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ABSTRACT

An electro-optic beam scanner fabricated on ferroelectric LiTaOs is
demonstrated which is capable of continuously scanning at
wavelengths ranging from 0.4-5 um. The scanning performance
varied from a total deflection angle of 13.38° at 1558 nm to 16.18° at
632.8 nm. The dispersion of the r33 and r3 electro-optic coefficients
of LiTaOs with wavelength was also determined.

Keywords ferroelectric, lithium tantalate, electro-optic scanner,
domain patterning, infrared scanning.

INTRODUCTION

We demonstrate a ferroelectric optical device based on single crystal

LiTaOs; that can scan a laser beam from the visible to the infrared. It

utilizes the electro-optic effect in the ferroelectric that has potentially
high intrinsic response times of GHz. There are many applications to
such scanning devices in the infrared such as optical switching,

spectrometry, microscopy, and sensing. Further, other devices, such as
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tunable electro-optic lenses, and gratings are easily integrated into the
device [1-6].

Lithium tantalate and lithium niobate are ideal materials for
infrared scanning devices, since LiNbOs is transparent from 0.4-4 pm
wavelengths and lithium tantalate extends this range up to a
wavelength of 5 um. These materials display excellent electro-optic
properties [7], low refractive index dispersion in infrared [8], and low
light propagation losses [8]. They are also available as high quality,
optical-grade, single-crystal wafers which are relatively inexpensive.
Both materials have two ferroelectric polarization states that are
antiparallel (180°) to each other. Their domain states can be reversed
by applying an electric field of ~21 kV/mm at room temperature [9].
By reversing the domain structure in the crystal, we can create

domains in the crystal of almost any desired shape.

DEVICE DESIGN AND FABRICATION

Both lithium tantalate and lithium niobate are uniaxial crystals with
3m point group symmetry and ferroelectric polarization in the uniaxial
z-direction. Consider a z-polarized light beam propagating through a
z-cut LiTaOs wafer in the x-y plane, and an external electric field, Es,

applied in the z-direction. The electro-optic effect gives rise to an
index change An, = —%ni r;; E, , where n, is the extraordinary
refractive index, and r33 is the electro-optic coefficient. For ordinary
polarized light, An, = —%ng n3E3, where n, is the ordinary refractive

index. If the electric field is parallel (or antiparallel) to the
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spontaneous ferroelectric polarization, then An is negative (or
positive). At a 180° domain boundary, the light encounters a
refractive index change of 2An, for extraordinary light and 2An, for
ordinary polarized light.

The electro-optic scanner described here was based on a horn-
shaped scanner design as detailed elsewhere [10]. Figure 1 shows a

Beam Propagation Method (BPM) simulation of the designed scanner.

FIGURE 1: Beam Propagation Method simulation of horn-shaped scanner

in Lithium Tantalate operating at 15 kV/mm for an ordinary polarized light beam.

For an electric field E; of £ 15 kV/mm, the simulation shows a
predicted scan angle of £ 8.2 ® at 632.8 nm. This corresponds to a
deflection angle of 33.2 mrad/kV. In the simulation, an electro-optic
coefficient of r33=30.5 pm/V and a refractive index of 2.180 was used
at this wavelength [8].

The device was fabricated on a 286 um thick, single crystal
wafer of z-cut LiTaOs. Starting from a single domain wafer,

ferroelectric domains were patterned in the shape of prisms comprising
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the horn-shaped scanner shown in Fig. 1. This was done by electric
field induced domain inversion using lithographically patterned

electrodes as described in detail elsewhere [11,12]. Finally uniform
electrodes were deposited on both sides of the wafer, and the device

tested as described below.

CHARACTERIZATION

The deflection angle of the electro-optic scanner was characterized at
four different wavelengths, 632.8 nm (He-Ne), 980 nm (Ti-Sapphire),
1330 nm (diode) and 1558 (diode). The experimental set-up is shown

in Figure 2.
Mirror Mliior Lens ! Electrode :ﬁ CCD or
b A 0 Vidicon
A—F—1
Polarizer LiTaO;
Deflector % _____ ;l_“- ">
He-Ne (Top View) X1 Vil x
Laser IR Laser Camera Camera
Plane 1 Plane 2

FIGURE 2: Schematic of the electro-optic scanner characterization set-up. IR lasers
used are a Ti-Sapphire at 980 nm and fiber-coupled diodes at 1330 nm and 1558 nm.

