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Abstract

In this research, a high-performance temperature sensor of a one-dimensional defective annular photonic crystal is proposed. The
structure design of our proposed defective annular photonic crystal is: [(SI/Si0,) N TiO, (Si/SiO,) N21 with TiO, as a defect
layer. The transmission spectrum of the defective annular photonic crystal is calculated by using the well-modified transfer matrix
method in cylindrical coordinates. Thermal characteristics of the defect mode that emerged in the transmission spectrum are
studied in the visible region. Dependence of the defect mode frequency on the defect layer thickness is also discussed. As
temperature increases, the defect mode is shifted to new positions due to thermal expansion and thermo—optical effects.
Numerical results show that the core radius has an important effect on the transmission intensity of the defect mode.
Moreover, our proposed temperature sensor showed a sensitivity of about 11 nm / 1000 °C, figure of merit of 0.218 / °C and
a very small full width at half maximum of about 0.049 nm. The proposed annular photonic crystals temperature sensor could
present a novel method to overcome the limited performance of the planar photonic crystals temperature sensors besides the

possibility of using in many potential filtering applications.
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1 Introduction

Photonic crystals (PCs) could be designed in one, two, and
three dimensions from periodic arrangements of materials re-
liance on the refractive indices periodicity of these materials
[1-4]. Among the past three decades, these structures have
been widely attracting a large area of interest through many
scientific circles due to their contributions in many applica-
tions [5-8]. These applications experienced a remarkable in-
crease since the discovery of the photonic band gaps (PBGs)
by Yablonovitch and the photon localization by John [9, 10].

Compared with the two, and three dimensional PCs, the
one-dimensional PCs represent the simplest type of PCs from
the design and fabrication view. Therefore, it acquires
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significant popularity among the physical, biomedical and op-
tical communities. The one dimensional PCs became promi-
nent in many applications such as optical filters [11], switches
[12], modulators [13, 14] and sensors [15-20]. These great
number of applications devoted the researchers toward the
inclusion of the one dimensional PCs in new designs such as
quasi-crystal PCs [1] and new geometries such as annular PCs
[21-23]. This diversity was intended to improve the optical
properties and extinguish more facilities in fabrications of the
one dimensional PCs.

The annular photonic crystals (APCs) that are also
known as cylindrical PCs received considerable attention
due to the remarkable improvements in the theoretical
models and the fabrication techniques [3, 8]. Recently,
one dimensional APCs have been designed using different
types of materials for many applications. Kaliteevski et al.
[22] discussed the reflectance properties of the APCs using
dielectric materials. Hu et al. investigated the role played
with the liquid crystals in the design of an optical switch
using the APCs [24]. Such a study indicates the enhance-
ment in the reflectance characteristics compared with the
traditional PCs. Moreover, this study is much more suitable
from the fabrication view, particularly in the case of using
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liquids as a defect, for the detection and sensing applica-
tions. Thus, this new geometry could increase the possibil-
ity of using the one dimensional PCs in the biomedical and
engineering applications. Further works demonstrated the
optical characteristics of APCs using dielectrics, metals,
superconductors and metamaterials [21, 25-27].

The design of temperature sensors using PCs provides low
sensitivity especially for using solid materials. For example,
Chang et al. designed a temperature sensor in the visible light
using the one dimensional defective PCs [28]. However, this
sensor investigates a low value of sensitivity not exceeding
0.005 nm / °C. To the best of our knowledge, the temperature
sensing using the APCs has not yet received the desired atten-
tion in contemporary times.

Here, we demonstrate theoretically the design of a temper-
ature sensor using the APCs that contain a defect layer. The
refractive index of the defect layer varies with the temperature
change so that the properties of the defect mode could be
controlled with temperature. Our idea is essentially based on
the enhancement of the sensitivity of our temperature sensor
in comparison to its counterparts in the planar PCs. The inter-
action of the incident electromagnetic waves with our design
can be theoretically described using the well modified transfer
matrix method. This method is used to obtain the optical char-
acteristics of our design due to this interaction. Here, we in-
tend to discuss the effect of the defect layer thickness, the
number of periods and the radius of the core on the perfor-
mance of our sensor.

