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Depressed-index channel waveguides with a circular and
photonic crystal cladding structures are prepared in a bulk
monoclinic Tm:KLu(WOy), crystal by 3D direct femto-
second laser writing. The channel waveguide structures
are characterized and laser operation is achieved using
external mirrors. In the continuous-wave mode, the maxi-
mum output power of 46 mW is achieved at 1912 nm
corresponding to a slope efficiency of 15.2% and a laser
threshold of only 21 mW. Passive Q-switching of a wave-
guide with a circular cladding is realized using single-walled
carbon nanotubes. Stable 7 nJ/50 ns pulses are achieved at a
repetition rate of 1.48 MHz. This first demonstration of
~2 pm fs-laser-written waveguide lasers based on mono-
clinic double tungstates is promising for further lasers of
this type doped with Tm** and Ho’* ions. © 2017
Optical Society of America

OCIS codes: (230.7380) Waveguides, channeled; (140.3540) Lasers,
Q-switched; (140.3380) Laser materials.
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During the past decade, femtosecond-laser direct-written
(fs-DLW) waveguides in transparent amorphous and crystalline
materials have emerged as an enabling technology for the pro-
duction of passive and laser-active integrated photonic devices
[1-3]. DLW offers localized and permanent refractive index
variation [2,3], short interaction time, and high precision of
the process preserving high optical quality of the core. As a
result, efficient and power-scalable laser operation with rare-
earth-doped fs-DLW waveguides is possible. With Yb3t
[4,5] and Nd** [6-9] ions at ~1 pm, fs-DLW waveguide lasers
with a nearly quantum-defect-limited efficiency and multi-watt
output have been realized.
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Thulium (Tm?*) ions are known for their eye-safe broad-
band emission at ~2 pm (the °F4; — *H; transition). This is in
the specific spectral range where absorption lines of relevant
molecules, e.g., H,O and CO,, are located. Tm lasers and,
in particular, Tm waveguide lasers are thus interesting for envi-
ronmental and medical sensing applications. To date, fs-DLW
Tm waveguide lasers in glasses (e.g., ZBLAN) [10,11] and
cubic crystals (YAG) [12] have been reported. In particular,
a fs-DLW Tm:ZBLAN laser generated 205 mW at 1.89 pm
with a slope efficiency of 67% [11].

Monoclinic double tungstates (DTs), KRE(WOy,), where
RE = Gd, Y, or Lu, doped with Tm?* ions, are known as ex-
cellent materials for bulk [13] and liquid-phase epitaxy grown
waveguide lasers [14] at ~2 pm owing to high transition cross
sections and broad spectral bands of Tm>* ions [15]. In addi-
tion, Tm:DTs offer the possibility of high doping levels together
with a weak concentration quenching and a strong cross-
relaxation (CR) mechanism that results in a quantum efficiency
of almost two [16]. Efficient and compact Tm:DT lasers based on
thermal- and index-guiding were already demonstrated [16,17].

In the present work, the first fs-DIW Tm:DT waveguide
laser is realized (fs-DLW lasers based on Yb:DTs have been
studied before [18]). It is based on Tm:KLu(WQOy), (Tm:
KLuW) as an active material and operates both in the continu-
ous-wave (CW) and passively Q-switched (PQS) mode. In the
latter case, we employed single-walled carbon nanotubes
(SWCNTs) as a saturable absorber, SA, a material whose ultra-
fast and broadband saturable absorption properties [19] have
been widely exploited in pulsed near-IR lasers. SWCNTs have
been used before in a PQS microchip Tm:KLuW laser resulting
in record short pulse durations [20].

