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We report quasi-phase-matched difference-frequency generation of 2.1 pm radiation at room 
temperature using the & nonlinear coefficient in a periodically poled lithium niobate 
channel waveguide. A tunable Ti:A1203 laser (ilzO.8 ,um) and a Nd:YAG laser (I = 1.32 
pm) were the pump and signal sources, respectively. With 160 mW of 0.81 pm and 1 
mW of 1.32 pm radiation coupled into the waveguide, 1.8 PW of 2.1 pm radiation was 
generated, tunable over a 6 nm bandwidth. We also show that the annealed proton 
exchange process can change the shape of ferroelectric domains in lithium niobate. 

Coherent sources of infrared radiation in the wave- 
length range of 2-4 ,um are required for applications such 
as spectroscopy, sensors, infrared fibers, and laser radar. 
Although laser sources exist in this spectral region, guided- 
wave difference-frequency mixinglV3 of near-infrared diode 
lasers offers the possibility of achieving milliwatt power 
levels of mid-infrared radiation in a compact, room-tem- 
perature device. This letter reports the application of peri- 
odically poled lithium niobate (LiNb03) waveguides to 
the generation of coherent 2.1 ,um radiation by room-tem- 
perature, quasi-phase-matched, difference-frequency mix- 
ing of 0.81 and 1.32 ,um laser radiation. 

Parametric interactions for infrared generation previ- 
ously demonstrated in LiNb03 waveguide devices include 
difference-frequency generationle3 (DFG) and optical 
parametric oscillation.” These devices employed birefrin- 
gent phase matching using the d31 nonlinear coefficient, 
used dye lasers in the visible or color center lasers in the 
1.45-1.6 pm range as pump sources, and required phase- 
matching temperatures of 200-400 “C!. To use pump 
sources such as near-infrared diode lasers in the 0.8-0.9 
pm range, birefringently phase-matched interactions 
would require even higher phase-matching temperatures.3 
Quasi-phase matching, however, allows the use of 0.8-0.9 
,um pump sources in these parametric interactions at more 
convenient temperatures. 

Quasi-phase matching (QPM), an early proposal for 
compensating refractive-index dispersion in nonlinear op- 
tics, involves modulating the nonlinear coefficient of the 
medium every coherence length Z, of the interaction.5 For 
quasi-phase matched guided-wave DFG, the phasematch- 
ing requirement is 

Afi=fip-fis-pi- 2~/h~O7 (1) 

where Ap is the phase mismatch, A is the period of the 
modulation of the nonlinear coefficient where A = 21,, and 
p is the propagation constant of the optical waveguide 
mode, where the subscripts p, S, and i in this and following 
equations identify the pump, signal, and idler frequencies 
(II+, w, and Oi), respectively, which are related by op 
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= o, + wfi QPM enables the use of the largest nonlinear 
coefficient of LiNb03, d33, and allows phase matching at 
room temperature. 

In ferroelectrics, the signs of the nonlinear coefficients 
are linked to the direction of the spontaneous electric po- 
larization, and thus QPM can be accomplished through 
periodic ferroelectric domain reversal. This technique has 
been applied in LiNb03 to second-harmonic generation of 
visible radiation in bulk&* and guided-wave9>” geometries. 
Previous workers discovered that ferroelectric domain re- 
versal can accompany titanium diffusion into the + 2 face 
of LiNb03 plates” and applied this effect to acoustic 
devices.” We have combined the Ti-diffusion method of 
patterning the ferroelectric domains with an annealed pro- 
ton exchange waveguide process to fabricate waveguide 
doublers’ and the difference frequency mixer reported 
here. 

To periodically pole the substrate, we indiffuse a grat- 
ing of Ti lines, where, using the extraordinary refractive 
indices for bulk LiNb03,13 the grating period A is about 21 
pm for a DFG interaction in which /zp = 0.81 pm, 
/2, = 1.32 ,um, and iii = 2.1 pm. We defined the grating of 
5-pm-wide Ti lines with period A = 21 ,um on the + Z 
surface of a l-mm-thick, integrated optics-grade, Z-cut 
LiNbOs substrate with lift-off lithography. 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 sub- 
strate with a 2 h ramp-up from room temperature to 
1100 “C and a 2 h soak at 1100 “C, after which the oven 
was turned off and allowed to cool to room temperature 
with an initial cooling rate of 8 K/min. To prevent outdif- 
fusion 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.14 Figure 
1 (a) shows a polished and etched Y face of a Z-cut 
LiNbO, substrate following the indiffusion of the Ti grat- 
ing, illustrating the resulting triangular, reversed domains. 
Preferential etching in HF was used to reveal the reversed 
domains.15 

After the heat treatment, annealed proton exchange 
(APE) channel waveguides were fabricated in the 
substrate.16 Channels parallel to the X axis, with widths in 
the range 2-15 ,um, were defined in a 200-nm-thick layer of 
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FIG. 1. Photomicrographs of polished and etched Y faces of a planar, 
periodically poled Z-cut LiNbO, 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 pm. 

