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Third-harmonic generation (THG) in the cw regime from C-band radiation was achieved in annealed proton-
exchanged periodically poled lithium niobate (PPLN) waveguides. By suitable design of fabrication param-
eters and operating conditions, quasi-phase-matching (QPM) is obtained simultaneously for the second-
harmonic generation process (w— 2w, first-order QPM) and for the sum-frequency-generation process (w
+2w— 3w, third-order QPM), which provides the third harmonic of the pump field. The high overlap be-
tween the field profiles of the interacting modes—TM,, at @ and TM;( at 2w and 3w—results in what is
believed to be the highest ever reported normalized conversion efficiency for THG from telecommunication
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wavelengths, equal to 0.72% W-2cm™%. © 2006 Optical Society of America

OCIS codes: 190.4160, 130.4310, 300.6460.

In several scientific areas, ranging from optical com-
munication systems' to fundamental physical con-
stant measurement,” frequency-stabilized sources
are required for the realization of optical frequency
standards.®? The frequency stabilization is generally
obtained by locking the laser frequency to an atomic
or a molecular absorption line. Techniques such as
saturation spectroscopy are employed to obtain stabi-
lization to a sub-Doppler level, where absorption
lines with natural spectral widths at the megahertz
level are accessible.

For a given laser source that is to be stabilized,
however, strong and sharp absorption lines might be
missing at the laser frequency but still be available
at double or triple that frequency. Therefore there is
a need for new and efficient optical mixing schemes
that are able to connect frequencies in 1:2 and 1:3 ra-
tios compatible with low-power cw frequency stabi-
lized lasers. The most efficient schemes for connect-
ing frequencies are obtained by combining quasi-
phase-matched nonlinear interactions, in either
periodic4’5 or quasi-periodic structures,®” with guided
propagation.8 Semiconductor lasers in the 1.55 um
range have been recently stabilized®'? at a kilohertz
level by locking the second harmonic, generated in
periodically poled lithium niobate (PPLN)
waveguides, to absorption lines of Rb and I, in the
near-IR spectral range. A higher degree of stabiliza-
tion, below the kilohertz level, could be obtained with
the third harmonic, since in the green spectral range
the I, molecule presents its strongest and sharpest
lines. Until now, however, no efficient third-harmonic
generation (THG) has been obtained in guiding
structures,™ owing to the difficulty of phase match-
ing a three-wave mixing process, consisting of cas-
caded second-harmonic generation (SHG, o—2w)
and sum-frequency generation (SFG, w+2w— 3w).

In this Letter we report the design, realization, and
characterization of an annealed proton-exchanged

0146-9592/06/182707-3/$15.00

(APE) PPLN waveguide where THG of C-band radia-
tion is achieved at a fixed temperature as a result of
quasi-phase-matched cascaded SHG and SFG. The
frequency conversion is obtained with a normalized
internal efficiency of 0.72% W~2 cm™, which is to our
knowledge the highest value reported to date in the
literature.

Frequency tripling is not trivial in a channel wave-
guide configuration, since two phase-matching condi-
tions have to be simultaneously satisfied, the first
one for the SHG process, the second one for the SFG
process:

SHG 41 ) 2
A =—(m*’-n*)-r—=0,
B )\( ) A

Qm 2
ABSFG= T(3’131‘)_2’12(41_na))_STzo, (1)

where n are the effective indices of the interacting
modes, \ is the pump wavelength, A is the poling pe-
riod of the crystal, and r,s are the quasi-phase-
matching (QPM) orders for the two processes. The ef-
fective indices at the three frequencies depend both

Table 1. Design Parameters for a Waveguide Giving
Phase-Matched THG

A(um) A (um) NS @mm) AN (um)  AngR@
186  0.052 1550.3 1.95 0.02677
0.056 1551.5 2.10 0.02667

