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A distributed feedback ~DFB! laser in LiNbO3 is demonstrated using a Ti:Fe:Er:LiNbO3 waveguide
with a holographically written photorefractive grating. The DFB laser was combined with a
waveguide amplifier on the same substrate. Up to 1.12 mW of output power at l51531.35 nm was
emitted by the laser/amplifier combination at a pump power level of 240 mW (l P51480 nm). The
emission spectrum consists of the two lowest-order DFB modes of about 3.9 GHz frequency
spacing. Whereas the measured threshold gain of ;3.3 dB/cm approximately agreed with the
modeling results, the observed mode spacing was clearly smaller than calculated. © 2003
American Institute of Physics. @DOI: 10.1063/1.1559443#

Recently, distributed Bragg reflector ~DBR! lasers were
developed in LiNbO3 with a Ti-indiffused waveguide. Their
cavity consists of a thermally fixed, photorefractive Bragg
grating in a Fe-doped section near one end face, an Er-doped
amplifier section in the middle, and a broadband dielectric
mirror deposited on the other end face.1 Single-frequency
DBR-laser emission was also demonstrated in
Ti:Er:LiNbO3 , with a cavity comprised of two fixed photorefractive gratings fabricated in Fe-doped regions on both
sides of the Er-doped gain section.2 The spectral linewidth of
such DBR lasers can be as low as 10 kHz.3 Therefore, these
lasers are attractive for wavelength division multiplex systems and for interferometric instrumentation.
However, up to now there has been no report in the
literature on a distributed feedback ~DFB! laser in LiNbO3 ,
although it might be even more attractive than a DBR structure due to its shorter length and therefore better integrability. The development of a DFB laser requires low loss
waveguides, high optical gain, and strong optical feedback in
the grating structure. By using Ti-indiffused waveguides in a
laser-active, Er-diffusion doped LiNbO3 substrate, co-doped
with Fe to enable the fabrication of a photorefractive grating,
it was possible to meet these requirements and to develop an
integrated optical DFB laser in LiNbO3 ~see Fig. 1!. Its fabrication and properties are reported in this letter together
with a theoretical analysis.
The laser was fabricated in the surface of a 50-mm-long,
12-mm-wide, and 1-mm-thick, optical grade X-cut LiNbO3
crystal with the optical (z)-axis aligned parallel to the direction of the optical waveguide. The fabrication essentially
consists of a sequence of three diffusion steps for erbium,
iron, and titanium before the photorefractive grating is defined. As the diffusivity of erbium is the lowest of all these
dopants, it was indiffused first to get a laser-active surface
layer. A 19-nm-thick erbium layer was vacuum-deposited on
the whole surface of the sample and then indiffused at
1130 °C for 120 h. This results in a Gaussian concentration
profile with a calculated diffusion depth of 4.4 mm and a
a!
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surface concentration of 1.831020 cm23 . Subsequently, to
create photorefractive centers, a 32-nm-thick, vacuumdeposited Fe layer of 20-mm width was indiffused at
1060 °C during 72 h on the right side of the sample ~see Fig.
1!. In this way, a very deep concentration profile is obtained
with a nearly constant Fe concentration of 6.031019 cm23 in
the Er-doped layer.
Finally, a 7-mm-wide and 103-nm-thick, photolithographically defined Ti-stripe parallel to the z-axis was indiffused at 1060 °C for 7.5 h to form the optical channel
~single-mode in the range 1470 nm,l,1580 nm). The polarization independent mode-size (1/e) and the scattering
losses of a reference waveguide without Er doping on the
same sample were measured to be ;7.034.5 m m2 and
;0.15 dB/cm, respectively, at a 1550-nm wavelength.
The sample was then annealed at 500 °C for 6 h in a
reducing wet atmosphere to enhance the Fe21 /Fe31 ratio
(.0.1) and the proton concentration in the surface layer of
the Fe-doped section. This helps to fabricate an efficient photorefractive grating in a short time ~see next section!. Afterwards, both polished end faces were antireflection-coated for
l;1550 nm.
From DFB-laser modeling, we learned that both the optical gain and the feedback in the amplifying grating structure should be as high as possible to get an acceptable laser
threshold. We therefore decided to write the DFB grating in
the Fe-doped section for a Bragg wavelength of 1531 nm,
where the optical gain in the Er-doped waveguide can even

FIG. 1. Schematic structure of the Ti:Fe:Er:LiNbO3 DFB laser with integrated Er-doped amplifier. AR: antireflection.
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FIG. 2. Laser output power emitted to the right ~without additional amplification! and to the left ~after passing the waveguide amplifier! versus total
launched pump power.
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FIG. 3. Laser emission spectrum measured with an optical spectrum analyzer of 10-pm resolution, together with the normalized grating transmission
~dotted line!. Inset: High-resolution emission spectrum measured with a
scanning Fabry–Perot resonator of 15-GHz free spectral range.-