When the core radius is large enough compared with the
layers’ thicknesses, the situation is more likely to be a planar
structure with normal incident radiation [29]. This is an ad-
vantage over the conventional planar waveguide sensors in
which the angle may result in unwanted fake results. This
gives additional flexibility in positioning the sensing probe
equally anywhere on the rim of the outermost concave sur-
face. This advantage cannot be achieved in planar PCs where
the probe is located only at a planar (not round) surface. A
third important advantage of adopting APCs arises from the
exhibition of considerable higher sensitivity and performance
factors.

In what follows, we present the basics features of the well
modified transfer matrix method in section 2. Then, in section
3, we present the transmittance properties of our design be-
sides the discussions of the values of many parameters such as
the sensitivity, detection limit, signal to noise ratio and the
sensor resolution. Finally, section 4 describes a brief summary
of the results and output findings.

2 Theoretical Framework

A schematic representation of the sensor under consider-
ation is shown in fig. 1. A core of radius p, and refractive
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index ng is covered with periodic two-alternative layers of
thicknesses /; and h, and refractive indices n; and n,;
respectively. A defect layer of thickness 4, is located a
distance p, + %A such that A=h;+h, is the period and N
is an even number of periods so that our structure is
(AB)N? D (AB)V2. All constituents are assumed to be
nonmagnetic so that:y = u,.uo= . In addition, these
layers are temperature dependent in such a way that re-
fractive indices and radii can be expressed as [28, 30]:

nj:nﬁ-o)—i-ﬂjAT (1a)

pj =Y (1 +a;AT) (1b)

such that:j=0, 1,2, AT is the temperature change, » ,»(0) and
pj(o) are the refractive indices and radii at room temperature,
respectively. Here, q; is the coefficient of thermal expansion
and (3, is the thermo-optic coefficient of the " medium.

To analyze the problem, cylindrical waves (with ¢’ de-
pendence) are assumed to propagate within the fiber layers
from the core towards the outer layers. Adopting cylindrical
coordinate system, the fields (E,, Hy,, H,)) of the TE polariza-
tion (the E-type mode) satisfy the Helmholtz equation given as
[30-32]:

pop \" Op

Expressing E, as: E, = F(p) @(¢), Eq. (2) can be solved to
give [24, 33, 34]:

E.(p,¢,2) = [AJ(qp) + BY ,(gp)]exp(ive) 3)

where, J, and Y, are the Bessel functions of the first

1 &°E.

P + Eoplye P E, = 0 (2)

and second kinds, respectively, qf = €pE W = klz)ni is
the propagation constant and v is the azimuthal number.
Accordingly; the tangential component of the magnetic
field H, is given by:

i OE, i

0= oy = o (AT a0 + BY ()| explive) (4

In our discussion, we are concerned in the transmittance
outward of the structure so that, and without any loss of gen-
erality, the azimuthal number has been set to zero so that the
fundamental mode is considered. This give rise to:

E.=AJo(gp) +BYo(qp) (5a)
Hy = —%[Amm 1 BY\(qp)] (5b)
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Fig. 1 A schematic diagram of
the one dimensional defective
APCs in which two different
materials of refraction indices: n;
and n, and thicknesses: h; and h,.
The defect layer has a refractive
index np and thickness hp.

These fields can be put in a matrix form as:

g Jo(gp)  Yolgp) A

(Hz> = 0) L v1(gp) <B> (6)
i wi, wit,
Consequently; the amplitudes A and B are given as:
-1
A ~ Jolgp)  Yolgp) g
= iq iq < (7)
B ———Ji(gp) ———Yi(qp) H,
Wity W

Matching the fields at the interface p = p then:

Ey _( E
Hy) — \H ) _
P=Po P=Po

) Jo(q10)
= iq,

Il_/;l(ihpo) <A1>
-—J -——Y
Wi, 1(q1p0) wi, 1(‘1190)

Since A’s and B’s are invariant within the same layer, then:
-1
J Y
(21) _ _iq—lJO((qlﬂl)) _l'Lol(q;,pl() | <1§2> 9)
1 Wi, 1{q1P1 Wi, 14101 2/ pep,

