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Growth and low-threshold laser oscillation of an epitaxially
grown Nd:YAG waveguide
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We report 1.064-um laser operation of an epitaxially grown Nd: YAG planar waveguide with thresholds as low as
~0.7 mW when high-reflectivity mirrors are used. The output is single mode and, when a 83% reflectivity out-

put coupler is used. has a diode pumped slope efficiency of ~40%.

Output powers in excess of 60 mW have been

obtained when pumping with a Rhodamine 6G dye laser.

The confinement of light in optical waveguides al-
lows a small spot size and hence a high intensity to
be maintained over lengths longer than would nor-
mally be allowed by diffraction. If the waveguide is
doped with an active laser ion. then extremely low
laser thresholds (and extremely high amplifications
per unit pump power) can be achieved if the wave-
guide loss is low. Such behavior has been success-
fully demonstrated in glass optical fibers,' and
recently much research has been carried out on
crystal host waveguide lasers.”” Successful experi-
ments in growing Nd:YAG by liquid-phase epitaxy
have aiready been reported, and laser emission has
been demonstrated.5-3

Here we report the fabrication and laser operation
of a new epitaxially grown laser waveguide made of
a Nd:YAG active layer and a pure YAG cladding
layer. In this waveguide a laser threshold of
~0.7 mW was measured. This value is one of the
lowest obtained for crystal waveguide lasers and is
indicative of a very small waveguide loss, estimated
to be =0.05 dB/cm. With the possibility of doping
various alternative laser ions (e.g., Er®*, Tm**, and
Cr*”) into the YAG host, there appears to be consid-
erable scope for development of a range of efficient
lasers and amplifiers.

A planar waveguide laser can be realized with a
thin active layer deposited onto a lower refractive-
index substrate (this is the case of Nd: YAG on YAG).
The fabrication of such a waveguide requires a high
degree of perfection in the polishing of the end faces
and a good sharpness of the edges of the active layer.
Such requirements are met more easily if the active
layer is protected by a cladding material *" A clad-
ding layer may also help to reduce scattering losses
from the top surface by reducing the refractive-
index difference at this boundary.

We have fabricated a new Nd:YAG waveguide in
which the active layer is protected by a pure YAG
layer, both grown by liquid-phase epitaxy on a YAG
substrate.
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The Nd-doped active layer was first grown from a
PbO/B;0s flux. The melt composition consisted of a
mixture of PbO/B;0;/A1,0;/Y,0;/Nd,0; in concen-
trations of 89.9/7.4/2.3/0.3/0.1 mol.%, respec-
tively.” The active layer was grown by horizontally
dipping the YAG substrate into this melt at a tem-
perature of approximately 1000°C. This active
layer was then dipped into a new melt with roughly
the same composition but without Nd in order that
the cladding layer could be grown.

Typical layer thicknesses are in the range of 10-
50 um and 50-100 um for the active layers and the
cladding layers, respectively. The thickness was de-
termined by weighing the sample before and after
the growth or by observation of the end face by opti-
cal microscopy. The composition of the active layer
was either estimated by lattice mismatch measure-
ments or by x-ray microprobe analysis. The surface
morphology and quality were examined by optical
microscopy after each growth.

For the results described here, we used a wave-
guide made of a 38-um-thick active layer doped with
1.5 at.% Nd and a 60-um-thick pure YAG cladding
layer. The crystal was 6 mm long with parallel pol-
ished end faces. The laser cavity was formed by
butting plane dielectric mirrors directly onto the
polished end faces. These lightweight mirrors were
held in place by the surface tension of a drop of fluo-
rinated liquid. Initial tests were carried out by us-
ing a Rhodamine 6G dye laser as the pump source,
tuned to the strong Nd** absorption near 590 nm.
The light was coupled into the guide with a 5-cm
focal-length lens to produce an ~10-um waist spot
size (1/e* half-width of intensity) at the waveguide
end face. Using high-reflectivity mirrors, we ob-
tained a threshold pump power of 0.95 mW incident
upon the 5-cm lens. This corresponds to 0.67 mW in
the waveguide, accounting for the lens and mirror
transmissions and assuming a 100% launch effi-
ciency. The 6-mm-long waveguide absorbs virtually
all of this light.
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Fig. 1. Output power versus launched power for a diode-
pumped Nd: YAG planar waveguide.

The output and pump mode profiles were ob-
served by focusing the output onto a CCD camera
and analyzer (Big Sky Software Corporation beam-
view analyzer). From the measured waist sizes on
the camera the mode size could be calculated, which
gave a vertical (guided) spot size of 14 um. This
implies that the mode is well contained within the
physical dimensions of the Nd:YAG layer. Using
the quoted values of refractive index for undoped
YAG (1.81523) and 1 at.% Nd-doped YAG (1.81633),'2
we predict a fundamental mode spot size of 16.5 um.
The difference between the experimental and calcu-
lated figures may be due to the slightly higher dop-
ing level or to strain imposed by the epitaxial
growth of Nd:YAG on undoped YAG, which gives a
higher than expected index difference. The hori-
zontal (unguided) spot size is 4.3 times larger at
60 um. Lasing could occur with either a single- or
double-lobed output, but optimum alignment always
led to lasing on just the fundamental mode. The
590-nm pump appears to propagate in a higher-order
mode with a three-lobed output.

