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Abstract: We report on the first deep-red europium planar waveguide laser. It employs 30-um
thick heavily-doped 11.5 at.% Eu:K'Y(WO,), layers grown by liquid phase epitaxy on undoped
substrates using Ko W,07 as a solvent. When pumped with a green laser at 532 nm, the Eu-
waveguide laser delivers a maximum output power of 7 mW at 704.7 nm with a slope efficiency of
9.5%, a laser threshold of 21 mW, and linear polarization. The waveguide propagation losses are
as low as 0.05 dB/cm. The morphology, vibronic, and spectroscopic properties of the epitaxial
layers are also studied. In the deep red, for the 5Dy — "Fq4 transition, the stimulated-emission
cross-section reaches 1.76 x 1072 cm? at 704.7 nm for light polarization E || Ny, and the
luminescence lifetime of the Dy manifold is 472 ps.
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1. Introduction

Trivalent europium ions (Eu3+, electronic configuration: [Xe]4t6) are known for their multicolor
emissions ranging from yellow to deep-red, due to radiative transitions originating from the
metastable state Dy to a group of lower-lying manifolds "F; (J =0 — 6, "F, being the ground
state), Fig. 1. Owing to a large energy-gap between the Dy state and the next lower-lying
level Fg (about 12000cm™"), no depopulation of the emitting state occurs by multiphonon
non-radiative relaxation, even in high-phonon energy matrices. Eu®*-doped materials do not
suffer from self-quenching via cross-relaxation enabling high available doping concentrations
[1]. Usually, the red emission at 613 nm (the electric dipole Dy — 'F, transition) dominates in
the spectra of Eu**-doped materials (i.e., it corresponds to the highest luminescence branching
ratio) paving the way towards high color purity luminophores (phosphors) [2]. In addition, the
presence of a purely magnetic dipole >Dy — ’F; transition at 591 nm, whose probability is
almost independent of the host matrix, enables the use of Eu** ions as structural probes: the
intensity ratio between the “hypersensitive” 5D0 — ’F, transition and the Dy — ’F; one is
often calculated to evaluate the site symmetry where Eu* is residing [3]. Recently, Eu®* ions
attracted a lot of attention for the development of quantum technologies, in particular for their
unusually long coherence lifetimes and ultra-narrow optical homogeneous linewidths [4,5].
Moreover, Eu®* ions are suitable for the development of visible lasers emitting in the red
and deep red. Despite a recent breakthrough in rare-earth ion-based lasers directly emitting
in the visible under pumping in the blue [6], there exist very few studies on Eu visible lasers.
This is probably due to the extremely narrow and weak absorption lines of Eu** (due to the
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Fig. 1. Partial energy-level scheme of Eu3* ions (after Carnall ef al. [11]). Arrows —
transitions in absorption and emission, NR — multiphonon non-radiative relaxation, ED and
MD - electric and magnetic dipole transitions, respectively (crosses indicate transitions
forbidden by selection rules), numbers in parentheses — luminescence branching ratios,
BAT).

spin-forbidden nature of the corresponding transitions, AS # 0), imposing serious requirements
on the pump sources. The first room-temperature solid-state Eu laser was demonstrated in 2004
by Park and Steckl, using 1-3 at.% Eu’*:GaN semiconductor thin films grown by molecular
beam epitaxy on sapphire substrates. The 0.6-um-thick films were optically pumped by a UV
nitrogen gas laser emitting at 337 nm, achieving stimulated emission in the red, at 620 nm [7].
This result also represents the first Eu waveguide laser action. Further progress in bulk Eu lasers
was achieved implementing double tungstate crystals heavily doped with Eu* (25 at.%) [8,9].
Finally, a breakthrough was achieved in 2021 with a stoichiometric KEu(WO4), compound,
delivering Watt-level output power at 703 nm (in the deep-red) with a slope efficiency of 43.2%,
a low laser threshold of 64 mW and a linearly polarized emission [10].

Red and deep-red laser sources are extensively employed in our daily life, for example in
display technologies [12] and optical data storage [13], but also in cutting-edge applications such
as medicine, fluorescence microscopy or contactless sensing. In medicine, red and deep-red lasers
are of great interest for the photochemical activation of specific drugs and substances [14]. As
red light offers deep penetration into bio-tissues, red lasers have found their niche in dermatology
[15]. Red lasers are also relevant for stimulated-emission-depletion microscopy, allowing to
overcome the limit of resolution imposed by diffraction of light [16]. The laser-based interface
measurement technique is using red lasers to measure concentration and temperature variations in
liquids, at transparent interfaces between liquids and solids. These measurements are essential for
microfluidic, studies of heat transfer and mass diffusion, and micro-electro-mechanical systems
[17]. Red light irradiation is also found in agriculture for biostimulation purposes [18].

