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Abstract

We experimentally demonstrate strong photorefractive self-focusing and soliton formation in Rh-doped strontium—
barium niobate waveguides at telecommunication wavelengths up to 4 = 1.5 um. A comparison of soliton formation at
different wavelengths in the visible and infrared region is carried out. We measure the electrooptic coefficient 33, analyze
the soliton width, the accessible intensity range, and the wavelength dependence of the so-called ‘dark intensity’. © 2001

Elsevier Science B.V. All rights reserved.

PACS: 42.65; 42.79; 78.20
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1. Introduction

Self-trapping of light beams in ferroelectric
oxide crystals has been intensively investigated
since the first prediction of photorefractive solitons
in 1992 [1]. In particular, soliton formation was
observed in Sr;_,Ba,Nb,O; (SBN) [2], KNbO; [3],
and Bi;;TiOy [4]. In these crystals, the photore-
fractive effect can lead to the self-focusing of a
light beam. If the natural diffraction of the light
is exactly balanced by the self-focusing, a spatial
soliton is formed.

Photorefractive solitons possess favorable
properties in forming and steering light beams and

*Corresponding author. Fax: +49-541-969-3510.
E-mail address: motte@sedan.uni-osnabrueck.de (M. Wes-
ner).

therefore are often proposed for applications in
all-optical signal processing [5,6]. For this purpose,
the soliton properties around the telecommunica-
tion wavelengths of 1.3 and 1.5 um need to be
investigated. However, up to now, photorefractive
solitons at these wavelengths have only been ob-
served in semiconductors like InP:Fe [7]. In ferro-
electric crystals, the photorefractive effect usually
requires visible light to excite charge carriers
from impurity levels in the broad band gap.
Therefore, in the past, investigations of self-trap-
ping phenomena have been concentrated on this
wavelength region. Concerning telecommunica-
tion applications, it was suggested to induce soli-
tons with visible light and to guide intense infrared
beams in the induced channels [5,8]. This, how-
ever, is only practicable if the infrared beam itself
has no influence on the photorefractive process.
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Refractive index changes which can be induced
by infrared light are often small and do not cause
noticeable effects. To our knowledge there is only
one publication dealing with a photorefractive
one-photon process at telecommunication wave-
lengths [9] in an oxide crystal: Two-beam coupling
is demonstrated up to A = 1.5 pm in a high-dose
ion-implanted KNbO; waveguide. Efficiency and
build-up speed of the holographic gratings are
shown to decrease considerably with increasing
wavelength. However, we will demonstrate here
that soliton formation is possible even with small
refractive index changes achievable in the infrared.
This can be understood in the following way: A
soliton can be regarded as a light beam that in-
duces its own waveguide [10]. For guided modes it
is well known that any small localized refractive
index change can guide a wave, if the corre-
sponding mode is broad enough. Spatial solitons
are formed just like this: the soliton becomes
broader with increasing wavelength due to the
smaller refractive index change, but nevertheless a
stable soliton can be created.

In this contribution we investigate self-focusing
and soliton formation at telecommunication
wavelengths using a planar SBN waveguide. We
demonstrate that focusing strengths and build-up
times of the same magnitude as in the visible
wavelength region are possible. A comparison of
soliton formation at different wavelengths in the
visible and infrared is provided.

2. Theoretical background

The photorefractive effect is induced by an in-
homogeneous intensity distribution, for instance a
single Gaussian beam. In ferroelectric oxide crys-
tals the illumination produces charge -carriers
which are then redistributed. The dominating
charge transport mechanism responsible for self-
focusing and soliton formation is drift in an ex-
ternal electric field [11]. The diffusion mechanism
mainly causes a lateral bending of the beam and is
neglected in this investigation [12]. After drift-
induced redistribution, retrapped charges build up
a space charge field £, which changes the refrac-
tive index via the electrooptic effect,

An = —%nirgEsc. (1)
Here n. denotes the extraordinary refractive in-
dex and r3; is the element of the electrooptic ten-
sor according to our experimental geometry. The
space charge field E, for self-focusing can be
written as [13]
Iy 1

Esc - Eext [d I Ib(x) - Eext 1 + Ib (X)S/ﬁ’ (2)
with Iy := B/s. Here I,(x) is the transverse beam
intensity distribution, f is the thermal and s is the
photoexcitation rate. A reduced photoexcitation
rate s at infrared wavelengths will result in a
smaller amplitude of the space charge field and a
smaller refractive index change An.

