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Abstract

The Bi;,TiOy thin films with high optical quality were grown from the melt on a substrate of Bi;»SiO,y and
Bi;;GeO,, single crystals by two methods: LPE and crystallization from finite volume (CFV). The results of
experimental investigation of time evolution of light-induced absorption in BTO:Cu waveguide are presented. All
structures show a nearly equidistant spectrum of nee with intervals from 2 x 107> to 5 x 107>, The time evolution of

light-induced absorption is qualitatively different for the lowest and the highest modes in the waveguide.
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1. Introduction

The interaction of light waves in photorefractive
crystals plays an important role in development of
devices for optical data processing. BijxM O+ s
(M—elements of II-VIII groups or their combina-
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tions) crystals with sillenite-type structure are
advanced materials for integrated optics. Bij,-
TiO,y (BTO) is a photorefractive crystal, which
has numerous applications in two-beam coupling,
and four-wave mixing experiments. The light
propagation through photorefractive waveguide
can give rise to extend the light band intensity,
which is important for development of integrated
optic modulator [1-4].

The effects of photoinduced absorption of light
[4,5] and two-beam interactions on photorefractive
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grating [6,7] in planar waveguides based on
sillenites were observed.

In the present work, results of research of
characteristics of the planar optical waveguides
of BTO deposited on Bi},SiO,, (BSO) and
Bi;,GeO,, (BGO) substrates are presented.

2. Technology of formation of waveguides

The BTO thin films with high optical quality
were grown on a substrate of BSO and BGO single
crystals by crystallization from the melt. The
substrate wafers, representing the plates with the
cross sizes 20 x 30 mm? and thickness of 2-4 mm,
have been preliminarily cut from the boules
along the (1 10) or (100) axes and subsequently
polished flat and parallel. The following epitaxial
layers both of undoped and doped BTO have
been deposited on BGO (BSO) substrates by
LPE method or crystallization from finite volume
(CFV): BTO/BSO, BTO/BGO, BTO <Cu > /BSO,
BTO <Cu>/BGO, BTO<Ca+Ga>/BGO. The
initial composition of the melt has the concentra-
tion of 7.0 or 8.0mol% TiO,. Doping of the
crystals with Cu, Ca, and Ga is performed by
adding the corresponding oxides in amount of
0.1 wt% to the melt. In a typical LPE experiment,
the substrate is dipped into a Pt crucible (~50 cm?)
with a slightly supercooled melt of the desired film
composition. The actual degree of supercooling of
the melt produces growth rate in order of 1-2 um/
min. Growth of epitaxial layers was carried out at
constant supercooling of the melt at 2—4 °C relative
to the liquidus curve. The crystals were grown over
a period of time, which allowed the production of
layers from 50 up to 150 um. These heterostruc-
tures were pulled out from the melt and cooled at a
rate no more than 40°h™". In CFV the uniform
layer of BTO dispersed powder, whose amount
provided crystallization of a layer with thickness
200-300 um, was placed onto (100)- or (110)-
oriented BSO (or BGO) wafers. Thereafter this
structure was placed in a platinum cuvette and put
into a resistance furnace. The furnace was heated
at a rate of ~60°h™" to the melting point of BTO.
After the formation of the layer of BTO melt, the
furnace was cooled at a rate of 0.1°h™' to the

temperature of 800°C. 15min of heating at
melting point allows to grow high-quality bub-
ble-free BTO thin films. Then the cooling rate was
increased to 30-60°h~'. An as-grown layer was
subsequently polished up to 15-50 um thickness.

He—Ne laser with wavelength of A= 0.633nm
and capacity of radiation Py = 40 mW was used in
experiments with waveguide characteristics and
absorption photoinduced effects. We have used
rutile or GaP prisms to coupler beams of He—Ne
laser into and out of the waveguide. Measurement
of a spectrum mode of optical waveguides was
carried out by a standard technique [8].

3. Waveguide properties of epitaxial structures

The basic characteristics of the waveguide 1
received by a method of CFV, and the waveguides
2-10, which have been prepared by crystallization
from a solution in the melt, are shown in Table 1.

The effective refractive indices n.g of the TE and
TM modes for fabricated sillenite structures were
measured by the method of prism coupling at the
light wavelength of 633nm. All structures show
practically an equidistant spectrum of n.g with
intervals from 2 x 107> to 5 x 10~ suggesting that
the profile of refractive index for a waveguide layer
can be approximated by the parabolic function:

x2

n(x) =ny — An R (1)
w

where n,, is the refractive index of waveguide layer
at the interface with a cover, and An and h,, are the
parameters of parabolic distribution. The para-
meters ny, An, and h,, as well as a number of the
feasible TE modes for some fabricated structure
are presented in Table 1. We also observed in the
studied waveguides the TM modes with the same
intervals in a spectrum of nqg as for TE modes.

