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Abstract: A new approach to determining the sensitivity of refractive index sensors is proposed. It
has been shown that relative and absolute sensitivity show different results, and also, for the first
time, it is demonstrated that relative sensitivity has advantages over absolute sensitivity. In addition,
the influence of the relative width of the photonic band gap and the difference in the refractive indices
of the layers on the sensitivity are examined and the corresponding dependences of these parameters
are obtained. We propose these parameters as a convenient tool for optimizing the sensitivity of
sensors based on defective photonic crystals. Finally, results are obtained regarding the behavior of
the defect mode at the center of the photonic band gap of one-dimensional photonic crystals.

Keywords: sensitivity; refractive index sensors; photonic crystals

1. Introduction

With the advent of optical methods of substance research, humanity has entered a new
era of optics and photonics, and optical sensors are under active development in science
and industry. Optical sensors are instruments that use the optical properties of an object to
measure various parameters. In various fields such as manufacturing, robotics, medicine,
and even home appliances, optical sensors are already widely used. They may be active,
in which case they generate their own light and measure their reflection, transmission,
or absorption, or passive, in which case they detect only light from other sources [1-4].
Research in the field of optical sensors is of great importance because the use of optical
sensors has a number of advantages over other methods of analyzing matter; in particular,
they are a non-contact method and have high accuracy [5]. Of course, there are also
drawbacks, including certain difficulties associated with the unambiguous interpretation
of signals [5].

This is the reason for a great number of papers written in the field of optical sensors,
in particular refractive index sensors [6-37], aiming to find solutions to the following
issues: extending their operating range, improving stability and reliability, decreasing
costs, and increasing the availability, resolution, and sensitivity of the sensors. In particular,
works [11-37] study the dependence of the sensitivity of refractive index sensors on various
parameters. Works [11-13] use different operating ranges to increase sensitivity and also
carry out comparative analyses of identical structures in different ranges. Works [14-26]
focus on the effect of different types of sensor structures on the sensitivity of optical devices.
The sensitivity of optical devices depends on the properties of the object under investigation;
thus, the sensitivity of the same sensor can be different when used for different objects.
The influence of such parameters is considered in works [11,13,24-33]. Works [16,22,31-37]
investigate the influence of incidence angle on sensitivity.

One can see that sensitivity is widely used in the comparative analysis given in these
articles and is often presented as a final parameter in order to demonstrate the advantage of
a new sensor with respect to sensors with lower sensitivity. The present paper introduces
an alternative approach to determining sensitivity, taking into account the resolution of
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the sensor. The question of which parameters should be considered when optimizing
sensitivity is also considered.

Sensitivity is used to characterize refractive index sensors in most works [6-37]. In
our work, we will consider this parameter using a photonic sensor based on a 1D photonic
crystal (PC) with a defect layer (DL) as an example. A PC [38-41] is a periodic structure
of layers with different refractive indices. PCs have a unique property of having a certain
range of frequencies, called a photonic bandgap (PBG), in which electromagnetic waves
cannot propagate through the PC. If a DL is added to the periodic structure of the PC, the
periodicity of the structure is violated, which leads to changes in the transmission and
reflection spectra in the entire region. In particular, this is represented by the appearance of
a narrow band within the PBG, called the defect mode (DM), which is highly sensitive to
changes in the DL parameters and is used for sensing.

2. Theory
2.1. Model of the Refractive Index Sensor

Our model of a refractive index sensor consists of two ideal PCs with a DL between
them. Each PC consists of N periodic unit cells, where each cell is a pair of layers with
thickness k1, and refractive index 1 5.

Between the two PCs, a DL is located, and in our model, it is the refractive index of the
DL that changes under external influence. The DL in the PC violates its periodic structure
and changes the light transmission properties, and DMs appear. The position of the DM
depends on the many physical properties of the DL, such as the refractive index and the
thickness of the DL.

In our case, the ideal PCs are mirrored with respect to the DL, with the DL bordering
the layer that has the higher refractive index. It was shown in [25,26] that this configuration
provides the highest sensitivity of the sensor and field localization in the DL.

Figure 1 shows a schematic diagram of our structure.

