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Anncaled/proton-exchanged LiINbO; waveguides buried by reverse proton exchange were studied and applied to quasi-phasc-
matched difference frequency generation (DFG) devices to improve their efficiency. A device of 3.1 ¢cm length was fabricated
and characterized. In preliminary second harmonic generation experiments, four-fold improvement in the normalized
efficiency was demonstrated. In DFG wavelength conversion experiments, conversion efficiency of —9dB for pump power of
12mW was achieved. The corresponding normalized DFG efficiency was 1000%/W, which is. to the best of the authors’

knowledge, the highest value ever reported.
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LiNbO; waveguide quasi-phase-matched (QPM) differ-
ence frequency generation (DFG) devices have been studied
actively for application to wavelength converters for dense
wavelength division multiplexing optical communication
networks because of properties such as wide wavelength
bandwidth, ability of simultaneous conversion of multiple
wavelength signals, and high transparency to signal for-
mat."? Improvement of conversion efficiency is an impor-
tant requirement for practical application.

The efficiency can be improved by increasing the overlap
of guided mode profiles of interacting waves. An annealed/
proton-exchanged (APE) LiNbOz waveguide with a high-
index cladding layer was used to increase the overlap, and
efficiency improvement was achieved.” Another approach is
to utilize waveguides buried in the crystal. APE:LiNbO;
waveguides buried by reverse proton exchange (RPE) were
proposed and demonstrated.*> A second harmonic gener-
ation (SHG) device with a RPE-buried waveguide of 3.3 cm

length exhibited a high normalized SHG efficiency of

1600% /W for pumping at a wavelength of 1.54 um.%

In this work, we studied the fabrication of RPE-buried
APE waveguides for QPM-DFG devices and demonstrated
DFG wavelength conversion with an efficiency of —9dB for
12mW pump power in a prototype device of 3.1 cm length.

The RPE-buried APE:LiNbO; waveguide QPM-DFG
device is shown in Fig. 1. A signal wave (wavelength:
Ay ~ 1.5um, frequency: w,. power: P,) and a pump wave
(Adp ~ 0.8um, w,, Pp) are coupled in a buried waveguide
with a domain inverted grating for QPM. The QPM-DF
wave (Ap ~ 1.5um # A, wp = wp, — w,, Pp) 1s generated to
enable wavelength conversion from A to Ap. When Pp is
small, the normalized DFG efficiency, npr = Pp/(P.Pp),
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Fig. 1. RPE-buried APE:LiNbO; waveguide QPM-DFG device.
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under QPM is approximately given by?
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where « is the nonlinear coupling coefficient, 33 the
nonlinear-optic coefficient. £p, £y, and E, represent guided
mode profiles for the DF, pump, and signal waves,
respectively. x increases in proportion to the overlap of the
guided mode profiles in the cross section of the waveguide,
and npp increases in proportion to x>

Conventional non-buried APE waveguides have index
maxima at the crystal surface, and the index profiles of the
waveguides are highly asymmetric in the depth direction.
Therefore, the peaks of the mode profiles for different
wavelengths are considerably far from one another. Hence,
the overlap cannot be large. On the other hand, buried APE
waveguides have index maxima below the crystal surface,
and the index profiles are fairly symmetric. Therefore. the
mode profiles in buried waveguides are close to symmetric,
and the peaks are closer. Then mode overlap can be greater,
and higher conversion efficiency is expected.

Immersion of APE:LiNbQOj3 in LiT-rich melt (eutectic salt
of LiNO;3:KNO3:NaNO; with mol ratio of 37.5:44.5:18.0%)
causes replacement of H™ in APE:LiNbO; with Li* in the
melt. This reverse proton exchange (RPE) process reduces
the H™ concentration in the vicinity of the surface, and the
H* concentration maximum is pushed below the crystal
surface. Thus the waveguide is buried.

Al masks with channel openings of 5um width were
formed on Z-cut LiNbO; crystals, and they were immersed
into benzoic acid at 200°C for 1.5h for proton exchange and
annealed in oxygen atmosphere at 370°C. These conditions
were the same as the typical conditions for non-buried APE
waveguide fabrication. After the APE treatment, RPE was
carried out in the eutectic salt at 326”C in the setup shown in
Fig. 2. It was found, in preliminary experiments, that stirring
of the salt is essential to obtain uniform waveguides. RPE-
buried APE channel waveguides were fabricated for various
annealing and RPE durations. The other conditions including
the initial PE conditions were not varied, and therefore,
totally optimized conditions were not obtained in this work.
Near-field patterns of the guided modes were measured at
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Fig. 2.

