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Abstract

Waveguiding films of Nd:Gd;GasO;, with a thickness up to 40 m have been fabricated by pulsed-laser deposition on
Y3AlLs0y; (100) substrates. A laser threshold of 18 mW of absorbed pump power has been obtained and lasing action
has been observed at 1060.6 nm for pump powers close to the lasing threshold, and at both 1059.0 and 1060.6 nm at
pump power levels of approximately 1.5 times above threshold. Waveguide propagation losses of 0.1 dB/cm have been
obtained by measuring the absorbed pump power threshold for laser operation at 1060.6 nm for a range of output
couplers with various reflectivities. Slope efficiencies of 12.3% and 17.5% were derived using output couplers with a
transmission of 2.2% and 4.5%, respectively. The combination of low propagation losses and high numerical aperture
for the waveguides indicates the potential of the fabrication technique to produce high quality thick multi-layer
waveguides. Such designs are suitable for the development of high-power diode-pumped laser sources of near-
diffraction-limited beam quality.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Planar waveguide lasers have attracted in-
creased attention in the last years particularly with
a view to developing high average power diode-
pumped solid state lasers for a broad spectrum of
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applications. For diode-pumped schemes, the
planar waveguide design can address four general
requirements for optimal laser performance: (a)
efficient coupling of the diode bar pump light into
the guide due to both the excellent geometric
match of the pump beam to the profile of the
waveguide facet as well as the possibility to confine
non diffraction limited beams by designing high
numerical aperture structures, (b) control of the
spatial output of the waveguide by introducing
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design schemes such as double-cladding [1], large-
mode-area (LMA) waveguides [2], multimode in-
terference [3] as well as tapers [4] and unstable
resonators [5], (¢) possibility of efficient thermal
handling and therefore, circumvention of prob-
lems such as thermal lensing, birefringence and
fracture [6] and (d) in combination with the se-
lection of a suitable fabrication technique, devel-
opment of structures with low propagation losses.

In an attempt to develop thick waveguiding
layers as laser sources, which would combine
characteristics such as high numerical apertures
(NA) together with low propagation loss, we
report here an investigation of the lasing
and waveguiding characteristics of planar
Nd:Gd;Gas0;, (Nd:GGG) thick films fabricated
by pulsed laser deposition (PLD). The motivation
for thick film growth is the subsequent develop-
ment of multilayered waveguides with a thickness
of several tens of microns as the planar analogues
of the LMA and cladding-pumped LMA wave-
guide designs previously used in optical fibres [7,8].
This would enable us to produce high-power di-
ode-pumped laser sources of near-diffraction-lim-
ited beam quality at output powers in the order of
tens or possibly up to one hundred Watts. PLD
has been proven a reliable technique for the
growth of waveguiding films of various laser host
materials. Lasing has so far been observed in PLD
grown Nd:GGG [9,10] and Ti:sapphire planar
guides [11]. One of the advantages offered by this
fabrication method is the potential to produce
high NA waveguides, which in the case of the
Nd:GGG (refractive index 1.97) growth on YAG
(refractive index 1.82) substrates is 0.75.

This paper reports PLD growth of high-quality
thick (up to 40 pm) Nd:GGG layers with very low
propagation loss (~0.1 dB/cm), which is a signifi-
cant improvement over the performance of previ-
ously reported structures (~0.5 dB/cm) [12]. To
date there is only one report on waveguide lasers
fabricated by other techniques (liquid phase epi-
taxy) exhibiting lower loss (Nd:YAG, ~0.05 dB/
cm) [13]. Additionally, we have demonstrated laser
operation of these films and investigated their
performance in terms of absorbed pump power
threshold and output slope efficiencies. Finally, to
evaluate the device performance, calculations of

the expected output accounting for the propaga-
tion loss were carried out and we show that the
theoretical and experimental values are in good
agreement.