Figure 1. Schematic diagram of the structure under investigation. N is the number of unit cells, 6y is

the angle of incidence, E; is the reflected wave, Ej is the incident wave, E; is the transmitted wave,
and ng and #n¢ are refractive indices of the structure surroundings.

In this work, we used the transfer matrix method [42-45] to calculate the transmission
and reflection spectra of the investigated structure. The transfer matrix for the j-th layer in
the structure can be written as:

Cos kj hj lfsinkj hj
M; = o i / 1
—ip;sinkj hj  cosk; h;
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where k; = 27”njcos 0, 0] is the angle of refractive in the j-th layer, which is determined

n%sinzeo . . .
7, Pj = 1jCos 9j, ng is the refractive index of the

from Snell’s law as: 9]- =cos 1, /1— -

external medium from, where the wave is incident, and 6) is angle of incidence.

Then, the matrix M of a unit cell in the periodic part of the structure is obtained by
successive multiplication of the matrices M; (j = 1,2) of the layers contained in the cell,
and finally, the transfer matrix of the whole structure has the form:

m m
= (MMM, (oMY = (172, ®

where My is the transfer matrix of the DL.
The transmission coefficient has the following form:

- 2po
t= ) ®)
(m1 + pgman) po + (ma1 + pemaa)
and the energy transmittance has the form:
Pt 2
T = |t 4
il )

where the indices 0, f denote the corresponding parameters of the medium bordering the
PC on the left and right, respectively.

2.2. Principal Operating Mechanism of the Sensor

The refractive index of the DL can be obtained from the model as follows. To complete
this, let us look at the transmission spectra in Figure 2. The black arrow shows the defect
mode shift by dA when the refractive index of the defect layer changes, while all other
parameters are the same. This shift can be used to determine the change in the DL refractive
index ny4. This is the basis of sensor operation. In particular, the main idea of sensitivity is
to show how much the DM shifts at the same change of the refractive index.

3200 3400 3600 3800 4000 4200

A, nm

Figure 2. Transmission spectra of the defective PC with two different values of 1. The blue line is
the spectrum for a pure defective layer, and the red line is for a defective layer with inclusions.

2.3. Absolute and Relative Sensitivities

As we have already mentioned, in most of the works [9-37] devoted to refractive index
sensors, a parameter such as sensitivity is used to characterize them. In the present work,
we will call such sensitivity the absolute sensitivity, and in this case, the absolute sensitivity
will be defined as follows:

dA

Sa:a/

©)
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Here, dn is the change in the refractive index of the medium and dA is the spectrum
or mode shift that occurs due to the change in the refractive index.

The absolute sensitivity S, of refractive index sensors is an important characteristic
that determines how well the sensor can detect a change in the refractive index of interest.
However, absolute sensitivity does not take into account the operating wavelength range
and has a length dimension such as nm.

There is, however, a less commonly used analogue of absolute sensitivity. This is
relative (or dimensionless) sensitivity S, (see, in particular, [11,12,33]):

1 da

7 X dn ©

where A is the working wavelength.

The relative sensitivity S;, as well as the absolute sensitivity S,, represents the shift
in the DM position with the change in the refractive index of the DL. In addition, the
relative sensitivity takes into account the working range of the wavelengths and is a
dimensionless quantity.

For the frequency v range, the same rules apply:

dv 1&

Sa=+ Sr:%dn’

dn’ @

From the works [11-37], it can be seen that the relative and absolute sensitivities do
not agree with each other. In some cases, when comparing two sensors, a higher absolute
sensitivity can correspond to a lower relative sensitivity and vice versa. In particular,
Table 1 shows the comparative characteristics of the works [11-16].

Table 1. Comparative table of sensitivity at different wavelengths [11-16].

Sar REY Ao, NM S,, RIU1 Article
1020 5293 0.1927
80 5295 0.0151 [11]
347 1004 0.3456
710 2026 0.3504
260 1560 0.1667
197 1600 0.1231
198 1620 0.1222 [14]
173 1640 0.1055
80 1800 0.0444
5018 7299 0.6875
5092 7299 0.6977 [15]
5031 7293 0.6899
5013 7335 0.6834
500 523 0.9560
496 533 0.9316
490 541 0.9058
487 547 0.8897 [27]
475 557 0.8520
454 577 0.7875
405 611 0.6639
145 764 0.1891
144 766 0.1881 [28]
144 769 0.1879
144 773 0.1863
1300 1530 0.8497 [29]

515 1550 0.3322




Photonics 2024, 11, 56

50f12

When looking at Table 1, it can be seen that within a single article, there is usually an
agreement between the absolute and relative sensitivity, which is explained by the fact that
within a single article, the authors try to stay within approximately the same wavelength
range, but when considering different operating wavelengths, the situation changes. Thus,
in most papers [9-37], it can be seen that the sensitivities of different structures at different
operating wavelengths are compared with those from other articles. According to these
comparative characteristics, conclusions are drawn about the performance of the structures,
which are not always correct.

