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The effect of source, geometrical and physical parameters of slab waveguide on the sensitivity of optical sensor and its evanescent field 
have been investigated. The wave guiding film was the LiNbO3 and the observations revealed that, the maximal sensitivities of 
Transverse Magnetic (TM) modes and their corresponding frequencies are greater than those for Transverse Electric (TE) modes. 
Furthermore, the optimal source parameters improve the maximal sensitivity and evanescent field in the cover. However, the increment 
in the core thickness reduces the sensitivity of sensor due to reduction in evanescent field in the cover. The sensitivity of sensor was 
observed as a function of refractive indices of cover, core and the substrate. The increase in refractive indices of cover and core, directly 
affect the sensitivity while an inverse relation has been observed regarding increase in the refractive index of the substrate. It is worth 
noting that, any changes in the physical parameters of waveguide sensor show insignificant effect on the evanescent fields.  
Keywords: Planar waveguide sensor; Birefringence; Source parameters; Geometrical and physical parameters; Sensor sensitivity; 
Evanescent field 
PACS: 42.25.-p, 42.25.Bs, 42.82.Et, 87.85.fk, 07.07.Df, 42.82.-m, 42.81.Gs, 42.79.Pw 
 

Planar waveguide based optical sensors use the exponential decay of evanescent field in the external medium, to sense 
alterations occurring in the vicinity of a waveguide surface. This feature makes evanescent wave based optical sensor enable 
monitoring of chemical and biochemical interactions in real-time with high sensitivity and stability. Furthermore, sensors 
based on optical LOC systems would sense selective analytes just by choosing the appropriate biological receptors [1]. 
Recently, it has been reported that plasmonic and silicon photonics-based biosensors are among the most employed 
evanescent-wave biosensors to analyze nucleic acids with potential applicability in the clinical diagnosis [2]. In addition, 
Lithium Niobate (LN) is among one of the widely used materials for integrated sensor applications due to its excellent optical, 
ferroelectric, piezoelectric, and thermoelectric properties [3]. In fact, the fabrication of LiNbO3 thin film crystals exhibiting 
optical properties comparable to those for bulk crystals along with coupled TE and TM modes [4]. Sensitivity, being most 
important parameter of an optical sensor has attracted significant research interest [5-7]. Thus, planar waveguides comprising 
left-handed material (LHMs) with different configurations [8], as well as binary and ternary photonic crystal with LHMs 
layers [9, 10]; have been investigated as optical sensors. It has also been observed that the sensitivity of the proposed 
structures can be significantly improved by the optimization of physical and geometrical parameters of the waveguide layers. 

In this paper, the sensitivity and evanescent fields of a slab waveguide sensor constituted of uniaxial anisotropic crystals 
have been investigated. The influence of light source in addition to the physical and geometrical parameters of the waveguide, 
on the sensor sensitivity and evanescent fields have been studied in detail for the two kinds of modes propagating 
simultaneously in a waveguide. In our previous work [11], the influence of physical parameters was briefly studied. 
 

THEORETICAL MODELING 
The planar waveguide for an optical sensor was constituted by three layers of uniaxial crystals of lossless and non-

magnetic materials, as presented in Fig. 1. The core refractive index tensor is 𝑛 , whereas, the refractive index tensors of 
the media above and below the film guide are, respectively, 𝑛  and 𝑛 . Then: 

𝑛 = 𝜀 𝑛 0 00 𝑛 00 0 𝑛 , 

where, i = c, f, s (cover, film, substrate), 𝜀  is the dielectric constant of vacuum, 𝑛 = 𝑛 = 𝑛 ,𝑛  are, ordinary and 
extraordinary refractive indices of each layer, respectively. 
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Figure 1. Uniaxial anisotropic slab waveguide-based sensor 

Two waves (TE and TM) are propagated separately in the core of such slab waveguide, considered as an ordinary and 
extraordinary wave, respectively [12]. 
 

