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In this work, laser operation at 1.76mm in Tm3+:LiNbO3 Zn-diffused channel waveguides is
reported. The laser emission is single polarized with the electric field parallel to the optic axis
sp-polarizationd and operates in continuous-wave regime, at room temperature. The threshold of
laser oscillation is in the range of 40 mW, the slope efficiency is around 1%, and both magnitudes
are dependent on the channel width, in accordance with the mode overlap between the pump and
signal modes within the waveguides. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1887813g

Tm3+-activated materials have been extensively investi-
gated in the last years due to their broad infrared lumines-
cence emissions, from 1400 nm up to 2100 nmsassociated
with 3H4→3F4 and3F4→3H6 transitionsd, with potential in-
terest in fields, such asS-band optical amplification, surgery,
and remote sensing.1–9 When rare-earth ions are incorporated
into LiNbO3, it is possible to combine the optical character-
istics of the rare-earth ions with the electro-optic, acousto-
optic, and nonlinear properties of LiNbO3, together with the
availability of well-developed techniques to fabricate low-
loss channel waveguides.10–14Laser action of thulium-doped
lithium niobate was first demonstrated in bulk material1 and
then in a guiding configuration using Ti-indiffused channel
waveguides.2 The observed stimulated emission was associ-
ated with the3F4→3H6 transition of Tm3+ ions, occurring at
l1=1.85mm in bulk, and simultaneously atl1=1.85mm
andl2=1.81mm in the waveguide configuration. These two
emissions correspond to Tm3+ transitions which are predomi-
nantly s-polarized.1,15

In this work, we reportp-polarized laser oscillation of
Tm3+ ions, in Zn-diffused channel waveguides, operating in
a slightly shorter-wavelength region, 1.76mm, also corre-
sponding to the3F4→3H6 Tm3+ transition. Laser oscillation
is sustained in continuous-wave regime, at room tempera-
ture, without signs of photorefractive damage even in this
p-polarized laser emissionselectric field parallel to the optic
axisd, in accordance with previous reports of the high resis-
tance to optical damage of Zn-diffused waveguides.12,13

Tm3+-doped LiNbO3 crystal has been grown by the Czo-
chralski method. The content of Tm3+ in the initial melt was
2.0 mol %. The boule was oriented by Laue x-ray diffraction
and then, slices perpendicularly to thec axis sz-cut samplesd
were cut and polished to optical quality. Zn diffusion has
been used to fabricate the optical waveguides. Using this
method, channel waveguides—having optical losses in the
range of 0.3 dB/cmsat l=1.55mmd—are fabricated.16,17 In
the present work, the ion exchange was carried out at 550 °C
for 2 h, and then the sample was annealed at 850 °C for 4 h.
During the ion exchange step, both sample surfaces are im-
mersed in the Zn atmosphere and, therefore, a planar wave-
guide is simultaneously formed at the wafer surface opposite

to the channel waveguides. M-line spectroscopic measure-
ments performed in this planar waveguide, at 632.8 nm
sHe–Ne laserd, showed that the waveguide supports three
modes for transverse magneticsTMd propagation
snc—polarized modesd while only two modes, one of them
close to cutoff, were found for transverse electricsTEd
propagationsno—polarized modesd. This situation is consis-
tent with the existence of Gaussian index profiles for both
refractive indices, with a depth of 6.5mm, being the maxi-
mum index change of around 0.18% and 0.10%, forne and
no polarization, respectively. According with these profiles,
the waveguides are monomode both at the pump and laser
wavelengthss795 nm, ordinary propagation, and 1.76mm,
extraordinary propagation, respectivelyd.

A partial energy level diagram of Tm3+ ions in LiNbO3
is sketched in Fig. 1. The excitation of Tm3+ ions can be
efficiently performed by pumping in the dominant absorption
band15 s3H6→3H4 transitiond. From the3H4 manifold Tm3+

ions may relax by radiative transitions, giving fluorescence at
around 0.8mm and 1.45mm s3H4→3H6 and3H4→3F4 tran-
sitions, respectivelyd or by nonradiative connection to the
lower lying manifolds3H5d and then to the3F4 upper laser
level.
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FIG. 1. Partial energy level diagram of Tm3+ ions indicating the main emis-
sions observed after pumping atlp=795 nm. Straight arrows indicate radia-
tive transitions while wavy arrows represent nonradiative transitions.
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Optical excitation of the channel waveguidess8.5 mm
lengthd was performed by end-fired coupling a Ti:Sapphire
laser, operating at 795 nm, by using a microscope objective.
The geometry of the experiment was adopted to launch TE
propagating modes into the channel waveguides, in order to
match the electric-field orientation suitable for Tm3+ excita-
tion, according to the dominant polarization character of the
3H6→3H4 transition. The luminescence from the waveguide
was collected at the opposite end with a second microscope
objective and then dispersed by using an ARC monochro-
mator sSpectraPro-500id. The luminescence was detected
with a cooled InAs detector.

