Channel waveguide lasers in Nd:GGG crystals
fabricated by femtosecond laser inscription
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Abstract: Buried channel waveguides have been fabricated in Nd:GGG
crystals by using the femtosecond laser inscription. The waveguides are
confined between two filaments with propagation losses of 2.0 dB/cm. Stable
continuous wave laser oscillation at ~1061 nm has been demonstrated at
room temperature. Under 808 nm optical excitation, a pump threshold of 29
mW and a slope efficiency of 25% have been obtained.
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1. Introduction

Optical waveguide structures are basic elements in integrated photonics and modern optical
communication systems. Such structures could confine light in very small volumes with
dimensions of the order of several micrometers, in which much high optical intensity could be
achieved with respect to the bulks [1]. Owing to this advantage, some performances of the bulk
materials may be considerably enhanced in waveguide structures. Particularly, waveguide
lasers could be more efficient than bulk lasers due to the confinement induced improvement in
spatial overlaps between pump and laser beams [2]. Crystalline waveguide lasers have been
realized in a couple of gain materials, e.g., Nd or Yb doped YAG [3-7], Nd doped YVO, or
GdVO, [8,9], Yb doped KYW or KGW [10] and Ti:Al,O3 [11]. Nd:GGG (Nd:Gd3GasO3,,
neodymium doped gadolinium gallium garnet) is one of the most excellent gain media for solid
state lasers [12—-14]. Because of its very stable chemical properties, normal chemical methods,
such as metal ion thermal in-diffusion, ion exchange, cannot be applied to Nd:GGG for
waveguide fabrication. Therefore, physical techniques, such as ion implantation [15,16], could
be more suitable for waveguide fabrication. Waveguides have been fabricated in Nd:GGG
crystal by using H or He ion implantation, and the correlated waveguide lasers was realized
[17,18]. Ultrafast laser inscription (using femtosecond, fs, pulses) has emerged to be a powerful
technique for three-dimensional volume microstructuring of dielectric materials [19,20]. In
recent years, active waveguides in different crystals and glasses have been produced by pulsed
fs-laser writing through the stress-induced mechanisms, and efficient waveguide lasers have
been generated in some of these samples [5-11,21-23]. Up to now, the fs-laser writing has not
been applied to Nd:GGG crystals for waveguide construction. In this work, we report, to our
knowledge for the first time, on the fabrication of channel waveguides in Nd:GGG crystals by
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using femtosecond (fs) laser inscription and the room-temperature continuous wave (cw) laser
generation in the formed structures.

2. Experiments

The Nd:GGG crystal (doped by 1 at. % Nd** ions) was cut with the size of 10x4x1.5 mm?, and
all its faces were polished up to optical quality. The buried waveguides were fabricated under
the “double-line” configuration by using a Ti:Sapphire laser system, which delivered 120 fs
pulses, linearly polarized at 796 nm and with a repetition rate of 1 kHz. The laser beam was
focus by a 20x microscope objective (N.A=0.4), and the sample was located at a XYZ
motorized stage with a spatial resolution of 0.2 um. The linear focus of the objective was
located 150 um beneath the surface of the crystal and the pulse energy was set to 5.8 pJ. Under
these conditions, two filaments were written separated by 15 pm by scanning the piece at a
translation velocity of 25 um/s. Propagation losses of the waveguides as low as 2dB/cm were
measured by using the Fabry-Perot resource method at wavelength of 632.8 nm based on an
endface coupling arrangement [24]. During the measurement, the sample was slightly heated,
generating a temperature increment of 5°C, which resulted in the periodically oscillations of the
output light power.

The waveguide laser experiments were performed by using an end face pumping system. A
cw Ti:Sapphire laser (Coherent MBR 110, tunable range between 700 and 970 nm) generated a
pump light beam at wavelength of 808 nm. A convex lens (with focus length of 25 mm) was
used to focus the pump light beam into the channel waveguide, and the laser oscillations from
the waveguide were collected by a 20x microscope objective lens (N.A = 0.4). We used two
mirrors as the resonant cavity for waveguide laser generation. The input mirror (with the
transmission of 98% at 808 nm and reflectivity > 99% at 1064 nm) was attached at the input
face of the waveguide, and another mirror, which has reflectivity >99% at 808 nm and 95% at
1064 nm, was attached at the exit face of the waveguide. We used a CCD camera to obtain the
output images (modal profiles) of the waveguide laser. The input and output beam powers were
measured by the powermeter. A spectrometer (with resolution of 0.2 nm) was utilized to
analyze the emission spectra (laser intensity vs. wavelength curves) of the laser beams from the
waveguide.

3. Results and discussion

(a) (b)

1.9660 1.9635
|

Fig. 1. (a) Optical transmission microphotograph of the “double-filament” Nd:GGG waveguide.
(b) Refractive index profile at the cross section of the Nd:GGG channel waveguide. (c)
Measured near field-intensity distribution of the fundamental mode TMy, at 632.8 nm. (d)
Calculated modal profile of the fundamental mode TMogo.

