
Highly efficient laser action in femtosecond-written Nd:yttrium aluminum
garnet ceramic waveguides

G. A. Torchia,1,a� A. Rodenas,2 A. Benayas,2 E. Cantelar,2 L. Roso,1 and D. Jaque2,b�

1Grupo de Óptica, Departamento de Física Aplicada, Facultad de Ciencias Físicas,
Universidad de Salamanca, Salamanca 37008, Spain
2Departamento de Física de Materiales C-IV, Facultad de Ciencias, Universidad Autónoma de Madrid,
28049 Madrid, Spain

�Received 5 December 2007; accepted 11 February 2008; published online 17 March 2008�

We report continuous wave 1.06 �m laser operation in an optical waveguide fabricated in a
Nd:YAG ceramic by femtosecond laser writing. Single mode and stable laser oscillation have been
achieved by using the natural Fresnel reflection for optical feedback. Output laser power in excess
of 80 mW and a laser slope efficiency of 60% have been demonstrated. © 2008 American Institute
of Physics. �DOI: 10.1063/1.2890073�

Femtosecond direct laser writing �DLW� of transparent
materials is attracting much attention because of the unique
possibility of three-dimensionally modifying, at the micro-
metric and submicrometric scale, the optical properties of the
irradiated media. This technique has been already proved to
be a powerful and flexible tool for the fabrication of a great
variety of optoelectronic components such as photonic crys-
tals, diffraction gratings, and optical memories.1–3 When
femtosecond pulses are focused inside a dielectric material, a
permanent change in the refractive index is produced, in
such a way that optical waveguides could be generated. This
possibility has been already demonstrated in a great variety
of glasses and crystals.4–6 The further use of the DLW tech-
nique for the fabrication of low-loss channel waveguides in
laser materials could be highly advantageous with respect
to other fabrication approaches, and could also lead to
technology breakthroughs in the development of three-
dimensionally integrated optical circuits.

Among the different solid state laser media, neodymium
doped yttrium aluminum garnet �YAG� transparent ceramics
are nowadays attracting a great interest because of its advan-
tages over the traditionally used Nd:YAG crystals. These ad-
vantages are the lower manufacturing costs, the possibility of
high neodymium contents without any decrease in the optical
quality of the gain medium, and also the possibility of direct
composite fabrication.7 As a matter of fact, the laser perfor-
mance of Nd:YAG ceramics has been found to be equal or
even superior to that corresponding to Nd:YAG crystals.8

Recently, authors reported on the fabrication of near surface
channel waveguides in Nd:YAG ceramics.9 Nevertheless, up
to date no attempt has been made, to the best of our knowl-
edge, for the fabrication of buried channel waveguides in
Nd:YAG ceramics by femtosecond DLW. The possible appli-
cation of such waveguides as reliable and integrated laser
sources is, therefore, still unexplored.

In this letter, we report on the fabrication of buried chan-
nel waveguide lasers in Nd:YAG ceramics by using a two
line confinement approach. Light confinement has been
achieved between two parallel tracks due to filamentation of
the femtosecond laser pulses. The possible influence of the
waveguide fabrication process on the spectroscopic proper-

ties of the neodymium ions has been investigated by time-
resolved confocal microscopy. We have also demonstrated
highly efficient and stable laser oscillation based on the fem-
tosecond written waveguide.

The Nd:YAG ceramic sample used in this work was pro-
vided by Baikowski Ltd. �Japan�. The sample was a 5�5
�5 mm3 cube with all its faces polished up to optical quality
�� /4�. The nominal Nd3+ concentration was 2 at. %. The
waveguide laser was fabricated by using a Ti:sapphire laser
system providing 120 fs pulses at 796 nm and 1 kHz of rep-
etition rate. The laser beam was focused with a 10� micro-
scope objective �numerical aperture of 0.3�. The translation
of the sample was achieved by a XYZ motorized stage with a
spatial resolution of 0.8 �m. With the linear focus of the
objective located 500 �m below surface, 29 �m long fila-
ments were written with a pulse energy of 11 �J, which
corresponds to a laser power of 85 MW, well above the YAG
threshold power for self-focusing ��1 MW�. Two parallel
lines were written separated 20 �m by translating the sample
with a speed of 50 �m /s. Figure 1�a� shows an optical trans-
mission image of the end face. The ability of the resulting
structure as an optical waveguide was firstly investigated by
end coupling a He–Ne laser �632.8 nm�. Light confinement
between the two inscribed channels was observed for both
TM and TE polarizations. Moreover, the obtained channel
waveguides were found to be stable up to annealing tempera-
tures as high as 1000 °C without any observable deteriora-
tion in its guiding properties.