The p-polarized emission spectrum associated with the
3F4→3H6 Tm3+ transition, recorded under different experi-
mental conditions, is presented in Fig. 2. Full circles repre-
sent the emission from the waveguide at low pump power,
which is coincident with that observed for bulk
LiNbO3:Tm3+. Open circles correspond to the waveguide
emission at higher pumping levels. As it can be seen, the
feedback provided by Fresnel reflections at the endfaces is
high enough to produce detectable amplified spontaneous
emission, giving rise to distortions in the luminescence spec-
trum. Nevertheless, it was impossible to attain laser oscilla-
tion with the feedback provided only by Fresnel reflections
sR<14%d. Lasing was achieved by forming a laser cavity:

A high reflector sT=92% @795 nm,Rù99% @1.6mm
,l,2.0 mmd was attached to the entrance endface, while a
partially reflective output couplersRù99.8% @795 nm,R
<95% @1.6mm,l,2.0 mmd was used at the other end.
Under these experimental conditions, laser emission centered
at 1762.6 nm with a full width at half maximum around
8.0 nm is detectedscontinuous line in Fig. 2d. This lasing
wavelength is slightly shorter than that reported in previous
LiNbO3:Tm3+ laserssl=1.81mm and 1.85mmd.1,2

Figure 3 shows the output efficiency curves measured in
10 mm and 20mm width channel waveguides. The power of
the pump and signal beams were measured by using a Thor-
labs power meter. As it can be observed, the launched pump
power required for reaching threshold was 37 mW and
43 mW for the 10mm and 20mm width channel
waveguides, respectively, while the slope efficiency was es-
timated to be between 0.7% and 1.0%, similar to those val-
ues reported for Ti-indiffused Tm3+ waveguide lasers.2 The
increase observed in the threshold of laser operation with the
channel width can be related with differences in the mode
overlap between pump and signal modes in the waveguides.
The threshold powersPthd for a quasi-three-level laser can be
expressed as:18

Pth =
hnpsLi + T + 2N1

0s,d
2hphasf1 + f2dst f

FVeff

nl
G , s1d

where hnp represents the pump photon energy,hp is the
pump quantum efficiency,ha is the absorption efficiency for

FIG. 4. Calculated modal intensity distributions at
pump sTE0,0d and signal wavelengthssTM0,0d in the
10 mm and 20mm width channel waveguides. The dia-
gram in the lower part of the figure indicates the coor-
dinate reference system.

FIG. 2. Room-temperaturep-polarized emission spectra associated to the
3F4→3H6 Tm3+ transition measured in different experimental conditions:
Bulk or low pump power waveguide emissionsfull circlesd, waveguide
emission at high pumping levelssopen circlesd, and waveguide laser emis-
sion scontinuous lined.

FIG. 3. Output efficiency curves measured in 10mm and 20mm width
channel waveguidessopen and full circles, respectivelyd.
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pump power,f1 and f2 are the fractional population in the
lower and upper laser Stark components, respectively,s is
the gain cross section,t f is the lifetime of the upper mani-
fold, Li are the intrinsic cavity losses,T is the transmission of
the output coupler,N1

0 the unpumped population inversion
density, l is the length of the waveguide,n is the effective
refractive index, andVeff symbolizes the effective mode
volume.18

The different spectroscopic parameters involved in Eq.
s1d are independent of the waveguide channel width and,
assuming that the intrinsic losses are also similar, the ratio
between threshold values for both waveguides depends ex-
clusively on the relation between the corresponding effective
mode volumes:

Pths10 mmd
Pths20 mmd

=
Veffs10 mmd
Veffs20 mmd

. s2d

The effective mode volumes can be evaluated from the
modal intensity distribution by integration over the cross sec-
tion area,A, of the active region:

Veff

nl
=

E E
A

rpsx,zddxdzE E
A

F0sx,zddxdz

nE E
A

rpsx,zdF0sx,zddxdz

. s3d

The corresponding pump and signal modes, TE0,0 and
TM0,0, in the 10mm and 20mm width channel waveguides
have been calculated either by the effective index method19

or by the imaginary propagation method,20 with identical re-
sults. From these modal distributionssFig. 4d, the calculated
ratio between the effective volumes was found to be
Veffs10 mmd /Veffs20 mmd=0.76, which is in good agreement
with the experimental valuePths10 mmd /Pths20 mmd=0.84.

As it has been indicated above, the laser emission is
fully p-polarized, which is in contrast with the
s-polarization character previously reported for laser emis-
sion in Tm3+:LiNbO3 lasers.1,2 This fact, together with the
slightly different lasing wavelength, clearly indicates that, in
this case, the laser transition involves different Stark compo-
nents of the3F4 and3H6 Tm3+ manifolds.1,15The selection of
a p-polarized laser emission may become advantageous for
nonlinear applications via quasi-phase matching in periodi-
cally poled LiNbO3, making possible then to take advantage

of the highest nonlinear coefficientsd33d of the crystal.21,22

Let us finally indicate that the temperatures needed to carry
out Zn diffusion are sufficiently low to preserve domain
structures already present in the wafers23 which can then be
previously defined, by a variety of different techniques, in-
creasing the versatility of the fabrication procedure.
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