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Single-mode direct-ultraviolet-written channel waveguide laser
in neodymium-doped silica on silicon
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A waveguide laser with a neodymium-doped silica core is fabricated on a silicon substrate by a combination
of f lame hydrolysis deposition, solution doping, and direct UV writing. The neodymium-ion concentration is
estimated to be �8000 parts in 106. The propagation loss around 1.05 mm is ,0.8 dB�cm. Lasing in the
range 1048–1056 nm and 1356 6 1 nm is observed. A slope efficiency of 33% for a high-ref lectivity output
coupler and a threshold of 4 mW of absorbed power for a 25% output coupler are measured for the 4F3/2 !

4I11/2
transition. © 2004 Optical Society of America

OCIS codes: 140.3530, 230.7390, 160.6030.
Rare-earth-doped glass waveguide lasers have been
the subject of a considerable amount of investigation
recently, and a number of fabrication techniques have
been used to realize this kind of device.1 –3 One of
the early successes4 was achieved with a combination
of f lame hydrolysis deposition (FHD), solution doping,
and reactive ion etching. Silica on silicon has the im-
portant advantage of allowing simple mode matching
to standard telecommunication f iber.5

On the basis of a localized change in the refractive in-
dex induced by short-wavelength radiation, direct UV
writing allows waveguide structures to be drawn into a
photosensitive core layer by computer-controlled scan-
ning of the layer under a focused UV beam,6 eliminat-
ing the development time and costs associated with
repeated photolithographic steps. In previous work,
direct UV writing has been proved to provide low-loss
channel waveguides in germanium-doped silica on sili-
con while allowing rapid prototyping toward the fabri-
cation of low-cost integrated optical components. In
addition, either hydrogen or deuterium loading has
long been used to enhance the photosensitivity of ger-
manosilicates,6 increasing the photosensitive response
from any given dopant level.

The inclusion of phosphorus within the composition
increases the doping level of rare-earth elements that
can be incorporated in the layer without devitrifica-
tion.7 By tailoring the amount of germanium, phos-
phorus, and neodymium, we managed to produce a
laser in a photosensitive core layer. The substrate
was fabricated with the FHD and solution-doping
techniques. Channel waveguides were formed in
the neodymium-doped photosensitive core layer with
the direct-UV-writing technique. In this Letter we
present the f irst demonstration, to our knowledge, of
a direct-UV-written waveguide laser in neodymium-
doped silica on silicon. The aim was to create a
planar waveguide laser in the silica-on-silicon format,
which has good lasing characteristics but is also
suitably photosensitive to allow UV definition of
waveguides.

The samples used for this experiment were three-
layer silica-on-silicon substrates deposited by FHD.
The underclad silica was doped with germanium,
0146-9592/04/090947-03$15.00/0
phosphorus, and boron, while a low-density oxide soot
produced from chlorides of silicon, germanium, phos-
phorus, and boron was deposited on this underclad
layer to form the core layer. The amount of germa-
nium in the core was measured to be 4.1 wt. % and the
amount of phosphorus was 12.3 wt. % by secondary
ion mass spectroscopy measurements. Each sample
was placed in a furnace at a temperature of 875 ±C
for a duration of 15 min to presinter the soot. The
neodymium was introduced inside the core layer by
solution doping4 with 0.011 M of NdCl in methanol.
After drying, the soot layer was sintered in the furnace
at 1225 ±C for an hour to produce a fully dense glass
layer. It should be noted that doping the soot with
neodymium can produce various effects in the core
glass, from devitrification to nonconsolidation of the
layer. Modifying the presintering and consolidation
parameters allowed the amount of phosphorus, ger-
manium, and neodymium in the layer to be tailored
to produce an efficient composition. An overclad
layer was then deposited by FHD as before. The
amount of boron and phosphorus in each layer was
modified to match the refractive index of the layers
and to decrease the consolidation temperature for each
subsequent layer.

Hydrogen loading of the sample at 150 bars for
.5 days was performed to increase the sample photo-
sensitivity. Direct UV writing into the photosensitive
core layer was performed with a frequency-doubled
argon laser at 244 nm. The UV beam was focused
to a 3.3-mm spot within the core layer of the sample.
The sample was translated under the focused UV
beam by use of high-precision x, y, and z stages,
creating a localized positive refractive-index change
in the photosensitive material and thus inducing
channel conf inement (Fig. 1). Optimization of the
channel waveguide geometry was performed by ad-
justing the translation speed of the sample between
5 and 40 mm�min. It was determined that writing
conditions of 5 mm�min at 80 mW were suitable to
produce single-mode channel waveguide confinement
at 1056 nm.

After UV writing, the sample was cut and both
end faces were polished to provide 4.5-, 10-, and
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Fig. 1. Schematic diagram of the setup used to directly
UV write waveguides into neodymium-doped silica.

