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Abstract Photovoltaic photorefractive binary waveguide
arrays are fabricated by proton implantation and selective
light illumination on top of an iron-doped near stoichiomet-
ric lithium niobate crystal. Linear discrete diffraction and
nonlinear formation of gap solitons were investigated by
single-channel excitation using Gaussian light beams cou-
pled into either wide or narrow waveguide channels. The re-
sults show that, at low power, linear light propagation leads
to discrete diffraction, whilst for higher input power the fo-
cusing mechanism dominates, finally leading to the forma-
tion of gap solitons in the binary waveguide arrays. Our
simulation of light propagation based on a nonlinear beam
propagation method confirms the experimental findings.
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1 Introduction

Wave propagation in periodic media is characterized by
a dispersion relation showing both pass bands and stop
bands [1]. Within a linear theory, only a wave whose fre-
quency lies outside the stop band may propagate through
the system. It is shown that an intense (nonlinear) wave can
change the refractive index of the periodic structure in a
way to shift itself (i.e., the propagation constant) out of the
stop band [2]. Such nonlinear structures reside within the
bandgap as a defect and are widely known as gap solitons.
In one-dimensional (1D) lattices, gap solitons arise either
from the top of even bands in the self-focusing case (positive
sign of the nonlinearity) or from the bottom of odd bands
in the self-defocusing case (negative sign of the nonlinear-
ity). In optics, the most prominent examples of periodic me-
dia are photonic structures [3]. Nonlinear waveguide arrays
(WA ) represent one possible realization of such media pos-
sessing a periodic refractive index potential. In general, a
WA consists of regularly spaced (straight or curved) chan-
nel waveguides that are weakly coupled due to evanescent
fields. Permanent 1D nonlinear WAs have been fabricated in
various materials [4—6], to mention only a few.

Motivated by research of diatomic lattices (i.e., 1D
chains made of two atom species with different masses) [7],
Sukhorukov and Kivshar have suggested an engineered “bi-
nary” array which consists of alternating narrow and wide
waveguides [8]. Recently, gap solitons in 1D binary WAs
have been observed in a 5 mm-long AlGaAs sample [9]. It
is shown that Floquet-Bloch (FB) modes, which represent
a natural basis in linear periodic systems, originating from
the first band, are localized on the wide channels, whereas
FB modes that originate from the second band are mainly
localized on narrow channels. Surface effects in binary WAs
are studied theoretically in [10].
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In this work, we explore, for the first time to the best
of our knowledge, linear and nonlinear light propagation in
permanent 1D lithium niobate (LiNbO3) binary WAs ex-
hibiting a saturable self-defocusing nonlinearity [6]. The
paper is organized as follows. We explain the correspond-
ing fabrication procedure in the next section. After this, the
bandgap structure of the binary array is presented and dis-
crete diffraction is investigated. Section 4 is devoted to non-
linear light propagation, while Sect. 5 concludes the paper.

2 Fabrication of defocusing binary waveguide arrays

The x-cut near stoichiometric LiNbO3(SLN) sample used
in this work is doped with 0.03 wt% Fe (Fe:SLN), and cut
to pieces with dimensions of 2(x) x 5(z) x 9.8(y) mm? (the
y-axis points along the c-direction of the crystal). One op-
tically polished facet (with a size of 5 x 10 mm?) of the
wafer is implanted by protons at an energy of 500 keV and
a dose of 2 x 10'° jons/cm?, forming a planar waveguide
structure, by using an implanter at the Semiconductor In-
stitute of the Chinese Academy of Sciences. Afterwards, to
improve the waveguiding properties, the sample is annealed
at 400°C for 30 min in air to remove the color centers in-
duced by the implantation. Finally, input and output facets
(with sizes of 2 x 5 mm?) are polished to allow for cou-
pling light into and out of the sample. The guiding proper-
ties (dark mode spectra) of the planar waveguide are char-
acterized by the m-line method (with a linearly polarized
He—Ne laser, at wavelength of 632.8 nm) by using a prism
coupler (Metricon Model 2010 with a rutile prism, refrac-
tive index resolution of 2 x 10™*). The waveguides extra-
ordinary refractive index (ne) profile is reconstructed from
the measured m-line spectrum using a reflectivity calcula-
tion method (RCM) [11], and results are shown in Fig. 1.
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Fig. 1 Refractive index profile n. of a planar waveguide in
Fe:SLN produced by 500 keV proton implantation at a dose of
2 x 10'® jons/cm?®
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As one can see, the ne profile consists of a typical “well +
barrier”-type distribution, which is in agreement with pre-
vious work [12, 13]. The propagation loss of the sample is
determined to be ~1 dB/cm at 632.8 nm, by measuring scat-
tered light intensity on top of the waveguiding layer versus
propagation length.