The scanning performance of the device is determined by applying a
voltage to the crystal from — 4.3 kV to + 4.3kV. The lateral
displacement of the beam is measured by a charge coupled device
(CCD) (for 632.8 nm, 980 nm and 1330 nm) or a vidicon camera (for
1550 nm). At zero applied volts, the beam centroid is centered in the

camera’s field of view. As voltage is applied at discrete values, the
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camera is moved with a high-precision translation stage until the beam
centroid is once again centered in the camera. From the measured
beam displacement at two different image planes, the angular
deflection at each voltage can be determined as:

0(V)=tan™ [(x2 (vV)- X, (V))/d], where V is the applied voltage, x; is
the displacement at the near plane, x; is the displacement at the far
plane, and d is the distance between the two planes. Table I lists the
wavelength dependence of the angle of deflection for both ordinary
and extraordinary polarized input beams. The reduction in the
deflection angle per unit field at longer wavelengths is a direct result
of lower refractive index, and lower electro-optic coefficient for
LiTaOj; with increasing wavelength in the infrared. The index
dispersion with wavelength is reported in literature [8]. We describe
below how one can extract the dispersion in the electro-optic

coefficients with wavelength.

TABLE I: Wavelength dependence of the deflection angle as a function of

applied electric field and linear electro-optic coefficients.

Wavelength  Deflection (733) Deflection (r3)
ry(pm/V) ris(pm/V)
(nm) (mrademm/kV) (mrademm/kV)
632 9.41 30.2 2.34 7.55
980 8.67 293 2.03 6.89
1330 7.95 27.4 1.87 6.48
1558 7.78 27.1 1.96 6.84

We also found that there was a slight convex curvature on the back
face of the crystal. This curvature, which most likely resulted from the

hand polishing of the crystal face, decreases the measured deflection
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angle from that predicted by the BPM simulations. With careful
measurements of the curvature, it is possible to correct the data for
direct comparison with BPM simulations that assume a flat back
surface.

To determine the magnitude of the curvature, a laser beam was
reflected off the front surface. The position of the reflected beam was
measured as the crystal was translated in a direction parallel to the
crystal face. The displacement of the reflected beam is proportional to
the slope of the surface. By integrating across the surface, the surface
curvature is computed from the measured slopes. The radius of
curvature was determined to be 810 + 40 mm. The effect of the
curvature is to reduce the expected scan angle by ~ 1% in comparison
with a flat surface. For accuracy, we have included a correction for
this curvature in the data in Table I.

A BPM simulation of the device shown in Fig. 1 predicts a
deflection angle per unit field of 9.51 mrad-mm/kV (ne=2.180,
r33=30.5 pm/V) and 2.55 mrad-mm/kV (n0=2.176, r3=8.4 pm/V) for
extraordinary and ordinary polarized light, respectively. These values
agree with the measured deflection angles per unit field listed in Table
I to within 1.1 % for r33 and within 8.2 % for rj3. Considering that the
uncertainty of the literature values for r|; and r33 is ~10%, this
agreement is reasonable [13]. The precision of our technique is
estimated at 2%, and therefore may provide a more accurate means of
determining electro-optic coefficients than other techniques. Using
this excellent agreement between experiment and theory as the basis,

and using the wavelength dispersion of refractive index reported in
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literature for LiTaOs [8], the wavelength dispersion of ;5 and 7|5 at
other wavelengths is also calculated (Table I). Note that the values of
both r33 and r;; appear to flatten out at longer wavelengths, which is
promising for deflection of even longer wavelength light without a

significant decrease in the deflection performance.

SUMMARY

We have demonstrated efficient electro-optic scanning in the infrared
wavelengths using domain patterned ferroelectric LiTaO;. Using the
characteristics of the horn-shaped deflector, we have demonstrated a
means of measuring the dispersion of electro-optic coefficients for
LiTaO3 with a relatively simple apparatus. This study indicates that
the dispersion in the electro-optic coefficients decreases at longer
wavelengths, and appears to flatten out beyond 1.55 um, providing
important baseline information for device designs in far-infrared

applications.
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