble element used in this
field for the required purpose. Two waveguides separated
by a liquid square and two silver rods. At the beginning of
the first guide, the field input is port 1, and at the end of the
second guide, the field output is port 2. Table | contains all
the geometric parameters of the proposed sensor. Note that,
changing the sensor parameters during the simulation will
be noted in its place. The sensor will be surrounded by a
perfectly matched layer (PML). The PML will absorb
incident waves without producing reflections at the limits
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Fig. 1: Present photonic crystal biosensor structure.

I1. SENSOR MATERIALS AND METERS

The sensor is usually made of a combination of
materials depending on its intended use, and in this
section, we will discuss the properties of materials that can
be used in building photonic crystal sensors. The refractive
index (n) of blood varies with wavelength over diabetes
and other factors and falls in the range of 1.34 to 1.38,
with an average value of 1.35[23]. The concentration of
glucose in units of mg/dL or mmol/L is a very important
measurement in medicine and biochemistry. Normal
fasting blood glucose values are between 70 and
100mg/dL (3.9 and 5.6mmol/L)[20]. Ways in which the
level of glucose is affected include diet, exercise,
hormones, and diseases. There are two ways by which
the measurements are to be made, one involving blood
index of blood changes with changes in the wavelength of
light (L), glucose concentration (C), and temperature (T)

0
[1, 2]. At a constant temperature T=37 and a glucose
concentration of 80mg/dL, the refractive index is directly
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of the computational domain. Even though the computing
domain is finite, the PML is made to reduce reflections and
accurately imitate an infinite domain. As a rule of thumb, a
PML thickness comparable to half the largest wavelength
in the simulation usually works well [3].Fig. 1 illustrates
the schematic architecture of the glucose sensor, while Fig.
2 depicts the schematic representation of the sensing
system, which comprises various components including an
optical source, a photonic crystal-based biosensor, a light
detector, a signal processing unit, and a display.

TABLE 1. Simulation parameters of the present structure

parameter Value Paramete Value
r
1
L, 12um ”. 125nm
r 90nm 1 1520nm
D 1.59 ym z 1.35 ym
(o) 80my/ dl
Tnlet analyte L

Polartzation Computer

controller

¥ Proposed
sensor (S

“¥ Outhet analyte

Fig.2: Schematic representation of the usual sensing system
configuration

proportional to the wavelength, according to the relation
[14].

0.83432)\2 0.04296)2
nA)=[1+ 2 T2 6
A2-10775.44775 A?-6.13587x10

(D

Where* is the wavelength in nm. The refractive index of
blood as a function of temperature, wavelength and
glucose concentration C is given by the relationship [23].

nC,AT)=n(1)+a (C-80)- B(T -37) (2)
where @ =1541x10"dL /Mg The third term is to
account for the effect of temperature, where
£ =1.051=x10*@/C°) ©))

In general, we will assume that the temperature is constant

0 .
at T=37 and that the variables are the wavelength and the
glucose concentration.



Gallium arsenide (GaAs) is a semiconductor with a
direct band gap, which makes it an ideal material for a
variety of applications, including light and laser sources.
TheGaAs[27]. Allows for efficient emission of light and
has high electron mobility, which makes it perfect for use
in biosensing applications. Moreover, theGaAs is highly
resistant to oxidation [28]. This type of semiconductor is
particularly interesting for the production of light sensors
due to their capability of forming nanostructures like
quantum dots, as well as their ability to effectively absorb
near-infrared radiation[28].The GaAs may have a higher
production cost than silicon, but it is still considered a
great value for optical, photonic technology, and medical
diagnostics. It's true that GaAs's cost, as well as its
brittleness, is higher than that of other materials, but it
remains a popular choice for high-speed, high-frequency,
and optoelectronic applications. The refractive index of
GaAs can be defined as [16- 17].