Substituting from Eq. (9) into Eq. (8), then the fields at the
first and second interfaces can be related through a transfer
matrix T, as:

Ey o E,
()., =), B
P=Po P=pPy

The transfer matrix T is expressed as:

~ Jo(q1p0) Yo(q1p0)
T, = iq iq 11
I AL (21 —w/j Y1(g10) (1)
-1
~Jolgyp1) Yo(q,p:)
gy 19
-y -y
wi, 1(q1p1) wi, 1(q1p1)

Following up the same approach, the fields at the first and
last interfaces are related through an overall transfer matrix as:

(i)
HO P=Po

E
= T1T2T3...TN/2TDTN/2+1...TN_ZTN_ITN(H’;)

P=PN

(12)

where, m is the overall transfer matrix. The fields within a
layer can be expressed as a linear combination of diverging
and converging fields as [30, 32, 33]:

E. = AHY (gp) + AHY (qp)] =E"+E (13)

such that; H, (()1 2 (gp) are the Hankel functions given by:

13 (gp) = Jolgp) i Yo(gp) (14)
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Here, the + and — signs denote the diverging (H") and
converging (H?) fields; respectively. Accordingly; the mag-
netic field H,, can be written as:

i OE.

iq (1) o+ (2)
Ho=—— % ==L [cVE* + | P
Wiy ap Wi, ’ ’ ( )
L A(12) _J +iY
where: C; —W

In matrix form, one may write the tangential fields as:

(i) N <%C§)U(;P) %L&”@m) (?) = W(?)
(16)

Substituting from Eq. (16) into Eq. (11) and arranging,
then:

1 _al t _ t
(1) =wemws(g)  =m(g) (1)
P=po P=pr =Py

such that; » and ¢ are the well-known Fresnel coefficients.
The Fresnel transmission coefficient t is found from the trans-
fer matrix M as:

B [C;(zl) (‘Jo/’o)*cl(/z) (‘10/)0)]
C? (qopo) [m“ +icl) ‘IfP/mIZ] + wi, [imm_c,(,l) (61/,0/) m22]

(18)

Consequently; the transmittance 7 is calculated:

3 Numerical Results and Discussion
3.1 Structure design

In this section, we discuss the thermal properties of the one
dimensional defective APCs and study their performance
with many parameters such as the defect layer thickness,
core radius and specifically temperature changes.

The proposed APCs are suitable for designing sensors
dealing with liquids in particular because the analyte is
used to fill the tubes without running off the sensor. In
biomedical sensing, the sensor may just be immersed in
the analyte when it fills the appropriate region (defect
area or repeated layers) and the sensing process takes
place.

@ Springer

The transmittance properties of the APCs are calculated on
basis of the theoretical analysis presented in the previous sec-
tion. First, the proposed APCs structure containing N periods
of alternate layers of Si and SiO, i.e. (Si/ SiO,) N is consid-
ered. Then, a defect layer of TiO, is supposed to be inserted in
the middle of the perfect periodic APCs. The APCs are sup-
posed to be immersed in air i.e. no = 1. Here, the transmittance
characteristics of the proposed APCs are calculated in the
visible region. The initial values at 25°C for refractive index,
thickness, thermo-optic coefficient and coefficient of thermal
expansion of the constituents is given in table 1 below.

The refractive index of Si is described using Sellmeier for-
mula as [35]:

}’lsl':\/l+

where, A is the wavelength of the incident electromagnetic
waves.

Unlike the usual planar PCs, the core radius of the starting
medium py has an effective role in wave characteristics and on
PBGs. With a large magnitude of the core radius, the cylin-
drical layers behave as if being planar. For this purpose the
starting radius, otherwise mentioned is taken to equal 100-
period length [29]. Moreover, the periods’ number is chosen
to be N =10 giving rise to defective APCs of the configuration
[(Si/ Si0,)° TiO, (Si / SiOZ)S]. Because the constituent ma-
terials are considered as dielectric layers, the thermal proper-
ties of the proposed APCs will be described by the thermo-
optic and thermal expansion effects.

