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Abstract. In this work, different sizes of BaTiO3 (BTO) were characterized. The effective 
parameters were studied to reach optimum performance in order to realize an optical modulator. The 
parameters such as spectroscopy, electro-optic coefficient, crystalline structure, and birefringence 
indicated that BaTiO3 has an excellent behavior to manipulate the light by Pockels modulator, 
spatially in the field of telecom. The sample size (10×3 mm) was shown a good performance compare 
with other samples, for example, the BTO has low absorption, high variation of output as a function 
of voltage applied and good efficiency that showed by figure of merit. In addition, a low half-wave 
voltage (Vπ) was observed.     

Introduction  
          Recently, many materials were investigated for manufacturing new optical modulators. 
Barium titanate (BaTiO3) has been considered an excellent candidate for this application [1-7]. In 
addition, BTO had a huge electro-optical coefficient five times more than lithium niobite (LiNbO3) 
[8]. BTO has good physical properties such as high dielectric, piezoelectric, and strong ferroelectric 
oxide let too many researchers use as an electro-optic device [9]. The crystalline structure of the 
BaTiO3 is tetragonal at room temperature with a non-centrosymmetric and negative uniaxial crystal 
[10]. The refractive index of BTO is extremely sensitive to the voltage applied [11,12]. High 
modulation, low voltage driving, and minimum insertion losses can be obtained by bulk single-crystal 
BTO Pockels optical modulator, especially this material is growing in big dimensions [13].  
        In this research, the performance of BTO in terms of electro-optical properties, thermal stability, 
and the nonlinear effect was characterized. Generally, the sample of BTO as a bulk single crystal was 
prepared by a hydro-mechanical press, scaling in their dimension. In the end, the test of Pockels 
optical modulator will study. 

Characterizations of BTO Properties   
         In this part, many parameters were investigated, for instance, spectroscopy, structure crystalline, 
nonlinearity, and electro-optical coefficient. These parameters permit to demonstrate the performance 
of BTO in photonics applications. Both the design and growth way of the samples has affected 
efficiency operations. In the following, certain methods have been applied to study and improve the 
variables that govern the interaction light with matter. 

Sample Preparation  
Because of the fragile nature of the BTO, Poly(Vinyl Alcohol) (PVA) was used as a binder. So 

the amount of PVA was dissolved in water, firstly and after 3 hours the form was transformed as a 
homogeny liquid by stirring hot plate. Then, BaTiO3 powder was mixed with (PVA) in order to 
correlate the molecular. The cylindrical mold has been used to pattern rod of BTO by using Automatic 
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Hydraulic Press Machine, Capacity: >100 Ton. Many sizes of this pattern have been realized, the 
dimension of BTO rod was (10×3, 10×5, 10×10, mm respectively) as Fig.1 

 
Fig. 1. BTO rods in different size  

The samples were sintered at 1100 oC to remove the humidity and to be ready for studying the 
properties. 

XRD analysis  
       X-ray technique considered one of the non- destructive analysis methods. It shows the 
information about the crystal structure materials. The X-ray pattern of (BTO) powder form at room 
temperature revealed a good crystallinity without any amorphous contribution, as shown in Fig.2.  
 

   
Fig. 2. XRD Analysis of BTO sample 
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X-ray technique considered one of the non destructive analysis methods. It shows the 
information about the crystal structure materials. The X-ray pattern of (BTO) powder form at room 
temperature revealed a good crystalline without any amorphous contribution, shows that Fig.2.   

UV-IR Analysis  
        The sample of BTO was examined by UV-IR spectrophotometry in order to investigate the 
percentage of transmission and absorption. This work interests to characterize nonlinear properties of 
the sample and optical modulator. In addition, Z-scan technique to test the absorption and refractive 
index at 532 nm and the optical modulator at 810 nm. Fig 3 shows the greatest transition 
28.8%  at  810 nm with a maximum absorption 0.524 % at 532 nm . The thickness of the sample 
effects inversely to the transmission of light, therefore, high losses were remarked in term of 
absorption.   
 

 
Fig. 3. UV-IR Spectrophotometer test of BTO sample, high transmission at the wavelength 390 nm 

ESD and SEM Analysis  
            The surface morphology of barium titanate was examined by Scanning Electron Microscope 
(SEM), and fig (4) shows the homogeneous distribution and a spherical shape of particles with the 
average particle size is about (5-9.9) nm.  
 

 
Fig. 4. SEM analyses of BTO sample 
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In addition, the Energy Dispersive Spectroscopy (EDS) technique used to find the type of the 
element [21] and it's presence in the compound as demonstrated in Fig.5. 

 

 
Fig. 5. EDS analyses of BTO sample three materials have appeared Ti, Ba and O with  

(19.3, 54.3 and 26.5) wt%, respectively 
Z-Scan technique analysis  

Z-scan is an important technique uses to find and investigate the nonlinear refractive index and 
absorption of materials.[14,15]. There are two ways to use this technique: the first one called a close 
aperture and the second is an open aperture. A pin hole uses to spatially filter to have a pure Gaussian 
profile beam [16-18]. The nonlinear refraction n2 was evaluated from the third order nonlinear 
susceptibility (real and imaginary part)[19]. In a close-aperture, the setup permits to evaluate the real 
part of susceptibility, a small distortion beam can detect depending on far –field aperture by a lens 
[20]. In addition, the imaginary part has been evaluated by the open-aperture form and the entire 
signal was measured directly from the detector because the far-field is removed. The small distortion 
beam that arrived at the detector became important. 