2. Waveguide fabrication and laser performance

Depositions were performed in a stainless steel
vacuum chamber, which was evacuated down to a
base pressure of 5x 10~¢ mbar. Films were grown
by pulsed laser ablation of a single crystal
Nd:Gd;Gas0;, target of 1 at.% concentration in
Nd** in a background oxygen atmosphere of
2% 1072 mbar. Ablation was provided by a KrF
excimer laser (Lambda Physik, LPX 200, 248 nm,
pulse duration ~20 ns) operated at 10 Hz, and
focused to an energy density of ~2 J/cm? on the
target. Films were deposited on single crystal
Y3Al50,; (1 00) substrates positioned at a distance
of 4 cm away from the target material. All films
used for the investigation were grown at a sub-
strate temperature of ~650 °C and had a thickness
up to ~40 pum. The growth rate was 10 pm/h. To
localize the substrate heating and to prevent con-
tamination through desorption from the walls of
the deposition chamber, a 50 W CO, laser (Synrad
57-1-28W) was used as a heating source, a tech-
nique that has already been implemented success-
fully in PLD [14,15]. The growth of thick
Nd:GGG layers together with their morphologi-
cal, compositional and structural properties has
been detailed elsewhere [16].

To investigate the fluorescence characteristics of
the waveguide the sample was cut to a length of 4.1
cm and its faces were subsequently polished to an
optically smooth finish. The fluorescence emission
from the Nd:GGG layer was obtained by coupling
the 808 nm irradiation from a Ti:sapphire laser
(Spectra Physics, Model 3900S) into the waveguide
and observing the output with a spectrum analyzer
(Hewlett Packard 86140A). Fig. 1 shows fluores-
cence spectra around the 1060 nm region, which
correspond to the transition, *Fs»—*I;;, for
both the bulk crystal target and the PLD grown
waveguide. The spectra are plotted normalized to
the same total area under all the fluorescence lines.
The broadening and shift in the spectrum from the
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Fig. 1. Fluorescence spectra of the Nd:GGG planar waveguide
(full line) and the bulk crystal target (dash—dotted line) for the
*F3/, 1,1, transition in the 1060 nm spectral region.

waveguide in comparison with that of the bulk
material is likely to be due to the stress induced by
the lattice mismatch of the epitaxially grown
waveguide film with respect to the YAG substrate,
as well as a slight gallium deficiency in the PLD
film.

For the investigation of the laser performance
of the Nd:GGG waveguide the output from the
Ti:sapphire laser operating at 808 nm was laun-
ched into the waveguide by a spherical lens with a
focal length of 5 cm so that the beam was focused
to a spot diameter of ~11 pm at the input face of
the sample. Guided light from the waveguide was
coupled out with a microscope objective with a
magnification of x10 and was subsequently de-
tected by a photodiode and displayed on an os-
cilloscope. The laser cavity was formed by
attaching lightweight thin mirrors at the end faces
of the sample using the surface tension of a small
amount of fluorinated liquid. In this configuration
the input mirror of the Fabry—Perot cavity had a
reflectivity R, of 99.8% and a transmission of 94%
at the lasing and pump wavelength, respectively. A
set of five mirrors with varying transmission values
T, of 0.2% (HR mirror), 1.8%, 2.2%, 4.5%, and
12% at the laser wavelength, were successively
used as output couplers and the lasing threshold
was measured for each of them. A threshold of 18

mW was obtained when a high reflectivity mirror
(T, = 0.2%) was used as an output coupler. For
absorbed pump powers close to the threshold,
lasing occurred at 1060.6 nm, corresponding to the
most intense peak of the fluorescence spectrum,
while for absorbed powers above 60 mW simul-
taneous lasing at 1059.0 and 1060.6 nm was ob-
served. Figs. 2a and b show typical lasing spectra
obtained at 35 mW, which is the threshold for the
appearance of the second band and at 100 mW,
where both bands are present, respectively. Due to
the insufficient resolution of the spectrum analyzer
no individual longitudinal modes can be observed.
However, from the separation of the ripples that
can be seen on the top of the two emission bands
we can infer that these ripples correspond to the
longitudinal cavity modes calculated from the 4.1
mm cavity length. By successively replacing the
HR output coupling mirror (75 = 0.2%) with two
mirrors with 75 = 2.2% and 4.5%, the threshold
value increased from 18 to 36 and 54 mW, re-

1058 1059 1060 1061 1062

(a

(b)

INTENSITY (arb. units)

1058 1059 1060 1061 1062
WAVELENGTH (nm)

Fig. 2. Typical lasing spectra of the Nd:GGG waveguide for
absorbed pump powers of (a) 35 mW and (b) 100 mW. The
ripples shown in the emission band correspond to longitudinal
cavity modes.
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spectively. Fig. 3 shows the output power as a
function of the absorbed pump power using the
T, = 2.2% and 4.5% output couplers with slope
efficiencies of 12.3% and 17.5%, respectively. The
absorbed pump power was calculated from the
incident power by measuring the product (L x A)
of the launch efficiency, L, and the single-pass
absorption, A. This was achieved by comparison of
the total transmitted pump power obtained when
launching the pump beam into the guide with that
transmitted when the pump is focused directly
through the substrate [17].