The parameter /4 is usually referred to as ‘dark
intensity’. Despite its name, Iy depends on light
wavelength. The excitation rates are connected
with the densities of thermally and photoexcited
charge carriers, ng and npy, by

Np — N

'VNS (ﬁ"‘slb), (3)

n=ng+ npy =
with y as the recombination coefficient, and Np
and N, as the concentration of donors and ion-
ized donors, respectively. The free charge carriers
density n is responsible for a conductivity

oc=04+ aghlb = eu(nq + npn)

Do
=eu (nd + W1b> . (4)

Here o4 denotes the conductivity in the dark, e the
electron charge, and u the mobility of the charge
carriers. The specific photoconductivity agh is de-
termined by the photon energy hiv, the quantum
efficiency @ for excitation of a charge carrier, the
charge carrier lifetime 7, and the absorption con-
stant a.

By comparison we get the following expression
for the wavelength dependence of the dark inten-
sity:

5 A nghe /A
la(2) s(4) ~ a%(2) — d(A)ra() (5)

with ¢ as the light velocity.
The space charge field E,. depends on the ratio
I,/Iy. Therefore data are usually referred to
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ri=I™ /14, with I;"* as the maximum value of the
beam intensity distribution. The refractive index
change caused by the space charge field has to be
introduced into the wave equation. Looking for
constant soliton solutions, the soliton intensity
profile and its width w, can be obtained numeri-
cally [13], or by analytic approximation [14]. Here
the soliton width wy for a given intensity ratio r is
shown to be solely dependent on a parameter
& =k’ntrysEex, with k=2mn/2 [13,14]. The so-
called ‘existence curves’ [15,16] relate the beam
width wy to the intensity ratio r at a fixed wave-
length and external electric field. These curves re-
veal an absolute minimum of wy for r ~ 1 and a
monotonous increase of the beam width to smaller
as well as to larger intensity ratios [17]. Increasing
wavelength or decreasing external electric field
leads to existence curves with larger beam widths.

3. Experimental

In our experiments we mainly use as-grown, y-
cut Sr0_61B30_39Nb206 (SBN61), doped with 2000
ppm Rh in the melt. The incorporation coefficient
of Rh into SBN61 is well below 1. The crystal
dimensions in x, y and z direction are 1.7, 2.5, and
7.8 mm, respectively. Here x is the direction of the
ferroelectric ¢ axis and z is the propagation direc-
tion of the light beam. Crystals from the same
boule with other dimensions, and samples with
other dopants (Ce,Cu), are investigated, too. Pla-
nar waveguides are fabricated by 2 MeV He™ im-
plantation at a dose of 10" ions/cm? [18], resulting
in a barrier waveguide of 5 um thickness. The im-
plantation dose is deliberately chosen to minimize
the influence of the ion-implantation on the photo-
refractive properties of the waveguiding layer. Rh
doping enhances the absorption mainly in the blue-
green wavelength region, while in the infrared the
absorption is low. The crystal faces perpendicular
to the ¢ axis are contacted with silver paste elec-
trodes, by which electric fields up to Ee = 13 kV/
cm are applied along the direction of the ¢ axis.

We use a standard setup for endface coupling of
the light of different lasers into the waveguiding
layer [19]. A microscope lens (20x magnification,
focal length /= 9 mm) focuses the light onto the

input face of the waveguide. A second microscope
lens (40x magnification) is used to image the light
distribution at the endface of the waveguide onto a
calibrated IR camera system.

An additional feature of the setup is a cylin-
drical lens ( f = 300 mm), acting on the x direction.
It is placed in front of the first microscope lens,
approximately at a ‘2f” distance (309 mm) to it.
Thereby, beams with a nearly constant width
along x of about 40 um throughout the propaga-
tion length inside the crystals are produced. This is
about twice the expected soliton width, and thus a
soliton cannot exist from the input face of the
crystal on. Instead, ‘tapered’ solitons may form
after some propagation inside the crystal.

