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We demonstrate all-optical switching using the cascaded second order nonlinearity in a f
integrated, asymmetric Mach Zehnder interferometer implemented in lithium niobate chan
waveguides. We obtained an 8:1 switching ratio. ©1996 American Institute of Physics.
@S0003-6951~96!02915-X#
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In all optical switching, the required nonlinear pha
shift is produced by the light itself. Typically this phase sh
has been achieved via the intensity dependent refractiv
dex, i.e., third order nonlinearities. But recently it was re
ized and verified experimentally that second order non
earities can yield large effective third order nonlinearit
near the phase-matching conditions for second harm
generation~SHG!.1–4 A phase shift in the cascaded nonli
earity is obtained through a spatially periodic energy
change between a fundamental light beam and its se
harmonic which propagate at different phase velociti5

During the process of the up-conversion to the second
monic and the followed down-conversion to the fundam
tal, the fundamental light beam picks up the required ph
shift for an all optical switching process. To date, we ha
demonstrated in LiNbO3 channel waveguides that larg
phase shifts~,1.5p! are achievable with minimal~,10%!
net power loss to the second harmonic. Also reported
been all-optically controlled interference between t
beams, one transmitted through a channel waveguide an
other through a reference arm in air, i.e., a hybrid Mac
Zehnder interferometer for all-optical switching has be
demonstrated.6 However, fully integrated versions of switc
ing devices based on cascading are much more complex
their third order ~Kerr! nonlinearity counterparts becau
there are four beams involved~two fundamentals and tw
second harmonics!; phase matching is almost necessary,
the net conversion to second harmonic must be care
controlled because it limits the efficiency of a cascaded
vice; i.e., is a loss to the fundamental throughput. Here
report the first implementation of a high contrast, cascad
based, all-optically switched, fully integrated asymme
Mach–Zehnder interferometer.

A Mach–Zehnder interferometer requires ap relative
phase shift between its two arms for switching, half of
phase shift needed for the nonlinear directional coupler
recently demonstrated via cascading.6 In the fully integrated
Mach–Zehnder interferometer, we can induce the requ
nonlinear phase difference between the two arms by de

a!Electronic mail: yong@soliton.creol.ucf.edu
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ing the two channels to have different waveguide widths. A
a result, each arm has a different effective mode index a
cross-sectional area. Therefore, when temperature is used
achieve phase matching for SHG, each arm requires a diff
ent phase-matching~resonance! temperature, which in turn
induces the different nonlinear phase shift needed in ea
channel for switching at a fixed temperature.

Based on the above philosophy, we designed a 50 m
long titanium indiffused asymmetrical lithium niobate chan
nel waveguide with propagation direction along theX axis of
a Y-cut crystal. The waveguides were produced by indiffu
sion of 43 nm thick titanium stripes at a temperature o
1060 °C for 9 h. The end surfaces were polished for end fi
coupling. A 5° tilt of the outcoupling surface was made to
prevent longitudinal cavity mode resonances. A Nd:YAG
Q-switched and mode-locked laser operating at 1.32mm
with a repetition rate of 500 Hz was used. The full width a
the half maximum intensity of the pulses was 90 ps. A
electro-optic pulse slicer was used to extract a single pul
from eachQ-switched envelope to eliminate thermal effects
Two half-wave plate and polarizer pairs were used to contr
the input power. Input and output signals were measur
separately using fast Ge detectors and boxcar integrators

The integrated Mach–Zehnder interferometer consists
two symmetricY junction ~Fig. 1!. At the firstY junction, the
input beam is equally split into each of the two arms. In on
arm, the width of the channel waveguide is tapered dow
from 15 to 11mm. The separation between two arms is 8
mm, which is wide enough to prevent linear coupling. At the
secondY junction, the light from two channels is recom-
bined, causing interference effects. Because of the differen
in the widths of the two interferometer arms, differen
amounts of the nonlinear phase shift occur in each arm a
fixed temperature, as discussed previously. Type I birefri
gent phase matching between the TM00 modes of the funda-
mental and TE00modes of the second harmonic at a tempera
ture of around 346 °C was designed into the structure.
crystal oven was used to heat the sample to near the pha
matching temperature. With small variations in the radius o
theY-junction bends, resulting in small changes in the lengt
of the branches at fixed sample length, we were able to o
2055/2055/3/$10.00 © 1996 American Institute of Physics
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tain different initial linear phase differences between th
channels of approximately zero andp.

