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Abstract
We have investigated the potential of using the E-field induced birefringence for improv-
ing the sensitivity of uniaxial anisotropic slab waveguide sensor based on evanescent wave 
interactions. LiNbO3 waveguide core was used as an example. We have calculated the 
sensor sensitivity formulas for the two kinds of modes propagating simultaneously in the 
waveguide sensor. In our study, we have distinguished between two different cases. The first 
case when the electric field is applied along the optic axis (+c) of the LiNbO3 wave guid-
ing film (positive electric field); the second case when the electric field is applied opposite 
to the optic axis (−c) of such uniaxial crystal (negative electric field). The obtained results 
showed that, for positive electric field, increasing the electric field induces an increasing of 
the total anisotropy which causes decreasing on sensor sensitivity. However, for negative 
electric field, the increase of absolute values of negative electric field induces a decrease of 
the total anisotropy, the latter increases the sensor sensitivity. On the other hand, the study 
of the physical parameters on the sensor sensitivity showed that, to maximize the sensor 
sensitivity, it is advisable to use isotropic substrate that has a refractive index as closer as 
possible to the measurand index.
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1  Introduction

Planar waveguide optical sensors offer various advantages such as rapid response, immu-
nity to electromagnetic interference, compactness, high sensitivity, low cost and they are 
easy to interface with optical data communication systems. When light propagates in the 
waveguide, a fraction of the radiation extends a short distance from the guiding region 
into the medium of lower refractive index which surrounds it. This evanescent wave which 
decays exponentially with distance from the waveguide interface defines a sensing vol-
ume within which the evanescent energy may interact with chemical and biological mol-
ecules (Dutta et al. 2016); based on this principle, slab waveguide optical chemical sensors 
(Ranacher et al. 2016; Huang et al. 2014) and biosensors (Mukundan et al. 2009; Horvath 
et al. 2003) were studied. Sensitivity enhancement of optical sensors based on evanescent 
wave interactions has attracted significant research interest. Therefore, a normalized analy-
sis for the design of evanescent wave sensors was carried out, and the condition for the 
maximum achievable sensitivity was derived for both linear TE and TM waveguide sen-
sors (Parriaux and Dierauer 1994). Then, it has been demonstrated that the sensitivity of a 
three-layer slab waveguide sensor can be larger than unity in the case of TM polarization 
and strong guidance (Veldhuis et al. 2000). In addition to that, a new highly sensitive eva-
nescent field sensor using silicon-on-insulator (SOI) photonic wire waveguides was dem-
onstrated (Densmore et al. 2006). Furthermore, sensitivity analysis of the nonlinear asym-
metric metal-clad planar waveguide-based sensor was reported (Kumar and Singh 2011), it 
has been shown that the introduction of the nonlinear material in the cover media not only 
improves the sensitivity but also provides additional parameters to increase the sensitiv-
ity. Recently, binary and ternary photonic crystal with left-handed material (LHM) lay-
ers and multi-layer slab waveguides comprising LHMs with different configurations, have 
been investigated as optical sensors. It has been found that the sensitivity of the proposed 
structures can be significantly improved by the optimization of physical and geometrical 
parameters of the LHM layers (Taya and Shaheen 2018; Taya 2014, 2015a, b, 2018; Taya 
et al. 2009; Alkanoo and Taya 2018). On the other hand, many integrated optics and sensor 
applications use crystalline film guides with anisotropic optical properties, the dielectric 
medium is anisotropic either naturally so or due to applied external fields. The simplest 
types of anisotropic materials are the uniaxial anisotropic crystals known as birefringent 
materials. The birefringence takes place when the electromagnetic waves propagate in a 
medium which exhibits two distinct refractive indexes, in a same wave vector direction. 
Lithium Niobate (LN) is a high refractive index birefringent crystal with tunable optical 
properties. It is widely used for integrated optics and sensor applications due to its excel-
lent ferroelectrical, piezoelectrical, and thermoelectrical properties; its transparency over a 
wide wavelength range (350–5200 nm), its nonlinear optical polarizability, and its Pockels 
effect (Kovalevich et al. 2017), especially after the fabrication of LiNbO3thin film crystals 
having an optical quality and electrooptical coefficients comparable to bulk crystals (Levy 
et  al. 1998). Thing that allowed the production of a LiNbO3 slab waveguide structure, 
where the coupling of TE and TM modes into a such waveguide was observed (Rabieia and 
Gunter 2004).

