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also are able to display transitions not only from disorder
to order (synergetic behavior) but also from order to com-
plexity (temporal and spatio-temporal instabilities and
chaos).

This revolution entered the field of optics? around 1975
with Haken’s discovery? of the isomorphism between the
three Lorenz equations'* and the single mode homoge-
neously broadened laser equations. Unfortunately, the ex-
perimental realization of a chaotic Lorenz-Haken laser has
proven a challenging problem, in spite of the fact that,
since the beginning of experimental studies in lasers, they
have shown irregular dynamical pulsations. Only recently,
a coherently pumped far-infrared ammonia laser has al-
lowed the first observation of a behavior remarkably simi-
lar with the predictions of the paradigmatic Lorenz-Haken
model.>6

However, the theoretical understanding of the dynam-
ics of this ammonia laser on the basis of the Lorenz-Haken
theory, has raised considerable controversy 57+ for the in-
ability of this model to describe important physical aspects
of the real system. Thus, while two-level (i.e., incoherendy
pumped) lasers are considered in the Lorenz-Haken mod-
el, coherently pumped lasers operate on a -three-level
scheme. In such conditions, the coherent pump laser field
not only affects the populations of various energy levels,
but can also induce a strong interaction with the generated
field through nonlinear coherent effects such as the Ra-
mon process and the AC Stark effect. This can result in
new dynamic features of the coherently pumped la-
sers, 2079

Indeed, the numerical study'® of a homogeneously-
broadened three-level laser model—for a parameter range
appropriate for the ammonia laser—revealed striking dif-
ferences between the theoretical predictions and the ex-
perimental observationss of Lorenz-like behavior in this
laser.

By our incorporating the Doppler-broadening in the
three-level laser model, considering operation in the back-
ward emission direction, as in the experiments®, and ana-
lyzing the dynamics of the laser phase in addition to that
of intensity, we have been able to reproduce®!! qualita-
tively the main experimental features of the heteroclynic
or Lorenz-type behavior observed in the experiments®, in-
cluding instability pump threshold, detuning-pump bifur-
cation diagram, and symmetric spiral attractor. The incor-
poration of the Doppler broadening complicates consider-
ably the laser model, which in our case was composed by
217 coupled ordinary differential equations. It is remark-
able that such a complex model predicts a behavior so
similar to that of the simple three (or five for the detuned
laser) equations model for the Lorenz-Haken laser.

Coherently pumped lasers have thus become most inter-
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esting systems for nonlinear dynamics with the first dem.
onstration of Lorenz-like dynamics in the real world.
Moreover, these lasers are very versatile systems that in-
clude as limit simple cases the two-level laser (when coher-
ent pumping effects are eliminated) and the Raman laser
(when the detunings of the pump and generated fields are
equal and much larger than the molecular transitions
linewidths). We believe they have also produced evidence
of two rather general aspects: (1) that highly-dimensional
dynamical systems can approach asymptotically in time-
low dimensional attractors, and (2) that the dynamical be-
havior of lasers usually proves resistant to a qualitative
understanding on the basis of simple models that, instead,
yield a satisfactory explanation of the stable output emis-
sion.
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Second harmonic generation in
periodically-poled LiNbO,
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ompact, solid-state sources of coherent blue light
have applications in biomedicine, displays, printing,
and optical storage. Because blue semiconductor diode la-
sers are not currently available, techniques for the efficient
nonlinear optical frequency conversion of infrared diode




lasers are being developed. Materials with high nonlinear-
ity and good optical quality are therefore in demand. Engi-
neering the optical properties of a well-studied material
such as lithium niobate (LiNbQ3) provides an alternative
to the search for entirely new materials. Using quasi-
phase-matching in LiNbO3, we have accomplished collin-
ear cw second harmonic generation (SHG) with wave-
lengths and nonlinear coefficients that have been impossi-
ble to phase-match using only the material birefringence.

Quasi-phase-matching (QPM) was the first technique to
be suggested for compensating refractive-index dispersion
to obtain efficient SHG.! By periodically reversing the sign
of the nonlinear coefficient at odd integer multiples of the
coherence length, continuous power flow from the funda-
mental into the second harmonic wave can be maintained
along the interaction length. While the highest conversion
efficiency is obtained when reversals occur every coher-
ence length, fabrication considerations may compel the
use of longer distances between reversals. In LINDO, the
signs of the nonlinear coefficients are tied to the orienta-
tion of ferroelectric domains, and thus QPM can be ac-
complished in a crystal with a periodically-alternating do-
main structure (periodically-poled LiNbO3). We have de-
veloped two methods to produce periodically-poled
LiNbO; for QPM nonlinear optical interactions.

