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We report efficient generation of 671 nm red light based on quasi-phase-matched second harmonic generation of
1342 nm in LiNbO; waveguides. The design method and fabrication process of the high-quality annealed proton-
exchanged periodically poled channel waveguides were presented. A continuous-wave 1.71 mW red light was
obtained with a single-pass conversion efficiency of 47% - W' - cm 2, which is 88% that of the theoretical value.
While for 1 mW quasi-continuous-laser input, the corresponding peak power being 2 W, the conversion efficiency
reached up to 60%. Our results indicate that the annealed proton-exchanged periodically poled LiNbO; wave-
guide is promising for high-efficiency and low power consumption nonlinear generation of visible light.
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Coherent red light sources at around 671 nm have impor-
tant applications such as full-color laser displayZ, optical
cooling and trapping of lithium atoms?, and generation of
entangled beams in quantum information technology®.
Frequency doubling of neodymium-doped solid-state
lasers is a conventional approach to obtain 671 nm laser
light sources, and nonlinear crystals based on the quasi-
phase-matching technique are commonly used due to the
high-frequency conversion efficiency. Generation of red
light at 671 nm based on second-harmonic generation
(SHG) using quasi-phase-matched bulk crystals has been
demonstrated, such as single-pass SHG using periodically
poled stoichiometric LiTaO32¢ and extra-cavity frequency
doubling with periodically poled KTiOPO,Z. Nonlinear
interactions can be more efficient in waveguides compared
with that in bulk crystals, because the light field is confined
in a small cross section. In addition, high optical intensity is
maintained over a long propagation length without diver-
gence by diffraction, and thus efficient frequency conver-
sions can be achieved in a single-pass configuration,
reducing the complexity of the optical setup as compared
to extra-cavity frequency conversions. There are several
techniques to obtain the waveguide structure in LiNbOs,
such as annealed proton exchange (APE)Y Ti in-
diffusion, and optical grade dicing®X. APE LiNbO,
waveguides show low propagation loss and fine nonlinear
performance due to the annealing process. Besides, com-
paring with optical grade dicing, where the high-precision
dicing technique is needed, the fabrication process of
APE is relatively simple. High-performance quasi-phase-
matched second-order nonlinear interactions have been
demonstrated in APE periodically poled LiNbO3 (PPLN)
waveguides, such as generation of high-brightness
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entangled photons'2, enhanced electro-optic spectral tun-
ing device?, and efficient third-harmonic generation in the
communication band™,

In this work, we designed and fabricated APE PPLN
waveguides for 671 nm red light generation and character-
ized the SHG performances of the nonlinear waveguides.
The normalized SHG efficiency was 47% - W—! - em~2 for
continuous-wave (CW) input at 1342 nm. In addition,
when the quasi-continuous fundamental wave (FW) with
a peak power of 2 W was used, the conversion efficiency
was 60%.

To design the APE PPLN channel waveguides, the geo-
metric structure and the poling period of the waveguide
are the key parameters. Since the proton-exchange process
only increases the extraordinary refractive index (n,), only
TM modes are supported in zcut APE waveguides. The
extraordinary refractive index change of the APE LiNbOj4
waveguide can be described as An, = §(1) - C(y, z), where
6(4) is the wavelength-dependent coefficient, and C(y, 2)
is the normalized proton concentration’?. The profile of
C(y, 2) is determined by the channel width W and the
annealing depth DY, and the annealing depths in the z
direction and y direction were assumed to be the same
for simplicity. To obtain low propagation loss, the surface
proton concentration Cy = C'(0,0) should be smaller than
0.2399, and thus a relatively large annealing depth is re-
quired to support the guide mode in the near-infrared
spectral range. The single-mode condition for the
FW at 1342 nm was estimated as follows: W = 6 pm,
D =3 pm, and 0.12 < Cj < 0.16. The simulated refractive
index increment of the TM; mode at 1342 nm and 671 nm
is shown in Fig. 1(a). The effective refractive index of the
TMy, mode was numerically calculated using COMSOL
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Fig. 1. (a) Refractive index increment as a function of surface
proton concentration Cy in 6 pm wide channel APE waveguides
with annealing depth of 3 pm. (b) Theoretical poling period for
our APE PPLN structure as a function of temperature, where
the surface proton concentration C varies from 0.12 to 0.16.