18-mm-long samples. Characterization of the laser
performance and propagation loss of the device were
performed with a tunable (700–850-nm) Ti:sapphire
laser for these three sample lengths. Pump radiation
was focused into each buried channel waveguide by
means of a 103 microscope objective. The output
signal was collected with another 103 microscope
objective and measured by a silicon detector placed
after a filter to block transmitted pump light.

The lifetime of the neodymium 4F3/2 ! 4I11/2 transi-
tion was found to be 220 ms from f luorescence decay
measurements taken with a silicon detector and an
oscilloscope. This is similar to the value of 250 ms
measured by Hattori et al.8 for a nonuniform distribu-
tion of Nd31 in planar silica. An optical absorption
spectrum of the channel was measured from 450 to
1000 nm with an optical spectrum analyzer. Absorp-
tion peaks were observed at 525, 590, 680, 750, 810,
and 890 nm, corresponding to the known spectrum
of neodymium.9 With the length of the waveguide
known, the absorption coeff icient in decibels per
kilometer per parts per million for different peaks
and the height of the absorption peaks in decibels,
a value for the neodymium concentration was esti-
mated as 8000 parts per million. Optimization of the
launch was performed in relation to the f luorescence
measured by a silicon detector. The absorption and
launch eff iciency were calculated from measurements
of the input and output power from the waveguide,
with the Ti:sapphire pump laser turned on and off
the 810-nm absorption, yielding a launch efficiency of
84% and absorption values of 50% for the 4.5-mm-long
waveguide, 90% for the 10-mm-long waveguide, and
100% for the 18-mm-long waveguide. These results
suggest an absorption coefficient of approximately
2 cm21.

Laser action was achieved in the neodymium
4F3/2 ! 4I11/2 transition by butting plane mirrors to
the end faces of the device and pumping a selected
channel waveguide at 810 nm. The lowest pump
power required to reach threshold (6 mW) was found
for the 10-mm-long sample, corresponding to 4 mW
of absorbed power with two high-ref lectivity mir-
rors. With a 25% output coupler an absorbed power
threshold of 11 mW and a slope efficiency of 33% were
observed [Fig. 2(a)]. Lasing was observed across a
broad wavelength range 1048–1056 nm.

Laser action was also achieved in the neodymium
4F3/2 ! 4I13/2 transition at 1356 nm at a threshold
of 370 mW of the absorbed power. With a value of
6.8 3 10221 cm2 for the entire cross section10 the theo-
retical threshold value should be 11.2 mW of absorbed
power. We attribute this difference to the excited-
state absorption of the 4F3/2 !

4G7/2 transition.11

Measurement of the spatial mode profile of the out-
put from the waveguide was performed with a silicon
camera and computer-based evaluation software. It
was observed that the laser output was in the fun-
damental spatial mode, with a Gaussian mode profile
in both guided directions. A guided output spot size
(1�e2 intensity radius) of 4.4 mm 3 6.9 mm elongated
in the plane of the silica layer was calculated from the
measured image size on the camera, which is presented
in Fig. 2(b). The numerical aperture of the waveguide
was measured with far-field imaging with a He–Ne
laser and was found to be approximately symmetrical
with a value of 0.045.

Propagation loss in the channel waveguide in
the 1050-nm region was estimated from the slope
efficiency and the lasing threshold results. From
the threshold results and an estimated value of
1.9 3 10220 cm2 for the emission cross section1 a value
of 0.08 cm21 was calculated for the propagation loss
coefficient a with two high-ref lectivity mirrors and
0.06 cm21 with a 25% output coupler, corresponding
to a waveguide propagation loss of ,0.3 dB�cm. This
result was confirmed with a separate calculation on
the slope eff iciency, yielding an upper limit for the
propagation loss of 0.08 dB�cm. As a check on our
evaluation of the propagation loss, we also measured

Fig. 2. (a) Output power versus absorbed pump power
for a 10-mm-long sample with a 25% output coupler.
(b) Spatial mode prof ile of the output from the waveguide.
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the performance of the 18-mm-long waveguide, f inding
that the threshold increased to 21 mW for the high-
ref lectivity mirrors. With a 25% output coupler a
threshold of 28 mW and a slope efficiency of 24% were
observed. These results were again consistent with a
propagation loss of 0.8 dB�cm.

In conclusion, we have reported a fabrication tech-
nique for the production of low-threshold single-mode
laser channel waveguides in Nd-doped silica-on-
silicon substrates, with a lasing wavelength of 1048–
1056 nm. Characterization of the laser performance
in the channel waveguides demonstrates milliwatt-
order laser thresholds, single spatial mode operation,
and propagation losses ,0.8 dB�cm. The channel
waveguide was also observed to lase at 1356 nm.
To our knowledge, this result represents the f irst
silica-on-silicon direct-UV-written Nd-doped laser
and demonstrates a planar waveguide laser in the
silica-on-silicon format, which has good lasing char-
acteristics but is also suitably photosensitive to allow
UV definition of waveguides.

D. Guilhot’s e-mail address is dag@orc.soton.ac.uk.
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