We have produced periodically-poled LINbO3 crystals
up to 0.5 mm in diameter using laser-heated pedestal
growth.? In this technique, the output of a COx laser is
focused on the tp of a typically 500-pum diameter source
rod of LINbO3 to make a small molten droplet into which
a seed crystal is dipped. The seed is then withdrawn from
the droplet as fresh source material is supplied. Periodical-

ly-reversed ferroelectric domains can be created during
growth cither by rotating an asymmetric heat input or by
periodically modulating the heating power. Using these
techniques, we have grown domain structures with peri-
ods as small as 2 um in either nominally 5% Mg-doped or
undoped congruent material and in crystals grown along
either the x or z axis.

Previous demonstrations of quasi-phase-matched SHG
in LiNbOs have used Czochralski-grown crystals with
poling periods down to 6.8 um for frequency doubling
1.06 um light.? The shorter periods attainable using ped-
estal growth have allowed us to apply this material to
room temperature, quasi-phase-matched SHG of light at
wavelengths as short as 407 nm, using the d3; and da»
nonlinear coefficients. The theoretical conversion efficien-
¢y using d3; and QPM with domain lengths equal to the
coherence length is ~13.5 times that which would be ob-
tained were it possible to birefringently phase-match an
interaction at this wavelength with the commonly used dy,
coefficient. The conversion efficiencies and wavelength

and temperature tuning bandwidths we have measured
are consistent with an effective interaction length of =320
wm (>230 domains). No photorefractive damage was ob-
served at the relatively low levels of blue light generated in
the SHG experiments, and a separate test with cw focused
488 nm beams showed that the periodically-poled materi-
al exhibits no discernible photorefractivity at intensities up
to 200 kW/cm.?

Waveguides increase the efficiency of nonlinear oprical
interactions by maintaining high optical intensities over
considerable lengths. We have developed a method to pro-
duce periodically-poled LiNbO3 waveguides in standard
integrated-optic substrates, using commonly used materi-
als and process. It is known that the diffusion of titanium
into the +z face of a LINbO3 wafer causes ferroelectric
domain reversal at the surface of the wafer. By indiffusing
lithographically-defined gratings of titanium, we exploit
this effect to produce periodic arrays of alternating do-
mains. Waveguides are then made in the periodically-
poled surface using the annealed-proton-exchange tech-
nique.

qln waveguide doublers poled with periods on the order
of 7 pm, about 1 wW of blue light at 410 nm has beer
generated using the ds; coefficient in a 1 mm-long grating—
with a normalized conversion efficiency of about 40%/W-
am?.* The observed wavelength tuning bandwidth is con-
sistent with an effective length approximately equal to the
grating length. The measured conversion efficiency implies
that in cm-long devices, mW levels of blue light could be
produced from tens of mW of infrared fundamental pow-
er. Work is underway to demonstrate this scaling with
length and also to further improve the efficiency by mak-
ing the domains one coherence length long instead of
three. In addition to the work on blue light generation,
SHG of green light has been observed in devices fabricated
using Ti gratings with larger periods.* Other workers have
demonstrated SHG in periodically-poled LiNbO3 wave-
guides produced with a different process.®
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ABSTRACT

Phase-matching nonlinear interactions by periodic variations in the nonlinear susceptibility, quasi-
phase-matching, offers advantages in accessible tuning range and in choice of nonlinear coefficients over
the conventional birefringent technique. Periodically reversed ferroelectric domains can be used to create
monolithic structures with the necessary high-spatial-frequency variations in the nonlinear susceptibility.
We present two techniques for the fabrication of periodically-poled lithium niobate crystals, and results for
bulk and guided-wave second harmonic generation of blue and green light.

1. INTRODUCTION

Recent advances in III-V diode laser technology have led to the commercial availability of near-infrared
diode lasers with single mode output powers in excess of 100 mW. The more difficult materials problems
involved in producing similar diode lasers for the visible or the mid-infrared have not yet been solved.
Thus, nonlinear optical devices suitable for frequency conversion of existing diode-laser pump sources are
of considerable technological interest. Because single-pass bulk nonlinear devices cannot operate
efficiently at the pump powers available with diode lasers, resonant enhancement of the fundamental
fields,1:2 or waveguide confinement3:4 is necessary for the generation of useful amounts of output
radiation. Materials used in these devices must meet stringent requirements on their nonlinear
susceptibility, transparency, and particularly on their birefringence for phase-matching. Lithium niobate,
which has large nonlinear susceptibilities, transparency from 350 nm - 4000 nm, well-developed
waveguide technologies, and ready commercial availability, is an attractive material for these applications.
Unfortunately, the usefulness of lithium niobate is limited by its birefringence, which is too small for
second harmonic generation (SHG) of blue light and too large for noncritical phase-matching of difference
frequency generation of mid-infrared radiation. We describe here the use of periodic poling to achieve
quasi-phase-matching, extending the applicability of lithium niobate to any interaction within its
transparency range.

