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. . k
Sanjeev K. Srivastava

Abstract—In this work, the design of a high sensitivity hydrostatic pressure sensor based on
one-dimensional photonic crystal (IDPC) containing polymeric materials has been proposed and
investigated, theoretically. The proposed structure consists of alternate layers of polystyrene (PS)
and polymethyl metahacrylate (PMMA) with a defect of layer of PS;, PMMA, and air, respectively, in
the middle of the PC structure. The sensing principle is based on the shift in the peak of transmitted
wavelength when the hydrostatic pressure is applied on 1DPC. In order to obtain the transmission
spectrum of 1DPC structure transfer matrix method (TMM) has been used. From the analysis it is
found that with the increase in hydrostatic pressure transmission (or resonance) peak shifts towards
the lower wavelength side with respect to the center wavelength. The average sensitivity (%) of the
proposed sensor is found about 0.948 (nm/MPa) with polymer defect and 0.92 (nm/MPa) with air defect
in the mid-IR frequency region, and the applied pressure range is 0 to 200 MPa.

1. INTRODUCTION

Photonic crystals (PCs) are artificial structure in which the refractive index of alternate layers varies
periodically in a particular direction, and the thickness of periodic layers is comparable to the optical
wavelength. PCs have generated much interest among the researchers and scientific communities due to
their capability to control and manipulate the propagation of light wave [1-7]. Because of their unique
properties to mold the flow of light, PCs have various potential applications in the field of photonics
and optoelectronics [8-12].

Photonic crystal has two most important properties viz. existence of photonic band gaps (PBGs)
and confinement or localization of photons [1,2]. When electromagnetic wave falls on the PCs, the PCs
prohibit the wave to pass through certain range of frequencies. The range of frequencies or wavelengths
that do not allow the wave to pass through the PC is called photonic band gaps (PBGs) or forbidden
bands. Moreover, photons can be localized or confined within the PBG by introducing the defect into
the conventional PC. The defect inside the photonic crystal can be produced by breaking the spatial
periodicity of the structure. The presence of defect layer creates a defect states inside the PBG. When
the frequency (or wavelength) of incident photon is equal to defect state, the photon gets localized in
the defect state, and resonant transmission mode is generated inside the band gap [13-20].

The wavelength or frequency of transmission mode can be tuned by two ways: (i) changing the
concentrations or ingredients of constituents’ materials and (ii) controlling the refractive indices of the
materials. Refractive index of the defect layer can be controlled by changing the operating temperature,
by applying an external electric and magnetic field, or by optical illuminations, and leads to various
photonic devices [21-29].

Further, the refractive index and hence the defect mode can also be tuned by applying the
hydrostatic pressure on the PC [30-37]. Xu et al. [30] and Yuan [31] studied 1D PC pressure sensor
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wherein they investigated the linear variation of transmitted light wavelength with the applied pressure.
Ben-Ali et al. [32] investigated the effect of hydrostatic pressure and temperature on defective 1D PC
for sensing application and reported very high sensitivity and quality factor of the proposed device.

The effect of applied pressure on the width of PBGs in 1D semiconductor-superconductor PCs has
been investigated and studied by Herrera et al. [33]. Segovia-Chaves [34,35] and his group reported
the effect of hydrostatic pressure and temperature on the defect mode of 1D PC. The tunable mirrors
and filters in 1D photonic crystals containing polymers with varying hydrostatic pressure have been
investigated and studied by Jena et al. [37].

In this work, the design of a high sensitivity hydrostatic pressure sensor based on 1D-PC containing
polymeric materials has been proposed and investigated, theoretically. The proposed structure consists
of alternate layers of polystyrene (PS) and polymethyl metahacrylate (PMMA) with a defect of layer PS,
PMMA, and air, respectively, in the middle of the PC structure. The reason to choose the polymeric
materials is that they show elasto-optic effect, so their optical properties are very much tunable by
applying pressure [37]. The pressure sensor proposed here is investigated in the mid-infrared region
of the electromagnetic spectrum because the polymers PS and PMMA show excellent transparency
in the frequency range 10-100 THz except some narrow absorption peaks in this range. However,
these materials have no any absorption peaks in the spectral range lies between 60-65 THz, 4600 nm—
5000 nm [38, 39].