Figure 1(a) shows the microscopic photograph of the cross section of the waveguide sample
taken under transmission illumination. As one can see, there are two lines (filaments) with
separation of 15um, representing the tracks of the fs writing (the pulse propagated from top to
bottom). The waveguide is located between these two filaments. The refractive index
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distributions of the waveguide cross section cannot be directly measured by the m-line
technique, which has been widely applied for index measurement of planar waveguide. In order
to construct a 2D refractive index profile of the Nd:GGG channel waveguide, we first assumed
that the distribution is a step-like one. By the measurement of N.A. of the waveguide, we
obtained the maximum value of refractive index changes of the waveguide, which could be
roughly estimated by measuring the N.A. of the waveguides, using the formula

_sin’@,
n

An 1)

where @, is the maximum incident angular deflection at which no transmitted power change is
occurring, while n is the refractive index of the substrate [25]. Figure 1(b) shows the
reconstructed 2D refractive index profile at the cross section. As one can see, a positive index
change An,, ~ +6x10~* appears in the waveguide core due to the induced stress [28]; whilst in
the two filaments, there is a refractive index decrease of Ans ~-1.9x107%. Based on this
reconstructed index profile, we calculated the modal profile of the waveguide [Fig. 1(d)] which
is made by using the finite-difference beam propagation method (FD-BPM) with the software
Rsoft® [26,27]. Figure 1(c) show the near field intensity image (modal profile of TMg, mode)
from the Nd:GGG waveguide at the wavelength of 632.8 nm. By comparing Figs. 1(c) and (d),
one can conclude that the calculated modal profile is in good agreement with the experimental
result, which, in turn, suggests the reasonability of the refractive index construction.
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Fig. 2. Room temperature micro-luminescence spectra comparison of Nd** ions from the channel
waveguide (red solid line) and bulk (blue dotted line) of the Nd:GGG sample, respectively

Figure 2 depicts the comparison of the micro-luminescence emission spectra of Nd**
obtained from the waveguide and from the Nd:GGG bulk at room temperature. As one can see,
the spectra obtained in the waveguides are of high resemblance to those in the bulk of the
crystal, for both spectral distribution and intensity. This means that the original fluorescence
properties are well preserved in the waveguide volume compared with those of the bulk, which
is an advantage for potential laser application of the Nd:GGG crystal system.
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Fig. 3. Spatial distribution of the (a) emitted intensity, (b) energy shift and (c) FWHM of the
*Far2—>*1ler2 Nd* emission line around 933 nm obtained from the end face of the waveguide. (d),
(e) and (f) are the corresponding 1D profile of the selected black lines in the above pictures,
respectively.

In order to obtain a better understanding of the physical mechanism at the basis of the
femtosecond laser written waveguide formation in Nd:GGG crystal, we measured the spatial
distribution of the integrated intensity (Fig. 3(a)), spectral shift (Fig. 3(b)) and bandwidth (Fig.
3(c)) of the 933 nm Nd** emission line over the waveguide’s cross section [28,29]. At the
purpose of give a clear description, we show the 1D linear profiles as obtained along the black
lines. As we can see from Figs. 3 (a) and (d), it is evident that there is a clear fluorescence
quenching in the filaments while the photoluminescence properties are well preserved in the
waveguide volumes with respect to the bulk of the crystal, which is of high consistence with the
result of Fig. 2. At the same time, there is a relevant line-width increase at the filaments, as
shown in Figs. 3 (c) and (f). Both intensity reduction and FWHM increase at the filaments are
aroused by the lattice defects and disorder induced during the writing process, respectively.
Figures 3(b) and 3(e) clearly display that the 933 nm emission line shifts to lower energies at the
damage tracks and the waveguide volume delimited by the two filaments, whereas it suffers a
blue shift at the front and the end of the filaments (top and bottom of the filaments in the
picture) which, in a first approximation, correspond to compressive and expansive stress,
respectively. Such results suggest that different structural modification mechanisms have been
induced at the filaments and their surrounding areas. Indeed similar density fluctuations have
been observed in Nd:YAG [29].

Figure 4(a) depicts the measured emission spectrum around 1061 nm from the Nd:GGG
channel waveguide when it was optically excited close to threshold. The emission line was
centered at 1060.7 nm with a FWHM of ~0.4 nm, clearly denoting a laser oscillation line, which
is relevant to the *F5,—*111, fluorescence band of Nd** ions [30,31]. The inset shows the image
of the output light beam at 1061 nm, when the pumping power was above the oscillation
threshold. Figure 4(b) depicts the output power (at wavelength of ~1061 nm) generated in the
Nd:GGG waveguide as a function of the 808 nm absorbed power. From the linear (solid line) fit
of the experimental data (dots), one can determine that the power threshold (Py,) for a laser
oscillation is 29 mW. This value is higher than that of the He ion implanted Nd:GGG channel
waveguide laser [17], which may be partly due to the relatively higher propagation loss of the
fs-laser written sample. In addition, a slope coefficient (@) of ~25% can be extracted for the
waveguide laser system in Nd:GGG sample. The achieved maximum power of the laser at 1061

#146970 - $15.00 USD Received 4 May 2011; revised 2 Jun 2011; accepted 7 Jun 2011; published 13 Jun 2011
(C) 2011 OSA 20 June 2011/ Vol. 19, No. 13/ OPTICS EXPRESS 12507



nm was ~11 mW for the maximum absorbed pump power of ~70 mW, denoting an optical
conversion efficiency of 15.7%.
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Fig. 4. (a) The cw laser oscillation spectrum obtained from Nd:GGG waveguide with optical
pumping at 808 nm. The inset shows the intensity distribution of the output light at 1061 nm. (b)
The cw waveguide laser output power at 1061 nm as a function of absorbed pump power at 808
nm. The threshold is 29 mW, and the slope efficiency is 25%.

4. Summary

We have demonstrated the fabrication of channel waveguides in Nd:GGG crystals by using the
femtosecond laser inscription “double-line” technique. The good quality near field intensity
beam profile of the coupled mode and the absence of any relevant deterioration in the
fluorescence properties of Nd ions at the waveguide volume, indicated well guiding
prosperities. Stable cw laser oscillation at 1061 nm from Nd:GGG channel waveguide has been
observed at room temperature, with an optical pump threshold of 29 mW at 808 nm and a slope
efficiency of 25%. The results show a potential application of the fs-laser inscribed Nd:GGG
waveguides as integrated light sources.
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