First, we measured the efficiency and tuning curves f
SHG from a 15mm wide single reference waveguide on th
same sample in order to evaluate the effective temperat
~and hence wave vector mismatch! profile along the wave-
guide. The temperature profile in the oven and a slight wav
guide inhomogeneity provide the nonuniform wave vecto
mismatch distribution along the propagation length.4 Due to
this nonuniform wave vector mismatch, we can obtain larg
nonlinear phase shift along with small fundamental depl
tion, ideal for an efficient all-optical switching device. The
effective temperature profile along the waveguide can be a
proximated by

T5TSET1DTP20.35 KH 12expF2S z/mm225

2.733 D 2G J ,
with

DTP /K55
S 12.52z/mm

5 D 2, for z<12.5 mm,

0, for 12.5 mm,z<37.5 mm,

S z/mm237.5

5 D 2, for 37.5 mm,z.

TSET is the set-point temperature for the crystal oven contro
ler in °C.

To test our results against theory, we modeled the wa
propagation in the Mach–Zehnder interferometer usin
coupled mode theory:

dAF
dz

1 ibF~z!AF52
ivF«0
4p0

K~2x~2!ASHAF* !2
a

2
AF ,

~1!
dASH
dz

1 ibSH~z!ASH52
ivSH«0
4p0

K~x~2!AFAF!

2
aSH

2
ASH.

Equation~1! describes the development of the fundament
uAFu2p0 and second harmonic powersuASHu2p0 in units of
p051 W along the waveguide axisz for cw excitation. The
a’s are the linear loss coefficients,aF50.04 cm21 and

FIG. 1. Configuration of the integrated Mach–Zehnder interferometer.
2056 Appl. Phys. Lett., Vol. 68, No. 15, 8 April 1996
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aSH50.08 cm21, andx (2)5xZYY
(2) 525.6 pm/V is the appli-

cable second order susceptibility tensor element in LiNbO3.
K5**dx dy eFeFeSH* is the overlap integral. With a finite-
difference program, the modal fields and the temperature-
and wavelength-dependent propagation constants,b’s, are
calculated. Modification of the propagation constants and

FIG. 2. Measured temperature dependence of SHG for a peak input powe
of 150 W.~The first peak around 346 °C corresponds to the 15mm arm and
the second one around 348.5 °C corresponds to the 11mm arm.!

FIG. 3. Measured transmittance of a LiNbO3 integrated Mach–Zehnder
interferometer atT5344 °C as a function of the peak input power:~a! initial
relative phase between the interferometer arms of>p; ~b! initial phase of
>0 ~solid curves, experiment; dotted curves, theory!.
Baek et al.
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overlap integral due to the designed changes in the wa
guide geometry were taken into account. At theY junction,
we assume the power is divided equally into each arm, wh
is also verified experimentally in referenceY-junction wave-
guide. The losses due to theY junctions and taperings were
also calculated using beam propagation methods and
cluded in the simulation. The pulsed light experiments we
simulated on the basis of Eq.~1! with additional averaging
over the temporal pulse profile, assuming the pulses are l
enough so that temporal dispersion can be neglected. For
experiments, this approximation is valid.

We measured the SHG versus temperature at low in
powers to find the resonance temperatures of each arm.
measured SHG tuning curves show two resonance temp
tures separated by 2.5 K~Fig. 2!. We chose the temperature
of the switching experiments to be around 344 °C, which
in the low depletion region below both phase-matching te
peratures. Figure 3 shows the fundamental output of
Mach–Zehnder interferometer, normalized to the inp
power. Due to the differences in the effective length of th
arms, the switching curves start either in the ‘‘on’’ or ‘‘off’’
conditions. As we increased the input power, due to the c
caded second order nonlinearity, the difference in amounts
the induced phase shift of each arm increases. Therefore,
output is changed from ‘‘on’’ to ‘‘off’’ or vice versa. Pulse
breakup is responsible for the incomplete switching. Ho
ever, because of the nonlinear dependency of the phase
on the input power in the cascaded second order nonline
ties, we obtained a better switching ratio than usua
achieved with third order nonlinear materials.7,8 In our wave-
guide geometry, the actual length of the arms that contrib
to the generated phase differences is only 18 mm. Also,
cause the separation of the two resonances is only 2.5 K,
Appl. Phys. Lett., Vol. 68, No. 15, 8 April 1996
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nonlinear phase shift from the 11mm wide arm is not zero
and is still significant at the switching temperature. Cons
quently, the switching power was much higher than for th
previous hybrid switching case.9 In general, the results were
in good agreement with the simulations.

In conclusion, we have reported all optical switching in
fully integrated Mach–Zehnder interferometer due to th
cascaded second order nonlinearities with a switching ra
of 8:1. To the best of our knowledge, along with the prev
ously mentioned lithium niobate directional coupler, the
represent the first integrated all-optical switching devices u
ing cascaded second order nonlinearities.6 By using a higher
x (2) material and/or quasiphase-matching techniques in
pendently for each channel, we can reduce the switch
power by orders of magnitude.
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