2. THEORETICAL FORMULATION

To investigate the effect of hydrostatic pressure on the optical spectra of 1IDPC, the proposed structures
are modeled as [Air/(AB)V /Air] and [Air/(AB)Y/2D(AB)"/?/Air]. Figs. 1(a)-(b) show the schematic
illustration of the proposed structure. In Figs. 1(a)—(b), A and B represent polystyrene (PS) and
polymethyl methacrylate (PMMA) with refractive indices ny, no and thicknesses dj, da, respectively.
The period of lattice is d = d; + d2, and N represents the total number of periodic layers. D represents
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Figure 1. Schematic diagram of proposed 1DPC. (a) Normal PC. (b) Defect PC.
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the defect layer with refractive index and thickness, ng and ds, respectively.

In order to calculate the reflectance/transmittance spectra of proposed structure, we use transfer
matrix method which is based on the Maxwell’s equations and boundary conditions. Transfer matrix
method (TMM) is very effective and simple technique used to study the transmission and reflection
properties of finite photonic crystal.

Suppose light wave incident on 1D PC at an incident angle 6y along positive direction of z-axis from
air (refractive index ng). The electric and magnetic fields at the two interfaces of each are correlated
by the transfer matrix method.

The characteristic matrix M; for the jth layer in the PC for transverse electric (TE) and transverse
magnetic (TM) waves can be given as [40, 41]

1
cos d; — sind;
M; = iq; (1)
—igjsind;  cosd;

where 0; = QT“njdj cosbj, (j = A, B, D), 6; is the ray angle inside the layer j of refractive index n;, and
A is the wavelength of light in the incidence medium;

cost; = \/1 - <n3 sin? Ho/njz)

gj = njcost;, for the TE wave and

0.
q; = o8 for the TM wave.

%

The total characteristics matrix for the proposed PCs, having N period of system, is given by

_ | M Mg | _ N
M= [ Moy Moo ] = (MaMp) 2)
For defective 1d-PC
and M = (MaMp)N? Mp (MsMg)™/? (3)

where M sMp and Mp are the characteristic matrices of layers A, B, and D, respectively.
My, Mys, My, Moo are the elements of the total characteristic matrix of the N period multilayer
structures.

The reflection and transmission coefficients for TE and TM waves are given by [41]

. (M1 + ¢:Mi2) qo — (Ma1 + ¢ Moo) ()
(M1 + ¢ Mi2)qo + (Mo + g1 Ma2)

= 2qo (5)
(M1 + ¢:Mi2)qo + (Mo1 + qiMao)

The values of gy and ¢; for TE and TM polarized waves are given as

qo = nocosby; q =mnycos, (For TE wave) and
qo = cosby/ng q = cosby/n, (For TM wave)

Here, n; is the refractive index of the substrate and 6; the ray angle inside it. Finally, the reflectance
and transmittance of the proposed PC structure can be determined by using the expression:

R =|r]? (6a)
T =22 (6b)
q0

The polymeric materials chosen for the study show good elasto-optic properties, and their refractive
indices vary with applied hydrostatic pressure in the mid-infrared region of the electromagnetic
spectrum. Further, the materials considered for the present study are assumed isotropic, elastic, and
non-piezoelectric.
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Under the applied hydrostatic pressure, the refractive index of polymeric material along the z-axis
of the 1d-PC is given by [42,43]

€5 (P11 P12 1/2
P:e——()(— P+ 223 1P) 7
(P = oo = 2 (4 P+ P2 ) @
where gq is the relative permittivity of the polymeric material without pressure; p11, p12, ¥, and v are
the Pockels’coefficients, Young’s modulus, and Possion’s ratios of layers, respectively.

The sensitivity (S) is a significant parameter that determines the efficiency of the proposed pressure
sensor. It is defined as the ratio of the change in the peak (resonant) wavelength to the change in the
applied pressure. It is measured in nm/MPa

A>\peak
AP

The other factor which determiners the efficacy of the device is the quality factor (Q). It is defined as
the ratio of peak wavelength (Apeqr) to FWHM (Full Width at Half Maximum). The Q-factor basically
expresses the sharpness of the transmission peak; its value should be as high as possible, for the better
performance of the device.

S =

)\peak
@= FWHM

3. RESULT AND DISCUSSIONS

In this section we compute the transmittance spectra of the proposed PC in the mid-IR region using
MATHCAD software. The refractive indices of PS and PMMA layers have been calculated by using
Eq. (7) for the parameters given in Table 1. The variation in refractive index of PS and PMMA
materials with hydrostatic pressure is shown in Fig. 2. At P = 0 the refractive indices of PS and
PMMA layers are 1.578 (n1) and 1.484 (ng), respectively. The thicknesses of the PS and PMMA layers
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Figure 2. Variation of refractive index of PS and PMMA materials with hydrostatic pressure.

