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OPTICS AND SPECTROSCOPY 

OPTICALLY INDUCED CHANNEL WAVEGUIDE STRUCTURES 

WITH SPATIAL MODULATION OF PARAMETERS IN THE 

SURFACE LAYER OF LITHIUM NIOBATE 
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Results of experimental studies of channel optical waveguide structures with spatially-modulated parameters 
obtained by point-by-point inducing of refractive index perturbations upon exposure to laser radiation of 
visible range in Y-cut LiNbO3 samples with photorefractive surface layer are presented. 
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INTRODUCTION 

Lithium niobate (LiNbO3) single crystals are widely used for the development of various elements and devices 
of integral and nonlinear optics, photonics, and laser technology by virtue of a unique set of physical properties [1]. 
Doping of lithium niobate with ions of transitive metals, such as Fe, Cu, and Mn that can be in the crystal in several 
charge states considerably increases its photorefractive response [2]. The photorefractive effect consisting in 
perturbation of the refractive index of LiNbO3 samples doped with such impurities upon exposure to light is caused by 
the photovoltaic mechanism of charge carrier transfer and does not require application of an external electric field to 
provide drift of these carriers. In LiNbO3 crystals with photovoltaic nonlinear response, the optical properties also 
change upon exposure to light with low intensity of the order of 0.1 W/cm2 and less. Phase diffraction gratings and 
more complex holographic structures can be formed in them upon exposure to radiation of low-power continuous lasers 
[3, 4]. This opens prospects for the development of hybrid optoelectronic and fully optical photonics devices [5, 6]. In 
photorefractive crystals, optical waveguide elements can be induced by spatial optical solitons [7]; however, the 
nonlinear response of the transport mechanism in LiNbO3 is self-defocusing in character [8]. Hence, only dark spatial 
solitons can be formed in this crystal by this mechanism [8, 9]. 

Doping impurities can be incorporated into a charge during crystal growth or implanted through the optically 
polished surface of samples using diffusion, ionic exchange, and ionic implantation methods [5, 9, 10]. The change of 
the physical properties of the material near the surface can cause the occurrence in this region of the optical waveguide 
or laser properties [5, 9, 10] and also can modify its acoustic and optical parameters [5, 11]. Surface doping allows one 
to obtain higher concentrations of impurities in comparison with their incorporation during crystal growth. In this case, 
the required surface areas of the sample can be doped with different impurities or their combinations to change the 
functional designation of these areas [12].  
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The purpose of the present work is a study of optically induced channel optical waveguides in Y-cut lithium 
niobate crystal samples with surface Cu-ion doping using a spatially moving recording laser beam. The parameters of 
the formed waveguides are studied by the method of probing by light with the wavelength λ = 633 nm and polarization 
corresponding to that of the extraordinary wave in the crystal.  

1. FORMATION OF CHANNEL WAVEGUIDE STRUCTURES 

Experiments on the development of waveguide elements were performed with a Y-cut Cu:LiNbO3 plate with 
sizes 30 × 3 × 15 mm along the X, Y, and Z axes, respectively. Copper ions were incorporated into the crystal using 
surface doping. For this purpose, Cu films ~200 nm thick were deposited on the XZ crystal surface by thermal 
sputtering in vacuum. Then the diffusion process in air proceeded at a temperature of 900С during 10 h. As a result, 
a Cu:LiNbO3 layer was formed in the subsurface region. The layer thickness was estimated by probing of the sample 
from the end face by radiation with λ = 532 nm and output power P = 2 mW. The light beam was focused onto the end 
face of the crystal using a spherical lens with the focal length F = 25 cm. The crystal was put on a linear translator with 
translation accuracy of 10 m. The sample was displaced relative to incident radiation with 50 m step size. The 
intensity of radiation transmitted through the crystal was recorded with a photodiode (PD). From the data obtained with 
the PD, the absorption coefficients in the crystal were calculated with a step size of 50 m. As a result, the dependence 
of the laser radiation absorption in the sample was obtained shown in Fig. 1. The doped layer thickness estimated at 
a level of 0.95 of the maximum coefficient α was h ≈ 200 m. 

Channel optical waveguides were formed at the expense of the photorefractive effect [13, 14] using the 
experimental setup whose block is shown in Fig. 2.  

A light beam from radiation source 1 for which we used a solid-state YAG:Nd3+ laser with frequency doubling 
(λ = 532 nm) and output power of 10 mW was focused onto the XZ surface of Cu:LiNbO3 sample 4 put on mobile table 
3 with microobjective 2 having magnification ×10. The light intensity distribution over the surface was recorded with 
a BS-FW-FX33 laser beam analyzer (LBA) interfaced to a personal computer. The focused beam diameter in the waist 
region at the level 1/e of the maximum intensity was ~20 m. Mobile table 3 represented a micrometric positioner and 
was used to set the sample position relative to the forming beam with accuracy of 5 m. 
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Fig. 1. Light absorption measured with radiation incident at the crystal end face. 
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The point-by-point surface exposure with sample displacement step size 20–60 m led to the formation in the 
subsurface Cu:LiNbO3 doped layer of areas with reduced refractive index whose lengths varied from 1 to 2 mm. The 
orientation of the polarization vector of acting radiation along the X axis of the crystal corresponded to that of the 
ordinary wave. To obtain the waveguide effect, the structures were formed consisting of two parallel bands oriented 
along the X axis of the crystal [13].  

