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Abstract

Recently, one-dimensional periodic ternary photonic crystals have shown outstanding properties when compared to one-
dimensional periodic binary photonic crystals. In this work, a ternary photonic crystal is proposed as a temperature sensor.
The structure of the ternary photonic structure is considered Si/polymer/SiO,. The transmission spectra of the proposed
ternary photonic structure are studied for different temperatures. It is observed that as the temperature increases, the trans-
mission peak shifts toward higher wavelengths due to thermo-optic and thermal expansion coefficients of the polymer. It is
found that the temperature-sensitive transmission peak shift is considerably enhanced due to the insertion of the polymer
layer between Si and SiO, to constitute a ternary photonic crystal.
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Introduction

The concept of photonic crystals and propagation of electro-
magnetic waves (EMW) through these structures were intro-
duced since 1987 [1, 2]. One-dimensional photonic crystal
has received an increasing interest by many researchers due
to the possible use in a considerable set of applications. The
most fascinating feature in photonic crystals is the appear-
ance of photonic band gaps in which the transmission of
EMW of certain wavelength is not allowed. These structures
are constructed by using two or more media repeated alter-
natively. The width of the band gap varies with the variation
of refractive indices of materials, temperature, and the inci-
dent angle [3, 4]. If these parameters are maintained fixed,
then this photonic structure will have fixed predetermined
bands of wavelength or frequencies. Any change in refrac-
tive index, temperature, or angle of incidence will change
the photonic band gap. This is the rule of operation of a pho-
tonic crystal when acting as an optical sensor for detection
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variations in the index of refraction [5-11] and temperature
[12,13].

Photonic crystals can be grouped into a set of types
according to the number of layers into one period. When
there are two layers in a period, it is called binary, and it is
known as ternary when there are three layers in a period and
so on. In a recent years, photonic crystals have received an
increasing attention due to exclusive performance in a set of
applications such as omnidirectional reflectors [14], filters
[15], and highly sensitive optical sensors [16].

In a recent work, the band gap in a photonic crystal
consisting of dielectric/metal/dielectric was shown to be
enlarged due to the metal layer [17]. The variation of the
band gap width in a periodic photonic crystal with a neg-
ative-index material was investigated [18]. An omnidirec-
tional photonic band gap in a photonic crystal having the
structure dielectric/plasma layer/dielectric was investigated
using the transfer matrix method [19]. The design of 2D
photonic crystal-coupled resonating optical waveguide-
based integrated optic sensor platform was proposed and
investigated [20]. A binary photonic crystal consisting of
metal-dielectric layers was analyzed [21]. It was shown
that the metal-dielectric photonic crystal can be treated as
an effective metallic medium with a well-defined effective
plasma frequency [21]. Enhancement of omnidirectional
total reflection in a ternary photonic crystal was theoreti-
cally proposed [22-24].
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The rule of operation of a photonic crystal when act-
ing as a temperature sensor is as follows. When the sur-
rounding temperature alters, the index of refraction of sub-
stances constituting the crystal will be altered as a result of
thermo-optical effect. Moreover, the thickness of the layers
in the photonic crystal will be also altered due to the ther-
mal expansion effect. In this case, the transmission profile
will be modified. By inspection the transmission spectrum
changes or shifts, and a small variation in temperature can
be detected. In this way, photonic crystals can be employed
as efficient temperature sensors.

In this paper, a ternary photonic crystal with the struc-
ture Si/polymer/SiO, is studied as a temperature sensor.
The characteristic matrix of a signal cell consisting of
three layers is expressed in terms of the refractive indices,
thicknesses, wavelength, and angles of refraction inside
the media. The variation in refractive index and thickness
of the layers due to the variation in temperature is consid-
ered. The transfer matrix of the whole system consisting of
N—cells is derived, and the transmission coefficient is also
deduced. The transmission profile is investigated at different
temperatures.

Theory of scattering from a photonic crystal

One-dimensional ternary photonic crystal is assumed. It
consists of three layers of indices n,, n,, and n5. The layers
are assumed to have the thicknesses d,, d,, and d;. If we
assume one period consisting of three layers, then the thick-
ness of the period will be d=d, +d, +d;.

Thickness of a substance (d) can be altered as a result of
thermal expansion effect according to

Ad = ad(AT) (1)
where « is the thermal expansion coefficient of the substance
and AT is the change in temperature.
Refractive index a substance () can be also altered as a
result of thermo-optical effect according to
An = yn(AT) )
where y is the coefficient of thermo-optic of a substance.
Consider an EMW is incident from air on the proposed
photonic crystal. The incident angle is assumed 6,. The

transmission of the wave can be calculated by making use
of the transfer matrix method. The transfer matrix of a single

layer is given by:
—isin f;
cosf;, —
h; = l o Pi ] : (3)
—ip; sin f; cos f;

The characteristic matrix L[d] of a signal period is
expressed as:
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s cos ﬂ —isin §; L. L
Lid] = i T =[ 11 12]’ 4
H l—ipi sin f; cos p; ] Ly Ly, X

i=1

where s=3 and i=1, 2, and 3 denote the layers of refractive
indices n,, n,, and n;, respectively, and f; and p; are given as

