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Abstract—Changes in the refractive index induced in the Cu-doped surface layer of a lithium
niobate crystal were investigated experimentally. The changes were induced by sequential point-by-
point exposure of an experimental sample by focused laser radiation at a wavelength of A = 532 nm.
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1. INTRODUCTION

The creation and development of devices for data retrieval, processing, and transmission on the basis
of integrated optics and waveguide photonics have attracted the interest of many researchers [1—5].
Elements of localization and conversion of light signals, such as waveguide and diffraction structures,
are of particular importance in integrated optics devices. Lithium niobate crystal (LiNbOj3) is widely
used for the implementation of various photonic devices on the basis of these structures [2—4, 6]. Bulk or
surface doping of LINbOj3 crystals with various impurities, such as iron (Fe), copper (Cu), titanium ( Ti),
and manganese (Mn), changes the optical and photorefractive properties of crystals [2, 7—9]. Unlike
bulk doping, surface doping of LiINbO3 makes it possible to use different concentrations of impurity ions
in the material structure in various parts of the same substrate. This makes it possible to implement
waveguide and diffractive structures with individual characteristics as well as complex topologies of
integrated optical circuits [2, 7, 10].

Due to the photorefractive effect in LiNbOj crystals, the integrated optical structures can be formed
by laser radiation [2, 6, 10—13]. Laser-radiation-induced changes in the refractive index in bulk-doped
samples of LiNbO3 and samples without impurities were addressed in [14—16].

The study [14] considered a bulk-doped Y -cut LiNbOj3:Fe crystal using a Mach—Zehnder inter-
ferometer. The crystalline sample was irradiated with a collimated laser beam (A =532 nm) with
a diameter of 0.2 mm and a power density of 60 mW/cm?. The authors of [14] also showed that
the induced changes in the refractive index along the optical axis of the crystal have an alternating
character. The level of negative changes in the refractive index after irradiation of the crystal reached
An, = —16 x 107* in 60 s and the level of positive changes reached An, =8 x 1074, In [15], the
changes in the refractive index were induced in an undoped LiNbOj crystal by an inhomogeneous
light field generated by a Michelson interferometer. The polarization of radiation in the experiments
corresponded to ordinary and extraordinary waves of the crystal. The CCD camera recorded the shift of
the interference pattern during laser radiation exposure. The induced changes in the refractive index in
the crystal reached the saturation level An, = 1,2 x 10~ for an ordinary wave and An, = 6,6 x 10~ for
an extraordinary wave. Paper[16]investigated the influence of thermal effects on induced changes in the
refractive index in LiNbOj3:Fe crystals under continuous local irradiation of experimental samples with
argon laser radiation (A = 515 nm). The light spot diameter was 130 um and the laser power density
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varied from 75 to 9000 W/cm?. The influence of temperature on the induced changes in the refractive
index An was observed when the sample was illuminated for several minutes with radiation of a power
density of around 450 W/cm? or more. The experiments on the illumination of samples by radiation
with a power density of 75 W/cm? showed that the changes in the extraordinary refractive index are
negative and reach An, = —6 x 107%. As the radiation power density increased to 9000 W/cm?, the
changes in the extraordinary refractive index became positive and amounted to An, = 7 x 10~*. This is
explained by the fact that at a high power density during local illumination, the sample heats up and the
inhomogeneous temperature change amplifies the spatially modulated positive pyroelectric field, which
is compensated after the illumination is turned off by the negative field of the spatial charge.

The changes in the refractive index in LiNbOj crystals can be optically induced in various ways, such
as using an amplitude mask [10] or focusing laser radiation with a cylindrical lens[17]. Accordingto[17—
19], optical induction of waveguide structures in doped LiNbOg crystals can be performed by sequential
point-by-point exposure by a spherical lens, forming a light beam on the crystal surface, which makes
it possible to specify the topology and spatial dimensions of waveguide structures during their formation
as well as to control the localization of laser radiation over the depth of the crystal [17—20].

This paper aims to experimentally investigate the changes in the refractive index induced point-by-
point by focused laser radiation in the surface layer of a Cu-doped LiNbOg crystal.

