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Abstract We report a defective 1D photonic crystal for real-time sensing of blood
hemoglobin concentrations. The proposed structure is configured as adjacent thin
films of Na3AlF6 and ZnSe including a defect remain at the middle. The cornerstone
of this research is based on the analysis of the transmission spectrum by manip-
ulating the transfer matrix method (TMM). Upon infiltrating the defect layer with
blood containing different hemoglobin concentrations, the shift in the resonant mode
wavelength is observed within the photonic band gap (PBG). Sensor performance
is evaluated by varying the incident light angle and thickness of the defect medium.
Numerous sensing characteristics such as sensitivity, figure of merit and signal-to-
noise ratio are computed for studying the effectiveness of the proposed sensor. Addi-
tionally, the simple structure with notable sensing performance makes the proposed
sensor a suitable candidate for biosensing applications.

Keywords 1D photonic crystal · Transmittance spectrum · PBG · Sensing
characteristics

1 Introduction

Photonic crystals (PhCs) belong to special class of multilayer structures, where the
dielectric constant of different layers is repeated in a periodic manner along different
dimensions, which result in 1D, 2D and 3D configurations of PhCs [1–3]. 1D PhCs
are the most investigated owing to their low manufacturing cost and wide range of
applications. When electromagnetic (EM) waves interact with PhCs, a distinctive
property is perceived known as photonic band gap (PBG), where light of certain
frequency ranges is prohibited to pass through the structure [4, 5]. When the inci-
dent light frequency matches with the defect mode frequency, the photons are posi-
tioned within the band gap, which form a resonant peak [6–8]. The resonant peak
wavelength (λres) is a strong function of various structure parameters like thickness
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of dielectric layers, dielectric constant of the constituent materials and number of
periods. Reflectance spectrum, transmittance spectrum and absorption spectrum can
be vigorously controlled by changing the PBG and resonant mode characteristics
[9]. A sensitivity of 428 nm/RIU is achieved by Zhang et al. [10], by deploying a
photonic crystal cavity sensor to detect various concentrations of NaCl. A 1D PhC
sensor showing a high sensitivity of 2200 nm.RIU−1 is demonstrated by Aly et al.
[11], where the structure is realized through an alternate dielectric layers of SiO2 and
GaAs. The authors studied a 1D PhC-based transducer for application in sensing of
biomolecules, where refractive index of various bioanalytes is sensed by measuring
the fluorescence shift [12]. Chen et al. [13] investigated a 1D PhC for realization
of gas sensor in terahertz regime. Aly et al. [14] presented a simple 1D structure to
detect different creatinine levels present in the blood, where the sensing principle is
based on analysis of the transmission spectra.

In the recent decades, researchers have shown keen interest in detection of
hemoglobin concentration in blood as any deviation from the normal level may
lead to various deadly diseases like anemia, thalassemia, liver disorder, cancer, etc.
[15]. Refractive index (RI) is one of the most accepted biophysical parameters to
quantify the amount of hemoglobin concentrations in blood. The refractive index of
hemoglobin can be effectively measured by fluorescence spectroscopy and optical
coherence tomography techniques. Biswas et al. [16] reported an optical resonator
configuration designed with periodically arranged air holes for sensing various Hb
concentrations present in the blood using FDTD method, but low sensitivity of the
structure is amajor concern. Natesan et al. [17] investigated transmission spectrum of
a dual-core 2Dphotonic crystal fiber for detection of hemoglobin level in blood.A 1D
PhCwith central defect has been investigated for sensing hemoglobin concentrations
[18], but the authors obtained a sensitivity of only 167 nm/RIU, which is consider-
ably low. Here, a defected PhC with 1D configuration has been investigated with an
aim to efficiently detect the hemoglobin concentrations at a wavelength of 680 nm.
Table 1 displays the refractive index data of various hemoglobin concentrations [19].

Here, we have picked Na3AlF6 and ZnSe for the design of the proposed 1D PhC.
The alternate combination of these material leads to high contrast in refractive index,
which results in wide bandgap [20]. Also, these materials show omnidirectional
wide band gap over a broad frequency range. Moreover, Na3AlF6 and ZnSe are
characterizedwith feeble absorption loss in the visible andnear-infraredwavelengths.
This work has couple of benefits such as selection of novel materials for the design

Table 1 Refractive index
information of hemoglobin
concentrations at λ = 680 nm

Hemoglobin
concentration (g/L)

Refractive index Measuring
wavelength (nm)

0 1.3301 680

65 1.3403

87 1.3482

173 1.3633

260 1.3771
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of different layers and detail assay of different sensing performances. In addition
to this, a thorough investigation is performed to disclose the effects of variation in
defect medium thickness and incident angle on the sensing characteristics.Moreover,
the simple structure, easy way of analysis and cost-effective fabrication techniques
make the proposed structure worth to fabricate.