27(n, + An))(d, + Ad,) cos 6,

; ®
1 Ao
2n(n, + Anz)(dz + Adz) cos 0,
= : ©)
A
0
ps = ) ; )
0
py = (n; + Any)cos 6, 8)
Do = (n, + An,) cos 6,, )
D3 = (n3 + Anj) cos 05, (10)

with 4, is the wavelength in vacuum. Angles 8,, 6,, and 6,
are the angles of refraction in the three layers of the cell. In
terms of 6, they are given by:

sin” g, | ?
, an

2

N

cos;=|1—- ——
: (n1+An1)2_

oI—

n2 sin* 6,
[ — 0

(nz + Anz)z_

cos 6, , 12)

ntsin?@, |°
-2 (13)
(n3 +An3) )

cos 6,

The determinant of the matrix L[d] is equal to unity.
For a system consisting of N periods, the characteristic
matrix is given by:

L@y = | LnTv1@ =Ty (@) LTy (@)
L2| TN_I(a) L22TN—1(a) - TN—Z(a)
(14)
_ | S S
S21 S22
where
P> P3 P3
§ = 0y ——0—~ —03~ —0. b 15
11<1p12p23p14> 15)
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P p p Pa2p. where
[ P 2 3 2P4
sp=—i|l —+—=+=-—"o), 16
? <p1 P P p1p2> (10 g = neAZcos b, = cosb, (asny = 1) 22)
The transmissivity of the system can be written as:
. PiP3
o1 = —1<P1P1 +Papy +p3p3 — p_l’4>a an 1= (23)
2
P Results and discussion
$3p = |01~ 0, —03~—04 (18)
1%} Ps3 P3

where ¢, =cos | cos 3, cos 5, 6, =sin B, sin S, cos f,
o3=cos f; sin p, sin B;, o,=sin B, cos B, sin fs,
p1=sin f, cos B, cos f;, py=cos f; sin B, cos fs,
p3=cos f; cos f, sin B; and p,=sin B, sin B, sin f.

Ty are Chebyshev polynomials of the second kind given
by:

sin [(N + 1) cos™" a]

Ty(a) = ] ; (19)
1=’
and a is given by
1
a= E[sll +S22]. (20)

In terms of the elements Sijs the transmission coefficient
of a system consisting of N periods is given by:

Ternary photonic crystal is considered of the structure Si/
polymer/SiO,. In Fig. 1, we consider the polymer to be poly-
carbonate. The parameters of the structure are taken as [13]
n;=3.3 (Si), n3=1.46 (Si0,), d; =117 nm, and d; =265 nm.
The number of the period is considered N=10. The coeffi-
cient of thermo-optic (y) of a material represents the change
in the index of refraction per degree rise in temperature,
whereas the coefficient of thermal expansion (a) of a mate-
rial represents the change in the dimensions of a material
per degree rise in temperature. In the following calcula-
tions, we take y=1.86x 107*°C~! (Si), y=6.8x 1070 °C~!
(Si0,), a=0.5%x107% °C~! (Si) and a=2.6x107° °C~!
(Si0,). The parameters of polycarbonate are taken as
n,=1.5848 and d, =10 nm. In a recent study conducted
by Zhang et al. [23] on polymers to determine their ther-
mal coefficients for optical waveguide applications, they
found that y=0.9x 107 °C~! and a=1.7x107¢ °C~! for
polycarbonate. The angle of incidence is considered to be

2p, 0,=0 (normal incidence). In Fig. 1, the transmission spectra
1= S (21) . . .
of one-dimensional ternary photonic crystal structure are
(s11+ 512P0)Po + (521 + 5200) yPp y
Fig.1 Transmission spectra 1.0 1.0
of one-dimensional ternary (a) (b)
photonic crystal structure with 0.8 4 0.8 A
n,=3.3 (8i), n,=1.5848 (poly-
carbonate), n;=1.46 (Si0,), 0.6 1 0.6 |
d;=117 nm, d,=10 nm and —
dy =265 nm, N=10 at tempera- = 041 04
tures of 25 °C, 50 °C, 75 °C,
and 100 °C 0.2 1 0.2 4
25°C 50°C
0.0 T 0.0 T
1500 2000 2500 1500 2000 2500
Wavelength (nm) Wavelength (nm)
1.0 T 1.0
(c) (d)
0.8 4 0.8
0.6 0.6
—~ =
0.4 0.4
0.2 1 0.2 1
75°C 100° C
0.0 T 0.0 T
1500 2000 2500 1500 2000 2500
Wavelength (nm) Wavelength (nm)
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shown for temperatures of 25 °C, 50 °C, 75 °C, and 100 °C.
Inspecting the first transmission peak at different tempera-
tures, we find that the wavelengths corresponding to the
first peak are 1, =2172 nm (25 °C), 4,=2181.2 nm (50 °C),
241=2190.4 nm (75 °C), and 4, =2199.6 nm (100 °C). This
means that for a temperature rise of 75 °C, we have a trans-
mission peak shift of 27.6 nm. Then we have a transmission
peak shift of 0.368 nm degree rise in temperature. It is worth
mentioning that the shift occurs toward higher wavelengths.
Moreover, the shift versus temperature of the first peak is
shown in Fig. 2 for the photonic crystal containing polycar-
bonate. It is clear that AA/AT = 0.368.

