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We report on a photonic crystal (PhC) etched into a 380 nm thick lithium niobate (LN) thin film
deposited on a MgO substrate by pulsed laser deposition. The transmission properties of this device
were assessed by optical near-field measurements and compared to the transmission spectra of the
same PhC drilled into bulk LN and calculated by a two dimensional finite-difference time domain
method. We show a strong improvement in the transmission properties of the LN PhC by etching it
into a thin layer rather than into a 500 um thick wafer. This result appears to be very promising for
applications based on LN tunable PhCs. © 2009 American Institute of Physics.

[doi:10.1063/1.3223595]

Photonic crystals (PhCs) are optical nanostructures, for
which the periodic variations of the dielectric function are
designed to control the light propagation for specific
applications.l PhCs fabricated with active materials offer the
ability to tune their properties in a flexible way, without
changing the design of the device. Among the variety of
active materials, lithium niobate (LN), which combines high
Curie temperature with high refractive index and large opti-
cal nonlinearities, has proven to be a good candidate for
two-dimensional (2D) tunable PhC devices.>™ These PhCs,
developed mainly for integrated optics applications in the
1.55 pm wavelength range, were manufactured by milling
nanometric size air holes by focused ion beam (FIB) (Ref. 5)
on the surface of a 500 wm thick X-cut LN wafer, on which
an optical index gradient Waveguide was fabricated by an-
nealed proton exchange (APE).” The high resistivity of LN
and the material redeposition during the etching process are
responsible for the finite depth and the conical shape of the
holes, which limits the overlap between the shallow PhC and
the buried guided mode, and degrades the capacities of the
devices.” Given the difficulty of milling high aspect-ratio cy-
lindrical nanoholes in LN, a solution consists in etching
PhCs into a LN layer with a thickness of only several hun-
dreds of nanometers. Nevertheless, the critical issue lies in
depositing LN thin films with crystalline and optical proper-
ties comparable to those of the bulk material. Such kind of
layers can be obtained by the crystal ion slicing technique.&9
This technique requires expensive high energy ion implanta-
tion engineering, which is not suitable for routine applica-
tions. To overcome this drawback, some alternative methods
based on epitaxial growth, such as metalorganic chemical
vapor deposition and ]pulsed laser deposition (PLD), are cur-
rently in progress.lo’1

In this letter, we show the first realization of a 2D PhC
etched into a 380 nm thick LN film deposited on a MgO
substrate by a PLD technique. Our goal is to use this method
to grow single crystal films of LN with the c-axis oriented
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perpendicular to the substrate. The MgO substrate was cho-
sen because its refractive index is lower than the one of
LN, " 5o that the proposed structure acts as a slab waveguide.
In order to show the advantage of milling holes into thin
layers rather than into bulk LN, a PhC was etched into the
LN film, using the same design as for the earlier version
obtained from bulk crystalline LN.** The transmission spec-
trum of this structure was measured by scanning near-field
optical microscopy (SNOM) and compared first to the trans-
mission spectrum of the PhC etched in bulk LN,3 “ and then
to the transmission spectrum calculated by a finite-difference
time domain (FDTD) method.

The LiNbOj; film was deposited using a custom built
PLD chamber in combination with a Lambda Physik excimer
laser (A=193 nm). The laser fluence, calculated from the
beam spot size, was 1.3 J-cm™ and the repetition rate A
polished, MgO (100) single crystal, heated to 650 °C in an
O, atmosphere (0.1 mbar), was used as the substrate for the
film. The deposition was conducted for 15 min, which re-
sulted in a film thickness of approximately 380 nm. X-ray
diffraction (XRD) analysis showed the film grew with a
(101) preferred orientation (Fig. 1).
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FIG. 1. XRD data for the LiNbOj film deposited onto an MgO (100) single
crystal substrate.
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FIG. 2. (a) SEM image of the hole profiles into a LN thin film deposited on
a MgO substrate by PLD. The FIB cross section exhibits the hole size and
shape and the thickness of the LN layer. (b) SEM image of the PhC.

This thin LN film, despite its polycrystallinity, offered
the capability to vertically confine the light. Although losses
were not quantified because it was not the goal of this letter,
this slab waveguide appears to be suitable for integrated de-
vices based on PhCs. The PhC, consisting of a square lattice
of 15X 15 holes with 207 nm radius and 766 nm periodicity,
was etched by FIB implantation. Gallium ions emitted with a
current of 2 wA and accelerated by a voltage of 30 kV were
focused on the surface of the LN thin film. To minimize
redeposition effects responsible for the conical shape of the
holes, a multipass type raster scan with seven loops was
used. With such FIB parameters, the etching depth is equal to
930 nm, so that both the LN thin film and the substrate were
milled, resulting in an almost vertical sidewall of the air-hole
part etched into the LN layer. The shape of the holes and the
scanning electron microscopy (SEM) image of the PhC are
shown in Figs. 2(a) and 2(b), respectively.