In this work we investigate mainly, the potential of using the E-field induced bire-
fringence for improving the sensitivity of uniaxial anisotropic slab waveguide sensor. 
The core of the waveguide, media above and below the guiding film, are constituted of 
uniaxial anisotropic crystals. Firstly, the characteristic equations of TE and TM modes 
are calculated, and the two expressions of the sensitivity are derived in the case where 
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the material above the guide film is isotropic. Finally, the influence of E-field induced 
birefringence of the wave guiding film constituted by LiNbO3, on the sensor sensitivity, 
is investigated for the two fundamentals modes. Our study is concerned two cases. The 
first case when the electric field is applied along the optic axis (+c) of the LiNbO3 wave 
guiding film (positive electric field); the second case when the electric field is applied 
opposite to the optic axis (−c) of such uniaxial crystal (negative electric field). The 
influence of the physical parameters of the slab waveguide on the sensor sensitivity is 
also studied.

2 � Theoretical modeling

2.1 � Characteristic equations calculation

Planar optical waveguides are the basic element in building integrated optical sensors. 
In following we consider a slab waveguide constituted by three layers uniaxial crystals 
as presented in Fig. 1. We consider that the materials of the three layers are lossless and 
non-magnetic. The core permittivity tensor is �f  with its optic axis in the direction of 
propagation z. The permittivity tensors of the media above and below the film guide are 
�p and �s respectively, where

Notice that �
0
 is the dielectric constant of vacuum, i = p, f, s (cover, film, sub-

strate),ni = nix = niy , niz are, respectively, the ordinary and the extraordinary refractive 
indices of each layer.

Two waves are propagated separately in the core of such slab waveguide, the ordi-
nary wave, considered as a TE wave and the extraordinary wave considered as a TM 
wave (Jalaleddine 1982).

Using Maxwell’s equations, constitutive relations and boundary conditions, the char-
acteristic equations of TE and TM waves are obtained (detailed calculation can be found 
in Jalaleddine 1982) as follows
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Fig. 1   Uniaxial anisotropic slab 
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For TE modes it’s given by

For TM modes it is

where N is the effective refractive index, m is the mode order, d is the core thickness and k
0
 is 

the free-space wavenumber.

2.2 � Sensitivity of uniaxial anisotropic planar waveguide sensor

The sensitivity is defined as the rate of change of the modal effective refractive index relative 
to the cover refractive index, S =

(
�np

�N

)−1

 (we consider that the cover layer is isotropic, that’s 
means: np = npz ). By differentiating the characteristics Eqs. (2) and (3) with the last considera-
tion, and after long algebra we found the sensor sensitivity for TE and TM modes, by taking 
into account the normalization as in (Veldhuis et al. 2000).

For TE modes, the sensitivity is given by

In the same manner, the sensitivity for TM modes is given by
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2.3 � Electric‑field‑induced birefringence of uniaxial crystals

It is well-known that electric fields can alter the refractive index of certain materials via the 
Pockels effect. When an electric field E is applied along (or opposite) the optic axis (c) of 
Trigonal 3 m uniaxial Crystals (as LiNbO3), the crystal remains uniaxial with the same prin-
cipal axes, but its refractive indices are modified. We distinguish two cases according to the 
direction of the applied electric field. If the electric field is applied along the optic axis (+c), 
then refractive indices are modified as (Saleh and Teich 1991)

However, if the electric field is applied opposite to the optic axis (-c) of such uniaxial 
crystal, its refractive indices are modified as

(8)
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where n
0
 and ne are the ordinary and extraordinary refractive indices of the uniaxial crystal 

without the application of electric field E , n
0
(E) and ne(E) are respectively the modified 

ordinary and extraordinary refractive indices of the uniaxial crystal with the application of 
electric field, r

13
 and r

33
 are the linear electro-optic coefficients of the medium.