Depressed-index waveguides were fabricated in a bulk Tm:
KLuW crystal by 3D ultrafast fs-pulse laser direct writing. The
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Fig. 1. Bright-field microscope images of the facet cross section of

the fs-DLW channel waveguides W1-W4 (a)—(d) in Tm:KLuW.

crystal was grown by the top-seeded-solution growth method.
It was doped with 3 at. % Tm?>* (N1, = 2.15 x 10%° at/cm?.
A rectangular sample was cut from this crystal along
the Nj-axis [length: 2.96 mm, aperture: 3.10(V,,)x
2.85(V,) mm?], both N,, x N , faces were polished to laser
quality. Two types of cladding waveguides were prepared,
namely exhibiting circular cladding with diameters of 30 pm
(W1), 40 pm (W2) and 50 pm (W3), or having a pho-
tonic-crystal-like cladding with a core diameter of 30 pm
(W4), see Fig. 1. All waveguides were written by employing
120 fs, 795 nm pulses from a Ti:sapphire regenerative amplifier
(Spitfire, Spectra Physics) employing only a small fraction of
the output energy at a repetition rate of 1 kHz. The laser beam
was focused with a 40 x microscope objective (NA = 0.65).
The incident pulse energy on the crystal was set to 57 n]
(for W1-W3) or 73 nJ (W4), with the help of a half-wave plate,
a linear polarizer, and a calibrated neutral density filter.
The sample was scanned at a constant speed of 400 pm/s
(for W1-W3) or 300 pm/s (W4) along the NV ,-axis of the
crystal thus producing damage tracks. The poﬁarization of
the fs laser was perpendicular to the scanning direction
(E||N,,) thus avoiding anisotropic effects related to the
birefringence of DTs. The line scan procedure was repeated
consecutively at different depths and lateral positions of the
sample, following the desired geometry. The axis of the wave-
guides was located at 120 pm beneath the crystal surface. The
lateral separation between each two adjacent tracks was 2 pm
(for W1-W3) or 8 um (W4).

To characterize the modification of the crystal structure in
the core and cladding of the micro-fabricated waveguides, a
micro-Raman analysis was performed. A Renishaw inVia
Reflex microscope equipped with a 514 nm argon laser and
a 50 x Leica objective was used. The facet cross section of
the waveguides was studied with a spatial resolution of
0.4 pm, Fig. 2. The polarization of the excitation laser corre-
sponded to E||N,,. The most intense ~907 cm™! stretching
phonon mode, assigned as v(W-0)/v; [13], was analyzed;
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Fig. 2. Micro-Raman mapping of the facet cross section of the
fs-DLW circular-cladding Tm:KLuW waveguide (W2) measuring
the high gain 907 cm™! phonon mode: (a) phonon energy shift, (b) full
width at half-maximum, and (c) peak intensity.
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its peak position, full width at half-maximum (FWHM),
and peak intensity were monitored. In the core region, the
crystalline quality of the material is fully preserved, a feature
that allows developing integrated lasers. The cladding region
consists of slightly damaged material, as indicated by the
decrease of intensity and broadening of the phonon mode,
Figs. 2(b) and 2(c). The existence of a residual anisotropic stress
field is also evidenced by the phonon energy shifts outside the
cladding volume, Fig. 2(a). These stress fields further create
a birefringence effect and favor the polarization-selective
response of the waveguide [21].

The Tm:KLuW sample containing the four fs-DLW wave-
guides was placed on a passively cooled glass substrate. The laser
cavity consisted of a flat pump mirror (PM) that was antireflec-
tion coated for 0.7-1 pm and high-reflection coated for
1.8-2.1 pm and a flat output coupler (OC) providing a trans-
mission of 7' oc = 3%, 5%, or 9% at 1.8-2.1 pm. Both the PM
and OC were placed as close as possible to the faces of the sample
without the use of index-matching liquid to avoid laser-induced
damage of the faces. As a pump source, we used a CW Ti:sap-
phire laser (Coherent, Model MIRA 900) tuned to 802 nm
(*Hg — Hy transition of the Tm?* ion). The polarization
of the pump beam corresponded to E||V,, in Tm:KLuW.
The pump light was coupled into the waveguide with a 10 x
microscope objective lens (NA: 0.28, focal length: 20 mm).
The incident pump power was varied with a gradient neutral
density filter placed in front of the objective. The pump beam
radius in the focus was ~20 pm. The pump absorption under
lasing conditions (~75%) was determined by a combination of
the waveguide propagation experiment (at 830 nm), the pump-
absorption one (at 802 nm), and a rate-equation modeling. In
this way, the pump coupling efficiency was taken into account.

