Low-loss fs-laser-written surface waveguide lasers
at >2 um in monoclinic Tm3*:MgWO,
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Surface channel waveguides (WGs) based on a half-ring
(40-60-pm diameter) depressed-index cladding (type III)
geometry are fabricated in monoclinic Tm3+:MgWO04 by
femtosecond laser writing at a repetition rate of 1 kHz.
The WGs are characterized by confocal laser microscopy
and p-Raman spectroscopy. A Tm3:MgWO0.: WG laser
generates 320 mW at ~2.02 pm with a slope efficiency of
64.4%. The WG emits a transverse single-mode and
linear polarization (E || Nm). A remarkable low-loss of
<0.1 dB/cm is measured for the WG. Vibronic laser
emission at ~2.08 pm is also achieved.

http://dx.doi.org/10.1364/0L.99.099999

Magnesium monotungstate (MgWOs) has been recognized
recently as an excellent host material for doping with trivalent
thulium ions (Tm3+) [1,2]. It belongs to the monoclinic crystal class
(sp. gr. C*n - P2 /c, wolframite, [Fe, Mn]WOQ, type structure) [3] and
shows a single crystallographic site for Tm3* ions (the Mg?* one,
symmetry: Cz). Charge compensation for the heterovalent doping
is provided by univalent alkali-metal cations (e.g, Na*) in the flux
[4]. MgWOs4 exhibits good thermo-mechanical properties, such as
high thermal conductivity <k> = 87 WmIK! [5] and low

anisotropy of the thermal expansion, @a = 11.22, a» = 8.09 and ac =
8.77 [10-¢ K-1] [4], leading to promising power scaling capabilities.

For Tm3* ions (electronic configuration: [Xe]4f'?), MgWO4 shows
attractive spectroscopic properties, i.e, intense and broad emission
bands for the 3Fs+ — 3He transition with polarized light, and large
Stark splitting of the ground-state, AE(*H¢) = 633 cm? [6]. Thus, the
broad polarized emission bands of Tm3:MgWOs extend well
above 2 pm avoiding the structured water vapor atmospheric
absorption. The latter is a key issue for the generation of
femtosecond pulses in mode-locked (ML) lasers in the 2 pm
spectral range [7]. It was recently confirmed by a graphene ML
Tm3+:MgWOs laser which generated 86 fs pulses at a wavelength of
2017 nm (bandwidth: 53 nm) at a repetition rate of 87 MHz [2].
Furthermore, continuous wavelength tuning was achieved from
1897 to 2062 nm [2]. As MgWO:s is an efficient Raman-active
material, laser emission at even longer wavelengths (up to 2093
nm) was realized due to the electron-phonon coupling [6]. A
continuous-wave (CW) Tm3*:MgWO:s laser generated 3.09 W at
2022-2034 nm with a slope efficiency as high as 50% [1].

Due to its attractive thermal and spectroscopic properties,
Tm3+:MgWOs is also promising for ML waveguide (WG) lasers
above 2 pm. While Tm3*-doped monoclinic double tungstate
(MDT) bulk crystals have been widely explored to this aim [8], WG
laser operation has never been demonstrated with monoclinic
divalent-metal monotungstates. In the present work, we



demonstrate the first Tm3*:MgWO04 WG laser featuring low passive
losses and high laser efficiency, as a first step towards high-
repetition-rate (GHz-range) ML WG lasers [9].

As a fabrication method, we selected femtosecond Direct Laser
Writing (fs-DLW). This method is based on focusing a fs laser beam
inside a small volume (few pum?3) within a transparent material
resulting in partial amorphization of the damaged area leading to a
permanent refractive index variation (An > 0 or An < 0) [10]. The
advantages of fs-DLW are: short interaction time and high
precision, single step procedure, suitability for various materials
incl anisotropic crystals, variable WG geometries, moderate to low
propagation losses. Efficient fs-DLW thulium WG lasers have been
demonstrated [11,12]. Lancaster et al reported on a buried
channel WG laser inscribed in a Tm3*:ZBLAN glass delivering 205
mW at ~1.89 pm with a slope efficiency 1 of 67% and low passive
losses dioss of 0.4+0.2 dB/cm [11]. Kifle et al. demonstrated a
surface WG laser in a Tm3*:KLu(WO4): crystal generating 171 mW
at ~1.85 pm with 1 = 38% and 8iess = 0.7£0.3 dB/cm [12].