Multiphysics, and the refractive index of the substrate was
calculated based on the Sellmeier equation for the extraor-
dinary index of congruent LiNbO;X. When the surface
proton concentration Cj varied from 0.12 to 0.16, the re-
fractive index increment of the FW changed from 0.0008
to 0.0021; while for the second-harmonic (SH) wave, the
refractive index increment changed from 0.0062 to 0.0092.
We chose three surface proton concentrations, Cj, 0.12,
0.14, and 0.16 and calculated the poling periods for the
SHG processes varying with the working temperature,
as shown in Fig. 1(b). The poling periods decrease slightly
with increased temperature or increased surface proton
concentration Cj. To reduce the photorefractive effect,
the working temperature of the SHG process was set to
be above 100°C, and thus the poling periods were designed
to vary in the range from 11.30 to 12.02 pm, with intervals
of 0.24 pm.

The detailed fabrication process for the channel APE
PPLN waveguide is described as follows. Full-wafer peri-
odical poling was obtained using the conventional electric
field technique at room temperature®. Then a 200-nm-
thick SiO, film was deposited on the PPLN wafer using
plasma-enhanced chemical vapor deposition. Subsequent
UV lithography and inductively coupled plasma etching
were used to form the SiO, mask with open channels, and
the channel waveguide structure was defined by the SiO,
mask. For the APE LiNbO; channel waveguide, the wave-
guide pattern is defined by the SiOy mask, and thus the
line edge roughness of the mask will transfer to the wave-
guide. To reduce the waveguide propagation loss caused
by interface scattering?, a fine-quality SiO, mask is re-
quired. From the scanning electron microscope (SEM) pic-
ture of the SiOy mask shown in Fig. 2(a), we can see that
the edge of the etched groove shows fine quality, which
ensures low propagation loss. The PPLN wafer was then
diced into small chips with dimensions of 2.1cm (L) x
1.0cm (W) and proton exchanged in benzoic acid at
170°C for 3.5 h. The low temperature was chosen to keep
low temperature sensitivity of the diffusion coefficient,
thus reducing the impact of temperature fluctuations dur-
ing the proton exchange?. Soft annealing at 210°C for
10 h was carried out to preserve the single crystalline
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Fig. 2. (a) SEM picture of SiO, mask. (b) Image of the inverted
domain structure of the APE waveguide recorded using confocal
SH microscopy. (¢) The measured and fitted transmission spec-
tra of the waveguide.

phase of the waveguides, which is helpful for reducing
the propagation loss. Finally, the chips were annealed at
333°C for 15 h, and the diffusion depth was about 3 pm,
with the waveguide width being 6 pm. Both facets of the
chips were polished to facilitate end-fiber coupling. Using
the confocal SH microscopy, the fabricated APE PPLN
waveguide was characterized, as shown in Fig. 2(b).
The duty cycle of the inverted domains was close to 50%,
and the periodic domain structure was preserved after the
APE process. The Fabry—Perot methodZ was used to
measure the propagation loss of the channel waveguide
with a CW fiber laser (Santech, TSL-550). Figure 2(c)
shows the measured transmitted power when the wave-
length of the input swept around 1342 nm at room temper-
ature. By fitting the transmission curve, the propagation
loss of the waveguide was calculated to be 0.097 dB/cm,
which was attributed to the optimized proton-exchange
process and the fine-quality SiO, mask. The low propaga-
tion loss in this work is at the same level as that in reversed
proton-exchanged LiNbO; waveguides by Fejer’s group2,
with the typical value being 0.1 dB/cm.

The schematic experimental setup for SHG of red light
at 671 nm is shown in Fig. 3. The fundamental light source
is a diode-pumped Nd:YVO, laser working at 1342 nm.
The FW was gathered into a single-mode fiber and then
coupled into the waveguide through a naked fiber. The
fiber-to-chip coupling efficiency was measured to be
~35%, and the coupling efficiency would be higher by
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Fig. 3. Schematic experimental setup. The two insets are the
images of the FW and SH wave, respectively.
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choosing a lensed fiber, which can provide improved mode
matching. A polarization controller was used to adjust the
polarization of the FW to the vertical direction, which was
required for excitation of the TM mode in the APE wave-
guide. The PPLN waveguide was embedded in an oven for
temperature control. Light was coupled out from the
waveguide by an aspherical mirror with a focal length
of 10 mm. A beam splitter was used to separate the
FW and SH waves for individual measurement. The spa-
tial mode images of FW and SH waves recorded with CCD
are shown in Fig. 3, and the intensity profiles in the ver-
tical (depth) and horizontal (width) directions were pre-
sented as well. Both intensity profiles showed nearly
Gaussian shape, which indicated that the interacting
waves were in the TM, mode in the waveguide.

