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rated Quasi-Phase-Matched SecondGenerator and Electrooptic
Scanner on LiTaO3 Single Crystals
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Abstract- We report the first integrated quasi-phase-matched
second-harmonicgenerator and electroopticscanner on ferroelectric Z-cut LiTaOs. The quasi-phase-matched second-harmonic
generation device frequency doubles the infrared light at 829.7
nm into blue at 414.85 nm with a bulk coversion efficiency of
0.52%/W-cm. The blue light generated in the bulk then passes
through an electrooptic scanner, consisting of a series of lithographically defined triangular-shaped domain-inverted regions
extending through the thickness of the crystal. A deflection of
12 mradfkv for the output blue light and 7.4 Yradlkv for the
infrared light was observed at the scanner output.

SHG laser

Manuscript received July 3, 1996. This work was suppoded in part by the
Advanced Technology Program of the Department of Cordmerce through a
cooperative grant to the National Storage Industry Consort& (NSIC) and by
the National Science Foundation under Grant ECD-890706d.
V. Gopalan is with the Center for Materials Science, Los h a m o s National
I
Laboratory, Los Alamos, NM 87545 USA.
M. J. Kawas, T. E. Schlesinger, and D. D. Stancil are withlthe Data Storage
Systems Center, Camegie Mellon University, Pittsburgh, PPI 15213 USA.
M. C. Gupta is with Imaging Research and Advanc4d Development,
Eastman Kodak Company, Rochester, NY 14650-2017 USA.
Publisher Item Identifier S 1041-1135(96)08776-9.

II

I

E - 0 Scanner
1

I

A

I

Blue
412 45 nm)

IR (829 7 nm)
--b

Ferroelectric

I

HE DEVELOPMENT of solid state blue lhser sources is
being actively pursued employing quasi- hase-matched
second-harmonic generation (QPM-SHG) in L&a03 crystals.
A blue laser source integrated with high-speed scanning capability is of interest for a variety of applications including
optical data storage and laser printing. In optic$ data storage,
for example, a shorter wavelength (doubling frbm infrared to
blue) will increase the areal data storage on odtical l s k s by
four times, and the ability to scan the laser beap nonmechanically at high speeds will greatly enhance tracking and data
access.
In this letter, we report the first success&l integration
of a QIPM-SHG and an electrooptic scanner on the same
LiTa03 wafer. We show that such an integration is naturally
compatible from both design and fabrication asbects.
Fig. 1 shows the schematic of the integrated device. The
first half (on the left, 7.8 mm in length) of Ithe device is
a quasi-phase-matched second-harmonic generation device. It
consists of a periodic domain inverted grating lwith a period
OP A = 3.5 pm with a phase-matching infrared wavelength of
X = 2A[n:w- n:] = 829.7 nm, where n, is the1 extraordinary
refractive index at frequency w and 2w. An dnfrared beam
is focused at the center of the SHG grating in the bulk of
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Fig. 1. A schematic of the integrated QPM-SHG with electrooptic scanners
on 2-cut LiTaO3 crystals The top view (top) and cross section (bottom) are
shown.

the crystal, using a microscope objective with a numerical
aperture of approximately 0.015 N. A. With this arrangement,
the beam stays within the top 200 pm near the surface of the
crystal where the periodic domain grating is very uniform. The
beam also propagates through the entire length of the device
( ~ 1 . 5mm) without exiting the surface. The polarization of the
infrared and the blue light is TM with the electric field along
the c axis of the crystal.
The blue light generated in the SHG region then propagates
through an electrooptic scanner. The scanner consists of a
series of domain-inverted triangular pnsms (each triangle
length I , width, W )in the crystal [l]. The total scanner length
is L = nl, where, n is the number of triangular prisms.
The index difference An, between the domain inverted prism
regions and the surrounding crystal can be controlled by
applying a uniform electric field, E, across the crystal and
is given by An, = n:r33Ez, where ne is the extraordinary
index n,, and ~ 3 is3 the electrooptic coefficient. The subscripts
3 and x denote the direction along the polarization axis of the
crystal. When the blue light exits the crystal, it is deflected
by an angle 6' = An,L/W [2]. The fabrication process is
described below.
Room-temperature electric-field poling of chemically pat,temed surfaces was employed for the fabrication of both
the scanner and the SHG grating as detailed elsewhere [3].
Hence, the fabrication of the entire integrated device was
carried out with one integrated process. The LiTaOs crystals,

~1041-1135/96$05,00 0 1996 IEEE
~

Authorized licensed use limited to: Penn State University. Downloaded on September 10, 2009 at 12:41 from IEEE Xplore. Restrictions apply.

