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We report on a lithium niobate photonic crystal (PC) superprism device designed for double
demultiplexer applications. In fact, the strong angular beam steering cannot only be reached by
passively tuning the wavelength but it can also be actively controlled by the Pockels effect enhanced
due to the slow light phenomenon. The performance of the passive device is demonstrated by
measuring its transmission properties. Optical far field and near-field experiments, corroborated by
two-dimensional finite difference time domain (2D-FDTD) calculations, exhibit an angular
dispersion of 1.5°/nm. A value as high as 4.3°/nm is expected by improving the PC design as
supported by 2D-FDTD simulation. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.3059558]

Since the innovative work of Yablonovitch,' photonic
crystals (PCs) appear as challenging compact tools for spec-
trally and spatially controlling the light in a way that was
until then impossible with conventional optics.2 Among all
applications based on PCs, the superprism (SP) effect,
whereby the direction of the light propagation is strongly
sensitive to a small variation in the wavelength or of the
angle of incidence, offers the ability to bend a light beam
much more than it would be possible with prisms or gratings.
This unusual dispersion of light in PCs is of great interest for
integrated optics applications such as optical wavelength de-
multiplexers (WDMs). Several studies have been carried out
to theoretically design efficient PC superprism (PCSP) de-
vices and their performances have been characterized. The
stronger light deviation as high as 5°/nm was experimentally
obtained in a three-dimensional PC.> Recently, a beam
steering of 4°/nm was reached in a two-dimensional PC
(2D-PC),* but most of the SPs based on 2D-PCs exhibit, in
the visible and near-infrared regions, a dispersion of light of
around 1°/nm.”™® All these PCSPs were developed for pas-
sive applications, but a convenient way is to control the
beam steering by external parameters. Only a few theoretical
studies have been devoted to such tunable PCSPs,9_13 and no
tunable PCSP has been experimentally demonstrated to date.

In this letter, we are interested in a 2D-PCSP fabricated
in a x-cut lithium niobate (LN) substrate. This material, char-
acterized by high electro-optic coefficients, enables the fab-
rication of tunable PCs whose properties can be controlled
by an enhanced Pockels effect induced by slow light
phenomenon.14 The proposed device was designed for
double demultiplexer applications in the telecom wavelength
range centered around 1.55 um. First, a strong beam steer-
ing of 4.3°/nm is theoretically expected when changing the
incident wavelength, and second, the deflection of each
monochromatic beam can be controlled by the enhanced
Pockels effect. In order to ensure the highest electro-optic
coefficient, planar electrodes will be deposited on the surface
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of the device on both sides of the waveguide (WG). With a
calculated enhancement factor of 3, an angular beam steering
of 50° is expected for an applied electric field of 4 V/um at
1560 nm. The complete theoretical study of this SP based on
a plane wave expansion (PWE) method is described in an-
other papelr.]5 Here, we demonstrate the experimental perfor-
mance of the device in its passive WDM function. Optical
far field and near-field measurements display the superrefrac-
tion inside the PC. Experimental results are corroborated by
simulations based on a homemade 2D finite difference time
domain (2D-FDTD) code that takes into account the experi-
mental pararneters.16

The PC we are interested in consists of a triangular lat-
tice of ten rows composed of circular air holes etched by
focused ion beam'” into an annealed proton exchange LN
WG with a refractive index of 2.143 at 1.55 wm. This WG
was fabricated by annealing for 9 h at 333 °C following
90 min of immersion in benzoic acid at 180 °C."® It selects
only the transverse electric (TE) polarized light, i.e., the
component of the electric field that is perpendicular to the
axis of the holes, and the guided mode is centered at 1.4 um
below the surface. The holes are characterized by a radius (r)
of 86 nm and a depth of 1.5 wm, while the lattice period (a)
is equal to 430 nm. Since a SP effect was theoretically dem-
onstrated in this device for both WDM and tunable applica-
tions for an incidence angle of 21° with respect to the PC I'K
direction,15 the entrance side of the PC was tilted with an
angle of 69° with respect to the direction of the linear WG
that confines the light up to the PC. Figure 1(a) shows the
scanning electron microscope (SEM) image of the device. In
order to measure the beam deflection for different wave-
lengths, holes were drilled into a widened planar WG. The
optical properties of this device calculated by the PWE
method" are summarized in Fig. 1.

The band diagram, shown in Fig. 1(b), exhibits a stop
band (SB) from 1340-1546 nm with the particular incidence
angle of 21° with respect to the PC I'K direction. The direc-
tion of the refracted beams is obtained from the equifre-
quency contours that are deduced from the band structure in

© 2008 American Institute of Physics
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FIG. 1. (a) SEM image of the device. ®;: angle of incidence, v,: group velocity. (b) Band diagram of the PC calculated by the PWE method for the TE
polarization and a=430 nm, r=86 nm. Inset: schematic of the Brillouin zone and of the PC lattice in the real space. ®, : angle of refraction. (c) Equifre-
quency contours plotted at 1550 nm. (d) Angles of refraction inside the PC (with respect to the PC I'K direction for the left ordinates and with respect to the
linear WG axis for the right ordinates) as a function of the wavelength for ®;=21° with respect to the PC I'K direction.

various directions at a fixed frequency. As an example, Fig.
1(c) shows such dispersion surface calculated at 1550 nm.
For a given incidence angle (®;), the angle of refraction
(@, ) is determined from the conservation of the wave vector
coniqponent parallel to the PC entrance side and the group
velocity direction that is perpendicular to the equifrequency
contours. Angles of refraction calculated for an incidence
angle of 21° with respect to the PC I'K direction are reported
in Fig. 1(d). This curve displays a strong negative refraction
for wavelengths near the SB edge and, when decreasing the
energy, the light beam deflects toward the linear WG direc-
tion and then crosses it. A strong beam steering average of
4.3°/nm is theoretically expected for wavelengths ranging
from 1547 to 1562 nm.