The output characteristics of the W1-W4 waveguide lasers
are presented in Fig. 3(a) for 7oc = 9%. In all cases the laser
output was linearly polarized, E||N,,. The best performance
was observed for the W2 waveguide. This waveguide laser gen-
erated 46 mW at 1.912 pm corresponding to a slope efficiency
n of 15.2% (with respect to the absorbed pump power). The
laser threshold was at P, = 21 mW. For the W1, W3, and
W4 waveguide devices, the laser performance was inferior. The
laser performance of the W2 waveguide for different OCs is
shown in Fig. 3(b). The measured # is limited by the losses
at the crystal-mirror interfaces, non-optimized pump coupling,
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Fig. 3. Output power of the CW fs-DLW Tm:KLuW waveguide
lasers: (a) W1-W4 waveguides for 7oc = 9%, (b) W2 waveguide
for various OCs, -slope efficiency.
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Fig. 4. Typical CW laser emission spectra of the fs-DIW Tm:

KLuW waveguide lasers, at maximum P, according to Fig. 3(a).

and relatively low 7'oc used (for waveguide lasers). During CW
laser operation, no thermally induced cracks or damage of the
material were observed.

The propagation losses in the fs-DIW Tm:KLuW wave-
guides were estimated with the Caird analysis as ~1.4 £+
0.5 dB/cm (a mean value for the W1-W3 devices).

Typical output spectra for the W1-W4 waveguide lasers are
shown in Fig. 4 for the same 7'oc = 9%. For the W1, W3,
and W4 waveguide devices, laser oscillation occurred at
~1.84 pm and for the W2 laser, at a much longer wavelength
of ~1.92 pm. This spectral behavior is in agreement with the
gain spectra of Tm*"* in KLuW for light polarization E||V,,,
because an increase of the inversion ratio (caused by an increase
in the intracavity losses for the same 7o) leads to the appear-
ance of local maxima in the spectra at ~1.94, 1.92, and
1.84 pm [13]. As a consequence, the W2 waveguide provides
lower losses, which agrees with Fig. 3(a).

The far-field intensity profiles of the laser mode were cap-
tured using a FIND-R-SCOPE near-IR camera, Fig. 5. The
profiles are slightly elliptical due to the asymmetry of the stress
field within the cladding measured by micro-Raman analysis,
Fig. 2(a).

The PQS regime of the fs-DIW Tm:KLuW waveguide laser
was realized using the waveguide W2 with the lowest cavity loss
and a transmission-type SWCNT-based SA. Purified arc-
discharge SWCNTs were used. The SWCNT/PMMA film
(thickness: ~300 nm) was spin-coated onto an uncoated
~1 mm thick quartz substrate [19]. The individual SWCNT's
were well distributed in the film and randomly oriented
(spaghetti-like). The transmission spectrum of the SA contains
a broad absorption band spanning from ~1.6 to 2.3 pm. It is
related to the first fundamental transition of semiconducting
carbon nanotubes (£;). The initial (small-signal) transmission
of the SA at ~1.84 pm was 97.4%, the saturation intensity for
nanosecond pulse duration 7, ~7 MW /cm?, and the satu-
rable absorption @’y = 0.55% [22]. The SA was inserted
between the waveguide and OC at a minimum separation.
Two OCs (Toc = 5% and 9%) were studied.
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Fig. 5. Far-field intensity profiles of the CW laser mode of the

fs-DLW Tm:KLuW waveguide lasers W1-W4 (a)—(d) (not in scale),

at maximum P, according to Fig. 3(a).
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Fig. 6. SWCNT PQS fs-DLW Tm:KLuW waveguide laser: (a) in-
put-output dependences, 57-slope efficiency, inset: far-field profile of
the laser mode; (b) typical laser emission spectra at Py, = 0.33 W.

Stable passive Q-switching of the Tm:KLuW waveguide
laser was achieved. The corresponding output characteristics
are shown in Fig. 6(a). For Toc = 9%, the laser generated
a maximum average output power of 10.3 mW at
~1841 nm corresponding to # = 3.8%. The laser threshold
was at P = 41 mW and the conversion efficiency with re-
spect to the CW mode 7, was 22%. For Toc = 5%,
7.2 mW of average output power were achieved at
1844 nm. The spectra of the laser emission are shown in
Fig. 6(b). The laser output was linearly polarized, E||V,,.