1.54133408 X2
A2-1218816

(20)

0.00343474 84 N2
\2-1.2877

10.6684293 \?
A2=0.0909

3.2 Numerical Results

In what follows, we will discuss the numerical results of the
defect mode dependence on temperature in a defective APCs.
We first investigate the difference between the transmission
spectra of perfect ordered and defective APCs. Figure 2 pre-
sents the transmittance of the incident electromagnetic waves
of two APCs structures, (Si/ 8i0,)' and [(Si/ SiO,)’ TiO, (Si
/ Si0,)’] at room temperature (T =25 °C). In Fig. 2 (a), for the
perfect ordered APCs, there is a wide PBG at the visible light
region in the wavelength range 440 nm — 720 nm. The width
of the PBG in the transmission spectrum of the defective
APCs is almost unchanged as seen in Fig. 2(b). Also, it can
be seen that there is a transmitted peak produced within the
PBG at the wavelength value \y= 550 nm and with an inten-
sity of about 53%. This transmittance peak is called a defect
mode or resonant mode. The wavelength and intensity of this
peak is related to the optical properties of the TiO, defect
layer. The defective APCs act as a sub-diffractive regime or
a narrowband filter for the incident electromagnetic waves
which is well-known as Fabry—Perot resonator [28, 39].



Silicon (2021) 13:4737-4745

4741

Table 1 Parameters of the constituent materials of the proposed structure at room temperature [5,28, 36-38]

Materials Refractive index Thickness (nm) Thermo-optic coefficient (°C™") Coefficient of therm. Expansion (°C™")
Air 1 clad 1x107 clad

Silicon (Si) 3.49 394 1.86x107* 5x1077

Silica (SiO,) 1.45 94.8 1x1075 55x1077

Titania (TiO,) 22 62.5 -23%x107° 8x1077

Also, as seen in this figure, our defective APCs produce a
sharp defect mode with a high Q- factor.

In Fig. 3, the effect of temperature on the defect mode
of the defective APCs [(Si / SiO,)° TiO, (Si / Si0,)°]
TiO, as a defect layer is carried out. In Fig. 3 (a), the
thickness of the TiO, is taken as the previous quarter
wavelength value and in Fig.3 (b) the thickness of the
TiO, is increased to about a doubled value drio, =
120 nm. Fig. 3 (a) ascertains that temperature changes
have a remarkable influence on the position of the defect
mode. As the temperature increases over the room tem-
perature, the defect mode is gradually shifted towards the
longer wavelength regions till reaching the wavelength
value 560.7 nm for AT=1000 °C. We could obtain a
significant displacement in the position of the defect
mode of about 11 nm and 18 nm for a temperature change
of 1000 °C in Figs. 3(a) and Fig. 3(b), respectively. Thus,
our defective APCs has high sensitivity compared with
the conventional planar defective sensors [28, 40]. For
example, in reference [28] Chang et al. obtained a sensi-
tivity value of just 5 nm for temperature changes of the
value 1000 °C. These results could be of interest for tem-
perature sensors based on PC structures and especially it
can work as a narrowband filter for monochromatic light
in the presence of temperature effects. Wherein, we can
obtain here a specified color at a certain temperature in
the visible wavelength regions. The explanation of the
defect mode dependence on temperature emerges from
two factors effect simultancously on the defect mode

wavelength. The first parameter is the thermal expansion
effect which makes the thickness of the defect layer and
the temperature dependent constituent materials. The sec-
ond factor is the thermo—optical effect, which causes the
refractive index to increase with temperature.

In Fig. 4 (a) and (b), the resonance location in the [(Si /
Si0,)° TiO, (Si / Si0,)°] APCs is plotted versus the (defect
layer thickness) and (temperature changes), respectively.
From Fig. 4 (a), it is obvious that choosing the defect layer
of TiO, with higher thickness would increase the resonant
wavelength of the defect mode. Here, the resonance location
increases with temperature changes as depicted in Fig. 4 (b)
for three defect layer thicknesses. The slopes of the lines in
Fig. 4 (b) represent the sensitivity of the defective APCs.
Wherein, as seen from this figure, sensitivity increases with
temperature increase and it is highest for the defect layer thick-
ness drio, = 120 nm. We did not plot the resonance location
for a defect layer thickness of more than 120 nm in order not to
exceed the visible region. This value at 120 nm is the maxi-
mum available thickness that maintains the visible spectrum.
After that, infrared would work.

