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We demonstrate all-optical switching using the cascaded second order nonlinearity in a fully
integrated, asymmetric Mach Zehnder interferometer implemented in lithium niobate channel
waveguides. We obtained an 8:1 switching ratio. 1896 American Institute of Physics.
[S0003-695(96)02915-X]

In all optical switching, the required nonlinear phaseing the two channels to have different waveguide widths. As
shift is produced by the light itself. Typically this phase shift a result, each arm has a different effective mode index and
has been achieved via the intensity dependent refractive ireross-sectional area. Therefore, when temperature is used to
dex, i.e., third order nonlinearities. But recently it was real-achieve phase matching for SHG, each arm requires a differ-
ized and verified experimentally that second order nonlinent phase-matchin¢resonancetemperature, which in turn
earities can yield large effective third order nonlinearitiesinduces the different nonlinear phase shift needed in each
near the phase-matching conditions for second harmonichannel for switching at a fixed temperature.
generation(SHG).1™* A phase shift in the cascaded nonlin- Based on the above philosophy, we designed a 50 mm
earity is obtained through a spatially periodic energy exdong titanium indiffused asymmetrical lithium niobate chan-
change between a fundamental light beam and its secontel waveguide with propagation direction along ¥axis of
harmonic which propagate at different phase velocties.a Y-cut crystal. The waveguides were produced by indiffu-
During the process of the up-conversion to the second hasion of 43 nm thick titanium stripes at a temperature of
monic and the followed down-conversion to the fundamen-1060 °C for 9 h. The end surfaces were polished for end fire
tal, the fundamental light beam picks up the required phaseoupling. A 5° tilt of the outcoupling surface was made to
shift for an all optical switching process. To date, we haveprevent longitudinal cavity mode resonances. A Nd:YAG
demonstrated in LiNb® channel waveguides that large Q-switched and mode-locked laser operating at 1,38
phase shift{<1.5m) are achievable with minimal<10%)  with a repetition rate of 500 Hz was used. The full width at
net power loss to the second harmonic. Also reported haghe half maximum intensity of the pulses was 90 ps. An
been all-optically controlled interference between twoelectro-optic pulse slicer was used to extract a single pulse
beams, one transmitted through a channel waveguide and them eachQ-switched envelope to eliminate thermal effects.
other through a reference arm in air, i.e., a hybrid Mach—Two half-wave plate and polarizer pairs were used to control
Zehnder interferometer for all-optical switching has beenthe input power. Input and output signals were measured
demonstrateHowever, fully integrated versions of switch- separately using fast Ge detectors and boxcar integrators.
ing devices based on cascading are much more complex than  The integrated Mach—Zehnder interferometer consists of
their third order (Kerr) nonlinearity counterparts because two symmetricY junction (Fig. 1). At the firstY junction, the
there are four beams involvewo fundamentals and two jnput beam is equally split into each of the two arms. In one
second harmonigsphase matching is almost necessary, anthym, the width of the channel waveguide is tapered down
the net conversion to second harmonic must be carefullyyom 15 to 11um. The separation between two arms is 80
controlled because it limits the efficiency of a cascaded deym which is wide enough to prevent linear coupling. At the
vice; i.e., is a loss to the fundamental throughput. Here Weecondy junction, the light from two channels is recom-
report the first implementation of a high contrast, cascadingpined, causing interference effects. Because of the difference
based, all-optically switched, fully integrated asymmetricin the widths of the two interferometer arms, different
Mach—Zehnder interferometer. _ . amounts of the nonlinear phase shift occur in each arm at a

A Mach-Zehnder interferometer requiresmarelative  fived temperature, as discussed previously. Type | birefrin-
phase shift between its two arms for switching, half of thegent phase matching between the givhodes of the funda-
phase shift needed for the nonlinear directional coupler alsgental and T, modes of the second harmonic at a tempera-
recently demonstrated via cascadfhig. the fully integrated  yre of around 346 °C was designed into the structure. A
Mach—Zehnder interferometer, we can induce the requwegrysta| oven was used to heat the sample to near the phase-

nonlinear phase difference between the two arms by desiginatching temperature. With small variations in the radius of

the Y-junction bends, resulting in small changes in the length
dElectronic mail: yong@soliton.creol.ucf.edu of the branches at fixed sample length, we were able to ob-
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FIG. 1. Configuration of the integrated Mach—Zehnder interferometer. FIG. 2. Measured temperature dependence of SHG for a peak input power
of 150 W.(The first peak around 346 °C corresponds to the.ftbarm and
the second one around 348.5 °C corresponds to themilarm)
tain different initial linear phase differences between the

channels of approximately zero and
First, we measured the efficiency and tuning curves fo
SHG from a 15um wide single reference waveguide on the

same sample in order to evaluate the effective temperatu .
fference program, the modal fields and the temperature-

