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A waveguide laser in an ytterbium doped tantalum pentoxide film is reported. The waveguide is formed of a rib of sputtered
tantalum pentoxide on top of oxidized silicon with an over-cladding of silica. Emission at a wavelength of 1025 nm was
achieved with an absorbed pump power threshold and slope efficiency of =~ 29 mW and 27% respectively for a cavity formed
by a high reflector mirror and an estimated 12% Fresnel reflection from the bare end-face at the output.
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Lasers doped with ytterbium (Yb) ions exhibit long
excited-state lifetime yielding high gain efficiency and low
pump power thresholds, low quantum defect providing
good power-handling ability and low-cost optical pumping
using semiconductor sources due to broad absorption at
wavelengths near 980 nm. For the realisation of Yb-doped
waveguide lasers and amplifiers, amorphous host
materials such as silicate [1], phosphate [2,3], bismuthate
glasses [4] and Al2Os [5] have been studied. Further,
crystalline materials such as YAG [6,7], LiNbOs [8,9],
KGd(WO4)s [10-12] and LiYF4 [13] have been similarly
researched. Tantalum pentoxide (Ta205) is a promising
alternative amorphous host material for Yb3* ions [14]
that has been demonstrated as a laser host for
neodymium [15] and erbium [16] trivalent rare-earth ions.
Ta20s5 can be used with CMOS fabrication technologies
[17], leading to the potential of multi-functional, mass-
producible, integrated optical circuits on silicon. The
material also shows a large third-order non-linearity (ns =
7.25 x10'1® m%W at A = 980 nm) [18] with potential for all-
optical processing, and a high-refractive index (n ~ 2.124
at A = 980 nm) [19] enabling compact photonic circuits
with low bend loss. A high index makes possible sub-
micron waveguide mode sizes which are useful for non-
linear interactions and low laser thresholds and also

Table 1. Comparison of properties

Properties Tantalum Aluminium
P pentoxide oxide [20]
Refractive index 2.124 1.726
Third-order non- 7.25 at A = 980 0.31atA=
linearity X101 m%W nm 1064 nm

makes possible the development of ring resonators that
require tight bend radii. Furthermore, Ta205 offers high
transparency and low two-photon absorption in the NIR
compared with silicon, better rare-earth compatibility
compared with silicon and silicon nitride, and high index-
contrast and large third-order nonlinearity compared with
aluminium oxide (n = 1.726; nz ~ 0.31 X109 mW at A =
1064 nm [20]). As the high nonlinearity is coupled with

broad fluorescence bandwidth [14], this material is
particularly attractive for the realization of on-chip
frequency comb generation and mode-locked lasers.
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Fig. 1. Schematic of a partially etched rib Yb:Ta20s
waveguide with silica under and over cladding on top of a
silicon substrate

In this letter, we present an integrated waveguide laser
in Yb-doped Taz05 (Yb:Ta205) on silicon, Fig. 1 including
characteristics such as slope efficiency and threshold with
respect to absorbed pump power and lasing spectrum.
Detailed fabrication procedures, absorption and emission
cross-sections and other materials properties were
previously reported in [14]. From that study many key
properties were established such as fluorescence emission
spanning between 990 nm and 1090 nm with an
estimated peak emission cross-section of 2.9 = 0.7 x1020
cm? (at A = 976 nm) seen in Fig. 2, a peak absorption
cross-section of 2.8 + 0.2 X102 ¢cm? (at A = 975 nm), and
luminescence lifetime of 260 + 30 ps. These values showed
that Yb:Ta205 is a promising material for continuous
wave and modelocked lasing. In the present work, rib
waveguides in Yb:Ta205 were designed to be single mode
for wavelengths between 970 nm and 1100 nm, covering
pump and signal wavelengths typical for Yb doped
materials [14]. The waveguide design approach assumed
a 2.5 pm thick oxide layer on the silicon and a thick silica
cladding on top of the waveguides to create a high index
contrast symmetrical waveguide. A partially-etched rib
design [14] was adopted to allow single mode operation
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Fig. 2. Emission cross-section of Yb:TazOs.