Observation of the laser mode has been per-
formed by imaging the emission from the wave-
guide on a CCD camera. Fig. 4 shows the output
laser beam obtained with an output coupler of
T, = 2.2% for an absorbed pump power of 55 mW,
which is approximately 1.5 times the threshold
value. It can be seen that the beam was multimode
with three lobes in the plane perpendicular to the
waveguide and had a diameter of ~40 pm, which is
the same size as the waveguide thickness. In the
other plane the output beam had a diameter of
~100 pm and measurement of its profile suggests
that it was multimode in this direction too.

The investigation of the laser performance of
the Nd:GGG waveguide also allowed an evalua-
tion of the propagation loss via the Findley—Clay
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Fig. 3. Dependence of the output power as a function of the
absorbed power for two output couplers: ((J) 2.2% and (@)
4.5% transmission, respectively.

Fig. 4. Laser mode profile obtained from the Nd:GGG wave-
guide using a 2.2% output coupler at an absorbed power of 55
mW.

method [18]. For a four-level-laser system with
negligible depopulation of the ground state the
absorbed power threshold Py, is dependent on the
level of the output coupling and the propagation
attenuation coefficient and can be expressed as:

Pth = K[(Q,OCLZ — ln(Rle)], (1)

where / is the length of the waveguide, R; and R,
are the intensity reflectivities of the in- and out-
coupling mirrors, respectively, «; is the propaga-
tion attenuation coefficient and K is a constant
given by [19]:

nhy
K=7 2ok i fwd +wa, 2)
€

where £ is Planck’s constant, v, is the frequency of
the pump irradiation, t = 160 ps is the lifetime of
the upper laser level as measured in [5] for wave-
guides and the bulk crystal (r = 180 ps) [20] with
the same concentrations of Nd3* as the films
studied in this work, wi,, Wiy, Wpy, Wpy, are the av-
erage 1/¢* radii of intensity of the laser and pump
modes in the horizontal and vertical directions,
respectively, and o. (=7.7x1072* m?) is the
emission cross-section. We note that this value
for the emission cross-section has been derived
by multiplying the value given in [21]
(6e = 2.1 x 107 m?) for the bulk material by a
factor of 0.365. This correction factor was ob-
tained by plotting the fluorescence spectra of the
waveguide and the bulk target such that the same
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Fig. 5. A plot of Py/I as a function of —In(R|R;)/2I. The
position of the intercept on the x axis yields the propagation
attenuation coefficient (¢, ~ 0.02 cm™').

total area is contained under all the fluorescence
lines, as shown in Fig. 1b and then comparing the
corresponding peak heights.

A plot of Py /1 against — In(R,R,) /2! for the set
of different output coupling mirrors used in our
experiment is shown in Fig. 5. Such an analysis
allows estimation of the propagation attenuation
coefficient o; from the intercept on the x-axis,
which in this case gives a value of o, ~ 0.02 cm™!.
A propagation loss in the active layer of
0.10£0.01 dB/cm can then be calculated, which to
the best of our knowledge is the lowest loss ever
reported for any PLD grown waveguide. Apart
from the propagation in the waveguide the above
loss value also accounts for any possible losses
originating from the non-uniformity of the mirror
attachment over the length of the waveguide faces
as well as from misalignment of the cavity itself,
resulting from the non-perfectly parallel end faces
of the waveguide.

3. Slope efficiency and laser threshold considerations

We now estimate the slope efficiencies expected
from the lasing waveguide following an analysis
that incorporates effects of transverse mode pro-
files on the slope efficiency in longitudinally

pumped lasers [22]. Assuming that both the pump
and laser beam have Gaussian (TEMy,) profiles
then according to the proposed model the slope
efficiency is given by:

