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Designing an all-optical biosensor using photonic crystal
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In this paper, we designed a small-size biosensor to detect the DNA molecules using a 2D hexagonal photonic crystal
without any change in the radius of the holes. The sensing mechanism is based on the change in the refractive index of
sensing holes and the intensity variation of the output transmission spectrum. By infiltrating the analyte within the sensing
holes for one unit change in the refractive index, the normalized intensity of the transmission spectrum is reduced to 4 units.
To analyze the performance of this structure, we used the plane wave expansion and the finite difference time domain

methods. The regression coefficient is equal to -0.9689.
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1. Introduction

Photonic crystals (PCs) are one of the best items to
guide and control photons [1,2]. The materials of these
structures are composed of periodic layers with different
refractive indexes in one, two, or three dimensions. The
result of this periodic lattice is a photonic bandgap (PBG),
a certain range of wavelengths that cannot be entered into
the structure [3,4]. This region depends on various
parameters such as lattice constant, the radius of
components (dielectric rods or air holes in slab), and the
dielectric constant of materials. We can create point or line
defects to break the band gap and confine or guide the
photons through it [5,6]. Designing various components
depends on the type of defects in the structure. Therefore,
the shape of the defect is important, and many interesting
optical elements can be designed by creating different
defects in the structure, such as optical logic gates [7],
modulators [8], power splitters [9], optical filters [10],
optical demultiplexers [11], optical polarization splitters
[12], optical flip-flops [13], optical adders [14], and
optical sensors. So far, various optical sensors have been
presented using photonic crystals; one of them is a
biosensor for detecting biological molecules, bacterial
cells, viruses, proteins, DNA molecules, etc. [15-17]. The
identification method in biosensors is based on infiltrating
the analytes into the sensing holes and changing the
refractive index. Generally, there are two mechanisms to
study the sensor performance, the first method is based on
the amount of resonant wavelength shift (RWS), and the
second method is based on the intensity variation (IV) of
the output transmission spectrum [18]. In the RWS method
to detect the features of analytes, the amount of resonant
wavelength shift is measured, and due to changes in the
refractive index of the sensing area, the widespread
displacement of wavelength is desirable. The RWS s
favorable in a wide range of changes in the refractive
index but often cannot be used to detect tiny changes in
the refractive index. However, the 1V method is used for

small refractive index changes with high accuracy, and
often it is not desirable to measure wide changes of
wavelength to improve the sensitivity. The important
parameter to determine the accuracy of biosensors is
sensitivity. In the RWS method, the sensitivity is the
amount of change in resonant wavelength per refractive
index unit. On the other hand, the sensitivity in the IV
method is the amount of change in intensity per refractive
index unit [19]. In this work, we present a photonic crystal
biosensor by using resonant cavities. To calculate the
photonic bandgap, we used the plane wave expansion
(PWE) method [20]. Moreover, to study the optical
properties of the structure, we used the finite difference
time domain (FDTD) method [21].

2. Design and simulation

Our structure is based on a 2D hexagonal lattice of air
holes in a dielectric slab. The number of holes in the x-
direction is 30 and in the z-direction is 15. The lattice
constant of structure and radius of air holes is 220 nm and
88 nm, respectively, and the effective refractive index of
the slab is equal to 2.8. The contour map of the index
profile of the structure before introducing the defects is
shown in Fig. 1. The dispersion diagram of the structure
should be obtained to find the operating wavelength. In
Fig. 2, the band structure diagram is plotted along the
edges of the irreducible Brillouin zone (I, M, and K are
the three corners of the irreducible Brillouin zone). Two
photonic band gaps can be seen; the transverse electric

