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Yb-Diffused LiNbO3 Annealed/Proton-Exchanged
Waveguide Lasers

Masatoshi Fujimura, Member, IEEE, Hidekazu Tsuchimoto, and Toshiaki Suhara, Senior Member, IEEE

Abstract—Yb-diffused LiNbO3 annealed/proton-exchanged
waveguide lasers are demonstrated for the first time. Thermal
diffusion of Yb into LiNbO3 crystal is studied, and concentration
profile of Yb is measured. A Fabry–Pérot waveguide laser of 3-cm
length is fabricated and characterized. For optical pumping at
918-nm wavelength, stable continuous-wave laser oscillation is
achieved at 1061 nm with a threshold power of 40 mW.

Index Terms—Lasers, lithium niobate, optical waveguides, rare
earth, ytterbium.

I. INTRODUCTION

RARE-EARTH-DOPED LiNbO is an attractive material
for waveguide devices because it can provide laser func-

tions as well as electrooptic, acoustooptic, and nonlinear-optic
effects. A variety of advanced waveguide laser devices have
been demonstrated in Nd-doped [1]–[3] and Er-doped [4], [5]
LiNbO . Yb-doped LiNbO is also an attractive material. Yb in
LiNbO has only one excited manifold, and provides laser emis-
sion at 1.0- m wavelength for optical pumping at 0.9 m
[6], [7]. Since there is no decrease of the excited-state popula-
tion due to excited state absorption, efficient laser oscillation is
expected in Yb LiNbO . High performance of Yb as a light
absorber in a Yb–Er codoped system is also expected [8], [9].

The first Yb LiNbO waveguide laser was demonstrated
in a -propagation Ti-diffused waveguide [6]. Photorefractive
damage in the waveguide prevented stable laser oscillation.
Laser oscillation was also obtained in a -propagation Ti-dif-
fused waveguide [7]. -propagation waveguide suffer less
photorefractive damages. However, it does not provide access
to the largest electrooptic/nonlinear-optic tensor components

to limit future application.
In this letter, we demonstrate Yb-thermally diffused -cut

LiNbO annealed/proton-exchanged (APE) waveguide lasers.
We chose APE waveguide for its high resistance to the photore-
fractive damage and possible access to . Stable contin-
uous-wave (CW) laser oscillation was achieved in a prototype
device.
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Fig. 1. Microscope photographs (x500) of LiNbO crystal surfaces after
diffusion of Yb films of (a) 48- and (b) 76-nm thicknesses.

II. Yb-DIFFUSION INTO LITHIUM NIOBATE CRYSTAL

Although Yb-diffusion into LiNbO has been reported [6],
[7], it has not been examined in detail yet. We studied Yb-dif-
fusion in preliminary experiments.

Yb films of various thicknesses were deposited on
surfaces of LiNbO by evaporation. The crystals were heated
in oxygen atmosphere using a quartz tube furnace for Yb-dif-
fusion. The diffusion temperature and the duration were
determined to be 1100 C and 250 h, respectively, after [6].
Smooth surfaces were obtained for diffusion of Yb films of

50-nm thicknesses, although diffusion of Yb films of 70 nm
resulted in rough surfaces because of insufficient diffusion, as
shown in Fig. 1. We fabricated Yb LiNbO by diffusion of Yb
film of 30-nm thickness for further characterization and device
fabrication.

Depth profile of Yb concentration was measured by spatially
resolved fluorescence measurement [10]. The Yb-diffused sur-
face was wedge-polished with an angle of 0.3 to the initial sur-
face. Then the depth profile was converted and extended to the
lateral profile along the slope of the wedge. A pump beam of
918-nm wavelength was loosely focused on the polished sur-
face and the focal spot was scanned along the slope, as shown
in the inset of Fig. 2. The spot size was 6 m and the focal
depth was 40 m. Fluorescence of 1- m wavelength from
Yb was separated from the pump by a dichroic filter and de-
tected. Circles in Fig. 2 show the detected fluorescence power

dependent on the lateral shift of the focal spot [mm] and the
corresponding depth, m . As shown
in Fig. 2 by a solid line, the data points were fitted very well
by a complementary error function: ,
where is a constant. Since is approximately proportional
to the total number of Yb ions in the pumped region, deriva-
tive of gives depth profile of Yb concentration:

. The result shows that the depth profile can
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Fig. 2. Fluorescence power dependent on lateral shift of spot position and the
corresponding depth. Inset shows the experimental setup.

be approximated by a Gaussian function with surface concen-
tration of and 1/e-depth of 6.5 m. The diffusion coefficient
was found to be 0.04 m for 1100 C. can be correlated
to the thickness of the diffusion source assuming that all Yb ions
in the source diffuse into the crystal. Then is estimated to be

ions/cm .