2. QUASI-PHASE-MATCHING

Phase-matching, broadly defined as a means for maintaining the phase relationship between the waves
participating in a nonlinear interaction, is essential for efficient frequency-conversion devices.
Conventionally, the phase velocity mismatch caused by dispersion of the refractive indices is compensated
by use of a birefringent crystal to match the velocity of orthogonally-polarized waves. While birefringent
phase-matching has been used in essentially all practical nonlinear devices, it limits the choice of nonlinear
crystals to those having appropriate relationships between dispersion and birefringence, and forces the use
of only those elements of the nonlinear susceptibility tensor that couple orthogonally polarized waves.
Alternative approaches to phase-matching, such as modal dispersion3 or the Cerenkov effect* in
waveguides, are generally accompanied by reduced conversion efficiency and nonoptimal output spatial
modes.

Another approach, quasi-phase-matching (QPM), was proposed early in the development of nonlinear

optics.36 In QPM, the interacting waves travel with different phase velocities, but accumulation of phase
mismatch is prevented through appropriate spatial modulation of the sign or magnitude of the nonlinear
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susceptibility. Using second harmonic generation (SHG) as an example, the wavevector mismatch Ak~
given by

where the subscripts @ and 2 refer to the fundamental and second harmonic frequencies, respectively.
QPM is achieved by introducing a component of the nonlinear susceptibility with a spatial frequency equal
to Ak . In the simplest form of modulation, the sign of the nonlinear susceptibility is reversed every
coherence length (I, = n/Ak), so that the sign of the coupling coefficient between the fundamental and the
second harmonic is changed at every point where a phase shift of © accumulates between the two waves.
A monotonic increase in the magnitude of the second harmonic wave then results, instead of the periodic
oscillation characteristic of non-phase-matched interactions. In a more general case, the sign reversal
occurs every m coherence lengths. The effective nonlinear coefficient for the quasi-phase-matched
interaction, dg, is then related to the effective nonlinear coefficient for a conventional interaction involving
the same waves, def, by the component at spatial frequency Ak of the Fourier expansion of the square
wave, i.e. :

do= (2/m7r)deff for m odd
Q 0 form even .

)

Note that dg for mth order QPM is inversely proportional to m, so that the efficiency of nonlinear devices,
proportions to (dp)?, decreases as m—2. First-order interactions are thus desirable from the standpoint of
efficiency, but higher-order QPM is sometimes used for ease of fabrication. The more general case where
the duty cycle is not 50% is discussed in section 3.

The advantages of QPM result from the decoupling of phase-matching from material birefringence.
With QPM, one can use a material for any interaction within its transparency range, adjust for phase-
matching at any convenient temperature, use any of the nonlinear coefficients (including those coupling
waves of the same polarization), and carry out interactions in waveguides that support only one
polarization (proton exchange in lithium niobate). In many materials, the nonlinear coefficients coupling
fields of the same polarization are often larger than those coupling orthogonally-polarized fields. For
lithium niobate, d33 = 34 pm/V,” so that dp for this polarization, 22 pm/V, is 3.7 times larger than the d3;
coefficent used for birefringent phase-matching, and the efficiency of QPM devices is 13 times larger than
that of comparable birefringently phase-matched devices.

In order to be useful for device applications, the periodicity of the domains must be accurately
controlled. If the spacing of the domains deviates from the ideal structure, phase error accumulates
between the interacting waves, and the efficiency is reduced. The tolerance for such errors depends on the

statistical nature of the variations and the length, L, of the device. It can be shown that for small random
errors, the efficiency is reduced by 50% when the rms deviation, A, of the domain period, A, is8

SAIA = (1/m) YIJL 3

while for a fixed deviation, AA, a 50% reduction occurs when

AAJA = 2.78/m) IJL | 4)
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Eq. (4) states essentially that the useful length of the structure is the length over which the accumulated
error in the position of the last layer is one coherence length. Note that this is a rather strict criterion, since
typical coherence lengths are on the order of microns and typical devices are millimeters long.

Because typical coherence lengths for interactions involving visible light are 1-10 pm, a major
difficulty in QPM is modulation of the nonlinear susceptibility on the rather short spatial scale necessary
for efficient interactions. The conceptually simplest approach to creation of the sign reversal, cutting the
crystal into a series of wafers one coherence length long and restacking the slices with alternating 180°
rotations, is feasible only for far-infrared interactions.:1% This difficulty can be avoided with monolithic
techniques based on the sign changes in the nonlinear susceptibility associated with rotational twinning,!!
partial orientation of polymer films, !2 or reversed ferroelectric domains.!3

Our studies of QPM have been focused on lithium niobate, which undergoes a ferroelectric transition at
a Curie temperature, T¢, of approximately 1150°C to a low temperature phase with spontaneous
polarization oriented parallel to the crystallographic z-axis.!4 Antiparallel ferroelectric domains, which are
related crystallographically to one another by a 180° rotation around the x-axis, can easily be induced at
temperatures close to T, but are extremely difficult to reorient at room temperature.14 Because the signs
of all components of the nonlinear susceptibility tensor change in adjacent domains, crystals with
appropriately-spaced periodic domain reversals (periodically-poled lithium niobate or PPLN) can be used
to achieve QPM.