This is not the usual method of producing sol-
itons, so some explanations have to be given. The
photorefractive soliton has attractor properties
[20], which means, that it can by itself evolve from
any intensity distribution that is close enough to
the exact soliton profile. Here Gaussian input
beams with widths close to the soliton width have
been shown to be a good approximation [17,20,
21]. Input profiles much wider than the soliton
profile are known to split or to show oscillations in
width [20,22]. However, we never notice distinct
oscillations of the beam width nor an enhanced
tendency of the soliton to split. The more common
method to produce solitons is to use an input beam
which is focused down to the expected soliton
width at the input face of the crystal, and which
becomes strongly divergent while propagating in-
side the crystal. In our experiments with infrared
light, we were not able to achieve soliton forma-
tion with this configuration. By part, we attribute
this to the fact that the Gaussian input beam is
only an approximation of the soliton profile. Us-
ing wider input beams, the beam can reshape itself
during propagation by the self-focusing process.

4. Results and discussion

A sufficient large electrooptic coefficient is
essential to induce noticeable refractive index
changes. We measure the electrooptic coefficient
r33 for different wavelengths by an interferometric
technique [23]. The results are summarized in Fig. 1
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Fig. 1. Electrooptic coefficient r3; versus wavelength A for a bulk
SBN crystal doped with 300 ppm Ce. The dashed line is a guide
to the eye.

for a slightly doped (300 ppm Ce) bulk crystal.
Obviously, the electrooptic coefficient rs; is still
quite large in the infrared, with a value of 214 pm/
V at /. = 1.3 pm. For ion-implanted waveguides we
observe qualitatively the same wavelength depen-
dence. However, the r3; values are reduced by
factors of 0.9-0.6 in the different waveguide sam-
ples, probably due to inhomogeneous poling after
implantation.

To investigate the photorefractive self-focusing
properties of SBN at telecommunication wave-
lengths, we first use a DFB laser at A = 1556 nm
with a power of 2 mW. In Fig. 2 the beam intensity
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Fig. 2. Intensity distribution 7, at the endface of the waveguide
for 2 mW input power at A = 1556 nm. (- - -) without external
electric field Eqy; (—) Eex = 12 kV/em.

distribution 7, versus the x position at the endface
of the waveguide is shown, with and without the
external field E., applied. A strong focusing oc-
curs for Eeq = 12 kV/cm and an intensity at the
endface of the waveguide of about 5 W/cm?. Less
pronounced, but distinct photorefractive self-
focusing can be observed down to much lower in-
tensities that are at the detection limit of our IR
camera. The minimal detectable intensity at 1 =
1556 nm is about 250 pW/cm? at the output face of
the crystal corresponding to an input laser power
of only 100 nW.

To check the influence of the ion implantation,
we perform analogous experiments in the bulk of
the crystal. The beam focuses as well, however, we
do not reach a solitary state. This can be explained
from the reduced stability of one-dimensional
solitons in three-dimensional media compared to
two-dimensional planar waveguides [17,22]. Fur-
thermore, we test self-focusing at A = 1556 nm in
crystals with other dopants, i.e., 5000 ppm Rh, 300
or 600 ppm Ce, and 500 ppm Cu, and in nominally
pure SBN. All other crystals show more or less
pronounced self-focusing effects, too. The small
influence of the doping is plausible if we assume
that its main influence is an absorption enhance-
ment for visible light. At telecommunication wave-
lengths, however, absorption enhancement is
negligible for all these dopants.