Table 1. Young’s Modulus (E), Poisson’s ratio (v) and Pockels coefficients for PS and PMMA
material [42,43].

Young’s Modulus Poisson’s | Pockels coefficients
Polymers . .
E (in GPa) ratio (v) P11 P12
PS 3.3000 0.35 0.320 0.310
PMMA 3.0303 0.37 0.300 0.297
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are chosen according to quarter wave stack condition nid; = nsde = % where \g(= 4800nm) is the

central wavelength, so di(PS) = 760.4nm and do(PMMA) = 808.6nm. Further, the thickness of
defect layer is also taken according to the quarter wave stack condition. Since the refractive index
contrast between PS and PMMA is very low, in order to get maximum reflectivity in the desired
spectral region, a large number of bilayers (V) are required, so N = 70. With these parameters the
transmittance spectrum at normal incidence angle has been plotted for normal PC having the form
[Air/(PS/PMMA)YN /Air]. Figs. 3(a)-(e) show the transmittance spectra of normal PC at different
hydrostatic pressures P (inMPa) = 0, 50, 100, 150, and 200, respectively. From the transmittance
spectra it can be observed that the width of reflection band (band gap) of PC decreases when the
applied hydrostatic pressure is increased. At P = 0, reflection band lies in the range 4772 nm—4880 nm,
having bandwidth 158 nm, but when hydrostatic pressure increases to 50 MPa, the width of reflection
band gets reduced and becomes 153 nm (wavelength range 4677.5 nm—4830.5nm). At P = 100, 150, and
200 MPa, the reflection band lies in the range 4632.9 nm-4778.0 nm (bandwidth 148.1 nm), 4588.3 nm—
4731.6 nm (bandwidth 143.3nm), and 4543.8 nm-4678.8 nm (bandwidth 135 nm), respectively. From the
transmittance spectra it can be further noticed that edges (lower and higher) of the reflection band shift
towards the lower side of the wavelength when the hydrostatic pressure increases. In other words, we
can say that lower edge of the band moves away from the central wavelength (Ag = 4800 nm), whereas
higher edge of the band moves towards the central wavelength.
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Figure 3. Transmittance spectra of 1DPC [Air/(PS/PMMA)Y /Air] for the parameters 6y = 0°,
dy = 760.4nm, dy = 808.6nm, N = 70 and at P (in MPa) = 0, 50, 100, 150 and 200 respectively.
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The decrease in the width of reflection band of PC occurs due to decrease in refractive index contrast
of the constituent materials (PS and PMMA) which arises by increasing the hydrostatic pressure.

But when we introduce the defect of PS, PMMA, and air respectively by breaking the periodicity
of the normal PC then in the reflection band a transmission mode of wavelength is obtained.
The transmission peak occurs at different wavelengths for different layers and varies at different
applied pressures. Figs. 4(a)—(e) represent the transmittance curve for defect PC having the form
[Air/(PS/PMMA)N/2PS(PS/PMMA)N/2/Air] at normal incidence for different hydrostatic pressure P
(in MPa) = 0, 50, 100, 150, and 200, respectively. From these figures, it is observed that transmission
mode shifts towards lower side of the central wavelength when the hydrostatics pressure increases.
At P = 0, the transmission peak lies nearly at 4800 nm (4799.8 nm), but when P = 50 MPa, there is
significant change in wavelength of transmission mode, and it gets shifted to 4752.7 nm. The wavelength
of transmitted modes of PS defected PC at different hydrostatic pressures P = 0, 50, 100, 150, and
200 MPa can be seen in Table 2. The shift in transmission peak is due to the change in the refractive
index of defect layer (PS material) which decreases with increase in applied hydrostatic pressure.
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Figure 4. Transmittance spectra of 1DPC  Figure 5. Transmittance spectra of 1DPC
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(PS/PMMA)N/2/Air] for 6y = 0°, di = d3 =
760.4nm, dy = 808.6 nm at pressure P (in MPa)
=0, 50, 100, 150 and 200, respectively.

(PS/PMMA)N/2/Air] for 6y = 0°, d; = 760.4nm,
dy = d3 = 808.6nm at pressure P (in MPa) = 0,
50, 100, 150 and 200, respectively.

The transmittance curves for [Air/(PS/PMMA)N/2PMMA (PS/PMMA)N/2/Air] with varying
hydrostatic pressure are depicted in the Figs. 5(a)—(e), and the wavelength of the transmitted peak
is shown in Table 2. It can be seen that when PS defect layer is replaced by PMMA layer, the position
of transmitted peak corresponding to the same applied pressure remains almost same as it occurs for
PS defect PC. But the intensity of transmission peaks in PMMA defect PC is slightly higher than the
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Table 2. The Wavelength of Transmitted Peaks (Modes) of 1DPC with PS defect, PMMA defect and
Air defect at various hydrostatic pressures.