Firstly, we turned off the @-switch, the fundamental la-
ser light source was in a CW operation mode, and we
tested the single-pass SHG performance of the nonlinear
waveguides at 1342 nm. SHG was achieved in the wave-
guides with poling periods of 11.78 and 12.02 pm, and the
corresponding quasi-phase-matching temperature was
measured to be 141.0°C and 40°C, respectively. According
to the measured quasi-phase-matching temperature, the
surface proton concentration was estimated to be 0.12,
which was used to calculate the theoretical frequency con-
version efficiency of the fabricated sample. We chose the
waveguide with higher quasi-phase-matching tempera-
ture, and the temperature tuning curve of this waveguide
is shown in Fig. 4. The temperature acceptance bandwidth
of the waveguide was measured to be ~3.3°C, which was
close to the theoretical value, as shown in Fig. 4. The out-
put power of the SH wave at 141.0°C was 1.71 mW, and
the corresponding power of the input FW was 28.7 mW.
The normalized efficiency of SHG in quasi-phase-matched
PPLN waveguides is given by2
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Fig. 4. Temperature tuning curve of APE PPLN waveguide
with 11.78 pm poling period. The black dots and the dashed red
line are the measured data and fitted curve, respectively.

where n; and n, are the effective refractive indices of the
waveguide modes at the FW and SH, respectively, €, is
the vacuum permittivity, and c is the speed of light in vac-
uum. The effective nonlinear coefficient dyy = 2ds3 /7 with
dss = 20pm/VE, E_  E,, are the electric fields of the
1342 nm TMy, and 671 nm TM,, modes, respectively.
Thus, the theoretical normalized SHG efficiency was calcu-
lated to be 53% - W~ - em~2. The normalized SHG effi-
ciency was measured to be 47% - W~ - em~2, which was
~88% of the theoretical value. LiNbOj is a good electro-
optic materialZ22/, and it is possible to tune the SHG
conversion efficiency of the APE PPLN waveguide by in-
tegrated electrodes. What one should note is that the duty
cycle of the periodically poled structure should deviate
from 0.5 when the electrical field is applied along the z
direction of the LiNbOj crystal.

The SHG conversion efficiency as a function of the input
power of the FW is shown in Fig. 5(a). The conversion
efficiency is proportional to the power of the input FW,
and a maximum conversion efficiency of 11.5% was ob-
tained when the power of the FW reached 70 mW. The
stability of the output over time at the maximum output
was tested. The power fluctuation was less than 10% for
the first 20 min. After 1 h, the output power decreased
gradually to 60% that of the maximum output. The maxi-
mum output can be recovered when we turned off the in-
put FW for dozens of minutes. The reduction of efficiency
is due to the phase mismatch caused by the photorefrac-
tive effect. To characterize the waveguide performance at
high input powers, we switched the near-infrared laser to
the @-switched operation mode, and the laser delivered
pulsed output with 50 ns pulse duration and 10 kHz rep-
etition rate. The SHG conversion efficiency varies with the
average power of the pulsed FW, as shown in Fig. 5(b),
which shows a linear relationship. When the average
power of FW was 1 mW, the corresponding peak power
being 2 W, the conversion efficiency of SHG reached up
to 60%.

To conclude, we have designed and fabricated
periodically poled channel APE LiNbO; waveguides for
efficient 671 nm red light generation. The channel
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Fig. 5. Measured SHG conversion efficiency as a function of the
power of FW with (a) CW and (b) 50 ns, 10 kHz pulsed input.
The blue dots and the green line correspond to the measured con-
version efficiency and the linear fitting curve, respectively.
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waveguides were fabricated on PPLN by the APE
technique. By optimizing the fabrication process, the
PPLN channel waveguides with 0.097 dB/cm low propa-
gation loss were obtained, and the waveguide exhibited
excellent SHG performance. With CW input, 1.71 mW
red light was obtained with normalized efficiency up to
47% - W' - cm™2, which is nearly 90% that of the theo-
retical value. The SHG conversion efficiency reached up
to 60% when pulsed FW with an average power of
1 mW was coupled into the waveguide. Our work provides
a scheme for high-efficiency red light generation. To fur-
ther raise the power-handle capacity of the APE periodi-
cally poled waveguide, MgO-doped LiNbOj3 can be used as
the host materialZ2, which possesses higher photorefrac-
tive damage threshold.
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