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ABSTRACT

We discuss second harmonic generation of green and blue light in periodically-poled LiNbO3 and LiTaOs
waveguides, and difference frequency generation of infrared radiation in periodically-poled LiNbO3 waveguides.

1. INTRODUCTION

There currently exist numerous uses for miniature sources of blue-green and infrared radiation. In the blye-
green spectral range of 400-500 nm, applications exist in the fields of optical storage, reprographics, color displays,
and biomedical instrumentation. For these applications the minimum usable power is about 1 mW. In the mid-

intensities to be maintained over considerable interaction lengths.! AlGaAs and InGaAs lasers generate radiation in
the 0.75-1 um range, while InGaAsP lasers provide wavelengths in the 1.3-1.5 Hm range. Blue-green radiation can
thus be obtained through second harmonic generation (SHG) by directly doubling the output of AlGaAs and InGaAs
diode lasers, while mid-infrared radiation can be obtained through difference-frequency generation (DFG) by mixing
the radiation from AlGaAs/InGaAs and InGaAsP diode lasers.

2. QUASI-PHASE-MATCHING

these wavelengths. For DFG in LiNbO3, QPM allows operation at room temperature instead of the ~550 °C
temperature that would be required for birefringent phasematching.3

In ferroelectrics, the signs of the nonlinear coefficients are linked to the direction of the spontaneous electric
polarization, and thus QPM can be accomplished through periodic ferroelectric domain reversal. We now discuss our
devices in LiNbO3 and LiTa0Os.
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3. PERIODICALLY-POLED LiNbO3; DOUBLER

During the development of the Ti indiffusion process for waveguide fabrication in LiNbO3, it was found
that Ti diffusion on the +Z face of the crystal, under certain diffusion conditions, caused ferroelectric domain reversal
at the surface of the crystal4 Selective Ti diffusion provides a way of patterning the domain reversal, and
periodically-reversed domains fabricated in this manner have been applied to surface-acoustic wave (SAW) devices.?
We have combined the Ti-diffusion method of patterning the ferroelectric domains with an annealed proton exchange
waveguide process6 to fabricate waveguide doublers’-8 and a difference-frequency mixer.?

For a doubler reported recently, !0 a periodically-poled substrate was created by diffusing a Ti grating with a
period of 8.5 um, appropriate for third-order QPM of SHG of blue light. Lift-off lithography was used to define the
grating of 1.5 um-wide lines on the +Z surface of a 1 mm-thick integrated optics-grade, Z-cut LINbO3 wafer. The Ti
lines had a thickness of 5 nm and were parallel to the Y-axis of the crystal. The Ti grating was then diffused into the
substrate with a 2 h ramp-up from room temperature to 1100 °C and a 15 min soak at 1100 °C, after which the oven
was turned off and allowed to cool to room temperature. To prevent outdiffusion of lithium oxide from the sample
during the poling process, the substrate was placed in a closed alumina boat filled with congruent lithium niobate
powder.

Following the poling process, annealed proton exchange (APE) channel waveguides were fabricated in the
substrate. Channels parallel to the X-axis, with widths in the range 2-10 um were defined in a 100 nm-thick
sputtered silicon dioxide film with lithography followed by wet etching in 6:1 buffered oxide etch. The masked
sample was soaked for 1.5 h in pure benzoic acid at 160 °C, after which the mask was etched away and the sample
was annealed in air for 4 h at 333 °C. After the endfaces were polished, the waveguides were about 1 cm long.

The sample was characterized using a tunable cw Ti:Al>O3 laser operating in the range 0.8-0.9 um as the
source of fundamental radiation. Endfire coupling was accomplished with microscope objectives. In a 5.5 pm-wide
waveguide, we found three blue modes with significant conversion efficiency, a TMpp mode for fundamental
wavelength A = 839 nm, a TM20 mode for A¢, = 828 nm, and a superposition of modes for Ag = 820 nm. The
output power level in the blue, corrected for Fresnel reflections, was 1.1 mW for the TMgp mode with a
fundamental power of 232 mW in the waveguide. The most efficient interaction in this waveguide involved the
superposition of blue modes. Up to 200 mW power levels of the fundamental, the second harmonic power depended
quadratically on the fundamental power. The maximum amount of blue light we observed was 2.8 mW at 415 nm,
genéi'ated\fmm 300 mW of 830 nm radiation in an 8 pm-wide waveguide.