2. CHANGES INDUCED BY LASER RADIATION
IN A SURFACE-DOPED LiNbO3 CRYSTAL

The experiments used an X -cut lithium niobate crystal with dimensions of 1.25 x 10 x 14 mm along
the X, Y, and Z axes, respectively. The surface layer of the crystal was doped with copper ions. The
average concentration of ions in the crystal surface layer was Cg, ~ 16.8 x 10%* m~3 [21]. The depth
of the doped layer along the X -axis of the crystal was measured by laser beam probing (A = 633 nm)
according to the technique described in [20]. The experimentally measured normalized dependence of
the absorption coefficient v on the coordinate X of the crystal is shown in Fig. 1. It can be seen from
the graph that the largest part of the doping impurity is contained in the crystal surface layer with a
thickness of h =~ 300 pm.

Point-by-point formation of structures in the doped layer of the LiNbOj5 crystal was performed using
a solid-state YAG:Nd3* laser operating in the continuous mode with frequency doubling (A = 532 nm)
as a radiation source. The experimental sample was placed on a micrometer positioner with a shift
accuracy of 5 yum. The light beam was focused on the sample surface by a microobjective (Fig. 2a).
The light beam diameter was ~ 50 pm at the level of 0.1 maximum intensity. The polarization of laser
radiation corresponded to the extraordinary wave of the crystal. The power density of the light wave was
~500 W/em?. In different experiments, the exposure time of the surface layer by a single focused light
spot varied from 2 to 60 s. Induction of a set of points allows for the creation of regions in the form of
strips along the Y'-axis of a crystal with a changed refractive index (Fig. 2b). Each strip consisted of 40
dots located 25 pm away from each other.

Changes in the refractive index in the structures induced in the surface layer of LiNbO3 were
investigated by analyzing the interference patterns formed by the Jamin interferometer. The sample was
placed in one of the arms of the interferometer. This analysis makes it possible to determine the spatial
profile of induced changes in the refractive index even if the size of the inducing light spot is small [22].

The schematic of the experimental setup for studying the changes induced in the sample is shown
in Fig. 3a. The radiation source was a He—Ne laser (A = 633 nm) with light wave polarization parallel
to the optical axis of the crystal and output power of ~1 mW. The structures under study were probed
with collimated laser radiation directed to beam-splitting element 2, which splits the radiation into two
light beams. Sample 3 was placed with induced structures in one of the arms of the interferometer. The
second mirror 4 of the interferometer combined light beams, forming interference patterns, which were
projected by spherical lens & onto the matrix of CCD camera 6 connected to computer 7. Examples of
the resulting interferograms for 5- and 60-s exposures of the sample surface are shown in Figs. 3b and
3c. The regions of induced changes in the refractive index are marked with a dashed line.

The magnitude and nature of the induced changes in the refractive index in the crystal were
investigated by processing the obtained interferograms using the technique described in [14, 15, 23].
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Fig. 1. Absorption coefficient as a function of doping depth of the crystal.
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Fig. 2. Point-by-point induction of changes in the refractive index in the surface layer of a LiNbO3:Cu crystal: (a)
schematic of the induction process and (b) light pattern on the output face of the crystal, obtained by probing of point-
by-point induced regions.

Figure 4 shows an example of the reconstructed phase front of a light wave passing through the region
of induced changes. The phases were determined after filtering the spectrum obtained by a Fourier
transform of original interferograms. The interferograms before and after exposure of the crystal by
laser radiation are shown in Figs. 4a and 4b. The inverse Fourier transform makes it possible to
reconstruct the folded phase pattern with the removed phase component (Figs. 4c and 4d). However,
the discontinuities in the folded phase patterns do not allow the wave front in the region of induced
changes to be accurately reconstructed (Fig. 4e). These discontinuities can be eliminated by unfolding
the phases. Subtraction of patterns with a continuous phase distribution before and after laser-induced
changes makes it possible to reconstruct the phase front in the region of induced changes in the refractive
index (Fig. 4f). The interferogram shown in Fig. 4b was obtained with a 5-s exposure of a single point of
the induced strip.

Reconstruction of the wavefront of a light wave passing through the induced structure makes it
possible to estimate the magnitude and distribution of induced changes in the refractive index. The
changes in the reiractive index An, along the Z-axis of the crystal at different exposure times can be
determined by the formula [13—16]

_ AMAp(2)

An(z) - 27wa ) (1)
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Fig. 3. Induced changes in the refractive index in the surface layer of a LiNbOgs crystal: (a) schematic of the
experimental setup based on a Jamin interferometer; (b) interference pattern in the region of changes induced during a
5-s exposure of a single point in the strip; and (c¢) interference pattern in the region of changes induced during a 60-s
exposure of a single point in the strip.
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Fig. 4. Stages of visualization of induced changes in the refractive index in a surface-doped LiNbO3:Cu crystal with
a b-s exposure of a single point: (a) interferogram before crystal exposure; (b) interferogram after crystal exposure;
(c) folded phase obtained from interferogram (a); (d) folded phase obtained from interferogram (b); (e) difference
between folded phases (¢) and (d); and () phase front of the wave passing through the region of induced changes.

where A is the wavelength of radiation in the interferometer; Ap(2) is the phase shift, and d,, is the depth
of induced changes in the refractive index along the X -axis of the crystal.