In order to elucidate the suitability of the obtained opti-
cal waveguides as integrated laser sources, we have investi-
gated how the spectroscopic properties of the neodymium
ions have been modified by the waveguide fabrication
method. Time-resolved microphotoluminescence ��PL� ex-
periments were performed. Figure 1�b� shows the room tem-
perature 4F3/2→ 4I11/2 �PL spectra obtained at the wave-
guide region �point A in Fig. 1�a��, and in an unprocessed
area of the Nd:YAG ceramic �point B in Fig. 1�a��. For these
measurements, we used a fiber coupled pulsed diode operat-
ing at 808 nm connected to an Olympus BX41 confocal mi-
croscope. As it can be observed, very similar spectra were
obtained. The fluorescence lifetime of the 4F3/2 metastable
state inside the waveguide was also measured. A fluores-
cence lifetime of 141 �s was found, in good agreement with
that obtained at position B �140 �s�. The invariance of both
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fluorescence shape and lifetime inside and out of the wave-
guide indicate that the spectroscopic properties of the neody-
mium ions in YAG ceramics have not been deteriorated dur-
ing the waveguide fabrication procedure; there is not
evidence of local disordering and/or presence of optical de-
fects that could eventually act as luminescence killers. This
is in accordance with recent works concerning the fabrication
of channel waveguides by the two line approach used in this
work,10 pointing out that the waveguide area corresponds to
an almost unmodified region, in such a way that the proper-
ties of the original material are preserved. These results re-
veal that the obtained structure is a good candidate for an
integrated waveguide laser since neodymium ions keep their
excellent spectroscopic properties in the volume where the
waveguide has been produced.

For laser experiments a plane dielectric mirror was at-
tached to the entrance end face. This input mirror was of
high ��80% � transmittance in the 600–850 nm range, and
of high reflectance ��99% � in the 1020–1100 nm range. No
output coupler was attached to the exit end face, what in-
creases the device compactness with respect to other previ-
ous approaches.11 In these conditions, optical feedback at the
exit end face was only provided by the Fresnel reflection.
Taking into account the refractive index of Nd:YAG ceram-
ics �n0�1.8�, we have estimated an effective output trans-
mittance and reflectance of T�92 and R�8%, respectively.
Optical excitation of the channel waveguide was performed
by end-fired coupling a Ti:sapphire continuous wave laser
operating at 748 nm �4I9/2→ 4F7/2 transition�. The absorption
coefficient at this pump wavelength has been measured to be
9.6 cm−1, so that the 5-mm-long waveguide absorbs virtually
all the pump light. The geometry of the experiment was
adopted to launch TM propagating modes into the channel

waveguide. The laser emission from the waveguide was col-
lected from the end face with a second microscope objective.
Figure 2 shows the 1.06 �m laser power as a function of the
launched pump power. For all the pump powers used in this
work laser oscillation was found to be TM polarized and
single line as can be observed from the inset of Fig. 2. A best
fit to the experimental points gives a laser slope efficiency
with respect to launched power as high as 60%, and a laser
threshold of 68 mW. This laser slope efficiency is among the
highest ever reported in a Nd:YAG based waveguide laser.
As a matter of fact, it is close to six times the laser slope
efficiency previously reported for a femtosecond written
waveguide laser fabricated in a Nd:YAG crystal, 1.5 times
larger than the laser slope efficiency achieved with an epi-
taxial grown Nd:YAG waveguide laser and comparable to
the laser slope efficiencies reported from Nd:YAG direct
bonded waveguides.11–13 Assuming a complete absorption of
the launched pump power and a 100% pumping efficiency,
the laser slope efficiency ��laser� can be approximately writ-
ten as14