4. PERIODICALLY-POLED LiNbO3 DIFFERENCE-FREQUENCY MIXER

The fabrication of the difference-frequency mixer required steps similar to those discussed above for the
doubler. A Ti grating with 5 um-wide lines and a period of 21 um was diffused to enable first-order QPM of a
DFG interaction where A, = 0.81 pm, A;=132um, and A;=2.1 pm, where p. s, and ; identify the pump.
signal, and idler wavelengths, and where the respective frequencies are related by wp, = @5 + @;. The diffusion
required a 2 h soak at 1100 °C. Fig 1(a) shows a polished and etched Y-face of a Z-cut LiNbO3 substrate following
the indiffusion of the Ti grating, illustrating the resulting triangular, reversed domains. Preferential etching in HF
was used to reveal the reversed domains. For the proton exchange mask, channels parallel to the X-axis, with widths
in the range 2-15 um, were defined in a 200 nm-thick layer of aluminum on the substrate using lift-off lithography.
Following a 2 h soak in pure benzoic acid at 200 °C, the Al mask was removed in a solution of NaOH, and the
sample was annealed in air for 12 h at 333 °C. Fig. 1(b) shows the polished and etched cross section of a
periodically-poled sample after an unmasked APE process, where we see that the process has changed the shape of the
triangular domains, rounding them but not significantly reducing their depth.

For the optical experiment, pump radiation in the 0.8-0.9 pm range from a cw tunable Ti:Al2O3 laser and
signal radiation at 1.32 um from a cw Nd: YAG laser were endfire coupled into a 5 pm-wide waveguide on a 7 mm-
long sample. For a pump wavelength of 4, = 0.81 pm, difference-frequency output at A; = 2.1 um was detected after
a germanium filter with a lead sulfide detector and a lock-in amplifier. Several modes at 0.81 pum and the lowest-order
mode at 1.3 um were observed, and the waveguide was assumed to be single-moded at 2.1 um. All modes were TM,
and thus were coupled by the d33 coefficient. Fig. 2 shows the idler power increasing linearly with pump power, as
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expected in a low-gain interaction. A maximum of 1.8 pW of 2.1 pm idler radiation was measured with 160 mW of
0.81 um and 1 mW of 1.32 um radiation coupled into the waveguide, Fig. 3 shows the difference-frequency power as
a function of pump wavelength. The observed full width at half maximum (FWHM) pump wavelength tuning
bandwidth, 0.86 nm, corresponds to a tuning bandwidth of 5.8 nm for the idler wavelength. From the bulk refractive
indices for LiNbO3, the theoretical FWHM pump bandwidth is calculated to be 4.5 nm-mm. The observed FWHM
in Fig. 3 thus implies an effective interaction length of about S mm, in reasonable agreement with the 7 mm device
length. Together with the power levels given earlier, this results in an experimental normalized conversion efficiency
of about 4%/W-cm2.

S. PERIODICALLY-POLED LiTaO3 DOUBLER

LiTaO3 , like LiNbO3 , is a uniaxial, ferroelectric crystal that is produced in large quantities for SAW
devices. It is reported to be more resistant to photorefractive damage than LiNbO3, and has relatively large nonlinear
coefficients (433(LiTa03) = 26 pm/V =~ 0.75d33(LiNbO3)).!! Despite these qualities, LiTaO3 has not found wide
use in frequency conversion because its small birefringence prevents phasematching of many interactions. Recently,
however, QPM techniques have been applied to LiTaO3 for SHG of visible radiation. Periodically-poled LiTaO3 has
been fabricated in bulk form using Czochralski growth,12 and in wafer form using proton exchange followed by heat
treatment,13.14.15,16 and periodic electric fields.!7-18 We discuss here electrically periodically-poled LiTaO3
channel waveguides for SHG of blue light.

To pole the surface of a substrate, a spatially periodic electric field was applied with interdigital electrodes
while heating the LiTaO3 sample to just below the Curie temperature, T¢, ~610 °C. A poling period of 14 um was
chosen to accomplish third order QPM of SHG of 450 nm radiation, working from a Sellmeier equation fit to the .
bulk refractive index data for LiTaO3.19 Interdigital electrodes were fabricated on the +Z face of a Z-cut, SAW-grade
LiTaO3 wafer0 using liftoff lithography. Each interdigital electrode was made up of 3.5 um-wide fingers, parallel to
the Y axis, spaced every 14 um, and consisting of a 200 nm-thick Au layer with a 5 nm-thick Ti adhesion layer. The
patterned region extended 1 mm in the X direction and 2 mm in the Y direction. For poling, the sample was heated

\. to 600 °C and a voltage of about 1.4 V was applied between the electrodes for a 10 minute period as the sample was
cooled approximately 5 K. During this time the poling current decreased from about 8 HA/finger to 3.5 pA/finger.
Fig. 4 shows the temperature profile of a typical poling process. After poling, the Au electrodes were removed in an
iodine solution. The surface corrugation on the Z face caused by the electrodes during the poling process was
measured with a surface profilometer to be about 20 nm. Fig. 5(a) shows a Y-face of a sample poled below T that
was polished and then etched in HF to reveal the periodic ferroelectric domain structure. Deeper domains can be
obtained by applying the poling fields at temperatures above T, as shown in Fig. 5(b), but the surface corrugation
arising from the electrodes is more significant.