with waveguide widths readily fabricated using
conventional photolithography, to maximize pump-signal
overlap and to minimize waveguide loss due to sidewall
roughness; a schematic of the general waveguide design is
shown in Fig. 1. A 1 pm Yb:Ta205 waveguide layer height
was chosen to provide good confinement of modes within
the core layer. The initial waveguide design was
established using the method of Soref [21] and confirmed
using COMSOL. A shallow etch depth of 150 nm was
selected as a trade-off between tight confinement of
propagating modes and loss due to side roughness,
leaving an outer slab thickness of 850 nm as shown in Fig
1. A 1 pm thick layer of Yb:Ta20O5s was deposited onto a 10
cm diameter silicon substrate with a 2.5 pm thermally-
grown silica layer. The Yb:Ta205 layer was deposited by
RF magnetron sputtering from a powder-pressed Ta205
target doped with 2.5 wt.% of Yb oxide (n = 6.2 X102 Yb
ions/cm3) [14]. The deposition conditions followed closely
previous work on Ta205 doped with erbium [22]. Rib
waveguide channels for rib widths ranging from 1 pm to
10 pm were defined in the Yb:Ta205 layer using standard
photolithography and etched by 150 nm using argon ion
beam milling. Subsequently, a 1.6 pm thick SiOz cladding
layer was deposited on top of the waveguides using RF
magnetron sputtering. The wafer was then diced and the
end-facets were optically polished for laser
characterization.

A 10.8 mm long waveguide chip with parallel end-facets
was used for laser measurements. Initially, the laser
cavity was formed by reflections from the end-facets alone.
The waveguide-air interfaces were estimated to have
Fresnel reflectivities of 12%. Subsequently, mirrors were
end-butted to the waveguides and held in place by surface
tension between the mirror and waveguide end-facet
using fluorinert (FC-70, Sigma Aldrich). Lasing was
demonstrated by launching a free space collimated laser
beam at A = 977 nm from a Bragg grating stabilized laser
source into an end-facet of a 5.4 um wide waveguide using
an aspheric lens (NA = 0.68). The light emerging from the
output end was collected using another aspheric lens (NA
= 0.68) and passed through a set of long pass filters with a
cut-off wavelength of 1 um to remove the residual pump

radiation before being focused onto a silicon power
detector, as shown in Fig. 3.

The Yb:Ta2:0s waveguide laser output power and
residual pump power were measured with respect to the
incident pump power for different mirror and end-facet
combinations. Observation of the near-field mode
intensity profile at the pump wavelength at the
waveguide output was used to ensure efficient pump
coupling into the waveguide fundamental mode. The
absorbed pump power was deduced from these
measurements using the estimated spatial overlap
between the waveguide’s fundamental mode and the spot-
size of the pump beam focused on the waveguide end. The
knife edge method [23] was used to determine the FWHM
spot-size of the focused pump beam to be 0.81 um. The
theoretical modal intensity distribution vs rib width has
been determined previously [14] and was used in the
calculation of the launch system coupling efficiency to give
a coupling efficiency of 44% for a rib width of 5.4 pm.
Figure 4 shows the laser output power vs absorbed pump
power for four different mirror configurations. Figure 4a
shows the case with the output facet being simply the
polished end while the input facet is either the simple
polished end or a >99.9% (HR) reflector at the lasing
wavelength. Figure 4b shows the case where the input
facet has an HR mirror affixed, while the output coupler
(OC) is either 5% or 10% (compared with 88% for a bare
end facet). The lasing thresholds, Pw, and slope
efficiencies, ng, extracted from Fig 4 are shown in Table 2.

