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uu-eshold current at room temperature.
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CWK1 Fig. 3. L-Tand V-1

characteristics for a 507.5 nm-laser
diode.

threshold current density was 460 A/cm®
and the operation voltage was 7.9 V with
70/95% reflectivity facet. Figure 3 shows
L-T and V-I characteristics for a 507.5 nm-
laser diode. The stripe width of the elec-
trode was 10 um and the cavity length
was 590 um. The lifetime of this LD was
about one minute at room temperature
when it was operated in a cw mode at
the output of 1 mW. The maximum out-
put of this device was 30 mW /facet.
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82% efficient monolithic frequency doubler

R. Paschotta, P. Kiirz, K. Fiedler, R.
Henking,* S. Schiller, J. Mlynek, University
of Konstanz, 78434 Konstanz, Germany

In the last few years there has been in-
creasing interest in frequency doublers
used as powerful light sources at wave-
lengths that are not directly accessible by
suitable lasers. One important goal is to
reach high conversion efficiencies; about
50% or more was achieved in several ex-
periments,'™ most of them using LiNbO,
(often doped with MgO) because of its
high nonlinear coefficient and the uncrit-
ical type-1 phase-matching for 1064/532
nm.
The highest conversion efficiency of
85%, however, was reported for KTP de-
spite its lower nonlinear coefficient;’ this
material does not display a variety of dei-
eterious effects, which are present in
LiNbO,, especially at higher power lev-
els, e.g., thermal and photorefractive ef-
fects. KTP, however, causes some disad-
vantages; the required noncritical type-II
phase-matching is not possible at the
common wavelength of 1064 nm and re-
quires two fundamental wave resonances
to behold; the lower nonlinearity allows
for high conversion efficiencies only at
higher powers.

In this paper we show that high-qual-
ity MgO:LiNbO;, combined with a low-
loss monolithic resonator concept with
optimized standing-wave geometry and
special dielectric mirror coatings (opti-
mized for impedance matching around
100-mW input power), can be used to
achieve comparable high efficiency at
considerably lower power levels, avoid-
ing the technical difficulties mentioned
above, since noncritical type-l phase-
matching is possible at 1064 nm. Figure
1 shows the experimental setup, Fig. 2
the output power as a function of the in-
put power and the power efficiency cal-
culated from the same data. The solid
lines refer to a fit of the effective nonli-
nearity. The simplicity and inherent sta-
bility of the device allows for very stable
operation with a simple feedback loop
locking the laser frequency to the fun-
damental wave length (see Fig. 1); we
have measured variations of the output
power (at 100-mW input power) of less
than 1% within 30 minutes.

532 nm
iaser P r

1064nm P Ve

o+

CWL1 Fig. 1. Experimental setup.
The laser beam is mode-matched to the
frequency doubler mounted in the oven,
protected against backreflected light by
the Faraday isolator (FI). The laser
frequency is locked to the fundamental
wave resonance with the lock-in
feedback system. The polarizer P
eliminates residual pump light.
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CWL1 Fig. 2. Circles: measured

second-harmonic output power as a
function of the IR input power; the solid
curve is a fit for the nonlinearity.
Rectangles: conversion efficiency,
calculated from the same data.
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Periodically poled lithium niobate for bulk
optical frequency doubling
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Hants SO9 5NH, UK.

Quasi-phase-matching (QPM) has at-
tracted much interest for second-har-
monic generation (SHG)."? In this paper
we present SHG experiments in periodi-
cally poled lithium niobate, fabricated
through field poling via liquid electrodes.
The experimental phase-matching band-
width of a 3.3-mm bulk crystal was equal
to the theoretically expected value, indi-
cating that the domain inversion was uni-
form throughout the volume of the
crystal.

Liquid electrodes are well known for

709

D 3
ok,
=
B
172
Q.
Qo
‘
W |
-
2
-




372 | CLEO/EUROPE’94 | WEDNESDAY AFTERNOON

.
1.0 + 4
2
E oost -
0.0 2
831.0 832.5 834.0

FUNDAMENTAL WAVELENGTH {nm]

CWL2 Fig. 1. Second-harmonic power
as function of fundamental wavelength.
A cw Tisapphire laser was frequency-
doubled into blue by third-order quasi-
phase-matching.

their benefits in electric field poling of
ferroelectrics’ We have developed the
method further to induce periodic inver-
sion, exploiting the fact that ordinary
positive photoresist inhibits domain in-
version. We used liquid electrodes in the
form of filter paper soaked in a solution
of LiCl in water placed on both sides of
a sample with a periodic photoresist pat-
tern on one side. These were then
clamped between electrodes connected to
ground and a high-voltage pulse gener-
ator. In our initial trials, we found that it
made little difference whether the pho-
toresist pattern was applied to 2~ or z°,
and indeed in later fabrication of periodic
structures, we patterned z~.