Unlike the usual planar PCs, the starting radius py of the
APCs plays an effective role in the PBG formation and defect
mode properties. In Fig. 5, the maximum achievable transmit-
tance of the defective APCs [(Si / SiO,)’ TiO, (Si/ Si0,)°] is
plotted against the core radius (normalized to the period A) for
AT =0 °C (red) and AT =1000 °C (blue). It is clear that the
maximum transmittance in the defective APCs is achieved
with a higher core radius. Such maximum transmittance

Fig. 2 The transmission spectra (a) (b)
for two APCs structures of at ! ] 1
room temperature, (a) (Si/SiOz)m
without defects and (b) [(Si/ 0.8 0.8
Si0,)° TiO, (S¥/Si0,)°] with 3 5
TiO, as a defect layer. E 0.6 é e

éO.J g -

2 -

| §

400 500 600
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Fig. 3 The effect of temperature (@) (b)
on the defect mode of [(Si/SiO,)° 0= e 07
TiO, (Si/Si0,)’] at different — 250°C
e 06
temperatures. (a) drio, = 62.5 nm, 0.41|— jseivc
(b) dtio, =120 nmand AT=0°C 3 8 0.5
corresponds to the room ] 031 g
temperature T =25 °C. b= F041
4 g3
8021 g03
- el
= = 02
0.1
MAL
NI ..V O - o
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Wavelength (nm)

increases with increasing temperature (blue line), which is
considered as another confirmation of the last results of tem-
perature effects on the defective APCs. When the starting
radius is increased as temperature increases over the room
temperature, the value of the transmitted defect mode in-
creases as well. Such increase in the value of the maximum
transmittance of the defect mode could be due to the change in
the thickness and the index of refraction of the constituent
materials with temperature.

3.3 Structure Performance

For the sensing process to occur, it is simply that the core is
axially illuminated and a probe somewhere on the outermost
cladding receives the transmitted radiation with the advantage
that the radiation is considered as being normally incident to
the layers. The performance of the defective APCs (as a sen-
sor) is determined using specific parameters such as sensitivity
(S), detection limit (én), sensor resolution (SR), the figure of
merit (FOM) and signal-to-noise ratio (SNR) [4, 41]. The
sensitivity is given by

Wavelength (nm)

where, A is the defect mode wavelength at two different
temperatures, AT is the temperature difference. The room
temperature is used as a reference temperature to calculate
AM,s and AT. The signal-to-noise ratio (SNR), detection lim-
it (0T), sensor resolution (SR), and figure of merits (FOM) are
calculated from the following expressions

A)\res
SNR = 22a
AN (222)
1 A>\l/2
- 22b
S 1.5(SNR)"* (220)
SR =06T'S (22¢)
FOM = —3 (22d)
A

where, A\ /, is the full width at half maximum (FWHM) of
the defect mode dip.

In Table 2, we calculated the structure parameters at
drio, = 62.5 nm because as was seen the sharpness of
the defect modes in Fig. 3(a) is better than in Fig. 3(b).
So, we expected that the defect thickness of the quarter

§_ AN (21) wavelength will produce high performance for the struc-
AT ture design. The results in Table 2 show that our
Fig. 4 The resonance location in (a) (b)
the [(Si/Si0,)° TiO, (S/Si0,)°] 7001 [=—T=0 7001
APC versus (a) different ~ = AT=500°C === d=40nm
i i =] == AT=1000°C — d=80nm
thicknesses of the defect TiO, 2 650 5 — §=120nm
layer at three different g ’ Z 63
temperatures and (b) Temperature = 2
changes at three thicknesses of the g 600 > 600
defect TiO, layer. ® 2
> . 2 g
& 550 g
g 2 5501
)
0 5001
500
30 40 50 60 70 80 90 100110120 0 200 400 600 800 1000