In this planar waveguide, the light is not laterally con-
fined, so that the light beam scattered by the PhC diverges in
the horizontal plane. Moreover, the output facet of the
sample was not polished giving rise to a huge scattering and
making the detection of the optical signal coming from the
PhC impossible by classical far-field transmission measure-
ments. A solution for extracting the optical response of the
PhC from this background and for measuring the transmis-
sion spectrum was to use optical near-field experiments. A
monochromatic light coming from a tunable laser was in-
jected into the LN thin layer. The laser beam was polarized
perpendicularly to the hole axis (TE-polarization). For
SNOM image recordings, a dielectric tip, collecting the eva-
nescent waves, scanned a planar waveguide surface of 30
X 30 wm? centered around the PhC. The nanometric dis-
tance between the SNOM probe and the sample surface was
maintained constant during the scan by a shear-force regula-
tion. Simultaneously with the optical near-field image, the
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shear-force image was recorded, giving a topography infor-
mation. Figure 3(a) shows an example of the scanning zone.
For spectroscopic analyses, several SNOM images were ac-
quired, each one with a specific wavelength. Since the re-
cording of each SNOM image lasted for at least 21 min, only
a limited number of interesting wavelengths were selected.
Figure 3(b) shows two examples of horizontal cross-sections
plotted at the center position of the PhC above the optical
near-field images acquired at 1520 and 1600 nm, respec-
tively. On these curves, it appears that the propagation of the
incident light does not depend on the wavelength before get-
ting through the PhC (abscissa ranging between 30 and
20 wm) but, after the propagation through the PhC (abscissa
ranging between 9.5 and 0 wm), the optical signal strongly
depends on the wavelength. In the near proximity of the PhC
(~7 or 8 wm), the optical near-field undergoes strong varia-
tions due to the presence of the PhC, while, outside this
zone, the optical near-field signal keeps almost constant dur-
ing its propagation inside the slab. Thus, for each wave-
length, the normalized intensity transmitted through the PhC
was deduced by dividing the optical near-field intensity mea-
sured at 9 wm from the PhC output [abscissa equal to
0.5 wm on Fig. 3(b)] by the optical near-field intensity mea-
sured at 9 um before the PhC entrance [abscissa equal to
29 wm on Fig. 3(b)]. These abscissa were chosen because
they correspond to positions for which the PhC does not
influence the propagation of the light. For each optical near-
field image (and thus wavelength), several parallel horizontal
cross sections were plotted along the PhC and the previously
method was applied to each curve in order to determine the
normalized transmission. The experimental transmission
spectrum reported in Fig. 4 for wavelengths ranging from
1520 to 1620 nm arises from the average of all these mea-
surements and the error bars represent the standard deviation
of these measurements.

This spectrum exhibits a stop band characterized by a
mean transmission of 35% from 1520 nm up to 1585 nm,
while the pass band begins at 1588 nm with a transmission of
85%. This gives rise to an extinction in transmission of —3.9
dB, a value worse than the one of —15 dB reached by the
same PhC etched into bulk LN.? This is due to the combina-
tion of the roughness of the unpolished LN layer and the
measurement technique. In fact, because of its nanometric
roughness [Fig. 3(a)], the LN surface behaved like scattering
centers that converted evanescent waves into propagating
waves. This far field was detected by the dielectric probe and
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FIG. 3. (Color online) Examples of SNOM results. (a) Shear-force image of the LN PhC slab. PhCOF: PhC output face; PhCEF: PhC entrance face; LPD:
light propagation direction. (b) Horizontal cross-section plotted at the center of the PhC above the optical near-field images acquired at 1520 and 1600 nm,

respectively. Notice that the light propagated from the right to the left.
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FIG. 4. Experimental transmission spectrum extracted from optical near-
field experiments. The vertical dashed line indicates the position of the stop
band edge.

superimposed on the true optical near-field, increasing the
background and degrading the extinction in transmission.
Polishing the LN film would improve the extinction trans-
mission. The most important result of this experiment lies in
the much stronger sharpness of the upper band edge of the
PhC etched into the slab waveguide. In fact, in this last case,
only 3 nm are necessary to go from the forbidden to the
allowed part of the transmission spectrum, while 300 nm
were necessary for the PhC drilled into bulk LN 2 The strong
improvement in the spectral properties of the PhC is due to
the verticality of the sidewalls of the holes etched into the
LN thin film.” This result is of great importance for active
devices based on LN PhCs like those using LN electro-optics
properties, since the applied voltage needed decreases as the
slope of the band edge approaches 90°. As a consequence of
the sharpness of the band edge, the Bragg oscillations miss-
ing in the transmission spectrum of the PhC etched into the
bulk LN (Ref. 3) are measurable in the LN thin film. Those
interference fringes, due to the multiple reflections of light
between the two faces of the PhC, are foreseen by 2D-FDTD
simulations, as shown in Fig. 5.

The overall shape of the theoretical spectrum (Fig. 5) is
reproduced in the experimental spectrum (Fig. 4). Some dis-
crepancies between experiment and theory include the ex-
tinction in transmission that is lower for the experiment be-
cause of losses, and the position of the stop band edge. The
experimental one is red shifted by 38 nm compared to the
calculated one. This is due to the parameters used for the
2D-FDTD simulations. Reference 3 dealt with a PhC etched
into an APE waveguide, so that LN with a refractive index of
2.143 was modeled. Calculations show that a red shift of the
band edge of 38 nm corresponds to a material refractive in-
dex of 2.168. This value, bounded by the values of the ex-
traordinary (n,) and the ordinary (n,) refractive indices of
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FIG. 5. Theoretical transmission spectrum of the PhC etched into a LN
index gradient waveguide calculated by 2D-FDTD method. The position of
the stop band edge is marked by the vertical dashed line.

LN (n,=2.1373 and n,=2.2128 at 1.55 um) is in accor-
dance with the fact that the LN thin film was polycrystalline.

In conclusion, we have demonstrated that the transmis-
sion properties of a LN PhC can be improved by etching it
into a thin film as opposed to an APE waveguide. This result,
due to the almost vertical sidewall of the holes, is of great
interest for the development of very efficient active devices
based on LN PhCs and using, for example, electro-optics
properties of LN, since the required tunable voltage will be
lower in a thin film than the one expected in bulk LN. To
benefit from such high efficiency, the LN thin layer should
be characterized by single crystalline grains with a size at
least equal to the PhC dimension (~100 um?).
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