�laser =
�pump

�laser
�Q

ln� 1

R
�

2�l + ln� 1

R
�

dS

dF
, �1�

where �pump=748 nm is the pumping wavelength, �laser
=1064 nm is the laser wavelength, R�0.08 is the output
reflectance �given, in our case, by the Fresnel reflection�, � is
the loss coefficient, l=5 mm is the waveguide length, and
dS /dF is the mode-overlap factor.14 In our experimental con-
ditions �negligible population in the terminal laser level due
to the four level scheme, absence of reabsorption looses and
pump beam waist smaller than laser beam waist�, it can be
assumed that �dS /dF��1. This assumption is in fact consis-
tent with the linear relation between pump and laser powers
observed even for pump powers close to threshold.14 In ex-
pression �1�, �Q is the pumping efficiency term. There is in
the literature certain discrepancy on the exact value of this
term in the Nd:YAG system. Different authors have reported
values ranging from 0.85 up to 0.95.15,16 Taking into account
this uncertainty we have assumed in our calculations an in-
termediate value of 0.9. By substituting the experimental
value found for the laser slope efficiency in expression �1�,

FIG. 1. �Color online� �a� End view of the end face of the waveguide. �b�
�PL spectra corresponding to the 4F3/2→ 4I11/2 fluorescence channel ob-
tained from the waveguide �point A� and from the bulk material �point B�.

FIG. 2. Laser power as a function of the launched pump power. The inset
shows the spectral dependence of the laser radiation.
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we have found �=0.13 cm−1 �0.6 dB /cm�. This value has
been found to be higher than that reported for a femtosecond
written depressed cladding waveguide laser formed in
Nd:YAG crystals �0.3 dB /cm�,11 but comparable to that
found in femtosecond laser written surface channel
waveguides fabricated in Nd:YAG ceramics �1 dB /cm�.9 Ac-
cording to expression �1�, the laser slope efficiency of our
waveguide laser can be even improved by using longer pump
wavelengths, since they would lead to a significant reduction
in the quantum defect between pump and laser photons
which, in turn, will be accompanied by a reduction in the
pump induced thermal loading and, therefore, in the undesir-
able thermal effects.17

The near field TM00 mode intensity distribution was
measured with a charge coupled device camera. The mea-
sured intensity distribution is shown in Fig. 3. Mode half-
width sizes, measured at 1 /e2 intensity level are 11 and
16 �m in the transverse and lateral directions, respectively.
Based on the obtained near field profiles, we have calculated,
in a first order approximation, a refractive index change of
�n�7�10−4 within the laser waveguide mode.18 This value
is comparable to that previously reported for similar
waveguides fabricated in lithium niobate crystals ��n�2
�10−4� �Ref. 10� and also similar to the refractive index
change estimated in femtosecond written depressed cladding
waveguides fabricated in Nd:YAG crystals ��n�4�10−4�.11

The near field profile of pump mode was also registered. The
pump beam spot sizes �measured as the half width to 1 /e2

intensity� have been found to be 10 and 13 �m in the trans-
verse and lateral directions, respectively. The predicted
threshold absorbed power is given by14

Pth =
�h	p�wL

2 + wP
2 �

4
em�fl
�2�l + ln� 1

R
�	 , �2�

where 
em�3.5�10−23 m2 is the stimulated emission cross
section,19 	p is the pump frequency, �fl=140 �s is the fluo-
rescence lifetime, and wL and wp are the averaged laser and
pump beam waists. The laser threshold predicted from ex-

pression �2� was 38 mW. Thus, the predicted threshold is
lower than the experimentally obtained �68 mW�. Several
mechanisms could account for this discrepancy, such as the
presence of energy transfer upconversion processes.19

In summary, high thermally stable buried channel laser
waveguides have been fabricated in Nd:YAG ceramics by the
DLW technique. Time-resolved �PL confocal microscopy
experiments revealed that the spectroscopic properties of the
neodymium ions have not been affected by the waveguide
fabrication procedure. By using the Fresnel reflections for
optical feedback, laser action at 1064 �m has been demon-
strated from the obtained waveguides with laser slope effi-
ciencies as high as 60%, and output laser powers in excess of
80 mW. This laser outputs show a very high stability which
clearly confirms the excellent mechanical and thermal prop-
erties of the Nd:YAG ceramic host besides the excellent op-
tical properties of this matrix, and the versatility of the direct
laser writing technique to construct highly efficient miniatur-
ized three-dimensional devices.
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FIG. 3. �Color online� Near field TM00 mode intensity distribution of the
laser beam.
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