(and hence wave vector mismatgbrofile along the wave- d lenath-d dent " "
guide. The temperature profile in the oven and a slight wave2nd wavelengtn-dependent propagation cons 3pits, are

guide inhomogeneity provide the nonuniform wave Vectorcalculated. Modification of the propagation constants and
mismatch distribution along the propagation lentfue to
this nonuniform wave vector mismatch, we can obtain large
nonlinear phase shift along with small fundamental deple-
tion, ideal for an efficient all-optical switching device. The

effective temperature profile along the waveguide can be ap-

prsp=0.08 cm andy®=y@),=—5.6 pm/V is the appli-

cable second order susceptibility tensor element in LiNbO

I?szdx dy e-eregy is the overlap integral. With a finite-
i

proximated by 9
T=Teer+ATp—0.35 K 1 Zimm-—25)* o
= lseT p—U. ex ~ 2733 ) \'5
with a®
12.5-z/mm)?
—e for z<12.5 mm,
0 1000 2000 3000 4000 5000 6000
ATp/K=4¢ 0, for 12,5 n;m(2$37.5 mm, Input Power (W)
z/mm-—37.
(TS) , for 37.5 mm<z.
Tseris the set-point temperature for the crystal oven control- — r r r r
ler in °C.
To test our results against theory, we modeled the wave
propagation in the Mach—Zehnder interferometer using
coupled mode theory: <
dAF inSO o z
T = _ (2) Y o
dz +iBe(2)Ar 4p, K(2x'“AsrAF) ZAF, ~
. (1) 3
dAsy lwsHeQ o
“az ! BsH(2)Asy= — K(xPAeAg)
0
aSH 0 n 1 1 n 1 i L n 1 n
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Equation(1) describes the development of the fundamental

2 ; 2 ; ; FIG. 3. Measured transmittance of a LiNp@tegrated Mach—Zehnder
| A¢|°Po and second harmonic powef&s,|“po in units of interferometer al = 344 °C as a function of the peak input powg). initial

Po=1W along the WavegUide_ QXEfor cw excitation. The  ejative phase between the interferometer arms=af (b) initial phase of
a's are the linear loss coefficientgyr=0.04 cm?! and =0 (solid curves, experiment; dotted curves, theory
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overlap integral due to the designed changes in the waveionlinear phase shift from the 1dm wide arm is not zero
guide geometry were taken into account. At théunction,  and is still significant at the switching temperature. Conse-
we assume the power is divided equally into each arm, whiclguently, the switching power was much higher than for the
is also verified experimentally in referen¥gunction wave-  previous hybrid switching caseln general, the results were
guide. The losses due to thejunctions and taperings were in good agreement with the simulations.
also calculated using beam propagation methods and in- In conclusion, we have reported all optical switching in a
cluded in the simulation. The pulsed light experiments werdully integrated Mach—Zehnder interferometer due to the
simulated on the basis of E¢l) with additional averaging cascaded second order nonlinearities with a switching ratio
over the temporal pulse profile, assuming the pulses are longf 8:1. To the best of our knowledge, along with the previ-
enough so that temporal dispersion can be neglected. For oously mentioned lithium niobate directional coupler, these
experiments, this approximation is valid. represent the first integrated all-optical switching devices us-

We measured the SHG versus temperature at low inpling cascaded second order nonlineariti@; using a higher
powers to find the resonance temperatures of each arm. Thé?) material and/or quasiphase-matching techniques inde-
measured SHG tuning curves show two resonance temperpendently for each channel, we can reduce the switching
tures separated by 2.5 (kig. 2). We chose the temperature power by orders of magnitude.
of the switching experiments to be around 344 °C, which is  This research was supported in the USA by the Ad-
in the low depletion region below both phase-matching temvanced Research Projects Agency through the U.S. Army
peratures. Figure 3 shows the fundamental output of th®esearch Office and by the National Science Foundation.
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