Domain reversal has been induced during Czochralski growth of bulk lithium niobate crystals by
periodic perturbation of the growth conditions, either through a pulsed current passed through the crystal!s
or by rotation of the crystal in an asymmetric thermal field.16 Reversed domains with periods as small as
6.8 um have been created by these techniques.

We report here two methods for producing PPLN crystals, one based on indiffusion of
lithographically patterned dopants on planar substrates, the other based on modulation of the heat input
during laser-heated pedestal growth of small diameter crystals. Frequency conversion experiments are
also described, including SHG of green and blue light in planar and channel waveguides fabricated by
proton exchange in the planar substrates, and bulk SHG of blue light in the pedestal-grown crystals.

3. PLANAR DEVICES

Waveguides enhance the efficiency of nonlinear optical interactions because they maintain high
optical intensities over long interaction lengths. Previous guided wave devices for frequency conversion
have relied on birefringence, modal dispersion, or the Cerenkov effect for phasematching. Guided wave
devices using quasi-phase-matching techniques are particularly attractive for frequency conversion
applications because they combine the high efficiency resulting from waveguides with the advantages of
QPM discussed previously.

It is convenient to define a normalized conversion efficiency, 7.y, which accounts for the effective
nonlinear coefficient of the material, the overlap of the fundamental and harmonic waveguide modal fields,

and the effects of quasi-phase-matching. The normalized conversion efficiency 7Jpor Of a quasi-phase-
matched waveguide frequency doubler is related to the absolute conversion efficiency, 7, by

M=y = Terfel, &)

where Py and P, are the powers of the fundamental and harmonic, respectively, and L is the length over
which QPM occurs.
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The ideal configuration for a waveguide device which relies on periodic sign reversals of the.
nonlinear susceptibility for QPM requires a sign-reversal graung with a 50% duty cycle that is constant
over the depth of the waveguide. In this case; Np,r is given by

_ 2
2.2 +o
8n°d . 2
Npor = —-——Q——; f E,,(0) Eu()dy|.
n%onu, Cc& A (7] et

(6)

where y is the depth coordinate, E, and E3,, are the normalized modal field distributions, and n,, and n2,
are the corresponding modal effective indices of the waveguide. We have assumed a planar waveguide for
simplicity; the analysis for a channel waveguide requires an additonal integral in the width dimension. The
integral in Eq. (6) reflects the confinement and overlap of the modes, and is the same as appears in the
theory of conventionally phase-matched waveguide interactions.?

In the general nonideal case, the sign reversals of the nonlinear susceptibility can be aperiodic and
can vary over the depth of the waveguide. A function g(y,2), taking the values £1, can be used to specify
the spatial variation of the nonlinear coefficient according to des(y,2) = ldeig(y.2). As will become
evident from the experimental results which follow, we are interested in the nonideal periodic structure
which consists of a sign-reversal grating whose duty cycle varies over the depth of the waveguide. In this -
case ‘

2

8ﬂ2d2 T * 2
Npor = ——'LE f Gm(y) E2w(y) Eu(®) dy

n%‘,nzwca)lw - €))

Here dp takes the value 2d,.s/mmn for even as well as odd m. The new quantity Gn,(y) in the modal
overlap integral is the m® coefficient of the Fourier series representation of g(y,z), normalized to (2/mn),

A .
Gm(y) = ('—"22 Lf g(y.2) e @mmA 1 d;
Aly (8)

For ideal, 50% duty-cycle structures with no depth dependence, Gpm becomes 1 for odd m and 0 for even
m, recovering the results of Eq. (6). If the penetration depth of the domains is small compared to the depth
of the waveguide, the overlap integral in Eq. (7) can be substantially smaller than that for the ideal case.

We have investigated methods for creating arrays of periodically reversed ferroelectric domains at the
surface of lithium niobate wafers, in which planar or channel waveguides for quasi-phase-matched
nonlinear interactions can be fabricated. The conceptually simplest approach is to use an interdigital
electrode to apply a periodic electric field to a crystal heated close to its Curie temperature. The domains
will then align with the applied field, and be frozen into a periodic configuration as the temperature is
Jowered. While this technique has been successfully applied to lithium tantalate, whose Curie temperature
is = 620°C,17 it is difficult to find suitable electrode materials for lithium niobate. At temperatures close to
the Curie temperature of lithium niobate, diffusion of the electrode into the substrate is a problem,
especially in the presence of a poling field, which tends to enhance the penetration through