The Tm3:MgWOas crystal was grown by the Top-Seeded
Solution Growth (TSSG) method using Na;WOs as a solvent [13].
The Tm3* doping level was 0.89 at% (Nt = 1.41x10% cm?3). A
rectangular sample with dimensions 1.86(Ng)x3.96(Nm)x3.05(Np)
mm? was cut and polished along the optical indicatrix frame of this
biaxial crystal [6]. The DLW was performed using 120-fs pulses
with a central wavelength of 795 nm from a Ti:Sapphire
regenerative amplifier at a repetition rate of 1 kHz. A small portion
of the pulse energy (86 nJ, measured after the focusing optics) was
employed with polarization E || Nm. The fs radiation was focused
into the crystal along the Ng-axis through the top surface using a
40x microscope objective (N.A. = 0.65). The sample was translated
ata speed of 400 um/s along the Ny-axis producing damage tracks.
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Fig. 1. Confocal microscopy study of fs-DLW surface channel WGs in
Tm3+:MgWOu: (a) end-facet view, transmission mode, polarized light (P
|| Ng); (b,c) top surface view, transmission mode: (b) a general view in
polarized light (P || Np); (c) a close look on the 60 pm WG in crossed
polarizers (P || Np, A || Nm); (d) the same area as in (c) in reflection
mode. A =405 nm. P - polarizer, A - analyzer.

Surface channel WGs with a half-ring depressed-index cladding
(An > 0, classified as type IIl microstructures [10]) were produced.

Their geometry was studied using a confocal scanning laser
microscope LSM 710 (Carl Zeiss) equipped with a polarizer (P), an
analyzer (A), a blue GaN laser (405 nm), and a 20x objective (N.A. =
0.75), Fig. 1(a). The spatial resolution was 0.24 pm. The diameter
of the cladding was 40, 50 or 60 pm. The inner part of the guides
appeared to be darker than the surrounding bulk area due to light
scattering at the curved cladding (the waveguiding conditions are
not satisfied at high N.A. of the objective). The axis of the WG was
located at 20-30 um beneath the top surface. Except of the damage
tracks no cracks in the writing areas nor in the bulk volume were
observed. The damage tracks passed continuously through the
whole length of the 3.05 mm long sample (along the Nj-axis),
Fig. 1(b). The study of the sample in crossed polarizers (P and A)
revealed bright areas localized at the damage tracks indicating a
local alteration of the size and orientation of the optical indicatrix,
Fig. 1(c). The damage tracks reached the top surface, Fig.1(d),
producing a shallow ablation groove at the external tracks.
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Fig. 2. Micro-Raman mapping of the fs-DLW surface channel WG (size:
50 pm) in Tm3+:MgWOs4: (a) polarized Raman spectrum for the
p(mm)p geometry, numbers denote the Raman frequencies in cm?,
Aexc = 514 nm; (b-d) maps of the crystal end-facet representing the
variation of (b) peak Raman intensity, (c) peak frequency and (d) peak
width (FWHM) for the ~916 cm1 Raman band.
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Fig. 3. Spectroscopy of Tm3+ions in monoclinic MgWO4: (a) absorption
cross-section, dabs, for the 3He — 3H4 transition, and (b) stimulated-
emission (SE) cross-section, osg, for the 3Fs — 3He transition. The light
polarization is E || Nm. The vertical arrows in (a),(b) indicate the pump
and emission wavelengths for the waveguide laser, respectively.

Raman spectroscopy is a sensitive tool to study the structure
alteration at the p-scale [14]. The polarized Raman spectrum of the
Tm3:MgWOs crystal for the p(mm)p geometry (Porto’s notations)



is shown in Fig. 2(a). The most intense Raman band denoted as
vi(Aig) is observed at ~916 cm? and assigned to symmetric
stretching W - O vibrations in the [WOs] octahedra [13]. The peak
intensity, width (FWHM) and position were monitored over the
sample end-facet resulting in p-Raman maps, Fig. 2(c-d). In the
damaged regions, a drop of intensity, broadening of the band and
its shift to longer frequencies are observed indicating a reduction
of crystallinity (a partial amorphization). The crystalline quality of
the core is well preserved as manifested by the almost unchanged
Raman response with respect to the bulk regions.