5.46674° . 0.02434 N 1.95754°
A?-0.1964 A*-0.7649 A1*-13628

N = J5.3725 + )

Indium Phosphate (InP) has a direct band gap allowing
it to work as a high-electron mobility semiconductor. This
property makes it one of the most sought-after materials in
the singular interfaces with the 111-V system [14]. The
(InP) is widely used in substrate metallization of other I11-
V semiconductors. Indium Phosphate has found major
applications in the making of high-speed transistors,
optical circuits, LEDs, and components of laser diodes
used in fiber optics communication systems. InP is also
important for the sensors wused in medicine and
environmental monitoring where optical sensors are
helpful. In the wavelength range from to, the (n) can be
calculated as [24].

2 2
nmpz\/7.255+ 22.316/1 . 22.765/1 2
A2 -0.6263° A?—-32.935

®)

Titanium dioxide (TiO9) is a white powder known for
its advantageous photo-catalytic features, chemically inert
and is used in cosmetics, paints, plastics, and others. It
does not pose health dangers, and its economic cost is
appealing. It neither undergoes modification in acidic nor
basic environments. Rutile, brookite, and sphalerite are
types of crystalline forms of titanium dioxide, rutile
contains the highest refractive index and birefringence. It
is for optical utilization with visible and infrared rays. Its
potency as a white colourant in addition to polarized optics
is due to its high absorption coefficient and light scattering
properties coupled with being effectiveness [25].

The optical silver properties are more intense in
research since they show selective absorption in the visible
and near-infrared ranges. Among the different metals,
silver gives the highest efficiency for localized surface
plasmon resonance (LSPR) excitation over a very broad
wavelength range and much sharper plasmon resonance
bands compared to gold. Dissipative loss is also much
lower in silver because of its relatively high refractive
index compared to gold. These properties can further be
tuned by playing the size, shape, and surrounding
dielectric environment of nanostructures. Silver is very
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important in biological sensing due to its antibacterial
activity. It is, thus, very important in the sensitive
detection of surface plasmon resonance; this makes silver
very important in the development of optical and
biochemical sensors. Despite the recent difficulties,
progress in the methods of surface treatments and silver
nanoparticles carries on, promising it a place in the future
sensors of high performance [26].

There are many metrics used to judge the quality of a
sensor, and using a single metric relation may not give an
adequate description of its properties. The spectral
sensitivity is defined as the wavelength shift per unit of the
refractive index [3].

Adpeae ( NM
An, (RIU

Where Ao refers to the wavelength difference in

S = (6)

resonance peaks and AN. indicates the change in two
adjacent refractive indexes of an analyte (glucose
concentrations).

The quality factor is the ratio of the resonant wavelength

(Ares) to the full width at half maximum (FWHM) of the
achieved transmission spectra [26].

A
Q: res

FWHM 7

Another important characteristic of optical biosensors is
the detection limit (DL), which is the minimum
measurable change in

FWHM
— e (3
10S

DL =

Factor 10 is empirical and may vary depending on the
specific application or instrument. It is an essential
performance metric, particularly in applications like
chemical detection, environmental monitoring, and
biosensing. The DL of a homogeneous sensor can be
defined as the smallest change in the RI that the sensor can
detect. Depending on the design and quality factor,
photonic crystal sensors can reach a detection limit of 10
-10-10° RIU[30]. The detection limit of a sensor entirely
depends on the actual performance of sensitivity and
quality factor indicators. The higher the sensitivity and the
larger the quality factor, the lower the minimum amount or
concentration of a component that can be detected [23].

IV. RESULTS AND DISCUSSION

The photonic crystal sensor is designed using a
COMSOL environment based on finite element method
(FEM), where a fine mesh size is used to obtain more
accurate results. A large number of simulations have been
performed with many changes in the geometrical
parameters and we highlight the cases that achieve clear
changes in the results. The material GaAs was adopted as
the basis for building the photonic crystal in all
simulations except where mentioned in the appropriate
place regarding the use of other materials. Fig. 3 Shows
the electric field distribution through the sensor using two



wavelengths A=1.51pm and A=1.52um. It is clear from the
distribution that the electric field cannot penetrate from the
far side of the structure for some wavelengths, as
A=1.51pum, while using wavelength A=1.52um will enable

the electric field to penetrate. The amount of field
penetration and its specificity certainly depend on the rest
of the structure parameters.