electrodiffusion.
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An alternative approach was suggested by the work of Nakamura, who observed that an inverted
domain appears at the +z surface of lithium niobate plates heated to temperatures close to T¢ .18 The depth
of the domain reversal increased with both the soak time at a given temperature and the temperature at a
given soak time. One model that explains these results, and is also consistent with domain distributions
observed in single crystal fibers, is that the domains align with the temperature gradients in the surface
cooled bodies under the influence of thermoelectrically generated fields.!9 The influence of the soak
temperature would then be due to the reduction of the coercive field as the temperature approaches T¢,
while the influence of the soak time is through increased lithium outdiffusion, which reduces T¢,20 and
hence reduces the coercive field at a given temperature. We carried out further experiments, including
suppression of the counter-poling by processing the crystal in a lithium-rich atmosphere, which have
tended to support this model. Note that the mechanisms leading to domain reversal in lithium niobate are
complex, and other effects due to gradients in the concentration may contribute to observed behavior, as
discussed in section 4 below. Details of these measurements are being prepared for publication.2l The
process for periodic poling suggested by these observations is to spatially modulate the concentration of Li
by outdiffusion through a periodic mask, and to choose the thermal conditions so that the lithium-poor
regions counterpole while the remainder of the crystal does not. While this poling method does not require
the application of electric fields, and hence allows insulating mask materials, we again found it difficult to
identify an appropriate material for the mask, i.e. one that blocks Li outdiffusion but does not indiffuse
into the substrate and is readily removed after the thermal processing. Encouraging results with SiO;
masks have recently been obtained by Webjom et al.22

Since it is difficult to find an electrode or mask material that does not diffuse into lithium niobate at
elevated temperatures, a technique based on intentional indiffusion of an innocuous dopant is attractive.
We have had success with a method using indiffusion of a patterned Ti film, based on the same principle
as the poling method using Li concentration variations described above. Regions doped with Ti have a
lower Curie temperature than do undoped regions, so that periodic doping leads to periodic domain
inversion after thermal processing. This method was suggested by the observation by Miyazawa that
fabrication of Ti-indiffused waveguides on +z substrates is often accompanied by domain reversal.23:24

We investigated a range of Ti film thicknesses, stripe widths, soak temperatures, and soak times with
the goal of reducing the Ti concentration as much as possible to minimize changes in the refractive index
while maintaining well-defined regions of domain reversal with adequate penetration depth for good
overlap with the waveguide modes. As the number of parameters is large, an optimum process has not yet
been identified, but useful results have been obtained with 50-300 A thick Ti films patterned with liftoff
lithography, process temperatures of 1000-1100°C, and soak times less than one hour. Bearing in mind
the isotropic nature of Ti diffusion,25 the parameters should be chosen to prevent excessive overlap of the
Ti distributions from adjacent lines. To prevent simultaneous lithium outdiffusion, the poling process was
carried out in a closed alumina boat filled with congruent lithium niobate powder. Details of processes for
specific devices are discussed later in this section. Typical results are shown in Figs. 1 and 2, which are
photomicrographs of the top (z) and end (y) faces of periodically-poled wafers which have been etched for
30 minutes at room temperature in HF to reveal the domain structure. The sharply delineated domains
created by this process can be seen in Fig. 1. The triangular shape of the domains in Fig. 2 is typical for
cases where the depth of the reversed regions is comparable to the period of the structure. Domains
shallower than the period of the structure tend to be more rectangular in cross-section. As is characteristic
of diffusion driven processes, the periodic variations in the dopant concentration that cause the poling tend
to wash out if the diffusion depth is larger than the period of the structure, which limits the attainable depth
of domain reversal.

To fabricate a waveguide in the periodically-poled substrates, a low-temperature process is desirable to
prevent erasure of the domain pattern. Proton exchange, which is typically carried out at 200-300°C, is
ideal for this purpose, and has the additional advantage of reducing the photorefractive sensitivity of the
waveguide. While waveguides fabricated by this process, which guide only z-polarized modes, cannot be
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Fig.1. Periodic domains on the z-face of a Fig. 2. End-view of periodic domains seen on y-

lithium niobate wafer revealed by etching in HF face of lithium niobate wafer. Period of pattern

acid. Period of pattern is 10 pm. is 10 um, but sample is not the same as shown in
Fig. 1.

used for birefringently phase-matched interactions, they are well-suited to quasi-phase-matched
interactions using the d33 coefficient, which require only z-polarized modes. Initial experiments suggested
that waveguides fabricated by the conventional exchange process in molten benzoic acid had an extremely
small nonlinear susceptibility, so we instead used the annealed proton-exchange process from Ref. 26.

The first device that we constructed was a quasi-phase-matched frequency doubler fos the 1.06 um
output of a CW Nd:YAG laser.2’ The device was fabricated on the +z face of a 0.5 mm thick lithium
niobate substrate obtained from Crystal Technology, Inc. For ease of fabrication, third-order QPM was
used, so that the necessary grating period was approximately 18 um. As the dispersion of the annealed
proton-exchanged waveguides is not well-characterized, we fabricated the device with four 1 mm long Ti
gratings with periods ranging from 15 to 22 um arranged so that the pump beam would traverse all four
gratings. The Ti gratings consisted of a 50 A thick film patterned with liftoff lithography into 4 pm wide
bars. The heat treatment consisted of a 2 h ramp from room temperature to 1100°C, a 30 min soak at
1100°C, and cooling back to room temperature at an initial rate of 8 K/min. A planar waveguide was then
fabricated with a 30 min soak at 200 °C in pure benzoic acid followed by annealing in flowing oxygen at
350°C for 4 h. The resulting waveguide supported one TM mode at 1.06 pm.