For this trigonal 3 m uniaxial Crystal (LiNbO3), the total birefringence as defined by 
Timtere et al. (2011) is given as

For a positive applied electric field (according +c), the corresponding total birefringence is

We know that all Pockels media have r
33

 greater than r
13
(r

33
> r

13
) . This means that total 

birefringence Δn(E) is a linear increasing function of E.
For negative applied electric field (according −c), the corresponding total birefrin-

gence is

While r
33

> r
13

 This means that total birefringence Δn(E) is a linear decreasing function 
of E.

Noting that, typical optical properties of LiNbO3 are given in Table 1.

3 � Results and discussion

3.1 � Influence of physical parameters on the sensor sensitivity

Figure 2 shows the sensitivity variation of the fundamental modes, for a slab waveguide 
sensor as a function of frequency for different values of the cover index np; the core of 
the waveguide sensor is LiNbO3(nfx = 2.2880, nfz = 2.2030), the substrate is the glass 
ns = 1.48749; for the first look on the graph it is clear that sensitivities of TM0 mode 
(markers with linked lines curves) are more important than those of TE0 mode (mark-
ers without linked lines curves), further, maximum sensitivities of TM0 mode are situ-
ated in the visible domain of frequency; whereas those of TE0 mode are situated in the 
near infrared domain. In addition to that, for TE0 and TM0 modes, the sensitivity of the 
sensor increases by making the cover index np closer to that of the substrate ns, conse-
quently a shift of the curves towards the near-infrared frequencies is noticed.

Figure  3 shows a comparison between sensitivities of two different sensors con-
stituted with the same LiNbO3 core; and two different substrates, the substrate of the 
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Table 1   Optical properties of 
LiNbO3 at 632.8 nm

n
0

n
e

r
13

 (10−12 mV−1) r
33

 (10−12 mV−1)

2.2880 2.2030 10 32.2
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Fig. 2   Sensitivity as a function of the frequency for TE0 and TM0 modes for different refractive index of 
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for TE0 mode (ns = 1.48749, d = 100 nm, LiNbO3 as guiding film)
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first sensor is isotropic (glass) whereas, that of the other sensor is uniaxial anisotropic 
(LiTaO3). It is found that, for the two fundamental modes (TE0 and TM0), the sensitiv-
ity of the sensor constituted by isotropic substrate (curves in stars) is greater than that 
of the sensor constituted by uniaxial substrate (curves in circles), In addition to that, 
the curves of the sensitivity shift towards the UV frequencies if the substrate is uniaxial 
anisotropic; it is worth to note that the shift of the TE0 mode curve (markers without 
linked lines curves) is more important than the shift of the TM0 mode curve (markers 
with linked lines curves).

3.2 � Influence of E‑field induced birefringence on the sensor sensitivity

As we have seen previously, the natural anisotropy of LiNbO3birefringent material, changes 
with the application of an external electric field. Indeed, if the applied electric field is posi-
tive (according +c), the total birefringence is an increasing function of E (Eq. 19). While, 
if the applied electric field is negative (according −c), the total birefringence is a decreas-
ing function of E (Eq. 20). To see the influence of birefringence variation on the sensor 
sensitivity for both positive and negative applied electric field, theoretically, we take arbi-
trary three values of Δn(E) for each case; the values of n

0
(E) and ne(E) are deduced from 

their corresponding equations. We have traced the sensitivities of the sensors as a function 
of frequency for the three values of Δn(E).

Figures  4 and 5 present respectively, fundamental modes sensitivities as a function 
of the frequency for different values of total birefringence induced by different values 
of positive and negative electric field. The curves of sensitivities, for TE0 or TM0, show 
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Fig. 4   TM0 and TE0 modes sensitivities as a function of the frequency for different value of increasing 
total birefringence Δn induced by different values of positive applied electric field, markers with linked 
lines curves for TM0 mode and markers without linked lines curves for TE0 mode (d = 100 nm, np = 1.628, 
ns = 1.72, LiNbO3 as guiding film)
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two different behaviors; the first behavior occurs before the frequencies 3.1e−14 Hz and 
6.2e−14 Hz for TE0 and TM0 modes successively, whereas, the second behavior occurs 
beyond these two frequencies. For positive applied E-field (Fig.  4) and before the men-
tioned frequencies, the increase the electric field induces an increase in the total anisot-
ropy, which causes the decrease of the sensor sensitivity particularly around the maximum. 
However, for negative applied E-field (Fig. 5), the increase of the absolute values of elec-
tric field induces a decrease in the total anisotropy, which causes an increase in the sensor 
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guiding film)