aluminum on the substrate using lift-off lithography. Fol- 
lowing a 2 h soak in pure benzoic acid at 200 “C, the Al 
mask was removed in a solution of NaOH. The sample was 
then annealed in air for 12 h at 333 “C!. Figure 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:A1,03 laser and signal 
radiation at 1.32 pm from a cw Nd:YAG laser were endfire 
coupled into a 5-,um-wide waveguide on a 7-mm-long sam- 
ple as shown in Fig. 2. For a pump wavelength of 
il, = 0.8 1 pm, difference-frequency output at & = 2.1 ,um 
was detected after a germanium filter with a lead sulfide 
detector and a lock-in amplifier. Several modes at 0.81 pm 
and the lowest-order mode at 1.3 pm 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. Figure 3 shows the idler power increasing lin- 
early with pump power, as expected in a low-gain interac- 
tion. 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 pm 
radiation coupled into the waveguide. Figure 4 shows the 

1.32 pm 

FIG. 2. Experimental setup: L,-L,, lenses; A4, dichroic mirror; P, pinhole; 
F, Ge tilter; Det, PbS photoconductive detector. 
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FIG. 3. Linear dependence of the measured difference-frequency power at 
2.1 pm on pump power. 

difference-frequency power as a function of pump wave- 
length. The observed full width at half maximum 
(FWHM) pump wavelength tuning bandwidth, 0.86 nm, 
corresponds to a tuning bandwidth of 5.8 run for the idler 
wavelength. 

From the bulk refractive indices for LiNb03,13 the the- 
oretical FWHM pump bandwidth is calculated to be 4.5 
nm mm. The observed FWHM in Fig. 4 thus implies an 
effective interaction length of about 5 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 cm’. 

In the limit of small conversion efficiency the power 
Pi at the difference frequency is given by 

(21 

where P denotes power, L, the interaction length, and 
?? IIOI? the normalized efficiency that accounts for the mate- 
rial and geometrical aspects of the device: the overlap of 
the modes, the nonlinear coefficient, and the effective non- 
linear coefficient determined by the implementation of 
QPM. This figure of merit is given by”-19 

3 
f! 
m 
Ii- 
g - FWHM = 0.86 nm 

s 
.G 

pump wavelength k”p (nm) 

FIG. 4. Measured difference-frequency power at about 2.1 pm vs 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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depth b.4 

FIG. 5. Calculated normalized mode depth profiles along with the non- 
linear coefficient reduction factor G(y) as defined in Eq. (4). 
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x&(x,Ym(w>dxdY 5 (3) 

where the factor (4/14) is the reduction of the effective 
nonlinear coefficient that arises from the use of first-order 
QPM,20 N is the modal effective index, c is the vacuum 
speed of light, co is the vacuum permittivity, /zi is the idler 
wavelength, x and y are the channel waveguide width and 
depth coordinates, respectively, E is the normalized modal 
electric field distribution, and G(y) is a function that de- 
scribes the reduction in the effective nonlinear coefficient 
when the modulation of the nonlinear coefficient varies 
with depth, as it does in our device as shown in Fig. 1. The 
reduction factor G(y) in this case is the normalized Fou- 
rier coefficient of the spatial frequency of the modulation 
that accomplishes QPM, 

G(y) =f[ 1 - cos(?~&y)/Z~) I, (4) 

where Z(y) is the length of the reversed domain at depth y. 
We see that G(y) is unity for perfect, 50% duty cycle 
modulation [Z(y) = Z,3 and falls to zero when there is no 
modulation [Z(y) =0 or Z(y) = 2ZJ. 

To estimate the overlap integral in our device, we have, 
from the waveguide fabrication parameters given earlier, 
derived the modal distributions in the depth shown in Fig. 
5 using a one-dimensional nonlinear diffusion model.21 
Also in Fig. 5 we show the reduction factor G(y) as esti- 
mated from the profile of the domains in Fig. 1 (b). It is 
fortuitous that the maxima and minima of G(y) and the 
pump mode nearly coincide, as this reduces the deleterious 
effect of the nonideally shaped domains on the overlap 
integral. Evaluating the integral results in an effective 
depth of 7.1 pm. Assuming a flat top lateral dimension of 
5 pm gives an effective area of about 36 pm.2 This results 
in a predicted normalized efficiency of 95%/W cm2, about 
24 times larger than the measured efficiency. We attribute 
the difference to one or more of the following: the reduc- 
tion of ds3 that accompanies proton exchange,22-24 the 

launching of pump radiation into higher-order modes 
which have substantially smaller overlap integrals, and in- 
adequate modeling of the lateral diffusion of the APE pro- 
cess. 

In conclusion, we have demonstrated infrared genera- 
tion of 2.1 pm radiation in a LiNbOs waveguide by quasi- 
phase-matched, room-temperature, difference-frequency 
mixing of two wavelengths that can be provided by diode 
lasers: 0.81 and 1.32 pm. Further work in this field should 
produce compact, diode-laser-pumped guided-wave differ- 
ence-frequency devices or optical parametric oscillators, 
providing milliwatt levels of tunable mid-infrared radia- 
tion. 
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