‘OOo(lttg-:}s-',""°

Fig. 3: The corresponding electric field distributions at A=1.51um and 1.52pm.

Fig. 4 shows the relationship between the RI of blood
and the wavelength for glucose concentrations. Fig. 4(a)
represents the relationship between blood absorption rate
(RI) and wavelength for three glucose concentrations (80,
120, and 160mg/dL). It is observed that the blood
absorption rate decreases with increasing wavelength, and
that higher glucose concentrations lead to an increase in
the refractive index. This relationship is attributed to the
optical and absorption effects of blood components.
Regarding the effect of glucose concentration: At certain
wavelengths, increasing the glucose concentration in the
sample leads to an increase in the blood absorption rate.
Fig. 4(b) shows the relationship between the refractive
index of blood and glucose concentration at different
wavelengths (0.5, 1, 1.5, and 2 pm) in mg/dL. All curves
show a linear increase in the refractive index with
increasing  concentration. This indicates that the
concentration of substances in the blood directly affects
the optical properties. Therefore, it can be concluded that
the refractive index increases with increasing
concentration, which may be useful in optical systems for
accurately determining concentration properties. The
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Fig. 4: a) RI of blood as a function of wavelength for many glucose
concentration, b) RI of blood as a function of glucose concentration for
many wavelengths

Fig. 6 shows the FWHM, resonant wavelength, quality
factor and resonant transmittance as functions of sugar
concentration for three values of silver rod radius. Fig. 6(a)
shows that the spectral width increases with increasing
glucose concentration and that increasing the silver rod
radius causes a clear increase in the achieved spectral
width. Physically, increasing the radius of the silver rod
results in an increase in the FWHM due to the effect of
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longer the wavelength, the lower the refractive index,
indicating the effect of light scattering within the blood at
shorter wavelengths. Fig. 5 shows the relationship of
transmittance to  wavelength  for three  glucose
concentrations using two values of the silver rod radius r.
Fig. 5(a) shows that increasing the glucose concentration
will shift the curve to the right while keeping the value of
the peak of the curve almost constant. The RI of the
medium is affected by increasing the concentration of
glucose, and the resonance wavelength is shifted towards
longer wavelengths. Physically, the energy required for
resonance reduces by increasing the RI, causing the peak
to shift to higher wavelengths. As the radius of the silver
rod increases, Fig. 5(b), the behavior repeats itself with
peaks occurring at different wavelengths and increasing
FWHM. The properties of the surface plasmons are
affected by increasing the radius of the silver rod resulting
in an increased spectral bandwidth, whereas the larger rod
allows for greater overlap between the surface plasmon
modes, resulting in a broader absorption range and spectral
response.

(a) r=0.07:m
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Fig. (5): The transmission as a function of wavelength for three glucose
concentrations using two values of r: a) r=0.07um and b) r=0.095um.

radiation damping and increased scattering losses. As the
radius increases, the plasmonic interactions increase,
leading to a broadening of the absorption band and a
decrease in resonance selectivity. The effect of glucose
concentration increases the RI, causing additional changes
in the plasmonic response and leading to an increase in the
bandwidth with increasing concentration. Fig. 6(b) shows
that the resonant frequency increases linearly with
increasing glucose concentration and that increasing the



radius of the silver rod slightly reduces the achieved
resonant frequencies. A linear relationship is a desirable
property in the field of sensors. Increasing the glucose
concentration leads to a higher RI, which causes a linear
shift towards longer wavelengths in the resonant
wavelength. The effect of increasing the radius of the
silver rod leads to a modification of the local surface
plasmon response (LSPRs), where the resonant
wavelength increases but at a lower rate compared to the
effect of glucose. This is because the larger size reduces
the sensitivity of the particles to changes in the RI of the
surrounding environment, which makes the lines closer
together but still follow the same general trend. Fig. (6¢)
shows the quality factor which decreases slightly with
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increasing glucose concentration for different silver rod
radii. In general, we see that increasing the silver rod
radius causes a clear decrease in the quality factor of the
system and this is attributed to the increase in interactions
with the field and scattering. Fig. (6d) represents the
resonance transmittance achieved with each glucose
concentration, and it appears to increase slightly with
increasing concentration or remain constant for larger
silver rod radii. We notice that the transmittance here is
greater for larger radii but at the expense of the achieved
spectral width and quality factor. In general, a trade-off
can be made to obtain satisfactory results for the
application being used.
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Fig. 6:FWHM resonance wavelength, quality factor and transmission as functions of glucose concentration using many r values.