Figure 2 shows a schematic plot of the WA formation
process. A photo mask containing a series of binary stripes
is used for selective illumination of the sample surface (i.e.,
on top of the planar waveguide). The widths of the opaque
stripes on the mask are d; =2 um and dy = 4 pm for the
narrow and wide structures, respectively. The spacing be-
tween the neighboring narrow and wide channels, i.e., the
width of the transparent stripes, is d3 = 3 pm. With this
mask, an expanded light beam from a linearly polarized
green laser (at wavelength of 532 nm) illuminates the sam-
ple. Since Fe:SLN is a self-defocusing material, light will
reduce the refractive index of the unprotected regions of
the mask, whilst having negligible effects on the unexposed
planar waveguide layer. Thus, the protected regions (cov-
ered by non-transparent stripe mask patterns) in the surface
layer form channel waveguides: longitudinally confined by
the original planar waveguide, and laterally confined by the
light-induced patterns. In this way, the binary array consists
of narrow (2 um) and wide (4 um) parallel waveguides with
an adjacent spacing of 3 um. The full period of this binary
WA is A =12 pm, and the refractive index modulation is
~0.0014 at a wavelength of 632.8 nm. This technique has
been successfully used for fabricating reconfigurable chan-
nel waveguides and beam splitters in Fe doped LiNbO3 crys-
tals [14, 15].

3 Bandgap structure and discrete diffraction

The theory of light propagation in periodic media possesses
a strong mathematical similarity to the theory of electron
waves in crystals: light can propagate in form of so-called
Floquet—Bloch modes, which are analog to Bloch modes in
solid state physics [16]. Probably the most prominent fea-
ture of wave propagation in periodic media is the occur-
rence of a bandgap structure which can be precisely mea-
sured by the prism coupling method; see [17] and references
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Fig. 2 A schematic plot of the waveguide array formation process.
Green light passing an appropriate amplitude mask is used to imprint
a transverse modulation on top of the planar waveguide that is formed
by ion implantation
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Fig. 3 (a) Bandgap structure of a binary waveguide array (showing
bands 1-4) with dj =2 pm, d» =4 pum, and d3 = 3 um. The arrows
point to the two modes whose amplitude structures are shown in (b),
where the upper example corresponds to Bloch modes of band 1 at
k, = m/2A (light guided predominantly in wide channels), whereas
the lower example shows a mode in band 2 at k, = w/A (light guided
predominantly in narrow channels)
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Fig. 4 A schematic plot of the experimental setup for the waveguide
excitation and investigation

therein. According to the general theory of light propagation
in periodic media [1], we obtain a bandgap structure for TE-
polarized light in the f(k;) plane (8 being the propagation
constant or longitudinal wave vector, and k, being the trans-
verse wave vector), shown in Fig. 3(a). The two arrows point
to the region where modes are excited experimentally by sin-
gle channel excitation of either broad or narrow channels
(please note that, instead of discrete modes corresponding
to extended Bloch modes, here we excite a narrow spectrum
of modes located around the marked region). The two mode
spectra are both located at the bottom of the first two bands.
For better illustration, amplitude profiles of the dominating
Bloch modes are given in Fig. 3(b), where modes of band 1
are mostly concentrated on the broader channels, while for
modes of band 2 amplitude maxima are located on the nar-
row channels.

Figure 4 shows the schematic plot of the experimen-
tal setup. We use a single focused Gaussian beam to ex-
cite only one channel. In detail, an extraordinarily polarized

light beam from a He—Ne laser at a wavelength of 632.8 nm
passes through an adjustable attenuator, by which the beam
power can be controlled. Afterwards, this beam is focused
by a 20x microscope objective, and coupled into one chan-
nel waveguide (either narrow or wide stripe). After the beam
is out-coupled by another 10x microscope objective, a CCD
camera is used to measure the exited light intensity distrib-
utions on the endfacet.