0.060 1552.6 2.24 0.02678

189  0.052 1560.6 1.77 0.02938
0.056 1561.9 1.92 0.02917

0.060 1563.1 2.06 0.02912

“A, poling period; AzdgﬂGAnTHG' d™S optical depth; An'HO

pm > “pm > pm >
index change at 633 nm; )\ggG, phase-matching wavelength.
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dispersion coefficient. In all cases An ¢ corresponds

to the a crystallographic phase. F?om Table 1 it
emerges that different combinations of parameters
exist, fulfilling the constraints for THG. We chose
those shown in bold (A=0.56 um, A=18.9 um, An
=0.0292, d=1.92 um), which correspond to a proton-
exchange time of 1 h and an annealing time of 3 h
54 min under our experimental conditions, i.e.,
247°C in 1% diluted benzoic acid melt and 350°C in
air, respectively. For such a proton-exchange dura-
tion Fig. 1 shows the evolution of the phase mismatch
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Fig. 1. Phase mismatch of the SFG process (solid curve,

left-hand axis) and phase-matching wavelength of the SHG
process (dashed curve, right-hand axis) calculated versus
optical depth (lower scale) and corresponding total anneal-
ing time (upper scale).

on the operating conditions, i.e., pump wavelength
and crystal temperature, and on the waveguide opti-
cal parameters defining the refractive index profile.
Since single-mode APE waveguides exhibit optical
depths 2-5 times smaller than typical channel
widths, the dependence of the effective indices on the
channel width was neglected in the design of a wave-
guide satisfying Eqgs. (1). Only the parameters defin-
ing the transverse index profile were thus considered,
i.e, the optical depth d and the index change at the
surface An.

The following constraints were taken into account
in the design: (i) first-order QPM (r=1) for the SHG
process, and first available order, i.e., the third one
(s=3), for the SFG process; (ii) phase-matching wave-
length for the THG process ()\THG) in the C band; (iii)
single-mode propagation at the pump Wavelength
(iv) phase-matching temperature around 120°C, so
as to avoid photorefractive effects; and (v) Waveguide
optical parameters compatible with the presence of
an «a crystallographic phase in the APE region, which
is essential for reachlng the best linear and nonlinear
optical propertles 2 1t is worth recalling that, once
the a crystallographic phase is reached durlng the
annealing, the index profile can be described by an
exponential curve with a maximum value An at the
surface and a 1/e optical depth d, where the product
A=dAn is almost constant and is related mainly to
the proton-exchange duration.?

The constraints pointed out above limit the choice
of the order of the interacting modes to few configu-
rations, the most efficient one involving TM, at o,
TM]_ at 2(,0, and TM]_ at 3w (TMO(), TM]_(), and TM]_(),
respectively, in the experimental channel configura-
tion). By keeping this modal configuration and a tem-
perature of 120°C fixed, we calculated, as a function
of the poling period A and of the A parameter, the
values dand An satisfying Eqs. (1) (hereafter called
dTHG and AnTHG) and the corresponding phase-
matchlng wavelength )\THG Table 1 reports the re-
sults obtained for three different values of A giving
single-mode propagation at w and for two poling pe-
riods providing phase matching in the C band. The
poling period determines, independently from the A

value, both )\THG and Anggc’, and thus the chromatic

ABSFG as a function of the optical depth d (lower hori-
zontal scale) and of the corresponding annealing time
(upper horizontal scale): ABSFG was calculated by as-
suming a pump wavelength yielding phase matching
for the SHG process, also reported in the figure as
)\SHG With increased annealing time, ABSFC reduces
monotonlcally and vanishes for d= dTHG while )\SHG
increases in a quite restricted interval of few nanom-
eters.

The PPLN sample used in the experiments is
1.8 cm long, has a 18.9 um poling period, and in-
cludes several channels having widths w from
6 to 10 um. Because of the critical dependence of the
phase mismatch ABS'® on the annealing time (see
Fig. 1), after proton exchange the sample was an-
nealed by subsequent steps, monitoring the resulting
ABSFC after each step. To this aim the light from two
distinct tunable cw laser sources was simultaneously
coupled with a 60% efficiency into the waveguides,
one laser emitting at )\SHG and amplified by an
erbium-doped fiber amphﬁer to provide a strong 2w
field, the other one being tuned to the wavelength
>\§§1G providing phase matching to the nondegenerate
SFG process 2w+ o, o being its frequency. The differ-