The highest single-ended output power and slope
efficiency of = 25 mW and = 27% respectively were found
to be from the cavity formed from an HR mirror and end-
facet of the waveguide, as expected. A single end slope
efficiency equation is used to calculate the theoretical
slope efficiencies of rib waveguides, as given by Eq. 1

hv,
Mg =1, %ﬁ @
i

where h is Planck’s constant, vi and v, are the lasing (A1
= 1025 nm) and pump Q\p = 977 nm) frequencies, 1 is the
fractional pump power contained in the active region
(considered unity in this case), and &; is the round-trip loss
of the laser cavity. The round-trip loss is the sum of the
logarithmic internal round-trip cavity loss, yi = -2*[In(1-a)
+ In(1-Ly)] and logarithmic losses of the two cavity
mirrors, y1 = -In(1-T1) and y2 = -In(1-T3) where T; is the
transmission of the output mirror, T2 is the transmission
of the input mirror, L is the linear loss of cavity, and a is
the fractional mirror loss which is assumed negligible.
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Fig. 3. Experimental set-up for laser characterization of
Yb:Taz0s with high reflector (HR) mirror and output
coupler (OC) with top down view of waveguide device.
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Fig. 4. Laser output power vs absorbed pump power
plotted for different mirror configurations with a

calculated coupling efficiency of 44%. Mirror configurations
used: a) EF/EF & EF/HR, b) 10% OC/ HR & 5% OC / HR.

Table 2. Laser parameters for different mirror
configurations (EF = Bare end-facet)

Mirror configuration E:lope efficiency ’(I;Ikllgs)shold Pw
EF/EF 20 £ 1.0% 45+2.0
EF/HR 27+ 1.6% 29+1.5
10%0C /HR 2+0.1% 33+15
5%0C/HR 1+£0.1% 21+1.0

A Caird analysis [24] was carried out on the measured
slope efficiencies shown in Table 2, which led to single trip
loss of the waveguide laser cavity of = 3.4 dB. For a system
with a single trip intra-cavity loss of = 3.4 dB, due to
propagation loss and loss at the waveguide/mirror
interfaces, the slope efficiencies were found to be 35%,
55%, 6% and 3% for the EF/EF, EF/HR, 10% OC/HR, and
5% OC/HR resonator configurations, respectively [25].
The slope efficiencies are systematically lower than
predicted by Eq. 1. The reduced slope efficiencies may be
(@ because our estimation of absorbed pump power
assumes perfect alignment of pump beam with a very
small waveguide mode, (i) because of pump loss
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Fig. 5. Lasing spectrum of Yb:Ta20s focusing around
region lasing occurs with lasing spectrum development just
below (solid line) and above ( ) threshold for
cavity form with a HR mirror and a 5% OC.

competing with pump absorption or (iii) because of non-
unity quantum efficiency. Figure 5 shows the Yb:Ta205
waveguide laser output spectrum just below and above
threshold for a cavity formed with a HR mirror and a 5%
OC with lasing peaks occurring between 1015 nm and
1030 nm. The spectrum shows multiple lasing peaks
occurring within the 1015 nm and 1030 nm region which
do not correspond with the free spectral range associated
with the length of the laser cavity (the individual
longitudinal modes are not resolved by the OSA). The
optical path length (in air) which would correspond to the
observed separation of the laser emission peaks is 0.89
mm. This behaviour is most likely due to modal beating in
the waveguide which, for this width, is multimode at the
emission wavelength.

In conclusion, we have demonstrated an integrated
Yb:Ta205 waveguide laser on silicon, fabricated by RF
magnetron sputtering, conventional photolithography and
argon ion beam milling, suitable for mass-manufacture
using conventional CMOS processes. Lasing was observed
between 1015 nm and 1030 nm when end-pumped with a
977 nm laser diode. Both mirrored and mirror-less
cavities were characterized, with reflections occurring off
the polished end-facets in the latter cases. The highest
output power of 25 mW at a wavelength of 1025 nm was
achieved with an absorbed pump power of 120 mW for a
cavity formed by a high reflector mirror and an estimated
12% Fresnel reflection at the output. In this case, the
absorbed pump power threshold and slope efficiency were
measured to be = 29 mW and = 27% respectively. Future
work will focus on mode-locked lasers with high repetition
rate, for realisation of frequency combs.
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