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We report the realization and performance of a distributed feedback channel waveguide laser in erbium-doped alu-
minum oxide on a standard thermally oxidized silicon substrate. The diode-pumped continuous-wave laser demon-
strated a threshold of 2.2 mW absorbed pump power and a maximum output power of more than 3 mW with a slope
efficiency of 41.3% versus absorbed pump power. Single-longitudinal-mode and single-polarization operation was
achieved with an emission linewidth of 1.70 & 0.58 kHz (corresponding to a @ factor of 1.14 x 10'!), which was cen-
tered at a wavelength of 1545.2 nm. © 2010 Optical Society of America

OCIS codes: 130.0130, 140.3570, 140.3490, 140.3500.

The ever-increasing demand for data bandwidth capacity
in telecommunication networks necessitated the imple-
mentation of dense wavelength division multiplexing
(DWDM). Because of their high-quality emission proper-
ties and broad wavelength tunability within the telecom-
munication C band (1525-1565 nm), single-frequency
erbium-doped dielectric waveguide lasers offer a capable
and competitive alternative to semiconductor distri-
buted feedback (DFB) lasers for use in future DWDM
networks [1].

Monolithic, single-frequency, dielectriclasershave been
demonstrated in the form of DFB and distributed-Bragg-
reflector cavities in a variety of erbium-doped dielectric
materials, including silica [2], lithium niobate [3], as well
as ion-exchanged [4] and femtosecond-laser-written [5]
phosphate glass waveguides. Erbium-doped aluminum
oxide (Al;O5:Er’") as a gain medium offers several advan-
tages compared to these materials. It has alarger emission
bandwidth than silica, which provides greater potential for
wavelength tunability [6]. The relatively high refractive in-
dex of 1.65 and, hence, high refractive-index contrast be-
tween waveguide and cladding allow for the fabrication of
more compact integrated optical structures and smaller
waveguide cross sections. Al,O5:Er’* can be deposited
on anumber of substrates, including thermally oxidized si-
licon. This opportunity allows for integration with existing
silicon-on-insulator waveguide technology. Recently,
AlL,O5:Er*t waveguides have been demonstrated with
low background losses and an internal net gain over a
wavelength range of 80 nm (1500-1580 nm), with a peak
gain of 2.0 dB/cm at 1533 nm [7] and an Al,O5:Er’* inte-
grated laser in a ring resonator geometry [8] has been
shown to operate on several wavelengths in the range
1530-1557 nm.

In this Letter, we report a monolithic single-frequency
DFB channel waveguide laser in Al,O5:Er’*. The laser
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output power surpasses that of the previously demon-
strated ring laser by more than two orders of magnitude,
while also providing the additional feature of single-
polarization, single-longitudinal-mode emission with a
linewidth as low as 1.70 + 0.58 kHz.

The 1 pum thick channel waveguides were fabricated in
an Al,O43:Er’t layer with an erbium concentration of
3 x 10 ecm~3, which was deposited onto an 8 ym thick
thermally oxidized, 10 cm diameter standard silicon wafer
by means of reactive cosputtering [9]. The ridge wave-
guides were 1 cm long, 3 um wide, and were etched
0.1 ym deep via standard lithography and a reactive ion
etching process [10]. A 650 nm thick SiO, cladding layer
was deposited ontop of theridge waveguides by use of plas-
ma-enhanced chemical vapor deposition. This waveguide
geometry was designed to support only single transverse-
mode operation at the 1480 nm pump and 1545.2 nm laser
wavelengths forboth TE and TM-polarized modes. The end
facets of the optical chip were prepared by dicing.

Optical feedbackinthe cavity was provided by asurface-
relief Bragg grating, which extended over the entire 1 cm
length of the cavity. The grating pattern was defined in a
120 nm thick negative resist layer on top of the SiO, clad-
ding by means of laser interference lithography. Finally,
the grating pattern was etched into the SiO, layer by use
of a CHF5:0, reactive ion plasma, after which the residual
resist was removed by an O, plasma. The resultant Bragg
grating had an etch depth of ~150 nm with a period of
488 nm and a duty cycle of ~50%. Figure 1 shows a top-
view scanning electron microscope (SEM) image of the
realized Bragg grating. To ensure single-longitudinal-mode
laser operation, a quarter-wave phase shift wasintroduced
to the DFB cavity. The phase shift was implemented by
means of a 2 mm long adiabatic sinusoidal tapering of
the waveguide width in the center region of the cavity
[11,12]. Inside the phase-shift region, the waveguide width
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Fig. 1. Top-view SEM image of the Bragg grating. The 3 ym
wide ridge feature is due to the waveguide below the grating.

was increased adiabatically from 3.0 ym to a maximum of
3.45 um. By placing the phase shift asymmetrically with re-
spect to the center of the cavity, a higher degree of laser
outcoupling can be attained in the direction of the shorter
end of the cavity. To optimize the laser output power, the
phase shift was displaced 1 mm from the center of the
cavity. Consequently, by pumping the cavity from the end-
facet nearer to the phase shift, the majority of the laser
power was emitted in the direction of the pumped facet
where the gain is highest. To manufacture the phase shift
in this manner does not require any additional fabrication
steps because the phase shift is defined during the same
photolithographic step in which the waveguides are
defined.

