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Abstract

We propose an improved structure of an optical biosensor based on a photonic crystal with a
defect layer, which can detect the concentration of organic contaminants in water by defect
mode shift. We investigated 4 types of defective photonic crystals with different arrangements
of layers inside the perfect photonic crystals and their impact on the performance of the sensor.
The sensitivity and amplitude of defect mode were examined as a function of defect layer thick-
ness. Also, the peculiarities of edge modes in the presence of defect layer were investigated. Fi-
nally, we obtained a characteristic equation to determine the wavelengths of defect modes for an
arbitrary 1D photonic crystal with an isotropic defect inside.
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Introduction

In the current world the development of chemical and
biological industries is at an extremely high level and
every year more and more compounds are synthesized.
This is due to trends in the development of the industrial
sector, but we should not forget about the toxicity of
some of these compounds. There are compounds that are
deadly to humans even at the smallest concentrations [1].
These problems dictate the need to develop methods and
instruments for highly accurate detection of various con-
taminants even at the lowest concentrations.

Various methods for detecting substances are current-
ly being developed [2]. In particular, optical methods of
research are actively developing. Optical sensors based
on photonic crystals (PCs), including those with a defect
in the structure, are of great interest [3—26]. PCs are arti-
ficial dielectric structures with periodic refractive index
modulation. In recent years, they have attracted much in-
terest due to their unprecedented ability to control the
propagation behavior of electromagnetic waves and po-
tential applications in ultra-small all-optical integrated
circuits [27]. PCs have the unique property of having a
certain range of wavelengths, called the photonic
bandgap (PBG), in which an electromagnetic wave can-
not propagate through the PC [25]. In practice, this means
that if the radiation with a wavelength inside the PBG is
incident on the PC, it experiences a strong reflection from
the PC. In this way the PC can act as a mirror or an optical
filter. If a defect layer (DL) is added to the periodic structure
of the PC, the periodicity of the structure is disrupted, caus-
ing a change in the transmission and reflection spectra
throughout the spectral region. Just as the introduction of
DLs into semiconductor superlattices can lead to defect

states, DLs in one-dimensional PCs can also create localized
defect modes (DMs) within the PBG. The position and
shape of the DM depends on the parameters of the DL, such
as the thickness and refractive index of the DL. It is this
property that underlies our sensor. In this work, the defect is
a layer composed of water with organic contaminant added.
A change in the concentration of the contaminant causes a
change in the refractive index of the DL, which in turn shifts
the position of the DM, which can be detected by the sensor.
The organic contaminant concentration in the DL is deter-
mined by this deviation.

In [28], we investigated an optical PC-based sensor with
a DL. We encountered the following problem: due to the
large absorption of the components of the sensor structure in
the infrared range, the magnitude of the transmittance peak
(DM amplitude was determined from the following form 1-
R, in the case of reflection) associated with the DM excita-
tion was too small, which limits the capability of the sensor.
In this paper, to solve this problem, the operating range of
the sensor was shifted to the visible region where the absorp-
tion of water, which constitutes the majority of the DL, is
much lower. In addition, we optimized the sensor structure,
in particular we moved to a structure with mirror symmetry
and investigated the effect of DL thickness on the sensor
sensitivity and DM amplitude in details. Finally, we derived
the characteristic equation to determine the DM of an arbi-
trary PC with a defect and investigated the features of the
edge modes in the presence of DL.

1. The theory

The cross-section of the PC we are considering is
shown in Fig. 1.

Our structure is composed of two periodic perfect PCs
with a DL between them. Each perfect PC consists of a se-
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quence of N unit cells each of which is a pair of layers hav-
ing thickness 41, and refractive index n;,. The refractive
indices were determined by the materials of the layers. For
the selection of suitable materials, the following conditions
were set: the materials should provide a high difference be-
tween the refractive indices of the n; and n,, layers, be rela-
tively inexpensive and easy to manufacture, and transpar-
ent in the spectral range of interest. The thicknesses of the
layers were determined from the quarter-wave criterion
Re[m(As)] i =Re[n2 (M) ha=As/4, where A, is the wave-
length of the center of the PBG. If this condition is met, we
obtain the maximum width of the PBG.
. PCi . DL . PC -

' [ :
Vo,

¢ 8

ko .

Fig. 1. Schematic diagram of the analyzed structure, ko, kr and
kr are the wave vectors of the incident, reflected and
transmitted waves respectively, PC1, PC: are the perfect PCs,
6 is the angle of incidence, and DL is the defect layer

The DL itself is a host medium with inclusions. The
host medium is water, and the inclusions are organic con-
taminants. The Maxwell-Garnett effective medium ap-
proximation [29—-30] was used to determine the refrac-
tive index of DL through the parameters of the constitu-
ent substances. This method is applicable if the macro-
scopic system is homogeneous and the dimensions of all
particles are much smaller than the wavelength [29—30].