ence A\= )\SHG )\SFG vanishes once a degenerate
quas1 phase matched SFG process is established, and
it is to a first order directly proportional to A,BSF G
Figure 2 shows the experimental values of AN and
)\SHG for T=120°C, w=8 um, and A=18.9 um as a
functlon of anneahng time (¢,) and optical depth, the
latter being determined after each annealing step by
prism characterization of the planar waveguide
formed on the opposite side of the sample. The re-
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Fig. 2. Phase-matching-wavelength detuning from degen-
erate SFG (squares, left-hand axis) and phase-matching
wavelength of the SHG process (circles, right-hand axis)
measured versus optical depth (lower scale) and corre-
sponding total annealing time (upper scale).
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Fig. 3. Output spectra at three different temperatures:
the leftward peaks are due to a phase-matched nondegen-
erate SFG process, the rightward to a phase-mismatched
degenerate SFG process.
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Fig. 4. Experimental (dotted curve) and calculated (solid
curve) output power of the sum-frequency field (PSF in the

figure) as a function of the signal wavelength \ for an input
pump power of 16 mW, a signal power of 16 mW, and a
pump wavelength of 1570.7 nm. Inset, phase-matching
curve of the SHG process in the same channel and for the
same pump power. The second- and third-harmonic peak
powers are 168 uW and 34 nW, respectively.

sults are in good agreement with the design predic-
tions, the difference in the total annealing time being
due to the thermal transients caused by the stepped
process. When the annealing time is increased, the
AN value decreases and changes its sign when pass-
ing from 4 h 20 min to 4 h 35 min, thus indicating
the need for tuning the waveguide temperature to
achieve a phase-matched THG process. The output
spectra at three different temperatures are reported
in Fig. 3: at 160°C and 120°C two peaks are ob-
served, the left-hand one due to the phase-matched
nondegenerate SFG process, the right-hand one cor-
responding to the third harmonic generated under
phase-mismatched conditions through the degener-
ate SFG process. The two peaks coincide at 85°C,
thus attesting simultaneous SHG and degenerate
SFG, and thus THG.

The conversion efficiency and the interaction
length of the SFG process were studied by measuring
the optical power of the sum-frequency field as a

function of the wavelength A at a temperature of
160°C (which implies a pump field at 1570.7 nm).
This temperature was chosen to characterize the two
processes independently. The experimental data, re-
ported in Fig. 4 as a dotted curve, are fitted by a the-
oretical (solid) curve consistent with an effective in-
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teraction area of 137 um?2, corresponding to a
29% W' em2 normalized SFG efficiency and an in-
teraction length of 6 mm, i.e., one third of the sample
length. In contrast, the phase-matching curve for the
SHG process, shown in the inset of Fig. 4, indicates a
full 18 mm interaction length and an effective area of
98 um? (20% W-! cm~2 normalized SHG efficiency).
The waveguide homogeneity is thus not sufficiently
high to maximize the interaction length of the SFG
process, whose phase-matching condition is more
critical. It is worth noting that for a THG process
whose interaction length is shorter than the SHG
process the third-harmonic power strongly depends
on where the interaction region for THG is situated,
because the second-harmonic beam feeding the SFG
process increases its power while propagating. In our
case this region was situated at the middle of the
sample, since the optical power of the sum frequency
was found to be independent of the propagation di-
rection.

In conclusion, a quasi-phase-matched guided THG
process was demonstrated in an APE PPLN dielectric
structure. The normalized internal efficiency of the
process, i.e., 0.72% W2 cm™, is sufficiently high to
predict, in an ideal waveguide exhibiting a 30 mm in-
teraction length, the generation of 1 mW green light
from 120 mW telecommunications radiation. This
would allow subkilohertz frequency stabilization of
laser sources in the C band by exploiting sub-Doppler
green lines of the I, molecule.

This study was financially supported by MIUR
through the FIRB project “Miniaturized Systems for
Electronics and Photonics.”
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