Sensitivity of a Birefringent Planar Waveguide Based Sensor 
The sensitivity is defined as the rate of change in modal effective refractive index relative to the cover refractive index: 

 𝑆 = 𝜕𝑛 𝜕𝑁⁄ , (1) 
The two expressions of the sensor sensitivity for both TE and TM modes are given as [12]: 

 𝑆 =  , (2) 

where 

 𝑇 = 𝑘 𝑑𝑛 = √ . (3) 

For TE modes 

 𝑆 = √ , (4) 

where 

 𝑇 = 𝑘 𝑑𝑛 = √ . (5) 

For TM modes, 𝑎 = 1 −  ; 𝑎 = 1 −  ; 𝑋 = 1 −  ; 𝑎 = 1 − ; 𝑎 = 1 − ; 𝐾 = , 

N is the effective refractive index, m is the mode order, d is the core thickness and k0 is the free-space wavenumber. 
The sensitivity can be expressed as a function of evanescent field intensity [13]: 

 𝑆 = 𝛤 + 2𝑃 − , (6) 

where, P = 0 for TE polarization. However, P = 1 for TM polarization.  
The intensity of evanescent field can be represented by a confinement factor Γs, which is the ratio of an electric field intensity 
in the sensitive region or layer to the entire mode distribution of the guiding mode [14], defined as: 

 𝛤 = ∬ | , |∬ | , | . (7) 

 
Fields Distribution in Each Region for TE Modes 

Guided TE modes exhibit exponentially decreasing behavior in the cover and substrate, and a sinusoidal behavior in 
the film region. Afterwards, by using boundary conditions, components of the EM field Ey, Hx and Hz in each region as a 
function of the amplitude can be extracted as [15]: 
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 𝐸 = 𝐴 ⎩⎪⎨
⎪⎧ 𝑒  𝑥 ≥ 0𝑐𝑜𝑠𝛾 𝑥 − 𝑠𝑖𝑛𝛾 𝑥 −𝑑 < 𝑥 < 0𝑐𝑜𝑠𝛾 𝑑 + 𝑠𝑖𝑛𝛾 𝑑 𝑒  𝑥 ≤ −𝑑 , (8) 

 𝐻 = ⎩⎪⎨
⎪⎧ 𝑒  𝑥 ≥ 0𝑐𝑜𝑠𝛾 𝑥 − 𝑠𝑖𝑛𝛾 𝑥 −𝑑 < 𝑥 < 0𝑐𝑜𝑠𝛾 𝑑 + 𝑠𝑖𝑛𝛾 𝑑 𝑒  𝑥 ≤ −𝑑 , (9) 

 𝐻 = ⎩⎪⎨
⎪⎧ −𝛾 𝑒  𝑥 ≥ 0−𝛾 𝑠𝑖𝑛𝛾 𝑥 + 𝑐𝑜𝑠𝛾 𝑥 −𝑑 < 𝑥 < 0𝛾 𝑐𝑜𝑠𝛾 𝑑 + 𝑠𝑖𝑛𝛾 𝑑 𝑒  𝑥 ≤ −𝑑 , (10) 

where 𝛾 = 𝑘 𝜀 − 𝛽 . 𝛾 = 𝛽 − 𝑘 𝜀 . 𝛾 = 𝛽 − 𝑘 𝜀 . 
 

Fields Distribution in Each Region for TM Modes 
Similarly, different components of the EM field for TM modes can be expressed as: 

 𝐻 = 𝐴 ⎩⎪⎨
⎪⎧ 𝑒  𝑥 ≥ 0𝑐𝑜𝑠𝛾 𝑥 − 𝑠𝑖𝑛𝛾 𝑥 −𝑑 < 𝑥 < 0𝑐𝑜𝑠𝛾 𝑑 + 𝑠𝑖𝑛𝛾 𝑑 𝑒  𝑥 ≤ −𝑑 , (11) 

 𝐸 = ⎩⎪⎨
⎪⎧ 𝑒  𝑥 ≥ 0𝑐𝑜𝑠𝛾 𝑥 − 𝑠𝑖𝑛𝛾 𝑥 −𝑑 < 𝑥 < 0𝑐𝑜𝑠𝛾 𝑑 + 𝑠𝑖𝑛𝛾 𝑑 𝑒  𝑥 ≤ −𝑑 , (12) 

 𝐸 = ⎩⎪⎨
⎪⎧ −𝛾 𝑒  𝑥 ≥ 0−𝛾 𝑠𝑖𝑛𝛾 𝑥 + 𝑐𝑜𝑠𝛾 𝑥 −𝑑 < 𝑥 < 0𝛾 𝑐𝑜𝑠𝛾 𝑑 + 𝑠𝑖𝑛𝛾 𝑑 𝑒  𝑥 ≤ −𝑑 . (13) 

The dielectric constant εi differs from region to region, i=c, f, s (cover, film, substrate). 
where 𝛾 = 𝑘 𝜀 − 𝛽 , 

𝛾 = 𝛽 − 𝑘 𝜀 , 

γ = β − k ε . 