4. Light-induced absorption in waveguide structure
BTO:Cu/BSO

Time evolution of light-induced absorption is
studied for the waveguide involving BTO:Cu layer
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Table 1
Examples of fabricated planar waveguides
Waveguide layer Substrate and Refractive Parameters of parabolic profile Number of TE
its orientation index ny, modes
An hy (um)
1. BTO BGO (110) 2.557 0.0004 for lower modes 30 40
2. BTO BGO (110) 2.556 0.019 12 9
3. BTO:Cu, 0.11wt% Cu BSO (100) 2.535 0.030 15 7
4. BTO BSO (110) 2.586 0.050 10 10
5. BTO, 8 mol% TiO, in a mixture BGO (110) 2.552 0.027 10 9
6. BTO BSO (110) 2.550 0.012 4 3
7. BTO BSO (100) 2.561 0.020 13 9
8. BTO, 7mol% TiO, in a mixture BSO (110) 2.577 0.024 8 7
9. BTO:Cu, 0.11 wt% Cu BSO (110) 2.555 0.030 20 15
10. BTO:Ca+ Ga BSO (110) 2.560 0.026 20 14
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Fig. 1. The experimental setup for the investigation of light- 0 1000 2000 3000 4000 5000 6000
induced absorption in planar waveguides. t,s

formed on the (100)-cut BSO substrate (see row 3
in Table 1). The scheme of the experimental setup
is shown in Fig. 1. The light beam emerging from a
He—Ne laser with wavelength of 633 nm is turned
on and off by a shutter to observe the build up and
dark decay of light-induced absorption. The beam
is focused and coupled to the waveguide by the
coupling prism CP1. The input light is also split by
glass slide GS and monitored by photodiode PD1.
The output light is in-coupled from the waveguide
by prism CP2 and its power is measured by
photodiode PD2. Between the experiments, the
waveguide was screened from extraneous illumina-
tion by an opaque box. During the experiments,
the waveguide can be illuminated through the
substrate by an incoherent red (wavelength of
660 nm) or green (525 nm) radiation from the light-

Fig. 2. Evolution of the changes in the absorption coefficient
Ao(t) for TM and TM; modes in the waveguide BTO:Cu/BSO.

emitting diode (LED). The imaging lens allows for
illumination of the waveguide layer between
coupling prisms by ring spot with a diameter of
3 mm and with maximal intensity of 50 and 8 mW/
cm? for red and green light, respectively.

The time dependences of changes in light
absorption, Aa(¢), self-induced on the modes
TM, and TM5 in the waveguide are shown in
Fig. 2. One can see that the time evolution of light-
induced absorption is qualitatively different for
the lowest and the highest modes. In particular,
dependence Ao(?) has a non-monotonous behavior
for TMy, mode. A slow prolonged component of
light-induced absorption is observed both for TM,
and TM; modes. However, this component causes
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the decrease in light absorption for TMy mode and
growth for TM; mode at #>200s. It is assumed
[9,10] that the defect donor and trap centers are
responsible for light-induced absorption in sillenite
crystals. The observed distinctions indicate that
these centers have an inhomogeneous distribution
on the depth of epitaxial structure BTO:Cu/BSO.

Fig. 3 shows typical time dependence for build
up and dark decay of light-induced absorption for
TM, mode. Upon turning on the laser beam at
t>0 time behavior of Aw(?) is the same as in Fig. 2.
Turning off of this beam at r = 2100 s results in the
decay of induced changes in the waveguide.
Thereafter the beam is turned on during the short
interval ~3s only to measure the changes in Aa(?).
It can be seen that the exciting TM, mode in this
case causes the growth in light absorption of no
more than 0.03cm~'. The dark decay during
3300s results in waveguide light absorption
approximately the same as before the start of this
experiment. However, the behavior of Aw(t) after
the second turning on the beam at t = 5400 for a
long time does not replicate one at 0<¢<2100s.
This suggests that illumination of the waveguide
layer by TMy mode causes a redistribution of
charge carriers on the donor and trap defect
centers. However, the resulting distributions for
the charged and neutral defects have a complicated
pattern and do not decay to an initial form during
the time used for dark exposure.

We did not observe the noticeable changes in
absorption for all waveguide TM modes under the
illumination of the epitaxial structure by red

Ao, cm
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Fig. 3. Build up and dark decay of light-induced absorption for
TM, mode in the waveguide BTO:Cu/BSO.
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Fig. 4. Evolution of light-induced absorption at TM, mode in
the structure BTO:Cu/BSO at the additional illumination of
waveguide layer by green incoherent light during the time
intervals from 600 to 1200s and from 3000 to 3600s.

incoherent light (see Fig. 1) with the wavelength
of 660nm and intensity of 50mW/cm?. The
illumination of the waveguide by green light
(525nm, 8 mW/cm?) from LED turned on at ¢ =
600 and 3000s results in the increasing of TMg-
mode absorption (633nm) approximately at
0.08cm~! (Fig. 4). A comparison of Figs. 3 and
4 shows that green illumination of the waveguide
causes qualitative modification of a time evolution
of light-induced absorption for TM, mode at a
wavelength of 633 nm: instead of the decrease for
Aa(?), its growth at £>1200s is observed. We also
observed in the experiments the decrease in a
sensitivity of waveguide absorption to green
illumination with the number of TM modes. This
kind of behavior confirms the assumption relative
to an inhomogeneity in distributions of the donor
and trap centers on the waveguide layer because
the depth where the main power of waveguide
mode is transferred increases with its number.

5. Conclusion

The characteristics of the planar optical wave-
guides BTO/BGO, BTO:Cu/BSO at various or-
ientations are investigated. The dynamics of the
absorption coefficient variation in a planar photo-
refractive BTO/BSO waveguide has been studied.
It has been shown that their optical absorption
may significantly change due to irradiation by low-
intensity incoherent green light from LEDs.
This fact suggests that the optical control of
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photorefractive soliton characteristics in such
waveguides is possible.
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