The theoretical absorbed power threshold is given
by 13
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where o is the emission cross section (3.5 X 10™% m?),
71 is the fluorescence lifetime (230 us), W is the av-
eraged spot size for the pump (p) and signal (s) in
the vertical (y) and horizontal (x) dimensions, and L
is the single-pass exponential loss. We can find an
upper limit for the propagation loss by assuming
that the pump has similar spot sizes to the signal
and that the mirror butting is lossless. This gives
L = 0.006, which implies a less than 0.05-dB/cm
propagation loss, which is less than the best losses
obtained for Nd: YAG crystal fibers® and approaches
that of bulk Nd: YAG."*
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Using a nominally 83% reflectivity output coupler,
we found an output slope efficiency of ~30% with
respect to launched power, with an output power of
61 mW for the maximum available 250 mW of
launched power. The threshold rises to 18 mW by
using this output coupler. The value of 30% is a
lower limit as we are again assuming a 100% launch
efficiency. The polarization of the output was ob-
served to vary slowly from a mixture of TE and TM
to a single linear polarization and back, possibly ow-
ing to thermal effects.

Diode-pumped operation has also been demon-
strated by using a single-mode 100-mW GaAlAs diode
laser (Spectra Diode Laboratories SDL-5412-H1).
The output from this laser was collimated and then
focused to an ~10-um waist at the waveguide end
face. With two high-reflectivity mirrors a thresh-
old of 1.3 mW was obtained. In theory the threshold
should be lower than for 590-nm pumping since the
pump photons are less energetic. It is possible that
the higher threshold is simply due to slightly worse
butting of the mirrors in this case, since the low
propagation loss has the consequence that the thresh-
old is sensitive to other sources of loss. Direct coat-
ing of the end faces would solve this problem. Using
a nominally 83% reflectivity output coupler, we ob-
served the results shown in Fig. 1. A best fit to the
experimental points gives a slope efficiency with re-
spect to launched power (assuming 100% launch ef-
ficiency) of 40 = 3%, which, as expected with a
longer-wavelength pump, is better than that ob-
served with dye laser pumping. The threshold of
~14 mW is consistent with the losses being domi-
nated by the mirror transmission.

In conclusion, epitaxial growth of Nd:YAG has
been used to form a waveguide laser. The low
threshold obtained (~0.7 mW) indicates very low
propagation losses (=0.05 dB/cm). Dye-laser and
diode pumping have been demonstrated, and a slope
efficiency of ~40% has been observed. In order to
improve the planar waveguide performances, direct
coating of the end faces, optimization of the guide
depth, and index difference enhancement by Ga sub-
stitution are in progress. Production of channel
waveguides, possibly by etching techniques, could
also give considerable improvement if the low loss
can be maintained. As there are many alternative
laser transitions for YAG doped with Nd** and many
alternative dopants, such as Er’", Tm*®*, and Cr*", it
is clear that potentially a wide range of different
lasers could benefit from this epitaxial waveguiding
arrangement. Since the epitaxial growth technique
should be widely applicable to other host crystals,
the scope for development is extremely wide indeed.

This research has been supported by the UK Sci-
ence and Engineering Research Council (SERC),
and S. J. Field and A. C. Large thank SERC for the
provision of research studentships. We thank Mar-
tin Milton of National Physical Laboratory, UK, for
the loan of the 100-mW single-stripe diode used in
these experiments. 1. Chartier, B. Ferrand, and
D. Pelenc thank B. Chambaz and B. Francois for the
waveguide sample preparation and Ch. Wyon and



812

4. C. Vial for useful discussions.

OPTICS LETTERS / Vol. 17, No. 11 / June 1, 1992

This research is

supported by the French Commissariat a I'Energie
Atomique (CEA), and D. Pelenc has a CEA research
studentship.

References

5

W]

W

F. W France. ed., Optical Fibre Lasers and Amplifi-
ers + Blackie, London, 1991).

S. J. Field. D. C. Hanna, A. C. Large, D. P. Shepherd,
A. C. Tropper, P. J. Chandler, P. D. Townsend. and
L. Zhang. Opt. Lett. 17, 52 (1992).

- E. Lallier. J. P. Pochelle, M. Papuchon, M. de Micheli,

M. J. Li. Q He, D. B. Ostrowsky, C. Grezes-Besset,
and E. Pelletier, IEEE J. Quantum Electron. 27, 618
1991,.

- R. Brinkmann, W. Sohler, and H. Suche, Electron.

Lett. 25, 985 (1991).

- M. J. ¥ Digonnet, C. J. Gaeta, D. O'Meara, and H. J.

Snaw. IEEE J. Lightwave Technol. LT-4, 642 (1987).

10.

11.

12.

13.

14.

. W A. Bonner, J. Electron. Mater. 3, 193 (1974).
. J. G. Grabmaier, R. D. Plattner, P. Mockel, and W. W,

Kruhler, J. Cryst. Growth 34, 280 (1976).

. D. Pelenc, B. Chambaz, I. Chartier, B. Ferrand, and

d. C. Vial, in Digest of Laser Material Engineering,
Medicine and Biology, Physics and Chemistry
(Université Joseph Fourier, Grenoble, France, 1991),
paper E40.

. B. Ferrand, B. Chambaz, D. Pelenc. and Ch. Wyon, in

Digest of European Conference on Crystal Growth
{Trans Tech. Zurich, Switzerland, 1991), paper B2.

P. Mockel, R. Oberbacher, and W Rausher, J. Appl.
Phys. 45, 3460 (1974).

K. Kubodera, J. Nakano, K. Otsuka, and S. Mivazawa,
J. Appl. Phys. 49, 65 (1978).

A. A. Kaminskii, Laser Crystals (SpringerVerlag,
New York, 1981), Vol. 14, p. 321.

W. A. Clarkson and D. C. Hanna, J. Mod. Opt. 36, 483
(1989).

T. Nishimura and T. Omi, Jpn. J. Appl. Phys. 14, 1011
(1975).