In formula (1), the phase shift Ap(z) of interference strips induced by the region with a changed
refractive index was averaged over the entire length of the induced strip. The depth of induced changes
dx along the X -axis of the crystal were determined through additional studies. Regions with a changed
refractive index in the form of strips with a length of ~ 750 pum were formed near the end of the crystal by
point-by-point exposure by light with a wavelength of 532 nm. Each strip consisted of 30 dots located
25 pm away from each other. The exposure time of the crystal with a single focused light spot varied
from 2 to 60 s.

A typical example of interferograms from the end surface of the sample (X Z-plane), obtained by
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Fig. 5. Interferogram at the end of the crystal: (a) before exposure of the Y Z-surface; (b) in the region of the exposed

strip (with a 5-s exposure by one spot); (¢) reconstructed phase front in the region of the induced strip; (d) induced
changes in refractive index An, along the X -axis of the crystal.
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Fig. 6. Induced changes in refractive index along the optical axis of the LINbO3:Cu crystal at a time of exposure by a
single spot: (a) 5; (b) 10; (¢) 60 s.

placing the crystal in one of the arms of the Jamin interferometer before and after induced changes is
shown in Figs. ba, 5b. An example of the reconstructed phase front is shown in Fig. 5¢c. The induced
changes in the refractive index An, along the X-axis of the crystal, obtained in this experiment at
different exposure times are shown in Fig. 5d. The maximum induced changes in the refractive index
occur in the doped layer of the crystal with a thickness of d, = 300 um. At a depth of 600 pm, there are
almost no changes in the refractive index induced in the crystal.

The changes in the refractive index An, of the surface layer along the Z-axis at different exposure
times were calculated taking into account the depth of induced changes in the refractive index along
the X-axis of the crystal. The induced changes in the refractive index along the optical axis of the

LiNbOg3:Cu crystal, averaged over the entire length of the strip with a changed refractive index and at
different exposure times for a single spot are shown in Fig. 6.

[t can be seen from the above presented graphs that the changes in the refractive index along the

optical axis of the crystal have the following character: a dip with a negative change in the refractive
index is generated in the center of the illuminated area and hills with a positive change are generated at
its edges.

In the experiments with point-by-point exposure of a LiNbO3:Cu crystal, the negative and positive
changes in the refractive index reach the saturation level An, = —28 x 10~* and An, = 7,5 x 10~*
within 40 s. With an increase in the illumination time to 60 s, the level of changes in the refractive index
remains almost unchanged.

Exposure of the surface-doped LiNbOg3:Cu crystal by focused laser radiation leads to significant
changes in the refractive index in the illuminated region inside the surface layer. Since the power density
in the experiments did not exceed 500 W/cm?, the contribution of temperature effects to the change

OPTOELECTRONICS, INSTRUMENTATION AND DATA PROCESSING Vol. 58 No.2 2022



152 BEZPALY et al.

in the refractive index can be neglected [16]. The main contribution to the induced changes An of the
sample is due to the photorefractive effect. The estimate for the space charge field Ey. based on the
experimentally obtained values of induced changes An varies from 3 x 10* to 2 x 10° V/cm (at different
exposure times). The magnitude of the space charge field Fy. coincides with the calculated values given
in[8, 24, 25].

3. CONCLUSIONS

Changes in the refractive index induced by focused laser radiation in the surface layer of a LiNbOg
crystal have been experimentally investigated. When the crystal was exposed by continuous radiation
with A = 532 nm and extraordinary polarization, the peak negative changes reach An, = —28 x 1074,
[t has been shown that the magnitude of the induced changes in the refractive index can be controlled by
changing the crystal exposure time. The spatial profile of induced changes in the locally illuminated area
has an alternating character. The results obtained in this paper can be used in modeling and designing
integrated optical circuits, hybrid and all-optical devices.
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