2 Theoretical Treatment

Figure 1 depicts the proposed 1D photonic structure with (A/B)N /D/(A/B)N config-
uration, where the first layer (A) is designed with Na3AlF6 having refractive index
nA = 1.34 and thickness dA = 500 nm, whereas the second layer (B) is realized
with ZnSe having refractive index nB = 2.61 and thickness dB = 500 nm. The
period of the dielectric layer is considered as N = 5. A defect with thickness d is
introduced at the center, where blood with different hemoglobin concentrations is
infiltrated.

When the EM waves are interacted with the said structure, a certain number of
photons are transmitted in the PhC, whereas some photons with certain range of
frequencies are prohibited to pass, giving rise to band gap. Here, we have considered
that the EMwaves are incident at an angle θi and travel along the z-direction, and the
dielectric layers lie in the x–y plane. The transmittance characteristic is scrutinized
by manipulating transfer matrix method (TMM). We have used TMM because this
method is the most efficient and easy to study the reflection/transmission spectrum
for multilayer structures, as compared to other existing techniques like PWE and
FDTD. In TMM, the complete transfer matrix is obtained by multiplying the transfer
matrixes of each discrete layers. Thewell-knownMaxwell equations aremanipulated
for exploring the transmission characteristics of EM signal in the pth layer, which
can be written as below [21],

E
∧

= Ep(x) exp[i(ky − ωt)]ŷ (1)

Fig. 1 Schematic of defect-based 1D photonic crystal structure
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H
∧

= Hp(x) exp[i(ky − ωt)]ẑ (2)

where Ep(x) and Hp(x) denote the field components persisted in the pth layer, ω

represents angular frequency, and k signifies the wave vector. The transfer matrix for
pth layer can be expressed as,

Ms =
(

cos
(
kpθp

) −(
i/�p

)
sin

(
kpθp

)

−(
i�p

)
sin

(
kpθp

)
cos

(
kpθp

)

)

(3)

where θp = dp cos θi and �p = √
μ0/ε0 np cos θi . Here, θi denotes the angle of

incidence in the pth layer. The characteristics matrix representation of the complete
configuration can be mathematically expressed as below,

M =
(
M11 M12

M21 M22

)

= (MA MB)N MD(MA MB)N (4)

where MA, MB and MD represent the individual transfer matrix of each considered
layers. By using Eq. (4), the coefficients of transmittance and reflectance [22] can be
computed, namely

t = 2�0

(M11 + M12�P)�0 + (M21 + M22�P)
(5)

r = (M11 + M12�P)�0 − (M21 + M22�P)

(M11 + M12�P)�0 + (M21 + M22�P)
(6)

where�0 = √
μ0/ε0n0 cos θ0 and�P = √

μ0/ε0n0 cos θP . Here, n0 is the refractive
index of air. The aforementioned equations allow us to evaluate the transmittance
and reflectance, which can be expressed as,

Transmittance = �P

�0

∣
∣t2

∣
∣ , Reflectance = |r |2 (7)

3 Results and Interpretations

The mainstay of the current work is the analysis of the resonant modes created in
the transmission spectrum of the suggested configuration, in order to detect different
concentrations of hemoglobin in blood. We have studied the sensing characteris-
tics for different defect layer thicknesses such as 800, 850 and 900 nm. The TMM
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Fig. 2 Transmission spectrum of different hemoglobin concentrations at normal incidence of light
a d = 800 nm, b d = 850 nm, c d = 900 nm

technique is used for computation of transmission spectrum of the proposed struc-
ture, which is shown in Fig. 2. Upon infiltration of the defect layer with different
concentrations of hemoglobin, it is observed that resonant modes are red shifted in
wavelength with the rise in hemoglobin concentrations. Besides, it can be witnessed
that resonant modes are red shifted upon increasing defect layer thickness. From
Fig. 3, it is seen that resonant wavelengths are sifted toward higher wavelengths for
higher concentrations of hemoglobin. A remarkable total shifts of 16.4, 14.8 and
15 nm are marked for d = 800 nm, d = 850 nm and d = 900 nm, respectively, for
the slight difference in refractive index.