The crystal family of monoclinic potassium rare-earth double tungstates KR(WO4), (R=, Lu,
Gd) has been extensively studied for doping with trivalent rare-earth ions for near-infrared lasers
[19-21]. These materials combine several advantages, i.e., i) very high transition cross-sections
for polarized light, ii) high available rare-earth doping levels up to stoichiometric compositions,
iii) weak concentration quenching of luminescence due to the large interatomic distances, iv)
Raman activity, and v) reasonable thermal and thermo-optical properties. Recently, there is
raising interest in visible lasers employing monoclinic double tungstates doped with Dy3* [22],
Eu’* [8,9] and Sm** [23,24] ions.

Waveguide lasers represent an important component of integrated photonic circuits. They are
compatible with optical fibers and on-chip devices leading to applications in optical sensing,
on-chip spectroscopy, and microfluidics. This laser architecture benefits from small mode areas
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leading to high intracavity light intensities, low laser thresholds, good spatial beam quality and
high efficiency [25,26].

This paper reports on a deep-red planar waveguide laser based on Eu**-doped monoclinic
double tungstate epitaxial layers grown by Liquid Phase Epitaxy (LPE). The LPE technique
is well suited for elaboration of single-crystalline oriented layers of high optical quality (with
propagation losses down to 0.1 dB/cm [27]), even for strongly anisotropic materials like double
tungstates. Growth, spectroscopy and laser action in the near-infrared spectral range (1-2 um) of
KR(WOy,), epitaxial layers doped with Yb**, Tm3* and Ho3* ions were reported [28-30].

There exist studies on fabrication of Eu3*-doped luminescent crystalline layers of various
compositions. In general, Eu**-doped garnets have been fabricated by LPE for scintillators
[31,32], while epitaxial layers of Eu3GasO, were also studied for optical waveguides [33]. Other
physical and chemical methods are also available for the growth of films doped with Eu* ions,
such as sol-gel [34], atomic layer deposition [35], chemical vapour deposition [36], sputtering
[37], metal organic vapour phase epitaxy with ion implantation [38], matrix-assisted pulsed laser
evaporation technique [39], spray pyrolysis [40], pulsed laser deposition [41], electrodeposition
[42], or chemical-bath deposition [43]. Nevertheless, none of these Eu3+-d0ped layers were
involved in planar waveguide laser experiments.

2. Liquid phase epitaxy growth

Eu’*-doped KY(WOy); layers were grown on undoped bulk KY(WOQy,), substrates by the Liquid
Phase Epitaxy method using potassium ditungstate K, W>O5 as a solvent in air atmosphere. The
solute to solvent ratio was 7 mol% KYg9oEug 10(WO4);-93 mol% K,;W;,07. The bulk crystals
used for the substrate preparation were grown by the Top-Seeded Solution Growth (TSSG) method.
The substrates with dimensions of 8 x 22 mm? (width x length (||¢ crystallographic direction))
and a thickness of 2 mm were cut with their plane orthogonal to the [010] crystallographic
axis. They were polished to laser-grade quality from both sides (surface roughness: < 1 nm)
and thoroughly cleaned before the epitaxial growth. After carefully determining the saturation
temperature of the solution, the substrates were slowly introduced in the furnace to avoid thermal
shocks. The substrates were first heated for 1 h above the solution surface and then dipped
vertically several millimeters in the solution at a temperature 1 °C higher than the saturation
temperature for 5 min, to dissolve slightly the outer part of the substrate. The growth was
performed by slow cooling of 4 °C from the saturation temperature (845 °C) at a rate of 0.2 °C/h
and rotating the substrate at 10 rpm resulting in a layer thickness of ~100 um (on both sides
of the substrate). The growth duration was 20 h, and the epitaxial growth rate was around 9.5
mg/h. After the growth, the epitaxy was removed from the flux and slowly cooled down to room
temperature to prevent any thermal stress that could produce cracks. No additional cladding layer
was deposited. Figure 2(a,b) depicts the photographs of the as-grown epitaxy, both under natural
light and UV illumination. The layers are transparent and nearly colorless. When exposed to a
UV lamp, they emit bright orange-red luminescence due to Eu* ions.