Fig. 2 shows different types of structures [31] consid-
ered in this work, which include structures with mirror
symmetry (a,b,c) and without mirror symmetry (d) in re-
lation to the DL.

Fig. 2. Types of layer placement wit}.zin.the PC.. Tl l.ze blue dashed
lines show the unit cell of each perfect PC to the left and right
of the DL

The structure in Fig. 2a (structure 1) is a case of mirror
symmetry where the defect is located between two layers
with lower refractive indices. The structure in Fig. 2b (struc-
ture 2) is a case of mirror symmetry where the defect is be-
tween two layers with a higher refractive index. The struc-
ture in Fig. 2¢ (structure 3) is a case of both mirror sym-
metry and symmetric unit cell, where the defect is between
two layers with lower refractive indices. The structure in
Fig. 2d (structure 4) is a case without mirror symmetry
which corresponds to the structure in our earlier work [28].

In this paper we used the transfer matrix method [32 —
34] to calculate the transmission and reflection spectra of
the structure under investigation.

1.1. The characteristic equation
for the defected PC eigenmodes

Finding the DM can be problematic due to the high
quality factor (Q-factor) of the mode, which requires cal-
culating the reflection or transmittance spectrum of the
structure with sufficiently small wavelength step size.
This problem can be solved by using a characteristic
equation for the DM.

The transfer matrix of a defective PC can be generally
represented as:

m=[MuMM,; (M )M MM]=MM,M,, (1)

where M1, Md, M; are “inner” transfer matrices of PCi,
DL and PC,, i.e. these transfer matrices relate the fields at
inner sides of their outer boundaries. My, and M)y are
“boundary” matrices for the interfaces between the perfect
PCs and the external environment, i.e. these transfer matri-
ces link relate the fields at different sides of the same
boundary. Similarly, the matrices for the boundaries be-
tween the perfect PCs and DL are defined as Mg and My;.

In the absence of absorption, any transfer matrix can
be represented as [27]:

r
t t
) 2
1 (2)
t

where 7 is reflection coefficient, ¢ is transmission coeffi-
cient, the asterisks denote the complex conjugate.

In addition, since the DL is homogeneous, its inner
transfer matrix can be further simplified:

a, =" 0 3
d — 0 e_l.(pa ()

o= 2_;ndhd COS(ed),

and 0, is the angle of refraction in the DL.
Now considering (2) and (3) the relation (1) turns into
a matrix equation:

1 p* i _V;; i _Vl*
AN (e OJ U
p 1 T 1 0 e™)|n 1
t )\ ou yot

The coefficients r, t are the reflection and transmission
coefficients, index [ denotes the perfect PC to the left of
the defect, and index // denotes the perfect PC to the right
of the defect, while T,p are the reflection and transmis-
sion coefficients of the entire structure. Since the reflec-
tion coefficient p is zero for eigenmodes (including DM)
[27], then by equating p=0 in (4) we obtain the charac-
teristic equation for the DM:
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e¥try +nt; =0. (5)

Actually, it is more convenient to use this equation in
the following form:
Ny t
e+, —=0. (6)
)

Equations (1—6) are correct if there is no absorption
in the structure. When taking in to account absorption it is
necessary to replace the complex conjugation in the for-
mulas by the inversion of the wave vector k——k [34].
Equation (6) will then take the form:

~ ficn
€1y + h =0. (7
10

Here the values with indices k& and —k are calculated
before and after wave vector inversion, respectively.
When using the transfer matrix method, the wave vector
inversion results in a change in the transfer matrices of all
elements of the structure:

M., :( cos(¢)

Fipsin(o) ®)
+ip sin(Q) ’

cos(P)

where p=ncos(0), n is the refractive index of the layer
considered.

In the presence of absorption, equation (6) has no real
roots, but the real part of the complex root is very close to
the wavelength of the DM. In addition, the imaginary part
of the complex root is inversely proportional to the ampli-
tude of the DM.

Thus, when searching for DM, one can look for the
zeros of the following function:

tn

f)=

. )

.
ey + 1w p
1(k)

So, this equation we call as the characteristic one for
the PC eigenmodes (including defectives one).

Fig. 3 shows the reflection spectrum of structure 2
(black) and function (8) (blue).