The transmission properties of this device were first
characterized by optical far field measurements. A tunable
laser beam with wavelengths between 1548 and 1576 nm
was polarized in the TE mode and injected into the linear
WG. The beam, refracted by the PC, propagated along the
planar WG and reached the device output facet which was
imaged with an infrared camera using an infrared microscope
objective. To compare transmitted signals at different wave-
lengths, the same laser powers were injected for each wave-
length and the spectral response of the detection system was
taken into account. Horizontal cross sections, i.e., parallel to
the planar WG, were plotted on these images at the position
of the beam center and were normalized with respect to the
maximum of the transmitted signal. They are reported in
Fig. 2(a).

The zero coordinate of the vertical axis corresponds to
the position of the linear WG, i.e., to the position of the

incident beam center. From 1545 to 1556 nm, 35% of light is
transmitted without undergoing any deflection, while at
1556 nm the transmission increases and the mode is sud-
denly deflected with an angle of —23° with respect to the
linear WG direction or —2° with respect to the PC I'K direc-
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FIG. 2. (Color online) (a) Experimental and (b) 2D-FDTD calculated mode
profiles plotted as a function of the wavelength. Angles are expressed with
respect to the linear WG axis in the (a) columns and with respect to the PC
T'K direction in the (b) columns. For a better legibility, the calculated Poyn-
ting vector is raised to the power of 0.2.
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tion. The wavelength of 1556 nm, from which the transmis-
sion increases so far as to reach a value of 1, defines the edge
of the measured SB. From 1556 nm, the angle of the light
deviation increases with the wavelength so that the light
bends to reach the linear WG direction. Also, from 1572 nm,
the mode goes through the PC without undergoing any de-
viation. An angular beam steering of 1.4°/nm is thus experi-
mentally demonstrated for wavelengths ranging from 1556 to
1572 nm. This value lower than the one of 4.3°/nm foreseen
by PWE calculations is in accordance with the fact that the
experimental SB edge is shifted toward low energies, as
compared to the calculated one, so that the strong theoretical
negative refraction expected for wavelengths close to the
edge of the theoretical SB (at A=1546 nm) cannot occur.
Discrepancies between theoretical forecasts and experiments
are due to the fact that the PWE method assumes the PC as
an infinite structure instead of a PC with a limited number of
hole rows. The finite size of the PC also explains why the
transmitted signal inside the SB is different from zero. To
take into account the true size of the PC, 2D-FDTD calcula-
tions based on an homemade code were performed.16 The
geometry of the WGs and the ten rows of holes that com-
posed the PC were modeled as well as the oblique incidence
of the Gaussian beam. The transmission of the device was
calculated at each 5 nm step for wavelengths ranging from
1540 to 1600 nm. Such large calculation step is enough to
model the behavior of the mode transmission and allows a
reduced computer memory size. Figure 2(b) shows the Poyn-
ting vector calculated along the direction perpendicular to
the linear WG axis at a distance of 6 um from the output
side of the PC. It looks quite similar to the measured mode
shown in Fig. 2(a). Actually, the FDTD SB edge is found to
be at 1560 =2.5 nm where the angle of refraction drops
from 0° to 20° with respect to the linear WG axis. Unlike the
experimental results, this angle keeps close to —20° for a
larger range of wavelengths, and the transmission inside the
SB is only 1% compared to the 35% experimentally found.
The differences between FDTD calculations and experimen-
tal results lie in the fact that the 2D-FDTD code cannot
model the finite depth of the holes nor their conical shape
that is responsible for losses and modifications in the PC
transmission properties.

In order to confirm the passive WDM capability of the
device, near-field optical inspection experiments were also
performed. A dielectric tip collecting the evanescent field
scanned the sample surface in the direction perpendicular to
the linear WG at a distance of several hundreds of nanom-
eters from the output side of the PC. The optical near-field
intensities, normalized with respect to the maximum of the
transmitted signal outside the SB, are plotted in Fig. 3 for
two different wavelengths.

The curves are characterized by the central peak of in-
terest and satellite peaks with lower intensities that are due to
the spatial frequencies of the incident Gaussian beam that are
different from the relevant incident wave vector (k;). At
1550 nm, 55% of light is transmitted without deviation,
while at 1560 nm outside the SB, 100% of light is transmit-
ted and deflected with an angle of —15° with respect to the
linear WG axis. The angular beam steering of 1.5°/nm thus
measured by optical near-field experiments for wavelengths
ranging from 1550 to 1560 nm agrees with the optical far
field measurements. In order to improve the angular devia-
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FIG. 3. Near-field intensities as a function of the angular deviation mea-
sured with respect to the linear WG direction.

tion, we propose to etch a PC with a larger number of hole
rows. 2D-FDTD calculations, not shown here, exhibit a SB
similar to the one foreseen by PWE simulations as soon as
the PC is composed of 30 rows of holes. By shifting the SB
edge toward higher energy, the angular beam steering will be
increased and a value close to 4.3°/nm will be expected
around 1554 nm.

In conclusion, the performance of a LN PCSP designed
for both passive and active applications has been demon-
strated. An angular beam steering of 1.5°/nm was measured
with a very small PC (10 X4 um?). By increasing the size
of the PC (10X 12 um?), an angular deviation as high as
4.3°/mm is expected.
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