Pol carby

2200 -
2195 -
2190 -

E 2185 -

£

< 2180 A

2175 4

2170 -

20 30 40 50 60 70 80 90 100 110
Temperature (°C)

Fig.2 Shift versus temperature of the first peak for polycarbonate

In Fig. 3, the same parameters as in Fig. 1 are adopted.
The only difference between them is the polymer. We
consider in Fig. 3 the polymer to be polystyrene of index
of refraction n,=1.5916. From Ref. [25], they found
y=12x10"*°C"!and a=2.2x 107 °C~! for polystyrene.
The transmission spectra of the proposed ternary photonic
crystal with polystyrene layer are shown in Fig. 2 for the
same values of temperature. As can be seen from the figure,
the first transmission peak are found to occur at 4; =2172 nm
(25 °C), 4;,=2181.5 nm (50 °C), 1,=2191 nm (75 °C) and
4,=2200.5 nm (100 °C). For a temperature rise of 75 °C,
there is a transmission peak shift of 28.5 nm. A transmis-
sion peak shift of 0.380 nm per degree rise in temperature.
There is a preference of using polystyrene over polycarbon-
ate because of the higher transmission peak shift.

We also show the shift versus temperature of the first
peak in Fig. 4 for the photonic crystal containing polysty-
rene. It is clear that AA/AT = 0.380.

It is worth mentioning that glass transition points of poly-
carbonate and polystyrene are 147 °C and 100 °C, respec-
tively. Melting points of the two polymers are 225 °C for
polycarbonate and 240 °C for polystyrene. So the proposed
sensor cannot be used for temperatures higher than 100 °C
especially that consisting of Si/polystyrene/SiO,. If it is used
for sensing high temperatures, shrinking of the layers may
occur.

In a recent study [12], A. Banerjee compared binary and
ternary photonic crystals as temperature sensors. He found
that a temperature peak shift of 0.350 nm can be obtained

Fig.3 Transmission spectra 1.0 1.0
of one-dimensional ternary (a) (b)
photonic crystal structure 0.8 A 0.8 A
with n;=3.3 (Si), n,=1.5916
(Polystyrene), ny=1.46 (SiO,), 0.6 4 0.6 1
d,=117 nm, d,=10 nm and =
d;=265 nm, N=10 at tempera- E 04 0.4
tures of 25 °C, 50 °C, 75 °C and
100 °C 0.2 4 0.2
25°C 50°C
0.0 T 0.0 T
1500 2000 2500 1500 2000 2500
Wavelength (nm) Wavelength (nm)
1.0 1.0
(c) (d)
0.8 | 0.8 |
0.6 1 0.6 1
—~ =
0.4 0.4
0.2 4 0.2 4
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0.0 T 0.0 T
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Fig.4 Shift versus temperature of the first peak for polystyrene

with the binary structure, whereas a peak shift of 0.355 can
be attained with the ternary one. In his structure, he used
Bi,Ge;0,, to form a ternary photonic crystal.

In this work, a much higher peak shift is obtained with
the use of polymers (polycarbonate and polystyrene)
instead of Bi,Ge;0,.

Conclusion

Recently, binary and ternary photonic crystals were pro-
posed in temperature sensing. The author of Ref. [12]
found that with a binary photonic crystal, a temperature
peak shift of 0.350 nm may be obtained, whereas with
a ternary photonic crystal, a peak shift of 0.355 may be
obtained. His ternary photonic crystal has a working layer
of Bi,Ge;0,,. No doubt that this was a fascinating result.
In this work, a much higher peak shift was obtained using
a polymer as a working layer. The proposed ternary pho-
tonic crystal was assumed to have the structure Si/poly-
mer/SiO,. Transmission profile of this photonic structure
was investigated at different temperatures. It was found
that with the increase in temperature, the transmission
peak shifts toward higher wavelengths. This can be attrib-
uted to thermo-optic and thermal expansion coefficients.
When the polymer “polycarbonate” was used, a transmis-
sion peak shift of 0.368 nm per degree rise in temperature
was obtained, whereas when the polymer (Polystyrene)
was employed, a transmission peak shift of 0.380 nm per
degree rise in temperature.

It is concluded that the temperature-sensitive transmis-
sion peak shift is considerably enhanced due to the insertion
of the polymer layer between Si and SiO, to constitute a
ternary photonic crystal.

Finally, it is worth mentioning that a ternary photonic
crystal of Si/polymer/SiO, would involve a complicated

sputtering/spin coating/sputtering procedure for N periods.
In future work, we may try to find alternative transparent
inorganic materials of appropriate properties.
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