1.4

0.6 0.7 0.8 0.9 1.0 1.1 1.2

Fig. 3. Spectra of reflection (bldck) and function (9) (blue) for
the structure 2. Parameters of structure h; = 0.14 um,
h2=0.10 um, ha=0.44 um; N=10

Here one can see that the obtained function has a V-
shaped dip which has much broader width than the DM
itself. When searching for the DM this dip is easy to de-
tect, so this function will be used later in calculating the
sensitivity of the sensor at different DL thicknesses. This
method is particularly useful in the case of a very small

amplitude of the DM, when the reflection minimum is
barely different from 1, but the function (8) still reaches
zero for the DM. It is also useful when the half-width of
the DM is very small, and the DM is difficult to detect.

1.2. Peculiarities of edge modes in the presence of DL

In the absence of DL, the edge modes are equidistant
in frequency, but the picture changes when DL is added.
When considering different types of structures, we found
the behavior of the refraction spectrum presented in
Fig. 4 for the structure 2. All other types of structures
demonstrate a similar dependence.
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Fig. 4. (a, ¢) Dependence of reflection spectrum on the DL
thickness for the structure 2 in different ranges of the thickness
of the defective layer, (b, d) the same spectra, but zoomed in
different ranges of the thickness of the defective layer. All other
parameters are as in Fig. 3

Fig. 4a shows the dependence of reflection spectrum
on the thickness of the DL. In the center, the PBG can be
seen, bordering a number of edge modes on either side.
The defective modes are inside the PBG, and they move
as the thickness of the defective layer changes. In Fig. 4a
when there is no defect, we still can see a mode inside the
PBG, so this mode is "zeroth" mode. As the thickness of
the DL increases, the following modes appear, the first,
then the second one, and so on.

When considering the Fig. 4a, one can see that when
the thickness of the DL changes the edge modes can be
divided into 2 types, namely moving and stationary, and
the DM refers to the moving ones. As the name implies,
moving modes change their position when changing the
thickness of DL, and stationary modes practically do not
change their position. Let us now consider 2 zoomed in
modes located next to each other in the Fig. 4b, for which
3 stages can be distinguished. Let us consider the left
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mode first. At the first stage (I) one can see that edge
mode experiences red shift as the DL thickness increases
so we call this mode a moving one, but then at the second
stage (II) the speed of movement decreases significantly.
In addition, it is possible to notice that the distance be-
tween the left and right modes is almost constant here. At
this stage both modes move in such a tied state, until the
left mode takes the place of the former stationary mode.
After this the third stage (III) starts, where the left mode
becomes a stationary one. As a consequence, the mode
type change occurs during the second stage. It is im-
portant to note that there is no merging of modes at the
second stage. If we consider the mode on the right, it has
all the same stages, but in the opposite order.

Fig. 4c,d show the dependence of reflection spectrum
on the thickness of the DL at greater values of the DL
thickness, when many DMs arise. As can be seen, the
same behavior as above is present here. It is also worth
noting that the duration of stage III (the stationary re-
gime) is constant and does not change at larger thickness-
es of DL, but the slope angle of the moving modes in
stage I (including DMs) increases, and because of this the
number of DMs within the PBG increases too. Let us
note that we considered all the four types of the above-
mentioned structures, and the said effects were found in
all of them.

2. Results and discussion

To solve the main problem of the previous work [28],
which was the small amplitude of the DM due to the large
absorption in the infrared range, it is necessary to mini-
mize the imaginary component of the refractive index in
all components of the structure. The main component of
our DL is water with a small inclusion of organic contam-
inant. Thus, to significantly reduce absorption, we moved
the working wavelength to the visible region [35], namely
around the wavelength 0.8 pm where the refractive index
of water is ny=1.328+1-1.375-10 7. Also, this wave-
length is situated in the absorption minimum zone of pro-
tein compounds in the region of 0.7—1.1 um [36—39].

To determine the refractive index function of the con-
tamination (nin;), we will use the following dielectric
function (see Ref. [40])

e(w)=¢. + z

= o —w?

) (10)
—Jon

where the high-frequency constant term, &,=2.05; the oscil-
lator resonance frequency, ®=1098.67cm!,
=1025.32cm™!, ®3=975.71 cm™!, 04=922.95cm™!, and
®s=857.57 cm’}; the oscillator strengths, S1=46.74 cm2,
S$;=136.98 cm™?, S3=179.70 cm™2, S4=125.76 cm™, and
S5=70.86 cm%; and the damping frequency, 11=16.38 cm™,
v2=49.72 cm* v3=38.84 cm™!, =30.80cm™!, and
¥s=24.70 cm™'. Here used Drude- Lorentz approximation
based on experrmental data in Ref [41]. And for refractive
index contamination, we  will  have

n(o) = \/M(CO)S(CO) with (@) =1.