Fig. 6   Maximum sensitivity 
variation as a function of total 
birefringence Δn for: positive 
applied E-Field (dashed lines), 
negative applied E-Field (solid 
lines), square solid and dashed 
lines for TE0 mode and circle 
solid and dashed lines for TM0 
mode (d = 100 nm, np = 1.628, 
ns = 1.72, LiNbO3 as guiding 
film)

0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16 0,18
0,24

0,26

0,28

0,30

0,32

0,34

∆n 

S
 M

A
X

 STE0 MAX, (-E)
 STE0 MAX, (+E)
 STM0 MAX, (-E)
 STM0 MAX, (+E)



	 A. Cherouana et al.

1 3

  331   Page 10 of 11

sensitivity on the vicinity of the maximum. On the other hand, beyond the previous fre-
quencies, the increase of the electric field induces an increase in the sensor sensitivity (pos-
itive E-field case), while, the increase of absolute values of electric field induces a decrease 
in the sensor sensitivity (negative E-field case). Our interest focuses on the intervals where 
the sensitivities are maximal, which means, the near infrared domain for TE0 mode and the 
visible frequency domain for TM0 mode.

Figure  6 presents maximum fundamental modes sensitivities changes as a function 
of total birefringence Δn for positive and negative applied E-Field. The figure shows the 
decreasing of maximum sensitivity according to the increasing of anisotropy (dashed 
lines), and the increasing of maximum sensitivity according to the decreasing of anisot-
ropy (solid lines). Further, the figure shows well that the sensitivities of TM0 mode (cir-
cle solid and dashed lines) are greater than those of TE0 mode (square solid and dashed 
lines). Moreover the sensitivities in the case of negative electric field (solid lines) are more 
important than those in the case of positive electric field (dashed lines). The difference 
between the two maximum sensitivities corresponding to the two extremes values of Δn 
are approximately 7.5e−3 and 9.0e−3 for TE0 and TM0 modes respectively, for both posi-
tive and negative applied electric field. It appears that the maximum sensitivity changes as 
a function of anisotropy for TM0 mode are greater than those of TE0 mode.

4 � Conclusions

In this work we have studied the sensitivity of a planar waveguide sensor based on evanes-
cent wave interactions constituted by uniaxial birefringent materials. We have calculated 
the sensor sensitivity formulas for the two kinds of modes propagating simultaneously in 
its waveguide. Then, we have studied the influence of the physical parameters of the pla-
nar waveguide on the sensor sensitivity (the core of the waveguide is the LiNbO3). The 
results show that there are two possibilities to increase the sensitivities (for a fixed thick-
ness); the first possibility is to use an isotropic substrate instead of a birefringent substrate. 
The other possibility is to make the substrate index as close as possible to the measurand 
index. Noting that, physical parameters also shift sensitivity curves to or away from visible 
frequencies.

On the other hand, we have studied the influence of E-field induced birefringence of 
the wave guiding film (LiNbO3), on the sensitivity of the studied sensor for TE0 and TM0 
modes. In our study we have distinguished between two different cases. The first case when 
the electric field is applied along the optic axis (+c) of the LiNbO3 wave guiding film (pos-
itive electric field); the second case when the electric field is applied opposite to the optic 
axis (−c) of such uniaxial crystal (negative electric field). The obtained results showed 
that, for positive electric field, the increase of electric field induces an increasing of the 
total anisotropy which causes a decreasing on the sensor sensitivity particularly around the 
maximum. However, for negative electric field, the increase of absolute values of negative 
electric field induces the decrease of the total anisotropy which causes an increasing on the 
sensor sensitivity on the vicinity of the maximum.

Funding  This project is funded by: Research Unity in Optics and Photonics – University of Setif 1, Center 
of development of advanced technologies, Algiers, Algeria.
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