In Tm3:MgWOs, the maximum absorption cross-section, gabs, for
the 3He¢ — 3Hs4 pump transition is 1.43x10%° cm? at 800.3 nm,
Fig. 3(a). The peak stimulated-emission (SE) cross-section, osg, at
wavelengths >2 pm where the laser operation is expected, is
0.85%1020 cm? at 2015 nm, Fig. 3(b). Both values are specified for E
|| Nm. The upper laser level (3F4) lifetime is 1.93 ms [13].

The laser cavity comprised a flat pump mirror coated for high
transmission, HT (T = 96%) at 0.80 pm and for high reflection, HR
at 1.80-2.06 pum, and a set of flat output couplers (OCs) having a
transmission Toc = 1.5-30% at the laser wavelength. We also used
a special bandpass OC coated for HT at <2 um and providing Toc =
1.6% at >2.05 pm. All the OCs provided HR at ~0.80 um, so the WG
was pumped in a double-pass. The crystal was mounted on a
passively cooled BK7 glass block and placed between the cavity
mirrors without index-matching among them. The mirrors were
gently pressed towards the WG endfaces resulting in a geometrical
cavity length of ~3.1 mm.
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Fig. 4. (a-c) Pump modes at the output facet of the fs-DLW WGs in
Tm3+:MgWO04: the WG cladding diameters are (a) 40 pm, (b) 50 um
and (c) 60 pm. White dashed lines indicate the WG cladding and the
air/crystal interfaces. The pump polarization (E || Nm) is horizontal; (d)
measured single-pass pump absorption in the WGs under non-lasing
conditions, 7absnL: Symbols — experimental data, curve - simulation with
arate-equation model. The pump wavelength is 800.3 nm.

The pump power from a CW Ti:Sapphire laser was up to ~2 W
at 800.3 nm (M2 = 1). The pump, polarized with E || Nm (in the
crystal), was focused using a 10x microscope objective (N.A. =
0.28, f=20 mm, T = 75% at 0.80 pm) to a spot with a diameter of
25+5 pm. The pump coupling efficiency, 7coup, was estimated to be
88.4+1% from pump-transmission measurements at 830 nm. The
pump is confined in the slightly D-shaped cladding profile; no
leakage into the bulk was detected, Fig. 4(a). The single-pass pump
absorption under non-lasing conditions, nasn, determined at

800.3 nm by the end-fire method, gradually decreased with the
incident pump power Pic due to the ground-state bleaching. This
effect was enhanced for smaller cladding diameters. The absorbed
pump power Paps was determined from napsn. at the threshold
power for each OC and accounting for double-pass pumping.

The input-output characteristics for the 60 pm WG are shown in
Fig.5(a). Exceptionally for the best-performing Toc = 3%, we
removed the optical elements placed to attenuate Pic resulting in
higher pump power. The laser generated 320 mW at ~2015 and
2036 nm with a slope efficiency n of 64.4% (vs. Pabs). The laser
threshold was at Pas = 126 mW and the optical-to-optical
efficiency at the maximum pump level was 24.7% (vs. Pinc). The
total pump absorption (in two passes) was 48.1%. The laser slope
efficiency slightly increased with the output coupling, reaching =
69.3% for Toc = 20%. The laser threshold decreased for smaller
Toc, from 186 mW (30% OC) down to 117 mW (1.5% OC). No
thermal roll-over in the output dependences was detected at least
until Pabs = 0.6 W; the power scaling was limited by the available
pump. The laser operated for tens of minutes without a significant
decrease of the output power.

The polarization of the laser emission was linear (E || Nuw),
naturally selected by the strong anisotropy of the gain in
Tm3+:MgWOs. The laser spectra are shown in Fig. 5(b). For small
Toc < 9%, the emission occurred at ~2.02 and 2.04 pm. For higher
output coupling (9-30%), only the short-wavelength emission was
supported due to the quasi-three-level nature of the 3Fs+ — 3Hs
Tm?3* laser scheme, i.e, influenced by reabsorption.
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Fig. 5. (a-c) Fs-DLW Tm3+:MgWOs4 surface channel WG (60 pm) laser:
(a) input-output dependences, 1 - slope efficiency; (b) laser emission
spectra measured at the maximum Pabs; (c) Caird analysis: the plot of
inverse of the slope efficiency, 1/n, vs. inverse of the output-coupling
loss, 1/yoc, yoc = -In(1 - Toc); (d) Comparison of the output
performance of WGs with cladding diameters of 40 - 60 um: 1 - slope
efficiency, Toc = 3%. The laser polarization is E || Nm.