In the frequency region in which we are working, the
refractive index takes on an almost constant value equal
to Nine=1.432+i-4.488- 1077 (A=0.8 um), which we ob-
tained by extrapolation in eq. (10).

For this range, a perfect PC was chosen, consisting of
layers of SiO, and TiO,. The refractive indices for these
materials are almost constant over the selected range:
n=2.095+i-0 (TiO;) and n,=1469+i-0.0013 (SiO»)
[42, 43]. In this paper we used N =10 cells to the left and
the same number to the right of the defective layer and
considered the normal incidence of light (6o=0).

Fig. 5a shows the difference in refractive indices of
the DL components Re (An)=|Re (ni.c)—Re (nm0)|, and
Fig. 5b shows the sum of the imaginary parts of the re-
fractive indices of all materials of our structure
Im (Zn) =Im (n,-,,c) +Im (I’leo) +Im (nSiOZ) +Im (I’lTiOz).
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Fig. 5. (a) Difference in the refractive indices of the DL
components (H2O, organic contaminant) and (b) (b) sum of the
imaginary parts of the refractive indices of all materials of our

structure (H20, Organic inclusion, TiOz, SiOz)

o

Fig. 5a shows that the difference in the refractive in-
dices of the DL components decreases in the short-wave
region and Fig. 5b shows that the total absorption in the
structure decreases in this region too.

Let us consider the reflection spectra of the structures.
Fig. 6 shows the reflection spectra without DL (hq=0) for
4 types of structures (in black) and reflection spectra with
DL of finite thickness (in blue).
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Fig. 6. Reflection spectra of 4 types of structure without a DL.
(a,b) hi=0.14 um, h2=0.10 um, (black) ha= 0.0 um, (blue)
ha=0.25 um; (c) hi=0.14 um, h2=0.5-2 um, (black) ha =
0.0 um, (blue) ha=0.10 um; (d) hi=0.14 um, h2=10 um,
(black) ha= 0.0 um, (blue) ha=0.10 um; N=10

The black arrow indicates DM. Note that in the cases
of structures 1 (a) and 2 (b) DM is present despite of the
absence of DL. This is the so-called "zeroth" mode. This
is explained by the fact that in the case of mirror sym-
metry the periodicity of the structure in the center is bro-
ken, and this violation plays the role of a DL, so the DM
appears. It is also worth paying attention to the amplitude
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of the DM. One can notice that in Fig. 6d, the DM ampli-
tude is smaller than in all the other cases. Therefore, a
possible solution to the problem of low DM amplitude
may lie not only in a change in the operating spectral
range and structure materials, but also in the optimization
of the structure geometry.

To compare the structures, it is necessary to consider
the sensitivity of the biosensor with respect to changes in
the refractive index of DL:

dh,

S] = .
d”ld

an

Another important parameter is the amplitude of DM,
since with too small amplitude there will be no possibility
to detect DM.

Fig. 7 shows sensor sensitivity (11) and DM ampli-
tude as a function of DL thickness (for the first 3 DMs)
for the structures under study. Amplitude is represented
as T-1, consequently, the T-1 value is proportional to the
amplitude of DM.
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Fig. 7. Sensitivity and amplitude of the sensor as a function of DL
thickness, for 4 structure types: (a) structure 1, (b) structure 2, (c)
structure 3, (d) structure 4. Blue points represent DM amplitudes,
red points represent sensitivity (11), black lines represent the center
of the PBG. The parameters are as in Fig. 3

It should be noted that in Fig. 7a, b the "zeroth" mode
is visible, it is marked with a black arrow. This mode ap-
pears due to the fact that the DM in the structures with
mirror symmetry is present even in the absence of the de-
fect, as it was mentioned above in this structure the peri-
odicity is broken.

Let us first consider the sensitivity. In all structures we
can see the increase of sensitivity with increasing DL thick-
ness, with a general dependence, which is approximately de-
scribed by the square root [44], but within each DM we can
notice that the dependence of sensitivity is not monotonic.
These dependencies are similar for all structures. Also, it can
be seen that for the structure 2 the maximum of sensitivity is
reached in the center of the PBG, while for other structures it
does not take place. Overall, the second structure demon-
strates the highest sensitivity among all the variants. For this
structure, the sensitivity reaches 367 nm! for the third mod.
It is assumed that this is since in the second structure the de-
fect is located between two layers with a higher refractive
index, which increases reflection from the borders of DL. As

a consequence, the localization within the defect and the
sensitivity of the DM increases.