For laser experiments, the top surface of the epitaxy was polished to laser-grade quality
reducing the layer thickness down to 30 + 1 um, as well as the two side facets, resulting in a
length ¢ of 8.37 mm.

The actual Eu** doping level in the layers was determined from the polarized absorption
spectra and absorption cross-sections measured independently from a reference stoichiometric
KEu(WOy), crystal. This analysis yielded 11.5 at.% Eu (ion density: Ng, = 7.3 x 10?° at/cm?)
and a segregation coefficient Kgy = Clayer/Csolution Of 1.15. The Eu’* jons are substituting Y3+
ones in a single type of sites with C, symmetry. Their ionic radii are Rg, =1.066 A and
Ry =1.019 A for VIII-fold oxygen coordination [45].

Undoped KY(WO,), crystals are monoclinic (space group Cgh — C2/c). They are optically
biaxial, and their optical properties are described within the optical indicatrix frame {N,, N,
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Fig. 2. (a,b) Photographs of the as-grown 11.5 at.% Eu:KY(WO,), epitaxy: (a) in natural
light, (b) under UV illumination; (c) orientation of the optical indicatrix frame {N, ps Nm, N, g}
with respect to the crystallographic axes {a, b, ¢} using the standard C2/c setting reported in
[44].

N}, corresponding to the principal axes of the index ellipsoid, which are labelled following
the convention ny, < ny, <ng. The orientation of the optical indicatrix frame with respect to the
crystallographic axes is depicted in Fig. 2(c) at the wavelength of 633 nm (in the red, note the
apparent rotation of the dielectric frame with the wavelength) [44]. The N-axis is parallel to the
b crystallographic axis which is the 2-fold symmetry axis (C3), and Ny, and N ones lie in the
a-c mirror plane (m) [19]. The angle between the N, and @ axes is 59.6° (within the monoclinic
angle 8 =a"c) and the one between the N, and ¢ axis is 18.9° (out of the monoclinic angle).
Therefore, the absorption and emission properties of Eu®* ions were studied for the principal light
polarizations E || Ny, E || N, E || N (note that it was predicted that for monoclinic crystals,
the eigen frames of absorption / emission may not necessarily coincide with that of the optical
indicatrix [46]).

The principal refractive indices of both the undoped substrate and the Eu**-doped epitaxial
layer were measured using a prism-film coupler (Metricon 2010) equipped with a He-Ne laser at
632.8 nm. The results are listed in Table 1. The refractive indices of the substrate are in line
with the previously reported values for KY(WOy), [22]. All three principal refractive indices of
the epitaxial layer increase upon substituting Y3* by Eu**. For the light polarization E || N,
(the laser polarization for the developed waveguide), the refractive index contrast An = njayer —
Tsubstrate = 2.3 X 1073

Table 1. Measured refractive indices of the KY(WO,), substrate and the
Eu3*-doped KY(WO,), epitaxial layer at 632.8 nm.

Material np Nim ng
KY(WO4), substrate 1.9977 2.0405 2.0851
KY0.885 Euo'l 15 (WO4)2 layer 2.0002 2.0419 2.0853

3. Results and discussion
3.1. Layer morphology, composition and structure

The layer morphology was observed by confocal laser microscopy, Fig. 3. The as-grown surface
shown in Fig. 3(b) exhibits growth steps typical of double tungstates elaborated by LPE, with no
residual solvent. This behavior can be explained by the growth mechanism (layer by layer), good
wettability of the solvent on the substrate surface, and orientation of the substrate. The top surface
was further examined in the interferometric mode, and a surface roughness plot revealed very
flat terraces with growth steps of about 0.5 um in height, Fig. 3(c,d). The top and side surfaces
of the epitaxy were then polished to laser-grade quality, reducing the layer thickness down to
about 30 um. The epitaxial layer is single crystalline, uniform and free of defects, cracks and
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Fig. 3. Observation of the Eu:KY(WO,), epitaxial layers by confocal laser microscopy: (a)
side view on the polished end-facet; (b) top view of the as-grown surface; (c) topography
of the as-grown surface highlighting the growth steps typical of the LPE growth of double

tungstate layers; (d) surface roughness plot along the A—B red line. Reflection mode, A =405
nm.

inclusions, and the interface between the layer and the substrate is clean and distinct, Fig. 3(a).
After polishing to laser-grade quality, the parallelism of the faces was better than 15°, and the
right angle between the top and the output facet was 90° with an accuracy of 30 arcsec.