 
Influence of Waveguide and Source Parameters on the Sensor Sensitivity and Evanescent Fields 

As, the sensitivity expressions and evanescent field components can be expressed as functions of waveguide and the 
light source parameters. We have developed a program in Matlab tool to observe the influence of physical, geometrical 
and the source parameters on the sensitivities of TE and TM modes as well as their influence on the evanescent fields in 
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the cover of a waveguide. For TE mode, Hz and Hx components are observed to be very small as compared to the Ey. 
However, for TM mode, the dominant components are Ex and Ez, while, Hy is unimportant. For the above said reason, 
small components are not represented in the figures. Basically, the slab waveguide consists of a core of LiNbO3 on a glass 
substrate; the wavelength of the source was taken as 650 nm. 

 
Effect of the Source’s Parameters 

Effect of the Field Amplitude. Equation (6) describes that the sensor becomes more sensitive as the intensity of 
evanescent field increases, where the intensities of the electric and magnetic evanescent fields are function of their amplitudes. 

Fig. 2 illustrates the sensitivity as a function of the frequency for TE0 and TM0 modes for different fraction of modal 
power located in the cover. The observations revealed that, the sensitivity increases with the increase fraction of modal 
power located in the cover. Though, for TE0, the sensitivity observed to be maximum for lower frequencies however, 
decreases for higher frequencies. Whereas, for TM0, the sensitivity is minimal at lower frequencies while improves at 
higher frequencies.  

 
Figure 2. Sensitivity as a function of the frequency for TE0 and TM0 modes for different fraction of modal power located in the cover 

layer, (ns=1.72, nc=1.628, d=100 nm, LiNbO3 as guiding film) 

The improved sensitivities at higher modal power located in the cover resulted from enhanced amplitudes of 
evanescent field in the region, as illustrated in Fig. 3 and 4. It has also been observed that, amplitudes of evanescent field 
components of TM modes are more important than those of TE modes, hence, the sensitivity of TM modes are always 
greater than that of TE modes. 

Figure 3. Evanescent field component Eyc in the cover versus x of 
TE0 mode for different field amplitudes, (ns=1.72, nc=1.628, 
d=100 nm, LiNbO3 as guiding film) 

Figure 4. Evanescent field components (Ex, Ez) in the cover versus 
x of TM0 mode for different amplitudes of field, (ns=1.72, 
nc=1.628,d=100 nm, LiNbO3 as guiding film) 
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Effect of the Source’s Wavelength. Sensitivities as a function of the core thickness for TE0 and TM0 modes, are 
presented in Fig. 5 observed at different source’s wavelengths. The curves show that, sensitivity of the planar waveguide-
based sensor increases by increasing the wavelength of source, however, the curves are shifted towards higher core 
thicknesses. This implies that, at higher wavelengths, maximum sensitivities can be obtained for higher core thicknesses 
and vice versa.  

 

Figure 5 – Sensitivity as a function of the core thickness for TE0 and TM0 modes for different wavelength source, (ns=1.72, nc=1.628, 
d=100 nm, LiNbO3 as guiding film) 

The increase of the sensitivity for higher source’s wavelengths can be justified by an increase in the intensities of 
evanescent field, as illustrated in Fig. 6 and 7. 

Figure 6. – Evanescent field components Eyc in the cover versus 
x of TE0 mode for different source’s wavelengths, (ns=1.72, 

nc=1.628, d=100 nm, LiNbO3 as guiding film)

Figure 7. Evanescent field components (Ex, Ez) in the cover 
versus x of TM0 mode for different source’s wavelengths, 
(ns=1.72, nc=1.628, d=100 nm, LiNbO3 as guiding film)

 
Effect of the Geometrical Parameter 

Fig. 8, represents the sensitivity as a function of the frequency for TE0 and TM0 modes at different core thickness. 
The observations revealed that, by increasing the core thickness, sensitivity of the sensor decreases and curves shifted 
towards the lower frequencies. The reduced sensitivity is resulted from the decrease in sensing area limited by the 
evanescent fields, normal to the waveguide at z = 0 and the super surface of the waveguide (x = 0).  
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Figure 8. Sensitivity as a function of the frequency for TE0 and TM0 modes for different core thicknesses, 

(ns=1.72, nc=1.628, LiNbO3 as guiding film). 
 

In fact, at greater core thickness, maximum part of an optical signal enters into the core of waveguide as energy and 
ultimately reduces the evanescent field intensities, as illustrated in Fig. 9 and 10. 