There is also another factor that should be taken into account, which is not present
in the use of absolute sensitivity. We can conclude that in practice, not every shift dA and
therefore not every change dn in the refractive index can be detected when solving the
inverse problem of finding the unknown refractive index from a measured spectrum. We
need to consider the resolving power of the optical instrument to determine the minimum
detectable dA shift.

2.4. Optical Sensor Resolution

The resolution R of an optical sensor determines its ability to discriminate between
small changes in the optical signal. Let us look at the resolving power of an optical
spectrometer. The resolving power of a spectrometer determines its ability to separate
closely spaced spectral lines. In other words, to distinguish details in the spectrum with
high accuracy. For example, we have two peak wavelengths A and A + dA, and they
can be separated (or resolved) with a resolution of at least R = A/dA; otherwise, they
merge [46-50].

The resolution is a dimensionless quantity [46-50] and in this paper, we will consider
the following situation. Consider two working wavelengths of 1000 and 2000 nm. Let the
same resolving power for the two wavelengths be given and let be R = 1000. This means
that it is possible to resolve peaks dA = 1 and 2 nm, correspondingly, and distinguish peaks
with the same wavelength difference dA at different working wavelengths Ay.

3. Results and Discussion
3.1. Comparing Absolute to Relative Sensitivity

The main idea of this work is to show that the absolute sensitivity S, is not a reliable
parameter when evaluating sensor performance. This sensitivity depends proportionally
on the operating wavelength and does not correctly reflect the sensor parameters.

To illustrate this fact, let us start with a numerical experiment. Let us consider the
following 1D PC shown in Figure 1. The parameters of the model are as follows: 17 = 1.5,
ny =2.0,ng =n; =1, N =10, 6y = 0, hy and hy take the values i = hy = 500 k nm, and
hy = 1050 k nm, where k is the proportionality factor of the structure. It should be noted
that the dispersion of refractive indices is not considered in this work because it affects
sensitivity and complicates the analysis of the results. Since the working wavelengths of
the spectra considered are different, dispersion can make a significant difference in the PC
refractive indices’ values and thus the sensitivity of such a sensor, so this factor has been
excluded for the clarity of the results. Otherwise, for arbitrary realistic refractive indices for
PC, the conclusions of the model are valid. With these parameters, the following spectra
can be obtained, as shown in the series of plots in Figure 3.

Such a large difference in refractive indices was chosen to clearly illustrate the DM
shift. In the above series of spectra, the first PBG is shown whose center wavelength Ap can
be obtained from the Bragg condition:

A = 2Anm, 8)

where A = Iy + hy is the unit cell period of the PC and ny, = % is the average
refractive index of the unit cell.
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Figure 3. Transmission spectra at ng = 1.75 and 1.90 (blue and red lines). The structure parameters are
ny =1.5,ny =2.0, N =10, hy = hp =500 k nm, and hq = 1050 k nm, (a) k =1, (b) k =5, (c) k = 10.

From the series of spectra in Figure 3 and Formula (8), it can be seen that the position
of the first PBG is proportional to k. Also, it can be seen that the PBG widens; so, for k =1,
the width of the PBG is about 800 nm, and for k = 10, it is already 8000 nm. The shift in the
DM also increases with increasing k for the same change in the refractive index of the DL.
This directly affects the sensitivity S,. Let us take a closer look at this influence in Table 2.