After poling the substrates, we fabricated channel waveguides using the annealed proton exchange
process.2! The mask for the channel waveguides was formed by first sputtering 200 nm of SiO7 onto the poled
surface of the sample. Channels parallel to the X-axis with widths in the range 3-10 pm were then formed in the
Si02 film by photolithography and wet etching. The sample was exchanged in pure benzoic acid at 200 °C for 4 h.
Following the exchange, the SiO2 mask was etched away and the sample was annealed in a flowing oxygen
atmosphere at 333 °C for 10 h.

For the SHG experiments, a cw tunable Ti:AlpO3 laser was used as the source for the fundamental radiation
atA = 0.9 pum. Channels with a width of 10 pm were found to have the highest conversion efficiency. Frequency
doubling into the TMg( and TM|( blue modes occurred, where the TM(y interaction had the higher efficiency. Fig.
6 displays the measured wavelength tuning curve for doubling into both modes. With 41 mW of cw power at 916
nm measured at the output, we observed the generation of 1.3 uW of 458 nm radiation.

Using the bulk index data for LiTaO3, the theoretical wavelength tuning bandwidth for frequency doubling

of 0.9 um radiation is calculated to be 1.2 nm-mm. Thus the measured wavelength tuning curves shown in Fig. 6
imply effective interaction lengths of 1 mm, in agreement with the 1 mm-long gratings used in the device. Together
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with the measured powers presented above, the 1 mm interaction length results in a normalized conversion efficiency
of about 8%/W-<m?.

6. DISCUSSION

The experimentally observed conversion efficiencies for our LINbO3 and LiTaO3 devices are roughly 3-20
times less than theoretically estimated. We suspect the discrepancy between the measured and calculated conversion
efficiencies results mainly from a reduction in the nonlinear coefficient due to the proton exchange waveguide
process. In LiNbOj3, the value of d33 has been estimated to be 40-60% of its bulk value after proton

exchange.22:23.24 Post-exchange annealing has been reported to restore the nonlinear coefficient.23-24 We believe a
similar situation exists for LiTaO3 because we observed no SHG in unannealed guides. We also suspect that our
annealed waveguides were not annealed enough to recover the full nonlinear coefficient, and we are currently studying
the APE process to correct this.

7. CONCLUSIONS

Quasi-phasematching is a useful technique for phasematching any nonlinear interaction within a material's
transparency range, at any temperature, using any nonlinear coefficient. We have demonstrated quasi-phasematched
second harmonic generation of blue light in periodically-poled LiNbO3 and LiTaO3 waveguides, interactions which
are impossible to birefringently phasematch. We have also demonstrated room temperature difference-frequency
generation of 2.1 um radiation in a periodically-poled LiNbO3 waveguide, an interaction that would otherwise require
a birefringent phasematching temperature of ~550 °C. All of these interactions used the largest nonlinear coefficient,
dzs.
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Fig. 1. Photomicrographs of polished and etched Y-faces of planar, periodically-poled Z-cut LiNbO3 substrates (a)
after indiffusion of the Ti grating, showing the triangular shape of the reversed domains, and (b) after the annealed
proton exchange process, showing the rounding of the domains. In both photographs the period of the pattern is 21
~— Hm.
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Fig. 2. Linear dependence of the measured difference-frequency power at 2.1 pm on pump power.
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Fig. 3. Measured difference-frequency power at about 2.1 um versus pump wavelength. The 0.86 nm FWHM
bandwidth of the pump wavelength corresponds to a tuning bandwidth in the idler wavelength of 5.8 nm,
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Fig. 4. Temperature profile of a typical electrical poling procedure for LiTaO3 with interdigital electrodes.
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Fig. 5. Scanning electron micrographs of the cross sections of periodically reversed domains in LiTaO3 produced by
electrical poling at (a) ~600 °C (below T¢) and (b) ~650 °C (above 7).
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Fig. 6. Measured SHG conversion efficiency as a function of fundamental wavelength, with fitted sinc? curves, for
periodically-poled LiTaO3 channel waveguides, where the length of the QPM grating is 1 mm.
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