The pulse characteristics, including the pulse duration
(FWHM) Az, pulse repetition frequency (PRF), pulse energy
Eque = Pou/PRE, and peak power Py = Eo./At, are
shown in Fig. 7. All of them are strongly dependent on
P> which is typical for “fast” SAs and related to the depend-
ence of their bleaching on the pump power. It should be noted
that close to the threshold, Q-switching was not very stable.
Therefore only the P, range of 0.13...0.33 W was analyzed,
Fig. 7. For Toc = 9%, At shortened from 98 to 50 ns and
E . increased from 2.7 to 7.0 nJ. The PRF increased almost
linearly from 1.0 to 1.48 MHz. The maximum P, reached
141 mW. For Toc = 5%, the best pulse characteristics were
4.7 nJ/42 ns at PRF = 1.54 MHz and P was 110 mW.
The pulse characteristics were numerically simulated with a
model of a quasi-three level active material and a “fast” SA
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Fig.7. SWCNT PQS fs-DLW Tm:KLuW waveguide laser: (a) pulse
duration, Az; (b) pulse energy, £,,; (c) pulse repetition frequency,

PRF; and (d) peak power, Ppcak' Blue curves—modeling for
TOC = 9%
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Fig. 8. SWCNT PQS fs-DIW Tm:KLuW waveguide laser:
(a) oscilloscope traces of the shortest pulses; (b) the corresponding
pulse train for Toc = 9%, Py, = 0.33 W.

[22] for Toc = 9%, showing good agreement with the
experiment (curves in Fig. 7).

The pulse duration (A7 = 42 ns) achieved in the present
work is a record among all the PQS Tm waveguide lasers re-
ported to date for both “fast” (graphene) and “slow”
(Cr**:ZnSe) SAs. This short pulse duration is related to the
use of a compact waveguide laser design (total geometrical cav-
ity length: 4 mm) leading to a short cavity round-trip time, and
a relatively small ratio of the non-saturable losses to the total
absorption inherent to the SWCNT-SA (ag/a’ = 0.21) and,
hence, its higher modulation depth.

The typical oscilloscope traces of the output from the PQS
fs-DIW Tm:KLuW waveguide laser are shown in Fig. 8. The
single pulses had nearly Gaussian temporal shape. The intensity
instabilities in the pulse train were <20% and the rms pulse-
to-pulse timing jitter was <15%. The Q-switching instabilities
are attributed to the heating of SA by residual pump [23].

The efficiency of the fs-DLW Tm:KLuW waveguide lasers
can be improved by reducing the intracavity losses (by optimiz-
ing the DLW cladding waveguide structure, butt-coupling of
the laser mirrors, or direct deposition of the SA on the face
of the crystal), by increasing 7gc, or by increasing the
Tm®" doping level. The latter will lead to a stronger CR
for Tm3* ions [16] and increase the pump absorption while
keeping a short cavity length. We emphasize the very high tran-
sition cross sections of Tm>" in KLuW [13,15] allowing for
high absorption and gain within very compact devices.

In conclusion, we report on the first fs-DLW waveguide
lasers in Tm:DT crystals. Two types of waveguides were pre-
pared: with circular or photonic-crystal-like cladding. A 3 at. %
Tm:KLuW crystal was used as an active material and continu-
ous-wave and passively Q-switched lasing at ~2 pm was
demonstrated. CW lasing was observed for both types of wave-
guides. The best performance was obtained with the waveguide
laser containing a circular cladding, with 46 mW at 1912 nm.
In the PQS mode, using SWCNTs as the SA, 7 n]/50 ns pulses
were generated at a repetition frequency of ~1.5 MHz, repre-
senting the shortest pulses ever achieved in PQS Tm waveguide
lasers. The presented waveguide preparation and lasing charac-
teristics are very encouraging for DT waveguide lasers of this
type doped with Tm®* and Ho®*.
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