We also investigated the effect of the number of per-
fect PCs on the sensitivity of the sensor. The Fig. 8 shows
the dependence of sensor sensitivity on the number of
perfect PCs for the second structure.

240 .

4 6 8 10 12 14 16
N
Fig. 8. Dependence of the sensor sensitivity Si on the number
of perfect PCs for the second structure. The parameters are
as in Fig. 3

It has been observed that increasing the number of layers
of perfect PC increases the sensitivity of the sensor.

Now consider the amplitude. Structures 1 —3 have much
higher DM amplitude than structure 4 by 2 orders of magni-
tude. When considering the general dependence, the DM
amplitude decreases with increasing DL thickness, which
can be explained by an increase in absorption within the DL.
However, for a single DM, we can observe that the changes
in the DM amplitude are not monotonic, and, unlike the sen-
sitivity, the minimum is reached in the center of the PBG for
all structures. The highest amplitude is also reached at the
second structure.

The second structure has the best performance among
all 4 structures, so we will investigate it further. Let us
now consider the sensitivity of DM to changes in the
concentration of contamination.

S, =dh,/d3, (12)

where J, is volume fraction of contamination in DL.

Fig. 9a shows the DM shift as a function of contami-
nation concentration, while Fig. 95 shows the wavelength
dependence of DM as a function of concentration from 0
to 1 % with a linear approximation.

Fig. 9a shows the reflection spectra at different con-
centrations. As the contaminant concentration changes,
the DM shifts to the long-wave part of the spectrum, and
the Fig. 9b shows this shift. Similar results were obtained
in a previous article [28]. A comparative characteristic is
presented in Tab. 1.
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Fig. 9. (a) R spectra with changes in concentration, (b)
Dependence of the DM peak on concentration, ha=0.325 um.
All other parameters are as in Fig. 3
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It can be seen that the sensitivities are higher in struc-
ture (A), but this is due to the fact that in the previous
work the DM was in the long-wavelength part of the
spectrum. When considering the sensitivity normalized to
the wavelength of the DM, it turns out that the new struc-
ture (B) is much more efficient. It is also worth noting
that there is a significant increase in the Q-factor, which
favorably affects the performance of the sensor, since it is
easier to detect the shift of the DM.

Tab. 1. Comparison of characteristic of the sensor sensitivity
at different parameters, (A) structure from the article [28], (B)
structure 2

Structure A B
AbwM at 8i=0, pm 5.2930 0.84153
S1, nm/RIU 1020 208
S2, nm/ % 1.14 0.21
Si1, Abm, 1/RIU 0.193 0.247
S2, Aom, 1073, 1/% 0.210 0.250
Q-factor, =0 300 627
Conclusion

In conclusion, we considered an optical biosensor ca-
pable of determining the concentration of the organic
contamination in water. Four basic types of geometric ar-
rangement of the layers inside a perfect PC were consid-
ered. Variants with mirror symmetry and without mirror
symmetry were considered. It was found that the variant
of the structure without mirror symmetry has the lowest
DM amplitude.

The highest sensitivity values are obtained for the
structure with mirror symmetry where the DL is located
between two layers with a high refractive index (struc-
ture 2). For this structure, the sensitivity reaches 367 nm ™!
at a DL thickness of 0.96 um.

It was shown that, in general, the sensitivity of the
sensor increases with increasing thickness of the DL
approximately as a square root (see, also [44]), but the
dependence for each individual DM is nonmonotonic
and reaches its maximum in the center of the PBG.
The general pattern for the amplitude is the opposite,
with the DM amplitude decreasing as the thickness of
the DL increases. However, when considering a par-
ticular DM, the amplitude reaches its minimum in the
center of the PBG and increases as it moves toward its
edges.

A characteristic equation for finding the DM wave-
length of an arbitrary 1D PC with a homogeneous defect
inside was derived. This equation is particularly useful in
finding the DM in the case of a very small DM amplitude
when the reflection minimum is weakly different from 1,
and DM halfwidth is very small. Let us note that this
equation describes the edge mode behavior too.

The peculiarities of the edge modes in the presence of
DM were investigated. It was shown that with increasing
of DL thickness the edge modes and DM are moving, but
there are edge modes, which practically do not change
their position. The 3 stages were distinguished for each

mode, in particular each mode passes a stage of a station-
ary mode, a coupled mode, and a moving mode. It is im-
portant to note, that in the second stage the modes do not
merge and move together, as one whole.

The results of this work allow us to improve the effi-
ciency of optical sensors based on PC with DL, including
sensors (including gas sensors, or liquid sensors) and oth-
er detection devices.
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