S.N. Hydrostatic Pressure Wavelength of Transmission Peak (in nm)
P (in MPa) PS Defect PC | PMMA Defect PC | Air Defect PC

1 0 4799.8 4799.8 4799.8

2 50 4752.7 4752.8 4754.1

3 100 4705.7 4705.9 4708.5

4 150 4658.7 4659.0 4662.9

5 200 4610.1 4610.6 4615.7

former one. The increase in intensity and slight shifts in the wavelength of transmission peak arise
because PMMA layer has smaller value of refractive index than PS.

It can be noticed that the average change in the wavelength of transmitted mode, in both PCs,
comes out to 47.4nm for 50 MPa change in hydrostatic pressure. Thus, if we calculate the sensitivity
of above sensor it is found to be 0.948 nm/MPa.

Further, from Figs. 4 and 5 it can be found that the quality factor Q(= F‘),‘%‘}’“M) of the sensor

decreases slightly by varying the hydrostatic pressure. The decrease in Q-factor is due to the shift in
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Figure 6. Transmittance spectra of 1IDPC having form [Air/(PS/PMMA)N/2Air/(PS/PMMA)N/2 / Air]
for 6p = 0°, d; = 760.4nm, ds = 808.6 nm, d3 = 1200 nm at pressure P (in MPa) = 0, 50, 100, 150 and
200 respectively.
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wavelength of transmission peak towards lower side of central wavelength, though FWHM is almost
unaffected with the change in hydrostatic pressure.

Finally, the hydrostatic pressure sensing effect is studied on PC having air defect in the middle
of the structure, i.e., [Air/(PS/PMMA)N/2Air(PS/PMMA)N/2/Air].  Figs. 6(a)—(e) illustrate the
transmittance spectrum of air defect PC for the same parameters as taken above except the refractive
index and thickness of air defect as n3 = 1.0 (air) and thickness d3 = 1200nm. Transmittance curves
of air defect PC show similar trends in shifting of transmission peaks (modes) with varying hydrostatic
pressure as seen in the polymeric defect PC. It is worth noting that using the air defect in place of PS and
PMMA defect, the difference in wavelength of transmission peaks corresponding to the same variation
in hydrostatic is comparatively smaller. At P = 0, transmitted peak lies at the same wavelength as
in PS and PMMA defect PC, i.e., at 4799.8 nm. But when P = 50 MPa wavelength of transmitted
peak shifts to 4754.1 nm, the change in wavelength of two consecutive transmitted peaks is 45.4 nm.
The wavelengths of transmitted mode of air defect PC with different hydrostatic pressures are shown in
Table 2. The average change in wavelength of transmitted peak is found as 46.02 nm with per 50 MPa
change in hydrostatic pressure. Therefore, when the sensitivity of air defect PC is calculated, it comes
out to 0.92 (nm/MPa), which shows a slightly less value than polymer defect PC structure. It can
be further observed from Figs. 6(a)—(e) that the intensity of each transmitted mode is 100%, and the
transmission peaks are sharper than the PS and PMMA defect PC. This causes a smaller value of
FWHM of transmission curves and hence the increase in the quality factor of air defect PC structure.

4. CONCLUSIONS

In summary, the design of a high sensitivity hydrostatic pressure sensor based on 1DPC containing
polymeric materials has been theoretically investigated and studied. The proposed structure consists
of alternate layers of polystyrene (PS) and polymethyl metahacrylate (PMMA) with a defect of layer
of PS, PMMA, and air, respectively, in the middle of the PC structure. The sensing principle is based
on the shift in the peak of transmitted wavelength when the hydrostatic pressure is applied on 1DPC.
Transfer matrix method has been employed to calculate the transmittance of 1DPC.

From the analysis of the proposed structure it has been observed that transmission (or resonance)
peak shifts towards the lower wavelength side with respect to the center wavelength (reference
wavelength) with the increase in hydrostatic pressure. The average sensitivity (%) of the proposed
sensor is found about 0.948 (nm/MPa) with polymer defect and 0.92 (nm/MPa) with air defect in the
mid-IR frequency region, and applied pressure range is 0 to 200 MPa. Further, it is observed that the
1D-PC sensor having air defect exhibits high quality (Q) factor compared to the polymer defect in the
proposed structure. This type of sensor can be used in long-distance pipeline strain monitoring and in
environmental and biochemical sensing.
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