Fig. 7 represents the relationship of spectral width,
resonant wavelength and maximum transmittance as a
function of r, for three glucose concentrations, where r;
represents the radius of the material from which the
photonic crystal is composed. In Fig. 7(a), the spectral
width starts at a certain value, decreases slightly and then
starts to increase with the radius ry;, on the other hand,
increasing the glucose concentration causes an increase in
the overall spectral width values in the same manner
mentioned previously. In Fig. 7(b), there is a similar

(b)

behavior for the change in the resonant wavelength with
increasing r;. Increasing the glucose concentration will
also cause a general increase in the resonant wavelength.
Fig. 7(c) represents the maximum transmittance achieved
as a function of ry, and there is a slightly wavy relationship
with a slight increase with increasing r;. The maximum
transmittance achieved is at the highest glucose
concentration. In general, changing (r;) causes clear
changes and this is attributed to the change in the
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Fig.7: FWHM, resonance wavelength and peak transmission as functions of r; using different glucose concentrations.

Fig. 8 shows a plot bar of the sensitivity achieved for
three values of z, where z refers to the distance from the
blood square's center to the silver rod's center. We see in
all cases that the sensitivity achieved is within the range of
400-450mg/dL, with slight changes as z changes. This
achieved range of sensitivity is considered good in the
field of sensors. The closeness of the values achieved

means that the sensor works for all glucose concentrations
in almost the same way. Fig. 9 represents the
corresponding detection limits plot bar for Fig. 8, and it is
seen that the detection limits are in the range 2.75x10™ -
4.25x10™ RIU. The subfigures are almost identical, but
case z=1.42um gives the best convergence values. These
resulting limits are very acceptable in the field of photonic



crystal sensors. Fig. 10 shows plot bars of the best
sensitivity and detection limit achieved for the case
r;=0.123um, where r; represents the radius of the rods of
the material composing the photonic crystal. The achieved
sensitivity rate of 500mg/dL and the corresponding

detection limits are about 2.25x10 = RIU. Fig. 11

represents the plot bars of the sensitivity and detection
limit achieved for the case d=1.6um, where d represents

z=1.38;:m z=1.40;:m z=1.42um
500 500 500
400 400 400
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Fig. 8: Sensitivity plot bar at different glucose
concentrations using different using many z values.
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Fig. 10 :The plot bars at different glucose concentrations of:
a) sensitivity and b) detection limit using d=1.6um.
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Fig.13 shows the FWHM, resonant wavelength, quality
factor and resonant transmittance as functions of sugar
concentration using the following three materials as the
basis for the photonic crystal: InP, GaAs, and TiO,. Fig.
13a shows that the spectral width changes significantly
depending on the material forming the photonic crystal,
where GaAs show a very small spectral width followed by

=200

30

the radius blood square in the structure. In this case, the
achieved sensitivity rate of 425mg/dL and the

-4
corresponding detection limits are about 3.5x10 RIU.

Fig. 12 obtains the plot bars of the best sensitivity and
detection limit reconstructed at the case r=0.07um, where
r represents the radius of metal rods. In this case, the
verified sensitivity rate of 425mg/dL and the
corresponding detection limits are about 3.1x10* RIU
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Fig.9 :Detection limit plot bar at different glucose
concentrations using many z values.

0
0 50

500

- IIIIIIIIIIIIIII

o]
0 50 100 150 200 o] 50

b
=1
=]

g
Q
10 DL(RIL)

sensitivity(nm/RIU)
N
Q
Q

100 150 200

C(mgldL) C(mg/dL)
(@ (b)
Fig. 11: The plot bars at different glucose concentrations of:
a) sensitivity and b) detection limit using rq=0.123um
- .
.
(=2
_ =
=
E' <
< _
=
bl
O
L= =0 pliele] 150 200

L =T | Y

(b)

: a) sensitivity and b) detection limit using r=0.07pm.