2. INVESTIGATION OF THE INDUCED CHANNEL WAVEGUIDE STRUCTURES 

For the photovoltaic mechanism of electron transfer in the conduction band, the LiNbO3 refractive indices in 
the exposed areas decrease due to the photorefractive effect [3, 5]; therefore, the optical waveguide effect can be 
manifested between two neighboring areas. In our experiments, exposed areas represented parallel bands oriented in the 
direction of the X axis of the crystal. Each band was formed upon successive exposure of the LiNbO3 surface to the 
focused light beam and comprised a set of points. The number of exposure points and the distance between their centers 
was varied in different experiments. The distance between the band centers in different experiments was 40–60 m. The 
point exposure time in different experiments changed from 5 to 12 s. Inhomogeneities induced in the doped LiNbO3 
surface were probed by a He–Ne-laser collimated beam (λ = 633 nm) 1 mm in diameter (Fig. 3). 

Some results of probing of the formed structures are shown in Fig. 4. Figure 4а shows the result of probing of 
the waveguide structure homogeneous in the longitudinal direction. Two parallel dark bands in the central part of the 
figure were formed by inducing spots with a distance between their centers of 20 m. These bands show areas with 
refractive index reduced due to the photorefractive effect. A light band between them is the waveguide region. 
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Fig. 2. Block diagram of the experimental setup for forming channel 
waveguide structures comprising radiation source 1, microobjective 2, 
micrometer table 3, lithium niobate crystal 4, imaging lens 5, laser beam 
analyzer 6, and personal computer 7. 

 

Fig. 3. Schematic image of probing of induced waveguide structures. 
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Figure 4b shows the result of probing of the waveguide structure formed by inducing spots with a distance 
between their centers of 60 m. This case corresponds to the waveguide channel structure with periodic inhomogeneity 
in the longitudinal direction. The width of the waveguide region for homogeneous and inhomogeneous structures is 
~20 m. An example of the waveguide structures with variable spatial modulation in the longitudinal direction is shown 
in Fig. 4c. In the process of forming the induced structures, the step between exposure spots varied from 20 to 50 m. 

Formation of the photorefractive phase elements is complicated when the exposure band was oriented along the 
optical axis of the crystal [5]. This is due to the fact that the spatial charge field arises only at the boundaries of the 
exposure area perpendicular to the direction of the optical crystal axis. However, the point-by-point exposure of the 
crystal surface to a narrow light beam allows the waveguide structure along the Z axis of the crystal to be formed. 
Figure 5а shows the result of probing of the structure formed with displacement of the exposure spot along the Z axis of 
the crystal. The exposure step size was 60 m. 

The possibility of forming exposure areas along the Z axis of the crystal allows waveguide structures of 
complex topology to be induced in photorefractive layers. The typical example of the structure with complex topology 
is shown in Fig. 5b. Light beam exposure of channel optical waveguides was used in [15] for modulation of the 
parameters of rectilinear waveguide elements obtained by diffusion of titanium into the LiNbO3 substrate. The results 
obtained by the authors demonstrated that the point-by-point exposure can be used to form a more complex topology 
defined by the form of the light spot trajectory on the sample surface in the photorefractive layers of waveguide 
systems.  
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Fig. 4. Light images obtained by probing channel waveguide structures: a) longitudinally 
homogeneous, b) periodically inhomogeneous, and c) with variable degree of inhomogeneity. 
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Fig. 5. Light images obtained by probing of a) exposure band oriented along the optical crystal 
axis and b) induced structure with complex topology. 
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The change of the refractive index Δn induced by point-by-point exposure of waveguide structures in the 
surface crystal layer was quantitatively estimated using a Jamin interferometer. Interferograms were recorded by a CCD 
camera. An example of such interferogram is shown in Fig. 6. From the interferogram it can be seen that in the induced 
area of the crystal marked in Fig. 6, the phase shift of the interference band Δφ is observed compared with the sample 
without laser-induced changes of the refractive index. The phase shift of the interference bands was Δφ = 1.1π. The 
change in the refractive index Δn was quantitatively estimated from the formula [16]  

 Δ = (n1 – n2) d = Δnd, (1) 

where n1 is the refractive index of the crystal, n2 is the refractive index of the crystal changed upon exposure to laser 
radiation, d is the thickness of the doped layer, and Δ is the difference between the beam paths. Calculations 
demonstrated that the refractive index in the exposure area changed by n = 1·10–3. 

CONCLUSIONS 

Thus, the possibilities of forming the induced channel waveguide structures with spatial modulation of their 
parameters have been experimentally demonstrated. For point-like exposure, the opportunity arises to influence the 
longitudinal homogeneity of the waveguide channels and hence to form waveguide channels along the polar axis of the 
LiNbO3 crystal. This allows one to form in the doped surface crystal layer channel waveguides and their systems with 
complex topology determined by the light spot trajectory on the sample surface. Such structures admit repeated optical 
reconfiguration and can be used in optical devices of photonics. 
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Fig. 6. Light image at the exit from the Jamin interferometer with the examined sample 
inserted in one of the interferometer shoulders. 
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