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Distributed feedback–distributed Bragg reflector coupled
cavity laser with a Ti:(Fe:)Er:LiNbO3 waveguide
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A thermally fixed photorefractive Bragg grating is written in a single-mode Ti:Fe:Er:LiNbO3 channel wave-
guide and used to develop a distributed feedback–distributed Bragg ref lector coupled cavity laser with a
second broadband dielectric cavity mirror. The optically pumped �lp � 1480 nm, P � 130 mW� laser emits
in single-frequency operation as much as 8 mW at l � 1557.2 nm with a slope efficiency of �22%. The
laser wavelength can be thermo-optically and electro-optically tuned over 100 pm. © 2004 Optical Society of
America

OCIS codes: 130.3120, 130.3730, 140.3580, 140.5680.
Recently, integrated Er-doped LiNbO3 single-
frequency lasers with Ti-indiffused channel wave-
guides were developed. Their cavity is formed by a
dielectric end-face mirror and a photorefractive Bragg
grating1 or by two photorefractive gratings in Fe-doped
sections outside the waveguide amplif ier.2 The
linewidth of such distributed Bragg ref lector (DBR)
lasers can be as low as 10 kHz.3 Therefore they are
attractive devices for wavelength division multiplexing
systems and for interferometric instrumentation.
Also recently, a distributed feedback (DFB) laser was
developed with a photorefractive grating written in
the gain section of a Ti:Fe:Er:LiNbO3 waveguide.4 – 6

In this Letter we demonstrate for the f irst time to
our knowledge a DFB–DBR coupled cavity laser with
a Ti:�Fe:�Er:LiNbO3 waveguide and a grating in the
gain section itself (see Fig. 1). The laser cavity is
comprised of a thermally f ixed photorefractive Bragg
grating in the Ti:Fe:Er:LiNbO3 waveguide section
close to one end face of the sample and a broadband
dielectric multilayer high-ref lection mirror (HR coat-
ing) on the other end face. For laser operation the
pump light �l � 1480 nm� is fed into the laser res-
onator through the grating by the common branch of
a fiber-optic wavelength division demultiplexer. The
laser output is extracted through the second branch of
the wavelength division demultiplexer and isolated to
protect the laser from optical feedback.

The laser was fabricated in the surface of a
65-mm-long, 12-mm-wide, 1-mm-thick optical grade
X-cut LiNbO3 crystal. The Z (optical) axis was
parallel to the propagation direction of the optical
waveguide. The fabrication procedure started with
an indiffusion of a 20-nm-thick Er layer at 1130 ±C for
140 h. Subsequently, a 15-mm-long area close to one
end of the substrate, where the Bragg grating was to
be fabricated later, was doped with Fe (37-nm-thick
film indiffused at 1060 ±C for 72 h) to enhance the pho-
torefractive sensitivity. Afterwards, a 7-mm-wide,
100-nm-thick Ti stripe aligned parallel to the Z
axis was indiffused at 1060 ±C for 7.5 h to form the
optical channel guide (single mode at l � 1480 and
1550 nm). The sample was then annealed at 500 ±C
for 5 hr in f lowing Ar �0.5 l�min� that was bubbled
0146-9592/04/020165-03$15.00/0
through water at 80 ±C to enhance the Fe21�Fe31 ratio
and the proton concentration in the surface layer.
Both are necessary conditions for the fabrication of
a f ixed (ionic) photorefractive grating.7 Afterwards,
the polished end faces were antiref lection coated on
the Fe-doped side of the substrate and high-ref lection
coated on the other side, respectively.

Finally, a 14-mm-long photorefractive Bragg grat-
ing was written in the Fe-doped waveguide section
with a holographic setup with an Ar-ion laser �l �
488 nm, P � 1 W�. It was fabricated at 180 ±C by a
holographic exposure for 4 min, followed by a rapid
cooling of the sample to room temperature to obtain a
fixed ionic (protonic) grating of 352-nm periodicity. It
was developed by uniform illumination with blue light
either from an Ar laser or an array of blue LEDs (de-
tails are reported elsewhere2).

To measure the transmission characteristics of the
grating, an optical spectrum analyzer of 10-pm reso-
lution was used to monitor the transmitted am-
plified spontaneous emission of an Er-doped fiber
amplifier through the grating. Some results are
given in Fig. 2. As much as 90% peak ref lectivity
(deduced from the transmission spectrum) could be
achieved if the Ar laser (l � 488 nm, I � 250 mW�cm2,
20-min exposure time) was used to develop the ionic
grating. After development, the grating slowly
decayed because of the dark conductivity of resid-
ual free electrons but could be refreshed to as high
as 75% peak ref lectivity by an array of eight blue

Fig. 1. Schematic structure of DFB–DBR coupled cavity
laser in operation: AR, antiref lection; WDM, wavelength
division demultiplexer.
© 2004 Optical Society of America
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LEDs within 30 min. The spectral half-width of
the polarization-independent grating response was
70 pm ��8.5 GHz�. Moreover, during laser operation
a stabilization of the grating response at �30%
ref lectivity was observed even without any addi-
tional blue illumination from outside. This favorable
self-stablization was probably caused by the green
upconversion light produced in the Er-doped grating
itself.