The passive losses in the 60 pm WG were estimated using the
Caird analysis [15], Fig. 5(c). The resulting internal slope efficiency
was 1o = 70.620.4% and Jioss = 0.04+0.1 dB/cm. This value is well
below of those reported previously for fs-DLW WGs in
Tm3+ZBLAN glass (0.4+0.2 dB/cm) [11]. Moreover, the passive



loss is comparable with the best reports on surface channel (ridge)
WGs in Tm3*:MDT single-crystalline films fabricated by Liquid
Phase Epitaxy (LPE) and Ar*ion beam milling (<0.11 dB/cm) [16].

We intentionally studied the laser performance employing the
bandpass OC, Fig. 5(a,b, dark green). The laser exhibited a low laser
threshold of 120 mW and generated 132 mW at ~2080 nm with n
= 38.9%. This wavelength is well beyond the limit for the purely
electronic 3Fs — 3He Tm3* transition in MgWOa (2017 nm, between
the Stark sub-levels with the energies 5591 cm™ (3F4) and 633 cm?
(3He) [6]), i.e, the first demonstration of a vibronic WG laser. It is
assigned to the electron-phonon coupling between the electronic
transitions of Tm3* and the low-frequency Raman modes of the
host [17], Fig. 2(a), such as 121 (Ag), 134 or 154 (both Bg) cm™.

The performance of the surface WG lasers with different size of
the cladding (40-60 pm) is compared in Fig.5(d). The slope
efficiency was similar for all the studied guides while the laser
threshold clearly decreased for smaller cladding diameter: it
amounted to 108 mW (50 pm WG) and 82 mW (40 pm WG), both
for Toc = 3%. The laser polarization for all the WGs was E || Nin.

All the studied WG lasers operated in the fundamental
transverse mode. The latter might benefit from additional mode
“filtering” provided by the reabsorption (gain-guiding) [18]. An
example of the mode for the 40 um WG is shown in Fig. 6(a). It is
well confined within the WG cladding. The 1D intensity profiles,
Fig. 6(b), are well fitted to a Gaussian distribution (goodness of the
fit: R2 > 0.99) yielding mode diameters 2w, (]| Ng) = 27.2 um and
2we (|| Nm) = 24.5 pm. The mode ellipticity is weak (e=1.11).

The numerical aperture (N.A.) of the guides was estimated by
measuring the divergence of the laser beam 6 (half-angle) as N.A. =
sin@. It was similar along the vertical and horizontal directions, N.A.
= 0.082 and 0.087+0.005, respectively. Within the approximation
of a set-index guide, N.A.2 = 2ncore/An, one obtains An = Ndadding — Noore
of about -1.7x1073 (here, ncore ~2.03 for E || Nm [6]). A similar value
was reported for Tm3+:ZBLAN glass (An ~ -1.5x1073) [11].
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Fig. 6. (a) Spatial near-field laser mode profile of the 40 um WG
fabricated by fs-DLW in Tm3+:MgWOa. Pabs = 0.4 W, Toc = 9%. The laser
polarization is horizontal (E || Nm). White lines indicate the WG cladding
and the air / crystal interfaces; they are drawn as guides for the eye; (b)
1D intensity plots of the intensity profile: symbols - experimental
points, curves - their Gaussian fits.

To conclude, the monoclinic crystal Tm3+:MgWO4 is promising
for highly-efficient low-loss (<0.1 dB/cm) fs-DLW waveguide
lasers at wavelength above 2 pm, due to its attractive
spectroscopic, vibronic and thermal properties. In the present
work, we achieved the highest slope efficiency (69.3%) and output
power (320 mW) for any thulium waveguide laser fabricated by
femtosecond direct laser writing. Furthermore, the first “vibronic”
Tm waveguide laser with the longest emission wavelength of

2080 nm for Tm-doped WGs is also demonstrated. The designed
photonic micro-structures with a size in the few millimeter range
are highly attractive for the generation of ultrashort pulses in
compact ML lasers operating at high repetition rates (GHz-range),
as well as for surface activation, e.g, leading to pulsed operation via
evanescent-field coupling.
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