The best optical results to date were
obtained in a 0.2-m thick sample with a
domain period of 9 pm. It was used both
for third-order SHG of cw blue light (416
nm) and for first-order SHG of pulsed
yellow light (582.5 nm). After cutting and
polishing, the crystal length was 3.3 mm.
In the fabrication of this sample, we ap-
plied ten 4.5 kV pulses with a duration
of 4 ms each. The current through the
electrodes during each pulse was approx-
imately 1 mA.

A cw tunable Ti:sapphire laser with a
0.04-nm bandwidth was used for third-
order phase-matching. The spot size in-
side the crystal was w, = 18 pm, which
gives a ratio of sample length to confocal
length L/b = 0.63. The output SH power
had a square dependence on the input
power all the way up to an output of 20
uW for an input of 300 mW, which in-
dgaterbatoPrvsabnativer asmageisoes
K KTl

Fig. 1 shows the third-order phase-
matching peak. It has the bandwidth pre-
dicted by theory, just below 0.2 nm, dem-
onstrating that the full length of the
crystal was involved in the interaction.
The conversion efficiency of 0.07%/Wcm
was about ten times smaller than the the-
oretical value for a perfectly periodic
crystal. We attribute this to random off-
sets of the domain-walls from their ideal
positions. Visual inspection of the etched
crystal surfaces confirms this.

The first-order experiments were car-
ried out with a pulsed tunable optical
parametric oscillator as pump source.
Nearly transform limited 1.6-ps pulses
with 105-MHz repetition rate and 35-mW
average power gave 1.4-mW average sec-
ond-harmonic power at a wavelength of

582.5 nm. Power spectra were measured
for both the fundamental and the second
harmonic. The 0.4-nm bandwidth of the
second harmonic agreed with the group
velocity mismatch in the crystal.

In conclusion, the combination of
pulsed electric fields, liquid electrodes,
and a photoresist mask permits repro-
ducible periodic poling of bulk lithium
niobate. The periodically poled crystals
exhibited no photorefractive damage
when used for frequency doubling into
the yellow and blue.
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A multilayered semiconductor second-
harmonic generator based on a new
scheme of phase-matching in a cavity
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Our second-harmonic generation (SHG)
device based on a new phase-matching
scheme is illustrated in Fig. 1. Alternating
layers of half-the-harmonic-wavelength
(A\*/2n*) thick (111)-oriented GaP and
AlP are inserted in a cavity. Because of
the difference in the magnitude of sec-
ond-order nonlinear optical coefficient d
SsEwes FoR —ah AN neniolinneainy b
MOAlAted g e Grgitadinar ais of
the cavity as shown by the square wave
(n) in the lower part of Fig. 3.

Figure 2 shows the harmonic output,
calculated utilizing Green’s function for-
malism combined with the transfer ma-
trix technique,’ as a function of the num-
ber of GaP/AIP pairs for a fundamental
power of 100 mW (A" = 1.064 um) with
a cross section of 10 wm?. A harmonic
output of ~6 mW is obtained from a de-
vice with 64 pairs only ~10 pm thick.

The high efficiency of the new device
stems from the coexistence of two phase-
matched SHG processes:

(1) The interaction between the for-
ward and backward propagating funda-
mental waves in the cavity induces a
nonpropagating component of the non-
linear polarization. The wavenumber

T T A

CWL3 Fig. 1. A second-harmoni,
generator incorporating GaP/Alp
alternating layers in a cavity.
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CWL3 Fig. 2. Calculated second-
harmonic output as a function of device
thickness. Parameters used as follows.
GaP: n” = 3.11, n™ = 349, o™ = 125
em™, d = 45 pm/V. AlP: n* = 2.76, 1" =
2.94,d = 15 pm/V. \" = 1.064 pm. A
GaP/AlP pair is 0.1667 um thick.

mismatch between the harmonic radia
tion and the nonpropagating nonlinear
polarization component is k™. This is just
compensated for by the modulation of 4
at a period of A\*/n™ = 2n/K”.

(2) The forward-propagating
mental wave consists of components
with a wavenumber k¥* and a wavenum-
ber —k* + k¥**; the latter arises from ¢t
diffraction of the backward-propagating
fundamental wave with a ::avenu .

—R vy T niues grawg ‘;‘z;’fk» r
of Zn /% (Re niteractioll BERIEER 2" LA
and -k + K* components _comb""’: .
with the DC component of d mdutﬂ*
nonlinear polarization with a Wa
number K, ol Fg:

The curve (n) in the upper part ph-4
3 shows the profile of rightward-proPr.
gating harmonic field when a of

L

tal wave is incident on the left en .
new GaP/AIP SHG device. The C}"""
shows the harmonic field profile in
vice with the conventional ql::s" ;
matching (QPM) structure CO! nich=
half-the-gcoherence-length (/2 i
GaP/AIP layers. Further, t}‘\e CGu:va
and (c¢’) are the profiles in
(171) domain inverted structur=,
periods of A™/n™ and I, resP
The new device (n) prop
much more efficient than the