;29 pm ~3.7 GHz!. The emission spectrum is shown in Fig.
3, together with the grating response. It is evident that the
two emission lines arise symmetrically on both sides of the
peak reflectivity. The separation of the two emission frequencies was even better resolved with a scanning Fabry–Perot
spectrum analyzer; a figure of ;3.9 GHz was measured. Besides emission of both DFB modes in TE polarization, emission in TM polarization was sometimes observed as well.
The cause of the polarization flipping is not yet understood.
However, stabilization of one of both states of polarization
would be easy by intracavity integration of a ~low extinction!
polarizer.
Coupled mode analysis allowed us to investigate theoretically the threshold gain of the laser and the frequency
spacing of the DFB modes. The reflectivity R of an amplifying integrated optical DFB structure of length L and uniform coupling coefficient k due to the periodic refractive
index perturbation can be written as a function of the optical
gain g of the medium and the frequency n:5

exceed 3 dB/cm sufficient pump power provided. This requires a grating periodicity of ;345 nm. In a holographic
setup ~described in more detail in Ref. 2!, the grating was
written using an argon-ion laser (l5488 nm, P51 W). After an exposure time of only 2 min, the grating peak reflectivity exceeded 90%; the linewidth of the spectral grating
response measured in transmission was ;85 pm
(;10.9 GHz) ~see dotted line in Fig. 3!. Such an index grating generated by the light-induced periodic space-charge
field via the electro-optic effect is volatile; it decays with
time after switching off the holographic illumination. Therefore, fixed gratings were also developed in a
Ti:Fe:Er:LiNbO3 surface. They were fabricated at elevated
temperatures (T;180 °C) to get a higher proton mobility,
leading to an ionic compensation of the original lightinduced space-charge distribution.4 After cooling to room
temperature, they were uniformly illuminated by argon laser
light (l5488 nm, I5250 mW/cm2 ) or by an array of blue
2
i k sinh~ g L !
light emitting diodes to develop the fixed ionic grating. This
,
R ~ g, n ! 5
induces a phase-shifted replica of the index grating generated
i g cosh~ g L ! 2 @ d 1i ~ g2 a !# sinh~ g L !
~1!
by the original periodic space-charge distribution.4 However,
as a reflectivity .80% was necessary to achieve lasing, fixed
with g 5 Ak 2 1 @ (g2 a )2i d # 2 , d 5 @ 2 p n eff(n2nB) # /c; n eff
~ionic! photorefractive gratings could not yet be used; their
and a are the effective refractive index and loss coefficient of
maximum reflectivity was lower than 80%.
the Ti:Fe:Er:LiNbO3 single-mode waveguide, respectively,
The pump light (l P51480 nm, TE polarization! of two
and
n B is the Bragg frequency of the photorefractive grating;
laser diodes was coupled from the right- and left-hand sides
c
is
the vacuum velocity of light. It is evident from Eq. ~1!
into the waveguide structure during holographic exposure for
that
the
laser threshold corresponds to the singularities of its
grating definition. Fiberoptic wavelength multiplexers alright-hand
side leading to the condition
lowed extracting the laser emission, which sets in at a
launched pump power level of about 175 mW. The maxi~2!
i g cosh~ g L ! 2 @ d 1i ~ g2 a !# sinh~ g L ! 50.
mum of the output power emitted to the right was ;95 m W
at about 240 mW total launched pump power. At the same
pump power level, 1.12 mW was emitted to the left, thanks
The values of k, n eff , n B , etc., were evaluated from the
to the optical gain of more than 10 dB in the ;32-mm-long,
measured grating response, allowing us to plot contours of
Er-doped waveguide amplifier on the left of the DFB strucconstant reflectivity R in the plane of $ g, n 2 n B% ~see Fig. 4!.
ture. Fig. 2 gives the power characteristics of the laser.
Three pairs of singularities are observed close to the Bragg
The emission wavelength of the laser was
frequency. The threshold gain for the simultaneous oscilla;1531.35 nm, clearly determined by the grating charactertion of the two lowest-order DFB modes is about 4 dB/cm,
istics. The two distinguished DFB modes in the emission
slightly higher than observed experimentally. This can be
spectrum could already be resolved with an optical spectrum
understood by the influence of amplified spontaneous emisThis article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
analyzer of 10-pm resolution; their wavelength separation is
sion in the integrated amplifier section emitted into the DFB
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It should also be possible to develop fixed photorefractive gratings of stronger feedback ~higher reflectivity! in the
Er-doped section to obtain stable laser operation without permanent holographic illumination. Moreover, even singlefrequency emission can be achieved by introducing a p/2
phase shift in the middle of the DFB grating, or by using a
coupled-cavity design of DFB and DBR lasers, which also
lowers the threshold pump power considerably. The second
approach has recently been demonstrated experimentally.7
This work has been supported by the Deutsche Forschungsgemeinschaft as one project of the research group
‘‘Integrated Optics in Lithium Niobate: New Devices, Circuits and Applications.’’
FIG. 4. Contours of constant reflectivity of the amplifying grating in the
plane of optical gain g and frequency spacing from the Bragg frequency
$ n 2 n B% , obtained by coupled mode theory. g th is the threshold gain for the
lowest-order DFB modes.

structure.6 The theoretical mode frequency spacing is about
6.4 GHz, which is essentially larger than the experimental
result of 3.9 GHz.
In summary, an integrated optical DFB laser in LiNbO3
was demonstrated with a photorefractive grating in a
Ti:Fe:Er:LiNbO3 waveguide. It is combined with a waveguide amplifier on the same substrate. The laser emission
spectrum at 1531.35 nm consists of the two specific DFB
modes of narrow linewidth and ;3.9-GHz separation.
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