Next we investigate the soliton formation pro-
cess for the 2000 ppm Rh-doped waveguide with a
150 mW laser at A = 1480 nm in more detail. In
Fig. 3 we illustrate the dependence of the beam
width wy on the externally applied electric field
E.. The three different input powers, corre-
sponding to beam intensities at the waveguide’s
endface of about 20, 80, and 300 W/cm?, represent
three different intensity ratios r. For all laser pow-
ers, we see strong self-focusing of the light beam
for Ey up to 7 kV/ecm. At larger external fields
E., however, the continuous focusing breaks off
for the higher input powers 34 and 130 mW. In-
stead, a nearly constant beam width is reached,
which is only slightly decreasing with E.. This flat
part of the wy versus E., curve is the range where
solitons are formed, as it is also observed with
visible light [19]. The onset of the flat part is de-
pendent on wavelength and intensity, and can be
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Fig. 3. Beam width wy versus external electric field E, for three
different input powers at 4 = 1480 nm (markers). The lines are
guides to the eye.

reached at lower external electric fields if a
(slightly) smaller input beam is used.

We verify the soliton existence by checking the
output of crystals cut from the same boule, but
with different propagation lengths. With the input
beam geometry kept constant, we get nearly the
same results in the range of external electric fields
where solitons are produced. This is shown in Fig.
4, exemplary for the wavelength 1310 nm and an
external electric field E. = 8 kV/cm. The beam
width at the input faces of the crystals is 44 pum,
and this is also the approximate beam width at the
endfaces after introducing the three crystals with
the lengths z = 1.7, 5.2, and 7.8 mm, respectively.
The beam intensity, measured at the crystal’s
output face, is adjusted to /™ = 1050 W/cm?.
While the shape of the output beam at z = 5.2 and
7.8 mm is nearly the same, for the 1.7 mm crystal a
distinct scattering background is observed. How-
ever, the soliton is in principle formed out even
after this small propagation length. We usually
notice some losses in the convergence from the
wider input beam into the soliton, but they in
general do not exceed 10%.

As a further confirmation of the soliton for-
mation, we experimentally check the shape of the
corresponding existence curve. Here we launch
input beams with widths around 40 um, using
again the 1480 nm laser and the 7.8 mm long

z=17mm z=7.8mm
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Fig. 4. Beam profiles at the crystal’s output face in three 2000
ppm Rh-doped waveguides from the same crystal boule with
different lengths z = 1.7, 5.2, and 7.8 mm, for 4 = 1310 nm. The
input beam width, the intensity at the output faces, and the
applied external electric field are wy = 44 um, ;™ = 1050 W/
cm?, and E,,, = 8 kV/cm, respectively. The solid Gaussian curve
is a guide for the eye.
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Fig. 5. Beam width w, for different intensity ratios r at A = 1480
nm. The markers are measured values, and the solid line is the
calculated existence curve.

crystal. An external electric field of 6 kV/cm is
sufficient to be in the solitary range. In Fig. 5, the
circles mark the beam widths wy, (FWHM) for
different intensities /"**, measured at the crystal’s
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output face. The solid line is the calculated exis-
tence curve, i.e., the dependence of wy on the in-
tensity ratio r = I /I, for the parameters of our
experiment. Here we use 4 = 1480 nm, E =6
kV/icm, n. =2.20, and r3;3 = 120 pm/V. The un-
known parameter in superposing the two graphs is
the dark intensity /; at 4 = 1480 nm, which is the
scaling factor between the two abscissae. In the
ion-implanted waveguides, values of /; cannot be
obtained by conventional conductivity measure-
ments, because the waveguiding layer cannot be
isolated from the highly conducting barrier layer
and the substrate, respectively. Therefore the
comparison of theoretical and measured existence
curve provides a useful method to gain informa-
tion about the important parameter /3. From Fig.
5, we can deduce the dark intensity /; = 300 &+ 70
W/cm? for this waveguide at a wavelength of 1480
nm.

Obviously, with I3 = 300 W/cm?, the experi-
mental data adequately coincide with the theoret-
ical existence curve. A more accurate fit would
require higher laser powers to reach the right-hand
side of the existence curve. Moreover, at the left-
hand side of the existence curve, we observe a
deviation from the theoretical curve for r values
smaller than 0.1. In part, this might be caused by
the use of a narrow input beam in this experiment,
which is too small to form the wider solitons.
However, even for wider input beams we find that
such deviations appear at intensity ratios r of the
order of 0.01. Apparently solitons cannot be
achieved experimentally for any small intensity /.
The most probable reason is the use of Gaussian
input beams instead of the exact solitary intensity
distributions. The Gaussian beam becomes a
worse approximation for the soliton profile and
the convergence rate from the Gaussian input
beam into a solitary regime decreases [24,25] as
one moves away from the minimum of the exis-
tence curve at r = 1.