The composition of the epitaxial layer, as well as the homogeneous distribution of the
constituting elements were studied by Energy Dispersive X-ray (EDX) spectroscopy associated
with the field emission scanning electron microscopy (FESEM) technique, Fig. 4. This analysis
indicated a partial substitution of Y3* by Eu** within the layer, as well as a homogeneous
distribution of the Eu* dopant (the weak signal of Eu** from the substrate is due to the noise
from the detector).

FESEM

Eu:KY(WOy,), layer (e)

Fig. 4. Energy dispersive X-ray (EDX) based elemental mapping over an end-facet of the
Eu:KY(WOy), epitaxial layer: (a-d) element maps: (a) a FESEM image, (b) O Kal, (c¢) Y
Lal, (d) Eu Lal; (e) EDX spectrum of the Eu-doped layer.
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The polarized Raman spectra of the 11.5 at.% Eu:KY(WO,), epitaxial layer are displayed in
Fig. 5(a). The measurements were performed in the p(if)p geometry (where 7, j =m, g) using
Porto’s notation for polarized Raman spectroscopy [47]. The factor group analysis predicts
the following set of irreducible representations at the center of the Brillouin zone I'(k =0)
for monoclinic double tungstates: 17A, + 19B¢ + 17 Au + 19B,,, with 36 even (gerade) modes,
A, + Bg, being Raman active. The assignment of the Raman peaks was done according to the
results reported in [48,49]. The phonons having energies below 250 cm™! are associated with
translation motions (7') of the cations inside the crystalline structure (namely, K*, W°*, and
Y3+|Eu3+). The in- (6) and out-of-plane (y) bending modes are found below 380 cm™l. Finally,
stretching modes (v) are located between 400 cm™' and 915 cm™!, with the peaks in the range
from 430 cm™! to 750 cm™! corresponding to vibrations of oxygen bridges in compounds where
tungsten appears in a V- or VI-fold oxygen coordination (for the studied crystal, these are [WOg]
polyhedra). The highest-energy modes are observed at 903 cm™! and 917 cm™!, with the first one
attributed to stretching vibrations within the [WOg] polyhedra [49].
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Fig. 5. (a) Polarized u-Raman spectra of Eu:KY(WO,); epitaxial layer in the p(ij)p geometry
(i,j=m, g); (b) a close look at the Raman peak at 903 em™! for the epitaxial layer and the
undoped substrate in the p(gg)p geometry, Adexc =514 nm. Numbers — Raman frequencies
in cm™!, v — stretching modes, 6 and y — in-plane and out-of-plane bending modes, T —
translational modes, * — coupling of different modes, # — modes not assigned.

A comparison was made between the intense Raman peak located at 903 cm™' for both the
epitaxial layer and the undoped substrate, Fig. 5(b). A slight red shift of 0.3 cm™' manifests
the incorporation of Eu?* ions substituting Y>* ones, thus inducing a small variation of the
crystalline structure.

3.2. Optical spectroscopy

Prior to laser experiments, we studied polarized absorption and emission properties of Eu** ions
in the grown epitaxial layers. The absorption cross-sections, 0 sps = @aps/NEy (@aps — absorption
coefficient), of Eu?* in the blue-green spectral range are plotted in Fig. 6 for the two available
light polarizations, E || Ny, and N,. Eu* presents a strong anisotropy of absorption properties,
with the highest cross-sections for light polarized along the Ny,-axis. Within the studied spectral
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range, the absorption transitions originate from the ground-state ’Fy and the thermally populated
lower-lying excited-state ’F; and terminate at the Dy, >D», D3 and >Lg higher-lying manifolds.
Due to the spin-forbidden nature of these transitions (AS # 0), they are relatively weak. The
weak electron-phonon coupling inherent for Eu?* results in rather narrow absorption linewidths
(typically below 1 nm), setting a strong constraint for the choice of the pump wavelength and
laser linewidth. Fortunately, due to the lack of cross-relaxation processes among Eu* ions, it can
be leveraged by using heavily doped materials. The pump sources envisioned for Eu lasers are
blue (465 nm) GaN-based laser diodes and green (532 nm) frequency-doubled optically pumped
semiconductor lasers (2w-OPSL).
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Fig. 6. (a-c) Polarized absorption cross-section, o-ypg, spectra of Eu?* ions in the 11.5 at.%
Euw:KY(WOy); epitaxial layer for light polarizations E || N and Ng. In (c), the spectra for
a stoichiometric KEu(WQy); crystal are added for comparison (dashed lines). The arrow in
(c) indicates the pump wavelength.