Vi 71H(R2)
— 3
W, ~In(RiR) + (2a,0) ™ G)

where R; and R, are the intensity reflectivities of
the input and output couplers, respectively, 7,
represents the pump quantum efficiency (assumed
to be 100%, so that for every pump photon one
laser photon is produced), v, and v, are the fre-
quencies of the pump and the laser radiation, re-
spectively, and o; is the propagation attenuation
coeflicient. The term n,; in (3) is a parameter that
contains the overlap and geometrical factors as-
sociated with the conversion of pump photons into
laser emission and is given by the expression:

h=n

1/2 1/2
WLVWLV(ZWIZM +wi) / (2w]23y + wlzy) /

(g +wi) (wp, +wi)

npl = ’ (4)
where wy,, Wy, Wiy, Wy, as mentioned previously are
the 1/¢* intensity radii of the laser and pump
modes in the horizontal and vertical directions,
respectively. As an approximation for the 100 x40
um waveguide laser beam (as measured using the
CCD camera) we assume single mode profiles with
1/€* intensity radii of w;, = 33.3 and wy, = 13.3 pm
for the x and y axes, respectively. This assumption
will enable a prediction of the maximum expected
values for the slope efficiencies. For the pump
beam, whose waist during the lasing experiments
was located with a good accuracy at the input face
of the sample, we assume a mode size (1/e? inten-
sity) of wp, = 3.6 and wy, = 13.3 pm for the un-
guided and guided direction, respectively. This
value for the guided direction has been derived by
assuming a pump beam diameter of 40 pm, which
is equal to the thickness of the guide. As for the
unguided direction, for a fundamental Gaussian
beam such as the pump beam, its size at any lo-
cation within the waveguide can be obtained by
the expression [23]:

W) = 1+ (LZ‘%U , (5)

2
TCWpI’l
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where A, is the pump wavelength, » is the refrac-
tive index of the waveguide, and z, stands for the
location of the pump waist inside the waveguide
and is set as zero since we assume focusing of the
pump beam at the input face of the waveguide.
The average value w, of the pump beam radius
along the waveguide is then expressed by [23]:

W = ; /0 lwg(z)dz. (6)

From (5) and (6) we calculate an average modal
radius of wy, = 86 um while for w;, we assume a
value of 13.3 pm. By inserting the modal dimen-
sions for the pump and laser beam in (2) and from
equation (1) we obtain for output coupling mirrors
with 7, =2.2% and 4.5% slope efficiencies of
17.6% and 23.1%, respectively. Despite the ap-
proximate nature of this calculation these values
are in broad agreement with the experimentally
obtained ones, which were 12.3% and 17.5%, re-
spectively, thus illustrating consistency of the
output levels with a structure characterized by an
internal propagation loss of 0.1 dB/cm. The dis-
crepancy is attributed to the fact that in our cal-
culation of the overlap of the pump and laser mode
we have not taken into account the multimode
nature of the laser beam. The bad overlap would
yield lower values for the parameter 5, which in
turn over-estimates the calculated efficiencies.

To make a prediction of lasing threshold for the
40 pm thick waveguide we calculate the parameter
K from equation (1). From equation (2) and using
HR mirrors (R = R, = 99.8%) as input and out-
put couplers we obtain a value of 5.7 mW for the
absorbed power threshold, which is ~3 times less
than the experimentally obtained one (18 mW).
This difference is likely to be due to an inaccuracy
of the figure assumed for the emission cross-sec-
tion for the bulk target material.

4. Conclusions

In summary, thick Nd:GGG films have been
grown by pulsed laser deposition on undoped
YAG substrates. Laser action has been demon-
strated at 1059.0 and 1060.6 nm and propagation
losses as low as 0.10+0.01 dB/cm, which we be-

lieve to be the lowest levels ever recorded in laser
fabricated waveguides, have been obtained by in-
vestigating the dependence of the absorbed power
threshold on the output coupling level. The
threshold value for lasing at 1060.6 was 18 mW
with a slope efficiency of 17.5% with respect to the
absorbed power using an output coupler with a
transmission of 4.5%. Furthermore, calculations of
the slope efficiency and lasing threshold have
provided values that are in broad agreement with
the experimentally obtained ones. Slope efficiency
levels could increase by improving the overlap of
the pump and laser modes however, at this point
our main interest was assessment of the overall
performance of such thick films to determine prior
art for more sophisticated multilayer waveguide
designs. Further work is in progress towards the
development of multi-layer garnet waveguides, for
which such thickness is essential, as the planar
analogues of the LMA and cladding-pumped
LMA waveguide designs suitable for high-power
diode-pumping and capable of delivering high
output powers (10-100 W) of near-diffraction-
limited beam quality.
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