InP and TiO, with the highest spectral width. This is
attributed to the difference in the material properties and
refractive index at the wavelength used. Fig. 13(b) shows
that the relationship of resonant wavelength with glucose
concentration is still linear, where the material with the
highest resonant wavelength has the smallest spectral
width and vice versa. Fig. 13(c) shows that the variation of



quality factor with glucose concentration is still linear,
where the material with the highest resonant wavelength
has the smallest spectral width and vice versa. The
decreasing quality factor approximately has a certain
fluctuation as the glucose concentration increases. We
notice that the quality factor values achieved for the
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different materials come in reverse order compared to the
spectral width. Fig. 13(d) shows that the maximum
transmittance  increases  with  increasing  glucose
concentration. We notice that the values of the maximum
transmittance achieved for the different materials come in
reverse order compared to the resonance wavelength.
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Fig. 13: FWHM, resonance wavelength, quality factor and transmission as functions of glucose

Concentration using many materials, where d=1.6pum, z=1.4pm, r=0.07um and r1=0.129um.

Figs. (14) and (15) represent the sensitivities and the
corresponding detection limits, respectively, for different
materials. Fig. (14) shows that the sensitivity has an
average of approximately 450nm/RIU for all materials
with individual values appearing to have slightly different
values. On the other hand, Fig. 15 shows that the detection
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Fig. 14: Sensitivity plot bar at different glucose concentrations using
different using many materials, where ¢=1.6um, z1.4pum, r=0.07pm
and r1=0.129um.

Many scientific efforts are working on using photonic
crystals as sensors for various applications. Table Il
compares the proposed biosensor and other sensors.

limit is very low at about 2.1x10™ RIU for InP material,
and slightly higher for GaAs material, while TiO, material
has a very high detection limit at about 7x10™ RIU. Also,
the resulting values for the detection limits are close to
each other for materials Inp and GaAs but very different
for TiO, material.
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Fig. 15: Detection limit plot bar at different glucose concentrations using
different using many materials, where d=1.6um, z=1.4pm, r=0.07pum and
r;=0.129um

Compared with the aforementioned sensors, the proposed
structure achieved a relative balance between the
sensitivity and the quality factor

TABLE 2. Comparison of the Proposed Structure with other Biosensor.

Reference Quality factor Sensitivity (nm/RIU) Maximum transmission % FWHM (nm) | DL (RIU)
R. Arunkumar et al. [28] 262 N/A 97 6 20x107*
A. Asuvaran and G. Elathrasan [29] 573 4615 95 N/A 13x10
R. Kumar et al. [30] 650 850 N/A N/A N/A
Y.Yang etal. [27] 980 915 99 N/A 2.36x10*
This work 1400 500 97 1 2.25%x10™*




VI. CONCLUSIONS

In conclusion, the sensor performance depends
on: wavelength, glucose concentration, and geometrical
dimensions. The resonant wavelength has a linear relation
with glucose concentration, which facilitates accurate
measurement. Increasing the radius of the silver rod
increases the width of the resonant spectrum and reduces
the quality factor due to scattering effects and plasmonic
interferences. The choice of the material of the photonic
crystal greatly affects the performance, with GaAs
providing accurate response and high sensitivity, while
TiO, has a wider spectral range and a higher detection
limit. A sensitivity of 500 nm/RIU and a very low
detection limit of 2.25x10~* RIU were achieved, making
the sensor suitable for medical applications. The stable
performance when the z-distance between the center of
the sample and the silver rod changes indicates the
possibility of using the sensor in reliable measurements of
various glucose concentrations. The results demonstrate
the possibility of adjusting the geometric and material
parameters of the sensor to obtain the best possible
sensitivity and accuracy. The designed sensor is efficient
and scalable to be part of high-precision medical sensing
systems for detecting glucose concentrations.
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