  

Figure 9. Evanescent field component Eyc in the cover versus x 
of TE0 mode for different core thicknesses, (nc=1.628, ns =1.72, 

LiNbO3 as guiding film) 

Figure 10. Evanescent field components in the cover versus x of 
TM0 mode for different core thicknesses, (nc=1.628, ns =1.72, 

LiNbO3 as guiding film) 
 

Effect of the Physical Parameters 
Physical parameters studied are the refractive indices of cover, substrate and the core of waveguide. Expressions (2) 

and (4) demonstrated the influence of physical parameters of waveguide on the sensitivity of the sensor. However, their 
influence on the evanescent fields are expressed by the electromagnetic field components in the cover.  
 

Effect of the Cover Refractive Index. Fig. 11 illustrated the sensitivities as a function of the frequency of TE0 and 
TM0 modes when the refractive index of cover was taken as 1.48 and 1.70. For TE0, the observed maximal sensitivities 
are 0.15 and 0.37, corresponding to the frequencies 3×1014 Hz and 1.25×1014 Hz, respectively. However, for TM0, the 
observed maximal sensitivities are 0.23 and 0.47, corresponding to the frequencies 6.25×1014 Hz and 3.25×1014 Hz, 
respectively.  
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Figure 11. Sensitivity as a function of the frequency for TE0 and TM0 modes for different refractive index of the cover material nc, 

(ns=1.72, d=100 nm, LiNbO3 as guiding film) 

The curves show that, sensitivity of slab waveguide-based sensor increases by increasing the cover refractive index 
for both TE and TM modes. In addition to that, the position of maximal sensitivities exhibit shift toward lower frequencies. 
As the refractive index of cover must be always lesser than that for the substrate, one can conclude that, for both TE and 
TM modes, the sensitivity of a sensor increases by making the cover refractive index as close as possible to that for the 
substrate. 

Nevertheless, for different cover refractive indices, small changes in the evanescent field components are evident, 
near to the cut-off frequencies, Fig. 12 and 13. These changes are caused by the variation in effective refractive indices 
of TE0 and TM0 modes induced by fluctuations in core refractive index, Fig. 14. These changes in evanescent field 
components in the cover, close to cut-off frequencies, have minimal influence on sensitivity of the slab waveguide-based 
sensor. 

Figure 12. Evanescent field components Eyc in the cover versus 
x of TE0 mode for different cover refractive indices, (ns=1.72, 

d=100 nm, LiNbO3 as guiding film) 

Figure 13. Evanescent field components (Exc, Ezc) in the cover 
versus x of TM0 mode for different cover refractive indices, 

(nc=1.48, d=100 nm, LiNbO3 as guiding film)
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Figure 14. Effective index versus frequency of TE0 and TM0 modes in slab waveguide for different cover indices, (ns=1.72, d=100 nm, 
LiNbO3 as guiding film) 

Effect of the Substrate Refractive Index. Fig. 15 represents the sensitivities of TE0 and TM0 modes as a function 
of the frequency, for various refractive index of substrate. Graphs depicted the maximal values of sensitivities and their 
corresponding frequencies. For TE0, maximal sensitivities are observed to be 0.245 and 0.11, corresponding to 2 x 1014 
Hz and 4 1014 Hz frequency, respectively. For TM0, maximal sensitivities are 0.34 and 0.175, corresponding to the 
frequencies as 5 1014 Hz and 6 1014 Hz, respectively. The sensitivity of sensor decreases as a function of substrate 
refractive index for both TE and TM modes. Furthermore, the position of maximal sensitivities exhibit shifts toward 
higher frequencies. 

 

Figure 15. Sensitivity as a function of the effective index for TE0 and TM0 modes for different refractive index of the substrate ns, 
(nc=1.48, d=100 nm, LiNbO3 as guiding film) 

Evanescent field components of TE0 and TM0 modes, for different substrate refractive indices are depicted in Fig. 16 
and 17 respectively. 
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Figure 16. Evanescent field components Eyc in the cover versus 
x of TE0 mode for different substrate refractive indices, 

(nc=1.48, d=100 nm, LiNbO3 as guiding film) 

Figure 17. Evanescent field components (Ex, Ez) in the cover 
versus x of TM0 mode for different substrate refractive indices, 

(nc=1.48, d=100 nm, LiNbO3 as guiding film). 

Curves show a small change in the evanescent field components caused by of the variation in refractive index of 
substrate; and, these small changes occur near the cut-off frequencies of each mode. Far from these frequencies, there has 
been no changes in evanescent field components. However, these changes are caused by small variation in effective 
refractive indices of substrate, Fig. 18. One can conclude that, change in evanescent field have negligible influence on 
the sensitivity of a slab waveguide sensor Fig. 15.  