Setup for reverse proton exchange.

Fig. 3. Ncar-ficld patterns of guided modes in (a) RPE-buried and (b) non-
buried APE waveguides at 1.55pum.

wavelengths of ~1.55um and ~0.8um. Figures 3(a) and
3(b) show the pattern for the 1.55 um wavelength in a buried
waveguide fabricated with | h of annealing and | h of RPE
and that in a non-buried waveguide fabricated by PE at
200°C for 1.5 h using a mask with channel openings of 5 um
width followed by annealing at 370°C for 4 h, respectively.
The symmetry of the pattern was improved by RPE burial.
The mode profiles in the depth direction for 1.6pum and
0.8 um wavelengths are shown in Fig. 4. The RPE-buried
waveguide provided greater mode overlap. The distances
between the peaks of the profiles were 0.41 um and 1.23 um
for the RPE-buried and the non-buried waveguides, respec-
tively. The nonlinear coupling coefficients calculated using
the measured mode profiles and dy3 = 32 pm/V were x =
1.33W~'"2em™" and « = 0.77W~"2cm~! for buried and
non-buried waveguides, respectively. Therefore, the ratio of
the improvement in the normalized efficiency is estimated to
be as large as approximately 3 (= (1.33/0.77)%).

A QPM-DFG device with the RPE-buried APE waveguide
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Fig. 4. Mode profiles in depth direction for 4 = 0.8 um and 1.6 pm in (a)
RPE-buried and (b) non-buried waveguides.
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Fig. 5. SH power dependent on input wavelength.

was fabricated. A domain inverted grating with period of
15.5um and length of 3.1cm was fabricated in Z-cut
LiNbO; crystal 0.5 mm thick by applying a voltage pulse of
11.4kV amplitude through a periodic electrode.” A RPE-
buried APE waveguide was fabricated as described in the
previous section.

Simple SHG experiments were carried out for preliminary
device characterization because the normalized DFG effi-
ciency npr for nearly degenerate DFG (A ~ Ap) is theoret-
ically equal to the normalized SHG efficiency nsy. An input
wave from an external-cavity wavelength-tunable laser
diode was coupled in the device and the output SH power
was measured. The SH power dependent on the input
wavelength is shown in Fig. 5. QPM-SHG was achieved at
an input wavelength of 1596.5nm. The measured FWHM
wavelength bandwidth of 0.42 nm is close to the theoretical
prediction of 0.44nm. This agreement suggests good
uniformity of the waveguide and the QPM grating. Figure 6
shows the SHG efficiency dependent on the input wave
power. The normalized SHQG efficiency, i.e., slope of the line
in the figure, was ngy = 1400%/W. The corresponding
coupling coefficient is k = 1.2W~!2cm~". This is close to
the value estimated using the mode profiles. The values for a
reference device with a non-buried APE waveguide were
320%/W and 0.60W~'>c¢cm~!® The device with a RPE-
buried waveguide achieved a normalized efficiency four
times as high as that of the reference device with the non-
buried APE waveguide. The ratio of the efficiency improve-
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Fig. 6. SHG efficiency dependent on input power.
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ment obtained in the experiments was larger than that of the
above estimation using the measured mode profiles. This
seems to be due to the improved uniformity in the wave-
guide and/or the domain-inverted grating of the recently-
fabricated device over that of the previously-fabricated
device.

The actual DFG normalized efficiency npg is usually
smaller than the SHG normalized efficiency nsy because of
the factors neglected in the theoretical model, e.g., photo-
refractive effect and pump power propagation in the higher
guided modes. DFG wavelength conversion experiments
were carried out. A pump wave from a Ti:Al,O; laser
(4, = 0.80um) and a signal wave from a laser diode were
combined using a dichroic beam splitter and coupled in the
device. A spectrum of the output waves was measured using
an optical spectrum analyzer. Wavelength conversion of
—9dB efficiency was obtained, as shown in Fig. 7, for a
pump power of 12mW. The conversion efficiency corre-
sponds to a normalized efficiency of npg = 1000%/W. This
is the highest normalized DFG efficiency ever reported to the
best of our knowledge, although it is smaller than the
normalized SHG efficiency reported in ref. 6.

The fabrication of RPE-buried APE:LiNbO3; waveguides
was studied, and high performances of a QPM-DFG device
with the buried waveguide were demonstrated. Further
efficiency improvement can be achieved by increasing the
interaction length.
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Fig. 7. Spectrum of output waves in DFG experiments.
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