The comparably high value of I; at 1 = 1480
nm can be explained by the wavelength depen-
dence of the dark intensity. To investigate this, we
look at the existence curves at different wave-
lengths. In the SBN waveguides we can induce
solitons and measure existence curves throughout
a wavelength range from A= 0.5 to 1.5 pm, and
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Fig. 6. Beam intensity /4 versus wavelength 1. The dashed line is
an exemplary fit.

can compare them to the theoretical curves as
shown in Fig. 5. However, it is important to notice
that 7y can be estimated even without calculating
the exact theoretical curve, since the existence
curves attain their minima for a fixed value, i.e.,
r=1I"/I;~1. In Fig. 6, we display the beam
intensities Iy o Iy < /s at the minima of the
corresponding existence curves for different wave-
lengths. The values of Iyn increase from 0.03 W/
cm? at 4 = 543 nm to 1200 W/cm? at A = 1310 nm
and decrease again for 1 = 1480 nm.

A monotonous increase of the dark intensity
with wavelength seems to be most probable when
looking at Eq. (5). The origin of the maximum at
A= 1310 nm is not yet clear. As can be seen from
Eq. (5), a maximum of the absorption as well as a
minimum of the quantum efficiency near A = 1.3
pm is a possible explanation. The infrared ab-
sorption of the waveguiding layer is difficult to
measure because it can hardly be separated from
scattering and tunneling losses. In the bulk mate-
rial, we measure an absorption which is almost
exponentially decaying with wavelength and has
no further maximum in the infrared region.
However, the introduction of additional absorp-
tion bands was sometimes mentioned after ion
implantation [9]. On the other hand, the quantum
efficiency could have a minimum near 1.3 pm. As
an example, the dashed fit in Fig. 6 uses for the
quantum efficiency a simple quadratic dependence
on wavelength, while the absorption is assumed to
be the same as measured in the bulk material.
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Additionally, incoherent background illumination
is often used to enhance the dark intensity [21]. As
Fig. 6 demonstrates, only a strong background
illumination, comparable to Iy = Iy, can influ-
ence the soliton formation at A = 1310 nm in our
SBN waveguides. Indeed at A = 1310 nm a much
higher background intensity is needed to influence
the solitary intensity distribution than at 2 = 1480
nm.

Finally, the soliton formation times for infrared
light are important to be mentioned. The soliton
formation time is about 1 s until a steady state is
reached, and is thus approximately the same as for
visible light [19]. This observation coincides with
assumptions based on numerical simulations
[26,27].

5. Conclusions

Photorefractive soliton formation should, in
principle, be possible for any small refractive index
change. A decrease of the refractive index change
simply causes a broadening of the soliton. Such a
dependence is well known for guided modes and is
just what is demonstrated by the form of the ex-
istence curves. We thus demonstrate that photo-
refractive soliton formation is possible even at
telecommunication wavelengths around 1.5 pm.
Here, SBNG61 is shown to be well suited because of
a large electrooptic coefficient r33 that is still about
200 pm/V in this wavelength region.

The range of beam intensities to induce photo-
refractive solitons is experimentally limited. In the
SBN waveguides, the telecommunication wave-
lengths are characterized by large values of the so-
called ‘dark intensity’ /3. Compared to the visible
wavelengths region, the beam intensities have to be
some orders of magnitude larger to reach the fa-
vorable region of intensity ratios r=1, i.e.,
around the minimum of the corresponding exis-
tence curve.

The soliton existence curves provide the possi-
bility to measure the wavelength dependence of the
dark intensity /;. In the infrared wavelength region
we observe large values of the dark intensity of the
order of 103 W/cm?.

While for other photorefractive phenomena,
e.g., two-beam coupling, the time constants sig-
nificantly increase with wavelength, this is not the
case for photorefractive solitons. We observe in
the infrared soliton formation times of about 1 s
until a steady state is reached, which are almost the
same as those for visible light.
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