 

Figure 18. Effective index versus frequency of TE0 and TM0 modes in slab waveguide for different substrate refractive indices, 
(nc=1.48, d=100 nm, LiNbO3 as guiding film) 

 
Effect of the Core Refractive Index. The sensitivities of TE0 and TM0 modes as a function of the frequency, for 

different core refractive index are illustrated in Fig. 19. 
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Fig. 19. Sensitivity as a function of the effective index for TE0 and TM0 modes for different refractive index of the core nf, 
(nc=1.48, ns=1.60, d=100 nm,) 

 
For TE0, maximal sensitivities are observed to be 0.125 and 0.24 corresponding to 6 x 1014 Hz and 2 x 1014 Hz, 

respectively. However, for TM0, maximal sensitivities are 0.15 and 0.34 corresponding to 8 x 1014 Hz and 5 x 1014 Hz, 
respectively. The observations revealed that, sensitivity of the planar waveguide-based sensor increases as a function of 
core refractive index for both TE and TM modes. In addition to that, the position of the maximal sensitivities exhibit 
shifts toward lower values of frequency.  

On the other hand, evanescent field components as illustrated in Fig. 20 and 21 for different core refractive indices, 
exhibit moderate changes caused by variation in core refractive index; in fact, these changes occur far from the cut-off 
frequencies of each mode. These changes are caused by the variation in effective refractive indices of TE0 and TM0 modes 
induced at different core refractive index, Fig. 22. These changes in evanescent field, far from the cut-off frequencies, 
have negligible influence on the sensitivity of a slab waveguide sensor, since the sensitivity peaks appeared near the cut-
off frequencies. 

Figure 20. Evanescent field component Eyc in the cover versus x 
of TE0 mode for different core refractive indices, (ns=1.60, 

nc=1.48, d=100 nm) 

Figure 21. Evanescent field components (Exc, Ezc) in the cover 
versus x of TM0 mode for different core refractive indices, 

(ns=1.60, nc=1.48, d=100 nm) 
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CONCLUSIONS 
In this work, sensitivity and evanescent field of a planar waveguide-based optical sensor prepared of birefringent 

materials have been investigated. The influence of source, geometrical and physical parameters of the planar waveguide 
on the sensitivity of sensor and evanescent field are studied. The observations in all cases revealed that, the maximal 
sensitivities of TM modes and their corresponding frequencies are greater than those for TE modes. Furthermore, 
improved sensitivity and evanescent field in the cover has been observed at in higher amplitude and wavelength of the 
light source. An increase in the core thickness however, reduces the sensitivity of sensor owing to the decrement of 
evanescent field in the cover. Although, any increment in refractive indices of cover and the core resulted in an improved 
sensor sensitivity. On the contrary, higher refractive index induces of substrate reduces the sensor sensitivity. The 
variation in physical parameters of the waveguide sensor have no or negligible influence on the evanescent fields. 
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ДОСЛІДЖЕННЯ ЧУТЛИВОСТІ ТА ЕВАНЕСЦЕНТНОГО ПОЛЯ ОПТИЧНОГО СЕНСОРА НА ОСНОВІ 
ОДНООСНОГО АНІЗОТРОПНОГО ПЛОСКОГО ХВИЛЕВОДУ 
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Досліджено вплив геометричних і фізичних параметрів пластинчастого хвилеводу на чутливість оптичного датчика та його 
гасне поле. Хвилепровідною плівкою був LiNbO3, і спостереження показали, що максимальна чутливість поперечних магнітних 
(TM) мод та їхні відповідні частоти вищі, ніж для поперечних електричних (TE) мод. Крім того, оптимальні параметри джерела 
покращують максимальну чутливість і миттєве поле в обкладинці. Однак збільшення товщини серцевини знижує чутливість 
сенсора через зменшення спадаючого поля в покритті. Чутливість датчика спостерігали як функцію показників заломлення 
покриття, серцевини та підкладки. Збільшення показників заломлення покриття та серцевини безпосередньо впливає на 
чутливість, у той час як спостерігається зворотна залежність щодо збільшення показника заломлення підкладки. Варто 
зазначити, що будь-які зміни у фізичних параметрах хвилевідного датчика незначно впливають на гаснучі поля. 
Ключові слова: планарний хвилевідний датчик; подвійне променезаломлення; параметри джерела; геометричні та фізичні 
параметри; чутливість сенсора; спадаюче поле 