The "Fp,; — L transition corresponds to the highest absorption cross-section of 3.51 x 10720
cm? at 394.8 nm for light polarization E || Ny, Fig. 6(a). For the "Fy — D, absorption band
which can be addressed by 465-nm GaN laser diodes, two intense absorption peaks are found at
465.2 nm and 466.5 nm, with g of 1.61 x 1072 ¢cm? and 1.45 x 10720 cm?, respectively, also
for E || N, Fig. 6(b). The ’F; — >Dj transition falling in the green exhibits lower cross-sections,
T abs = 0.53 x 1072 cm? at 534.3 nm (absorption linewidth: 0.9 nm) again for E || Ny, Fig. 6(c).
In the latter figure, the spectra measured for the KEu(WOy), crystal are shown for comparison,
adding the light polarization E || N, inaccessible for epitaxial layers.

The pump source employed in the present study was a continuous-wave (CW) solid-state laser
emitting in the green (at 532.2 nm), thus falling on the side (phonon sideband) of the F; —
D, absorption band (so called “wing-pumping”). The pump polarization corresponded to E, ||
N, (in the layer), and the corresponding absorption cross-section o-aps was only 0.7 x 1072 cm?
(measured for the KEu(WQ,), crystal).

The polarized luminescence spectra of Eu:KY(WO4), epitaxy in the visible spectral range
are shown in Fig. 7(a). Eu®* ions exhibit strong anisotropy of emission properties which is a
prerequisite for linearly polarized laser emission. The most intense emission corresponds to the
5Dy — ’F, transition in the red. The stimulated-emission (SE) cross-sections, o sg, for the 7D
— "F, and "F4 transitions were calculated via the Fiichtbauer-Ladenburg formula [50]:

e y B(JJ)W;(A)
87c(n)Traa 3 Djmpmg S AWH(A)dA

O-.éE(/l) =

ey

where A is the light wavelength, c is the speed of light, <n > is the mean refractive index of the
host matrix at the emission wavelength, 7,4 is the radiative lifetime of the emitting state (°Dy),
Wi(Q) is the measured luminescence spectrum for the i-th polarization (i = p, m, g), and B(JT’) is
the luminescence branching ratio. The results are displayed in Fig. 7(b,c).
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Fig. 7. Polarized emission properties of Eu>* ions in the 11.5 at.% Eu:KY(WOy,), epitaxial
layer: (a) luminescence spectra, dexc =457 nm; (b,c) stimulated-emission cross-sections,
osg: (b) the 5 Dy — 'F, transition in the red, (c) the 3 Dy — ’F4 transition in the deep-red.
The light polarizations are E || Np, Nm, and Ng. The arrow in (c) indicates the laser
wavelength.

In the red, for the Dy — ’F, transition, the maximum o-sg is 3.89 x 10720 ¢cm? at 613.7 nm
for light polarization E || N, (experimental luminescence branching ratio: B(0—2)=76.6%). In
the deep-red, for the 5 Dy — "F4 transition, the peak osg is smaller, measuring 1.76 X 10720 ¢cm?
at 704.7 nm for E || N}, (B(0—4) = 11.7%), corresponding to an emission linewidth of 0.6 nm.
The luminescence branching ratios of each Eu’* radiative transition in the KY(WOy), epitaxial
layer are given in Fig. 1. The near-infrared emissions due to transitions Dy — ’Fs and Dy
— TFg are not included in Fig. 7(a) due to their low intensity (the corresponding luminescence
branching ratios are B(0—5) =0.5% and B(0—6) = 1.3%).

The luminescence decay from the Dy emitting state of Eu’* ions in the epitaxial layer was
studied by monitoring the red luminescence at 610 nm and exciting the active ions at 395 nm,
Fig. 8. The decay curve for the stoichiometric KEu(WO,), crystal was added for comparison.
The measured luminescence lifetime 71,, amounted to 472 s for the epitaxial layer, being only
slightly shorter than that for the single crystal (479 ps). It is also close to the radiative lifetime
(Trad =464 ps) calculated using the Judd-Ofelt theory in a previous work [2] thus indicating a
luminescence quantum efficiency close to unity. This highlights the high optical quality and
crystallinity of the layer being free of quenching centers such as defects and impurities. The
decay curves are single exponential, in agreement with the single type of sites (C, symmetry) for
Eu** ions in KY(WOy), crystals.