Defect thickness (nm)
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Fig. 5 The maximum achievable transmittance versus the core radius
(normalized to the period A) for AT =0 °C (red) and AT=1000 °C
(blue). The number of periods N=10 and the defect layer thickness
d—rio2 =62.5 nm.

proposed defective APCs temperature sensor has good
results for all performance parameters. The resonant
wavelength increases with increasing temperature while
the sensitivity decreases because the ratio of temperature
increase is higher than the ratio of resonant wavelength
increase. The other factors also increase as temperature
increases. The decrease in AAi, with temperature
means that the defect mode gets sharpened with increas-
ing temperature. This is an important parameter in
studying sensor quality. FOM and SNR also increase
with temperature change. The detect limit 0T and sensor
resolution SR decrease with temperature changes and
the structure becomes more sensitive. In fact, previous
studies have achieved higher sensitivity than our design.
For example, Tong et al. introduced Si / SiO, PCs tem-
perature sensor with a sensitivity of the value 26 nm /
1000 °C [42] but they depend on the variation on the
width of the PBG with no other performance parame-
ters. Arun Kumar et al. introduced one dimensional PCs
sensor with a sensitivity of about 0.064 nm / °C but
with small FOM and high FWHM [43]. Also, Qiang

Liu et al. studied a compact PC fiber as a temperature
sensor with high sensitivity of 1.85 nm / °C but with
very small FOM 0.072 / °C [44].

In Table 3, we calculated the previous performance
parameters based on the variation of the defect layer
thickness at a specific temperature of 1000 °C. From
the first glance at the table, one can see that the sensi-
tivity increases with temperature change in good consis-
tency with the prediction from Fig. 3(a) above. Another
interesting point is the close results for the thickness
value of 60 nm in this table and the results of drio, =
62.5 in Table 2 at 1000 °C (the two highlighted rows in
both tables).

4 Conclusion

In conclusion, we studied the thermal properties of the
one dimensional defective APCs based on the transfer
matrix method in the cylindrical coordinates. The trans-
mission spectrum of our defective APCs is plotted ver-
sus temperature changes in the visible region. The tem-
perature dependence of the defect mode in the defective
APC is investigated and discussed. The defect mode
location is plotted versus different temperatures and
the defect layer thickness as well. The results revealed
that the proposed temperature sensor showed a sensitiv-
ity of about 11 nm / 1000 °C, figure of merit of 0.218 /
°C and a very small full width at half maximum of
about 0.049 nm. We could achieve a high-performance
temperature sensor which may play an effective role in
many optical and communication applications. In view
of the comparatively high sensing performance, APCs
can take the role of traditional 2D and 3D planar PC
sensors. They offer both ease in fabrication and high
performance. The proposed sensor design could present
a new novel method to overcome the limited perfor-
mance of other temperature PC sensors. This response
may attract the attention of many researchers who are of
interest at the thermal properties of PCs from the design
and the fabrication views.

Table 2 Some performance parameters of the proposed APCs at different temperatures (drio, = 62.5 nm)

AT (°C) AN (nm) S (nm°C ™) ANz (nm) SNR FOM (°C) ST (°C) SR (nm)
200 2.18 0.01090 0.070 31.14 0.156 1.812 0.0198
400 435 0.01087 0.064 67.94 0.170 1.367 0.0149
600 6.49 0.01082 0.063 103.08 0.172 1.218 0.0132
800 8.61 0.01076 0.060 143.43 0.179 1.074 0.0116
1000 10.69 0.01069 0.049 218.20 0.218 0.795 0.0085
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Table 3 Some performance parameters of the proposed APCs for different defect thicknesses at a specific temperature = 1000° C
hq (nm) Ales (nm) S (nm°C™) ANz (nm) SNR FOM (°C) ST(°C) SR (nm)
40 9.18 0.00918 0.090 102 0.102 2.06 0.019
60 10.58 0.01069 0.056 189 0.189 0.95 0.010
80 12.01 0.01201 0.070 172 0.171 1.07 0.013
100 15.23 0.01523 0.135 113 0.113 1.81 0.028
120 17.72 0.01772 0.322 55 0.055 445 0.079
15.  Aly AH, Elsayed HA (2017) Tunability of defective one dimen-
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