When the light beam is normally incident into the
waveguide, discrete diffraction of light occurs due to the
overlap of the modal distributions of adjacent waveguides.
We measure the output intensity of the waveguide modes on
the endfacet when a single beam is launched either into the
narrow (incident power of 0.4 uW) or wide channels (inci-
dent power of 0.1 uW), as shown in Fig. 5(c) and 5(f), re-
spectively (in-coupled powers inside the WA are lower due
to Fresnel reflections and the coupling efficiency which is
assumed to be ~50%). To ensure linear light propagation,
the output images are taken immediately after the beam is
launched into the waveguides (i.e., time parameter ¢ = 0).
For comparison, in Fig. 5(b) and 5(e), we also simulate
the corresponding light propagation inside the waveguide
arrays using a finite difference beam propagation method
(FD-BPM) for the two cases [18]. Here the parameters used
in the simulation are exactly related to experimental ones.
As one can see, the simulation results are in fairly good
agreement with the experimental data. One may note that
the narrow waveguide excitation shows stronger diffraction
compared to the case of wide channel excitation. From the
discrete diffraction spectra, coupling constants x = /2L
(with L¢ being the coupling length) of «parrow = 3.0 mm~!
and kyige = 12.8 mm~! can be obtained. This behavior is
expected, as the wider channels allow for stronger guiding
of light (i.e., they possess a higher effective refractive index
of the respective Bloch modes), which, in turn, results in
smaller evanescent fields and thus smaller overlapping with
adjacent channels. These findings are in full agreement with
the band structure given Fig. 3(a). For example, in the first
two bands the curvature 92 B/ 8kz2, which is a measure of
diffraction, is larger for modes guided in narrow channels
(band 2, m/2A < k; < m/A) then for light guided in wide
ones (band 1,0 <k, <m/2A).

4 Gap solitons

We investigate nonlinear light propagation and formation
of gap solitons by monitoring the time evolution of output
light distributions on the endfacet, for excitation of narrow
and wide channels, respectively. In both cases, after a cer-
tain time, focusing (narrowing) of the light beams is ob-
served, which is due to the negative (defocusing) nonlin-
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Fig. 5 Experimental and simulation results showing discrete diffrac-
tion for linear excitation of the binary WA: (a) and (d) are input
Gaussian beams; (b) and (e) show beam propagation inside the binary
array; (c) and (f) provide output images of waveguide modal distribu-
tions for narrow and wide channel excitations, respectively

earity. We may assume a temporal dependence of refrac-
tive index change of the form An(t) = Ang[1 —exp(—t/7)],
where Any is the saturated (maximum) index change and t
is the (Maxwell) time constant that is inversely proportional
to the in-coupled power. Figures 6(a) and 6(b) depict the op-
tical intensity distribution of the output light for narrow and
wide waveguide excitations, respectively. As one can see,
in case of a beam launched into the narrow waveguide, af-
ter t = 5 min, obvious self-trapping can be observed (green
line). After + = 20 min, a gap soliton is formed (red line), in
which the light propagates in a non-diffractive way. How-
ever, when a wide channel is excited in Fig. 6(b), a gap
soliton is formed already after # = 4 min (red line). Tak-
ing into account the lower input power used in this case as
well as the shorter formation time, a gap soliton is obviously
formed for smaller nonlinearity when compared to the case
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Fig. 6 Optical intensity distribution of the output light for (a) narrow
and (b) wide channel excitations. Blue lines denote linear discrete dif-
fraction; green line shows intermediate focusing case; red lines present
gap soliton formation. The grey staggered line illustrates the refractive
index profile

of narrow-channel excitation. This result is expected, as the
light excited in narrow channels shows significantly stronger
diffraction, which may be thus compensated by larger non-
linearities. We noticed that, in both cases, the soliton struc-
tures do not change for at least 1 hour. Compared with the
time of soliton formation, it is reasonable to conclude that
the formed structures are stationary stable solitons.

We also use FD-BPM to simulate the nonlinear light
propagation in the above two configurations. Figure 7 shows
the comparison of simulated light propagation and measured
output modal profiles when the gap solitons are formed for
narrow (Fig. 7(a—c)) and wide (Fig. 7(d—f)) waveguide chan-
nel excitation. Obviously, the numerical simulations confirm
the experimental results in a fairly good manner.

5 Conclusion

We report on the fabrication of 1D binary channel waveguide
arrays in Fe:SLN crystals by using proton implantation com-
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Fig.7 A comparison of simulated light evolvement and measured out-
put modal profiles when a gap soliton is formed: (a) and (d) show in-
put light beam profiles; (b) and (e) provide beam propagation inside
the binary array; (c¢) and (f) give output images of waveguide modal
distributions for narrow and wide channel excitations, respectively

bined with selective light illumination. The linear and non-
linear light propagation in such a photovoltaic binary array

are investigated. At relatively low power of less than 0.4 and
0.1 uW, bright gap solitons are formed when single narrow
or wide waveguides are excited, respectively. The numeri-
cal calculations confirm our experimental results and verify
stable propagation of gap solitons in the array.
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