Figure 4 shows the variation in resonant wavelength (λres) for different
hemoglobin concentrations for different defect layer thicknesses. Here, it can be
clearly seen that (λres) increases with rise in defect layer thicknesses.

FromFig. 4, the relationbetween the resonant peak (λres) anddifferent hemoglobin
concentrations (C) can be mathematically represented as below,

λres = 4.24 ∗ C + 825.72, having R2 = 0.9955 at d = 800 nm

λres = 3.64 ∗ C + 839.24, having R2 = 0.9911 at d = 850 nm

λres = 3.8 ∗ C + 859.72, having R2 = 0.9975 at d = 900 nm
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Fig. 3 The defect mode wavelengths at a d = 800 nm, b d = 850 nm, c d = 900 nm at θi = 0◦

Fig. 4 Shift in the resonant wavelength w.r.t. different defect layer thicknesses and θi = 0◦
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The aforementioned equations are in agreement with linearship, which ensures
the precise detection of various hemoglobin concentrations. Sensitivity is one of the
key parameters to appraise the performance of the suggested device [49], which can
be calculated by the fraction of variation in the resonance wavelength (λres) to the
RI contrast (�n). Sensitivity is expressed as [23],

S
( nm

RIU

)
= �λres

�n
(8)

Sensitivity, which is delineated in Fig. 5, is the utmost significant parameter for
appraising the sensor performance, where it is perceived that a maximum sensitivity
of 475.6 nm.RIU−1 is acquired for hemoglobin concentration of 87 g/L atd =850nm.

Apart from sensitivity, SNR and FOM are other two key parameters to judge the
performance of any sensing device. SNR is computed by dividing the change in
defect mode wavelength (�λres) by the spectral half-width of the transmission dip(

�λ1/2

)

. FOM is explained as the capability of a sensing device to identify a feeble

change in the position of the resonance peak. SNR and FOM are computed with the
help of references [24, 25]. Table 2 enumerates the numerically calculated values of
SNR and FOM for numerous hemoglobin concentrations.

Fig. 5 Effect of defect layer thickness on sensitivity at θi = 0◦

Table 2 SNR and FOM of the proposed sensor

Hemoglobin
concentration
(g/L)

SNR FOM (1/RIU)

d =
800 nm

d =
850 nm

d =
900 nm

d =
800 nm

d = 850 nm d = 900 nm

65 340 470 400 1133.3 1566.66 1333.33

87 466.6 478.6 422.2 1866.4 1914.4 1688.8

173 393.9 354.5 363.6 1969.5 1772.5 1818

260 348.9 314.8 319.9 3489 3148 3199
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Fig. 6 Transmittance spectrum at d = 850 nm for incident angle, θ0 = 20◦ and θ0 = 40◦

Finally, we analyzed the nature of variation of the transmission spectra with
reference to the variation in the incident angle for the projected structure, which
is represented in Fig. 6. We have simulated the structure for higher incident angles
(θi = 20◦, 40◦) and compared the results with the outcomes of θi = 0◦ (shown in
Fig. 3b) with d = 850 nm. Here, it can be envisaged that with an increase in inci-
dent angle, resonant modes are blue shifted. The primary reason for this blue shift
phenomenon can be described by the Bragg condition, which is expressed as [26,
27],

mλres = 2N
√
n2eff − sin2 θi (9)

where λres is the resonant mode wavelength, m denotes the constructive diffraction
order, θi represents the incident angle, neff signifies effective RI of the dielectric
layers, and N denotes the period of dielectric layers. So, with an increase in θi ,
the wavelength is blue shifted, to satisfy Bragg condition. Aside this, the aforesaid
behavior is perceived in the researches mentioned in the literature.
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4 Conclusion

A defect-based 1D PhC is reported in this article for effective sensing of various
concentrations of hemoglobin in blood. TMM technique is employed for computa-
tion of transmission spectrum for the analysis of shift in the resonant wavelength
formed within the PBG. Numerous structure parameters such as dielectric constant
of different dielectric layers, thickness of the dielectric layers and defect medium,
period of dielectric layers and incident angle play vital role in determination of posi-
tion of resonant mode wavelengths. Sensing characteristics like sensitivity, SNR,
FOM are thoroughly analyzed for different defect layer thicknesses and angles of
incident. The obtained performance characteristics indicate that the suggested sensor
can be the most apposite contender in biosensing research area.
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