III. CHARACTERIZATION OF WAVEGUIDES

An Al film with channel openings was fabricated on a Yb-dif-
fused LiNbO as a mask for selective proton exchange. The
length of the channel was 30 mm, and the width ranged from
4 to 10 m. The crystal was soaked in molten benzoic acid at
200 C for 20 min for proton exchange, and thermally annealed
at 370 C for 60 min in oxygen atmosphere. A transverse-mag-
netic (TM)-polarized wave of 918-nm wavelength was coupled
in the waveguides by end-fire coupling. The full-width at half-
maximum mode sizes were 3.1 m in width and 2.3 m in depth
for waveguides of 4- m width. The waveguide loss was mea-
sured by the Fabry–Pérot method [11] to be dB/cm at
1064-nm wavelength, where optical absorption due to Yb is not
remarkable.

A white light from a halogen lamp was coupled in the wave-
guide, and the spectrum of the transmitted light was measured.
Comparing the spectrum with that for nondoped LiNbO APE
waveguide, the absorption spectrum of the Yb in the waveguide
was obtained, as shown in Fig. 3. Three absorption peaks were
found at 918, 980, and 1008 nm. The absorption at 918 nm was
measured to be 77%. From the absorption, Yb concentration
profile, and the guided mode profile, we estimated the absorp-
tion cross section to be cm . It agrees fairly well
to the previously reported value for LiNbO crystal Yb-doped
during crystal growth [9]. Fluorescence spectrum was measured
for optical pumping at 918 nm. Fluorescence peaks were ob-
tained at 980, 1008, and 1061 nm, as shown in Fig. 4. The decay
time of the fluorescence power for pumping by a chopped beam
was measured, and the result indicated that the lifetime of the
excited state was about 290 s. It is smaller than the reported
value for Ti Yb LiNbO waveguides [6], [7]. The reduction

Fig. 3. Absorption spectrum of a Yb : LiNbO APE waveguide of 30-mm
length.

Fig. 4. Fluorescence spectrum of a Yb : LiNbO APE waveguide optically
pumped at 918-nm wavelength.

Fig. 5. Yb-diffused LiNbO APE waveguide laser.

may be attributed to nonradiative transition caused by phonons
due to OH band vibration in the APE waveguides [12].

IV. DEMONSTRATION OF LASER OSCILLATION

Fig. 5 shows schematic illustration of the fabricated wave-
guide laser. A Fabry–Pérot laser cavity was constructed by at-
taching identical mirrors on both facets of the waveguide using
an ultraviolet adhesive. The mirror reflectivities were 4% at
918-nm wavelength and 99.9% at 1061 nm. An input wave of

1064-nm wavelength was coupled in the cavity, and the trans-
mitted power was recorded with scanning the input wavelength.
The cavity finesse was estimated to be 10, which agreed very
well to the theoretical value estimated from the measured prop-
agation loss and the mirror reflectivity.

A TM-polarized pump wave of 918 nm from a Ti Al O
laser was coupled in the device from a facet. No photorefrac-
tive damage was observed, and stable CW laser oscillation was
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Fig. 6. Laser output power dependent on pump power.

Fig. 7. Spectrum of the laser emission.

achieved at 1061 nm. Fig. 6 shows the output power of the os-
cillating laser light emitted from a facet dependent on the pump
power for a device of 5- m channel width. The pump power was
measured in front of the pump facet. The oscillation threshold
was 40 mW, and an output power up to 1.2 W was obtained
so far. The slope efficiency was . A laser emission
spectrum was measured and is shown in Fig. 7. The wavelength
bandwidth was 0.36 nm. The spectrum probably consisted of
about 40 longitudinal modes, although the individual modes
were not observed because of the insufficient resolution in the
measurement.

The measured oscillation threshold and slope efficiency were
compared with theoretical values obtained by a calculation
based on rate equation analysis [13]. In the calculation, the
measured values for the mode size, the scattering loss, and
the lifetime were used. For the cross sections of absorption
and stimulated emission, the values reported in [9] were
used. The theoretical oscillation threshold was 21 mW. The
measured threshold was rather higher. The discrepancy is
attributed mainly to the coupling loss of the pump wave into the
waveguide cavity due to field mismatch between the incident

pump beam and the guided mode. A slope efficiency for a
mirror reflectivity of 99.99% at oscillation wavelength with
an assumption of 50% input-coupling loss was calculated to
be , which is comparable to the measured value of

.

V. CONCLUSION

Yb-diffused LiNbO APE waveguide lasers were demon-
strated for the first time. Future work includes improvement of
laser performance by optimization of cavity design.
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