1705

GOPALAN et al.: INTEGRATED QUASI-PHASE-MATCHED SECOND-HARMONIC GENERATOR AND ELECTROOPTIC SCANNER

obtained from Yamaju Inc. (Japan), were of optical grade.
Using photolithography, a periodic (A = 3.5 pm) Ta metal
grating (for the SHG) and triangular Ta regions (for the
scanner), as depicted in Fig. 1, were defined on the c-face
of an approximately 0.5 mm thick Z-LiTaO3 crystal. The
Ta film was 500 A thick. The crystal was then heated in
pyrophosphoric acid at 260 "C for 50 min. This causes proton
exchange [4] (diffusion of protons into the crystal) in the
regions not covered by the tantalum metal and increases the
electric field required to reverse the polarization in these
regions. The sample was then cooled to room temperature and
cleaned with water. Following this, an electric field_of about 21
kv/mm was applied to the region where the scanner is defined.
For this purpose, the original Ta film on the c-face was used
as one electrode and a uniform liquid electrode (saturated
KNO3 solution in water) on the c+ surface. Thus, domains are
inverted only under the Ta metal, defining triangular domain
inverted prism regions through the thickness of the crystal.
The Ta metal was then stripped off the entire device by
dipping it for -10 s in a mixture of 1 part HF with 2 part
HN03 at room temperature. Next, using two liquid electrode
columns (with electrode area A) across the SHG region of
1
was applied and
the device, an electric field of ~ 2 kv/mm
the domain reversal process monitored using transient current
measurements [3]. The poling process was carried out until
the total charge under the current peak equaled P,A, where
P, = 50 pC/cm2 for LiTaOs crystals [ 5 ] . This causes only
the crystal between the proton exchanged regions to reverse
its polarization, thus giving a 3.5 pm period domain grating in
the SHG region. Because the device described here operates
in the bulk configuration, it is not necessary to anneal the final
device above 400 "C to remove the surface proton exchanged
layer (-0.5 pm). The ends of the sample were polished for
optical coupling and Au-Cr electrodes were deposited on the
C - and C+ faces of the crystal in the scanner region for
applying a uniform electric field.
Fig. 2 presents the performance of the SHG device in
bulk configuration as described in Fig. 1. The phase-matching
infrared wavelength was found to be 829.7 nm. For a 7.8 mm
SHG device length, 26 pW of blue light was obtained with 80
mW of infrared light focused into the device. This gives a bulk
efficiency of 0.52%/W-cm. Upon applying an electric field
across the scanner, both the blue and the infrared light deflect
at the output of the crystal. This was imaged on a piece of
paper. Fig. 3 is a double exposure photograph of the deflected
blue beam for an applied voltage of k750 V. The measured
deflections were 12 mrad/kv for the blue light and 7.4 mradlkv
for the infrared beam. For a crystal thickness of 474 pm and
the electrooptic coefficient of 30.5 pmN (reported at 633 nm),
[6] the expected index difference between the domain inverted
prisms and the surrounding crystal is An = 7.55 x 10V4 for
an applied voltage of 1 kv voltage at 414.85 nm. This gives
a theoretical estimate [2] of 0 = AnL/W = 9 mrad, where
L = 6 mm and W = 0.5 mm was used. This estimate is
smaller than the measured deflection of 12 mradkv observed
for the blue light. Similarly, the theoretical estimate at 829.7
nm is An = 6.43 x
for an applied voltage of 1 kv,
which gives a deflection angle of 0 = 7.72 mrad. This is
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Fig. 3. A double exposure photograph of the deflected blue light (414.85
nm) with -750 V (left spot) and $750 V (right spot) applied across the
scanner in the integrated device. The 2-cut LiTaOy "ystals was 0.474 mm
thick. The deflection angle is 18 mrad.

closer to the measured deflection angle alf 7.4 mradkv for
the infrared beam. Since the deflection, 6' = An,L/W, the
discrepancy between the observed and theoretical deflection
at 414.85 nm can be due to error in ne,E, 7-33, L , or W . The
values of L , W, and E, were measured within a few percent
error. The values of ne as a function of wavelength for single
crystal LiTa03 were taken from literature, [7] reported for
single crystal LiTaO3. One possible explanation for why the
scanner deflection is close to theoretical estimate at infrared
wavelength but significantly different at blue wavelength is
the possible dispersion in the electrooptic coefficient with
the wavelength of light. This suggestion is plausible since a
considerable dispersion of r22 for structurally similar LiNb03
has also been reported '[8] in the visible range. The optical
dispersion of r33 is currently under investigation.
We shall now summarize the advantages and disadvantages
of the above design. To our knowledge, this is the first
demonstration of an integrated QPM-SHG and an electrooptic
scanner on the same chip. The processes for the fabrication of
the laser and the scanner have been showin to be compatible.
The device is compact (only -15-mm total length). The
scanner consumes negligible power and is believed to be
capable of high speed (100 MHz and higher) operation. We
have tested similar scanners up to 10 MHz with no observable
decrease in deflection sensitivity.
A limitation of the present design of this integrated device
is that the SHG is through the bulk of the crystal, and
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therefore high blue powers cannot be achieved. Also, because
the IR beam is focused at the center of the SHG region, the
beam is diverging when it passes through the scanner. This
strongly limits the number of resolvable spots ( N ) at the
output since N = (deflection angle)/(divergenceangle) [2]. An
improved design would use channel waveguides in the SHG
region for high conversion efficiencies and hence blue power,
along with a planar waveguide in the scanner region to allow
deflection in the 2-y plane of the crystal. However, a channel
waveguide will further increase the divergence of the blue
light at the end of the SHG region, and so integrated lenses
would be required between the laser and scanner. Some lenses
on Limo3 crystals using double proton exchange technique
have been reported, [9] and we are also in the process of
designing electrooptic lenses using domain inversion.
In conclusion, we report the first integrated optical device
on ferroelectric Z-cut LiTaOs crystal consisting of a quasiphase-matched second-harmonic generation section and an
electrooptic beam deflector on the same chip. Blue light at
414.85 nm was generated in the bulk of the crystal with
an efficiency of 0.52%/W-cm. It then passes through an
electrooptic scanner comprised of a series of triangular prismshaped domain-inverted regions through the thickness of the
crystal. A deflection of 12 mrad/kv for the output blue light
and 7.4 mrad/kv for the infrared light was observed at the
scanner output.
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