In this work the system was consisted of Nd-YAG Laser with a second harmonic generation 
532 nm, 35 mw as an output power), Pinhole 1 mm, convex lens with a focal length F=10 cm to focus 
into the sample and detector (Si photodiode, SM1PD2A, Thorlabs) output , these items 
were connected to a lock-in amplifier. The sample of the thick layer 1mm BTO was placed on a high-
resolution linear translation stage. Both the stage and lock-in were controlled by a computer program. 
The nonlinear refraction explained from third order in term of polarization, many approaches exist 
for estimating the measured curve. These approaches depend on thickness of material, in our case 
bulk size L ˂˂ Z0 , where L is the length of a sample and Z0  is the Rayleigh range . The results show 
the satisfy the condition of weak nonlinearity. 
   
𝑧𝑧0 = 𝜋𝜋𝑤𝑤02 /𝜆𝜆                                                                                                                                                        (1)  
 
∆∅0 = 𝑛𝑛2𝐼𝐼0𝑘𝑘𝑘𝑘                                                                                                                                                        (2) 
 
Where, I0 is on axis the intensity, 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 = 1 − 𝑒𝑒−𝛼𝛼0𝑙𝑙 ∗ 𝛼𝛼0     and 𝑙𝑙 = sample length 

𝑇𝑇(𝑧𝑧) = 1 −  
4∆∅ 𝑧𝑧

𝑧𝑧0

[( 𝑧𝑧𝑧𝑧0
2
+9][ 𝑧𝑧𝑧𝑧0

2
+1]

                                                                                                                                    (3) 

Where T(z) present the transmittance of light  
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𝑇𝑇(𝑧𝑧) = 1 −  
𝛽𝛽𝐼𝐼0𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒

23/2(1+� 𝑧𝑧𝑧𝑧0
�
2

)
                                                                                                                                       (4) 

 
Where 𝛽𝛽  is the present the nonlinear absorption coefficient. 
 

 
Fig. 6. a- Close-aperture curve and b- Open-aperture curve 

To interpret the curve measured, the sample showed self-defocusing in case of fig (4-a) that is 
mean   That the data of Peak-Valley was clearly indicated that the sign of n2 is negative, and Fig .4b 
indicate that the curve measurement corresponds to nonlinear absorption. The results of the equations 
solution were n2 =-2.82E-10 and nonlinear absorption α(mm)-1   = 5.71 , from this initial information 
can be used as an in implementing the BTO in optical modulation.  Generally, the Z-scan technique 
has been used to evaluate the absorption and refractive index at 532 nm. On the other hand, the optical 
modulator was operated at 810 nm. So, the results in Fig .3 have demonstrated a maximum transition 
at 810nm was 28.8 %, and a maximum absorption at 532nm was 0.524 %.  
Pockels Optical Modulator Test  
           BTO is promising material to highly modulate the light. Pockels electro-optic coefficient (rij) 
is largely impacts as an electro-optical device. The experiment was set up as shown in Fig.7. The 
orientation molecular of BTO [100] was obeyed to the applied voltage and optical polarization of the 
light pass through [011] structure. The First polarize was 450 to the ferroelectric direction and the 
second polarize was 450 clockwise [21-24].  

 

Fig. 7. Transvers configuration of BTO Optical Modulator  
The polarize used to convert the phase modulator to amplitude modulator, the output intensity 

obey to Malu’s law: 
𝐼𝐼 = 𝐼𝐼0𝑠𝑠𝑠𝑠𝑛𝑛2(𝛿𝛿

2
)                                                                                                                                (5) 

Where, 𝐼𝐼0 present the input intensity and δ is the phase shift. 
The largest output intensity can obtain when the phase shift is equal to π. It can be calculated 

that convenient voltage 
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      Vπ=
λ

2n03𝑟𝑟63
 (𝑑𝑑
𝑙𝑙
)                                                                                                                                         (6) 

Where: d (2mm) is the distance between electrodes and 𝑙𝑙 (3mm) is the length of sample. 
 

 
Fig. 8. The variation of output intensity as a function of voltage applied 

The results show a small misalignment between two polarize because it is a very difficult to 
have a perfect alignment. The variation of the output transmission light was signification when the 
voltage increase. This variation corresponds to the change of the refractive index of the material. So, 
this property could be employed in many photonics applications as external optical modulator. 
However, the one of the most important parameters that qualified the optical modulator is half wave 
voltage (Vπ). This value can have calculated from equation (6) can check directly from the fig (8). 
So, it’s equaled 900 V. In addition, fig. 9 used to show the optical modulator performance. 

.   
Fig. 9. Figure of merit of BTO optical modulator 

The results from figure (9) shows the efficiency is important, so this material has attractive 
properties in this field of applications.  

Conclusion 
BTO material have been intensively studied in this contribution. Different sizes of BTO were 

prepared by (Automatic Hydraulic Press Machine) (10 mm, 5 mm and3 mm) . The samples 
were tested and investigated by various analytical methodologies as Z-scan method, XRD, EDS, 
SEM and UV-IR spectroscopy. According to the results, BTO is a promising material in photonics 
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applications for the sizes (3mm,1mm) where, Z-scan shew the nonlinearity properties thus, negative 
extraordinary refractive index (ne =2.82E-10) was important at manipulate of light also, the value of 
nonlinear absorption coefficient. The big size (10 mm) suffers from high losses in term of absorption. 
From the XRD, the size of (5mm) was appeared a good crystalline structure. Finally, the results have 
been utilized in external optical modulator (Pockeles modulator). This modulator has shown a good 
performance on the variation of transmission light.   
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