Rutile prisms were used for input and output coupling of radiation to characterize the device. The
input radiation was focused in the plane of the waveguide with an 8-cm focal length cylindrical lens. A
TM-polarized output of 0.5 nW at 532 nm was measured for 1 mW of TM-polarized CW 1.06 um
outcoupled power, yielding a normalized conversion efficiency of 5%/W-cm?.

To estimate the theoretical conversion efficiency, we modeled the device as a step-index guide with a
refractive index difference of 0.003 and an in-plane beam waist of 30 um. For waveguide depths in the
range 4 to 7 um, the calculated efficiency is 7 to 10%/W -cm2, in good agreement with the observed
conversion efficiency, and approximately 1500 times larger than would have been obtained in the absence
of phase-matching.

The next devices used a finer grating to shift the operating wavelength to the vicinity of 800 nm.28
The poling process was similar to that for the green doubler, but gratings of 6.5, 7, 7.5, and 7.75 um
periods, with 2 um wide Ti lines were used. The heat treatment, again carried out in a closed crucible
filled with congruent lithium niobate powder, was scaled to shorter times because of the shorter grating
period. A ramp from room temperature to 1100°C in 2 h was followed by a 10 minute soak at 1100°C and
a ramp back to room temperature with an initial cooling rate of 8 K/min. Both planar and channel
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waveguides were fabricated in these substrates. The channel waveguides were fabricated by proton
exchange through 3 um wide channels in a 2000 A thick aluminum film deposited on the substrate. The
exchange was in pure benzoic acid for 20 min at 200°C, after which the mask was removed in a solution of
sodium hydroxide. The sample was then annealed for 3 h at 350°C in flowing oxygen. Fabricauon of the
planar waveguides was identical with the exception of the masking step. The end faces of the channel
samples were polished to produce a finished device approximately 1 cm long.

Optical measurements of the planar waveguides, which supported one TM mode at 850 nm, were
made with a CW Styryl-9 dye laser and prism coupling. The normalized conversion efficiency into the
TMg mode at 424 nm was 2%/W-cm2, 5 to 10 times lower than theoretical estimates.

The channel devices were characterized with dye-laser radiation launched through a microscope
objective in an end-fire geometry. With an 820-nm pump, the 1/e2 in-plane diameter of the fundamental
and second harmonic modes were approximately 3.7 and 2.1 um, respectively, and the out-of-plane
diameters were 3.1 and 1.5 um. The dependence of the output power on the pump wavelength is shown
in Fig. 3, along with a sinc? curve fitted to the data. The FWHM of 0.5 nm is in reasonable agreement
with the theoretical value of 0.4 nm obtained under the assumption that the dispersion of the proton-
exchanged material is the same as that of congruent lithium niobate.2 A plot of the TM polarized output
power at 410 nm vs the square of the TM input power at 820 nm is shown in Fig. 4, illustrating the
quadratic dependence up to 940 nW, the highest blue output power measured. The internal normalized
conversion efficiency, corrected for 14% Fresnel reflection at the end face, is 37%/W-cm2. The order of
magnitude increase in efficiency over the planar device is expected from the in-plane mode confinement, -
but the conversion remains smaller than the theoretical value. The discrepancy for both the planar and the
channel guides is probably due to the shallower domains that result from the short coherence length of this
interaction, which reduce the overlap with the modal fields (Eq. 7).

The first step in improving these devices is to increase the length from 1 mm to 1 cm. Since the
conversion efficiency scales with the square of the interaction length, one would expect 37%/W
conversion in such a device, and thus approximately 1 mW of blue output for 50 mW of infrared input. If
the aspect ratio of the domains can be increased through improved processing techniques, the better
overlap with the modal fields would yield an order of magnitude increase in the normalized conversion
efficiency, to 350%/W-cm2. Another order of magnitude improvement would result from the use of first-
order, rather than third-order, QPM. Such first-order devices would require further increases in the aspect
ratio of the domains, or else more strongly guiding waveguides that confine the modes to the periodically-
poled region near the surface of the device. Thus, it is interesting to investigate the tradeoff in proton-
exchanged waveguides between high proton concentrations for tight confinement and low proton
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concentrations to maintain the nonlinear susceptibility. Other topics currently under investigation includ
mixing two near-infrared sources in a periodically-poled channel waveguide to produce mid-infrared*
radiation, and the use of periodically-poled lithium tantalate waveguides for higher power applications
where photorefractive damage may limit lithium niobate devices. The question of photorefractive damage
in periodically-poled crystals is an open one, though indications exist that the magnitude of the effect is
dramatically reduced, as is discussed in the following section. :