The homogeneity of the layer, including the homogeneity of distribution of active ions, was
confirmed by u-luminescence and u-Raman mapping performed across the polished end-facet of
the Eu:KY(WOy); / KY(WOy), epitaxy, Fig. 9. The Eu’* ions are uniformly distributed in the
layer and no diffusion into the substrate can be observed. The y-Raman mapping confirms the
slight modification of the material structure due to the heavy Eu** doping.
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Fig. 9. Mapping across the polished end-facet of the Eu:KY(WOy), / KY(WOy), epitaxy:
(a) u-luminescence mapping monitoring the peak intensity at 614 nm (the 5D0 - 7F2
transition); (b) u-Raman mapping monitoring the peak position at 764 cm™"', in the p(gm)p
geometry.

3.3. Planar waveguide laser

The layout of the laser set-up, as well as a photograph of the laser cavity are depicted in Fig. 10.
The pump source was a commercial CW green solid-state laser delivering multi-Watt output
at 532.2 nm (laser linewidth: 0.15 nm) with linear polarization and almost diffraction-limited
beam (measured beam quality factor M? = 1.02), addressing the ’F; — °D; absorption band of
Eu’* ions. The pump polarization was adjusted using an anti-reflection (AR) coated half-wave
plate corresponding to Ejp, || N, (vertical) in the waveguide. The pump radiation was coupled
into the layer using an AR coated achromatic lens (focal length: f = 60 mm). The linear laser
cavity was formed by a plane pump mirror (PM) coated for high transmission (HT, 7" > 97.0%)
at 532 nm and high reflection (HR, R > 99.8%) at 705 nm, and a set of plane output couplers
(OCs) with a transmission Toc ranging from 0.3% to 3.0% at the laser wavelength. Both bulk
cavity mirrors were slightly pressed towards the waveguide end-facets, consequently forming a
compact quasi-monolithic cavity. No index-matching fluid was used. The epitaxy was mounted
on a Cu-holder using a silver paint for better heat removal. The waveguide length £ was 8.37 mm,
and it was oriented for light propagation along the Np,-axis (Npy-cut). A mechanical chopper was
implemented to modulate the pump beam (duty cycle: 1:12, pump pulse duration: 40 ms) to avoid
detrimental thermal effects. Below, we will refer to this as quasi-CW excitation. The residual
pump after the OC was filtered out using a long-pass filter (FELH0650, Thorlabs). The single-pass
pump absorption was relatively low (3.1%) as the pump source enabled wing-pumping.

The laser emission spectra were measured using an optical spectrum analyzer (Yokogawa,
AQ6373). The oscilloscope traces of laser emission were captured using a fast photodiode and
an 8 GHz digital oscilloscope (DSA70804B, Tektronix), under quasi-CW excitation. The spatial
profiles of the pump and laser modes, as well as the guided luminescence in the near field were
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Fig. 10. Planar Eu waveguide laser: (a) scheme of the laser set-up, (b) a photograph of the
laser cavity.

taken using a short focal length (f = 15 mm) spherical uncoated CaF; lens (Thorlabs) and a
CCD camera (BladeCam2-XHR, DataRay). For scale calibration, the waveguide with a known
thickness was illuminated using a white light source. The input-output dependencies were also
measured under quasi-CW excitation.

The power characterization of the developed laser is shown in Fig. 11(a). The deep-red planar
waveguide laser generated a maximum output power of 7 mW at 704.7 nm with a slope efficiency
n of 9.5% (vs. the absorbed pump power) and a very low laser threshold Py, of 21 mW, when
using 1.3% output coupling. On decreasing the transmission of the output coupler, the threshold
gradually decreased from 23 mW (Toc =3.0%) to 14 mW (Toc = 0.3%). Such a low-threshold
behavior is related to the four-level scheme of the Eu laser without reabsorption, a relatively long
luminescence lifetime of the upper laser level (°Dy), and a small laser mode area. The laser
emission was linear polarized (Ey, || Np), and the polarization state was naturally selected by
the anisotropy of the emission, Fig. 7(c). A typical spectrum of laser emission for Toc = 1.0%
is given in Fig. 11(b) and compared with the fluorescence spectrum for the respective light
polarization. The laser emission spectrum was relatively broad, and its multi-line structure was
determined by the etalon (Fabry-Perot) effects at the crystal / mirror interfaces (laser linewidth:
~0.6 nm). A typical oscilloscope trace of laser emission measured under quasi-CW excitation
reveals a spiking behavior, see Fig. 11(c).