(TE) mode in 0.33%30.45range and the transverse

magnetic (TM) mode in 0.8§3130.84 range. By choosing
the range of TE mode for all the simulations in this design,
the PBG will be in the 488<4<733 (nm) wavelength
range. In our design, the schematic of the structure
consists of resonant cavities, sensing holes, and two
waveguides as input and output. To couple the light at the
input of structure, we used a temporal pulse source, and
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for obtaining the output transmission spectrum, a time
monitor is used at the output waveguide. To find the best
sensing hole, we checked a large number of holes. Since
changing the refractive index of holes far away from the
cavity does not significantly affect the intensity of the
output spectrum, we just brought the results of changing
the refractive index in the four rows near the cavity. We
changed the refractive index from 1.33 to 1.45 for each
hole (the refractive index of holes containing water
molecules and DNA molecules is 1.33 and 1.45,
respectively). The schematic of the structure is shown in
Fig. 3, and the results are given in Table 1 (We numbered
the holes from left to right).

Contour Map of Index Profile
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Fig. 1. The contour map of index profile (color online)

Fig. 3. Schematic of structure (color online)

Table. 1. The results of changing the refractive index of the holes from row 1 to row 4

hole Binding water Binding DNA
Central Normalized Central Normalized
wavelength | Intensity of | wavelength | Intensity of
(nm) the output (nm) the output
H1 644.8 0.468 644.8 0.531
H2 644.8 0.5 644.8 0.562
Rowl | H3 644.8 0.781 645.2 0.562
H4 644.8 0.593 645.2 0.625
H5 644.8 0.912 644.8 0.862
H1 645.1 0.656 645.1 0.593
H2 645.1 0.781 645.5 0.531
Row2 | H3 646.2 0.75 646.5 0.562
H4 645.5 0.781 645.6 0.656
H5 645.15 0.668 645.15 0.656
H1 645.15 0.912 645.15 0.668
H2 645.2 0.75 645.5 0.981
Row3 | H3 645.8 0.981 646.2 0.8
H4 645.6 0.412 645.5 0.75
H5 645.65 0.812 645.65 0.656
H1 644.8 1 645.6 0.843
H2 645.4 0.23 645.5 0.375
Row4 | H3 645.15 0.875 645.15 0.812
H4 644.8 0.906 644.8 0.843
H5 644.8 0.562 644.8 0.656
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In the 1V method, the central wavelengths of both
spectrums must have the same value. According to Table
1, it seems that the fifth hole from row 1, the first and fifth
holes from row 3, and the third and fourth holes from row
4 (which have the highest value of intensity) are more
suitable as sensing holes. Then to increase the interaction
of light and analyte to improve the identification accuracy,
we infiltrated the analyte into the H6 hole, too (after
checking many holes). We compared the results of
infiltration into each one of the selected holes with
simultaneous infiltration of H6, respectively (shown in
Fig. 4 to Fig. 8). As mentioned earlier, according to
Mechanism 1V, the amount of change in the intensity of
the output spectrum is important for us. Therefore,
according to Table 2 and comparing the figures, we choose
Fig. 7 as the best structure.
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Fig. 4. (a) The schematic of structure (b) the normalized
intensity outputs after binding the analytes into the H5
from rowl and H6 holes (color online)
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Fig. 5. (a) The schematic of structure (b) the normalized intensity
outputs after binding the analytes into the H1 from row3 and H6
holes (color online)
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Fig. 6. (a) The schematic of structure (b) the normalized
intensity outputs after binding the analytes into the H5
from row3 and H6 holes (color online)



Designing an all-optical biosensor using photonic crystal

209

H3 row 4

Table 2. The normalized intensity by changing the refractive

index holes from 1.33 to 1.45

Sensing Normalized Normalized Al for
holes Intensity Intensity An =1.2 unit
for n=1.33 for n=1.45
H5 from 0.86 0.675 1.85 unit
rowl and H6
H1 from 0.7 0.428 2.72 unit
row3 and H6
H5 from 0.872 0.51 3.62 unit
row3 and H6
1 " H3 from 0.915 0.5 4.15 units
09 —Vimtee row4 and H6
aal H4 from 0.87 0.61 2.6 unit
row4 and H6