The specific laser investigated in detail had a
grating of �40% ref lectivity. It was pumped by a
fiber-coupled laser diode of 1480-nm wavelength. At
�80 mW of launched pump power, oscillation began
in a pure DBR mode of operation with a low slope
efficiency of only 2.5% (see Fig. 3). In this mode the
emission frequency of the laser was determined by the
frequency of that DBR cavity mode �DnDBR � 1.4 GHz�,
which was closest to the ref lectivity maximum of the
grating. Slightly above threshold, single-frequency
emission of ,185-MHz linewidth was observed with
a Fabry–Perot spectrum analyzer at 1557.2-nm
wavelength [the true linewidth is probably #10 kHz
(Ref. 3)] before oscillation in more than one DBR mode
of 1.4-GHz frequency spacing set in.

At �90 mW of launched pump power a DFB–DBR
coupled mode of laser oscillation set in. In this regime
a maximum output power of 8 mW was obtained at
130 mW of pump power. This corresponds to a slope
efficiency of �22% (see Fig. 3). In contrast to the DBR
mode of operation, simultaneous emission at two fre-
quencies separated by �3.8 GHz was observed [see
Figs. 4(a) and 5(a)]. Both the threshold pump power
and the observed frequency spacing of the two lasing
modes were smaller than the theoretical results for a
pure DFB laser,8 clearly indicating an inf luence of the
integrated amplifier section4,9 and the cavity formed
by the high-ref lector dielectric mirror and the grating.
The coupled mode of laser operation is determined by
the amplif ied spontaneous emission at the two distin-
guished frequencies of the DFB laser and amplif ier
combination in the wings of the ref lectivity spectrum of
the 14-mm-long amplifying grating. They determined
the laser oscillation frequencies in the longer DBR cav-
ity, if two DBR modes are resonant or (symmetrically)
close to resonance with the two DFB laser and ampli-
fier modes.

However, the DBR cavity modes can shift as a func-
tion of temperature �DnDBR�DT � 700 MHz�±C�, lead-
ing to a resonance of one of the two DFB frequencies
with only one DBR cavity mode, resulting in single-
frequency emission [see Figs. 4(b) and 5(b)].

The observed emission characteristics of the
DFB–DBR coupled cavity laser (shown in Fig. 4) is
schematically explained in Fig. 5. In this f igure the
comb of possible DBR cavity modes (dotted vertical
lines) and the frequencies of the two DFB modes (solid
vertical lines) are sketched for different temperatures
along with the calculated ref lectivity response of the
pumped and therefore slightly amplifying grating.
Laser oscillation starts at the two distinguished DFB
modes simultaneously if these resonances at least
partially overlap with two DBR modes, as shown in
Fig. 5(a). On the other hand, single-frequency laser
emission is achieved if only one DFB mode overlaps
with only one DBR mode, as shown in Fig. 5(b).

During the single-frequency operation the laser
emission wavelength can be tuned by temperature
and electro-optic tuning. A change in the sample
temperature causes a change in the effective cavity
length as well as of the period of the grating struc-
ture, resulting in a corresponding change in the laser
emission wavelength. The tuning slope observed was
�5 pm�±C; the tuning range was �100 pm, which was

Fig. 2. Normalized transmission characteristics of a fixed
ionic grating in TE polarization (a) developed by homoge-
neous Ar laser illumination �250 mW�cm2� and (b) devel-
oped by illumination from an array of eight blue LEDs.

Fig. 3. DFB–DBR coupled cavity laser output power ver-
sus launched pump power.

Fig. 4. Measured Fabry–Perot spectra of the laser emis-
sion in the DFB–DBR coupled mode of operation at two
slightly different temperatures. (a) Simultaneous emis-
sion of the two DFB modes with frequencies symmetrical
to a pair of DBR cavity modes. (b) Single-frequency emis-
sion of one DFB mode in resonance with one DBR cavity
mode. FSR, free spectral range of the Fabry–Perot spec-
trum analyzer.
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Fig. 5. Schematic explanation of the DFB–DBR coupled
cavity laser emission with the calculated ref lectivity
response of the pumped and therefore slightly amplifying
grating, frequency comb of possible DBR cavity modes
(dotted vertical lines), and the two frequencies of the
distinguished DFB modes (solid vertical lines). (a) Simul-
taneous emission of the two DFB modes with frequencies
symmetrical to a pair of DBR cavity modes. Inset,
observed Fabry–Perot spectrum. (b) Single-frequency
emission of one DFB mode in resonance with one DBR
cavity mode. Inset, observed Fabry–Perot spectrum.

determined by the spectral width of the grating. To
demonstrate electro-optic tuning, we integrated two
parallel electrodes that were separated by 15 mm on
both sides of the grating of a similar laser operating
at l � 1561.5 nm. A tuning slope of �0.75 pm�V was
observed in a tuning range of �75 pm.

In conclusion, the first, to our knowledge,
DFB–DBR coupled cavity laser with a Ti:Fe:Er:
LiNbO3 channel guide has been demonstrated. As
much as 8 mW of laser output power was obtained
at 1557.2-nm wavelength at a pump power level of
130 mW (lp � 1480 nm, Pp � 130 mW). The laser
emits either two modes simultaneously, which is
specific to a DFB laser structure with a homogeneous
grating, or only one mode if it is in resonance with
one of the DBR cavity modes. This behavior is
qualitatively explained. To obtain single frequency
operation, a coupled DFB–DBR cavity can be an
attractive alternative to the introduction of a l�4
phase shift within the grating structure as routinely
used in single-frequency semiconductor DFB lasers.
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