4. LASER-HEATED PEDESTAL GROWTH OF PERIODICALLY-POLED CRYSTALS

An alternative approach to the production of periodically-poled lithium niobate is to grow crystals with
reversed domains throughout their volume. Such crystals can be used in bulk optical devices, and would
simplify the design of guided-wave devices by eliminating the penetration depth problem described in the
previous section. This idea is not new; the effects of domain reversals on nonlinear optical interactions
were investigated early in the history of nonlinear crystals.30 Among the work that has been reported are
techniques based on passing a pulsed current through the crystal either during ! or after32 growth, growth
of a crystal rotated in an asymmetrical temperature field,16 and growth at a periodically modulated rate.3!
The last of these techniques was employed during Stepanov growth, the remainder were applied to
Czochralski grown crystals. However, widespread use of periodically-poled crystals has not yet been
possible because of the difficulty in growing crystals meeting the strict periodicity criteria given in Eqgs. (3)
and (4). The best optical results were reported by Xue et al.33, who demonstrated first order quasi-phase-
matched SHG of a 1.06 pm pump in a crystal containing a 6.8-um-period domain structure,
approximately 100 periods of which contributed coherently to the interaction.

We report here on the growth of crystals up to 0.5 mm in diameter containing domain structures with
periods as small as 2 um, and on CW SHG of radiation with wavelengths as short as 407 nm.34

The crystals are grown in a laser-heated pedestal growth apparatus, described in Ref. 35, which uses
the focused 10.6 pm output of a CO3 laser to melt the tip of a typically 500-um diameter source rod of
either congruent composition or nominally 5% Mg-doped lithium niobate.36 An oriented lithium niobate
seed crystal is dipped into the melt, then withdrawn at a
constant rate to pull the crystal while the molten zone is
replenished by continuously feeding in the source rod.
The ratio of the pull rate to the feed rate determines the
diameter of the crystal. Crystals are grown either in air
or a 4:1 mixture of helium and oxygen, at a typical rate
of 2 mm/min. Lengths up to 5 cm of both x- and z-axis
crystals are easily grown. The crystals are brownish
after growth, but can be made transparent by annealing
in dry flowing O3 for several hours at 725°C.

The domain structure of undoped crystals grown by
this technique is discussed in Ref. 19; similar results
have been obtained with Mg-doped crystals. z-axis
crystals grow with a single domain, oriented with +z
toward the melt, while x-axis crystals have a single
domain wall perpendicular to the z-axis at the center of
the crystal, dividing the crystal into two domains with Fig. 5. SEM photograph of the y face of a
the +z-axis pointing outward towards the surface. As polished and etched x-axis crystal, showing
discussed in Ref. 19, these patterns are most easily periodically-alternating domains with a period
explained with the assumption that the domain of approximately 3.5 pm. The curvature of the
orientation is controlled by thermoelectric fields domains is due to the convex shape of the
generated by the large temperature gradients present in  growth interface.
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this growth process, but composition gradients may also have an influence.

Periodically-poled crystals are grown by periodically perturbing the growth, either by rotating an
asymmetric heat input created by a rotating mask in the CO; laser beam or by modulating the laser power.
The period of the domain structures is given by A = Vpull / fmod » Where vpyy is the pull rate and fmgq is
the frequency of the modulation. . Using these techniques, it has been possible to produce domain
structures with periods as small as 2 um in both z- and x-axis crystals (Fig. 5). It is difficult to explain
these results in terms of a model based on thermoelectric effects; it is probable that the domain reversals
result from compositional striations induced by the periodic perturbation of the freezing interface. Models
based on composition gradients have been advanced to explain the domain structures in bulk periodically-
poled crystals.37 While the microscopic mechanism responsible for the domain reversals remains a topic
of current research, it appears that the large axial temperature gradients, high growth rates, and short dwell
time at elevated temperatures characteristic of the laser-heated pedestal growth system aid in the formation
of well-defined domain structures with small periods.

The sample used in the nonlinear optical experiments discussed here is a 1.77-mm long piece of a Mg-
doped x-axis crystal approximately 250 pm in diameter, grown at a rate of 2 mm/min while the laser
power was modulated at fpy4 = 12.35 Hz. The resulting domain period, A = 2.7 um, was chosen so that
SHG using either the d33 or the d; coefficient could be first-order quasi-phase-matched within the tuning
range of a CW Styryl-9 dye laser. Figure 6 shows the phase-matching curves generated by tuning the
wavelength of the dye laser, focused with a 5x microscope objective to a 6 um diameter spot in the crystal.
Curves (a) and (b) were obtained by polarizing the fundamental wave along the z and y axes, respectively.
As expected, the polarization of the second harmonic was the same as that of the fundamental in both
cases. The difference in the peak wavelengths, 814.5 nm for d33 and 850.5 for d33, is due to the
difference between the dispersion of n, and and that of n,.