The Findlay-Clay analysis was applied to evaluate the waveguide propagation losses [51], as
shown in Fig. 11(d). The following formula links the laser threshold Py, and the output coupler
reflectivity, Roc = 1-Toc:

—In(Roc) = 2KPy, - L, 2

where K is a constant, and L is the roundtrip passive loss corresponding to the y-intercept of
the linear fit. This analysis yields L = 1.8 +£0.5%, giving an upper estimate for the waveguide
propagation loss 0joss = 4.34 L/(2€) of 0.05 dB/cm.

The near-field modal profiles of the guided green pump radiation, red luminescence and
deep-red laser emission are shown in Fig. 12. Both the pump and laser modes are well confined
within the epitaxial layer, see Fig. 12(a,c). The photographs of the red luminescence and deep-red
laser beam are also given as insets in Fig. 12(b) and (c), respectively. They exhibit a stripe-like
shape typical for planar waveguides with light confinement in only one direction (vertical).

The 1D intensity profiles of the laser mode are displayed in Fig. 12(d). The intensity profile
is reasonably well fitted with a Gaussian distribution in the horizontal direction (i.e., in the
waveguide plane) yielding a mode diameter (at the 1/¢? level) of 179 um, and, as expected due to
the lack of cladding, the intensity profile is strongly asymmetric in the vertical direction (beam
diameter: 16 um). According to the measured refractive index contrast, the waveguide is strongly
multimode in the latter direction.

Eu3* ions exhibit their most intense emission in the red, at 613 nm. However, it was proven
difficult to achieve room temperature lasing in this spectral range [1,52]. This could be explained
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Fig. 12. Modal behavior of the Eu:KY(WQy,), planar waveguide: (a-c) near field mode
profiles: (a) guided pump at 532 nm (Ep || Np), (b) guided luminescence at 613 nm
(unpolarized), (c) laser mode at 705 nm (Ef, || Np). White lines — the air / layer and layer /
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and (c) the deep-red laser beam; (d) 1D intensity profiles of the laser mode in the horizontal
and vertical directions, symbols — experimental data, curve — Gaussian fit.
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by resonant excited-state absorption processes originating from the upper laser level (°Dy) to
higher-lying 4f manifolds, and / or reabsorption from the thermally populated terminal laser level
("F,). Stimulated emission of Eu** ions in the red was only observed at cryogenic temperatures
owing to the decreased thermal population of the 7F, manifold [53,54].

4. Conclusions

To conclude, we report on the first Liquid Phase Epitaxy growth of KY(WO,); layers heavily
doped (11.5 at.%) with Eu* ions, as well as the first deep-red Eu waveguide laser employing
a dielectric material as gain medium. The grown epitaxial layers feature i) a well-preserved
orientation, ii) a uniform distribution of the dopant ions with no migration into the substrate, iii)
a strong polarization of emission properties of Eu** ions in the red and deep-red giving rise to
linear laser polarization, iv) a relatively long upper laser level luminescence lifetime and almost
no quenching via energy migration to defects and impurities, and v) low waveguide propagation
losses (0.05 dB/cm) in the deep-red. Altogether, this makes Eu:K'Y(WQ,), layers a promising
platform for compact, low threshold visible laser sources.

Further power scaling and improvement of the laser efficiency is expected by boosting the
pump absorption in the layers, namely via their proper orientation to access the desired light
polarization E || Ny, with the highest absorption cross-sections, as well as increasing the Eu>*
content in the layers potentially up to the stoichiometric composition. Diode-pumping of such
waveguides could be another solution, e.g., when using 465 nm GalN-based blue laser diodes
addressing the "Fy — D5 absorption band. The microstructuring of grown layers by means of
precision diamond saw dicing could lead to fabrication of surface channel (ridge) waveguides
with yet lower laser thresholds and improved slope efficiencies owing to the smaller mode areas
and better overlap between the pump and laser modes.
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