In the experimental setup shown in Fig. 2(a), the
Al,O4:Er®* DFB laser was pumped by a 1480 nm laser
diode through a 1480/1550 nm wavelength division multi-
plexer (WDM) fiber. The laser emission was collected
from the pumped side of the cavity via the 1550 nm port
of the WDM, which was connected to a powermeter. The
input port of a second 1480/1550 nm WDM fiber was con-
nected to the unpumped side of the cavity. Its 1480 nm
port was connected to a second powermeter to measure
the unabsorbed pump power, while the 1550 nm port was
connected to an optical spectrum analyzer (OSA), with a
maximum resolution of 0.1 nm, to determine the laser
wavelength and to confirm single-longitudinal-mode be-
havior. Both WDM fibers were butt coupled to the respec-
tive ends of the optical chip by use of index-matching fluid
at the fiber-chip interfaces. From insertion loss measure-
ments, a fiber-chip coupling efficiency of 27% was deter-
mined for pump and laser wavelengths, as no fiber-chip
coupling optimization was performed for this particular
device. The maximum pump power that could be
launched into the waveguide with this configuration was
67 mW. From mode overlap calculations, it is estimated
that the fiber-chip coupling can be improved to >90% with
an appropriate horizontal and vertical taper of the
waveguide.

A slope efficiency of 41.3% versus absorbed pump
power was achieved with a maximum laser output power
of more than 3 mW for an absorbed pump power of
10 mW; see Fig. 2(b). Further power scaling was limited
by the available pump power. The laser threshold oc-
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curred at 2.2 mW of absorbed pump power. This low
threshold is a consequence of the strong light confine-
ment due to the relatively high refractive index of
Al,O3, which allows for the fabrication of small wave-
guide cross sections. The threshold and slope efficiency
versus launched pump power are 15 mW and 6.2%,
respectively.

The laser operated at a wavelength of 1545.2 nm and
the emission was TE polarized. Because characterization
of the Bragg gratings showed that the Bragg reflection of
the TM mode occurs at ~1533 nm, we conclude that the
laser was operating TE polarized at all times. Although
single-mode behavior could be confirmed with the
OSA measurement, the linewidth of laser emission was
limited by the 0.1 nm resolution. Consequently, a delayed
self-heterodyne interferometer [13] was implemented to
measure the laser linewidth. The setup was constructed
with two 50/50 couplers, an 8.9 km fiber, an 80 MHz
acousto-optic modulator, a photodetector, and an RF
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Fig. 2. (Color online) (a) Experimental setup used to charac-
terize the DFB laser. (b) Laser output power of the DFB laser as
a function of absorbed pump power (circles). The dashed line
represents a linear fit with a slope efficiency of 41.3%. (c) Mea-
sured RF beat signal (circles), along with the best fitted theo-
retical RF power spectrum of a 1.70 kHz Lorentzian linewidth
(solid curve). The calculated RF power spectrum curves for
Lorentzian linewidths of 1.70 + 0.58 kHz (dashed curve) and
1.70 — 0.58 kHz (dashed-dotted curve) enclose 68% of the mea-
sured data.



2396 OPTICS LETTERS / Vol. 35, No. 14 / July 15, 2010
spectrum analyzer. The measured RF beat signal is
shown in Fig. 2(c). The interference fringes that are ob-
served in the measured RF power spectrum indicate that
the coherence length of the DFB laser is considerably
longer than the 8.9 km fiber, so that the two optical sig-
nals in the respective branches of the interferometer are
still highly correlated. The Lorentzian laser linewidth
cannot simply be inferred from this measurement be-
cause the Lorentzian line shape is distorted by the super-
imposed interference lobes. Instead, the laser linewidth
for such a subcoherence delay length was extracted by a
least-squares fit of the theoretical RF power spectrum to
the measurement [14]. Initial measurements revealed a
linewidth of 15 kHz, which was limited by mechanical
vibrations in the measurement setup. By mounting the
fiber-chip-coupling setup on an air-cushioned platform,
the measured linewidth was reduced to a -3 dB Lorent-
zian laser linewidth of 1.70 kHz [see Fig. 2(c)], which cor-
responds to a coherence length of more than 55 km and a
Q factor of 1.14 x 10!, This linewidth is 0.9 kHz wider
than the fundamental Schawlow-Townes limit of
0.8 kHz for this laser. To determine the uncertainty év
in the laser linewidth, we calculated theoretical RF
power spectra corresponding to Lorentzian linewidths
of 1.70 + é6v kHz, such that they enclose 68% (in analogy
to one standard deviation) of the measured data.
This method suggests a linewidth uncertainty of év =
0.58 kHz. The calculated RF power spectra associated
with Lorentzian linewidths of 1.70 4+ 0.58 kHz and
1.70 - 0.58 kHz are shown in Fig. 2(c). The linewidth is
narrower than the 2.7 kHz linewidth produced by a
discrete-mode laser diode, which was claimed to have
been the narrowest linewidth of any free-running mono-
lithic laser [15]. Standard semiconductor DFB lasers
typically have linewidths that are a few orders of magni-
tude larger owing to longitudinal spatial hole burning
when carriers are depleted by the nonuniform photon
distribution [16]. This induces a refractive-index change,
which results in a decreased grating reflectivity and, con-
sequently, linewidth broadening.

In conclusion, we have demonstrated an Al,O5:Er’*
monolithic DFB waveguide laser which, to the best of
our knowledge, represents the first rare-earth-ion-doped
DFB laser on a silicon substrate. This result holds many
promising opportunities for the integration of such
single-frequency lasers with existing waveguide technol-
ogy on silicon substrates. The low-threshold laser de-
monstrated single-longitudinal-mode, single-polarization
emission with a linewidth of 1.70 + 0.568 kHz. A maxi-

mum output power of more than 3 mW was achieved
with a slope efficiency of 41.3%. The broad emission
spectrum of Al,O5:Er’t and the wafer-scale deposition
process hold great potential for the realization of inte-
grated DFB laser arrays that operate on the International
Telecommunication Union Grid throughout the entire
telecommunication C band.
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