The quality of the sample can be estimated from the effective interaction length, legr, inferred from the
width of the tuning curves.3® With the tight focus used to generate the curves in Fig. 6, l ¢ is limited by
the confocal length of the beam. To determine the limit on g due to inhomogeneities in g;e crystal, the
tuning curves were remeasured using a 65-mm focal-length lens to focus the beam, resulting in a confocal
length of 1.3 mm. In this case the FWHM of the two curves were 1.4 nm and 1.5 nm for d33 and d22,
respectively. Using the dispersion data of Ref. 29, /. = 320 um was obtained for both d33 and d73,
corresponding to an effective number of domains N = 240. That the same effective length was obtained
for both polarizations suggests that it is limited by variations in the domain spacing rather than by
compositional inhomogeneities, as the latter generally affects the two indices of refraction differently.
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According to Eq. (4), the accumulated error in the position of the Nth domain is approximately
A/2 = 1.3 um, a magnitude not unlikely given the slippage in the friction-coupled belt-drive system,
designed to pull long continuous lengths of fiber for other applications, used to translate the lithium
niobate fibers during growth.

The theoretical conversion efficiency was calculated using deg = 22 pm/V, obtained from Eq. (2) and
the value for d33 from Ref. 7, and ler = 320 um. The conversion efficiency for the measurement with the
65-mm lens agreed within 20% with this calculation. With the 5x objective, close to the optimum
focusing for this effective length, as much as 7 uW of blue light was generated with 83 mW of input at the
fundamental. The normalized theoretical conversion efficiency for an optimally-focused interaction using
ds3 and QPM is 5.2%/W-cm, 13.5 times larger than would be obtained for a birefringently phase-matched
inferaction using d3; (were it possible to phase-match).

Photorefractive damage is an important consideration for applications of lithium niobate involving
visible radiation.39 In lithium niobate, a bulk photovoltaic effect is responsible for the charge separation
that leads to the changes in the index of refraction that cause the light scattering. The sign of this current
changes in antiparallel domains, so one would expect the photorefractive effect to be substantially altered
in periodically-poled crystals. To test this supposition, we compared the photorefractive response of an
= 2 mm long, undoped x-grown periodically-poled sample with A = 3 um against that of an identically-
prepared uniformly-poled sample. 488-nm radiation from an argon laser was polarized along the z-axis
and focussed to a 12-um diameter spot inside the sample. An adjustable slit, oriented so that
photorefractive beam spreading along the z-axis would reduce the proportion of the beam transmitted, was
centered in the far-field of the transmitted beam at a very low input power and adjusted to block
approximately half the total power. The power was then increased, and the time-dependent throughput of
the slit was recorded. The results depended on the power of the inpu* “beam; typically an initial rapid
(100 ms — 10 s) decrease in throughput was followed by a slow recovery (10 s — 10 min) to a level
somewhat below the original low-power value. For the uniformly poled sample with 100 mW incident
power, the fraction passed by the slit dropped to less than 40% of the low power value in 100 ms. Under
the same conditions, no significant reduction in the throughput was seen with the periodically-poled
sample. As is typical of photorefractive phenomena, the behavior was a complicated function of input
power, thermochemical history of the samples, etc., so more studies are necessary to properly characterize
the effect. However, the present data support the hypothesis that the optically-induced changes in the
index of refraction are dramatically altered by the domain reversal, and suggest that periodically-poled
lithium niobate can support useful intensities of blue light at room temperature.

In future work, the crystals will be pulled with precision linear stages to improve the uniformity of the
domain structures and thus increase the effective length of the crystal. Assuming losses comparable to
bulk crystals, even the present periodically-poled crystals are adequate to produce milliwatts of blue power
from commercially available diode lasers if used in resonantly-enhanced SHG devices.1:2 Samples are
currently being prepared for use in intracavity second harmonic generation in a 946-nm Nd:YAG laser.
Further characterization and modeling of the photorefractive effect in perodically-poled crystals are also of
interest.

5. CONCLUSIONS

Periodically-poled lithium niobate can be engineered to quasi-phase-match any nonlinear interaction
within the transparency range of the the crystal at any desired temperature, using any nonlinear coefficient.
Control over the phase-matching makes this readily-available crystal applicable to a broad range of
interactions. We have produced periodically-poled lithium niobate both by processing the surface of
uniformly-poled wafers and through the growth of crystals containing volume gratings of domains.
Domain structures with periods as small as 5 pm in the planar material and 2 pm in the bulk material have
been produced. Quasi-phase-matched SHG of CW blue and green radiation has been demonstrated in
planar and channel annealed proton-exchange waveguides with a normalized efficiency of 37%/W-cm2, as
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has SHG of blue light in the bulk samples. Photorefractive damage resistance at room temperature is
dramatically increased in the periodically-poled crystals. Improved single-pass waveguide devices and
resonant bulk interactions both appear capable of generating milliwatts of blue light from available laser
diodes. Infrared generation by mixing near-infrared diodes is also possible.
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