Table 2. Comparative values of different structures.

k Ap, nm Sa B Sy, RIU!
1 3500 44033
2 7000 880.65
3 10,500 132098
4 14,000 1761.30 0.1258074
5 17,500 2201.63
10 35,000 4403.26

It can be seen that the sensitivity S, increases proportionally as k increases, and this
is logical because as k increases, the shift in DM dA increases (the same change in the
refractive index of the DL), while the relative sensitivity remains constant. According to
the results of such a numerical experiment, it can be said that the two sensitivities produce
different results. This can be seen when different operating ranges are considered in the
same paper and their sensitivities are compared, or when different papers consider different
operating ranges and compare their sensitivities. Furthermore, the definition of absolute
sensitivity does not take into account the effect of the resolving power of the sensor. For
this purpose, let us now consider the resolving power of the device.

As mentioned in Section 2.4, the higher the resolving power, the easier it is to determine
the shift of the DM peak. Let us now consider a sensor with resolving power of R = 1000.
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With this resolution it will be possible to distinguish a DM peak shift of 3.5 nm at a
wavelength of 3500 nm and a DM peak shift of 7.0 nm at a wavelength of 7000 nm. Taking
this into account, let us try to determine the minimum detectable change in the refractive
index of the DL at constant resolving power; a comparison is given in Table 3.

Table 3. Comparative values of different structures at R = 1000.

k Sa BB Sa, G Sy, RIU™1 Min AA,nm Ang
1 44033 680.83 35
2 880.65 340.42 7.0
5 2201.63 136.17 0.1258074 175 0.002
10 4403.26 68.08 35.0

As can be seen at a constant resolving power, structures with a different absolute
sensitivity and the same relative sensitivity have the same ability to detect the change in
the refractive index of the DL. We note another advantage of relative sensitivity, which is
that the numerical relative sensitivity does not differ when the frequency or wavelength
spectrum is considered. This result allows us to state that the relative sensitivity is a correct
reflection of the structural properties, whereas the absolute sensitivity can be misleading.

3.2. Convenient Parameters for Optimizing the Sensitivity of a Sensor Based on 1D PCs
with Defects

In this paper, it is also proposed to consider the influence of the relative and absolute
PBG width on sensitivity (AA/Ag and AA). These parameters are affected by the large
number of parameters of the structure. In particular, the PBG width can be varied by
changing the layer thicknesses ratio h;/hy with constant n; = 1.5 and n, = 2.0 and
constant unit cell period A = 1000 nm. When this is carried out, the mean refractive index
fim of the unit cell changes and the width of the PBG changes correspondingly. The relative
width of the PBG differs from the absolute one in that it is divided by the wavelength Ag of
the PBG center (see [44]). Figure 4 shows the dependence of the absolute sensitivity on the
width of the PBG and that of the relative sensitivity on the relative width of the PBG for
different numbers of unit cells N.

In the series in Figure 4, the green arrow shows the direction of increase in /1 at the
constant period of the unit cell of the PC. It can be seen that as the ratio /; to hy increases,
the sensitivity increases and then starts to decrease. The dependence of the width of the
PBG on the ratio h; to hy is considered in more detail in [51]. The red line marks the
maximum PBG width, which corresponds to the quarter-wave stack n1h; = nyhy = Ag/4.
After the maximum point of the PBG width, a decrease in this width can be observed when
the ratio h1 /h; is further increased. At the same time, the sensitivity decreases. It can also
be observed in the series in Figure 4 that for the first and second ratio /1 / hy, the sensitivity
values are different. However, one can see that these two sensitivities approach the same
value as the number of periods increases. It can be assumed that in the case of an infinite
PC with a defect, the two parts of the curve merge completely and the two sensitivities
become equal.

It is important to note that the sensitivity values presented in the series in Figure 4
were obtained for the first DM mode; it can be shown that for other DMs, the general
dependencies were preserved but shifted up. By changing the structural parameters for
the series in Figure 4, the position of the center of the PBG Ag was changed. Therefore, the
thickness of the DL 4 was adjusted according to the center of the PBG so that the position
of the DM Apy; remained at the center of the PBG.
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Figure 4. Dependence of absolute sensitivity on the width of the PBG (a,c,e) and that of the relative
sensitivity on the relative width of the PBG (b,d,f). Here, dA is varied by changing /. The green
arrows indicate the increase in i; over a constant period. The red line marks the fulfilment of the
quarter-wave stack. Ap is the wavelength of the PBG center. The other parameters are the same as in
Figure 3a.