=
~

o
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We increased the refractive index by 0.01 steps to
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observe the sensor's accuracy. The results are shown in
03} Fig. 9. The quality factor (Q) is the ratio of the resonance
02} wavelength (A_..) and the full width half maximum
a1f

(FWHM). That is calculated from Equation 1 and is
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Fig. 7. (a) The schematic of structure (b) the normalized
intensity outputs after binding the analytes into the H3 -
from row4 and H6 holes (color online) o

n=1.33| |

Normalized Intenssity
=
o

o 7 , , n : I
0643 0.6435 0644 0.6445 0645 0.6455 0646 0.84685 0647
Wavelength (pm)

(@)
1 T
n=1.33| |
1 ! n=1.34
[ — Water 0.9 n=1.35]| 4
09 —DNA ——n=1.26
§ n=1.37 |
08 L £ ——n=128
[ 208 n=1.39 | |
S0y ‘g ——n=1.40| |
g 5 n=1.41
£ 08| 807} —n=142|
= P ® n=1.43
E 0.5 £ n=1.44| -
= r S n=1.45
2oaf Z 06 3 1
s [ / N
203} S, :
[ 05 /
0.2 i 1 A /\ : y
o1 1 0.6449 064495 0645 064505 0.6451 064515 0.6452 064525 0.6453 0.64535 0.6454
E I Wavelength (zm)
0 L . N r
0643 06435 0644 06445 0645 06455 0646 06465 0647 (b)

Wavelength {pm)
Fig. 9. The output normalized intensity of structure by
(b) increasing the refractive index of sensing holes from 1.33
to 1.45 by 0.01 steps. (b) the output normalized intensity

Fig. 8. (a) The schematic of structure (b) the normalized in more details (color online)

intensity outputs after binding the analytes into the H4
from row4 and H6 holes (color online)




210 Mahsa Bazargani, Behnaz Gharekhanlou, Mehdi Banihashemi

1 1.33 1.45
Refractive Index

Fig. 10. The quality factor of structure by considering H3
from row4 and H6 as sensing holes (color online)

3. Results and discussion

In this work, to simulate and investigate the behavior
of optical wave propagation, the 2D finite difference time
domain (FDTD) method was used based on the effective
refractive index, and the IV mechanism was used to sense
the DNA molecules. Many holes have been checked for
infiltration to find the best sensing area. The H3 hole from
row4 with the H6 hole was selected as the sensing hole
according to simulation results. To observe the sensor's
accuracy, we increased the effective refractive index of
sensing holes from 1.33 to 1.45 by 0.01 steps in 13 levels.
The normalized curves of the intensity shift according to
the change in refractive index are shown in Fig. 11. If the
refractive index of sensing holes is 1.33, the shift of
intensity is zero. By increasing the refractive index, the
intensity of the output spectrum is shifted to lower values.
The regression coefficient is equal to -0.9689, which
shows an approximately linear relationship between them.

Normalized Intensity shift

132 133 134 135 136 137 138 139 14 141 142 143 144 145 146
Refractive Index

Fig. 11. The normalized intensity shifts of the resonant
wavelength in relation to the refractive index in sensing holes
(color online)

4. Conclusion

In this paper, to identify the target molecule based on
the 1V method without any change in the size of the holes'
radius, the intensity of the output spectrum was measured,
and it was compared with the results of water infiltration.
If the infiltrated analyte is DNA, the output intensity in
resonant wavelength decreases. According to the IV

method to calculate the sensitivity of this sensor, the
amount of change in the intensity of the transmission
spectrum per unit of refractive index change was
measured, which was four units. So, for changing the
refractive index of the sensing holes from 1.33 to 1.45
(that is 1.2 units), the amount of change in the intensity of
the transmission spectrum was calculated, which was
equal to 4.15 units. And the regression coefficient was
-0.9689.
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