In this paper, we argue that the width of the PBG, in particular the relative width of
the PBG, is a convenient parameter for optimizing sensors based on 1D defect PCs. One
of the main conclusions of this work is the following: for the relative sensitivity, we can
unambiguously state that the maximum sensitivity is reached at the maximum PBG width.
In particular, using this conclusion, it can be argued that to optimize a sensor based on a
defective PC, the maximum of the relative width of the PBG should be aimed for. Thus, for
the first PBG, it is necessary to use the quarter-wave stack.

Next, we will consider the dependence of sensitivity on the difference between the
refractive indices An = |n1-ny|, i.e., optical contrast, with a fixed mean refractive index.

Figure 5 shows the dependence of the relative PBG width on the refractive index
difference (a) and the dependence of the relative sensitivity on the refractive index difference
(b) under the following conditions: ny = const and hyny = hans.
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Figure 5. Dependence of the relative width of the PBG (a) and relative sensitivity (b) on the refractive

index difference. The parameters are as follows: ny, = 1.75 and hyny = hyny = Ag/4. The other

parameters are the same as in Figure 3a.

Figure 5a shows that by increasing the refractive index difference of the unit cell layers,
the relative bandwidth becomes larger, thus increasing the relative sensitivity. However,
several interesting features should be noted. The dependence of the PBG width on An
is not a linear function, but it is close to linear for sufficiently small values of An. In
Figure 5b, we can see that the dependence of the relative sensitivity is correlated with the
increase in the PBG width, but the width increases almost linearly, while the growth of the
relative sensitivity slows down significantly and tends to a constant value (this is shown by
our calculations).

When calculating the width of the PBG, the thickness of the DL is not taken into
account as the calculation is for an infinite PC. However, to calculate the sensitivity, we
need a certain thickness for the DL. The thickness of the DL was determined in the same
way as in the series in Figure 4, i.e., the search is for such a thickness for the DL that the
DM will be in the center of the PBG. In the case of the series in Figure 4, the values of the
DL thickness were close to each other but still different.

When the thickness of the DL was calculated for Figure 5b, it was found that the
thickness of the DL remained constant, i.e., the position of the DM depends only indirectly
on hy,ny, hy, ny the position of the DM depends primarily on the cell period A, the mean
refractive index #npy,, the parameters of the DL itself, the thickness /4, and the refractive
index of the DL ny.

Figure 6 shows the evolution of the difference between the DM position and PBG
center, with the change in the DL thickness /14 and the optical contrast An.

The position of the DM depends primarily on the cell period A, the mean refractive
index npy, the parameters of the DL itself, the thickness g, and the refractive index of the
DL nq4. Thus, in Figure 6, it can be observed that the position of the DM does not shift when
the refractive index difference An changes, as can be seen by the dark blue line in the center.
This means that for the DM to be in the center of the PBG, the thickness of the DL /gy must
take on a certain constant value, even when An changes.
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Figure 6. Dependence of the difference in the DM position Apy and the PBG center Ag on the DL
thickness 4 and the refractive index difference An. The parameters are the same as in Figure 5b.

4. Conclusions

In conclusion, we considered two types of sensitivity: relative and absolute. For the
same structures, these two types of sensitivity were found to give different results. It
was determined which parameters, such as operating wavelength and resolution, are also
necessary for a correct evaluation; as a consequence, it has been shown that it is not correct
to use absolute sensitivity in comparative evaluations of refractive index sensors. On the
other hand, relative sensitivity has a number of advantages over its counterpart, and it
has also been shown that it is relative sensitivity that is worth using in the comparative
characterization of different structures at different operating wavelengths.

The effect of the width of the PBG on relative sensitivity has been shown. The maxi-
mum relative sensitivity was found to be at the maximum of the relative width of the PBG,
i.e., at the quarter-wave stack. The dependence of the sensitivity on the refractive index
difference was also studied. In this case, an increase in sensitivity is observed as the width
of the PBG increases. However, the width increases almost linearly, whereas the increase in
relative sensitivity slows down significantly and tends to a constant value.

In addition to the parameters of the DL itself, such as the thickness /14 and the refractive
index of the DL ng4, the position of the DM in the center of the PBG was found to depend
directly on the mean refractive index ny, and the cell period A.
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